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Abstract 
The additive manufacturing (AM) technologies allow producing components layer upon 

layer in a completely different way with respect to the traditional techniques. This new 

approach  in building  the  parts  enables unprecedented design  freedom;  indeed,  objects 

with  complex  shapes,  cellular  solids,  internal  features,  and  multiple  materials  can  be 

easily  produced.  However,  even  though  the  manufacturing  technologies  are  ready  for 

producing such components, the literature emphasized that the available design tools are 

not  appropriate  and  do  not  allow  taking  full  advantage  of  the  AM  capabilities.  For 

instance,  the  geometric  modeling  of  structures  with  a  lot  of  elements  requires  high 

computational resources, Boolean operations often fail, and the methods are not robust; 

the modeling of multimaterial parts require new approaches able to describe the model 

at each point of the volume, and not only on the external surface. 

This research project aims to overcome some of the highlighted limitations by developing 

new geometric modeling methods suitable for exploiting the capabilities offered by AM. 

To  reach  the  objective,  several  research  topics  have  been  addressed.  Methods  for  the 

geometric modeling and optimization were proposed; approaches for the generation of 

conformal  wireframes  and  for  the  size  and  multiobjective  optimization  of  lattice 

structures  were  presented.  A  geometric  modeling  method  based  on  meshes  and 

subdivision surface algorithms that allows obtaining smooth surfaces without sharp edges 

was developed; more, the possibility of introducing internal walls and external skins to 

lattice  structures was  implemented. These approaches were  then  introduced  in a more 

comprehensive  optimization  workflow  for  AM,  dealing  with  the  embodiment  design 

phase and  including  the possibility of performing size and  topology optimization. The 

proposed  geometric  mesh  modeling  method  was  then  numerically  validated,  and 

experimental campaigns on both bulk samples and lattice structures produced by several 

powder bed fusion AM technologies were conducted. 

The  results  showed  that  the  proposed  mesh  modeling  method,  together  with  the 

subdivision surface algorithm, is suitable to design lattice structures efficiently, requiring 

low computational resources and, at the same time, offering a good dimensional accuracy 

with  respect  to  reference  models.  The  C2  curvature  continuity  of  the  model  allows 

reducing the stress concentration at the nodal points of the lattice if compared to similar 
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structures  obtained  by  traditional  CAD  software.  Furthermore,  the  possibility  of 

introducing internal walls makes it possible to create optimized ducts and paths and can 

locally modify the properties of the component. 

Due to the versatility of AM, the outcomes of the research can be adopted in different 

fields, as shown by the presented test cases: in the automotive field where lightweight and 

energy absorption components are used for reducing the fuel consumption and increasing 

the  performance  and  safety  of  the  vehicles;  in  the  aerospace  field,  where  lightweight 

components  are  required;  in  highperformance  heat  exchangers,  microfluidic 

applications,  and  biomedical  scaffolds  where  fluid  dynamics  plays  a  key  role;  and  in 

consumer goods such as sports apparel and equipment.   
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1  Introduction  
Since the studies of Charles W. Hull and the introduction of the first commercial system 

in 1987 by 3D Systems Inc., additive manufacturing (AM) technologies have received 

increasing  attention  up  to  the  present  day,  where  they  are  considered  on  par  with 

traditional  manufacturing  technologies.  As  defined  by  international  standards,  the 

distinctive feature that characterizes AM technologies  is the possibility “to make parts 

from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing 

and  formative  manufacturing  methodologies”  [1].  This  layerwise  approach  opens  a 

completely  new  way  of  designing  components  since  an  unprecedented  level  of 

complexity  is  reached  and  innovative  parts  that  were  impossible  to  produce  by  the 

conventional  technologies can now be manufactured. The complexity of  an additively 

manufactured object can be declined in different ways [2,3]. Organic and complex shapes 

such  as  structurally  optimized  models  (Figure  1a),  lattice  structures  (Figure  1b),  and 

internal ducts can be easily produced, and custom textures or finishes can be obtained on 

the surface of the object; material complexity allows producing parts presenting different 

materials  (Figure  1c)  or  different  material  blends  in  different  zones  of  the  same  part 

resulting in  tailored properties, and different process parameters can result  in different 

material microstructures, acting in a scale way smaller that the macroscale of the part; 

more, functionally integrated design such as embedded electronics or information (Figure 

1d) can be manufactured in one single step and assemblies can be redesigned to present 

a  lower  number  of  components.  Other  than  the  complexity  factor,  AM  brings  other 

benefits  [4]:  the production rampup  time and  the cost are  reduced since no  tooling  is 

needed, supply chains become simpler, lead times shorter, and inventories lower, small 

production batches become feasible and economical and it is possible to change the design 

of the part without introducing delays in the production. 
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a)    

b)    

c)   d)  

Figure 1. Examples of parts obtained by AM: a) topology optimized shape b) lattice structure with graded 
beams, c) complex shape printed with multimaterial, d) multimaterial jar with an embedded QR code. 

All these benefits and opportunities have been noted by both the industry and the research 

community. Concentrating on the industry market,  from 2009 to 2019 the AM market 

grew on average by 27.4 % per year. Even with the COVID19 pandemic, in 2020 the 

market was able to expand, even if with a reduced rate of 7.5 %, to nearly $12.8 billion 

[5]. The pie chart in Figure 2 shows the market subdivided by the industrial sectors as in 

2018 [6].  

 

Figure 2. AM market shares by industrial sectors in 2018 [6]. 
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As  can  be  noted,  the  versatility  of  the  AM  engages  several  industrial  sectors,  even 

different  from  each  other.  The  industrial/business  machine  was  the  leading  industrial 

sector,  including  office  equipment  and  industrial  automation  equipment  such  as  CNC 

machines and robots, owning 19.8 % of the market; right after (19.6 %), the motor vehicle 

industry, where the AM is mostly used to produce concept designs, prototypes, and the 

race department. The aerospace industry too holds a high quote of the market (17.7 %), 

indeed lightweight complex parts are often adopted in this field. Then, consumer products 

and electronics (13.6 %) can take advantage of the limitless possibility of customization 

of goods and the embedding of electrical devices. Finally, the biomedical industry (11.5 

%) exploits  the possibility of customizing products such as prostheses, earing devices, 

and  dental  aligners  designed  exactly  for  the  single  patient,  and  porous  structures  are 

produced for customized scaffolds. 

Moving on to the research community, the number of documents indexed in the Scopus 

database [7] containing “additive manufacturing”, “3D printing”, or “rapid prototyping”, 

i.e.,  all  different  names  used  to  address  AM,  in  their  title,  abstract,  or  keywords  has 

exponentially grown (Figure 3), reflecting the increasing importance of the topic.  

 

Figure 3. Number of indexed articles in Scopus database containing the words “additive manufacturing”, 

“3D printing” or “rapid prototyping” in their title, abstract, or keywords (updated 24/09/2021). 
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[12], polymers [13], and ceramics [14] was considerably improved; innovative geometric 

modeling methods were proposed for the design of lattice structures [15,16], structurally 

optimized parts [17,18], and multimaterial components [19,20].  

At the same time, on different occasions, it was remarked that limitations in AM remain 

and improvements are still needed [3,21]. International standards dealing with AM are 

being developed but, right now, they do not give guidelines in all the AM process phases 

[22]; AM technologies are not suitable yet for largescale production [23]; the mechanical 

behavior of AM materials need  to be  investigated, especially considering  the complex 

shapes  of  the  manufactured  parts  [24].  Furthermore,  a  big  issue  that  hinders  to  fully 

exploit the manufacturing freedom of AM is the lack of suitable and reliable approaches 

for the geometric modeling of complex components; the geometrical kernels of the most 

diffused  software  are  based  on  boundary  representations  [25]  and  present  limitations 

when trying to model parts with a lot of elements, such as lattice structures [26], where, 

for  instance,  Boolean  and  filleting  operations  are  needed  but  they  require  a  lot  of 

computational  resources  and  often  fail.  More,  multimaterial  parts  require  modeling 

approaches able to describe the component pointbypoint and not only on the surface 

[27].  Finally,  the  need  for  a  better  workflow  that  covers  all  the  phases  of  the  design 

process was emphasized [28].  

In this context, this research aims to develop design and geometric modeling methods to 

overcome  some  of  the  limits  highlighted  and  to  exploit  the  geometrical  complexity 

possibilities  offered  by  AM  technologies.  For  reaching  the  objective,  research  topics 

involving geometric approaches for the modeling of lattice structures were proposed. In 

particular,  methods  for  the  generation  of  conformal  wireframes  were  presented  and 

compared; workflows and approaches for the structural size optimization and the multi

objective  optimization  of  beamslikes  structures  were  conceived;  two  meshbased 

geometric modeling methods lattice structure were proposed and implemented: one deals 

with the modeling of conformal trusslike lattice structures, whereas the second provides 

for the integration of internal walls and external skins; both the approaches initially create 

a coarse mesh model with a low number of polygons and easy to handle since it does not 

require high computational resources, and then a subdivision surface algorithm is applied 

to refine the mesh and obtaining smooth surfaces, without  the need of further filleting 

operations. These methods were then introduced in a more comprehensive workflow that 
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covers the entire embodiment design phase, together with the possibility of performing 

the  topology  optimization.  Case  studies,  numerical  validations,  and  experimental 

campaigns were then performed to validate the proposed methods. The experimental tests 

executed  on  different  AM  technologies  allowed  also  to  investigate  the  properties  of 

polyamide 12 and stainless steel 316L materials. 

The  present  manuscript  is  organized  as  follows.  In  Chapter  2  a  literature  review  is 

performed to present the state of the art and give a solid background about AM to the 

reader; both general AM topics and other more focused on the design approaches for AM 

components  are  addressed.  Chapter  3  describes  the  proposed  methodologies  for  the 

design  and  the  geometric  modeling  of  lattice  structures,  together  with  the  developed 

optimization approaches. In Chapter 4 the methods are implemented in two test cases: the 

redesign of a piston rod exploiting both the size and topology optimization following the 

proposed optimization workflow for the embodiment design phase for AM, and the multi

objective optimization of an aerospace propellant tank for small satellites with an internal 

conformal lattice structure, where the optimization objectives are the mass minimization 

and  the  first  natural  frequency  maximization. Chapter  5 deals with  the numerical  and 

experimental validation of the meshbased geometric modeling method that exploits the 

subdivision  surface  algorithm.  Numerical  analyses  are  performed  for  determining  the 

geometrical deviation of the method when modeling shelllike lattice structures described 

by  implicit  equations  and  for  analyzing  the  curvature  of  the  surfaces  of  the  resulting 

meshes.  Experimental  tests  are  then  performed  on  both  standardized  bulk  and  lattice 

structures  specimens  to  investigate  the  fatigue  life  behavior  of  the  lattice  structures 

modeled adopting the proposed method. Samples produced in stainless steel 316L by the 

selective laser melting technology and in polyamide 12 by the selective laser sintering 

and the MultiJet Fusion technologies are tested; contextually, a comparison between the 

selective laser sintering and the MultiJet Fusion technologies is performed. In Chapter 6 

the work is summed up and the conclusions are drawn. Finally, a part of the implemented 

code, the used material datasheets, and the published papers related to the research project 

are reported in Appendix A, B, and C, respectively. 
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2  Background 
This chapter presents background about AM, from the manufacturing technologies to the 

modeling  approaches,  from  the  complex  types  of  objects  that  can  be  produced  to  the 

current open  issues  in  this  field. The  identification of  the  issues motivates  the present 

research; in particular, the analysis of the limits of the existing software allows identifying 

and synthesizing the research objectives and the presented topics. 

2.1  Additive Manufacturing 
According to ISO/ASTM 52900 standard [1], additive manufacturing is defined as  the 

“process of joining materials to make parts from 3D model data, usually layer upon layer, 

as opposed to subtractive manufacturing and formative manufacturing methodologies”. 

Before  being  firstly  standardized  in  2009  in  the  ASTM  F2792  standard  [29],  several 

names were used to refer to this type of process such as 3D printing, rapid prototyping, 

rapid manufacturing, and solid freeform fabrication. 

As pointed out by Beaman et al. [30], the layerbylayer approach has been used at least 

since  the construction of  the pyramids.  In more recent years,  the ancestors of AM are 

identified  in  the  photosculpture  and  the  topography.  Photosculpture  was  patented  by 

Francois Willeme in 1864 as a method to generate 3D replicas [31]. It consisted in placing 

an object or a subject in a circular room and taking photographs of him from 24 cameras 

placed in a uniform circular pattern; these photographs were then projected on a screen, 

the  outlines  were  traced  on  sheets,  the  sheets  were  cut  following  the  traces  and  were 

finally stacked together to recreate the object. In 1892 Joseph Blanther patented a method 

for  obtaining  3D  relief  maps  [32].  Wax  sheets  were  cut  along  topographic  lines  of 

constant elevation and pressed one on another to form a threedimensional representation 

of  the map. A  fundamental  lack  in  these  patents,  as opposed  to what happens  in AM 

technologies – and of course justifiable due to the time the patents were submitted – was 

that they did not use a computer model. In 1971, Swainson proposed a method similar to 

the photosculpture in which a computer was able to receive the information of the laser 

beams to obtain a mathematical description of the object [33]. In the same year, Ciraud 

filed a patent  describing  a  technique able  to  create parts  by  spraying powders  into  an 

energy beam [34] using a control device and a programmer. The first AM commercial 

systems were developed between  the 1980s  and  the 1990s.  In 1987, 3D  Systems  Inc. 
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commercialized  a  system  based  on  a  liquid  photopolymer  contained  in  a  vat  and  an 

ultraviolet laser source able to solidify a thin layer of the liquid; the part was manufactured 

layer after layer by lowering the platform, allowing the uncured resin to flow over the top 

of the part. The process was initially developed by Charles W. Hull [35] and was called 

Stereolithography.  In  1991,  Stratasys  introduced  a  technology  called  fused  deposition 

modeling (FDM) developed by Scott Crump [36].  It  consisted  in extruding a  filament 

made of a thermoplastic polymer through a heated nozzle and depositing material on a 

baseplate  or  previously  extruded  material.  In  the  same  year,  Helisys  Corporation 

introduced a sheet  lamination system,  initially developed by Feygin [37]. A laser or a 

knife was used to cut paper or plastic layers glued to the previous ones. Later on, in 1992, 

DTM  Corporation  proposed  a  manufacturing  system  that  selectively  fused  a  layer  of 

leveled  powder  with  a  laser,  only  in  the  region  of  the  crosssection  of  the  part;  this 

technology was previously studied by Deckard [38]. In the following years several other 

technologies were introduced both in the research and the industrial field, with different 

manufacturing approaches but all pooled by the layerbylayer idea. 

2.1.1  AM technologies 
As previously stated, the layerbylayer approach for producing parts can be obtained by 

different techniques. According to ASTM F2792 and ISO/ASTM 52900 standards [1,29], 

these technologies can be subdivided into seven categories, depending on the type of the 

machine architecture and the physics of the material transformation as first proposed in 

2007 in the Materials Processing Handbook [39]. The seven categories are: 

1.  Binder jetting, 

2.  Directed energy deposition, 

3.  Material extrusion, 

4.  Material jetting, 

5.  Powder bed fusion, 

6.  Sheet lamination, 

7.  Vat photopolymerization. 

In the binder jetting (BJ) process, powder particles lay in the build platform and are joined 

together by a liquid binder that is ejected from the print heads, in a linewise patterning 

process.  The  binder  is  selectively  released  only  on  the  crosssection  of  the  part,  the 
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platform is  lowered, a new layer of powder  is spread by a coater mechanism, and  the 

procedure is repeated until the entire part is built. The process can be economically scaled 

by  increasing  the number of  nozzles  and a high deposition  speed can be  reached at  a 

relatively  low  cost  since  no  highpowered  energy  sources  are  used.  No  supports  are 

needed  thanks  to  the surrounding powder  that acts as support  itself. Usually,  the parts 

need  to  undergo  postprocess  operations  such  as  curing,  depowdering,  sintering, 

infiltration, annealing, and finishing, depending on the material and the desired properties 

[40]. Several materials can be used: ceramics, metals such as 316 stainless steel, Cobalt

chrome, and Inconel 718, biomaterials such as calcium silicate and Hydroxyapatite, and 

polymers like polylactic acid (PLA) and Polymethyl methacrylate (PMMA) [41]. 

Directed energy deposition (DED) melts material as it is being deposited. A laser or an 

electron beam is used as a focused heat source to heat the substrate, melt the substrate, 

and melt the material that is being deposited into the melt pool of the substrate. In this 

way,  entire  nearnetshape  parts  with  complex  geometries  can  be  built,  or  repair  and 

additional features can be added to existing components. Almost exclusively metals are 

used with DED and the material can be provided as powder or as wire feedstock; powder

based DED is the most used approach since metals powders are readily available, whereas 

wire feedstock techniques provide lower resolution but have a higher deposition rate and 

can build larger structures [42]. 

Material  extrusion  (MEX)  is  probably  the  most  known  and  diffused  AM  technology 

thanks  to  the possibility of buying  inexpensive machines starting  from a  few hundred 

Euros and thanks to the fact that they are easy to operate. In the MEX process a filament 

of material is pushed in a hot chamber by a set of pinch rollers, the filament melts and it 

can  flow out  through a  nozzle on  the baseplate  or  the previous  layer of  the part. The 

machine can control the inplane position of the nozzle with respect to the baseplate to 

extrude a single layer; then, the nozzle is raised, or the baseplate is lowered, and the next 

layer is extruded. Depending on the shape of the part, material support could be necessary 

if the next layer overhangs with respect to the previous one or if a suspended part like a 

bridge is created; supports can be produced using the same material as the part or with a 

different one, usually  soluble,  if  the machine  is equipped with a  second nozzle. MEX 

machines mostly work with amorphous thermoplastic polymer since they can be extruded 

in a viscous paste and the most common ones are PLA, acrylonitrile butadiene styrene 
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(ABS),  and  polycarbonate  (PC)  [43].  If  high  performance  is  needed,  ULTEM  9085 

material  offers  a  high  strengthtoweight  ratio  and  good  fire,  smoke,  and  toxicity 

properties making it suitable for use in aircraft, marine, and ground vehicles [44]. Fiber

reinforced filaments can be used to enhance the mechanical properties of the products: 

the literature shows the possibility to include carbon fibers, fiberglass, and Kevlar [45]. 

More, in the biomedical field biocompatible and biodegradable components are obtained 

by extruding hydrogels in a jellylike form and porous scaffolds can be produced [46].  

As  in BJ,  the material  jetting  (MJ) process uses print heads  to dispense material on a 

baseplate or the previous layer; the difference between BJ and MJ is that in the MJ process 

all of the part material is dispensed from the print heads, without the need of a powder 

bed. Depending on  the  material,  it  could be necessary  to UVcure  the photopolymers 

ejected  from  the nozzles.  Again,  high  speed and  scalability  can be  easily obtained by 

using print heads with hundreds or thousands of nozzles and by adding print heads to the 

machine. Multiple print heads can be also used to obtain multimaterial components or to 

use soluble support material in addition to the material of the part. Most of the commercial 

MJ systems work with photopolymers and waxes;  the former allow obtaining realistic 

prototypes  and  functional  parts,  the  latter  allow  obtaining  investment  casting  patterns 

[47]. In the research field, efforts have been made for printing ceramics [48] and metals 

[12]. MJ process presents some drawbacks and challenges  too: part accuracy for  large 

size parts is not so good due to the need to use large droplets and droplets formation from 

a continuum volume of liquid and droplets flight path need a perfectly tuned hardware 

and depend on the material [2]. 

The  powder  bed  fusion  (PBF)  is  a  process  in  which  thermal  energy  selectively  fuses 

regions of a bed of a powder. A layer of powders is evenly distributed on the baseplate 

using a coating mechanism and the 2D slice of the part geometry is fused by selectively 

sintering or melting the powders that lay on the plate; then, the base plate is lowered to a 

height equal to the layer thickness and the operations are repeated until the component is 

built. The process takes place in a chamber filled with a low percentage of Oxygen for 

minimizing oxidation, degradation of  the powdered material,  and undesired  reactions. 

Even though all the materials that can be melted and resolidified can be used in the PBF 

process, metals and polymers are the most widespread, whereas composites and ceramics 

are less adopted [49]. When dealing with polymers, different technologies are available, 
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and they differ by the way the thermal energy is provided and the way the sintering of the 

surrounding powders  is prevented;  laser sintering (LS)  is  the most common approach, 

where a laser selectively sinters the powder only in the space defined by a 3D model [50]; 

highspeed  sintering  (HSS)  aims  at  sintering  2D  profiles  of  powder  layers  by  adding 

carbon black that absorbs infrared radiations and increases the rate of sintering, and using 

an infrared lamp to sinter without the need for a laser [8]; selective inhibition sintering 

(SIS)  is  characterized  by  the  deposition  of  a  sinteringinhibitor  liquid  along  the  layer 

profiles to prevent the sintering of selected areas and the uninhibited powder is sintered 

by  a  heated  nichrome  filament,  again,  without  using  a  laser  [51];  the  multijet  fusion 

(MJF)  technology  is  a  hybrid  between  HSS  and  SIS  since  it  uses  a  socalled “fusing 

agent” inside  the  model  boundaries  to  promote  the  sintering  of  the  powder,  and  a 

“detailing agent” on the edges of the model to inhibit the sintering and create fine details 

and  smooth  surfaces  [52].  Polyamides,  especially  polyamide  12,  are  widely  used  in 

polymers PBF [53–55], but also thermoplastic polyurethane (TPU) [56], polypropylene 

(PP) [57], and polyether ether ketone (PEEK) [58] parts can be manufactured. PBF of 

polymers does not require supports since the surrounding powder acts as support itself. 

Moving on to metal PBF technologies, the two main energy sources are a laser beam or 

an  electron  beam.  The  laser  beam  is  adopted  in  the  selective  laser  melting  (SLM) 

technology, where, similarly to the LS, the laser selectively melts the powders that lay in 

the powder bed layer after layer [59]. The electron beam replaces the laser in the electron 

beam melting (EBM) [60]. SLM is cheaper and allows obtaining better surface finish and 

finer  feature  details  than  EBM.  EBM  is  faster  and  produces  less  residual  stress  and 

distortion in the final part, so it requires fewer support structures; at the same time, EBM 

works at high temperature, up to 750 °C for titanium and stainless steels [61]: some of 

the powder particles that surrounds the part could partially sinter and it could be difficult 

to perform the depowdering of the part or the cleaning of the internal channels. A wide 

range of metals can be produced by PBF and the most common are stainless steels [62], 

aluminum alloys [63], titanium alloys [64], and cobaltchrome [65]. Since parts produced 

by  metal  PBF  are  prone  to  distortion,  the  process  planning  phase  in  which  the  part 

orientation  in  the  chamber  and  the  supports  geometry  are  optimized  is  fundamental; 

furthermore,  postprocessing  operation  such  as  support  removal,  sandblasting  for 

enhancing  the surface  finish and  removing partially molten powders,  and hot  isostatic 
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press for reducing the porosity of the final part are required. Regardless the material, the 

powders must be handled with care, both for the safety of the operators and for the success 

of the print job. 

In the sheet lamination (SL) process sheets of materials are cut, stacked, and bonded to 

form a part. SL is cheap, easy to handle, and can be used for building very large objects. 

Depending on the order of the operations done to obtain the part, two approaches can be 

identified: the “bondthenform” method and  the  “formthenbond” method;  in  the 

former, the sheet is bonded to the substrate and then is  formed into the crosssectional 

shape, whereas in the latter the laminate is first cut and then bonded to the substrate [2]. 

More, different methodologies can be used to achieve the bonding between the layers. 

Adhesive bonding uses a polymerbased adhesive that can be activated by a heated roller 

that passes after each sheet is placed [66]; thermal bonding is especially used for metal 

SL where the temperature is increased to promote the bonding between the sheets [67]; a 

quicker and less expensive option could be the sheet metal clamping, where the clamping, 

or bolting, itself can act as a reference point to position each laminate with respect to the 

others. Also, ultrasonic metal seam welding has been applied, where a rotating sonotrode 

moves along the metal foil applying a force and oscillates at a high frequency transversely 

to the direction of motion [68]. 

Vat  photopolymerization  (VP)  is  a  process  in  which  a  liquid  polymer  that  reacts  to 

radiation,  i.e.,  a photopolymer,  is  contained  in a vat,  is hit by  radiation usually  in  the 

ultraviolet wavelength range, and chemically reacts solidifying. As previously said, VP 

was  the  first  patented  and  commercialized  AM  process  with  the  original  name  of 

Stereolithography [35]. During the process, the light radiation hits a thin layer of liquid 

polymer that lays between the part that is attached to a baseplate and a transparent film 

placed between the optics and the plate following the crosssectional area of the object; 

the baseplate is then lowered, and the following layer is photopolymerized. Among the 

AM processes, VP allows achieving a fine layer resolution, usually 10 μm, at a reasonable 

cost. Different configurations can be adopted for the photopolymerization processes. The 

“vector  scan”  approach  uses  a  laser,  focusing  and  adjustment  optics,  and  two 

galvanometers  to  scan  pointbypoint  each  layer  of  the  part,  allowing  to  obtain  good 

accuracy  and  surface  finish;  the  “mask  projection”  approach  uses  a  dynamic  mask  to 

project the bitmap of the crosssection onto the resin surface and can cure an entire layer 
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at  a  time,  resulting  in  a  speedenhanced  process;  the “twophoton”  approach  uses 

polymers that require two photons to strike the photoinitator before the polymerization 

can  start  and  this  leads  to  a  great  increase  in  the  resolution of  the obtained part  [69]. 

Talking  about  materials  used  in  the  VP  process,  the  photopolymers  resins  were  first 

prepared from acrylates but the parts were characterized by geometrical inaccuracy due 

to  shrinkage  and  curling;  so  they  were  substituted  by  epoxy  resins  that  led  to  better 

accuracy, with shrinkage of 12% with respect to 520% [70]; at the same time, epoxy 

resins have a slow photospeed and the final parts are brittle. As a compromise, modern 

resins are epoxy ones with the addition of some acrylate content. 

Figure  4  shows  a  recap  of  the  presented  categories,  together  with  the  most  diffused 

commercial names of the technologies and the related vendors [71].  
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Figure 4. AM technologies categories, commercial name of the technologies and related vendors [71].   
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2.1.2  Workflow 
Regardless the AM technology used for manufacturing a part, some steps are recurrent in 

the production process.  Gibson et  al.  [2]  subdivided  the AM process  into  eight  steps: 

CAD, STL conversion, file transfer to machine and STL manipulation, machine setup, 

part build, part removal, postprocessing, and application. First, the part is geometrically 

modeled in a computer aided design (CAD) environment. Then, the model is converted 

in a suitable file format for the AM machine; usually, the STL format is used since it has 

become the defacto industry standard: all the software can export such a format and all 

the machines can deal with it. After the conversion, the STL file is imported into the AM 

machine and some adjustments like size and orientation are performed. Then, the machine 

and process parameters are set to obtain a successful build; in this phase, the parameters 

depend on the AM technology chosen to produce the part. The build is then started and 

once it ends, the part is removed from the machine. The next phase deals with all the post

process operations  that, again, depends on  the adopted  technology;  for  instance, MEX 

and VP parts may  require  support  removal, whereas metal PBF parts usually undergo 

sandblasting,  thermal  cycles,  or  hot  isostatic  pressing.  The  last  phase, “Application”, 

considers the utilization of the final part.  

Loh et al. [27] proposed a similar workflow, concentrating on the possibility of producing 

functionally graded additive manufacturing (FGAM) parts, defined as parts in which the 

material organization gradually varies to achieve an intended function; the flow is divided 

into five steps: design and modeling, part description, which in turn is divided in material 

description, product description, and manufacturing description, additive manufacturing, 

postprocessing, and final product. In step 2, they stressed the importance of describing 

the triptych materialproductmanufacturing for obtaining the desired functionality. Loh’s 

workflow also highlights  that  the “STL conversion” and “File transfer to machine and 

STL manipulation” phases of Gibson’s workflow may be belittling since STL format only 

carries  discretized  boundary  information  that  could  be  insufficient  to  describe  all  the 

characteristics of an object that fully exploits AM capabilities, such as multimaterial.  

As  reported  in  Figure  5,  a  more  generic  and  correct  terminology  could  be  “Data 

exchange”,  where  no  file  formats  are  mentioned  but  the  essence  of  the  phase  is 

maintained. Furthermore, the “Qualification” phase has been added, due to the need of 
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assessing  the  quality  of  the  part  concerning  structural  integrity,  surface  texture, 

tolerances, etc… 

 

Figure 5. AM workflow, adapted from the ones proposed by Gibson et al. [2] and Loh et al. [27]. 

2.1.3  AM related international standards 
AM is a relatively new technology, therefore international standards regulating the most 

critical phases of the workflow are still under development or completely missing. This 

lack  has  been  highlighted  in  the  literature  too.  In  a  2014  article  [22],  Bourell  et  al. 

analyzed the steps done in the AM field since the publication of the 2009 Roadmap for 

Additive  Manufacturing  research  agenda  [72];  the  need  for  recognized  standards  for 

product, process, and material certification was raised in the agenda and they noted that 

both  the  American  Society  for  Testing  and  Materials  (ASTM)  and  the  International 

Organization for Standardization (ISO) started publishing AM related standards. Seifi et 

al. [73] concentrated on the standardization in the AM for metals and presented a clear 

image of the standardization activities and the collaborations between the organizations 

in charge of developing the standards; they finally recommended to keep on developing 

AM standards as an enabler for effective qualification and certification processes and they 

also recommended to publish some industry best practice documents.  

For what concerns the international organizations, both ASTM and ISO have technical 

committees  working  on  AMrelated  standards.  ASTM  Committee  F42  on  AM 

technologies  was  established  in  2009  and  has  8  technical  subcommittees  [74].  ISO 

Technical Committee  261 was  established  in  2011  [75]  and  soon after  its  creation,  in 

September 2011,  ISO and ASTM signed a cooperative agreement to adopt and jointly 

develop  international  standards  on  the  AM  subject.  In  their  “Joint  Plan  for  Additive 

Manufacturing Standards Development” [76] a hierarchy of AM standards based on three 

levels was proposed (Figure 6): 

1.  General  standards:  standards  that  specify  general  concepts,  common 

requirements,  or  are  generally  applicable  to  most  types  of  AM  materials, 

processes, and applications. 
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2.  Category  standards:  standards  that  specify  requirements  that  are  specific  to  a 

material category or process category. 

3.  Specialized standards: standards that specify requirements that are specific to a 

material, process, or application. 

 

Figure 6. Threelevels hierarchy AM standard structure proposed by ISO and ASTM organizations [77]. 

At the time of writing, ISO declares that, including the updates, 19 standards have been 

published under the direct responsibility of ISO/TC 261, whereas 37 standards are under 

development. Among them, some of the most significant published ones are:  

•  ISO/ASTM  52900:2015    Additive  manufacturing  —  General  principles  — 

Terminology, where all the definitions of AMrelated terms are given. 

•  ISO/ASTM 52902:2019  Additive manufacturing — Test artifacts — Geometric 

capability  assessment of  additive manufacturing  systems, where benchmarking 

test  piece  geometries  are  described  and  directions  are  given  to  perform 

quantitative and qualitative measurements. The results can be used to evaluate the 

capability and/or to calibrate the AM systems. 

•  ISO/ASTM 529111:2019  Additive manufacturing — Design — Part 1: Laser

based powder bed fusion of metals, where design recommendations are given to 
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avoid poor quality features or failure of the build when metal PBF technologies 

are used. 

•  ISO/ASTM 529112:2019  Additive manufacturing — Design — Part 2: Laser

based powder bed fusion of polymers, where design recommendations are given 

to  avoid  poor  quality  features  or  failure  of  the  build  when  polymers  PBF 

technologies are used.  

•  ISO/ASTM TR 52912:2020  Additive manufacturing — Design — Functionally 

graded additive manufacturing, which is more a technical report and presents a 

state of the art of functionally graded AM, dealing with the current manufacturing 

approaches, potentialities, and limitations. 

•  ISO/ASTM  52915:2020    Specification  for  additive  manufacturing  file  format 

(AMF)  Version  1.2,  where  the  requirements  for  the  preparation,  display,  and 

transmission for the AMF are given. 

•  ISO/ASTM 52921:2013   Standard  terminology  for  additive manufacturing  — 

Coordinate systems and test methodologies, where directions are given to define 

a coordinate system for  the AM machines  that  is also used  to  identify  the  test 

specimen orientation.  

•  ISO  172963:2014    Additive  manufacturing  —  General  principles  —  Part  3: 

Main  characteristics  and  corresponding  test  methods,  that  will  be  replaced  by 

ISO/ASTM  52927,  where  the  principal  requirements  applied  for  testing  parts 

manufactured by additive manufacturing processes are covered. The main quality 

characteristics of parts, the appropriate test procedures, and the scope and content 

of test and supply agreements are specified. 

2.2  Design and modeling for AM  
The layerbylayer approach used by the AM technologies opens unprecedented design 

possibilities allowing for freedom in complexity that, most of the time, is impossible to 

reach with the traditional manufacturing technologies. Four types of complexity can be 

exploited:  shape  complexity,  hierarchical  complexity,  material  complexity,  and 

functional  complexity  [2].  Shape  complexity  allows  producing  parts  with  complex 

geometries, such as lattice structures or internal cooling ducts, thanks to the fact that no 

machining tools are used; more, the ease in manufacturing different shapes enables the 

production of customized components, for example in the biomedical field [78], and the 
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production of structurally optimized parts [79]. Hierarchical complexity exploits the AM 

possibility of controlling the structure of a part at different scales; the nano and micro

structure of a metal component can be controlled by the processing parameters both in 

PBF  [80]  and  DED  [81]  technologies;  the  mesostructure  of  a  part  is  modified  by 

introducing  cellular  structures  or  solid  and  voids  patterns  in  certain  areas  of  the  part. 

Material complexity resides in the possibility of producing parts with different materials, 

or  mixtures  of  them,  in  different  regions,  leading  to  different  local  properties  [27]. 

Functional  complexity  comes  from  the  possibility  of  producing  fully  functional 

assemblies and mechanisms, and reducing the number of parts in a component, since part 

consolidation  allows  reducing  the  number  of  separate  parts.  These  four  types  of 

complexity  can  be  employed  simultaneously  to  fully  exploit  the  AM  capabilities.  Of 

course, the design phase of a part becomes fundamental and adequate tools are needed to 

describe information in a suitable way to further produce the component. Furthermore, 

the  designer  needs  to  be  aware  of  the  AM  capabilities  –  and  limitations  –  to  design 

innovative and manufacturable objects.   

2.2.1  Design for Additive Manufacturing  
In Chapter 19 of the “Additive Manufacturing Technologies” book [2], Rosen defined the 

Design for Additive Manufacturing (DfAM) concept as the set of all the considerations 

to  make  to  “maximize product performance through the synthesis of shapes, sizes, 

hierarchical  structures,  and  material  compositions,  subject  to  the  capabilities  of  AM 

technologies”.  The  DfAM  is  inspired  by  the  design  for  manufacture  and  assembly 

(DFMA)  [82],  a  methodology  that  focuses  on  reducing  timetomarket  and  total 

production costs concentrating on the ease of the manufacture of the parts of the product 

and the simplified assembly of the parts into the final product. DfAM can be subdivided 

in  restrictive  and  opportunistic  DfAM.  Restrictive  DfAM  only  concentrates  on  the 

restrictions of the AM technologies and is basically used as a list of guidelines to design 

manufacturable parts taking into consideration the limits of the selected AM technique, 

i.e.,  the  minimum  features  size,  the  need  of  support  structures,  the  need  of  resin 

evacuation or depowdering holes, etc. as shown if Figure 7.  



24 
 

 

Figure 7. Restrictive DfAM, design rules for different AM technologies [71] 
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Opportunistic  DfAM,  instead,  focuses  on  the  unique  AM  capabilities  and  aims  at 

introducing in the component all the aforementioned complexities to obtain a better and 

innovative product. In the literature, researchers followed different approaches to reach 

this goal. Rosen  [83] used a Process – Structure – Property – Behavior  framework  to 

describe  and  model  a  design;  he  further  divided  the  Process,  Structure,  and  Property 

models into geometric and material models. Moving from Geometry to Material and from 

Property to Process the relevant size scale decreases. More, following the traversal from 

Behavior to Process the design approach can be seen, where the requirements given by 

the Behavior  are mapped  to  the properties  and  the geometry/structure,  and  finally  the 

manufacturing process is defined; going from the Process to the Behavior the designed 

part  is analyzed, and one can verify  if  the original  requirements are satisfied. He  then 

proposed  a  DfAM  system  organized  in  several  modules  dealing  with  the  modeling, 

manufacturing simulation, and design behavior analysis phases, as reported in Figure 8.  

 

Figure 8. DfAM system proposed by Rosen [83]. 

Ponche  et  al.  [84]  presented  a  DfAM  methodology  specifically  for  Additive  Laser 

Manufacturing  products  that  takes  into  account  the  design  requirements  coming  from 

functional specifications and the manufacturing specificities depending on the selected 

AM process. First, the part is oriented inside the build chamber according to the global 

process  characteristics  and  the  required  design  constraints;  then,  it  is  functionally 

optimized  through a  topology optimization (TO) algorithm; finally,  the manufacturing 

paths are defined to locally optimize the component. Vayre et al. [85] applied a fourstep 

designing methodology. First, they identified a set of functional surfaces and the “clearing 

volume”,  i.e.,  the design volume, where  the material  can be placed. Then, a  single or 

multiple  initial  shapes  are  generated  exploiting  the  expertise  of  the  designers,  or, 

preferably, structural optimization strategies such as the TO. Once the rough shapes have 
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been  obtained,  a  set  of  parameters  that  describe  the  part  are  defined  and  are  used  as 

optimization drivers to obtain the optimized part, according to the desired goals. Finally, 

the manufacturability of the optimized shape  is validated. Vayre and coworkers  tested 

this design approach on a metallic component produced by DED and EBM technologies. 

Briard et al. [86] presented a methodology to maximize the potential of generative design 

coupled with DfAM, divided  into  four  steps:  translation,  initialization, AM guidelines 

integration,  and  refinement.  In  the  translation  phase,  the  problem  is  “translated”  to 

provide  suitable  inputs  for  generative  design  tools;  the  initialization  phase  is  an 

unconstrained optimization phase where possible optimized shapes are obtained;  then, 

the  AM  constraints  are  integrated  into  the  optimization  to  take  into  consideration  the 

manufacturing process limitations, such as the need of supports or the minimum features 

size. Finally, in the refinement phase the design is pushed to its limit exploiting all the 

AM capabilities,  for  example by  integrating  cellular  structures. DuroRoyo et  al.  [20] 

presented a computational workflow for the design and the fabrication of multimaterial 

and multiscale structured objects via a pneumatic extruder mounted on a 6axes robotic 

arm;  they  focused  on  waterbased  heterogeneous  materials  based  on  polysaccharide 

hydrogels in 1% to 12% concentrations in w/v of 1% acetic acid aqueous solutions and 

these gels were also mixed with cellulose microfiber  to obtain volumetric composites. 

They created a seamless filetofabrication model that starts from the design of the model 

and the tool paths in a CAD/CAM environment; the information is transmitted to a central 

interface  through  fabrication XML  instructions and a communication applet processes 

input and output data generated in the design platform to and from the mechanical parts. 

The model considers several data coming from all the components of the chain; some of 

them are the parameters of the material, such as viscosity and shear rate, the combinations 

of  base  materials,  the  degree  of  concentration  of  material  in  the  solvent,  the  type  of 

nozzles mounted on the extruders, and the response times of the hardware. Boddeti et al. 

[87]  presented  a  digital  design  and  manufacturing  workflow  able  to  design  both  the 

macroscopic topology and the microstructure of an object; the workflow is divided into 

three steps: a “design automation” process that uses  the mathematical homogenization 

approach  of  a  twophase  microstructure  and  the  TO  for  obtaining  the  best  material 

distribution and its microstructure  in 3D; the “material compilation” process translates 

the mathematical results obtained in the previous phase in a manufacturable 3D material 
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layout  and  generates  the  code  for  fabrication;  finally, the “digital fabrication” step 

involves  the  manufacturing  of  the  product  by  a  multimaterial  photopolymer  material 

jetting  technology.  Zhang  et  al.  [88]  proposed  an  evaluation  framework  to  assess  the 

design from a process planning for AM perspective based on two sets of indicators. The 

firstlevel indicators are the “Adaptation Indicator” and the “Discrimination Indicator”, 

where  the  former  indicates  whether  the  part  is  suitable  to  be  produced  by  AM 

manufacturing, whereas  the  latter  suggests  the easiness of  identifying  the optimal AM 

manufacturing scenarios from a set of alternatives for a given design. The secondlevel 

indicators are the “Orientation Indicator” and the “Geometry indicator”; the former is a 

general indicator that analyzes the effect of the design on the orientation tasks during the 

process  planning,  and  takes  into  consideration  the  amount  of  support  structures,  print 

time, etc. The latter is used to verify the utilization of the selected design of the advantages 

given by AM, such as TO or cellular structures. Similarly, Lettori et al. [89] proposed an 

approach to assess the compatibility and suitability of a product for the AM production 

through a set of  fifteen reference questions and a compliance index that considers the 

values  given  as  answers  and  the  weight  of  the  questions;  the  questions  range  from 

information  about  the  mass  reduction  to  the  level  of  customization,  from  the  need  of 

multimaterial areas to the batch size. They then validated the method with case studies 

found in the literature.  

2.2.2  Geometric modeling and representation schemes 
Since AM allows to produce complex parts also enabling multimaterial solutions, it is 

fundamental to properly describe and represent the objects from a digital point of view. 

When dealing with geometric modeling approaches, three main classes of representation 

schemes can be  identified, as presented  in Figure 9: boundary representation (BRep), 

volume representation (VRep), and constructive solid geometry (CSG) [90].  
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Figure 9. Representation schemes approaches. 

BRep describes the shape of a part by its surface, i.e., the boundary that divides the object 

from the surrounding environment; this approach is adopted when the component is made 

by a homogeneous material, so internal information is superfluous, and the information 

only  resides  in  the  skin.  Adopting  boundary  representations,  a  3D  surface  can  be 

described  by  a  discrete  polygonal  mesh,  potentially  exploiting  recursive  subdivision 

algorithms [91,92], or in a continuous way by functionbased approaches. In turn, these 

functionbased  methods  are  divided  into  parametric,  explicit,  and  implicit.  Implicit 

methods,  also  known  as  function  representations  (FRep)  [26],  describe  the  surface 

adopting  an  equation  of  form  𝑓(𝑥, 𝑦, 𝑧) = 0;  in  the  AM  field,  implicit  methods  are 

suitable when describing triply periodic minimal surfaces (TPMS, they will be debated 

in  the  following  sections)  but  are  unable  to  represent  and  easily  transform  bounded 

surfaces.  Parametric  approaches  are  based  on  surface  equation  form  as  𝑆(𝑢, 𝑣) =

 (𝑥(𝑢, 𝑣), 𝑦(𝑢, 𝑣), 𝑧(𝑢, 𝑣))  where  𝑢, 𝑣  are  independent  parameters  [93].  Several 

formulations have been proposed, such as Bézier surfaces [94], Bernstein polynomials 

[95], and NonUniform Rational Basis Splines (NURBS) [93]. Parametric methods allow 

a more natural design and representation of shapes inside a CAD environment and, more 
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importantly, they can be expressed in the form of vectors and matrices so that complex 

analytical geometry problems are solved with simple methods. 

The CSG approach defines a solid as a set of consecutive Boolean operations, i.e., union, 

intersection, and difference, applied to primitive solid objects like blocks, spheres, torus, 

cone, and cylinder. The Boolean operations are intended as “regularized operation”: 

lowerdimensional components than 3D resulting from the regularized operations are not 

taken into consideration. For instance, only solid (3D) parts will result from regularized 

operations, whereas surfaces, edges, and points are discarded  [90]. A  limitation of  the 

CSG method is that CSG models need to be converted to BReps for visualization, data 

exchange, and manufacturing. Almost all the geometric kernels of the CAD 3D software 

are based on the CSG approach for describing and storing the modeling operations, and 

then they use BRep approaches for the visualization of the model. Usually, the primitives 

are  homogeneous  objects,  but  if  they  are  heterogeneous,  Fang  and  Srinivasan  [96] 

presented  a  VolumetricCSG  (VCSG)  method  for  the  modeling  and  representation  of 

volumetric objects with heterogeneous properties based on the original CSG approach.   

VReps are needed when a part presents heterogeneous internal properties and different 

information are found in different point inside the volume. Dealing with discrete VRep, 

voxels (volumetric pixels) can be used to discretize the volume of a part and the resolution 

can be set equal to the native resolution of the AM process [97,98]; in the voxelbased 

methods, all  the elements have  the same size and are organized  inside a 3D matrix or 

vector.  The  octree  is  an  evolution  of  the  voxel  approach,  based  on  the  recursive 

subdivision of  a  cubic  element  into  eight  smaller  cubes  [25];  these new  cubes  can be 

inside, outside, or in  the boundary of  the object;  the cubes at  the boundary are further 

subdivided  until  the  desired  resolution  is  reached;  moreover,  voxels  with  the  same 

properties can be joined to improve the efficiency of the data structure. Polyhedral mesh 

approaches  are  the  most  common  in  the  finite  element  (FE)  methods,  they  are 

characterized by a list of vertex coordinates, a list of polyhedra, a list of faces, a list of 

edges,  and  their  reciprocal  connections;  again,  it  is  possible  to  adopt  larger  elements 

where  the  variation  in  shape  or  characteristics  is  low  and  vice  versa.  Moving  on  the 

functionbased branch of the VReps, implicit and explicit formulations can be adopted, 

but it results difficult to set different levels of inequalities or to set the desired behavior 

at  each  𝑘  value  of  the  generic  function  𝑓(𝑥, 𝑦, 𝑧) = 𝑘  and  make  it  correspond  to  the 
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material and properties distribution of the real part. Parametric functions with a generic 

form as 𝑉(𝑢, 𝑣, 𝑤) = (𝑥(𝑢, 𝑣, 𝑤), 𝑦(𝑢, 𝑣, 𝑤), 𝑧(𝑢, 𝑣, 𝑤))  are more suitable due  to  the 

possibility  of  using  the  control  points.  Furthermore,  the  successful  application  of  the 

parametric  VRep  approach  in  the  isogeometric  analysis  was  demonstrated  [99];  this 

technique  allows  performing  FE  analyses  directly  on  the  CAD  model  avoiding  the 

conversion in a polyhedral mesh. 

The  geometric  modeling  of  parts  produced  by  AM  technologies  can  be  difficult  if 

adopting  the  available  geometric  kernels.  For  instance,  only  few  software  are  able  to 

handle volumetric information [100], and when modeling cellular structures characterized 

by a high number of repetition of elements, Boolean operations are needed for joining the 

elements  in  one  structure;  these  operations  require  high  computational  resources  and 

often fail since the software is not able to compute the intersections between the objects; 

then filleting operations should be performed for eliminating sharp edges, and they need 

to  be  executed  manually.  If  all  the  operations  are  successful,  the  final  part  becomes 

difficult  to visualize due  to  the high number of surfaces  to visualize. These  issues are 

shared by all the complex geometries that exploit AM capabilities. 

2.2.3  Cellular solids 
Among the complex structures that can be produced by AM technologies, cellular solids 

gained a lot of interest in the field. According to Gibson and Ashby, cellular solids are 

defined as materials “made up of an interconnected network of solid struts or plates which 

form  the  edges  and  faces  of  cells”  [101].  Cellular  solids  are  often  referred  to  also  as 

cellular structures, lattice structures, or lattices. Placing the material only in desired zones 

of the part or orienting the struts according to a predefined pattern makes it possible for 

cellular  solids  to  present  interesting  properties:  they  have  high  specific  stiffness  and 

strength since they are lightweight; they are good heat exchangers due to the large surface 

area with  respect  to  the occupied volume;  they can absorb and dissipate energy  if  the 

structure is designed to undergo large deformations; the large number of internal pores 

guarantee acoustic insulation too [101,102]. An important parameter used to describe a 

lattice structure is the relative density, 𝜌, defined as: 

𝜌 =  
𝑉

𝑉0
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where 𝑉 is the actual volume of the lattice, and 𝑉0 is the volume of the region occupied 

by the cell. The relative density gives an idea of how much mass reduction is obtained 

when filling a bulk volume with the lattice. 

Thanks to their characteristics, cellular structures have been widely adopted by nature as 

a result of millions of years of evolution; for example, the inner lattice structure of the 

toucan beak acts as a vascular thermal radiator and as a lightweight part [103], the skeletal 

microstructure of the sea urchin resembles the Schwartz PSurface TPMS structure [104], 

and the internal structure of the human bones is a cellular structure randomly organized. 

 

Figure 10. Examples of cellular solids found in nature: a) inner structure of the toucan beak [103],  
b) skeletal microstructure of the sea urchin [104], and c) internal structure of the human bone. 

Before  the  diffusion  of  the  AM  technologies,  lattice  structures  were  produced  with 

traditional  manufacturing  techniques,  such  as  gas  foaming,  particulate  leaching,  fiber 

bonding,  and  solvent  casting. As observed by Leong et  al.  [105]  these  manufacturing 

approaches present  limitations:  they require manual  intervention and the final result  is 

strongly  affected  by  the  operator  expertise,  they  are  timeconsuming  since  post

processing is needed, toxic organic solvents are used during the production phases so this 

can be dangerous if the product is intended to be used for biomedical purposes and also 

timeconsuming due to the time required for solvent evaporation, that varies from days to 

weeks [106]. The most critical issue is the difficulty, if not the impossibility, in controlling 

the final geometry of the product; the parameters can be tuned and optimize to get closer 

to the desired result but limits still remain. With AM technology, instead, better control 
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on the shape of the part is obtained and it is possible to produce cellular solids with almost 

any desired structure. 

2.2.3.1  Lattice structures classification 

Lattice structures can be classified according to different properties and characteristics, 

and several classification schemes have been proposed in the literature. Tang et al. [107] 

classified  the  lattice  structures  according  to  the  degree  of  order  of  the  unit  cell, 

considering lattices at a mesoscale, i.e., where the feature size ranges from 0.1 mm to 10 

mm.  They  identified  three  groups:  disordered,  pseudoperiodic,  and  periodic  lattice 

structures. Disordered lattices are characterized by features of different sizes and shapes 

and are randomly distributed, pseudoperiodic ones can have the shape of the unit cell 

changed in different areas of the part according to specific design purposes, and periodic 

ones  are  a  simple  repetition  in  space  of  the  unit  cell.  In  a  following  work  [108],  the 

classification method was enhanced by proposing three different classification methods. 

The  first  one  was  similar  to  the  one  exposed  in  [107];  the  second  one  is  about  the 

geometric configuration of the unit cell and considers foam structures, divided in turn into 

opencell  and  closedcell  foam,  2D  lattice  structures  (honeycomb),  and  3D  lattice 

structures. The third one takes into consideration the lattice deformation criteria and is 

inspired  by  the  distinction  between  bendingdominated  and  stretchingdominated 

structures [109]. The bendingdominated structures are characterized by low stiffness and 

the  walls  tend  to  bend  if  loaded,  whereas  the  stretchingdominated  structures  have  a 

higher elastic modulus and yield strength than the bendingdominated ones. Due to these 

properties,  bendingdominated  structures  are  more  suitable  for  energy  absorption 

application,  whereas  stretchingdominated  structures  are  employed  in  lightweight 

structure  design.  The  expected  compressive  behavior  of  these  two  types  of  lattices  is 

presented in Figure 11 [110], where the compressive stress – strain curves are plotted.  



33 
 

a)   b)   

Figure 11. Compressive Stress – Strain curves of a) bendingdominated and b) stretchingdominated 
lattice structures [110]. 

These two different behaviors are described by the Maxwell stability criterion for 3D unit 

cells [111], further generalized by Calladine [112,113] with the equation 𝑀 = 𝑏 − 3𝑗 +

6 = 𝑠 − 𝑚, where 𝑏  is  the number of struts, 𝑗  is  the number of  locked  joints, 𝑠  is  the 

number of states of selfstress, and 𝑚 is the number of mechanisms. If 𝑀 < 12 the cell 

mechanism is defined as bendingdominated, whereas if 𝑀 ≥ 12 the cell mechanism is 

defined as stretchingdominated. It also must be highlighted that it is not straightforward 

to identify the deformation mechanism of a lattice structure directly from the Maxwell 

criterion because the behavior depends on the unit cell topology, orientation, periodicity, 

and  the  load direction  too [114].  In Chapter 11.6 of the book “Materials Selections  in 

Mechanical  Design”,  Ashby  described  the  behavior  of  the  bending  and  stretching

dominated lattice structures relating the mechanical properties to the relative density, 𝜌 

[115]. 

Savio et al. [102] proposed a lattice structure classification based on the distribution of 

the cells  in  the whole structure,  the  topology of the cell,  the shape of the cell, and the 

element dimensions of the cell, as illustrated in Figure 12.  
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Figure 12. Lattice structures classification. Adapted from Savio et al. [102]. 

Starting from the shape of the structure of the unit cell, cellular material can be divided 

into  regular,  pseudorandom,  and  random.  Regular  lattices  (Figure  13a)  are  made  by 

regularly  repeating  the  unit  cell  along  the  x,  y,  and  zaxis.  In  the  pseudorandom 

structures,  the  geometry  and  the  size  of  the  cell  are  modified,  but  the  topology  is 

maintained. These structures can be divided, in turn, into warped and conformal. Warped 

cellular solids are obtained by deforming the unit cell in different zones of the volume 

according to the application; for instance, the size of the cells can be driven by the results 

of FE analyses, where high stresses could require smaller cells, or by the position of the 
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cell with respect to a point, i.e., the closer, the smaller or viceversa. Conformal cellular 

solids present unit cells with different  size and geometry  to adapt  and conform  to  the 

external  boundary  of  the  model;  conformal  structures  better  adapt  to  freeform  shapes 

since they follow the borders and the cells never interrupt, providing a better stiffness and 

resistance to the entire model [15]. Figure 13b shows an example of a simple cubic lattice 

conforming  to  two  surfaces.  Random  structures  present  a  random  organization  of  the 

cells, and the size and geometry of each cell vary at the same time. As previously said, 

random  lattice  structures  are  frequently  found  in  nature,  for  example  in  the  cork  (the 

material) or  the cancellous bone of human beings, and in the structures produced with 

traditional manufacturing technologies where it is almost impossible to control the shape 

of the final part. Random structures are obtained also by adopting the Voronoi diagram, 

as shown in Figure 13c; a set of points, the seeds, are randomly positioned in the design 

volume and the space is partitioned in Voronoi cells, where each cell consists of all the 

points of the plane closer to a seed than to any other [116].  

a)   b)   

c)   

Figure 13. Cellular materials with different structure shapes: a) regular lattices obtained by repeating a 
simple cubic unit cell along the x, y, and zdirection; b) Voronoi lattice structure that fills the same box 

geometry as in a); c) conformal lattice structure in which the cells adapt to the shape of two surfaces. 



36 
 

Another classification of the cellular structures can be done depending on the topology of 

the cell. The lattice can present an opencell or a closedcell organization. In an opencell 

structure, the pores and the single cells can “communicate” between each other, whereas 

in  a  closedcell  structure,  the  pores  result  inaccessible.  An  opencell  lattice  can  be 

preferable  for  biomedical  applications  where  fluids  exchange  and  tissue  regrowth  are 

allowed; closedcells are better suited in mechanical applications where stiff components 

are required. In hybrid configurations both open and closed cells can be obtained as well. 

It has to be considered that closed cells cannot be produced with all the AM technologies, 

for  example,  in  the PBF or VP  technologies open cells  are needed  for  evacuating  the 

powder and the resin, respectively.  

Furthermore, different cellular materials are obtained by adopting different shapes of the 

unit cell. A wide class of strutbased unit cells derives from the cubic cell: simple cubic 

(Figure  14a),  bodycentered  cubic  (Figure  14b),  reinforced  bodycentered  cubic,  and 

facecentered cubic  (Figure 14c)  are  characterized by an  increasing number of  beams 

[117]. The octettruss cell (Figure 14d) derives from the facecentered cubic one and was 

proven to have higher stiffness and strength if compared to a randomly organized foam 

[118]. The modified WallachGibson [111] and the modified GibsonAshby [119] cells 

are other two frequently used strutbased cells. Moving on the shellbased unit cells, the 

triply periodic minimal surfaces  (TPMS) are some of the most adopted cells. Minimal 

surfaces are defined as surfaces with zero mean curvature or surfaces that minimize the 

surface area for given boundary conditions [120]; if minimal surfaces are repeated and 

duplicated  along  the  three  dimensions,  they  present  a  cubic  symmetry  and  are  called 

TPMS.  More,  TPMSs  divide  the  space  into  two  subspaces  that  never  meet.  These 

surfaces  are  defined  by  implicit  equations;  for  example,  the  gyroid  (Figure  14e)  is 

described by 𝑠𝑖𝑛(𝑥) ∙ 𝑐𝑜𝑠(𝑦) + 𝑠𝑖𝑛(𝑦) ∙ 𝑐𝑜𝑠(𝑧) + 𝑠𝑖𝑛(𝑧) ∙ 𝑐𝑜𝑠(𝑥) = 0, and the Schwarz 

P surface (Figure 14f) is described by 𝑐𝑜𝑠(𝑥) + 𝑐𝑜𝑠(𝑦) + 𝑐𝑜𝑠(𝑧) = 0. Thanks to their 

curvature continuity and mechanical properties, TPMS received a lot of  interest  in  the 

AM community and have been widely adopted, especially  in  the biomedical  field and 

heat exchangers application, in which fluid dynamics plays a key role [121,122]. 
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a)  b)  c)  d)  

e)    f)   

Figure 14. Different types of cell geometry: a) simple cubic, b) body centered cubic, c) face centered 
cubic, d) octettruss, e) gyroid, and f) Schwarz P surface. 

One last classification criterion is based on the dimension of the elements of the cell, i.e., 

the diameter of the beams or the thickness of the shells. If the elements of the cells of the 

entire lattice have the same dimension, the structure is homogeneous; if the elements of 

the  cells  have  different  dimensions  without following an “organized” pattern,  the 

structure is heterogeneous; if the size of the elements varies according to a defined pattern, 

the  cellular  material  can  be  referred  to  as  gradient  elements  lattice  structure;  as  an 

example, in Figure 15 the diameter of the beams of the regular lattice structures linearly 

decreases with  respect  to  the distance of  the beams  to  the point at  the  topright of  the 

structure: the closer to the point, the bigger the beam dimension. 

 

Figure 15. Lattice structure with graded elements size. The closer to the topright point, the thicker the 
beam diameter. 
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2.2.3.2  Geometric modeling of lattice structures 

Even  though  AM  is  rapidly  increasing  its  user  base  and  more  and  more  products  are 

produced with this technology, the geometric modeling tools offered for the modeling of 

complex  structures  such  as  the  cellular  solids  still  present  limitations  and  issues  [3]. 

Commercially,  several  CAD  software  offer  dedicated  packages  for  lattice  modeling. 

ANSYS SpaceClaim [123] allows filling solid volumes with different  types of regular 

and conformal beamlike and TPMSs lattice structures; it is possible to define the filling 

percentage and the size of the cell and the elements. The addon module “Lattice Structure 

Design” in Siemens  NX  [124]  enables  the  users  to  design  components  with  lattice 

structures characterized by beams and shells controlling the dimension of the structure. 

Similar operations can be performed with other software such as the 3DEXPERIENCE 

Part Design App by Dassault Systèmes  [125], Altair  Inspire  [126],  the Lattice module 

inside Materialise 3matic [127], the Structures module inside Materialise Magics [128], 

and  PTC  Creo  [129].  The  users  of  Rhinoceros  CAD  software  [130]  and  Grasshopper 

plugin [131] exploited the customization freedom and developed plugins and addons 

for the design and modeling of lattice structures. Among them, GL Software by General 

Lattice  [132]  directly  works  inside  Rhinoceros  offering  a  graphical  user  interface 

enabling modeling lattices based on NURBS models; Intralattice plugin [133], developed 

by the Additive Design & Manufacturing Laboratory (ADML) at the McGill University, 

and Crystallon plugin [134], developed by Aaron Porterfield, work inside Grasshopper 

and allow generating lattice structures taking advantage of the parametrization and the 

other  tools  available  inside  Grasshopper;  for  instance,  topology  and  size  optimization 

results  can  be  used  for  sizing  the  elements  of  the  structures.  Both  Intralattice  and 

Crystallon do not implement their modeling methods for the final lattice solid model, so 

it  is  required to use other plugins such as Dendro [135] and Cocoon [136],  that create 

mesh models based on the marching cubes algorithm [137]. All the aforementioned tools 

are  based  on  BRep  parametric  functions,  NURBS,  and  meshes  and  often,  when  the 

number of elements increases, they become unstable, difficult to handle, and require a lot 

of computational time and resources. The nTopology software [138], instead, is based on 

VRep implicit functions, allowing to model structures with a high number of elements 

without  failing;  the  implicit  modeling  approach  handles  better  operations  such  as 

blending,  filleting,  offsetting,  and  Boolean  operations.  Moreover,  the  model  sizes  are 
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always smaller than the same structure modeled with a BRep procedure, especially when 

dealing with TPMSs where the model size is the same regardless the number of the cells, 

because the software only stores the TPMSs equations. Finally, the visualization of the 

model is not based on BReps but on the sphere tracing technique [139], a variant of the 

ray tracing technique; these algorithms require high computational resources but, at the 

same time, they are highly parallel and can take advantage of the new advancements in 

CPUs and GPUs parallel processing capabilities that were not available in the past. As a 

limitation,  the  implicit models obtained  in nTopology are often  difficult  to  export  for 

reusing them for further analyses in CAE software. 

The  scientific  community  proposed  different  approaches  and  solutions  aimed  at 

overcoming these limitations. Wang et al. [15] proposed a hybrid approach for geometric 

modeling conformal lattices. The method first models every single structure as a solid 

model  using  the  ACIS  geometric  modeling  kernel  [140],  directly  converts  the  single 

structure to an STL model, and then stacks all the STL elements together to obtain the 

whole lattice; finally, it adds a sphere to each node to avoid nonmanifold geometries. The 

method differs from a more traditional approach because usually the entire part is first 

modeled as a solid and the STL conversion is performed as the last step. The authors were 

able to reduce the computational time. An improvement of this method was proposed by 

Chen [141], who developed a universal structure generating system. An XML file is used 

to store the information about the nodes and the struts of the cellular solid; a structure 

generating system is then able to create a mesh model of the part using as input the XML 

file previously  created,  like  the previous  approach presented by  Wang et  al.  [15],  the 

system firstly models the single nodes as an STL file and then joins all the nodes to obtain 

the complete STL mesh model. More, a filleting operation is performed by exploiting the 

combination of two offsetting operations, based on the Minkowski sum and difference 

[142].  Furthermore,  Chen  [143]  expanded  the  method  implementing  a  space  warp 

deformation operation, able to result in smaller and thicker cells in predefined areas of 

the structures; again, the lattice is described by the XML file and then the space is warped 

by minimizing an energy function. Medeiros e Sà et al. [144] proposed a mesh modeling 

method able to obtain a lattice based on the dual of the structure; more precisely, given 

the wireframe of the starting lattice structure, called primal cell complex,  the dual cell 

complex  is  obtained  by  connecting  the  central  point  of  two  adjacent  cells.  The  new 



40 
 

wireframe resulting from the dual operation is then used as a starting point for the creation 

of a solid model built thickening the beams with a meshfaces approach. Kou and Tan 

[145] proposed a method to model cellular solids that present unit cells with a graded size 

using  the  Voronoi  diagram;  first,  the  seeds  are  generated  according  to  a  probability 

density function, then the vertexes of the Voronoi cells are used as control points of closed 

Bsplines  curves;  finally,  the  curves  are  scaled  with  respect  of  their  centroid  using 

different scale factors depending on the position of the curve inside the part and according 

to the desired size of the cellular solid. Chow et al. [146] proposed a method to model 3D 

porous structures starting from 2D Voronoi diagrams. The Voronoi seeds are organized 

in concentric rings and each seed brings solid or void information that is transmitted to 

the relative Voronoi region; then some of the seeds receive a displacement pattern with a 

motion  law,  whereas  others  remain  static.  The  structure  is  built  along  the  three

dimensional  direction  by  expanding  the  time  dimension  of  the  dynamic  pattern.  The 

Voronoi diagram was used also by Fantini et al. [147] that proposed a modeling workflow 

inside Grasshopper and Rhinoceros software to design porous structures for producing 

biomedical  scaffolds;  they also correlated  the  input parameters  such as  the number of 

Voronoi seeds with the target porosity and the pores size of the final model. In a further 

work [148], they validated the design process by fabricating a sample in Ti6Al4V material 

and  by  performing  analyses  with  the  scanning  electron  microscopy  and  the  micro 

computed tomography technologies.  

Other works in the literature explored the possibility of modeling cellular solids using the 

CSG approach. Zeinalabedini et al. [149] modeled a foamlike structure by subtracting 

randomly organized spheres that overlap each other from the design space; by controlling 

several  parameters  such  as  the  range  of  the  size  of  the  spheres  and  the  amount  of 

overlapping between them, they were able to control the relative density of the structures. 

Similarly,  Gagliardi  et  al.  [150]  performed  the  Boolean  subtraction  between  a  bulk 

volume  and  random  spheres  to  model  and  simulate  foams  produced  by  traditional 

manufacturing technologies. Ceruti et al. [151] developed a modeling environment inside 

an  opensource  CAD  software  capable  of  performing  Boolean  operations  to  model 

lightweight sandwich structures and to fill lattice structures inside solid parts. 

Lattice structures can be modeled adopting VRep approaches as well. Pasko et al. [26] 

modeled regular and irregular microstructures using functionbased modeling via implicit 
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surfaces described by trivariate scalar fields and continuous real functions, calling this 

approach “Function Representation” (FRep); in particular, they applied the settheoretic 

Rfunctions  operations  [152]  (union,  intersection,  and  subtraction)  on  the  elementary 

initial objects  to build up more complex parts. According to the authors,  the proposed 

FRep approach provides a more robust and dynamic control if compared to the BRep 

methods;  more,  it  is  easier  to  modify  the  topology  of  the  object  due  to  the  FRep 

parametrization.  Aremu  et  al.  [153]  addressed  the  modeling  of  conformal  lattice 

structures using voxels as discrete VRep approach. They started from creating a voxel 

representation of both the starting object to fill with the lattice and the lattice structure 

itself; adopting the same voxel resolution size, a trimmed lattice structure is obtained by 

performing a Boolean intersection between the two sets of voxels; this operation is fast 

because  the  intersection  deals  with  0  (no  voxel,  void)  or  1  (voxel,  solid)  data. 

Furthermore,  to avoid  the presence of  incomplete  lattice elements at  the boundaries, a 

lattice skin, called “netskin”,  is  created  and  connected  to  the  internal  structure  as  an 

alternative to solid skin. Finally, the option of modeling structures with a graded size of 

the element is implemented. Holdstein et al. [154] proposed a method based on voxels 

for modeling microimplants for bones; starting from the computed tomography model 

of the damaged bone, the algorithm detects the defected region, creates a mask gathering 

adjacent voxels, searches for a similar pattern in healthy zones of the bones, and finally 

performs  the  infilling of  the bone  in  the defected area. Brackett et al.  [155] adopted a 

dithering method based on error diffusion to generate lattice structures with different cells 

dimensions; the workflow is organized as follows: a greyscale map is obtained as a result 

of FE analyses or TO of the original part;  then the error diffusion dithering method is 

applied to convert the continuous tone image into a binary blackandwhite representation 

and variably spaced node points are generated; finally, the points are used as seeds for 

applying the Voronoi diagram.  

2.2.3.3  Lattice structure optimization 

As previously reported, the elements of the lattice, i.e., beams or shells, can have different 

sizes. The size can be the same for all the elements inside the structure, the elements can 

present random dimensions, they can follow a gradient, or the dimension can be driven 

by external data. The possibility of tailoring the dimension of every single element of the 

lattice structure is highly beneficial if considering application where structural efficiency 
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is required, but at the same time, lightweight structures are preferred. In these situations, 

structural  optimization  suits  the  needs.  Structural  optimization  aims  to  organize  the 

material  inside  a  structure  in  the  best  way,  taking  into  consideration  the  loads,  the 

material, and the constraints applied on the part. Typical optimization objectives are the 

mass reduction, the stiffness maximization, and the tuning of the resonant frequencies. 

According to Bendsøe [156], structural optimization can be divided into three classes: 

1.  Size  optimization,  in  which  the  dimension  of  the  elements  of  the  structure  is 

optimized; for instance, size optimization can involve the crosssections of the 

beams or the thickness of the skins inside a lattice structure (Figure 16a). 

2.  Shape  optimization,  in  which  the  shape  of  the  boundary  of  the  structure  is 

optimized; all the boundaries are considered, both external and internal, i.e., the 

shape of internal holes or voids (Figure 16b). 

3.  Topology optimization (TO), in which the material is arranged inside a design 

space  to  find  the  best  distribution  under  a  set  of  boundary  conditions  and 

respecting  the  structural  and  dimensional  performance  requirements  (Figure 

16c). 

a)   

b)   

c)   

Figure 16. Structural optimization approaches: a) size optimization, b) shape optimization, c) topology 
optimization [156]. 

Size  and  topology  optimization  are  the  most  diffused,  with  the  latter  being  the  most 

popular since it is used not only with lattice structures but with new and redesigned parts 

that are going to be produced with AM technologies. TO has been implemented using 

different algorithms [157]. Homogenization methods exploit the mathematical theory of 
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homogenization [158] in which parts with complex geometries and microstructures are 

studied as a continuum domain made up of a virtual material called effective material. 

Density methods  subdivide  the model  into  finite  elements and consider  the density of 

each element as  the only design variable, which can assume a value between 0 and 1. 

Usually the optimal solution is characterized by elements with intermediate density value 

and  the  solution  is  far  from  a  solid  (1)  –  void  (0)  situation.  The  Solid  Isotropic 

Microstructure  with  Penalization  (SIMP)  method  [159]  is  the  most  used  method  to 

suppress  intermediate  densities  and  exploit  a  power  law.  The  so  called  “hardkill” 

methods are another group of TO methods, aimed at avoiding the intermediate densities 

in  the  final  solution.  The  Evolutionary  Structural  Optimization  (ESO)  method  [160] 

calculates a criterion parameter for each element and at each iteration the elements with 

the lowest criterion parameter value are eliminated. As an extension of the ESO method, 

in the Bidirectional Evolutionary Structural Optimization (BESO) method [161], at each 

iteration,  in  addition  to  the  removed  elements,  new  ones  can  be  added  next  to  those 

elements with a high criterion parameter. Finally, LevelSet Methods (LSMs) consider 

the isocontours of a  levelset function that  implicitly define the interface between the 

material phases and a sharp division between the solid and void zones is obtained [162]. 

Among the available methods, the SIMP is the most diffused, thanks to the relatively low 

number  of  iterations  required,  its  suitability  in  dealing  with  a  wide  range  of  design 

constraints and large 3D models [157], and the possibility of implementing the method in 

a fewlines code [163,164]. 

Considering  the optimization of  lattice structures,  in size optimization approaches,  the 

size of each element is iteratively varied until the convergence is reached and the structure 

satisfies the starting requirements. Savio et al. [165], proposed a size optimization method 

for lattice structures based on the utilization of each beam defined as the ratio between 

the load acting on the beam and the yield stress of the material of the part; according to 

the boundary conditions, a FE model is set up and the diameter of the beams is modified 

at each iteration in order to reach the utilization target. More, technological constraints 

are considered and a minimum and a maximum allowed radius are defined depending on 

the AM technology used for  the production and on the size of the unit cell. Nessi and 

Stankovic [166] used the Superformula [167], an extension of the Superellipse, to model 

an optimized domain inside a design volume; the domain is then discretized adopting a 
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tetrahedral meshing technique and the edges of the mesh are used as the wireframe of the 

lattice structure; the structure is further optimized by performing a size optimization of 

the diameter of the beams using a FE analysis. 

Moving on the implementations of TO for lattice structures, Ning and Pellegrino [168] 

proposed  a  method  based  on  the  implicit  representation  of  the  structural  topology  to 

overcome the issues of both the continuum and discrete TO approaches that when applied 

to lattices often result in impractical structures with floating components. In their work, 

the microstructure is defined by a continuous variable, i.e., the size distribution field, and 

the topology and the size of the structure are optimized by a genetic algorithm. Han and 

Lu [169] proposed a “nonuniform lattice structure design method” able to design lattice 

structures with unit cells of different dimensions in different areas of the design volume; 

this is obtained by performing a SIMPbased TO and defining a series of unit cells with 

the  same  topology,  but  with  different  cell  size.  The  unit  cells  are  mechanically 

characterized and then, depending on the TO results, are positioned in the zones of the 

design volume that present similar Young’s modulus.  Wang  et  al.  [170]  proposed  a 

similar method, correlating the TO results with unit cells with a constant cell size but with 

a variable beams  size.  Wu et  al.  [171]  too proposed a TO approach  for  the design of 

hierarchical  structures  and  developed  a  method  called  Approximation  of  Reduced 

Substructure  with  Penalization  (ARSP);  they  were  able  to  model  graded  cellular 

structures controlling the size of the elements with a parameter that, in turn, is linked to 

the results of the TO. Alzahrani et al. [18] proposed the Relative Density Mapping (RDM) 

method, that relates the size of each beam of the lattice structure depending on the relative 

density resulting from the TO of the elements surrounding the beam.  

In  some  cases,  the  optimization  of  lattice  structures  requires  improving  two  or  more 

characteristics that conflict with each other. As a simple example, when reducing the mass 

of  a  structure,  usually  the  stiffness  decreases,  and  consequently  at  equal  loading 

conditions the displacement of the structure increases; so, reducing at the same time the 

mass  and  the  displacement  of  a  lattice  is  not  trivial.  In  this  scenario,  multiobjective 

optimization  is widely used  to solve conflicting optimization problems. Noilublao and 

Bureerat [172] used three multiobjective evolutionary algorithms, namely the strength 

Pareto  evolutionary  algorithm  (SPEA2),  the  populationbased  incremental  learning 

(PBIL), and the archived multiobjective simulated annealing (AMOSA), to perform the 
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size,  shape,  and  topology  optimization  of  a  lattice  structure;  they  used  the  mass,  the 

compliance,  the  natural  frequencies,  the  frequency  response  function,  and  force 

transmissibility  as  design  objectives  and  compared  the  three  algorithms  to  determine 

which one is more suitable testing them on four different optimization problems of the 

same structure. Kaveh and Mahdavi [173] proposed the multiobjective colliding bodies 

optimization  (MOCBO)  algorithm  and  tested  it  on  two  case  studies  based  on  lattice 

structure, a 120bar truss dome and a more complicated 582bar truss tower, considering 

two  conflicting  objective  functions  containing  the  structural  weight  and  nodal 

displacement. Angelo et al. [174] proposed two multiobjective ant colony optimization 

algorithms and used  them  to  solve structural optimization problems on  five  structures 

with an increasing number of bars, with  the objective of minimizing the weight of the 

structure  and  its  maximum  nodal  displacement.  They  also  applied  the  multicriteria 

tournament method (MTD) to select the solution from the Pareto giving different weights, 

i.e., importance, to the different objectives. Lemonge et al. [175] used the third evolution 

step  of  generalized  differential  evolution  (GDE3)  genetic  algorithm  for  structurally 

optimizing  trusses  in  which,  other than using the “traditional”  objective  functions 

identified by the weight and nodal displacement minimization, two new types of problem 

were studied, the first dealing with the weight minimization and the maximization of the 

first  natural  frequency  of  vibration,  whereas  the  second  deals  with  the  weight 

minimization and the maximization of the load factor that impacts the maximization of 

the elastic critical buckling load. 

2.2.3.4  Numerical analysis and mechanical testing of lattice structures 

The numerical analysis and mechanical testing of a newly designed part are fundamental 

when it comes to characterize the structural properties. Studying the behavior of cellular 

solids is even more important because this category of components is relatively new and 

is produced with recent manufacturing technology, so previous data and information are 

missing and need to be collected to understand how lattices behave.  

Performing numerical analyses,  in particular FE ones, on lattice structure is not  trivial 

especially when dealing with parts characterized by a high number of elements and unit 

cells; the discretization of the whole structure by adopting a suitable resolution to study 

every single element of the lattice would result in a heavy model and, consequently, in 
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high computational costs and  time [149]. To overcome  this  issue, different simulation 

approaches have been proposed in the literature.  

The homogenization method studies the lattice structures as a fully dense material where 

the mechanical properties of the lattice material,  i.e.,  the stiffness matrix, are obtained 

from the unit cell [176]. The complexity of the model is reduced but, as a drawback, it is 

not  possible  to  analyze  anisotropic  structures,  so  random  structures  or  structures  with 

elements with graded dimensions  cannot be studied with  the homogenization method. 

Vigliotti and Pasini [177] presented a matrixbased multiscale procedure for the analysis 

of bidimensional components filled with triangular, hexagonal, and Kagome cells; they 

determined the analytical expressions for the macroscopic inplane stiffness constants and 

for the internal forces in the lattice edges. Arabnejad and Pasini [178] used the asymptotic 

homogenization theory to six different lattices, either stretching or bending dominated, 

for determining the effective elastic modulus and yield strength for the whole range of 

relative  density;  then,  the  obtained  results  were  compared  to  the  ones  found  in  the 

literature  that  used  other  homogenization  methods.  Freund  et  al.  [179]  proposed  and 

applied a computational homogenization approach on planar areas filled by eight different 

unit  cells  investigating  the  effective  elastic  parameters;  they  demonstrated  that  if  the 

mathematical problem is well formulated, the selection of the representative volume does 

not influence the homogenization results. In a wider study, Ptochos and Labeas [180,181] 

used  the homogenization method for predicting  the behavior of a structure made by a 

thousand regular body centered cuboid unit cells and verified the numerical results by 

performing experimental tests, indicating good accuracy. 

Moving a step further, lattice structure analysis can be performed by adopting a mono

dimensional FE approach based on the beam theory. This approach exploits the lines that 

compose the geometrical wireframe of the lattice, saving computational time and power 

introducing an error  in  the results  [182]. Two different beam theories can be adopted: 

EulerBernoulli  and  Timoshenko.  The  EulerBernoulli  approach  neglects  the  shear 

deformation, so the crosssection of the beam remains perpendicular to its neutral axis. A 

relevant theory parameter is the slenderness ratio, defined as the ratio between the length 

and the crosssection of the beam, that affects the flexural rigidity matrix; indeed, if the 

ratio is low and the beam is loaded with bending forces, the flexural rigidity increases and 

tends to diverge, causing the underestimation of the deflection. Since the lattice structures 
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present  smalllength  beams,  the  slenderness  ratio  needs  to  be  considered  [16].  The 

Timoshenko theory, instead, includes the deformation from the shear stress and considers 

the rotation between the crosssection and the neutral axis of the bending curve, resulting 

in more accuracy. Also, this theory presents a limitation, the shear locking phenomenon, 

that lies in a bad schematic of the shear part of the elastic energy [183]. Bacciaglia et al. 

[182]  compared  the  results  obtained  by  analyzing  a  lattice  structure  with  the  Euler

Bernoulli, the homogenization, and the 3D mesh FE analysis methods; the analysis based 

on the beam theory was the fastest but produced a displacement estimation uncertainty of 

15%. Ravari et al.  [184] performed numerical analyses using  the Timoshenko and  the 

solid FE theories for studying the effects of the variation of the beam diameter on the 

mechanical proprieties of a lattice structure produced by MEX technology and compared 

the  numerical  data  with  experimental  results;  both  the  numerical  methods  provided 

similar results to the experimental ones concerning the stress distribution and Young’s 

modulus;  the Timoshenko  theory better predicted  the  elongation of  the beams and, as 

expected, was faster than the solid FE analysis. Campoli et al. [185] and Genovese et al. 

[186]  found  out  that  when  simulating  lattice  structures  produced  by  SLM,  the  results 

coming from the beam theory are more accurate than the ones from the solid FE analysis; 

Genovese et al. hypothesized that the reason could be the additional contribution of the 

stiffness provided by the joints of the struts. Also Dong et al. [187] focused on the nodal 

points  of  the  lattices;  they  modified  the  Timoshenko  beam  element  because  the 

concentration of material in the nodal zones leads to different stiffness properties with 

respect  to  the central  zone of  the beam.  They validated  the hypothesis  by performing 

experimental  tests  and  numerical  analyses,  showing  a  better  agreement  than  the 

traditional beam elements. 

As it was said at the beginning of this section, mechanical testing of lattice structures is 

essential. More generally, mechanical tests are needed when dealing with parts produced 

by AM technologies because both the AM processes and the materials resulting from the 

processes  need  to  be  characterized  [12,13,188,189].  Concentrating  on  cellular  solids, 

several  works  investigate  their  mechanical  properties.  Smith  et  al.  [190]  studied  the 

mechanical properties through quasistatic compression tests of lattices made up by the 

bodycentered cubic cell and the bodycentered cubic cell reinforced with vertical pillars 

produced in 316 L stainless steel by SLM technology. A similar approach was followed 
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by Tsopanos et al. [191] who tested SLMed stainless steel bodycentered cubic lattices 

finding a relation between the process parameters and the mechanical properties. Ahmadi 

et al. [192] tested Ti6Al4V cellular structures made by SLM technology, with different 

relative densities, and six different unit cell configurations, i.e., cubic, diamond, truncated 

cube,  truncated cuboctahedron,  rhombic dodecahedron, and  rhombicuboctahedron;  the 

mechanical properties were related to the relative density through a power law. Cerardi 

et  al.  [193]  tensile  tested  and  mechanically  characterized  lattice  structures  presenting 

three different designs of unit cell, derived from the cube and the prism edges, that, in 

turn,  were  characterized  by  three  different  porosities;  the  parts  were  produced  in 

polyamide 12 by SLS. Similar tests were conducted also on TPMS. AlKetan et al. [194] 

performed compressive tests on both skeletal and sheetbased TPMS such as the gyroid, 

the  diamond,  and  the  primitive  Psurface,  produced  by  SLM  in  maraging  steel;  they 

highlighted  that  the  sheetbased  structures  exhibited  a  near  stretchingdominated 

deformation  behavior  whereas  the  skeletalbased  ones  showed  a  bendingdominated 

behavior. Yu et al.  [195]  studied  the mechanical properties  and  the  energy absorption 

capabilities  of  gyroid  and  P  surface  lattice  structures  produced  by  stereolithography 

technology;  they  modeled  and  tested  structures  with  both  uniform  and  graded  shell 

thickness. Furthermore, the fatigue behavior of lattice structures has been studied. Amin 

Yavari et al. [196] fatigue tested structures based on the cube, diamond, and truncated 

cuboctahedron unit cells printed at different levels of porosity in Ti6Al4V by SLM; they 

then  normalized  the  fatigue  curves  with  respect  to  the  yield  stresses,  finding  good 

agreement between structures with the same type of unit cell and were able to compare 

the behavior of the different unit cells. Hrabe et al. [197] fatigue tested Ti6Al4V lattice 

structures  produced  by  the  EBM  technology;  the  unit  cell  was  a  diamond  cell  and 

structures with different pore sizes and beam diameters were printed by modifying the 

scale of the original model and changing the process parameter; the results showed that 

the  AM  produced  cellular  structures  present  a  lower  fatigue  life  compared  to  bulk 

material.  
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2.2.4  Functionally graded AM (FGAM) parts 
In  AM,  complexity  is  also  achieved  through  material  composition.  AM  technologies 

enable  the  possibility  to  realize  components  with  a  composition  that  spatially  varies 

across the volume, resulting in changes in material properties according to the functional 

requirements.  These  types  of  objects  are  called  functionally  graded  materials  (FGM). 

FGM are a class of advanced materials introduced in the 1980s in Japan [198]. Born for 

the  aerospace  industry  and  meant  to  be  fabricated  with  the  standard  manufacturing 

processes, for example with bulk or surface treatments, FGM can now take advantage of 

the AM technologies. For this reason, the fabrication of FGM with AM leads to the term 

functionally graded additive manufacturing (FGAM) [27]. This brings a significant shift 

from  contour,  i.e.,  BRep,  modeling  to  performance  or  volumetric  modeling  since  it 

changes the traditional shapecentric fabrication towards a materialcentric fabrication.  

The  potential  gradient  composition  achievable  can  be  organized  in  three  categories: 

variable densification within a homogeneous composition, used by Leonardi et al. [199] 

to  obtain  heterogeneous  lattice  structures  characterized  by  a  variable  geometry, 

heterogeneous  composition  through  the  simultaneous  combination  of  two  or  more 

materials, as proposed by Huang et al. [200] that proposed a maskimageprojection based 

Stereolithography  (MIPSL)  method  for  fabricating  bars  with  heterogeneous  material 

distribution, and variable densification within a heterogeneous composition, as presented 

in Figure 17. 

 

Figure 17. FGM obtained by variable densification within a heterogeneous composition [27]. 

Anisotropic properties can be obtained by introducing material heterogeneities into the 

design domain. By doing so, the different properties and advantages of multiple materials 
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can be fully exploited, and traditional limitations due to material incompatibilities can be 

lessened with gradual material variations. 

Not all the 7 AM technologies categories allow realizing multimaterial components. The 

most suitable are the DED, the PBF, the MEX, and the MJ. In the laser metal deposition 

(LMD), a DED subcategory, the laser beam can melt previously mixed metal powders 

to obtain graded composition [201]. Wire arc additive manufacturing (WAAM) can use 

multiple metal wires where the feeding speed is controlled to obtain graded composition 

[202].  So,  with  DED  it  is  possible  to  obtain  both  confined  spaces  and  gradients  with 

different compositions. Moving to PBF, the design of new selective powder dispensing 

methods and devices  introduced the possibility to produce true gradients and confined 

multifunctional  areas.  Zhang  et  al.  [203]  combined  the  delivery  of  pointbypoint 

selective powder with powder bed fusion for multiple material SLM. MEX technologies 

can be upgraded to multimaterial 3D printing by adding several materials flows to the 

same  machine  [204].  This  is  achieved  by  adding  nozzles  or  by  adding  extruders  that 

converge in a single nozzle or orifice [205,206], as presented in Figure 18. Another option 

to achieve multimaterial  in a MEX system is  represented by  the multimaterial units, 

from Prusa3d [207] and Mosaic [208]. More, Oxman et al. [209] proposed a method based 

on  direct  ink  writing  (DIW)  where  the  printing  platform  can  mix  and  extrude  two 

materials, that are liquid at room temperature, and solidify after mixing and deposition. 

a)   b)   

Figure 18. Commercial MEX 3D printer equipped with the 3in1 diamond hotend at the LIN Lab, 
Università degli Studi di Padova: a) entire system, b) diamond hotend closeup. 
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MJ, in particular the PolyJet technology by Stratasys [210], is considered the state of the 

art for producing multimaterial objects. Various compositions can be obtained by mixing 

different percentages of resins before the curing step.  

2.2.5  File formats for AM 
During  the  development  of  a  part  produced  by  AM  technologies,  several  stages  are 

encountered and, often, several software are used to perform operations such as the part 

modeling and structural  simulation, or  the manufacturing process optimization.  In  this 

scenario,  the  product  information  has  to  be  exchanged  between  the  software,  and  a 

number of file formats for data exchange are available, each one of them with its pros and 

cons. 

The STL file format is the defacto industry standard for transferring the geometry of the 

part but is the most limited. It only includes geometrical information about the surface of 

the component, so it  is not possible to carry information about  internal characteristics, 

boundary  colors,  or  any  other  product  and  manufacturing  information  (PMI).  When 

exporting using the STL format, the part is approximated by planar triangles, resulting in 

the loss of geometrical accuracy [211]. The data structure of the STL format is made up 

of the triangular faces list, each one with the components of the face normal and the list 

of the three points at the vertexes of the triangular facet.  

The PLY format is similar to the STL one because it approximates the surface geometry 

with discrete elements, but it can transport the colors of the textures too. The organization 

of the data structure slightly differs from the STL structure; indeed, each node is listed at 

the beginning of the file together with its coordinates and then the elements are defined 

calling the corresponding index of the vertexes;  this allows obtaining export files with 

smaller dimensions.   

ISO organization developed the STEP AP 242 format under the ISO 10303242 standard 

[212]. The second version of the format, released in 2020, introduced several features to 

cover the whole product development phases as shown in Figure 19, and is now able to 

deal with AMrelated characteristics. For instance, build information of AM parts can be 

specified, such as a direction vector associated with the part and the build plate size and 

volume, 3D scan data from reverse engineering application are supported, parts can be 

exported adopting 2D and 3D tessellation, and curved triangles, i.e., mesh with normal at 
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vertices, are handled. Furthermore, according to the STEP AP 242 project webpage [213], 

the third edition of the standard will take into consideration some other AM capabilities 

as  the  heterogeneous  materials,  the  representation  of  lattice  structures,  and  semantic 

representation of the PMI for AM. 

 

Figure 19. Overview of the ISO 10303 STEP AP 242 format features [214]. 

ISO and ASTM organization worked together for developing a standard format called the 

Additive Manufacturing Format (AMF) under the standard ISO/ASTM 52915 [215]. The 

AMF is an XMLbased format that describes parts by triangles and can store information 

about lattice structures, material specifications with mixed and graded materials, and new 

materials can be defined as compositions of other materials. The AMF file also includes 

provisional support for voxelbased representation. Due to these characteristics, the AMF 

is well suited for supporting the design and production of FGAM parts. 

Another XMLbased format is  the 3MF, an open format free of royalties, patents, and 

licensing, developed by the 3MF consortium [216]. The consortium gathers a group of 

big  players  of  the  AM  industry  (3D  Systems,  Autodesk,  EOS,  General  Electric,  etc.) 

whose aim is to represent the physical object in a markup format with richer external and 

internal  information  supporting  several  code  extensions  considering  materials  and 

properties, production, and lattices data. They also aim to offer a crosscompatible format 

for multiple AM systems. A limitation of the 3MF format is that it does not support B

Rep, NURBS, and STEP modeling.  
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Other file formats have been proposed to support the modeling and production of parts 

that exploit AM features. In a work focused on FGAM, Loh et al. [27] identified also the 

FAV and the SVX file formats. The FAV (Fabricatable Voxel) format was developed by 

Fuji  Xerox  and  Keio  University,  is  based  on  voxels,  and  can  store  information  about 

colors,  materials,  and  connection  strength  through  voxels;  it  can  perform  the  design, 

analysis, and inspection of models in an integrated manner without the need of converting 

the data [217]. The SVX (Simple Voxels) format was proposed by Shapeways [218], is 

voxelbased, and is a ZIP file composed of a series of image slices and a manifest.xml 

file. They aim at converting the voxels in STL files, and, at the same time, keeping the 

information about the material, color, density, and custom data of each voxel. 

2.3  Limitations and issues  
Additive manufacturing has proven to be a promising technology enabling the production 

of  components  with  unprecedented  complexity.  Nevertheless,  AM  is  not  mature  yet. 

Periodically, experts and associations meet to discuss the progress made in the field and 

to  draw  AM  roadmaps  to  drive  and  organize  future  developments  [21,219,220].  The 

research community  too highlights  that  improvements must be made  in different  sub

fields, as summarized in Figure 20.  

 

Figure 20. Additive manufacturing needs [221]. 

Some  of  the  open  issues  underlined  in  Figure  20  have  been  exposed  in  the  previous 

sections of the chapter, contextually to the recent advancements on that particular topic. 

So, the purpose of this section is to provide a recap of the current issues in AM. 
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Starting from the design tools for AM, the available commercial software is not suitable 

for designing complex parts [3]. The literature highlights the need for more robust and 

reliable  approaches  for  geometric  modeling  cellular  solids  [26,222]  and  functionally 

graded objects [27]. Moreover, an exhaustive workflow that covers all the design process 

steps is still missing, since, according to Kumke et al. [223] the current ones focus on the 

utilization of a single AM potential, and they are often too specific for a single case study. 

Seepersad [28] stated that CAD software and CAE tools should be coupled to incorporate 

the DfAM knowledge into the design process. Finally, exchanging data between different 

software is still an issue due to the lack of a suitable and recognized standard format able 

to support all the features that could be adopted in a part produced by AM technologies 

[98]. 

Moving  on  the  materials  for  AM  production,  mechanical  characterization  through 

experimental tests is fundamental to understand and predict how the parts produced by 

AM  technologies  behave  with  respect  to  the  ones  produced  by  traditional  techniques 

[224,225]. On top of that, new materials are used to produce new shapes and features, so 

the  static  and  dynamic  mechanical  characterization  of  these  components  is  crucial 

[24,226]. Depending on the AM technology used, the tuning of the process parameters 

plays a key role in improving the mechanical properties, surface finish, and geometrical 

tolerances [84,227]. 

More, even though ISO and ASTM organizations started collaborating to jointly develop 

international standards, according to Bourell et al. [22] and Seifi et al. [73] efforts are still 

necessary to guarantee an adequate quality of the printed parts. Bacciaglia et al.  [228] 

also highlighted the difficulty in generating 2D drawings of lattice structures, that would 

be  useful  for  geometric  dimensioning  and  tolerancing  (GD&T)  data  or  maintenance 

manuals. 

As declared in the introduction (Chapter 1), this research project aims to overcome some 

of these limitations. In particular, the topics associated with the design methods and tools 

for  the  geometric  modeling  of  complex  parts  have  been  addressed.  Modeling  and 

optimization  approaches  have  been  proposed  for  lattice  structures  characterized  by 

conformal unit cells and with the presence of both beams and skins. The methods have 

been  validated  both  numerically  and  experimentally  by  test  campaigns  performed  on 
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specimens of different shapes and materials. Figure 21 relates the limitations underlined 

to  the  research  topic  that will be exposed  in  the next  sections,  in an effort  to propose 

solutions able to exploit AM capabilities and exceed the actual issues. 

 

Figure 21. Limitations highlighted in the literature and research topics addressed in this work to 
overcome them. 
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3  Design and optimization of lattice structures 
In this chapter, the approaches developed for geometric modeling lattice structures are 

going  to  be  presented.  First,  the  methods  used  for  generating  a  conformal  lattice 

wireframe  are  explained,  then  the  size  optimization  algorithm  used  for  defining  the 

dimensions  of  the  crosssection  of  the  beams  is  described,  finally,  the  meshbased 

modeling method used for generating the solid model of the lattice structure is presented.  

3.1  Conformal wireframe generation 
When designing and modeling a lattice structure based on beamlike elements, usually, 

the starting step consists of the organization of the wireframe inside a design volume. The 

wireframe is defined as the set of all the segments describing the axes of the beams and, 

when first defined, does not bring information about the diameters of the struts. Being the 

wireframe  conformal,  the  unit  cells  deform  to  adapt  to  the  boundaries,  are  never 

interrupted, and maintain their original topology, as shown in the example in Figure 22. 

a)   b)   

Figure 22. 2D lattice wireframe: a) regular wireframe, b) conformal wireframe. In the conformal 
wireframe, the topology of the unit cells is maintained at the boundary. 

Different approaches for generating 3D conformal wireframes have been studied and are 

going to be presented below. They are based on operations on curves using commands 

available in traditional CAD software, on code written adhoc, and on the morphing of a 

regular wireframe to a conformal one through the FreeForm Deformation (FFD) method 

[229]. For the sake of clarity, the methods will be explained in two dimensions, even if 

they are developed for 3D applications. More, a simple cubic cell, that in 2D appears as 

a square, is used, but more complex cells can be implemented as well.  
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3.1.1  Tween curves division method  
The tween curves division (TCD) method works when the bidimensional boundary of the 

design space can be simplified and described by four edges, namely left, right, top, and 

bottom curves. The method is implemented by using commands available in commercial 

CAD software. The steps are as follows: 

1.  A set of intermediate curves are obtained interpolating the two opposite edges of 

the design domain, i.e., from the left to the right (Figure 23a) and from the top 

to the bottom (Figure 23b); these intermediate curves assume a shape influenced 

depending to the distance to the nearest primitive. The number of curves depends 

on the number of unit cells desired along a direction.  

2.  The new curves are trimmed down to the boundaries (Figure 23c). 

3.  The curves are subdivided by each other. 

4.  Segments are drawn by connecting the starting and ending points of each curve 

obtained by the subdivision, and the wireframe model is constructed. 

a)  b)  c)   

Figure 23. Tween curves division method: a) intermediate curves from left to right, b) intermediate curves 
from top to bottom, c) wireframe generation after trimming and intersection operations. 

3.1.2  Arc division method 
The arc division (AD) method uses arcs to obtain the wireframe. As the TCD, the AD 

method works when the bidimensional boundary of the design space can be described by 

four edges, and  the  top  and  the bottom ones  are arcs. The method  is  implemented by 

writing an adhoc script. The steps are: 
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1.  Based on the left and right curves, the vertical centerline is drawn starting from 

the midpoint of the upper arc to the midpoint of the lower arc. 

2.  The left, right, and center curves are subdivided as many times as the number of 

instances in the ydirection, obtaining a set of points (Figure 24a). 

3.  Arcs are drawn connecting the three points at each subdivision level (Figure 24b). 

4.  The obtained arcs are subdivided as many times as the number of the unit cells in 

the xdirection (Figure 24c). 

5.  Segments are drawn by connecting the starting and ending points of each curve 

obtained by the subdivision, and the wireframe model is constructed. 

a)  b)  c)   

Figure 24. Arc division method: a) left, center, and right lines subdivision according to the number of 
instances in the ydirection, b) arcs drawing through the three points at each subdivision level, c) arcs 

subdivision according to the number of instances in the xdirection and final wireframe. 

3.1.3  Curvature division method 
The curvature division (CD) method exploits the curvature of the boundary of the design 

domain, and it only works if the four edges can be described as arc curves. The method 

is implemented by writing an adhoc script. 

1.  The curvatures 𝑘1 and 𝑘𝑛 of the upper and lower arc are calculated. 

2.  a list of n curvatures, 𝑘𝑖 , (𝑖 = 1. . 𝑛), where 𝑛 is the number of instances along the 

ydirection,  is  created  by  linearly  interpolating  the  curvature  of  the  upper  and 

lower arc. 

3.  The vertical centerline is drawn connecting the midpoint of the upper and lower 

arcs and is divided by n points (Figure 25a). 
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4.  An arc is drawn through each one of these n points: the center of the arc lays on 

the centerline and the radius is computed as the reciprocal of the corresponding 

curvature, 𝑟𝑖 =  1
𝑘𝑖

⁄  (Figure 25b). 

5.  The same procedure is repeated using the left and right arcs, and the number of 

instances desired along the xdirection. 

6.  The arcs are split by each other, and the wireframe is obtained by connecting the 

starting and ending points of each split curve (Figure 25c). 

An improvement of the method could be to connect the centers of the arcs instead of the 

midpoints of the arcs (at the bulleted point 3). Doing this, the symmetry of the structure 

is not needed, increasing the applicability of the method. 

a)  b)  c)   

Figure 25. Curvature division method: a) centerline subdivision according to the number of instances in 
the ydirection, b) arcs through the centerpoints, with the radius value calculated as the reciprocal of the 

curvature, c) final wireframe. 

3.1.4  NURBS freeform deformation method 
The NURBS freeform deformation (NFFD) method uses the FFD approach implemented 

inside commercial CAD software and, unlike the previous methods, does not require the 

boundaries to have a specific shape and adapts to more generic design spaces. When using 

the  FFD  method  [229],  the  object  is  surrounded  by  a  trivariate  tensor  volume  that  is 

deformed by moving its nodes and, therefore, the captive object deforms accordingly; this 

basic  idea  has  been  then  improved  for  example  combining  several  tricubic  Bezier 

volumes  [230],  or  enhancing  the  control  of  the  deformations  through  control  points 

weighting,  via  NURBSbased  approach  [231].  The  NFFD  method  can  be  performed 

manually  by  available  commands,  or  it  can  be  automated  by  defining  a  specific 



60 
 

transformation of the cage. Furthermore, local warping of the wireframe can be performed 

by  increasing  the  number  of  control  points  and  controlling  the  ones  in  the  region  of 

interest. The steps are as follows: 

1.  A regular wireframe with  the desired number of unit cells along  the x  and y

directions is modeled. 

2.  A 3D NURBS cage is built around the wireframe, defining the number of control 

points  of  the  cage  (Figure  26a,  in  which  the  control  points  are  5  along  the  x

direction and 3 along the ydirection). 

3.  The control points at the far ends of the cage are moved towards the vertexes of 

the design space (Figure 26b). 

4.  The  cage  is  better  adapted  to  the  design  space  by  moving  the  internal  control 

points (Figure 26c). 

a)  b)  c)   

Figure 26. NURBS freeform deformation method: a) regular wireframe, cage around it, and target 
design space, b) far ends control points of the cage moved through the vertexes of the design space, c) 

cage adaptation and final wireframe. 
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3.2  Optimization of lattice structures 
Once the conformal wireframe has been modeled, the dimensions of the diameters of the 

structure  need  to  be  assigned.  This  can  be  done  by  adopting  different  optimization 

approaches and algorithms. In the following sections, two approaches are presented. The 

first deals with the size optimization of the diameter of the lattice structure, whereas the 

second implements a multiobjective optimization based on a genetic algorithm.  

3.2.1  Size optimization of lattice structures 
The  proposed  size  optimization  approach  aims  to  optimize  the  dimensions  of  the 

diameters of the structure, which results in a lightweight model able, at the same time, to 

withstand the acting loads. The algorithm is developed as described by the workflow in 

Figure 27 and it allows obtaining heterogeneous lattice structures characterized by beams 

with  different  sizes,  depending  on  the  position  inside  the  lattice  and  on  the  boundary 

conditions,  leading  to  better  performance  if  compared  to  homogeneous  structures,  as 

stressed by  the  literature  [232,233]. Moreover,  it  is  directly  implemented  in  the CAD 

software and performs an analysis based on beam elements, resulting in fast results that 

can be used in the further modeling of the structure in a straightforward way.  

 

Figure 27. Size optimization workflow. 
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A FE model  is set up gathering the required information:  loads applied to  the original 

part, constrained nodes, material data (density, 𝜌, Young’s modulus, 𝐸, Poisson ratio, 𝜈, 

Yield stress, 𝑌𝑠, …), and starting crosssections. Each segment of the wireframe is treated 

as a beam element and, as a simplification, the crosssections are circular. A FE analysis 

is  then  performed  and  among  the  results,  the  utilization  ratio  𝑈  is  considered.  The 

utilization ratio 𝑈 quantitively defines the level of usage of the element and is calculated 

approximating the procedure described in Eurocode 3 [234]. In traction it ranges between 

0 when the load on the element is null, and 1, when the Von Mises stress on the element 

equals the yield stress. In compression the buckling effect is considered too. 

The size optimization aims to obtain a structure in which the elements are loaded in the 

“best possible way” to provide a lightweight part that can bear the external loads at the 

same time. The objective of this optimization is to guarantee that all the beam elements 

present  the  same  target  utilization  ratio  𝑈𝑡, net  of  a  tolerance  𝑡𝑜𝑙;  this  is  achieved by 

modifying the radius of the beams not observing the inequality: 

(𝑈𝑡 − 𝑡𝑜𝑙) < 𝑈𝑖 < (𝑈𝑡 + 𝑡𝑜𝑙)          ∀ 𝑖 

If the utilization is higher than required, the beam is thickened, if the utilization is lower 

than  required,  the  beam  is  thinned  following  the  radius  update  rule,  and  taking  into 

consideration upper and lower bounds for the value of the radius that can depend on the 

minimum manufacturable  feature of  the AM technology and  the maximum beam size 

according to the size of the cell: 

𝑅𝑛𝑒𝑤,𝑖 = 𝑅𝑖 ∙ √
𝑈𝑖

𝑈𝑡
 

𝑖𝑓 𝑅𝑛𝑒𝑤,𝑖 < 𝑅𝑚𝑖𝑛    𝑡ℎ𝑒𝑛     𝑅𝑛𝑒𝑤,𝑖 = 𝑅𝑚𝑖𝑛 

𝑖𝑓 𝑅𝑛𝑒𝑤,𝑖 > 𝑅𝑚𝑎𝑥     𝑡ℎ𝑒𝑛     𝑅𝑛𝑒𝑤,𝑖 = 𝑅𝑚𝑎𝑥 

The equation for the update of the radius is obtained considering a cylindrical beam 

under tensile load, in which the stress 𝜎 and the utilization 𝑈 are defined as: 

𝜎 =  
𝐹

𝜋𝑅2
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𝑈 =
𝜎

𝑌𝑠
=

𝐹

𝜋𝑅2𝑌𝑠
 

where 𝑌𝑠 is the yield stress of the material, 𝑅 is the radius of the beam and 𝐹 is the axial 

load. To obtain a utilization 𝑈 in a beam, the required radius is: 

𝑅 = √
𝐹

𝜋𝑈𝑌𝑠
 

So the radius 𝑅𝑛 needed to reach the target utilization 𝑈𝑡 is: 

𝑅𝑛 = √
𝐹

𝜋𝑈𝑡𝑌𝑠
 

The ratio between 𝑅𝑛 and 𝑅 is: 

𝑅𝑛

𝑅
=

√
𝐹

𝜋𝑈𝑌𝑠

√
𝐹

𝜋𝑈𝑡𝑌𝑠

= √
𝑈

𝑈𝑡
 

So the radius of the next iteration 𝑅𝑛 for obtaining the target Utilization 𝑈𝑡 is defined as: 

𝑅𝑛 = 𝑅 ∙ √
𝑈

𝑈𝑡
 

The FE analyses are iteratively performed until the convergence is reached and the model 

is optimized, with beams presenting the desired utilization ratio. 

The  size  optimization  workflow  is  implemented  in  Rhinoceros  7  (Robert  McNeel  & 

Associates)  CAD  software,  inside  the  Grasshopper  environment,  using  Karamba3D 

plugin [234] blocks and  libraries  for  the FE analyses. Code  instructions are written  in 

IronPython programming language to manage the iterative process of size optimization. 

Figure 28 shows some of the Grasshopper blocks describing the workflow into the canvas; 

on the left, the four methods for generating the wireframe described in Section 3.1 are 

connected (one at a time) to the blocks in the central part of the figure. Here, the boundary 

conditions are set indicating the loads, the constrained nodes, the crosssection shapes, 

and the material properties (on the top right). On the right can be found the optimization 
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algorithms  implemented in  IronPython,  together with  the  input parameters such as  the 

minimum and maximum diameters and the Utilization ratio. On the far right, Karamba3D 

blocks can be used for the visualization of the results directly in the Rhinoceros viewport. 

Figure 29 shows a section of the code dealing with the size optimization of the beams.  

It must be mentioned that the results of the simulations and optimization are preliminary; 

at the same time, they remain useful in the first design phases, where approximate and 

quick results are tolerable. 

 

Figure 28. Grasshopper canvas with some of the blocks describing the size optimization workflow. 
Wireframe generation on the left, FE model setup on the center, size optimization algorithm on the right, 

visualization tools on the far right. 

 

Figure 29. Detail on the implemented code of the size optimization algorithm inside the GhPython block. 
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3.2.2  Multiobjective optimization of lattice structures 
The  proposed  multiobjective  optimization  method  allows  obtaining  compromise 

solutions  when  dealing  with  two  or  more  conflicting  objectives.  The  workflow  is 

presented in Figure 30. 

 

Figure 30. Multiobjective optimization workflow. Blocks in red deal with the multioptimization phases. 



66 
 

As for the size optimization, the conformal wireframe is used as an input for the creation 

of the FE model, together with the boundary conditions such as the material, the cross

section types and initial diameters of the beams,  the loads, and the constraints; among 

them, the size of the diameters of the beams act as optimization driver and is iteratively 

varied by the algorithm. The FE analysis is then performed and the following information 

is extracted: 

•  The objective properties  that are being optimized. They can be the mass of the 

model, the nodal displacements, the natural frequencies, … 

•  The utilization ratio 𝑈. 

The utilization ratio acts as a constraint in the optimization algorithm because it cannot 

exceed a predefined value  𝑈𝑙𝑖𝑚. A penalization  function  is  introduced  to penalize  the 

solution if 𝑈𝑙𝑖𝑚 is exceeded. The variable 𝑔(𝑥) is defined as: 

𝑔(𝑥) = 𝑈𝑚𝑎𝑥,𝑠𝑜𝑙 − 𝑈𝑙𝑖𝑚 

(𝑖𝑓 𝑈𝑚𝑎𝑥,𝑠𝑜𝑙 > 𝑈𝑙𝑖𝑚     𝑡ℎ𝑒𝑛   𝑔(𝑥) > 0) 

Where 𝑈𝑚𝑎𝑥,𝑠𝑜𝑙  is the maximum utilization of the beams of the model of the currently 

evaluated solution. Then, the violation variable 𝑣 is defined as: 

𝑣(𝑥) = 𝑚𝑎𝑥{0, −𝑔(𝑥) } 

The penalization function 𝑃(𝑥) is obtained as: 

𝑃(𝑥) = 𝑘 ∙ (𝑣(𝑥))
2
 

Where 𝑘  is a penalty parameter  tuned depending on the specific situation. Finally,  the 

penalized objective function 𝐹(𝑥) is calculated as: 

𝐹(𝑥) = 𝑓(𝑥) + 𝑃(𝑥) 

Where 𝑓(𝑥) is the unpenalized objective function evaluated on the objective properties 

of the solution.  

After  that,  the  typical  operations  of  genetic  algorithms  are  performed  [235].  After 

choosing the number of individuals of the population, i.e., the number of FE models to 

compare between each other, and the number of generations,  i.e.,  the number of times 
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new groups of individuals are created, the selection, crossover, and mutation phases are 

executed. In the selection phase (Figure 31a), the natural selection of the fittest individual 

in nature is simulated; the FE models presenting the optimization drivers that minimize 

or  maximize  the  objective  properties  will  have  a  higher  chance  to  survive  and 

“reproduce”. The crossover (or recombination) phase (Figure 31b) deals with the creation 

of the new generation; two of the individuals selected in the previous phase, the parents, 

will produce two new solutions, the children, by the combination of their “chromosomes”, 

i.e., the information about the optimization drivers. The mutation (Figure 31c) is the last 

operator,  in which some of  the chromosomes of  the children’s  solutions are  randomly 

modified; the mutation phase is important because it avoids to stuck in local solutions. 

a)    

 

b)      c)   

Figure 31.Genetic algorithm phases [235]: a) selection phase, b) crossover phase, and c) mutation 
phase. 

Once the mutation has been performed, a new generation of individuals with new drivers 

is available for  repeating  the workflow. The procedure  is  iteratively  repeated until  the 

number of generations reaches the set value. As a result, the last generation of individuals 

includes the most promising solutions for the multiobjective optimization problem. Since 

there  is not  the best solution among  the others,  an algorithm exists  to establish which 
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solution  to  select.  One  of  the  methods  could  be  the  multicriteria  decision  method 

(MCDM) using a multicriteria tournament decision (MTD), where a tournamentbased 

method  ranks  the  solutions  in  the  Pareto  frontier  according  to  the  objectives  of  the 

problem and the preferences of the user adopting weights [175,236]. 

The multioptimization workflow  is  implemented  in Rhinoceros 7  (Robert McNeel & 

Associates) CAD software, inside the Grasshopper environment and using Karamba3D 

plugin  [234]  as  FE  solver  and  Octopus  plugin  [237]  as  multiobjective  evolutionary 

optimization. Figure 32 shows the Grasshopper canvas with the implemented workflow. 

From  the  left,  the  blocks  used  for  modeling  the  external  shell  and  the  internal  lattice 

structures are highlighted, then the FE model is set up and analyzed using the blocks from 

the Karamba 3D plugin; the mass and the first natural frequency are obtained from the 

FE analysis and are used for the calculation of the penalty functions. Finally, the penalized 

objective  functions  are  used  as  inputs  for  the  genetic  algorithm  solver,  Octopus.  The 

solver is connected to the first block on the left to control the optimization drivers. 

 

Figure 32. Multiobjective optimization workflow implemented in Grasshopper (Rhinoceros 7). 
(Connecting lines are red because the solver was locked) 

Figure 33 shows  the graphic user  interface of  the Octopus plugin. The central zone  is 

occupied  by  the  Pareto  chart,  showing  the  solutions  of  the  current  and  previous 

generations. On the left side, the display settings for the Pareto chart and the statistics of 

the optimization process can be found. On the right side,  the parameters  related to  the 

genetic algorithm can be set. In the lower part of the interface, on the left,  the genetic 
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distance graph  is plotted and gives an overview of  the convergence of  the search  (the 

denser, the better). In the middle, the list of the optimization objectives is shown and the 

corresponding  axes  of  the  Pareto  chart  can  be  decided;  on  the  bottom  right,  the 

convergence graphs for each objective parameter are plotted. 

 

Figure 33. Graphical user interface of Octopus plugin. 
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3.3  Geometric modeling of conformal lattice structures 
When the wireframe has been generated and the size optimization has been performed, 

the  geometric  modeling  of  the  solid  model  of  the  lattice  structure  is  carried  out.  An 

approach  based  on  the  BRep  mesh  modeling  method  is  adopted.  Two  methods  are 

presented in the following sections. The first allows the geometric modeling of conformal 

lattice  structures  computing  the  nodal  vertexes  of  the  mesh  by  the  intersection  of 

cylinders; the second selectively introduces internal walls in desired zones of the lattice 

by closing the faces of the cells of the lattice. 

3.3.1  Geometric modeling of lattice structures with beam elements 
In  order  to  model  lattice  structures  characterized  by  beam  elements,  a  suitable  data 

structure was developed  (Figure 34). The nodes are  stored  in an  indexed position and 

contain information about the coordinates to identify their spatial position, the list of the 

indexes of the beams that arrive at the node, and the maximum diameter of the ones of 

the beams arriving at the node. The beams too are stored in an indexed position and as 

information, they bring the index of the node at the starting point, the index of the node 

of the ending point, and the value of the diameter resulting from the size optimization. 

 

Figure 34. Data structure for the modeling method of conformal lattice structures with beams elements. 
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The meshed lattice structure is then modeled performing the following operations: 

1.  In the proximity of each nodal point, cylinders are modeled around the segments 

of the wireframes; the diameter of the cylinders equals the maximum diameter of 

the optimized ones of the beams arriving at that node (Figure 35b). 

2.  The  intersections between  the cylinders are performed and  the  resulting points 

will be the vertexes of the mesh (Figure 35b, points in blue). 

3.  For each beam, four lines linking the eight vertexes (four at the starting node, and 

four at the ending node) are drawn (Figure 35c, lines in green). 

4.  The midpoints of the four lines are extracted, obtaining four new vertexes of the 

mesh model. These vertexes are repositioned according to the optimized value of 

the radius of the beam (Figure 35c). 

5.  Each beam is modeled with an eightfaces mesh, resulting from the connection of 

the  twelve vertexes, and assuming a double  truncated pyramidal  shape  (Figure 

35d). 

a)   b)   

c)   d)   

Figure 35. Geometric modeling of conformal lattice structures with beam elements: a) starting conformal 
wireframe, b) cylinders at the nodal points with their mutual intersections (points in blue), c) lines 

connecting the eight corresponding vertexes and rescaled midpoints, and d) eightface mesh modeling a 
beam.  

3.3.1.1  Subdivision surface schemes 

The resulting lattice structure appears as a coarse mesh, with sharp edges. To smooth the 

model, subdivision surface schemes can be applied. The subdivision surface modeling 

dates back in the late 1970s, with the publication of the works of Catmull and Clark [92] 

and Doo and Sabin [91], and have gained popularity both in the computer graphics and 
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in engineering applications [238,239]. A subdivision scheme enables to define a smooth 

surface as the limit of a sequence of successive refinements of a starting coarser mesh. 

Usually, these schemes act on regular meshes, i.e., meshes with identical faces, that can 

be  squares,  equilateral  triangles,  and  regular  hexagons.  Since  the  meshes  based  on 

hexagons are not common,  two  types of  regular subdivision schemes are found:  those 

defined  for  quadrilateral  meshes  and  those  defined  for  triangular  ones.  A  variety  of 

subdivision schemes exists, and they can be classified according to several criteria: the 

type of refinement rule, whether the scheme is approximating or interpolating, and the 

degree  of  achievable  smoothness  (C1, C2, etc…).  The  refinement  rule  used  by  the 

subdivision schemes can be facesplit, also called primal schemes, or vertexsplit, also 

called dual schemes. In the facesplit methods, each face of the starting mesh is divided 

into four faces by inserting new vertices on the edges. In the vertexsplit methods, instead, 

for  each  old  vertex  new  vertexes  are  generated  in  the  faces  adjacent  to  the  vertex; 

depending  on  the  starting  mesh,  the  vertex  split  approaches  can  result  in  meshes 

containing hexagonal  faces.  Table 1 organizes  the most diffused  subdivision  schemes 

according to this classification. 

Table 1. Subdivision schemes classification. 

Facesplit    Vertexsplit 

  Triangular 
meshes 

Quadrangular 
meshes 

 
DooSabin [91] (C1),  

MidEdge [240] (C1), 

Biquartic [241] (C2) 
Approximating  Loop [242] (C2)  CatmullClark [92] (C2)   

Interpolating  Mod. Butterfly [243] (C1)  Kobbelt [244] (C1)   

 

At each iteration of the subdivision algorithm, new vertexes are computed averaging the 

old  vertexes  coordinates  and  considering  the  weights  attributed  to  the  old  vertexes. 

Different subdivision approaches present different weights at the vertexes, as shown in 

Figure 36 [222].  

Among the methods, the CatmullClark subdivision surface algorithm [92] is applied. At 

every iteration, the CatmullClark algorithm splits each quad face of the mesh into four 

smaller quad faces. As a feature, this algorithm always results in meshes characterized by 

quad faces, independent of the starting mesh that could present arbitrary polygonal faces; 
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indeed,  they  can  be  reduced  to  a  quadrilateral  mesh  prior  to  the  execution  of  the 

subdivision algorithm. 

 

Figure 36. Vertexes generation in different subdivision surface algorithms: a) MidEdge, b) Proposed by 
Savio et al. [222], c) DooSabin, d) BiQuartic, e) CatmullClark. [222] 

The  subdivided  mesh  presents  a  C2  (curvature)  continuity  everywhere,  except  at  the 

extraordinary vertexes, that are vertexes with valence higher than four, i.e., vertexes that 

are shared by more than four edges, where the continuity is C1 (tangency) [245]. Figure 

37 shows an example of refinement based on a lattice structure with the gyroid TPMS 

unit cell after 4 iterations of the CatmullClark algorithm. 

a)   b)   

Figure 37. Refinement of a gyroid lattice structure: a) starting mesh, b) refined mesh after 4 iterations of 
the CatmullClark algorithm [246]. 
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3.3.2  Internal walls and external skin integration  
An  important  attribute  for  cellular  structures  is  the  possibility  of  introducing  surfaces 

acting as walls and skins. Figure 38 shows two simple lattice structures; they both present 

external skins on the top, bottom, and sides, defined as surfaces that connect the beams at 

the extremities of  the structure. More,  the lattice at  the right presents an internal wall, 

defined as a surface between two internal adjacent cells that hinders the communication 

between these cells. Adding an external skin increases the stiffness of the part, isolates 

the parts from the outside preventing the entrance of undesired material and/or the leakage 

of internal liquids. Internal walls can locally play the same role as the external skin; for 

instance, the stiffness properties can be changed along the component adding or deleting 

walls; furthermore, the presence of internal walls can be designed to create internal ducts 

in which one or more fluids can flow acting as heat exchangers or materials transporters.  

 

Figure 38. Definition of external skins and internal walls. 

A geometric modeling method was developed to design lattice structures with selectively 

activated internal walls and external skin. First, the data structure was organized as shown 

in Figure 39. The lattice structure is considered as a 3D matrix containing the unit cells, 

ordered according to the number of repetitions along the x, y, and zdirection,  𝑛𝑥, 𝑛𝑦 

and 𝑛𝑧 (Figure 40a). Each cell can be retrieved by its index number, 𝐶𝑒𝑙𝑙𝑖𝑛𝑑𝑒𝑥, or by the 

relative position inside the lattice; these two values are related by the equation: 

𝐶𝑒𝑙𝑙𝑖𝑛𝑑𝑒𝑥 = 𝑘 ∙ 𝑛𝑥 ∙ 𝑛𝑦 + 𝑗 ∙ 𝑛𝑥 + 𝑖  

where 𝑛𝑥 , 𝑛𝑦 are the number of instances along the x and ydirection, and 𝑖, 𝑗, 𝑘 are the 

relative positions  inside  the  lattice, along  the x, y, and zdirection,  respectively. The 
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𝑖, 𝑗, 𝑘 indexes are also used to test if a cell is internal or at the boundary and are defined 

as: 

0 ≤ 𝑖 < 𝑛𝑥 , 𝑖𝑓 ((𝑖 = 0) 𝑜𝑟 ( 𝑖 =  𝑛𝑥 − 1))  → 𝑡ℎ𝑒𝑛 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 

0 ≤ 𝑗 < 𝑛𝑦 , 𝑖𝑓 ((𝑗 = 0) 𝑜𝑟 ( 𝑗 =  𝑛𝑦 − 1))  → 𝑡ℎ𝑒𝑛 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 

0 ≤ 𝑘 < 𝑛𝑧 , 𝑖𝑓 ((𝑘 = 0) 𝑜𝑟 ( 𝑘 =  𝑛𝑧 − 1))  → 𝑡ℎ𝑒𝑛 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 

 

Figure 39. Data structure for the modeling method of lattice structures with internal walls and external 
skin. 
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More,  the ordered  list of  the nodes of  the cellular structure  is stored  to quickly obtain 

point information through the indexes of the node. This list contains all the nodes of the 

structure. 

Each cell contains data about the eight vertexes. They are ordered in a list, so the position 

in the list, from 0 to 7, identifies the vertex position in the considered cell, as in Figure 

40b, and the values stored inside the list identify the indexes of the nodes to retrieve the 

spatial position. Furthermore,  the faces information is stored. The six faces of  the cell 

gather a Boolean variable indicating whether the wall on that face will be activated or not. 

Finally, the four indexes of the vertexes of each one of the six faces are available. As for 

the vertexes, the faces of a cell are identified by six indexes, from 0 to 5, as shown in 

Figure 40c. 

a)   

b)   c)   

Figure 40. Data structure visualization for the modeling of lattice structures with skins and walls 
integration: a) organization of the cells with the cellindex displayed, b) cell vertexes with internal index, 
i.e., the position in the vertexes list in the cell structure, and c) cell faces with internal index, i.e., the 

position in the faces list in the cell structure. 
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The creation of the lattice structure is operated starting from the first unit cell and then 

moving on the next cells by iterating on the x, y, and zdirection using a “look forward, 

look sideward, and look upward” approach. For clarity’s sake, the modeling of the beams 

and the modeling of the skins will be first described separately. 

When modeling the beams, the starting cells of the structure in Figure 40 are first scaled 

with respect to the centroid by a factor that allows obtaining the desired beam dimensions; 

the organization of the data structure, i.e., the indexes of the elements is maintained, and 

the new vertexes coordinates are updated. The result is shown in Figure 41. 

 

Figure 41. Scaled cells used for the modeling of the lattice structure.  

Then, each cell is cycled to model the beams of the structure. Using the “look forward, 

look sideward, and look upward” approach, three  beams  for  each  internal  cell  are 

modeled: one aligned to the xaxis, one aligned to the yaxis, and one aligned to the z

axis. Figure 42 considers the current cell (red), identified by the indexes  𝑖, 𝑗, 𝑘 and the 

surrounding ones (cyan) for the beam creation.  
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Figure 42. Cells considered for the modeling of the beams. The red cell is the one that is currently 
considered, the cyan cells are the adjacent ones used for creating the faces of the beams. 

For the creation of the beam aligned to the xaxis, the following adjacent cells and the 

relative vertexes are considered (the index of the vertex refers to Figure 40b): 

•  Cell position: 𝑖, 𝑗 + 1, 𝑘 ; vertex indexes: 4, 5. 

•  Cell position: 𝑖, 𝑗, 𝑘 + 1, vertex indexes: 2, 3. 

•  Cell position: 𝑖, 𝑗 + 1, 𝑘 + 1, vertex indexes: 0, 1. 

Four quad mesh faces are then created to obtain the beam by using the vertexes of the 

considered cell and of the adjacent ones: 

•  Face 1 vertexes: 6 (𝑖, 𝑗, 𝑘), 7 (𝑖, 𝑗, 𝑘), 4 (𝑖, 𝑗 + 1, 𝑘), 5 (𝑖, 𝑗 + 1, 𝑘). 

•  Face 2 vertexes: 5 (𝑖, 𝑗 + 1, 𝑘), 4 (𝑖, 𝑗 + 1, 𝑘), 0 (𝑖, 𝑗 + 1, 𝑘 + 1), 1 (𝑖, 𝑗 + 1, 𝑘 + 1). 

•  Face 3 vertexes: 1 (𝑖, 𝑗 + 1, 𝑘 + 1), 0 (𝑖, 𝑗 + 1, 𝑘 + 1), 3 (𝑖, 𝑗, 𝑘 + 1), 2 (𝑖, 𝑗, 𝑘 + 1). 

•  Face 4 vertexes:  2 (𝑖, 𝑗, 𝑘 + 1), 3 (𝑖, 𝑗, 𝑘 + 1), 7 (𝑖, 𝑗, 𝑘), 6 (𝑖, 𝑗, 𝑘). 

The beam along the xdirection is shown in Figure 43. 

 

Figure 43. Modeling of the beam aligned to the xaxis. Current cell in red, adjacent cells in cyan. 



79 
 

The same procedure is followed for the modeling of the beams aligned to the y and z

axis. 

For the creation of the beam aligned to the yaxis, the following adjacent cells and the 

relative vertexes are considered: 

•  Cell position: 𝑖 + 1, 𝑗, 𝑘 ; vertex indexes: 4, 7. 

•  Cell position: 𝑖, 𝑗, 𝑘 + 1, vertex indexes: 1, 2. 

•  Cell position: 𝑖 + 1, 𝑗, 𝑘 + 1, vertex indexes: 0, 3. 

Four quad mesh faces are then created to obtain the beam by using the vertexes of the 

considered cell and of the adjacent ones: 

•  Face 1 vertexes: 6 (𝑖, 𝑗, 𝑘), 5 (𝑖, 𝑗, 𝑘), 1 (𝑖, 𝑗, 𝑘 + 1), 2 (𝑖, 𝑗, 𝑘 + 1). 

•  Face 2 vertexes: 2 (𝑖, 𝑗, 𝑘 + 1), 1 (𝑖, 𝑗, 𝑘 + 1), 0 (𝑖 + 1, 𝑗, 𝑘 + 1), 3 (𝑖 + 1, 𝑗, 𝑘 + 1). 

•  Face 3 vertexes: 3 (𝑖 + 1, 𝑗, 𝑘 + 1), 0 (𝑖 + 1, 𝑗, 𝑘 + 1), 4 (𝑖 + 1, 𝑗, 𝑘), 7 (𝑖 + 1, 𝑗, 𝑘). 

•  Face 4 vertexes:  7 (𝑖 + 1, 𝑗, 𝑘), 4 (𝑖 + 1, 𝑗, 𝑘), 5 (𝑖, 𝑗, 𝑘), 6 (𝑖, 𝑗, 𝑘). 

The beam along the ydirection is shown in Figure 44. 

 

Figure 44. Modeling of the beam aligned to the yaxis. Current cell in red, adjacent cells in cyan. 

Finally, for the creation of the beam aligned to the zaxis, the following adjacent cells and 

the relative vertexes are considered: 

•  Cell position: 𝑖 + 1, 𝑗, 𝑘 ; vertex indexes: 3, 7. 

•  Cell position: 𝑖, 𝑗 + 1, 𝑘, vertex indexes: 1, 5. 

•  Cell position: 𝑖 + 1, 𝑗 + 1, 𝑘, vertex indexes: 0, 4. 
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Four quad mesh faces are then created to obtain the beam by using the vertexes of the 

considered cell and of the adjacent ones: 

•  Face 1 vertexes: 6 (𝑖, 𝑗, 𝑘), 2 (𝑖, 𝑗, 𝑘), 3 (𝑖 + 1, 𝑗, 𝑘), 7 (𝑖 + 1, 𝑗, 𝑘). 

•  Face 2 vertexes: 7 (𝑖 + 1, 𝑗, 𝑘), 3 (𝑖 + 1, 𝑗, 𝑘), 0 (𝑖 + 1, 𝑗 + 1, 𝑘), 4 (𝑖 + 1, 𝑗 + 1, 𝑘). 

•  Face 3 vertexes: 4 (𝑖 + 1, 𝑗 + 1, 𝑘), 0 (𝑖 + 1, 𝑗 + 1, 𝑘), 1 (𝑖, 𝑗 + 1, 𝑘), 5 (𝑖, 𝑗 + 1, 𝑘). 

•  Face 4 vertexes:  5 (𝑖, 𝑗 + 1, 𝑘), 1 (𝑖, 𝑗 + 1, 𝑘), 2 (𝑖, 𝑗, 𝑘), 6 (𝑖, 𝑗, 𝑘). 

The beam along the zdirection is shown in Figure 45. 

 

Figure 45. Modeling of the beam aligned to the zaxis. Current cell in red, adjacent cells in cyan 

For the cells at the boundaries, only one beam is modeled depending on which axis limit 

is reached. For the boundary beams, the caps are added as quad faces. 

𝑖𝑓 𝑖 = 𝑛𝑥 − 1 (𝑥𝑎𝑥𝑖𝑠 𝑙𝑖𝑚𝑖𝑡), 𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒𝑙 𝑥𝑏𝑒𝑎𝑚 

𝑖𝑓 𝑗 = 𝑛𝑦 − 1 (𝑦𝑎𝑥𝑖𝑠 𝑙𝑖𝑚𝑖𝑡), 𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒𝑙 𝑦𝑏𝑒𝑎𝑚   

𝑖𝑓 𝑘 = 𝑛𝑧 − 1 (𝑧𝑎𝑥𝑖𝑠 𝑙𝑖𝑚𝑖𝑡), 𝑡ℎ𝑒𝑛 𝑚𝑜𝑑𝑒𝑙 𝑧𝑏𝑒𝑎𝑚   
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Once all the beams have been modeled, a simple regular lattice structure is obtained as in 

Figure 46. 

 

Figure 46. Regular lattice structure resulting from the beam modeling. 

After  the  modeling  of  the  beams,  the  modeling  of  the  faces  of  the  internal  skins  is 

addressed. Again, each cell  is cycled and  the Boolean value  indicating whether a  face 

needs a skin or not is checked. For each cell, using the “look forward, look sideward, and 

look upward” approach, three faces are checked, whose indexes are 2, 3, and 5 (referring 

to Figure 40c). Figure 47 shows the current cell (red) and the adjacent cells (blue) that are 

linked when dealing with the skin creation: 

•  Face 2 is linked to face 0 of the 𝑖 + 1, 𝑗, 𝑘 cell. 

•  Face 3 is linked to face 1 of the 𝑖, 𝑗 + 1, 𝑘 cell. 

•  Face 5 is linked to face 4 of the 𝑖, 𝑗, 𝑘 + 1 cell. 

a) b)  

Figure 47. Cell considered for the modeling of the internal skins. The red cell is the one that is currently 
considered, the blue cells are the adjacent ones used for creating the faces of the beams: a) cells inside 

the lattice, b) cells and faces indexes. 
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When the Boolean value of the face 2 of the 𝑖, 𝑗, 𝑘 cell is True, indicating that the face 

will present a skin, two quad faces are modeled, closing exactly the two involved faces: 

•  Vertex indexes 1, 2, 6, 5 (face 2) of the 𝑖, 𝑗, 𝑘 cell. 

•  Vertex indexes 3, 0, 4, 7 (face 0) of the 𝑖 + 1, 𝑗, 𝑘 cell. 

Similarly, the same procedure is performed for the other two considered faces.  

If the Boolean value of the face 3 of the 𝑖, 𝑗, 𝑘 cell is True, the following mesh faces are 

created: 

•  Vertex indexes 3, 2, 6, 7 (face 3) of the 𝑖, 𝑗, 𝑘 cell. 

•  Vertex indexes 1, 0, 4, 5 (face 1) of the 𝑖, 𝑗 + 1, 𝑘 cell. 

If the Boolean value of the face 5 of the 𝑖, 𝑗, 𝑘 cell is True, the following mesh faces are 

created: 

•  Vertex indexes 5, 4, 7, 6 (face 5) of the 𝑖, 𝑗, 𝑘 cell. 

•  Vertex indexes 0, 1, 2, 3 (face 4) of the 𝑖, 𝑗 + 1, 𝑘 cell. 

The creation of these faces is not enough for obtaining the internal walls: the mesh would 

contain nonmanifold edges. Nonmanifold edges are edges belonging to three or more 

faces; when this happens, it is not possible to determine the inside and the outside of the 

mesh. Figure 48a shows the creation of the skin for the face 2 of the current cell (in red) 

and the face 0 of the next cell (in cyan) along the xdirection; the situation is extremely 

simplified and only the interested beams are represented. Figure 48b shows the created 

faces describing the wall in transparency, and the manifold edges can be noted. The faces 

of the beams that are enclosed between the two faces are removed in Figure 48c and the 

final mesh is no more nonmanifold. 
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a) b) c)  

Figure 48. Modeling of the internal wall in a simplified environment: a) current cell (red) and next cell 
(cyan), b) wall faces modeling and nonmanifold edges, c) removal of the beams faces for solving the 

nonmanifold issue. 

In the proposed method, the two phases of beams modeling and internal skins modeling 

are performed simultaneously. The Boolean value for the activation of the skins is read 

before  modeling  the  beams,  avoiding  modeling  the  faces  that  then  would  be  deleted, 

saving computational time and physical memory.  

The method  then allows modeling an external skin around  the  lattice. This  is done by 

identifying the unit cells at the boundary comparing the 𝑖, 𝑗, 𝑘 indexes with the 𝑛𝑥, 𝑛𝑦 , 𝑛𝑧 

number of instances. Similarly, as  the creation of the faces of the internal walls, mesh 

faces are modeled  to  connect  the  external beams  (Figure 49a). Then  the beams at  the 

boundaries  with  valence  equal  to  one  and  not  connected  to  the  external  skin  can  be 

optionally  removed  (Figure  49b).  Finally,  the  coarse  mesh  is  refined  by  applying  the 

CatmullClark subdivision surface algorithm (Figure 49c). 

a)  b)  c)   

Figure 49. Last steps of the modeling of the lattice with internal walls: a) modeling of the external skin, 
b) removal of the beams with valence equal to 1, c) application of the CatmullClark subdivision surface 

algorithm. 

The  method  is  implemented  in  Rhinoceros  7  (Robert  McNeel  &  Associates)  CAD 

software,  inside  the  Grasshopper  environment,  and  using  IronPython  as  programming 



84 
 

language  for  writing  the  modeling  code.  Figure  50  shows  the  used  environment: 

Rhinoceros viewport, Grasshopper canvas with blocks used as inputs for the code, and 

the GhPython block for writing the procedure. A part of  the code that  implements  the 

operations is reported in Appendix A. 

 

Figure 50. Environment used for the implementation of the methods for modeling internal walls and 
external skins: Rhinoceros viewport, Grasshopper canvas with input blocks, and GhPython block for 

writing the procedure. 

Concentrating on the Boolean values indicating the activation of the internal skins, at the 

moment they can be specified following different criteria. Simple straight ducts parallel 

to one of the X, Y, and Zaxis can be created; depending on the selected direction, the 

Boolean values are as in Table 2. Figure 51 shows a lattice structure with straight ducts, 

beams  with  valence  equal  to  1  not  removed,  and  external  skin  not  activated,  before 

(Figure 51a) and after (Figure 51b) the application of the subdivision surface algorithm.  

Table 2. Boolean values of faces 2, 3, and 5 for modeling straight ducts parallel to one of the  
X, Y, and Zaxis. 

  Face 2 Boolean  Face 3 Boolean  Face 5 Boolean 

Ducts along Xdirection  False  True  True 

Ducts along Ydirection  True  False  True 

Ducts along Zdirection  True  True  False 
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a)   b)   

Figure 51. Lattice structure with straight ducts, beams with valence equal to 1 not removed, and external 
skin not activated: a) before and b) after the application of the subdivision surface algorithm. Parts 
produced by the Formlabs Form 3 machine (SLA technology), using the Formlabs Grey V4 resin. 

The activation of the internal skins can then be controlled to obtain custom paths. This is 

achieved by drawing the lines that describe the desired duct; these lines are taken as an 

input by the implemented method, the intersections between the lines and the cells of the 

structure are computed to obtain the faces crossed by the lines, and the “True” Boolean 

value is associated if an intersection happens. Figure 52 shows a fully enclosed lattice 

structure with a custom internal duct and beams with valence equal  to 1 removed;  the 

inner  spheres  represent  void  areas  inside  the  part,  so  this  particular  example  can  be 

produced by AM technologies that do not require material evacuation; for instance, FFF 

technologies could be suitable for the manufacturing. Otherwise, resin and powders could 

be left inside for damping purposes. 
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Figure 52. Lattice structure presenting an internal duct that follows a path driven by lines given as an 
input by the designer. The inner spheres represent void areas inside the part. 

The sample in Figure 53 was printed using a transparent material and this allows to see 

the ducts generated by selectively activating some of the internal walls.  

 

Figure 53. Sample presenting internal ducts obtained by adopting the proposed geometric modeling 
method. Parts produced by the Formlabs Form 3 machine (SLA technology), using the Formlabs Elastic 

resin. 

As underlined at the beginning of the session, the presented modeling method gives the 

possibility of tailoring the stiffness in different areas of the model and allows to connect 

some areas of the part, isolating them from other zones creating internal ducts in which 

one  or  more  fluids  can  flow  acting  as  heat  exchangers  or  transporters,  such  as  in  the 

hydraulic manifold blocks.  
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3.4  Optimization workflow in design for AM 
As it was previously discussed in section 2.2.1, when modeling new components or when 

redesigning parts that are going to be produced with AM technologies, considerations 

dealing with the DfAM need to be made. An optimization workflow to be used in the 

DfAM has been proposed trying to fill up the lacks highlighted in the literature where it 

is stated that DfAM workflows do not completely cover the entire design process [223] 

or do not integrate CAD and CAE software [28]. The workflow focuses on the product 

design phase, also known as the embodiment design phase [247,248], where the design 

is  developed  up  to  the  production.  It  exploits  CAD  and  CAE  software  and  tools  for 

modeling the part and optimizing and validating the model, respectively. The available 

methods,  both  proposed  in  this  research  and  commercially  accessible,  have  been 

integrated in a workflow. By following this workflow, the designers are guided during 

the decisions that lead to the introduction of peculiar AM features in a new component. 

Figure 54 shows the proposed optimization workflow that is initiated by identifying the 

design space, defined as the volume where the optimization and modeling approaches are 

allowed to operate and distribute the material. The workflow then forks into two possible 

paths: one dealing with the TO, the other dealing with the size optimization. Both  the 

optimization approaches require a FE analysis to be performed, so a FE model is set up. 

As boundary conditions, information about the material, the load, and the constraints are 

provided. More, it is possible to supply additional information related to the objectives of 

the  optimization  process,  such  as  the  targeted  mass  or  the  desired  stiffness,  and 

technological constraints related to the AM manufacturing technology, like the limit for 

the overhanging angle or  the minimum size of  the  features.  If  the  TO  is performed, a 

polyhedral mesh of the design space is used as the model of the FE analysis; depending 

on  the  optimization  algorithm  used  (see  Section  2.2.3.3)  the  material  is  iteratively 

distributed, eliminated, and/or readded inside the design volume until the convergence 

of the method and the objectives are reached. The result of the most diffused method for 

TO, the SIMP method, is a greyscale density map that is further contoured to the desired 

level of density, the threshold, and a mesh surface is obtained. This mesh is coarse due to 

the discretization operated during the FE analyses, often present disconnected areas, and 

cannot  be  produced  as  is.  So,  remodeling  is  required;  even  though  in  the  literature 

methods  to  automatically  remodel  the  mesh  have  been  proposed  [17,249]  and  some 
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software  tool  for  automatic  remodeling  is  available,  usually  the  part  is  remodeled 

manually inside a CAD environment and using the mesh as a guideline. If instead of the 

TO, the size optimization is performed, a wireframe model conformal to the design space 

and characterized by a cell type with a preselected size is created; then, the segments of 

the wireframe are considered as beam elements and are iteratively optimized; finally, the 

optimized  lattice  structure  is  modeled.  For  modeling  the  wireframe,  optimizing  the 

beams, and modeling the structure, the methods proposed in Sections 3.1, 3.2, and 3.3 

can  be  adopted,  respectively.  Furthermore,  size  and  topology  optimizations  can  be 

bridged by assigning the diameters of the beams mapping the densities values of the TO 

[18,171]. 

When  the  modeling  is  completed,  the  final  part  needs  to  undergo  a  FE  analysis  for 

structural validation. This step is absolutely needed for the TO path because the manual 

remodeling could introduce weak zones and critical spots, whereas it could be neglected 

for  the lattice modeling since the results are expected to be similar to  the FE analyses 

based  on  beam  elements  performed  during  the  optimization  phase;  indeed,  the  mesh 

modeling approach even adds more material at nodal points than what is considered in 

the beam model.  

After  the  final  FE  validation,  the  process  planning  is  faced.  The  AM  technology  and 

machine used for the production guide this phase because, depending on them, the part 

orientation, the supports, and the print path strategy are generated. The literature shows 

that accurately planning  the process decreases the production time and the energy and 

material  consumption  [250],  and  is  beneficial  for  the  mechanical  properties  and  the 

surface finish [84]. 

Finally, the last step deals with the process simulation that aims at predicting geometric 

distortion  and  residual  stress  of  the  printed  parts,  collision  between  the  parts  and  the 

manufacturing  machine  components,  and  possible  delamination  effects  during  the 

printing  process.  From  this  information,  it  is  possible  to  correct  the  CAD  model  to 

compensate for the expected distortion. This final step is important when manufacturing 

metal parts due to the formation of defects that lead to crack initiation and propagation, 

and  consequent  failure  of  the  part  [251].  Although  the  process  simulation  is  mainly 
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conducted for AM metals processes [252–254], material extrusion [255] and powder bed 

fusion [256] of polymers have been studied too. 

As indicated by the arrows in the workflow of Figure 54, at every phase concerned with 

simulations the model validation could fail, requiring the remodeling of the part, a new 

optimization, or, even worse, the modification of the initial boundary conditions. 
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Figure 54. Proposed optimization workflow in DfAM. Black blocks: boundary conditions; green blocks: 

topology optimization; blue blocks: size optimization; red blocks: computeraided engineering (CAE) 
simulation. 
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4  Test cases 
In  this  section,  two  test  cases  dealing  with  the  design,  optimization,  and  modeling  of 

lattice structures are presented. The first one presents  the remodeling of a piston rod, 

executed by following all the steps of the optimization workflow introduced in Section 

3.4. Piston rods are extensively used in the automotive and industrial fields. The structural 

optimization of a piston rod, with a consequent reduction of the mass, is beneficial in the 

automotive  competitions  where  the  performance  is  pushed  to  the  limit,  and  in  more 

“conservative” fields, where lightweighting allows for the reduction of inertia and energy 

consumption. The second test case proposes the multiobjective optimization of a liquid 

propellant tank for small satellites; the optimization aims to reduce the mass and increase 

the first natural frequency at the same time; lower mass means lower launch cost, whereas 

a high first natural frequency is sought to avoid the resonance phenomenon to happen 

during the first moment of the launch. These two objectives clash with each other, so a 

compromise is needed. 

4.1  Piston rod 
The piston rod used for  this test case is currently produced with a pressure diecasting 

manufacturing  process  and  the  redesign  aims  to  obtain  a  component  suitable  to  be 

produced by the AM SLM technology, using the aluminum AlSi10Mg. The properties of 

the material are: 

•  Density: 2700 kg/m3 

•  Young modulus: 68 GPa 

•  Yield strength 190 MPa 

•  Ultimate tensile strength 335 MPa 

•  Poisson ratio 0.30 

The overall dimensions of the piston rod are presented in Figure 55. 
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Figure 55. Overall dimensions of the piston rod. 

According to the optimization workflow, the design space is defined as the central part of 

the piston rod, whose geometry has been simplified as in Figure 56. More, the boundary 

conditions are set. Two load cases are considered: 

•  A 7.5 kN axial traction load, applied to the upper face of the big rod’s end along 

the zaxis. 

•  A 10 kN axial compression load, applied to the upper face of the big rod’s end 

along the zaxis. 

The applied constraints are: 

•  The 6 degrees of freedom of the elements of the small rod’s end are locked, i.e., 

no rotations nor translations are allowed. 

•  Translations along the x and ydirection of the elements of the big rod’s end are 

locked. 

 

Figure 56. Zones of the piston rod. 
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Dealing with the size optimization path of the workflow, the design space was filled with 

a conformal wireframe. The simple cubic cell was used as unit cell and the number of 

repetitions of the cell along the x, y, and zdirection is 10, 4, and 14 respectively. As 

presented in Section 3.1, the four methods were applied to generate the wireframe, namely 

TCD, AD, CD, and NFFD methods, and  the resulting 3D wireframes are presented  in 

Figure 57, together with the frontal and side views. 

 

Figure 57. Wireframes of the piston rod obtained by different methods. From left to right: perspective, 
front, and side view. 
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If looking at the frontal view, the cells tend to maintain a squared shape in the central 

zone,  whereas  they  deform  at  the  boundaries.  The  bar  plot  in  Figure  58  shows  a 

comparison between the average, minimum, and maximum lengths of the beams of the 

four wireframes. The minimal  length  is similar. The maximum length curves,  instead, 

presents higher differences mainly due to the lines at the boundary of the design space, 

close to the big rod end; the CD method has the longest beam dimension whereas, the AD 

method presents the lowest beam due to the regular division of the design space edges. 

 

Figure 58. Comparison between the average, minimum, and maximum length of the beams of the four 
types of wireframes. 

The  wireframe  was  then  used  as  the  input  for  the  FE  beams  model  and  the  size 

optimization was performed as described  in Section 3.2.1. The optimization algorithm 

was implemented in Rhinoceros 7 (Robert McNeel & Associates) CAD software, inside 

the  Grasshopper  environment  and  using  Karamba3D  plugin  [234]  as  FE  solver; 

Karamba3D uses the Timoshenko beam theory. The target utilization ratio was set to 90% 

with a ±1% tolerance. The upper bound for the diameter of the beams was defined as 1.5 

mm taking into consideration the size of the cells, whereas the lower bound was defined 

as 0.5 mm according to the manufacturing capabilities of the SLM technology [257].  

Figure 59a and Figure 59b show the results of the size optimization for the four methods. 

All the configurations present a similar average diameter (Figure 59b), about 0.70 mm 

for  the  traction  and  0.76  mm  for  the  compression  load  case,  due  to  the  similar  beam 

distribution in the central area of the wireframe. The TCD lattice structure has the highest 
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diameter in both traction, 1.15 mm, and compression, 1.44 mm, load cases. NFFD and 

CD methods have  the  lowest maximum diameter  in  traction, 1.05 mm. The minimum 

beam  diameter  is  not  plotted  because  it  equals  the  lower  limit  imposed  by  the 

technological constraint, i.e., 0.5 mm; since the loads are aligned to the zdirection, the 

beams following the x and ydirection are less loaded and would require an optimized 

diameter lower than the 0.5 mm limit; for this reason, some of the beams of the structure 

are  overdimensioned.  Figure  59c  and  Figure  59d  reports  the  results  of  the  structural 

analysis  of  the  optimized  model.  The  AD  configuration  presents  the  highest  relative 

density in both the load cases and the lattice structure is less compliant. Finally, the CD 

configuration has the best compromise between relative density and structure stiffness. 

a)     b)  

c)  d)    

Figure 59. Results of the size optimization for the four methods: a) relative density, b) maximum beam 
diameter, c) maximum axial stress, and d) maximum displacement of the structures. 
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Given  the  results,  the  further  steps  of  the  workflow  are  executed  on  the  wireframe 

obtained with the CD method and optimized for the 7.5 kN traction load. The CD method 

was selected among the others since it offers a good compromise; indeed, it has the lowest 

relative  density  presenting  the  lowest  value  of  the  maximum  beam  diameter  but  can 

withstand  the  applied  load  having  just  slightly  higher  compliance.  More  in  general, 

without  focusing  on  the  piston  rod  case,  the  selection  of  the  best  wireframe  creation 

method depends on the specific test case; this is due to the different design spaces that 

lead to different organization of the lattice cells inside the volume, boundary conditions, 

and design requirements. For instance, a high stiffness (and low maximum displacement) 

of  the  structure  could  be  required  disregarding  the  relative  density  and  leading  to  a 

consequent higher mass of the part. As a further  implementation, a decision driven by 

weighting the output parameters of the modeling method (the lengths of the beams) and 

of the size optimization (the relative density, the maximum beam diameter, the maximum 

axial stress, and the maximum displacement) according to the needs of the application 

could be introduced to automate the selection of the most suitable wireframe modeling 

method.  

Focusing back on the piston rod, the optimized values of the diameters are used to model 

the lattice structure applying the geometric modeling method based on coarse quad mesh 

faces and the subsequent application of the CatmullClark subdivision surface algorithm, 

as described in Section 3.3.1. Figure 60a shows the resulting model, with a closeup of 

the smooth surfaces obtained at the nodal points of the structure (Figure 60b). 

a)     b)   

Figure 60. Modeling of the optimized CD lattice structure in the traction load case adopting the mesh 
modeling method and the CatmullClark subdivision surface algorithm: a) entire piston rod, b) closeup 

at the nodal points of the lattice. 
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Moving on the topology optimization path, the traction load case was studied. SolidWorks 

2019  (Dassault  Systèmes)  software  with  the  SolidWorks  Simulation  module  that 

implements the TO SIMP method was used for performing the simulation. The goal was 

set to the best stiffnesstoweight ratio and a constraint on the final mass was imposed to 

be 25% of the initial one; more, the symmetry with respect to the YZ and ZX planes is 

requested. The mesh in Figure 61a is the result of the TO setting a threshold level of 0.3; 

even  though  it  does  not  present  disjointed  areas,  it  is  too  coarse  and  thin  to  be 

manufactured as is. So, the manual NURBS remodeling was performed in Inspire Studio 

CAD 3D (Altair) software and is presented in Figure 61b. 

a)    b)  

Figure 61. Topology optimization performed on the design space of the piston rod: a) coarse mesh 
resulting from the topology optimizer (SolidWorks Simulation), b) manual remodeling of the design space 

(Inspire Studio CAD 3D). 

The  two  final  models  resulting  from  the  size  and  topology  optimizations  are  then 

mechanically validated in Ansys Mechanical 2019 R1 software. 3D tetrahedron elements 

ranging  from  0.1  mm  to  1  mm  are  used  to  discretize  the  models  adopting  a  patch

independent  method  with  automatic  refinement  in  curvature  and  proximity.  Since  the 

CAD remodeling of the TO model maintained the symmetries with respect to the YZ and 

ZX planes, only a quarter of the model is simulated. The Von Mises stress distributions 

are shown in Figure 62. Being the yield stress of the aluminum AlSi10Mg material 190 

MPa, the models are validated.  
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a)  b)  

Figure 62. Mechanical validation of the final models, equivalent Von Mises stress: a) size optimization, 
b) topology optimization. 

After  the mechanical validation of the models,  the process planning was performed in 

Netfabb  Premium  2020.3  (Autodesk)  software  considering  the  part  orientation  and 

supports creation. The Renishaw AM 400 SLM machine is selected, combined with the 

Aluminum AlSi10Mg0403 printed at 25 μm, as suggested by the manufacturer [258]. 

The configurations proposed in Figure 63 show some of the possible solutions. The bar 

plots  in  Figure  64  report  information  about  the  configurations.  Configurations  from 

Figure 63a to Figure 63c concern the TO model; there is not a “best solution”, and the 

decision is made depending on several considerations. The lowest height in Figure 63a 

guarantees a low printing time and the circular features are expected to be manufactured 

with a high dimensional and geometrical accuracy because they lay on the plate; at the 

same  time,  the  highest  supported  area  leads  to  long  postprocessing  time  for  support 

removal  and  operations  such  as  sandblasting  for  surface  finishing.  The  orientation  in 

Figure  63b  has  the  highest  height,  the  longest  build  time,  and  the  highest  volume  of 

supports, i.e., the highest waste of material, but the lowest supported area allows for the 

best surface finish if no postprocess operations are performed and requires less time for 

supports removal. Figure 63c is a compromise, allowing for a contained build time and 

supported area; more, the volume of the support material is the lowest. Finally, Figure 

63d shows the orientation proposed for the piston rod remodeled with a lattice structure. 

Only one configuration is proposed because the absence of supports in the lattice zone is 

mandatory, due to the difficulty of their removal. 

Equivalent (VM) Stress [MPa] 
Equivalent (VM) Stress [MPa] 
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a)   b)    

c)   d)   

Figure 63. Configurations proposed in the process planning phase: a) to c) topology optimization model, 
d) size optimization model. 
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a)    b)   

c)    d)   

Figure 64. Information about the configuration of the process planning: a) supported area, b) support 
volume, c) build height, and d) build time. The labels of the horizontal axis stand for topology 

optimization (TO) and size optimization (SO), whereas the a, b, c, and d letters refer to the configurations 
in Figure 63. 

The last step of the optimization workflow is the process simulation. This phase was not 

performed  and  is  listed  as  future  work.  Simulating  the  manufacturing  process  is  a 

fundamental stage to avoid failure during the production of the parts. Furthermore, the 

information  of  residual  stress  and  geometrical  warping  give  directions  on  how  to 

compensate for the geometrical model. 

Supposing  the  validation  of  the  model  also  by  the  process  simulation  phase,  the  re

modeling of the piston rod allows obtaining an optimized component with a reduction of 

mass of the 71% and 80% depending on whether the topology optimization or the size 

optimization  is  adopted,  respectively.  Table  3  reports  the  data  regarding  the  mass 

reduction. 
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Table 3. Mass comparison of the initial model and the optimized ones. The rod’s ends are not considered 

in the mass computation since they were not part of the optimization. 

Redesign method  Mass [g]  Mass reduction [%] 

Initial design space  104.7   

Topology optimization  29.99  71% 

Size optimization  20.98  80% 

 

Other than the mass reduction, some considerations can be done when comparing the two 

proposed approaches. The lattice structure  is automatically generated starting from the 

wireframe generation to the geometric modeling of the mesh part; if the NFFD method is 

used, the intervention of the operator is required but is only limited to the translation of 

the  control  points  of  the  cage.  In  the  TO  approach,  instead,  the  model  needs  to  be 

remodeled by a qualified CAD user, requiring more time and increasing the risk of failure 

during the final FE analysis verification, due to possible human errors in the remodeling 

phase. Even though a FE validation analysis is always suggested, numerical simulations 

on  lattice  models  are  computationally  demanding  but  could  be  omitted  since  the 

wireframe is previously optimized and the proposed geometric modeling method does not 

reduce the diameters of the beams and, actually, increases the mass at the nodal points 

where  the  beams  meet.  A  limitation  found  in  the  size  optimization  approach  is  the 

difficulty in managing the connection between the lattice structure and the surrounding 

objects since, at the moment, Boolean operations are needed. 
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4.2  Aerospace propellant tank 
The aerospace sector is one of the fields that can fully exploit the AM capabilities; for 

instance,  some  of  the  advantages  of  using  AM  technologies  for  producing  aerospace 

components  are  the  reduced  lead  time  and  associated  cost,  and  the  relative  ease  at 

obtaining complex geometries that leads to improved performance and lightweight parts 

[259].  Among  the  components,  propellant  tanks  too  have  been  produced  by  AM 

[260,261].  

In this context, the design of an aerospace propellant tank for small satellites is used as a 

test case. In particular, an internal conformal lattice structure was introduced in the model 

and a multiobjective optimization was performed. The aims of the optimization are the 

minimization of the mass and the maximization of the first natural frequency of the tank. 

As stated by Jones [262] and presented in Figure 65, if excluding the affordable launchers 

lately produced by SpaceX, launching one kilogram into space is still expensive. 

 

Figure 65. Costs necessary for launching one kilogram into space [262] 

Moreover,  in  the  first  phases  of  the  launch,  excitation  occurs  in  the  low  spectrum  of 

frequencies  and  it  is  highly  recommended  to  design  the  aerospace  components  to 

guarantee  that  the  first  natural  frequency  is  high  enough  to  avoid  the  excitation 

frequencies;  if not,  the  resonance phenomenon could arise, damaging  the parts. As an 

example,  Figure  66  reports  the  sineequivalent  vibrations  of  the  Vega  launcher  by 

Arianespace [263]. 
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Figure 66. Sineequivalent vibrations at spacecrafttoadapter interface of the Vega launcher, 
Arianespace [263]. 

Thus, the mass minimization and the first frequency maximization are properties that have 

to  be  taken  into  consideration  when  designing  a  propellant  tank.  But  since  they  are 

conflicting objectives, multiobjective optimization is required. 

The characteristics and the boundary conditions of the tank used in this case study are 

inspired by the literature: 

•  Tank diameter: 130 mm. 

•  Holes diameter: 5 mm. 

•  Constraints: four points along the equator constrained blocking all the degrees of 

freedom except the radial translations. 

•  Load:  60  MPa  of  internal  pressure  acting  radially  towards  the  outside.  The 

pressure  was  obtained  by  imposing  a  Maximum  Expected  Operative  Pressure 

(MEOP) of 30 MPa and defining the burst pressure, i.e., the pressure the tank must 

resist during qualification tests, as the double of the MEOP, as suggested by the 

military standard MILSTD 1522A [264]. 

Moreover, the tank is intended to be produced by SLM technology using the Titanium 

Ti6Al4V material, which has the following properties: 

•  Density: 4340 kg/m3. 

•  Young modulus: 113.8 GPa. 

•  Poisson ratio: 0.342. 
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•  Yield strength: 880 MPa. 

The external  shell of  the  tank with  the overall dimensions  is presented  in  Figure 67a, 

whereas in Figure 67b the constraints are shown. 

a)   b)   

Figure 67. Propellant tank: a) overall dimensions, b) constraints of the model. 

First, the internal conformal lattice structure, based on the simple cubic cell, is modeled. 

Given the spherical shape of the tank, it results more advantageous to adopt an adhoc 

modeling strategy taking advantage of the radial and circumferential directions instead of 

using the wireframe creation methods described in Section 3.1. Starting from an external 

mesh that discretizes a sphere with quadfaces mesh elements (Figure 68a), an internal 

concentrical sphere is obtained that adopts the same topology of the external one (Figure 

68b) and with a radius 𝑅𝑖𝑛𝑡 given by: 

𝑅𝑖𝑛𝑡 = 𝑅𝑒𝑥𝑡 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑙𝑒𝑛𝑔𝑡ℎ𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑚𝑒𝑠ℎ 𝑒𝑑𝑔𝑒𝑠) 

Where 𝑅𝑒𝑥𝑡 is the radius of the external sphere, i.e., 65 mm in this case study. The beams 

of the internal sphere are referred to as circumferential beams. The same topology of the 

external and internal mesh allows connecting the corresponding nodes, creating the radial 

beams of the internal lattice (Figure 68c). Figure 68d shows the final internal conformal 

lattice, including both the circumferential and the radial beams. 
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a)  b)  

c)  d)  

Figure 68. Internal conformal lattice structure modeling: a) sphere discretized by a quadfaces mesh, b) 
circumferential beams, c) radial beams, d) complete internal lattice structure. 

Depending on the discretization level of the external mesh, different configurations can 

be obtained for the internal lattice. Figure 69 shows configurations with a fewer number 

of cells with bigger beams length and, vice versa, a higher number of cells with smaller 

beams length.  

a)  b)  c)   

Figure 69. Different configurations of lattice structures, depending on the number and dimension of the 
unit cell: a) C4 configuration, b) C6 configuration, c) C8 configuration 
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Table  4  reports  the  mean  dimension  of  the  beams  for  each  configuration.  Being  the 

structure a conformal one, given a configuration, the length of the beams is not constant. 

Table 4. Mean beams dimensions for each lattice structure configuration. 

Configuration  C3  C4  C5  C6  C7  C8 

Mean beams 

dimension [mm]  30.6  23.1  18.6  15.6  13.2  11.7 

 

To better describe the spherical shape of the tank, the external mesh is discretized with a 

higher  number  of  quad  faces.  An  important  precaution  is  that  the  number  of  final 

subdivisions of the external shell is multiple of the number of the subdivision used for the 

creation of the internal lattice. This allows the radial beams to connect exactly at the nodes 

of the shell mesh, as shown in Figure 70. 

 

Figure 70. Connection between the beams and the shell: the node of the beam must coincide with the 
node of the quad face of the shell. 

Once the tank with the internal structure has been modeled, the workflow for the multi

objective optimization presented in Section 3.2.2 can be initialized. As previously said, 

the  optimization  objectives  are  the  mass  minimization  and  the  first  natural  frequency 

maximization. The drivers of the optimization are the lattice configuration, the diameters 

of  the  lattice  beams  and  the  thickness  of  the  shell.  Dealing  with  the  diameters,  the 

circumferential  and  the  radial  ones  have  been  separately  optimized  as  two  different 

drivers.  Taking  into  consideration  the  geometry  and  manufacturing  constraints, 

admissible ranges for the drivers were imposed. The shell thickness ranges between 0.5 

mm and 6.5 mm; the maximum value, 6.5 mm, was calculated as the limit for a structure 

to be considered a “thin wall” is that the thickness does not exceed 1/20 of the diameter. 

Both the circumferential and the radial beams diameter ranges between 0.5 mm and 1/3 
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of the cell size, depending on the configuration; the maximum beam diameter according 

to the configuration is reported in Table 5.  

Table 5. Maximum beams diameter admissible for each lattice structure configuration. 

Configuration  C3  C4  C5  C6  C7  C8 

Maximum acceptable 

beam diameter [mm]  10.2  7.7  6.2  5.2  4.4  3.9 

 

A  fundamental  constraint  adopted  by  the  proposed  optimization  algorithm  is  the 

utilization ratio of the structure; it is required for all the elements of the model, both beams 

and shells, to not exceed 95% of utilization. If a solution presents a utilization ratio higher 

than  95%,  it  is  going  to  be  penalized  adopting  the  penalization  function  𝑃(𝑥) = 𝑘 ∙

(𝑣(𝑥))
2
(see Section 3.2.2), with  the 𝑘 coefficient set  to 5. The design phases and  the 

workflow  of  Figure  30  have  been  implemented  in  Rhinoceros  7  (Robert  McNeel  & 

Associates) CAD software, inside the Grasshopper environment and using Karamba3D 

plugin  [234]  as  FE  solver  and  Octopus  plugin  [237]  as  multiobjective  evolutionary 

optimization. Octopus plugin  implements  the  HypeE algorithm  [265]. The parameters 

used  by  the  genetic  algorithm  and  the  setup  of  the  multiobjective  optimization  are 

summarized in Table 6. 

Table 6. Multiobjective optimization and genetic algorithm parameters. 

Optimization objectives   

Mass   Minimize  

First natural frequency   Maximize  

Optimization drivers   

Lattice configuration  C3 to C8 

Shell thickness  0.5 mm to 6.5 mm 

Radial beams diameter  0.5 mm to 1/3 of cell dimension (see Table 5) 

Circumferential beams diameter  0.5 mm to 1/3 of cell dimension (see Table 5) 

Optimization constraints   

Utilization ratio  < 95% 

Penalization coefficient   5 
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HypE algorithm parameters   

Elitism  0.5 

Mutation probability  0.2 

Mutation rate  0.9 

Crossover rate  0.8 

Population size  50 

Max generations  50 

 

Once the genetic algorithm has analyzed the last generation of individuals, the population 

can be represented by a Pareto chart, as in Figure 71, where the two axes present the two 

objectives  of  the  optimization.  As  expected,  the  higher  the  mass,  the  higher  the  first 

frequency. As highlighted by the four zones, some configuration is more suitable than 

others depending on the area of the Pareto chart. The solutions characterized by the higher 

mass (Zone 1) are represented by the C3 configuration, with a shell thickness closer to 

the upper limit, 6.5 mm, and the diameter of the beams that ranges between 4.2 mm and 

10.2  mm  exploiting  all  the  upper  range  of  the  allowable  diameters  for  the  C3 

configuration. The Zone 2 is characterized by C7 configuration structures with a shell 

thickness closer to the 6.5 mm limit whereas the diameter of the beams ranges between 

1.4  mm  and  4.4  mm.  The  Zone  3  presents  both  C3  and  C7  configurations;  the  shell 

thickness starts decreasing, presenting solution with a thickness down to 5.2 mm, and the 

beams too are thinner with diameters ranging from 0.5 mm to 0.8 mm. Finally,  in  the 

Zone 4 C7 and C8 configurations can be found with shell thicknesses always lower than 

2.5 mm whereas the diameter of the beam covers the full admittable range going from 0.5 

mm to 4.4 mm (C7 maximum diameter).  
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Figure 71. Multiobjective optimization results after 50 generations. 

As  previously  said,  when  a  multiobjective  optimization  is  performed,  the  algorithms 

propose a set of compromise solutions and there is not a solution better than the others. 

The  final choice  is under  the  responsibility of  the decisionmaker.  In  the present case 

study, two approaches have been followed for selecting the final configuration. The first 

method simply selects the lighter solution that presents a first natural frequency higher 

than 100 Hz; the solution is presented in Figure 72 and its characteristics are reported in 

Table 7. It is worth mentioning that to obtain the same first frequency (103.5 Hz) with a 

tank without the internal lattice structure, the mass would be 0.299 kg, about 50 % more 

than the optimized one.  

 

Figure 72. Section view of the multiobjective optimization solution presenting the lighter configuration 
and a first frequency higher than 100 Hz. The color map represents the utilization ratio. 
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Table 7. Characteristics of the solution presenting the lighter configuration and a first frequency higher 
than 100 Hz.  

Configuration  Shell thickness 

[mm] 

Radial beams 

diameter [mm] 

Circumferential 

beams diameter [mm] 

Mass 

[kg] 

Frequency 

[Hz] 

C7  0.5  1.98  0.76  0.192  103.5 

 

This first method leads to a risky decision because even though almost all the launchers 

excite the payloads at frequencies lower than 100 Hz, the preliminary model that is being 

studied does not take into consideration the influence of the propellant inside the tank on 

the  natural  frequencies  of  the  model.  The  second  method  is  based  on  a  multicriteria 

tournament decision (MTD) and allows to select the most suitable solution according to 

the weights given to the objectives, 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 and 𝑊𝑚𝑎𝑠𝑠. Three cases were simulated, 

with three different weights distributions. The first seeks a lightweight solution and the 

weights are distributed as 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.3 and 𝑊𝑚𝑎𝑠𝑠 = 0.7; the results are presented 

in Figure 73 and Table 8.  

a) b)  

Figure 73. MTD solution obtained adopting the weights 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.3 and 𝑊𝑚𝑎𝑠𝑠 = 0.7: a) position 
in the Pareto chart, b) section view of the configuration. The color map represents the utilization ratio. 

Table 8. Characteristics of the MTD solution obtained adopting the weights 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.3 and 
𝑊𝑚𝑎𝑠𝑠 = 0.7. 

Configuration  Shell thickness 

[mm] 

Radial beams 

diameter [mm] 

Circumferential 

beams diameter [mm] 

Mass 

[kg] 

Frequency 

[Hz] 

C8  0.58  2.40  1.31  0.276  163.4 
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The second case proposes a balanced solution using 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.5 and 𝑊𝑚𝑎𝑠𝑠 = 0.5; 

the results are presented in Figure 74 and Table 9. 

a) b)  

Figure 74. MTD solution obtained adopting the weights 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.5 and 𝑊𝑚𝑎𝑠𝑠 = 0.5: a) position 
in the Pareto chart, b) section view of the configuration. The color map represents the utilization ratio. 

Table 9. Characteristics of the MTD solution obtained adopting the weights 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.5 and 
𝑊𝑚𝑎𝑠𝑠 = 0.5. 

Configuration  Shell thickness 

[mm] 

Radial beams 

diameter [mm] 

Circumferential beams 

diameter [mm] 

Mass 

[kg] 

Frequency 

[Hz] 

C7  2.44  4.40  3.11  1.034  394.5 

 

Finally,  the  third  case  gives  more  importance  to  a  high  first  frequency  adopting 

𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.7 and 𝑊𝑚𝑎𝑠𝑠 = 0.3; the results are presented in Figure 75 and Table 10. 

Note that the red color nearby the shell represents the mesh describing the shell elements 

and does not refer to the results of the structural analysis. 
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a) b)  

Figure 75. MTD solution obtained adopting the weights 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.7 and 𝑊𝑚𝑎𝑠𝑠 = 0.3: a) position 
in the Pareto chart, b) section view of the configuration. The color map represents the utilization ratio. 

The red color nearby the shell represents the mesh describing the shell elements and does not refer to the 
results of the structural analysis. 

 

Table 10. Characteristics of the MTD solution obtained adopting the weights 𝑊𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 0.7 and 
𝑊𝑚𝑎𝑠𝑠 = 0.3. 

Configuration  Shell thickness 

[mm] 

Radial beams 

diameter [mm] 

Circumferential 

beams diameter [mm] 

Mass 

[kg] 

Frequency 

[Hz] 

C3  6.29  10.16  4.86  2.188  580.0 

 

The  introduction  of  an  internal  conformal  lattice  structure  inside  the  propellant  tank, 

allows, at equal first natural frequencies of the structures, for a mass reduction of about 

the 33% with respect to the structure without the structure. Moreover, an internal lattice 

structure  could  be  beneficial  to  prevent  the  sloshing  phenomenon,  defined  as  the 

movement of a liquid, i.e., the propellant, inside another object, i.e., the tank, which is in 

turn undergoing motion [266]. Furthermore, the cellular structures, with their achievable 

porosity,  could  be  exploited  for  propellant  management  devices  helping  to  guide  the 

propellant towards the outlet valve of the tank in lowgravity environments [267].   
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5  Numerical and experimental tests 
This chapter presents the numerical and experimental tests performed for validating the 

mesh modeling method based on the subdivision surface. The geometrical accuracy of 

the model  is verified by analyzing  the Schwartz PSurface and  the gyroid TPMS unit 

cells; then a curvature analysis is performed on a unitary nodal point of a trusslike simple 

cubic unit cell. Furthermore, experimental tests are performed on lattice structures based 

on the regular repetition of the simple cubic unit cell manufactured by powder bed fusion 

(PBF) technologies, both of metallic and polymer materials. Contextually, a comparison 

between  the  selective  laser  sintering  (SLS)  and  the  multijet  fusion  (MJF)  PBF 

technologies is proposed when producing polyamide 12 (PA12) parts. 

5.1  Numerical validations of the subdivision surface modeling method 

5.1.1  Geometrical deviation  
As  described  in  Section  2.2.3.1,  the  TPMS  are  frequently  adopted  as  unit  cells  when 

modeling lattice structures due to their interesting properties, such as the smooth surfaces 

deriving from the zero mean curvature at each point of the surface. TPMS are defined by 

implicit functions and when they are modeled by adopting modeling methods based on 

different approaches, approximations are unavoidably done. These approximations can 

be  compensated  but  high  computational  resources  and  time  are  required;  due  to 

computational efficiency, the geometry is often left as is and the geometrical deviation is 

evaluated. Approximations especially happen when discretizing the model using mesh

based  approaches.  A  solution  proposed  by  commercial  software  is  the  possibility  of 

selecting the accuracy of the mesh, deciding the maximum deviation from the implicit 

function. The TPMS can be modeled by adopting the subdivision surface algorithm too 

[268]. Figure 76 shows  the mesh modeling of  the Schwartz Psurface, whose  implicit 

equation is 𝑐𝑜𝑠(𝑥) + 𝑐𝑜𝑠(𝑦) + 𝑐𝑜𝑠(𝑧) = 0, and the gyroid, whose implicit equation is 

𝑠𝑖𝑛(𝑥) ∙ 𝑐𝑜𝑠(𝑦) + 𝑠𝑖𝑛(𝑦) ∙ 𝑐𝑜𝑠(𝑧) + 𝑠𝑖𝑛(𝑧) ∙ 𝑐𝑜𝑠(𝑥) = 0.  Starting  from  an  elementary 

portion of  the unit  cell  (Figure 76a and Figure 76d),  the unit cell  is obtained by  roto

translation of the elementary portion (Figure 76b and Figure 76e), and the CatmullClark 

subdivision surface is applied (Figure 76c and Figure 76f).  



114 
 

a)   b)  c)  

d)   e)  f)  

Figure 76. Mesh modeling of TPMS: a) to c) Schwartz PSurface, d) to f) gyroid. a) and d): elementary 
portion, b) and e): coarse unit cell, c) and f) subdivided unit cell (after two iterations of the Catmull

Clark algorithm) [268]. 

By adopting this method, the selection of the accuracy is not available. So it is important 

to verify the geometrical deviation of the TPMS cells from a reference mesh available in 

commercial software obtained by implicit equations. To do so, the geometrical deviation 

of the subdivided PSurface and the Gyroid unit cells  from a reference mesh has been 

investigated. This research topic is an extension and continuation of the work by Savio et 

al.  [268]  who  proposed  a  modeling  method  for  obtaining  TPMSs  exploiting  a  mesh 

approach and the CatmullClark subdivision surface algorithm. The information achieved 

by  these analyses  is  also beneficial  for  the methods presented  in Chapter 3 since  they 

share the modeling approach. 

The size of the studied cell is 1 mm. The subdivided unit cells are modeled in Rhinoceros 

7 (Robert McNeel & Associates) software, whereas the reference mesh is obtained from 

Netfabb 2020.3 (Autodesk) software by imposing a 0.008 mm accuracy. Figure 77 shows 

the  comparison  between  the  subdivided  meshes  and  the  reference  ones  after  three 

iterations of the CatmullClark algorithm. As can be seen by the data reported in Table 

11, the reference meshes have a higher number of vertexes and faces, resulting in a model 

difficult  to  handle,  especially  if  the  cell  is  repeated  and  thickened  to  obtain  a  lattice 

structure. 
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a)  b)  

c)  d)  

Figure 77. Comparison between the subdivided meshes and the reference ones: a) subdivided PSurface, 
b) reference PSurface, c) subdivided gyroid, d) reference gyroid. Three CatmullClark iterations were 

performed on the subdivided meshes. 

Table 11. Comparison between the number of vertexes and faces of the subdivided meshes and the 
reference ones.  

   
Subdivided 

 (3 iterations) 
  Reference 

PSurface  Vertexes  3260    62844 

  Faces  3072    124160 

Gyroid  Vertexes  3261    80589 

  Faces  3072    158853 

 

The geometrical deviation of the subdivided unit cells after up to three iterations of the 

CatmullClark algorithm was evaluated by using the MeshMesh Deviation tool of the 

Rhino Open Projects [269] in Rhinoceros 7. The results are presented in Table 12. Figure 

78 graphically shows the deviation at the third iteration of the CatmullClark algorithm. 

It is observed that the deviation of the subdivided cell never exceeds 1.3 % and 1.1 % in 

the PSurface and the Gyroid cell, respectively. The deviation committed by using  the 

subdivided  TPMS  cell  is  neglectable  if  considering  the  error  introduced  by  the 

manufacturing  machines  [270];  more,  if  compared  to  the  reference  meshes,  the 

subdivided ones have a number of vertexes an order of magnitude lower, and a number 

of  faces  two  orders  of  magnitude  lower.  As  previously  said,  this  is  computationally 

beneficial when dealing with lattice structures with a high number of cells. 
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Table 12. Geometrical deviation results. 

Subdivision level 
Maximum deviation [mm] 

PSurface  Gyroid 

1  ± 0.0127  ± 0.0105 

2  ± 0.0126  ± 0.0104 

3  ± 0.0129  ±0.0111 

 

a) b)  

Figure 78. Geometrical deviation results after three CatmullClark algorithm iterations. 

5.1.2  Curvature analysis  
Another investigated property of the proposed modeling method is the continuity level of 

the surfaces that are obtained. A high level of continuity is preferable because it allows 

for  less  stress  concentration  in  structural  applications,  fewer  pressure  drops  in  fluids 

transportations, and results in more aesthetical and smooth surfaces. Usually, the sharp 

edges that arise during the geometric modeling of components are removed by performing 

filleting operations. A situation of interest in the AM context is the modeling of trusslike 

lattice structures, where a common approach in standard CAD environments is to obtain 

the  lattice element  that will be repeated by  intersecting cylinders meeting at  the nodal 

point (Figure 79a) and further eliminating the sharp edges by filleting (Figure 79b).  
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a)   b   

Figure 79. Trusslike unit cell modeled in a conventional CAD environment: a) trusses intersecting at 
nodal points, b) filleting operations for eliminating sharp edges. 

The  CatmullClark  subdivision  surface  algorithm,  instead,  does  not  require  further 

filleting operations since the mesh is iteratively smoothed by the algorithm itself. This 

can be seen in Figure 80, in which a starting single cubic mesh cell characterized by quad 

faces that generate sharp edges when meeting each other undergoes one, two, and three 

iterations of the CatmullClark algorithm.  

a)  b)  c)  d)  

Figure 80. Single cubic cell subdivided with the CatmullClark algorithm: a) starting mesh, b) mesh after 
one iteration, c) mesh after two iterations, d) mesh after three iterations [222]. 

For defining the curvature of a surface, lets first recall the FrenetSerret formula for planar 

curves, as the one in Figure 81: 

𝑑𝑻

𝑑𝑠
=  𝑘 𝑵 

Where 𝑻 is the tangent unit vector, and 𝑵 is the normal unit vector. They are respectively 

defined as: 

𝑇 =  
𝑑𝒓

𝑑𝑠
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𝑵 =  

𝑑𝑻
𝑑𝑠

‖
𝑑𝑻
𝑑𝑠

‖
 

Where  𝒓(𝑡)  is  a curve  in  the  space  representing  the position of a point  (particle) as  a 

function of the time, and 𝑠(𝑡) is the arc length which the point has moved along the curve 

in the time 𝑡. By calling the curvature 𝑘 as 

𝑘 =  ‖
𝑑𝑻

𝑑𝑠
‖ 

The FrenetSerret formula is automatically obtained. So curvature describes the speed of 

rotation of the frame composed by 𝑻 and 𝑵. 

 

Figure 81. 𝑻 and 𝑵 unit vectors in a planar curve 

When considering a surface and a point on it, it is possible to identify the unit tangent 

vector 𝑻 and the corresponding normal unit vector 𝑁; if then the surface is intersected by 

the plane containing both the unit tangent and the normal, a planar curve is obtained and 

the curvature can be defined as described. At  any given point,  the  two directions  that 

identify the minimum and maximum curvatures are called principal directions, and the 

relative curvature are called principal curvatures. 

In the present research, curvature analyses were conducted to compare the proposed mesh 

modeling method  to  filleted unit  cells  obtained by performing a  filleting  command  in 

commercial  CAD  software.  In  particular,  the  cell  obtained  by  applying  the  modeling 

approach and the CatmullClark algorithm (CC cell, Figure 82a) was compared to a cell 

obtained by  intersecting beams with a squared crosssection (SF cell, Figure 82b) and 

with a circular crosssection (CYF cell, Figure 82c) that were filleted at the beams sharp 
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intersections. The unit cells are designed to have the same crosssectional area, i.e., 6.25 

mm2  and  the  side  of  the  square,  the  diameter  of  the  circumference,  and  the  linear 

dimension of the CC cell are obtained accordingly. The dimension of the cell is 7.50 mm. 

a)  b)  c)  

Figure 82. Simple cubic unit cells obtained by different modeling approaches: a) CC cell, b) SF cell, c) 
CYF cell. 

The  results  of  the  curvature  analysis  are  shown  in  Figure  83  where  the  principal 

curvatures are presented. The CC unit cell presents a C2 (curvature) continuity except at 

the extraordinary vertexes, i.e., vertexes with valence higher than 4, where continuity is 

C1. The SF and CYF unit cells, instead, present a C1 (tangency) continuity. 

 

Figure 83. Curvature analysis results. 

The  effects  of  the  different  continuity  are  investigated  by  computing  the  stress 

concentration factor 𝐾𝑡, defined as: 

𝐾𝑡 =  
𝜎𝑝𝑒𝑎𝑘

𝜎𝑛𝑜𝑚
 

SF  CYF CC 
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Where  𝜎𝑛𝑜𝑚  is  the  applied  force  divided  by  the  strut  section  area  and  𝜎𝑝𝑒𝑎𝑘  is  the 

maximum Von Mises stress on the cell. Linear elastic FE analyses were performed on the 

CC, CYF, and SF single cells, imposing boundary conditions to simulate the presence of 

the surrounding cells of a  lattice structure and imposing a displacement  to  introduce a 

mean  stress  in  the  beam  equal  to  10  MPa.  The  analyses  were  performed  in  ANSYS 

Release 16 software using ″8nodes Solid185″ 3D brick elements. According to Amado

Becker et al. [271] the material (Polyamide 12 , PA2200 by EOS [272]) was assumed to 

be isotropic and a Young’s modulus equal to 1870 MPa and a Poisson ratio equal to 0.35 

were used[273]. The  trend of  the 𝐾𝑡 was studied by varying  the filleting radius of  the 

cells. The distribution of the Von Mises stress for the CC, CYF, and SF cells is presented 

in Figure 84. 

a)  

b)  

Figure 84. Distribution of the Von Mises stress for CC, CYF and SF cells: a) on the surface, b) in the 
median section. 

The plot in Figure 85 shows the trend of the 𝐾𝑡 as the fillet radius of the CYF and SF cells 

changes.  The  value  of  𝐾𝑡  is  constant  for  the  CC  cell  since  it  does  not  present  fillets, 

whereas  the value decreases as  the  filleting  radius of  the CYF and SF cells  increases. 

Nevertheless, the 𝐾𝑡 of the cells obtained by commercial CAD software is not going to 

decrease enough to reach the CC value, 1.1. So, the proposed mesh modeling method for 

lattice structures offers a better stress distribution along  the cells  if compared  to more 

traditional approaches. 
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Figure 85. Stress concentration factor 𝐾𝑡 at different values of the filleting radius. 
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5.2  Material and mechanical characterization of AM parts 
Experimental campaigns are executed to test specimens manufactured by different AM 

technologies, concentrating on the PBF of both metals and polymers. The experimental 

tests aim to characterize the material and, above all, to validate the proposed modeling 

methods. Standardized specimens and  lattice structure samples have been produced  in 

stainless steel 316L material by the SLM technology and in polyamide 12 material by the 

SLS and the MJF technologies. 

5.2.1  Test campaign on stainless steel 316L samples manufactured by SLM  
In  this  test  campaign,  three  types of  specimens were produced  in  stainless  steel  316L 

(SS316L)  material  by  SLM  PBF  technology;  one  type  according  to  international 

standards, and two types characterized by the presence of a lattice structure. The first type 

of sample, referred to as bulk cylindrical (BC), was adapted from the ASTM E606/606M 

standard [274] and the dimensions are shown in Figure 86. The diameter of the cross

section of the central part of the specimens was designed to be 2.8 mm to obtain a cross

sectional area of 6.16 mm2 close to 6 mm2, that is the value of the crosssectional area of 

the lattice structure specimens. 

 

Figure 86. Dimensions of the BC specimen type, adapted from ASTM E606/606M standard. 

The remaining two types of specimens present a regular lattice structure made up by the 

repetition of the simple cubic unit cell. The number of instances along the x, y, and z

axis are 3, 2, and 7, respectively and the cell size is 3 mm (Figure 87a). The cylindrical 

beams of the lattice have been modeling adopting two different modeling methods. The 

fist simply intersects cylinders at the nodal points of the lattice and results in sharp edges 

at the intersections and the samples are referred to as CY (Figure 87b); the second method 

adopts  the  mesh  modeling  approach  previously  described  in  Section  3.3.1,  uses  the 

CatmullClark algorithm (3 iterations), and the resulting specimens are referred to as CC 

(Figure 87c). The diameter of the CY sample beams measures 1.128 mm, whereas the CC 
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has a beam dimension ranging between 1.116 mm and 1.150 mm (the section of a CC 

beam is not a circle). The crosssectional area of each beam of both the CY and CC is 1 

mm2, for a total crosssectional area of 6 mm2.  

a)  

b)  

c)  

Figure 87. Lattice structure specimens type: a) specimen design, b) dimensions of the CY sample, c) 
dimensions of the CC samples. 

Twelve specimens  for each  type of  sample were produced  in SS316L material  by  the 

SLM process adopting a Renishaw AM400 machine and using  the Renishaw SS316L

0409 powder. The properties of  the powder were  transmitted by  the producer  and are 

presented in Table 13, whereas the process parameters of the manufacturing machine are 

reported in Table 14. Different process parameters were used at the borders for the BC 

samples;  the CY and CC ones were manufactured  only  adopting  the  standard  interior 

parameters to avoid skin related effects.  
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Table 13. Properties of the Renishaw SS316L0409 powder. 

Powder composition    Particle size* 

Element  Mass (%)    Percentile  Diameter [µm] 

Iron  Balance    d10%  18.8 

Chromium  17.6    d50%  29.4 

Nickel  12.7    d90%  45.5 

Molybdenum  2.32    *Laser diffraction analysis 

Manganese  1.31       

 

Table 14. Process parameters used in the Renishaw AM400 machine. 

  Interior  Borders 

Laser power [W]  200  110 

Exposure time [µs]  80  100 

Point distance [µm]  60  20 

Layer thickness [µm]  50  50 

Layer rotation angle [°]  67  67 

Scan pattern  Stripe  Contour 

 

All the samples were built “standing” on the build plate, with the longitudinal axis aligned 

to  the  zaxis  of  the  machine.  No  postprocessing  operations  were  performed  on  the 

manufactured  parts,  except  for  the  powder  evacuation  and  the  support  removal.  One 

sample for each type of design is presented in Figure 88. 

a) b)  c)  

Figure 88. Printed samples: a) BC, b) CY, c) CC. 
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The geometries of the samples were then measured by a coordinate measuring machine 

(CMM) OGP SmartScope Flash 200. In particular, the diameters of the central zone of 

the BC samples and the diameters of the beams composing the lattices of the CY and CC 

samples were measured. In the CY and CC samples the beams were measured both in the 

front, i.e., the 3x7 cells face, and side, i.e., the 2x7 cells face, view of the lattice. Table 15 

reports  the mean value and the nominal dimension of the beams for  the three types of 

samples; the diameters of the CY and CC cells only refer to the beams aligned to building 

direction. The  low standard deviation  highlights  the precision and  repeatability of  the 

manufacturing method. The dimension of the BC samples is close to the nominal values. 

This does not happen to the CY and CC samples, probably due to the higher complexity 

of the specimens; more, since no postprocessing such as sandblasting was performed, 

partially  melted  powders  that  remained  attached  to  the  part  could  have  deceived  the 

optical measurements of the CMM. 

Table 15. CMM measured diameters: diameter of the central zone for the BC samples, diameters of the 
lattice beams aligned to building direction for the CY and CC samples. 

  Mean [mm]  Nominal [mm] 

BC  2.829 ± 0.012  2.800 

CY  1.259 ± 0.006  1.128 

CC  1.265 ± 0.007  1.116 

 

The surface roughness along the building direction was also investigated. A Talysurf i

Series  instrument was used  to measure  the roughness of  the central section of  the BC 

samples (Figure 89), whereas for the CY and CC types, the measurements were performed 

in the gripping zones at the extremity of the samples due to the impossibility of measuring 

the  beams  of  the  lattices.  The  measurements  and  analyses  of  the  roughness  were 

conducted  using  an  evaluation  length  of  12.5  mm  and  a  2.5  mm  sampling  length, 

according  to  ISO 4287  [275] and  ISO 4288  [276] standards. The results are shown in 

Table 16, where the 𝑅𝑎, 𝑅𝑧, and 𝑅𝑡 parameters are reported. The roughness values of the 

CC  and  CY  specimens  are  higher  than  the  BC  ones.  This  could  be  explained  by  the 

dedicated boundary scanning strategy adopted for manufacturing the BC parts, leading to 

a better surface texture. 
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a)  b)  

Figure 89. Roughness measurements on BC SS316L samples: a) Talysurf iSeries instrument, b) 
measurement of the roughness of the central section. 

Table 16. Roughness parameters for SS316L samples produced by SLM technology.. 

  𝑅𝑎 [μm]  𝑅𝑧 [μm]  𝑅𝑡 [μm] 

BC  5.5 ± 0.5  30.8 ± 2.7  49.2 ± 6.9 

CY  7.7 ± 0.8  49.6 ± 6.2  60.0 ± 8.0 

CC  8.4 ± 1.0  55.0 ± 6.7  69.2 ± 11.8 

 

The  specimens  were  then  dynamically  tensile  tested  on  an  MTS  Acumen  3 

Electrodynamic Test System equipped with a 3 kN load cell. The tests were performed 

with a stress ratio 𝑅 = 0 to avoid buckling phenomenon; the stress ratio 𝑅 is defined as: 

𝑅 =  
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 

Where 𝜎𝑚𝑖𝑛 and 𝜎𝑚𝑎𝑥 are the minimum and maximum excitation calculated on the cross

sectional area of the tested specimens. The test frequency was 10 Hz. For each type of 

specimen, groups of three samples were tested at four different stress levels, i.e., 473.2 

MPa, 405.6 MPa, 338 MPa, and 270.4 MPa, that are the 70%, 60%, 50%, and 40% of the 

ultimate  tensile  strength  (UTS)  of  the  SS316L  material,  676  MPa,  according  to  the 

manufacturer datasheet [277]. Data was acquired with a 64 Hz timed trigger to store entire 

cycles signals and with a peakandvalley trigger to store minimum and maximum signals 

at every cycle. No artificial cooling was applied. The number of cycles  to  failure was 

noted and further used to estimate the Stress – Number of cycles curves (S – N curves), 

also known as Wöhler curves, that were statistically computed according to ISO 12017 

standard [278] using the method of linear least squares [279].  

 



127 
 

The used model equation is: 

log10 𝑁 =  𝑏0 +  𝑏1 ∙ log10 𝑆 

Where 𝑁 is the number of cycles, 𝑆 is the stress, and 𝑏0 and 𝑏1 are curve parameters.  

Table 17 reports the results of the fatigue tests, with the applied stress and the number of 

cycles to failure. 

Table 17. Fatigue tests results for the SLM SS316L specimens. 

Sample  Stress [MPa] 
Number of cycles to failure 

BC  CY  CC 

1  473.2  112964  21402  43308 
2  473.2  131073  24137  38776 
3  473.2  110796  26737  39409 
4  405.6  160491  65934  78566 
5  405.6  221711  52926  83248 
6  405.6  174883  56684  79870 
7  338.0  439419  95161  170322 
8  338.0  390904  103190  154972 
9  338.0  296922  108765  167428 
10  270.4  994627  213761  333488 
11  270.4  1305787  224659  419924 
12  270.4  905279  211225  388223 

  

Table 18 presents the 𝑏0 and 𝑏1 parameters, the standard deviation SD, and the correlation 

coefficient R2 of the interpolated S – N curves. Figure 90, Figure 91, and Figure 92 show 

the S – N curves of  the  three  types of  samples,  together with  the 10% and 90%  limit 

curves at a 90% probability level. In Figure 93 and Figure 94 the 50 % and 90 % curves 

respectively are plotted together for comparison. According to ISO 12107 [278] and ISO 

35341  [280]  international  standards,  the  limits  curves  indicate  the  confidence,  that 

reflects  the  proportion  of  cases  that  the  confidence  interval  would  contain  the  true 

parameter value in a long series of repeated random samples under identical conditions; 

the probability, instead, corresponds to the reliability of the prediction. 
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Table 18. 𝑏0 and 𝑏1 parameters, SD, and R2 of the interpolated S – N curves. 

Specimen type  b0  b1  SD  R2 

BC  15.58  3.94  0.076  0.96 
CY  14.63  3.81  0.064  0.97 
CC  15.26  3.98  0.032  0.99 

 

 

Figure 90. S – N curve of the BC samples. 

 

Figure 91. S – N curve of the CY samples. 
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Figure 92. S – N curve of the CC samples. 

 

Figure 93. Comparison of the CY, CC, and BC S – N curves describing 50 % of probability of failure. 
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Figure 94. Comparison of the CY, CC, and BC S – N curves describing 10 % of probability of failure. 

The results show that the number of cycles to failure of the CC samples is about one and 

a half times the number of cycles to failure of the CY ones. This is reasonable because 

the modeling method adopted for obtaining the lattice structure in the CC models allows 

for the elimination of the sharp edges and, therefore, a lower concentration of the stress 

at the nodal points. If comparing the fatigue life of the lattice structures with the results 

of the BC samples, the bulk material performs better. This behavior could be explained 

by various aspects.  In the BC samples,  there is no concentration of  the stress at nodal 

points; the crosssectional profile of the CY and CC lattices is greater than the BC design, 

increasing  the  possibility  of  crack  initiation;  more,  since  the  crosssectional  area  of  a 

single lattice beam is smaller than the one of the cylindrical samples, at equal dimensions 

of internal defects, being the manufacturing technology the same, the lattices will be more 

prone to failure. In any case, these are only hypotheses and need to be verified with further 

studies,  for example concentrating on  the crack  initiation and propagation phenomena 

with dedicated experimental tests. 
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5.2.2  Comparison between polyamide 12 parts manufactured by SLS and MJF 
Another experimental campaign was conducted concentrating on polyamide 12 (PA12) 

polymer material produced by PBF technologies. In particular, a comparative study was 

realized between selective laser sintering and multijet fusion technologies. As mentioned 

in Section 2.1.1, the SLS and MJF technologies are both categorized as PBF techniques 

and can both produce PA12 parts. SLS and MJF differ by the way the thermal energy is 

provided and the way the sintering of the surrounding powders is prevented. In the SLS, 

the powder is sintered by a spot laser that scans the section of the component and heats 

only the areas defined by the 3D model. In the MJF, an array of inkjet print heads releases 

two types of printing ink: a socalled “fusing agent” inside the model boundaries, and a 

“detailing agent” edges of the model to inhibit the sintering of powders not wetted by the 

fusing agent; then, the layer is exposed to infrared (IR) heating lights to build the part. 

The MJF technology works linebyline, thus is faster than the SLS. Having said that, a 

series  of  different  types  of  specimens  were  produced  both  by  the  SLS  and  the  MJF 

technologies and were compared. Among them, bulk and lattice structure specimens were 

fatigue tested covering a lack in the literature because, at the date of the tests, no Wöhler 

curves describing the behavior of the MJF parts were available. Moreover, the effect of 

different modeling methods for lattice structures on the fatigue life of the samples was 

investigated. For the sake of completeness, other aspects were explored, such as material 

microstructure, porosity and density of the printed parts, roughness of the samples, etc… 

As  the  SLS  machine  and  powders,  an  EOS  FORMIGA  P110  machine  and  the  EOS 

PA2200Performance [272] PA12 powder were used. For  the MJF,  the HP Jet Fusion 

4200 machine and the HP 3D highreusability PA12 powder [281] were used. The SLS 

process parameters are listed in Table 19, whereas the balanced print mode preset was 

used  in  the  HP  machine  because  it  is  not  allowed  to  manually  set  and  modify  the 

parameters. Virgin and reused powders were mixed, using a refresh ratio (virgin: reused) 

of 1:1 for SLS and 1:4 for MJF. 
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Table 19. Process parameters and preset mode respectively used for SLS and MJF processes. 

  SLS      MJF 

Laser beam power  20 W   

Preset mode 

Balanced mode: 

one rolling step, 

two injection passes 

10.5 s per layer 

Laser scan speed  3000 mm/s   

Layer thickness  100 µm   

Laser spot size  ~0.4 mm   

Building platform 

temperature 

160 °C    

Virgin: reused 

powder ratio 

1:1     Virgin: reused 

powder ratio 

1:4 

 

Seven  different  types  of  specimens  were  manufactured  to  undergo  different 

characterization tests: 

•  The plates in Figure 95a were used for XRay Diffractometry (XRD) and SEM 

analyses. 

•  The  cylinders  in  Figure  95b  were  used  for  Hepycnometry  and 

Thermogravimetric  Analysis  and  Differential  Scanning  Calorimetry  (TGA

DSC). 

•  The  ISO 527  type 1A specimens  in Figure 95c had  the geometries and  the 

surface roughness measured, they were static tensile tested, and the fracture 

surfaces were analyzed by SEM. 

•  The ASTM E606 specimens in Figure 95d were fatigue tested and analyzed 

by SEM. 

•  Three  types  of  lattice  structures  specimens  in  Figure  95e,  Figure  95f,  and 

Figure 95g were fatigue tested and analyzed by SEM. 

(The powders used for the build were used too for XRay Diffractometry, TGADSC, and 

SEM analyses). 
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Figure 95. Types of manufactured samples for characterizations: a) plates for XRD and SEM, b) 
cylinders for Hepycnometry and TGADSC, c) ISO 5271A for static tensile tests, roughness, and SEM, 

d) ASTM E606/E606M for dynamic tensile tests and SEM, e) SF lattice structures for dynamic tensile 
tests and SEM, f) CYF lattice structures for dynamic tensile tests and SEM, g) CC lattice structures for 

dynamic tensile tests and SEM. Left: nominal dimensions, center: SLS part, right: MJF part. 
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The  design  of  the  lattice  structures  specimens  is  inspired  by  the  one  used  during  the 

SS316L campaign (Section 5.2.1). A simple cubic unit cell was regularly repeated along 

the x, y and zdirection 3, 2, and 5 times respectively. The unit cells are obtained by 

three  different  modeling  methods.  The  socalled  SF  cell  is  obtained  by  intersecting  6 

beams  with  squared  crosssections  at  the  nodal points  of  the  lattice  and  performing  a 

filleting operation at the sharp edges generated at the intersections (Figure 96a). The so

called CYF cell  is obtained by intersecting 6 beams with circular crosssections at  the 

nodal points of the lattice and performing a filleting operation at the sharp edges generated 

at the intersections (Figure 96b). The last cell, the CC cell (Figure 96c), is obtained by 

applying  the  CatmullClark  subdivision  surface  algorithm.  The  curvature  analysis  of 

these three types of unit cells was previously studied as discussed in Section 5.1.2. The 

size of the cell is 7.5 mm. The dimensions of the crosssection of the three types of cells 

are set to obtain a 6.25 mm2 crosssectional area. So, the SF cell has a 2.50 mm strut size, 

the CYF cell has a 2.821 mm strut diameter, and the CC cell has a strut section that ranges 

between 2.79 mm and 2.88 mm. 

a) b) c)  

Figure 96. Simple cubic unit cells used in the lattice structure samples types: a) SF, b) CYF, c) CC. 

First, the morphology of the powders and the printed parts was characterized by a Field 

Emission Gun electron microscope (FEI Quanta 200) in low vacuum mode. As can be 

seen in Figure 97a some of the SLS powders show cracks; the presence of these cracks is 

not yet fully understood but it has been supposed to be related to the synthesis process, 

where powders are obtained by dissolution in ethanol at high pressure and temperature, 

followed by slow crystallization [53,282]; the evaporation of the remaining ethanol could 

be the cause of the cracks. Even though MJF powders are in contact with the solvents of 

the fusing and detailing agents, cracks in Figure 97b are not as evident as in the SLS; this 

could be due to elements of the agents because they contain 2pyrrolidone and triethylene 

glycol,  that  have  boiling  points  of  251°C  and  288°C  respectively  [283],  higher  than 
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ethanol (78°C), and the temperature during the printing process does not exceed 185 °C 

[8]. 

a)   b)   

Figure 97. SEM analyses of the starting powders used for the manufacturing process: a) SLS, b) MJF. 

XRD analyses were performed with a Bruker D8 Advance platform on both the starting 

powders and the rectangular plates (Figure 95a) using a CuKa radiation with a scan speed 

of 5°/sec and a scan step of 0.01 in the range 2𝜃 = 10° − 40°. The results in Figure 98 

highlight the presence of both αphase and γphase in the starting powders, whereas the 

printed  parts  mainly  present  γphase  and  a  small shoulder of αphase.  The  two 

technologies do not present significant differences, in accordance with other studies in 

the literature [53,54,284]. 

 

Figure 98. XRD results for powders and printed parts of SLS and MJF technologies. 



136 
 

Then  TGADSC  analyses  were  performed  on  the  powders  and  the  core  parts  of  the 

cylindrical samples in Figure 95b using a MettlerToledo TGA/DSC 3+ instrument on 5 

± 0.5 mg samples  in  the  range 25  °C  – 300  °C,  at  a heating  rate of 10  °C/min under 

nitrogen flow. The crystallinity percentage (C%) was calculated as the ratio between the 

specific heat of fusion of the sample and the specific heat of fusion of 100% crystalline 

PA12, equal to 209.3 J/g [285]. The heat of fusion was calculated as the integral of the 

peak.  The  curves  in  Figure  99  show  a  single  peak  corresponding  to  the  melting 

temperature of 188.6 ± 0.1 °C for SLS and 187.7 ± 0.2 °C for MJF. Similar results were 

obtained by Cai et al. [52] that measured 188.9 °C for the SLS EOS PA2200 and 188.4 

°C for the HP PA12 3D High Reusability. In the printed samples, the peak decreases to 

183.1 ± 0.5 °C and 182.7 ± 0.4 °C for SLS and MJF, in accordance with the study of Chen 

et al. [286]. Finally, the percentage of crystallinity drops when moving from the powders 

to the printed parts; in the SLS the crystallinity decreases from 49.1 ± 0.5 % to 24.5 ± 0.1, 

and in the MJF it decreases from 48.3 ± 0.4 % to 31.5 ± 0.2 %. The measured melting 

temperature, enthalpy of fusion, and crystallinity are also reported in Table 20. 

a)  b)  

Figure 99. TGADSC analyses on powders and printed parts: a) SLS, b) MJF. 

Table 20. TGADSC results for the powders and printed parts manufactured by SLS and MJF: melting 
temperature, enthalpy of fusion, and crystallinity. 

  Tm [°C]  Hm [J/g]  Crystallinity [%] 

SLS Powder  188.6 ± 0.1  102.9 ± 1.1  49.1 ± 0.5 

SLS Part  183.1 ± 0.5  52.3 ± 0.4  24.5 ± 0.1 

MJF Powder  187.7 ± 0.2  101.2 ± 0.9  48.3 ± 0.4 

MJF Part  182.7 ± 0.4  65.9 ± 0.3  31.5 ± 0.2 
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Density measurements were performed by Hepycnometry analyses using an Accupyc 

1340 instrument; the density of the starting powders, 𝜌𝑡ℎ, and the apparent density, 𝜌𝑎𝑝𝑝, 

of three cylindrical samples (Figure 95b) for each technology were obtained. The bulk 

density of the cylinders, 𝜌𝑏𝑢𝑙𝑘, was calculated as: 

𝜌𝑏𝑢𝑙𝑘 =  
𝑚𝑎𝑠𝑠𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟

𝑣𝑜𝑙𝑢𝑚𝑒𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
 

Then, the total porosity, 𝑃𝑡𝑜𝑡, of the printed parts was calculated as [287]: 

𝑃𝑡𝑜𝑡 = 1 −
𝜌𝑏𝑢𝑙𝑘

𝜌𝑡ℎ
 

The open porosity, 𝑃𝑜𝑝𝑒𝑛, as: 

𝑃𝑜𝑝𝑒𝑛 = 1 −
𝜌𝑎𝑝𝑝

𝜌𝑡ℎ
 

Finally, the closed porosity, 𝑃𝑐𝑙𝑜𝑠𝑒, was calculated as: 

𝑃𝑐𝑙𝑜𝑠𝑒 = 𝑃𝑡𝑜𝑡 − 𝑃𝑜𝑝𝑒𝑛 

The results of the measurements are reported in Table 21. 

Table 21. Densities and porosities of the SLS and MJF powders and parts. 

  SLS  MJF 

𝜌𝑡ℎ [g/cm3]  1.058 ± 0.001  1.056 ± 0.001 

𝜌𝑏𝑢𝑙𝑘 [g/cm3]  0.974 ± 0.011  0.985 ± 0.025 

𝜌𝑎𝑝𝑝 [g/cm3]  0.991 ± 0.002  0.997 ± 0.011 

𝜌𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡 [g/cm3]  0.93  1.01 

𝑃𝑡𝑜𝑡  [%]  7.95 ± 0.09  6.75 ± 0.18 

𝑃𝑜𝑝𝑒𝑛  [%]  6.35 ± 0.01  5.62 ± 0.06 

𝑃𝑐𝑙𝑜𝑠𝑒  [%]  1.61 ± 0.10  1.13 ± 0.24 

 

The total porosity of SLS printed parts (7.95 %) is higher than MJF ones (6.75 %), and 

this is also reflected in the percentage of closed porosity, 1.61 % for SLS printed parts 
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and  1.13  %  for  MJF  printed  parts.  The  porosity  inside  PA12  manufactured  by  AM 

technologies is a known phenomenon; the results of this campaign for the SLS parts, if 

compared  to  other  studies  such  as  the  one  by  Van  Hooreweder  and  Kruth  [288]  and 

O’Connor et. al [289], show a higher level of total porosity. 

Measurements  were  done  by  the  OGP  SmartScope  Flash  200  CMM.  The  width  and 

thickness of the central part of the ISO 527 type 1A specimens (Figure 95c), the diameters 

of the central part of the specimens adapted from ASTM E606/E606M standard (Figure 

95d), and the size of the beams of the three types of lattice structures (Figure 95e, Figure 

95f, Figure 95g) along  the zdirection both  in  the front and side view were measured. 

Figure 100 shows the setup during the measurements of the thickness of a ISO 527 type 

1A specimen. 

 

Figure 100. OGP SmartScope Flash 200 CMM setup during the measurement of the thickness of a ISO 
527 type 1A specimen produced by MJF, on the testbed on the left. On the right, the software shows the 

optically acquired profile and the nominal CAD file. 

The difference between the measured and the nominal dimensions was calculated, and 

the size error was obtained and is reported in Table 22. The size error can be both positive 

or negative,  depending  on whether  the measured  feature  is  bigger or  smaller  than  the 

nominal. Analyzing the results for the SLS parts, the lattice samples have a dimensional 

error  higher  than  the  standardized  samples;  this  could  be  due  to  the  more  complex 

geometry of the lattice structures. This trend is not found in the MJF manufactured parts, 

where  the  ISO  527  specimens  have  the  biggest  dimensional  error.  These  linear 
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measurements do not take into consideration the shape errors that introduce errors when 

acquiring linear dimensions with optical instrumentation. 

Table 22. Size error in [mm] of the different specimen types. 

  SLS  MJF 
ISO 527  0.034 ± 0.035  0.319 ± 0.079 

ASTM E606  0.052 ± 0.030  0.053 ± 0.069 
SF  0.099 ± 0.031  0.053 ± 0.061 

CYF  0.095 ± 0.030  0.091 ± 0.050 
CC  0.089 ± 0.043  0.084 ± 0.080 

 

The surface roughness 𝑅𝑎 parameter was measured along the growing direction, on the 

top surface, and on the bottom surface of the ISO 5271A specimens (Figure 95c) with 

the Talysurf iSeries instrument. An evaluation length of 12.5 mm and a sampling length 

of 2.5 mm were adopted. Results are reported in Table 23. The bottom face presents the 

highest  roughness  in  both  SLS  and  MJF  specimens.  This  could  be  explained  by  the 

absence  of  postprocessing  on  the  manufactured  samples  causing  partially  unmelted 

powders to remain stuck on the parts, especially on the bottom surface, as can be seen in 

the SEM images in Figure 101. 

Table 23. Surface roughness 𝑅𝑎 parameter in [μm] measured on the ISO 5271A specimens 
manufactured by SLS and MJF technologies. 

  SLS  MJF 
Top face  10.4 ± 1.6  8.7 ± 0.9 

Bottom face  15.0 ± 2.3  13.3 ± 1.0 
Building direction  10.8 ± 0.8  11.2 ± 1.2 

 

a)   b)   

Figure 101. SEM analyses on the surfaces of the printed parts: a) SLS, b) MJF. 
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Tensile  tests were performed on five  ISO 527  type 1A specimens (Figure 95c) on  the 

MTS Acumen 3 Electrodynamic Test System equipped with a 3kN load cell and an MTS 

634.31  F  extensometer.  The  setup  is  shown  in  Figure  102.  The  test  speed  rate  was  2 

mm/min and the gauge length was 10 mm.  

 

Figure 102. Tensile test setup. ISO 527 type 1A sample produced by SLS technology gripped by the MTS 
Acumen 3 Electrodynamic Test System and with the extensometer connected. 

The Stress – Strain  curves  and True  stress  – True  strain  curves were plotted,  and  the 

Young’s modulus, the ultimate  tensile  strength  (UTS),  the  strain  at  break  (𝜀𝑚𝑎𝑥),  and 

toughness were calculated. The  true strain, 𝜖, and  the  true stress, 𝜎′, are calculated as 

[290]:  

𝜖 =  ln (
𝑙

𝑙0
) 

𝜎′ =  𝜎 (1 + 𝜖) 

where  𝑙  is  the elongation,  𝑙0  is  the gauge  length,  and  𝜎  is  the engineering stress. The 

material  toughness,  defined  as  the  area  under  the  true  curve  until  fracture  [291],  is 

obtained by: 

𝑇𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =  ∫ 𝜎′𝑑𝜖
𝜖𝑓

0

 

The curves of the tensile tests are presented in Figure 103 and the mechanical properties 

are reported in Table 24.  
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Figure 103. Static tensile test results: a) SLS Stress  Strain, b) SLS True Stress  True Strain, c) MJF 
Stress  Strain, d) MJF True Stress  True Strain. 

Table 24.Mechanical properties of the PA12 polymer manufactured by SLS and MJF technologies. 

  SLS  MJF 

E [GPa]  1.87 ± 0.04  1.53 ± 0.06 

UTS [MPa]  46.93 ± 0.86  45.59 ± 0.38 

𝜀𝑚𝑎𝑥 [%]  10.3 ± 1.9  30.0 ± 4.9 

Toughness [J/m3]  3.8 ± 0.9  11.7 ± 2.1 

 

The SLS samples are stiffer with a slightly higher Young’s modulus than MJF and a lower 

deformation  at  break, 10 %,  against  the 30 % of  the  MJF ones. Thanks  to  the higher 

deformation reached by the MJF specimens, they also result tougher than the SLS parts. 

This higher toughness is confirmed by the analyses of the fracture surfaces of the MJF 

samples (Figure 104c and Figure 104d), where the upper part shows a ductile fracture 

surface with signs of plastic deformation and meets with a smoother lower part where the 

failure occurs, in accordance with O’Connor et al. [289]. The fracture surfaces of the SLS 

in Figure 104a, instead, show a brittle behavior, with brittle fracture paths and no signs 

of deformation, in accordance with the findings of Van Hooreweder et al. [55]. 
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a)  b)   

c)  d)   

Figure 104. SEM analyses on the fracture surfaces of the tensile tested specimens: a), b) SLS, c), d) MJF. 

The obtained mechanical properties have been compared with other studies available in 

the literature (Table 25). The properties of the SLS manufactured specimens correspond 

except for few occasions. Cai et al. [52] and Xu et al. [292] found higher elongations at 

break the tested specimens were produced with different orientations in the build plate, 

i.e., laying in the XY plane instead of along the zaxis; Van Hooreweder and Kruth [288] 

found a higher modulus and a lower elongation at break, but they stated that the process 

parameters  were  optimized  to  increase  the  stiffness  of  the  parts.  Moving  to  MJF 

technology, MoralesPlanas et al. [293] found a Young’s modulus higher than all the other 

studies in the literature testing the specimens in a similar way if compared to the others. 

Furthermore, the results obtained by the experimental campaign show a slightly higher 

Young’s modulus than the others and an elongation at break comparable to the one of the 

samples printed  along  the yaxis  (YZ plane) by O’Connor [289]  and  the ones printed 

along the xaxis (XY plane) by Cai et al. [52]. Considering other studies that compared 

the two PBF technologies, Sillani et al. [294] similarly obtained MJF parts tougher than 

the SLS ones, but they used the SLS process parameters optimized for the best surface 

2 mm 

f)  

500 µm 
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finish  and  not  for  the  best  mechanical  properties.  Xu  et  al.  [292],  instead,  found  a 

contrasting behavior with SLS samples showing a higher Young’s modulus, UTS, and 

elongation than MJF, but the study reported that the parts were manufactured laying on 

the build plate, i.e., on the XY plane and not along the zdirection, and it was proven that 

the  properties  of  parts  manufactured  by  the  MJF  techniques  differ  depending  on  the 

building direction [289,293]; more, the experimental conditions of the studies could have 

been different influencing the results. 

Table 25. Comparison of the obtained mechanical characteristics with other studies in the literature. 

Technology  E [GPa] 
UTS 

[MPa] 
εmax % 

Printing 

direction 
Machine  Powder  Ref. 

SLS 

1.76 ± 0.02  43.6 ± 0.5  31.6 ± 2.9  XY plane 
EOS 

FORMIGA 

P 110 

Not 

specified 
[292] 

1.68 ± 0.04  47.6 ± 1.4  6.6 ± 0.5  X axis 
DTM 

2500plus 

3D 

Systems 

Duraform 

PA12 

[294] 
1.61 ± 0.06  40.6 ± 3.2  3.7 ± 0.5  Z axis 

1.72 ± 0.01  45.1 ± 0.5  10.0 ± 0.1  XY plane  Not specified 

3D 

Systems 

Duraform 

PA12 

[295] 

1.64 ± 0.01  46.4 ± 0.1  16.9 ± 0.1  X axis 
EOS 

FORMIGA 

P 100 

EOS PA 

2200 
[296] 

2.16 ± 0.05  49.0 ± 1.7  4.0 ± 0.3  Z axis  EOS P 730 
EOS 

PA2200 
[288] 

1.39 ± 0.03  44.0 ± 0.1  27.6 ± 2.6  X axis 

EOS P 396 
EOS 

PA2200 
[52] 1.61 ± 0.10  43.9 ± 0.7  26.6 ± 2.9  Y axis 

1.22 ± 0.03  39.6 ± 0.2  14.7 ± 1.1  Z axis 

1.87 ± 0.04  46.9 ± 0.9  10.3 ± 1.9  Z axis 
EOS 

FORMIGA 

P 110 

EOS 

PA2200

Perf. 

(Current) 

MJF 

1.42 ± 0.04  40.1 ± 1.5  17.5 ± 3.9  XY plane 
HP Jet 

Fusion 3D 

4200 

HP 3D 

High 

Reusability 

PA12 

[292] 

1.13 ± 0.07  45.8 ±3.5  11.2 ±1.8  X axis 
HP Jet 

Fusion 3D 

4200 

HP 3D 

High 

Reusability 

PA12 

[294] 1.20 ± 0.08  47.9 ± 0.9  13.2 ± 1.5  Y axis 

1.34 ± 0.10  53.7 ± 1.1  11.4 ± 1.3  Z axis 
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MJF 

(cont.) 

1.24 ± 0.03  47.0 ± 0.9  19.0 ± 2.8  X axis 
HP Jet 

Fusion 3D 

4200 

HP 3D 

High 

Reusability 

PA12 

[289] 1.15 ± 0.04  48.0 ± 0.8  27.0 ± 1.2  Y axis 

1.25 ± 0.04  49.0 ± 0.6  16.0 ± 1.9  Z axis 

3.94 ± 0.36  49.9 ± 1.9  3.3 ± 0.8  X axis  HP Jet 

Fusion 3D 

4200 

HP 3D 

High 

Reusability 

PA12 

[293] 
3.97 ± 0.31  49.3 ± 3.4  2.2 ± 0.3  Z axis 

1.37 ± 0.03  48.7 ± 0.8  27.4 ± 2.2  X axis 
HP Jet 

Fusion 3D 

4200 

HP 3D 

High 

Reusability 

PA12 

[52] 1.37 ± 0.07  44.5 ± 0.7  15.9 ± 1.1  Y axis 

1.67 ± 0.07  49.6 ± 1.2  14.8 ± 0.3  Z axis 

1.53 ± 0.06  45.6 ± 0.4  30.0 ± 4.9  Z axis 
HP Jet 

Fusion 3D 

4200 

HP 3D 

High 

Reusability 

PA12 

(Current) 

 

Then, the fatigue tests on the specimens adapted from the ASTM E606/E606M standard 

(Figure 95d) and  the SF  (Figure 95e), CYF (Figure 95f),  and CC  (Figure 95g)  lattice 

structure specimens were performed. The test procedure was similar to the one used for 

the fatigue tests of the SS316L samples and the setup used for testing the lattice structure 

is shown in Figure 105. All the MJF samples (ASTM, SF, CYF, and CC) and the SLS 

ASTM samples were tested at the 38 MPa, 36 MPa, 34 MPa, and 32 MPa stress levels 

(three specimens per  level), whereas  the SLS  lattice structures were  tested at  the 37.5 

MPa, 35 MPa, and 32.5 MPa stress levels (three specimens per level). The test frequency 

was 3 Hz, to avoid the heating of the polymeric material. 

a)   b)  

Figure 105. Fatigue test setup for a CC sample produced by SLS technology: a) front view of the 
specimen, b) side view of the specimen. 
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As for the stainless steel tests, the number of cycles to failure was used to estimate the 

Stress – Number of cycles curves (S – N curves) using the equation:  

log10 𝑁 =  𝑏0 +  𝑏1 ∙ log10 𝑆 

Table 26 and Table 27 shows the results of the fatigue tests, with the number of cycles to 

failure of the tested samples, of the MJF and SLS technology, respectively. 

Table 26. Fatigue tests results for the SLS ASTM E606 specimens and for the MJF ASTM E606, SF, CYF, 
and CC specimens. 

Sample 
Stress 

[MPa] 

Number of cycles to failure 

ASTM E606 

(SLS) 

ASTM E606 

(MJF) 
SF  CYF  CC 

1  38  1639  542  1828  1128  70403 

2  38  1349  763  1383  1506  856 

3  38  1416  875  1298  626  45051 

4  36  2826  1250  4986  1971  255880 

5  36  2244  699  9108  1626  4128 

6  36  2262  929  53613  659  4257 

7  34  3153  1839  67100  23014  181464 

8  34  4543  979  28560  615  225711 

9  34  2700  1425  21720
5  4619  99261 

10  32  8472  11119  4478  59603  450051 

11  32  4513  74579  87857  865  42275 

12  32  5691  88171  68741  146229  270746 
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Table 27. Fatigue tests results for the SLS SF, CYF, and CC specimens. 

Sample 
Stress 

[MPa] 

Number of cycles to 

failure 
  SF 

CYF  CC    Stress [MPa] 
Number of 

cycles to failure 

1  37.5  1666  36258    36.0  918 
2  37.5  911  69688    35.3  646 
3  37.5  5438  2836    33.6  8177 
4  35  45002  224915    33.6  23699 
5  35  1969  65878    33.5  2024 
6  35  2094  160308    31.5  49701 
7  32.5  156089  459355    31.3  61506 
8  32.5  177740  436536    31.2  83917 
9  32.5  150360  533086    28.8  404622 

 

Table 28 presents the 𝑏0 and 𝑏1 parameters, the standard deviation SD, and the correlation 

coefficient R2 of the interpolated S – N curves. 

Table 28. Fitting parameters for the S – N curves of the specimens produced by SLS and MJF 

Technology  Specimen type  𝑏0  𝑏1  SD  R2 

SLS 

ASTM E606  15.79  7.99  0.09  0.88 

SF  49.59  30.00  0.35  0.89 

CYF  51.58  30.77  0.53  0.74 

CC  39.48  22.32  0.43  0.69 

MJF 

ASTM E606  12.13  5.88  0.12  0.57 

(ASTM E606 

knee) 
85.49  53.73  0.34  0.85 

SF  32.57  18.41  0.60  0.47 

CYF  30.67  17.60  0.67  0.39 

CC  31.11  17.12  0.74  0.33 
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From Figure 106 to Figure 113 the interpolated S – N curves of the sample tested, together 

with the 10% and 90% limit curves at a 90% confidence level, are presented. 

 

Figure 106. S – N curve of the ASTM E606 samples manufactured by SLS. 

 

Figure 107. S – N curve of the SF lattice samples manufactured by SLS. 
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Figure 108. S – N curve of the CYF lattice samples manufactured by SLS. 

 

Figure 109. S – N curve of the CC lattice samples manufactured by SLS. 

30

32

34

36

38

40

1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7

St
re

ss
 [M

Pa
]

Number of cycles to failure, N

PA12_SLS_CYF_50

Samples

R = 0
f = 3 Hz

Confidence level: 10% to 90%
Probability: 90%

30

32

34

36

38

40

1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7

St
re

ss
 [M

Pa
]

Number of cycles to failure, N

PA12_SLS_CC_50
Samples

R = 0
f = 3 Hz

Confidence level: 10% to 90%
Probability: 90%



149 
 

 

Figure 110. S – N curve of the ASTM E606 samples manufactured by MJF. The confidence level lines are 
different in the two segments because the standard deviations and the statistical coefficient are different 

(two different sets of data were used for the statistical analysis). 

 

 

Figure 111. S – N curve of the SF lattice samples manufactured by MJF. 
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Figure 112. S – N curve of the CYF lattice samples manufactured by MJF. 

 

 

Figure 113. S – N curve of the CC lattice samples manufactured by MJF. 
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Figure 114 and Figure 115 show the comparison between the mean S – N lines, i.e., with 

50 % of probability of failure, of the different types of fatigue tested samples for SLS and 

MJF, respectively. 

 

Figure 114. Comparison between the fatigue tested sample types manufactured by SLS. The curves 
represent 50 % of probability of failure. 

 

Figure 115. Comparison between the fatigue tested sample types manufactured by MJF. The curves 
represent 50 % of probability of failure. 
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Similarly, Figure 116 and Figure 117 show the comparison between the S – N lines with 

10 % of probability of failure, of the different types of fatigue tested samples for SLS and 

MJF, respectively 

 

Figure 116. Comparison between the fatigue tested sample types manufactured by SLS. The curves 
represent 10 % of probability of failure. 

 

Figure 117. Comparison between the fatigue tested sample types manufactured by MJF. The curves 
represent 10 % of probability of failure. The confidence level lines are different in the two segments of the 

ASTM E606 samples because the standard deviations and the statistical coefficient are different (two 
different sets of data were used for the statistical analysis). 
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Observing the resulting curves, the MJF bulk samples, i.e., the MJF ASTM E606 types, 

are the only ones that present the knee of the Wöhler curve, approaching the fatigue limit 

at 32 MPa. Comparing the SLS and MJF ASTM E606 samples, the SLS ones perform 

slightly better than the MJF at high stress until 34 MPa, where the MJF curve presents 

the  knee  and  allows  for  better  fatigue  behavior  at  lower  stress.  More,  the  correlation 

coefficient R2 of the SLS bulk specimens, 0.88, is higher than the one of the MJF bulk 

specimens, 0.57 (for the section between 38 MPa and 34 MPa), showing a less dispersion 

of  the  tested  samples.  More  in  general,  all  the  interpolated  curves  of  the  parts 

manufactured  by  SLS  present  a  higher  R2  than  the  ones  manufactured  by  MJF.  The 

fracture surfaces of the tested samples were analyzed by the SEM and in Figure 118 some 

of the images taken to the SLS and MJF ASTM E606 samples are reported. The fracture 

of the SLS parts (Figure 118a and Figure 118b) presents a brittle crazing mechanism with 

large  dimple  areas,  in  accordance  with  the  findings  of  Salazar  et  al.  [295,297].  The 

fracture mechanism of the MJF parts (Figure 118c and Figure 118d) shows the initiation 

of the fracture at the contour of the sample, the crack propagation on the smooth region 

of the surface, and the final fracture happens on the rough central part of the surface, as 

described also by Sauer and Richardson [298]. Pores are noted in both the technologies, 

but to a higher extent in the SLS part. 
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a)   b)   

c)   d)   

Figure 118. SEM analyses on the fracture surfaces of the fatigue tested ASTM E606 samples: a), b): SLS, 
c), d) MJF. 

Moving on the fatigue curves of the lattice structures, some considerations stand out. At 

equal manufacturing technology, the slopes of the three lattices are similar but differ from 

the slope of the bulk material curve, which is higher in modulus; for the SLS parts, this 

implies a better behavior of the bulk material with respect to the SF and CYF lattices at 

higher stress, and a worse behavior at lower stress; the MJF SF and CYF lattices behave 

respectively  similarly  and better  than  the bulk parts  at  high  stresses  and worst  at  low 

stresses, due to the knee of the ASTM E606 curve. Both in the SLS and MJF technologies, 

the CC lattice performs better than all the other types of tested specimens. Another point 

to note is that the behavior of the SF and CYF lattices is inverted in the two technologies, 

with the CYF behaving better than SF in SLS, and, vice versa, the SF behaving better 

than CYF in MJF. SEM analyzed fracture surfaces of the lattices are presented in Figure 

119. The failure mechanisms reflect the ones found in the bulk specimens, with the brittle 

crazing mechanism in the SLS SF (Figure 119a) and CC lattices (Figure 119e), and the 

crack propagation before the failure for the MJF samples. 

2mm  500 µm 
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a)   b)     

c)   d)   

e)   f)   

Figure 119. SEM analyses on the fracture surfaces of the fatigue tested lattice types: a) SF SLS, b) SF 
MJF, c) CYF SLS, d) CYF MJF, e) CC SLS, f) CC MJF. 

Furthermore, a comparison can be made between the fatigue results of this campaign and 

the  results  obtained  from  fatigue  testing  the  samples  produced  by  SLM  in  SS316L 

material (Section 5.2.1). First, it is observed that the results of the SS316L tests are less 

dispersed. Then, as a common result, among the lattices, the structures obtained adopting 

the proposed mesh modeling method with the application of the CatmullClark algorithm 

present the best fatigue life behavior, failing on average at a higher number of cycles than 

the others. As previously said, this is due to the higher continuity of the surfaces and the 

2 mm 
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lower concentration of stress at  the nodal points. The bulk cylindrical samples behave 

differently:  in  the  SS316L  tests  performed  better  than  all  the  other  types  of  samples, 

whereas in the PA12 tests they did not stand out. One reason for the observed behavior 

could be the different sizes of the tested samples; the crosssectional area of each beam 

of  the  PA12  lattice  samples  measure  6.25  mm2,  whereas  for  the  SS316L  samples  the 

crosssectional area measures 1 mm2. The bigger dimensions of the PA12 samples could 

avoid premature failures due to internal porosities and defects. Nevertheless, this is just a 

conjecture and further dedicated tests need to be performed to detect the causes of the 

observed behavior. 

As  a  conclusion  for  this  section,  a  summary  of  the  information  acquired  from  the 

comparison of the SLS and MJF technologies is presented: 

•  The SEM analyses on the powders showed that the MJF powders are smoother 

than the SLS ones. The SLS powders also presented some cracks, a phenomenon 

that could be related to the solution–precipitation process in ethanol used during 

the production of the powders, or it can be caused by the evaporation during the 

printing process of the remaining ethanol of the production phases. 

•  The XRD analyses highlighted that the microstructure of both the powders and 

the printed parts of the two technologies are similar. The starting powders present 

both αphase and γphase, whereas the printed samples show mainly γphase and 

a small shoulder of αphase. 

•  The  TGADSC  analyses  on  the  powders  and  the  printed  samples  showed  a 

translation of the peak to lower temperatures together with the broadening of the 

peak itself. The crystallinity of the powders, 49.1 ± 0.5% for SLS and 48.3 ± 0.4% 

for MJF, decreased during the printing process to 24.5 ± 0.1% for SLS and 

31.5 ± 0.2% for MJF. 

•  The  Hepycnometry  measurements  showed  a  higher  total  porosity  in  the  SLS 

samples (7.95 ± 0.09%) with respect to the MJF ones (6.75 ± 0.18%). 

•  The roughness measurements (𝑅𝑎 parameter) resulted in similar values for the two 

technologies. More, both  the SLS and MJF  presented a  rougher  surface  at  the 

bottom face (15.0 ± 2.3 µm for SLS and 13.3 ± 1.0 µm for MJF) than the side face 

(10.8 ± 0.8 µm for SLS and 11.2 ± 1.2 µm for MJF)  and  the  top  face 
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(10.4 ± 1.6 µm for SLS and 8.7 ± 0.9 µm for MJF). This could be related to the 

fact that no postprocessing was performed and some partially unmelted powders 

remained stuck on the parts. 

•  The main differences highlighted by the static tensile tests were the slightly higher 

Young’s modulus  of  the  SLS  samples  (1.87 ± 0.04 GPa)  than  the  MJF  ones 

(1.53 ± 0.06 GPa) and the higher deformation at break of the MJF parts (30.0 ± 

4.9%) than the SLS ones (10.3 ± 1.9%),  three times on average. This,  together 

with a similar UTS, led to a higher toughness of the parts produced by the MJF 

technology. 

•  The SEM analyses on the fracture surface of the ISO 527 specimens revealed a 

brittle fracture mechanism for the SLS specimens, whereas a ductile fracture for 

the MJF ones. SEM analyses on fatiguetested cylindrical specimens highlighted 

a brittle crazing mechanism for the SLS samples, whereas in the MJF parts the 

crack initiated on the contour and slowly grew until the failure. The analyses on 

the fatiguetested lattice structures confirmed the mechanism observed on the bulk 

specimens. 

•  Focusing on the geometric modeling methods, the CC structures showed the best 

behavior among the lattice samples due to the Catmull–Clark subdivision surface 

algorithm, which results  in smoother surfaces with  respect  to standard filleting 

operations  in  the  CAD  software  and  leads  to  a  lower  stress  concentration  and 

better fatigue life. 

Reasoning  about  which  one  of  the  two  technologies  could  be  the  most  suitable  when 

deciding the manufacturing technology to adopt, some considerations need to be made. 

The mechanical characterization showed that the parts produced by the SLS technology 

are stiffer than the ones produced by the MJF technology; The MJF parts, instead, are 

tougher  and  allow  for  a  higher  deformation  before  failure.  Depending  on  the  specific 

application,  the  SLS  technology  could  be  preferred  for  components  with  structural 

purposes, whereas MJF could be exploited in situations in which a high energy absorption 

is  required  before  the  failure  of  the  structure.  Furthermore,  HP  declares  that  the  MJF 

technology is up to ten times faster if compared to similar technologies such as the SLS 

technique  [299],  enabling  higher  production  volumes.  Finally,  the  cost  of  an  MJF 

machine is located in the hundreds of thousands of dollars range, whereas it is possible to 
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find SLS systems starting from an order of magnitude lower, i.e., tens of thousands of 

dollars  [6];  cheaper  SLS  systems  will  have  smaller  build  volumes,  requiring  a 

compromise between costs and production volumes. 
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6  Conclusions 
AM brought a revolution with its new approach of producing objects in a layerbylayer 

fashion, adding material instead of removing it. The freedom of manufacturing complex 

parts with shapes, functions, and combinations of materials that were impossible to create 

with the standard technologies requires suitable design and modeling tools able to handle 

these new paradigms allowing to exploit the new manufacturing possibilities. However, 

the literature highlighted that  the most diffused CAD software are inappropriate to the 

purpose because they were developed and meant to describe components manufactured 

with traditional technologies. More in general, the lack of tools for modeling AMoriented 

objects was noted. 

So,  the present research project aimed to overcome these limitations and develop new 

geometric  modeling  methods  suitable  for  designing  parts  that  fully  exploit  the 

possibilities offered by AM. 

For reaching the research aim, different topics were addressed; the main focus of the work 

was  the  development  of  modeling  and  optimization  approaches  for  lattice  structures. 

Starting  from  the creation of  the  lattice wireframe,  four methods based on  commands 

available  in  commercial  software,  adhoc  written  code  procedures,  and  a  freeform 

deformation method based on trivariate NURBS were proposed to obtain wireframes that 

conform  to  the  boundary  of  the  design  volume.  The  results  show  that  the  developed 

methods outperform the results obtainable from the commercial software, allowing for a 

more regular shape of the single cells inside the lattice and higher ease in conforming to 

the design volume. Then, two optimization workflows were implemented. The first deals 

with the size optimization of the beams of the lattice structure, and iteratively cycles until 

the size of each beam of the structure is optimized, i.e., the utilization of the beams reaches 

a target value; manufacturing constraints are introduced to avoid elements  that are too 

small and impossible to produce or elements that are too big with respect to the size of 

the  cell.  The  second  workflow  performs  a  multiobjective  optimization  on  lattice 

structures allowing to obtain compromise solutions when trying to optimize conflicting 

objectives;  the  optimization  phase  adopts  a  genetic  algorithm  based  on  the  selection, 

crossover, and mutation operations. The utilization of the beams acts as an optimization 

constraint and the upper and lower size limits of the beams are introduced in the control 
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of  the  optimization  drivers.  Adopting  these  optimization  approaches  allows  obtaining 

lightweight  structures  that,  at  the  same  time,  can  bear  the  acting  loads  and  boundary 

conditions safely, presenting optimized properties.  

After that, two methods for the geometric modeling of lattice structures were proposed. 

Both the methods are based on a BRep mesh approach and, at first, they produce a coarse 

mesh  composed  of  quadrangular  faces  and  characterized  by  sharp  edges;  then,  the 

CatmullClark subdivision surface algorithm is applied and a refined mesh is obtained 

without the need for further manual filleting operations. In particular, the first approach 

is meant  to model conformal  lattice  structures given  the conformal wireframe and  the 

information about the optimized diameter of the beams; it creates the vertexes of the mesh 

by  intersecting  cylinders  modeled  around  the  nodal  points  and  then  connecting  the 

corresponding  vertexes.  The  second  method  allows  introducing  shell  elements  in  the 

lattice structures by selectively closing faces around the beams or creating an external 

skin isolating the lattice from the outside; the opening or closing of every single face is 

independent from the other and can be controlled separately. The implemented methods 

can produce mesh models of complex lattice structures in a reliable way and bring several 

advantages. Conformal  lattices avoid  the  truncation of  the cells at  the boundaries  thus 

increasing the stiffness of the part; internal walls can create optimized ducts and paths for 

fluids  circulation  and  heat  exchanging  and  can  locally  modify  the  stiffness  of  the 

component;  external  skins  can isolate the lattice structure from the “external word” 

avoiding the wear of the lattice or the leakage of fluids. More, the adoption of the Catmull

Clark  algorithm  enables  dealing  with  coarse  meshes,  avoiding  the  need  for  high 

computational  resources,  that  become  then  smooth  without  the  need  for  further 

operations.  

The presented methods were  then  included  in a wider optimization workflow for AM 

(Figure 54), conceived for describing the steps related to the embodiment design phase 

of a component produced by AM technologies. The optimization workflow has a design 

volume as a starting point and includes two main paths, one dealing with the design and 

modeling  of  sizeoptimized  conformal  lattice  structures  that  fill  the  volume,  and  one 

dealing with the topology optimization of the design volume, with the consecutive manual 

remodeling  of  the  topology  optimized  shape.  Then,  the  workflow  includes  the  final 

mechanical  validation  through  FE  analyses,  the  process  planning,  and  the  process 
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simulation  through  CAE  software.  The  proposed  workflow  addressed  the  needs 

highlighted in the literature that noted the lack of workflows for the DfAM incorporating 

CAD  software  and  CAE  tools  and  comprehensive  methods  exploiting  multiple  AM 

advantages.  

Two test cases were used for evaluating the proposed methods. The remodeling of a piston 

rod  was  performed  by  applying  the  entire  optimization  workflow;  the  topology 

optimization path was followed by using commercial CAD and CAE software, whereas 

in  the  sizeoptimization  path  the  previously  described  methods  for  the  design, 

optimization, and modeling of conformal lattice structures were adopted; the topology 

and sizeoptimized solutions were then mechanically validated and the process planning 

was performed, highlighting the benefits and limitations of choosing one solution with 

respect to the other; both the solutions presented a significant mass reduction with respect 

to  the  starting  design  volume.  Then,  an  aerospace  propellant  tank  for  small  satellites 

redesigned with the introduction of an internal conformal lattice structure was optimized 

following  the  proposed  multiobjective  optimization  workflow.  The  optimization 

objectives were the minimization of the mass and the maximization of the first natural 

frequency;  the  optimization  drivers  were  the  thickness  of  the  shell  of  the  tank,  the 

diameters of the beams of the lattice, and the configuration of the lattice itself, since it 

was possible to model structures with a high number of small cells or, vice versa, a low 

number of big cells. As a constraint, the solutions that exceeded the maximum allowed 

utilization  of  the  beams  and  the  shells  were  penalized.  The  results  contained  a  set  of 

optimal solutions, and it was shown that at equal first natural frequencies, the optimized 

configuration with the internal lattice structure allowed for about 30 % of mass reduction 

if compared to the optimized solution without the lattice structure. 

The  mesh  modeling  method  based  on  the  CatmullClark  algorithm  was  numerically 

validated. The geometrical deviation of the Schwartz PSurface and the gyroid TPMSs 

modeled with the subdivision method from a reference mesh directly obtained from the 

implicit equations that describe the two TPMSs was evaluated. The results showed that 

adopting  the  subdivided  meshes  leads  to  a  geometrical  deviation  from  the  reference 

meshes of a maximum of 1.3 %, which  is  acceptable  if considering  that  the proposed 

modeling approach results in meshes with an extremely lower number of vertexes and 

faces, allowing for faster computations when working with lattice structure with a high 
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number of unit cells. An elementary portion of the simple cubic unit cell obtained by the 

mesh subdivision method underwent a curvature analysis,  and  it was compared  to  the 

curvature of the cells obtained in commercial CAD software where fileting operations are 

manually performed at the sharp edges using the available command. The results of the 

analysis  showed  that  the  subdivided  cell  has  a  surface  with  a  C2  level  continuity 

(curvature continuity) whereas the cells obtained by the CAD modeling have a surface 

with a C1 level continuity (tangency continuity). The higher continuity of the subdivided 

mesh also  reflects on  the stress distribution at  the nodal point of  the  lattice structures; 

indeed, the subdivided mesh presented a lower stress concentration factor than the other 

analyzed  cells,  where  the  factor  depends  on  the  filleting  radius  and  remains  higher 

regardless the filleting radius value. 

Finally, experimental campaigns were executed to validate the mesh modeling method 

and assess the fatigue life behavior of lattice structures adopting the subdivided unit cell. 

The lattices with the subdivided cell were compared to lattices obtained by modeling the 

unit cells with commercial CAD software and with bulk specimens. The samples were 

produced in SS316L material by SLM technology and in PA12 material by SLS and MJF 

technologies.  The  results  of  the  experimental  tests  showed  that  at  equal  material,  the 

lattice structures modeled with the proposed method have a better fatigue behavior than 

the others, failing at a higher number of cycles. More, the PA12 lattices manufactured by 

both the SLS and MJF technology behave better than cylindrical bulk specimens, whereas 

the SS316L lattices performed worse than the cylindrical samples; this could be explained 

by  the  smaller  size  of  the  metallic  samples,  closer  to  the  manufacturing  limits,  and 

probably  more  prone  to  failure  due  to  internal  defects.  The  experimental  campaign 

performed on the SLS and MJF technologies, allowed for an indepth comparison of the 

two technologies, both belonging to the powder bed fusion category of the AM processes, 

but with a different way of sintering the parts.  

Summing  up,  the  research  project  allowed  for  the  implementation  of  methods  for  the 

modeling and optimization of  lattice structures,  leading  to an advancement  in  the AM 

field, and overcoming some of the limitations that emerged from the literature. Thanks to 

the broad versatility of AM,  the outcomes of  the  research  can be adopted  in different 

fields.  Lattice  structures  can  be  used  in  the  automotive  field  both  for  lightweight 

applications  and  for  energy  absorption,  reducing  fuel  consumption  and  increasing  the 
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performance  and  the  safety  of  the  vehicles;  in  the  aerospace  field  too,  lightweight 

components are required; also, applications can be found in compliant structures, sports 

apparel, i.e., shoe soles, and equipment, i.e., bike saddles. More, lattices with optimized 

internal  ducts  can  be  employed  for  highperformance  heat  exchangers,  microfluidic 

applications, and biomedical scaffolds. 

Improvements  to  the works are  still needed. As  future works,  the enhancement of  the 

proposed methods and further validations are planned. Even though the implementation 

of  different  unit  cells  during  the  generation  of  the  conformal  wireframe  and  the  size 

optimization  is straightforward,  issues are still present when moving on  the geometric 

modeling of the final mesh, especially at nodal points where a different number of beams 

can meet and different interfaces are needed. Similarly, the implementation of the internal 

wall at the moment works with faces enclosed by four beams and further adaptations to 

different wall shapes are planned. Another issue that will be addressed is the difficulty in 

simulating lattice structures due to the high number of elements needed to discretize the 

geometry;  dedicated  homogenization  or  volumetric  approaches  will  be  considered  as 

possible solutions. 
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Appendix A – Internal walls implementation code 
In this appendix, a part of the code that implements the modeling of the internal walls 

inside a lattice structure is presented. As highlighted in Section 3.3.2, for clarity’s sake, 

the modeling phases of the beams and the walls were described separately, but the code 

performs them simultaneously, reducing the computational time and the physical memory 

required to store the information about the mesh model. 

The  code  is  written  in  IronPython,  an  implementation  of  the  Python  programming 

language,  inside  the  Grasshopper  environment  for  Rhinoceros  7  CAD  3D  software 

(Robert McNeel & Associates). The RhinoCommon API libraries were used to directly 

control the geometries from the code. 

 
 
import rhinoscriptsyntax as rs 
import Rhino as rc 
import Rhino.Geometry as rg 

… 

def latt_skin(nx, ny, nz, faces_nodes_sc, faces_nodes): 
    ############################ PARTE CON SKIN ######################## 
    mesh_latt=rg.Mesh() 
    cv=0 
    for k in range(nz): 
        for j in range(ny): 
            for i in range(nx): 
                if k<nz-1 and j<ny-1 and i<nx-1: 
                    #beam lungo x 
                    cv_skin=0 
                    #preparo i vertici 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][6]) #0 #n6 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][7]) #1 #n7 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][7][4]) #2 #n4 y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][7][5]) #3 #n5 y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j+1][i][7][0]) #4 #n0 
y+1, z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j+1][i][7][1]) #5 #n1 
y+1, z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][7][3]) #6 #n2 z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][7][2]) #7 #n3 z+1 
                    #creo le facce dei beams lungo x 
                    if faces_nodes[k][j][i][8][3]==0 or k==0 or i==0: 
                        mesh_latt.Faces.AddFace(cv+0,cv+1,cv+2,cv+3) 
                    else: 
                        #faccia della skin sulla cella (faccia 3) XZ 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][3][3]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][3][2]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][3][1]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][3][0]) 
                        mesh_latt.Faces.AddFace(cv+8,cv+9,cv+10,cv+11) 
                        #faccia della skin su cella successiva y+1 (faccia 1) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][1][3]) 
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                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][1][2]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][1][1]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][1][0]) 
                        mesh_latt.Faces.AddFace(cv+12,cv+13,cv+14,cv+15) 
                        cv_skin=cv_skin+8 
                     
                    if faces_nodes[k][j+1][i][8][5]==0 or i==0 or j==ny-2:  
                        mesh_latt.Faces.AddFace(cv+3,cv+2,cv+4,cv+5) 
                     
                    if faces_nodes[k+1][j][i][8][3]==0 or i==0 or k==nz-2:  
                        mesh_latt.Faces.AddFace(cv+5,cv+4,cv+6,cv+7) 
                     
                    if faces_nodes[k][j][i][8][5]==0 or j==0 or i==0: 
                        mesh_latt.Faces.AddFace(cv+7,cv+6,cv+1,cv+0) 
                     
                    cv=cv+8+cv_skin 
                     
                    #beam lungo y 
                    cv_skin=0 
                    #preparo i vertici 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][6]) #0 #n6 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][5]) #1 #n5 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][7][1]) #2 #n1 z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][7][2]) #3 #n2 z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i+1][7][0]) #4 #n0 
x+1, z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i+1][7][3]) #5 #n3 
x+1, z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][7][4]) #6 #n4 x+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][7][7]) #7 #n7 x+1 
                     
                    #creo le facce dei beams lungo y o delle pelli della faccia piano 
XY 
                    if faces_nodes[k][j][i][8][5]==0 or j==0 or i==0: 
                        mesh_latt.Faces.AddFace(cv+0,cv+1,cv+2,cv+3) 
                    else:  
                        #faccia della skin sulla cella (faccia 5) XY 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][5][3]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][5][2]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][5][1]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][5][0]) 
                        mesh_latt.Faces.AddFace(cv+8,cv+9,cv+10,cv+11) 
                        #faccia della skin su cella successiva z+1 (faccia 4) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][4][3]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][4][2]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][4][1]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][4][0]) 
                        mesh_latt.Faces.AddFace(cv+12,cv+13,cv+14,cv+15) 
                        cv_skin=cv_skin+8 
                     
                     
                    if faces_nodes[k][j][i+1][8][5]==0 or j==0 or i==nx-2: 
                        mesh_latt.Faces.AddFace(cv+5,cv+4,cv+6,cv+7) 
                     
                    if faces_nodes[k+1][j][i][8][2]==0 or j==0 or k==nz-2: 
                        mesh_latt.Faces.AddFace(cv+3,cv+2,cv+4,cv+5) 
                     
                    if faces_nodes[k][j][i][8][2]==0 or j==0 or k==0: 
                        #faccia del beam 
                        mesh_latt.Faces.AddFace(cv+7,cv+6,cv+1,cv+0) 
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                    cv=cv+8+cv_skin 
                     
                    #beam lungo z 
                    cv_skin=0 
                    #preparo i vertici 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][6]) #0 #n6 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][2]) #1 #n2 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][7][3]) #2 #n3 x+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][7][7]) #3 #n7 x+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i+1][7][0]) #4 #n0 
x+1, y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i+1][7][4]) #5 #n4 
x+1, y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][7][1]) #6 #n1 y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][7][5]) #7 #n5 y+1 
                     
                    #creo le facce dei beams lungo z 
                    if faces_nodes[k][j][i][8][2]==0 or k==0 or j==0: 
                        mesh_latt.Faces.AddFace(cv+0,cv+1,cv+2,cv+3) 
                    else: 
                        #faccia della skin sulla cella (faccia 2) ZY 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][2][3]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][2][2]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][2][1]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][2][0]) 
                        mesh_latt.Faces.AddFace(cv+8,cv+9,cv+10,cv+11) 
                        #faccia della skin su cella successiva x+1 (faccia 0) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][0][3]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][0][2]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][0][1]) 
                        mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][0][0]) 
                        mesh_latt.Faces.AddFace(cv+12,cv+13,cv+14,cv+15) 
                        cv_skin=cv_skin+8 
                     
                    if faces_nodes[k][j][i+1][8][3]==0 or k==0 or i==nx-2: 
                        mesh_latt.Faces.AddFace(cv+3,cv+2,cv+4,cv+5) 
                     
                    if faces_nodes[k][j+1][i][8][2]==0 or k==0 or j==ny-2: 
                        mesh_latt.Faces.AddFace(cv+5,cv+4,cv+6,cv+7) 
                     
                    if faces_nodes[k][j][i][8][3]==0 or i==0 or k==0: 
                        mesh_latt.Faces.AddFace(cv+7,cv+6,cv+1,cv+0) 
                     
                    cv=cv+8+cv_skin 
                     
                elif k<nz-1 and j<ny-1 and i==nx-1: 
                    #beam lungo x 
                    #preparo i vertici 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][6]) #0 #n6 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][7]) #1 #n7 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][7][4]) #2 #n4 y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][7][5]) #3 #n5 y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j+1][i][7][0]) #4 #n0 
y+1, z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j+1][i][7][1]) #5 #n1 
y+1, z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][7][3]) #6 #n3 z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][7][2]) #7 #n2 z+1 
                    #creo le facce dei beams lungo x 
                    mesh_latt.Faces.AddFace(cv+0,cv+1,cv+2,cv+3) 
                    mesh_latt.Faces.AddFace(cv+3,cv+2,cv+4,cv+5) 
                    mesh_latt.Faces.AddFace(cv+5,cv+4,cv+6,cv+7) 
                    mesh_latt.Faces.AddFace(cv+7,cv+6,cv+1,cv+0) 
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                    cv=cv+8 
                 
                elif k<nz-1 and j==ny-1 and i<nx-1: 
                    #beam lungo y 
                    #preparo i vertici 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][6]) #0 #n6 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][5]) #1 #n5 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][7][1]) #2 #n1 z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i][7][2]) #3 #n2 z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i+1][7][0]) #4 #n0 
x+1, z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k+1][j][i+1][7][3]) #5 #n3 
x+1, z+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][7][4]) #6 #n4 x+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][7][7]) #7 #n7 x+1 
                    #creo le facce dei beams lungo y 
                    mesh_latt.Faces.AddFace(cv+0,cv+1,cv+2,cv+3) 
                    mesh_latt.Faces.AddFace(cv+3,cv+2,cv+4,cv+5) 
                    mesh_latt.Faces.AddFace(cv+5,cv+4,cv+6,cv+7) 
                    mesh_latt.Faces.AddFace(cv+7,cv+6,cv+1,cv+0) 
                    cv=cv+8 
                 
                elif k==nz-1 and j<ny-1 and i<nx-1: 
                    #beam lungo z 
                    #preparo i vertici 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][6]) #0 #n6 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i][7][2]) #1 #n2 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][7][3]) #2 #n3 x+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j][i+1][7][7]) #3 #n7 x+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i+1][7][0]) #4 #n0 
x+1, y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i+1][7][4]) #5 #n4 
x+1, y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][7][1]) #6 #n1 y+1 
                    mesh_latt.Vertices.Add(faces_nodes_sc[k][j+1][i][7][5]) #7 #n5 y+1 
                    #creo le facce dei beams lungo z 
                    mesh_latt.Faces.AddFace(cv+0,cv+1,cv+2,cv+3) 
                    mesh_latt.Faces.AddFace(cv+3,cv+2,cv+4,cv+5) 
                    mesh_latt.Faces.AddFace(cv+5,cv+4,cv+6,cv+7) 
                    mesh_latt.Faces.AddFace(cv+7,cv+6,cv+1,cv+0) 
                    cv=cv+8 
                 
                 
     
    mesh_latt.Normals.ComputeNormals() 
     
    mesh_latt.Compact() 
     
    return mesh_latt   



188 
 

Appendix B – Materials data sheets 
In the following pages, the datasheets of the powders used for manufacturing the tested 

samples are reported. In particular, the materials are: 

•  Stainless Steel 316L “SS 316L0407” produced by Renishaw plc. 

•  Polyamide 12 “PA2200 Performance 1.0” produced by EOS GmBH. 

•  Polyamide 12 “HP 3D High Reusability PA 12” produced by HP Inc. 
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Abstract. Thanks to the great diffusion of additive manufacturing technolo-
gies, the interest in lattice structures is growing. Among them, minimal surfaces
are characterized by zero mean curvature, allowing enhanced properties such as
mechanical response and fluidynamic behavior. Recent works showed a method
for geometric modeling triply periodic minimal surfaces (TPMS) based on sub-
division surface. In this paper, the deviation between the subdivided TPMS and
the implicit defined ones is investigated together with mechanical properties com-
puted by numerical methods. As a result, a model of mechanical properties as a
function of the TPMS thickness and relative density is proposed.

Keywords: Lattice structures · Additive manufacturing · Triply periodic
minimal surfaces · Design for additive manufacturing

1 Introduction

The spreading of additivemanufacturing (AM) technologiesmakes it possible to produce
parts with unprecedented complexity, such as biomimicry products, organic shapes and
lightweight components. Nevertheless, anisotropic materials, surface finish, costs and
security are just some of the open issues [1]. Among the lightweight structures, cellular
solids or lattice structures are characterizedby superior properties: theyhavehigh specific
stiffness and strength, and they are good heat exchangers, energy absorbers and acoustic
insulators [2, 3, 4]. Lattice structures, indeed, can find application from microscale
to macroscale, from tissue engineering [5], to construction [6]. Minimal surfaces are
a kind of lattice structures defined as surfaces with zero mean curvature or surfaces
that minimize the surface area for given boundary conditions [7]. Minimal surfaces
repeating themselves in three dimensions are called triply periodic minimal surfaces
(TPMS) [8]. These surfaces have received huge attention in the research community due
to their intrinsic properties [9], especially in the biomedical field, where it is mandatory
to use porous scaffolds designed to allow fluid exchange and tissue regrowth [10, 11].
Furthermore, due to their curvature continuity, the stress concentration at nodal points
is eliminated and fatigue life is improved compared to beam-like lattice structures [12].

© The Author(s) 2021
L. Roucoules et al. (Eds.): JCM 2020, LNME, pp. 249–254, 2021.
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TPMS can bemodeled adopting different methods: boundary representation (BRep),
volume representation (VRep) and constructive solid geometry (CSG) [2, 13]. As
emerged in recent studies, current mesh or parametric models are not ideal for modeling
lattice structures, due to the significant computational resources required, processing
times, robustness, rendering and visualization issues [14, 15]. To overcome these limita-
tions, a novel method for geometric modeling variable thickness triply periodic surfaces
based on a subdivision surface algorithm has been recently proposed [13]. Nevertheless,
the geometrical accuracy of the modeling method and the mechanical characterization
of the thickened structure still need to be investigated.

As an extension of the aforementioned work, in this study, the geometrical deviation
of the subdivided TPMS P-Surface from the implicit defined one is investigated, then the
mechanical properties of the unit cell are computed byfinite element analyses.As a result,
a model of mechanical properties as a function of the cell relative density is proposed
and compared to the ones available in literature. The findings show the accuracy of the
proposed modeling method; more, the numerical model allows to relate the thickness
of the part to the mechanical properties by simulating a single cell inside the lattice
structure, saving computational time, and giving directions for tailored applications with
lattices that present variable properties in the design volume. Furthermore, knowing the
properties of a single cell is a key feature when integrating topology optimization in
the design workflow and also for applying the homogenization method [16] during the
mechanical characterization of lattice structures.

2 Methods

A 1 mm unit cell of P-Surface type was modeled as described in [13]. A coarse mesh
was used to model the unit cell of a P-surface; the Catmull-Clark subdivision surface
algorithm was then adopted to achieve a smooth geometric model; finally, a thickness is
assigned adopting a differential offset algorithm.

The deviation of the subdivided mesh at the third iteration of the Catmull-Clark sub-
division scheme from the reference minimal surface was then computed in Rhinoceros
6 by “Mesh-Mesh Deviation” tool from “Rhino Open Projects” [17, 18]. The reference
minimal surface was built in Netfabb introducing the minimal surface implicit equation
in the mathematical part library (accuracy at 0.05 mm).

The finite element analysis software ANSYS R18.1 was then used to obtain the
mechanical properties of the TPMS cells: Young’s modulus (E), Poisson’s ratio (ν), and
Shear modulus (G). The used material was a titanium alloy, Ti6Al4V ELI (Grade 23),
with the following bulk properties: E0= 113800MPa, ν0= 0.342,G0= 42400MPa [19].
The stl file of the cell after three iterations of the subdivision algorithm was imported
in the software and a second order tetrahedral elements mesh was used. Then, a set of
constraints was imposed to the single cell. Even if a single cell is studied, the boundary
conditions have been imposed in order to simulate an entire lattice structure, so the
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cell must deform accordingly. As Fig. 1 shows, for E and ν determination, a 0.05 mm
displacement along Y axis is imposed to the upper face, while X and Z directions are
free; the bottom face is fixed along Y axis (i.e., a 0 mm displacement is imposed), and
X and Z direction displacements are free. Remote points are used to control the degrees
of freedom of the cell faces; this technique allows to relate a point (the remote point) to
a node, a face, or to the entire body, and to control the behavior of the connected part
by directly imposing loads and/or constraints to the remote point. A remote point with a
deformable behavior, i.e. the geometry is free to deform, is assigned to the bottom face;
remote points are also connected to the lateral faces of the unit cell, along the normal
direction of each face, with a coupled behavior. To take into account the presence of
the adjacent cells, coupling equations are assigned to the nodes of opposite faces [16],
so each node of a face moves with the same displacement of the opposite node. To
obtain E and ν, the reaction force of the bottom face and the contraction of lateral faces
are evaluated. Similarly, another set is imposed to the P-Surface cell to determine G. A
displacement along the X direction is imposed to the upper face, and reaction force of the
bottom face are used to calculate G; the remote displacement and coupling equations of
opposite faces are also assigned to ensure a displacement compatible with adjacent cells.
The simulations were run four times, targeting four different thickness of the P-Surface
cell, 0.1 mm, 0.2 mm, 0.3 mm and 0.4 mm, corresponding to a relative density of 0.23,
0.45, 0.64, 0.80, respectively.

Fig. 1. Set of constraints for E and v determination.

3 Results

Figure 2 shows the deviation map between the subdivided and the implicit minimal
surface on a 1 mm unit cell. Subdivided minimal surfaces slightly differ from the ones
defined by implicit equations, less than 1.3% of the cell dimension.



252 S. Rosso et al.

Fig. 2. Deviation map between subdivided and implicit minimal surfaces on a 1 mm P-surface
unit cella. Max range: ±0.0127 mm.

Figure 3 shows the results for the elastic modulus E. The ratio between the obtained
modulus E and the modulus of the bulk material E0 is plotted against relative density
(ρ). A power law well fits the results (Standard Deviation = 0.0146). The experimental
data are also described by a quadratic equation so, as a first approximation, the model
can be simplified (Standard Deviation = 0.0301).

In the same graph, a comparison with the results by Bobbert et al. [9] and Lee et al.
[20] is presented. Lee’s results are close to the ones obtained in this study; the trend
found by Bobbert et al., instead, slightly differs but their results were experimentally
obtained from compression tests, while the ones of the present study refer to numerical
analyses of tensile tests. The proposed numerical model also extends in a wider relative
density range, 0.2–0.8, if compared to Bobbert’s, 0.3–0.5, and Lee’s, 0.02–0.3. Graphs
in Fig. 4 show the results for the determination of ν and G.

Fig. 3. Elastic modulus simulation results for P-Surface cell, and comparison with the literature.

Fig. 4. Poisson’s ratio (left) and shear modulus (right) simulation results for P-Surface cell. The
figure in the shear plot highlights the effects of the deformable and coupled conditions.
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4 Conclusions

In this work, a TPMS P-Surface modeled with a subdivision surface method was geo-
metrically and mechanically characterized, and a model of the mechanical properties
as a function of the relative density was obtained. The numerical method that was used
only requires a single unit cell resulting in accurate solutions, and reducing computa-
tional time, since computational time and cost increase cubically as the number of cells
increases.

The results show that Young’s and shear modulus increase with relative density. The
results for Young’s modulus, if compared with data available in the literature, present a
good agreement and extend for a wider relative density range.

Mechanical characterization of subdivided TPMS opens new possibilities for the
implementation of the topology optimization in the modeling workflow of lattices
with variable properties and allows to simulate this type of structures using the
homogenization method, reducing time and computational costs.

Acknowledgments. Thisworkwas partially funded byFondazioneCassaDiRisparmio di Padova
e Rovigo (CARIPARO) and grant “BIRD 190850” by Department of Civil, Environmental and
Architectural Engineering, University of Padova.
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Abstract: Additive Manufacturing (AM) brought a revolution in parts design and production. It
enables the possibility to obtain objects with complex geometries and to exploit structural optimiza-
tion algorithms. Nevertheless, AM is far from being a mature technology and advances are still
needed from different perspectives. Among these, the literature highlights the need of improving the
frameworks that describe the design process and taking full advantage of the possibilities offered by
AM. This work aims to propose a workflow for AM guiding the designer during the embodiment
design phase, from the engineering requirements to the production of the final part. The main aspects
are the optimization of the dimensions and the topology of the parts, to take into consideration
functional and manufacturing requirements, and to validate the geometric model by computer-aided
engineering software. Moreover, a case study dealing with the redesign of a piston rod is presented,
in which the proposed workflow is adopted. Results show the effectiveness of the workflow when
applied to cases in which structural optimization could bring an advantage in the design of a part
and the pros and cons of the choices made during the design phases were highlighted.

Keywords: DfAM; design for additive manufacturing; size optimization; topology optimization;
design workflow; computational geometry; geometric modeling

1. Introduction

From the works of the early pioneers, additive manufacturing (AM) technologies were
characterized by great growth in the last 35 years [1]. According to ISO/ASTM standards
“AM is the general term for those technologies that, based on a geometrical representation,
create physical objects by successive addition of material” [2]. Depending on the method
of layer manufacturing, it is possible to organize the AM technologies in the following
categories: vat photopolymerization, material jetting, binder jetting, powder bed fusion,
material extrusion, directed energy deposition, and sheet lamination [2].

This technology brings new opportunities especially in design freedom, allowing very
complex shapes, integrating cinematics and multi-material parts, reducing the number of
components through part consolidation, and increasing mass customization. On the other
hand, to fully exploit the AM technologies’ potential, many needs in different sub-fields
were highlighted [1,3–8], as summarized in Figure 1. For example, a highly skilled work-
force is required, file formats for exchanging the data related to the AM workflow need
enhancements [8,9], and design methods and tools for complex structures, multi-material
parts, and functionally graded materials need to be improved [10,11]. The concerns over
the structural integrity of these complex parts require static and dynamic mechanical char-
acterization [12,13]; also, experimental tests help to mechanically characterize the materials,
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and the obtained information is used in numerical simulations to predict the different
mechanical behavior between the products obtained through additive manufacturing and
the ones obtained by traditional techniques of material subtraction [14,15]. More, dedicated
qualification standards for AM are needed to guarantee an adequate quality of the printed
parts [16,17] and their representation in 2D drawings [18].

Appl. Sci. 2021, 11, x FOR PEER REVIEW 2 of 14 
 

skilled workforce is required, file formats for exchanging the data related to the AM work-
flow need enhancements [8,9], and design methods and tools for complex structures, 
multi-material parts, and functionally graded materials need to be improved [10,11]. The 
concerns over the structural integrity of these complex parts require static and dynamic 
mechanical characterization [12,13]; also, experimental tests help to mechanically charac-
terize the materials, and the obtained information is used in numerical simulations to pre-
dict the different mechanical behavior between the products obtained through additive 
manufacturing and the ones obtained by traditional techniques of material subtraction 
[14,15]. More, dedicated qualification standards for AM are needed to guarantee an ade-
quate quality of the printed parts [16,17] and their representation in 2D drawings [18]. 

 
Figure 1. Additive Manufacturing needs. 

In a recent work, The Economist claims that the value of AM products will no longer 
be in the physical item, but in its design [19]. These reflections lead to a reconsideration of 
the design approaches for AM. According to Ullman [20], the design process can be di-
vided into six major phases: product discovery, project planning, product definition, con-
ceptual design, product development, and product support. During the conceptual design 
phase, several concepts are generated and evaluated; however, the knowledge of the con-
cepts is limited and the goal in this phase is to select the best alternatives with the least 
expenditure of time and other resources. In the product development phase, instead, once 
the product is generated, it is fundamental to compare its performance to the engineering 
specifications. This is done both with virtual simulations and physical prototypes, often 
resulting in a time-consuming iterative process due to part modifications and redesigns. 
A different approach that exploits the higher computational capabilities available nowa-
days is the computational design synthesis [21], where the tasks needed to obtain a solu-
tion are divided into four main steps: “representation” deals with the creation of a mental 
model of the object, “generation” deals with the object creation, “evaluation” verifies if 
the constraints and design goals are met, and “guidance” gives a feedback for the design 
improvements [22]. The last three phases are iteratively repeated until a final design is 
obtained. In design synthesis, optimization is performed in the representation and gener-
ation phases, where the design has not a specific topology yet. Usually, stochastic methods 
are applied to obtain different designs that satisfy the requirements [23]. 

Furthermore, when designing parts that are going to be produced by AM technolo-
gies, several thoughts must be considered to “maximize product performance through the 
synthesis of shapes, sizes, hierarchical structures, and material compositions, subject to 
the capabilities of AM technologies” [24]. All these considerations can be grouped within 
the Design for Additive Manufacturing (DfAM) concept. Gibson et al. [24] distinguished 

Figure 1. Additive Manufacturing needs.

In a recent work, The Economist claims that the value of AM products will no longer
be in the physical item, but in its design [19]. These reflections lead to a reconsideration
of the design approaches for AM. According to Ullman [20], the design process can be
divided into six major phases: product discovery, project planning, product definition,
conceptual design, product development, and product support. During the conceptual
design phase, several concepts are generated and evaluated; however, the knowledge of
the concepts is limited and the goal in this phase is to select the best alternatives with
the least expenditure of time and other resources. In the product development phase,
instead, once the product is generated, it is fundamental to compare its performance to
the engineering specifications. This is done both with virtual simulations and physical
prototypes, often resulting in a time-consuming iterative process due to part modifications
and redesigns. A different approach that exploits the higher computational capabilities
available nowadays is the computational design synthesis [21], where the tasks needed to
obtain a solution are divided into four main steps: “representation” deals with the creation
of a mental model of the object, “generation” deals with the object creation, “evaluation”
verifies if the constraints and design goals are met, and “guidance” gives a feedback for
the design improvements [22]. The last three phases are iteratively repeated until a final
design is obtained. In design synthesis, optimization is performed in the representation
and generation phases, where the design has not a specific topology yet. Usually, stochastic
methods are applied to obtain different designs that satisfy the requirements [23].

Furthermore, when designing parts that are going to be produced by AM technolo-
gies, several thoughts must be considered to “maximize product performance through the
synthesis of shapes, sizes, hierarchical structures, and material compositions, subject to
the capabilities of AM technologies” [24]. All these considerations can be grouped within
the Design for Additive Manufacturing (DfAM) concept. Gibson et al. [24] distinguished
between opportunistic and restrictive DfAM; the former allows to take advantages of the
unique capabilities of AM, such as cellular solids, part consolidation, and multi-material,
whereas the latter focuses on the restrictions and limitations of the AM technologies,
such as the minimum feature size and the need of support structures. Rosen [25] used
a Process–Structure–Property–Behavior framework to describe and model a design and
proposed a DfAM system organized in several modules dealing with the modeling, manu-



Appl. Sci. 2021, 11, 2572 3 of 14

facturing simulation, and design behavior analysis phases. Ponche et al. [26] presented a
DfAM methodology that takes into account the design requirements and the manufactur-
ing specificities, adopting a redesign strategy based on the functional surface approach;
they concentrated on metallic components produced by Additive Laser Manufacturing.
Vayre et al. [27] applied a four-step designing methodology consisting of initial shape gen-
eration, set of geometrical parameter definition, shape optimization through the tuning
of the parameters, and final validation of a metallic part produced by direct metal deposi-
tion and electron beam melting AM technologies. Briard et al. [28] presented a four-step
methodology to maximize the potential of generative design coupled with DfAM; the first
phase deals with the translation of the problem to a suitable input for generative design,
whereas the following three phases deal with an unconstrained iterative optimization,
an iterative optimization driven by the AM guidelines, and a final iterative optimization
refining the part including AM-enabled structures, such as lattices. Duro-Royo et al. [29]
presented a computational workflow for the design and the fabrication of multi-material
and multi-scale structured objects; they focused on water-based heterogeneous materials
based on polysaccharide hydrogels in 1% to 12% concentrations in w/v of 1% acetic acid
aqueous solutions and these gels were also mixed with cellulose microfiber to obtain vol-
umetric composites. They created a model that considers the input data, like materials
and geometry, and calculates all the instructions for the object fabrication via a pneumatic
extruder mounted on a six-axes robotic arm. Boddeti et al. [30] presented a digital design
and manufacturing workflow able to design both the macroscopic topology and the mi-
crostructure of an object; the workflow is divided into three steps: a design automation
process that optimizes the material distribution and its microstructure, a material compi-
lation process that creates a material layout and generates the code for fabrication, and
a digital fabrication step with multi-material photopolymer material jetting technology.
Zhang et al. [31] proposed an evaluation framework to assess the design from the perspec-
tive of process planning for AM; two sets of indicators were used to check whether the part
is suitable to be produced by AM manufacturing and to verify the design’s utilization of
the characteristics of an AM process. Similarly, Lettori et al. [32] proposed an approach to
assess the compatibility and suitability of a product for the AM production through a set
of reference questions and a compliance index; then, they validated the method with case
studies found in the literature. Motyl and Filippi [33] reviewed the scientific literature to
explore the relationship between AM processes and product design, concentrating on the
conceptual design phase and the theory of inventive problem solving (TRIZ) [34]; some of
the analyzed works use the TRIZ for the definition of the DfAM guidelines.

Nonetheless, the literature highlights the lack of exhaustive frameworks that describe
the design process and take full advantage of the possibilities offered by AM. Seepersad [35]
stated that advances are still needed to couple computer-aided design (CAD) software
and computer-aided engineering (CAE) tools to incorporate the DfAM knowledge into
the design process. Kumke et al. [36] highlighted some limitations on the existing DfAM
frameworks too: they do not cover the entire design process steps, they focus on the
utilization of a single AM potential, and they are often too specific for a single case study.

In this contribution, a heuristic design workflow for AM is proposed aimed at exploit-
ing the new possibilities offered by AM technologies and the high computational resources
available nowadays. The workflow focuses on the product design phase, also referred
to as embodiment design [20,37], where the design is developed up to the production. It
specifically concentrates on cases in which mechanical performances are required, together
with a reduction of the weight of the parts. Different geometric modeling opportunities
and structural optimization techniques are presented: commercial software is used to
perform the topology optimization and the redesign of the optimized results. As an alterna-
tive, a method developed by the research group designs conformal lattice structures with
size optimization performed on the beams and allows to automatically obtain a smooth
mesh model. The proposed workflow is then validated on a test case, adopting different
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design methods based on lattice structures, PolyNurbs, and parametric CAD to reach
innovative solutions.

2. Design Workflow

The proposed workflow helps the designer during the product development process of
AM components, guiding him throughout decisions that allow to fully exploit AM potential.
AM-related engineering requirements and technological constraints are considered in the
first phases of the workflow and simulation tools are used to optimize and validate the
geometric model. In particular, the workflow can be adopted during the embodiment
design phase of parts in which the mechanical performance needs to be maximized and
the weight needs to be as low as possible. Structural optimization approaches such as size
and topology optimization perfectly suit this scenario.

Figure 2 shows the proposed design workflow for AM. First, the design space is
identified. The design space is a volume where the material distribution is going to be
optimized; it can be obtained from an existing model or it can be specifically designed
considering the maximum allowable size of the component. Then, two paths can be
followed: the first one performs a topology optimization on the entire design space,
whereas the second one performs a size optimization on a lattice structure. Regardless of
the selected approach, a finite element (FE) model is created taking into consideration not
only the “usual” boundary conditions such as the material, the loads, and the constraints
but also the constraints and conditions strictly related to the design for AM. For instance,
the technological constraints could include a limit for the inclination of the structure to
avoid overhang angles (if required by the manufacturing technology) and the upper and
lower limits for the most critical features, i.e., hole size, strut dimension, wall thickness,
etc. Furthermore, since AM allows the production of complex geometrical shapes, it is
easier to create parts resulting from multi-objective optimization; the optimization goals
like targeted mass and natural frequencies, or desired heat exchanging properties can be
considered as engineering requirements. Including this information in the first part of the
workflow enables to obtain a design with the desired functionalities that is likely to be
produced without the need of stepping back to the product development phase.
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If the topology optimization approach is chosen, the design space is discretized and a
polyhedral mesh is obtained; then, the topology optimization is performed. During this
process, the material is arranged inside the design space to find the best distribution of
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material under a set of boundary conditions and respecting the structural and dimensional
performance requirements. According to the literature, several topology optimization
algorithms can be used [38]. Homogenization methods use the mathematical theory of
homogenization [39,40] to study a complex domain previously divided into microstruc-
tures, i.e., the finite elements, as a continuum domain made up of a virtual material called
effective material [41]. Density methods consider the density as the only design variable
for each finite element, and the variable can assume a value between 0 and 1; since the
optimal solutions would consist of elements with values mostly between 0 and 1, the
results would be far from a solid (1)–void (0) situation. The most popular numerical
method for suppressing intermediate densities is the Solid Isotropic Microstructure with
Penalization (SIMP) method, proposed by Bendsoe [42], which penalizes elements with
intermediate densities exploiting a power law. To avoid intermediate densities in the
optimized solution, discrete methods, also called “hard-kill” methods, can be used; in the
Evolutionary Structural Optimization (ESO) method proposed by Xie and Steven [43], a cri-
terion parameter is calculated for each element and at each iteration the elements with the
lowest criterion parameter value are eliminated. Furthermore, Bi-directional Evolutionary
Structural Optimization (BESO) method [44] is an extension of ESO, in which new elements
can be added next to those elements with a high criterion parameter at each iteration.
Level-set Methods (LSMs) are another category of topology optimization methods where
the iso-contours of a level-set function implicitly define the interface between the material
phases [45,46]; this approach allows to obtain a sharp transition between void and solid
regions. In the proposed workflow, a SIMP density method is adopted because this method
requires relatively few iterations, is suitable for a combination of a wide range of design
constraints, multiple load conditions, multi-physics problems, and extremely large (often
3D) systems, is extensively used in industrial software [38], and can be easily implemented
with a simple code [47,48]. As a result of the SIMP method, a density map is obtained,
which is contoured to a specific level of density (threshold), obtaining a mesh surface.
Often, the resulting mesh cannot be directly used for the production phase due to the lack
of connection zones or the presence of coarse regions due to the process discretization.
The remodeling of the topology optimization mesh is a research topic of interest, indeed.
Zegard and Paulino [49] presented a tool that generates suitable outputs for AM by using
filters and the continuation approach on the penalization parameter; Jiu et al. [50] proposed
a CAD-oriented topology optimization method able to perform the optimization directly
on the CAD model instead of on the mesh. Most of the time the procedure is operated
manually, and the part is modeled in a CAD environment using the mesh as guideline
during the modeling. Alternatively, software tools for automatic remodeling are available;
these mainly adopt quad-remesh and subdivision surface approaches.

If the size optimization approach is followed, given a cell type and the unit cell
dimension, a wireframe model is obtained filling the design space with a conformal lattice
structure. In a conformal structure, the unit cell can deform to adapt to the boundary of
the part or the lines of the stress field; this feature eliminates weakness at boundaries and
provides stiffness and resistance to the entire model [51]. The size optimization is then
performed on the wireframe [52,53]. The diameter of the beams iteratively varies until
all the beams reach the target utilization, defined as the ratio between the maximum Von
Mises stress measured on the beam and the admissible stress; as previously highlighted,
the size of the beam is controlled to ensure that the beam diameter is thick enough to
be manufactured and that it does not exceed the upper bound to avoid interferences
with the surrounding beams. The optimized wireframe is then modeled with a boundary
representation mesh-based approach as proposed by Savio et al. [54]. The obtained coarse
mesh is then smoothed adopting the Catmull–Clark subdivision surface algorithm [55]:
each quad face is subdivided into four smaller quad faces at every iteration. The algorithm
produces a surface with continuity in curvature (C2 surface), except at extraordinary
vertices where they are C1. This allows to reduce stress concentration, especially at nodal
points, enhancing the mechanical properties and the fatigue life of the lattice [56–58].
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Alternatively, it is possible to combine topology and size optimization. The litera-
ture shows how the density map of the topology optimization can be used to assign an
optimized dimension to the diameter of a beam-like lattice structure [59,60] and to the
thickness of a shell-like lattice structure [61].

Once the optimized part is modeled, it is necessary to perform an additional FE
analysis to mechanically validate the final model. This step is mandatory in topology
optimization because during the modeling phase weak zones could arise, especially if
manual remodeling is adopted. After that, process-related considerations are done. Process
planning deals with all the necessary operations needed once the AM production technol-
ogy and machine have been selected. The orientation of the part inside the manufacturing
machine, the generation of the supports (if needed), and the generation of the print path
strategy affect the quality of the printed part, i.e., the surface texture and the mechanical
properties [26], the material and energy consumption, and the production time [62–64].
Then, process simulation helps to predict residual stress and geometric distortion of the
printed parts, avoiding time-consuming and expensive experimental campaigns based
on trial and error. The evaluation of residual stresses and thermal distortions allows
compensating the geometrical CAD model obtaining parts with the desired dimensional
specifications and mechanical properties, reducing the probability of defects that lead to
crack initiation, propagation, and failure both during the printing and the utilization of
the product, especially when dealing with metallic components [65]. Process simulation
methods that concentrate not only on metals AM techniques [66–69] but also on material
extrusion [70,71] and powder bed fusion [72,73] of polymers can be found. If the FE analy-
sis fails to validate the component or if the manufacturing process simulation highlights
dimensional deformation and residual stresses higher than requirements, it is necessary
to remodel the part or to step back to the optimization phase, changing the boundary
conditions of the model.

When all these steps are successfully completed, the part is ready to be produced. The
component is optimized for the intended use and it is likely to not encounter manufacturing
issues during the printing phase. An important consideration is whether to use the
topology optimization or the size optimization approach. One option could be to apply
both and compare the solutions, choosing the one that best suits the application, but it is
computationally demanding. Some a priori thoughts can help to decide as well. If the part is
metallic, the struts of the lattice could act as internal supports, heat dissipators, and prevent
thermal warping. Furthermore, being less bulky, the lattice structure could present lower
residual stress. The mechanical validation of a lattice structure requires high computational
resources and it is time consuming due to the high number of 3D elements needed to
mesh the structure; at the same time, while the FE validation analysis is mandatory for the
topology optimized part because the manual remodeling phase can introduce weak areas,
it is less necessary for the lattice structure model because the diameters of the beams were
previously optimized through a FE analysis and in the presented mesh modeling approach
the optimized value is adopted at the middle of the beam, whereas the diameter tends to
increase towards the nodal points.

3. Case Study

The proposed workflow was applied to the remodeling of a piston rod. Reducing the
weight of a piston rod while maintaining the mechanical performance is an important goal,
especially in competitions in the automotive fields, but also in the industry where weight
reduction leads to less inertia and to a reduction of energy consumption.

The part is currently produced with a pressure die-casting process and is intended to
be produced with the Selective Laser Melting (SLM) powder bed fusion AM technology.
The material is an aluminum AlSi10Mg with properties as in Table 1.
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Table 1. Aluminum AlSi10Mg properties.

Density 2700 kg/m3

Young modulus 68 GPa
Yield strength 190 MPa

Ultimate tensile strength 335 MPa
Poisson Ratio 0.30

Overall dimensions, loads, and constraints applied to the piston rod are shown in
Figure 3a,b, respectively. The loads and constraints are summarized in Table 2.
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Table 2. Load and constraints applied to the piston rod.

Load
7.5 kN axial traction along z-axis.

Applies to big rod’s end face.

Constraints

All the displacements and rotations locked.
Applies to inner face of the small rod’s end.

Displacements along x- and y-directions locked.
Applies to big rod’s end face.

The topology optimization of the design space was performed in SolidWorks 2019
(Dassault Systèmes) using the SolidWorks Simulation module; the software adopts the
SIMP method for solving the optimization problem. The “best stiffness to weight ratio”
goals was set, using the constraint of a final mass equal to 25% of the original part. The
symmetry of the final part with respect to the YZ and ZX plane was imposed. Figure 4a
shows the mesh resulting from the topology optimization. This mesh was then used as
a starting point for the manual remodeling phase, performed in Inspire Studio CAD 3D
software (Altair), as in Figure 4b.

The size optimization section of the workflow was performed in Rhinoceros 6 (Robert
McNeel & Associates) inside Grasshopper environment. The design space was filled with
a conformal wireframe based on the simple cubic unit cell; the number of instances is 10, 4,
and 15 along the x-, y-, and z-axis, respectively, and the minimum element size equals 3 mm.
The FE beams model was set-up using Karamba3D plugin [74]. The loads and the con-
straints were directly applied at the nodes of the beams placed at the interface between the
design space and the big and small rod’s ends; the 7.5 kN load was equally distributed on
each node of the upper part of the wireframe, so as the rotation and translation constraints
on each node of the lower and upper part of the wireframe. The target utilization ratio
was set to (90 ± 1)% with respect to the yield strength. The upper and lower bound for the
diameter of the beams were defined as 1.5 mm and 0.5 mm, respectively. Figure 5 shows
the conformal wireframe and the utilization ratio of the optimized structure. Some beams
do not reach the required utilization ratio; indeed, they present a utilization ratio lower
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than the target because the optimized diameter was smaller than the minimum allowable
size (i.e., 0.5 mm), so, being assigned the 0.5 mm diameter, they are under-utilized.
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The lattice structure was then modeled adopting the mesh approach and the Catmull–
Clark subdivision surface algorithm. As can be seen in Figure 6, smooth surfaces are
obtained, especially at nodal points.
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smooth surfaces at nodal points.

Then, the two models obtained from the topology and the size optimization were
validated through FE analyses in Ansys Mechanical 2019 R1. The parts were meshed
with tetrahedron elements using an element minimum size of 0.1 mm and an element
maximum size of 1 mm. The meshing method is patch-independent and includes automatic
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refinement in curvature and proximity. The symmetry of the topology optimized part with
respect to the ZX and YZ plane was exploited to simulate only one quarter of the model.
The results are represented in Figure 7. In the size optimized model (Figure 7b), the higher
value of stress observed on the legend is related to the absence of fillet between the lattice
structure and the body and does not depend on the modeling method of the lattice.
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Netfabb Premium 2020.3 (Autodesk) was used for preliminary process planning,
choosing for the best part orientation. Supports too were created inside the software.
The Renishaw AM 400 SLM machine was selected, together with the default material
configuration for Aluminum AlSi10Mg-0403 printed with a 25 µm layer thickness, as
suggested by the powders manufacturer [75]. First, the topology optimized model was
oriented. Among the proposed orientations, three are reported in Figure 8. The final
decision is driven by several considerations. The orientation in Figure 8a has the lowest
height, resulting in faster printing time, but presents the highest supported area, requiring
more time for supports removal and post-process such as sandblasting to avoid the lower
quality of the surface finish in the supported areas; the configuration in Figure 8b has
the less supported area, but has the highest support volume and height, resulting in a
long build time and high material waste; the configuration in Figure 8c has the lower
support volume and a relatively low supported area and build time. Moreover, since the
configuration in Figure 8a lays on the platform, the circular functional surfaces on the rod’s
ends will have the best dimensional and geometrical accuracy. Further milling operations
could be needed to comply with the requested tolerances.
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The same procedure was followed for the orientation of the piston rod with the lattice
structure. This time, due to the extreme difficulty of removing the supports between the
beams of the lattice, the only orientation that did not present supports in the central part of
the model was chosen, as shown in Figure 9.
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Finally, the next step would be to perform the process simulation of the oriented
part to assess the printability of the models, the geometrical distortions, and the residual
stresses. According to the results, the designer can consider geometrically compensating
the part, changing the part orientation, or going back to the modeling phase and remodel
the part.

The application of the workflow for redesigning the piston rod enabled to obtain two
optimized parts and a considerable reduction of the mass, as shown in Table 3. The two
methods present some drawbacks too. The topology optimized model requires manual
remodeling, and it is more prone to failure during the final FE analysis verification, due to
human errors during the remodeling phase. The proposed method for the size optimization
is in its prototypal stage and it still has a limited choice of unit cells and does not correctly
manage the connection between the lattice structure and the adjacent objects. Numerical
analyses on the lattice model are computationally demanding but less necessary since the
wireframe was previously optimized and the mesh modeling method does not alter the
diameter of the beams.

Table 3. Mass reduction of the optimized models. The mass only considers the design space volume
and not the rod’s ends, which were not optimized.

Model/Approach Mass [g] % of Mass Reduction

Starting design space 104.7
Topology optimization 29.99 −71%

Size optimization 20.98 −80%

4. Conclusions

In this work, a design workflow for Additive Manufacturing was proposed, trying
to overcome the limits highlighted in the literature, where it is stated that the available
frameworks do not exploit all the advantages offered by AM and do not cover the entire
design process. The presented workflow considers the embodiment design phase, from
the definition of a design volume to the production of the part, integrating both CAD
tools for the geometric modeling of the part and CAE tools for the optimization and
simulation phases; more, it considers the possibility to use the size optimization to obtain
lattice structures with optimized beams, and the topology optimization to obtain more
organic shapes. The workflow was then applied to the remodeling and optimization of a
piston rod in which both commercial and custom tools were adopted, showing its ease and
universality of implementation.
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As future works, the process simulation will be performed on the oriented parts. Then,
a hybrid method that combines size and topology optimization is going to be developed
to further expand the workflow possibilities; the 0–1 density parameter will drive the
dimension of the beams, shell, or solid elements. The connection between the lattice
structures and the adjacent objects will be addressed to obtain smoother links and enhance
the mechanical properties of the parts. Moreover, aspects related to hybrid manufacturing
technologies will be addressed.
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A B S T R A C T   

Recently, the possibility of producing medium-to-large batches has increased the interest in polymer powder bed 
fusion technologies such as selective laser sintering (SLS) and multi jet fusion (MJF). Only scant data about the 
characterization of parts produced by MJF can be found in the literature, and fatigue behavior studies are absent. 
This study analyzes the material properties of Polyamide 12 (PA12) powders and printed specimens using both 
SLS and MJF technologies. The morphology, crystalline phases, density, porosity, dimensional accuracy, and 
roughness are measured and compared; tensile and fatigue tests are performed to assess the effect of the tech-
nologies on the mechanical behavior of the produced structures. In addition, lattice structure specimens obtained 
by different geometric modeling approaches are tested to understand the influence of modeling methods on the 
fatigue life. The PA12 powders printed by both SLS and MJF mainly show by X-Ray Diffraction γ-phase and a 
small shoulder of α-phase. The crystallinity decreases after printing the powders both in SLS and MJF technology. 
The printed parts fabricated using the two technologies present a total porosity of 7.95% for SLS and 6.75% for 
MJF. The roughness values are similar, Ra ≈ 11 µm along the building direction. During tensile tests, SLS samples 
appear to be stiffer, with a lower plastic deformation than MJF samples, that are tougher than SLS ones. Fatigue 
tests demonstrate higher dispersion for MJF specimens and an enhancement of fatigue life for both SLS and MJF 
printed lattice structures modeled with a novel geometric modeling approach that allows the creation of 
smoother surfaces at nodal points. Scanning electron microscopy on fracture surfaces shows a brittle failure for 
the SLS tensile specimens, a more ductile failure for the MJF tensile specimens, a crazing failure mechanism for 
the SLS fatigue tested samples, and a crack initiation and slow growth and propagation for the MJF fatigue tested 
samples.   

1. Introduction 

The additive or layer-by-layer production of components, in contrast 
to subtractive manufacturing methodologies, allows for freedom in 
shape and complexity, reduction of waste, product optimization, pro-
duction of small batches, and shorter lead times [1,2]. Owing to these 
recognized capabilities, in 2018, the worldwide additive manufacturing 
(AM) industry grew 33.5% to $9.795 billion at a rate higher than that in 
2017 (21.0%) [3]. Among the materials that can be used with AM 

techniques, polymers are widely used due to the optimal properties and 
vast potential of their printed parts, and the advances made in polymer 
material development are significant [4]. In addition, an analysis of the 
worldwide material sales data indicates that consumption of polymers 
for powder bed fusion (PBF) systems represents 26.9% of the total, with 
a growth from $291 million to $402.1 million in 2018 [3]. This 
increased interest in the polymer PBF is also driven by the rather new 
technology called multi jet fusion (MJF). According to international 
standards [5], SLS and MJF are both PBF technologies. The PBF 

Abbreviations: AM, Additive Manufacturing; PA12, Polyamide 12; PBF, Powder Bed Fusion; SLS, Selective Laser Sintering; MJF, Multi Jet Fusion; HSS, High Speed 
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Scanning Calorimetry. 
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manufacturing method can be summarized as follows:  

1. a CAD model is sectioned (sliced) at different heights to create layers 
that contain object sections;  

2. the AM machine is initialized by preheating the building platform 
(mandatory for PBF of polymers, not necessary for PBF of metals);  

3. the first layer of powders is evenly distributed on the base plate using 
a coating mechanism;  

4. the 2D slice of the part geometry is fused by selectively sintering the 
powders that lay on the plate;  

5. the base plate is lowered to a height equal to the layer thickness;  
6. points from 3 to 5 are repeated until the entire part is built. 

The main difference between SLS and MJF lies in the manner how 
powders are bonded in order to create the solid part; in the SLS process, a 
laser selectively sinters the powder only in the space defined by a 3D 
model; in the MJF technology, an array of inkjet print heads releases two 
types of printing ink: a so-called “fusing agent” is applied inside the 
model boundaries, while a “detailing agent” is applied at the edges of the 
model to inhibit the sintering of powders not wetted by the fusing agent 
and create fine details and smooth surfaces; the layer is then exposed to 
infrared (IR) heating lights to build the part. The higher speed of MJF 
technology than SLS is because in SLS the laser sinters the powders point 
by point, while in MJF the layer is processed line by line, in accordance 
with the arrangement of the print heads and the infrared lamps. SLS was 
developed by Carl R. Deckard at the University of Texas [6,7]. MJF can 
be considered a hybrid between Neil Hopkinson’s high-speed sintering 
(HSS) [8,9] and Behrokh Khoshnevis’ selective inhibition sintering (SIS) 
[10,11]. The former is a technique developed by Loughborough Uni-
versity that aims at sintering 2D profiles of powder layers by adding 
carbon black that absorbs infrared radiations and increases the rate of 
sintering, and using an infrared lamp to sinter without the need for a 
laser. The latter was developed by the University of Southern California 
and is characterized by the deposition of a sintering-inhibitor liquid 
along the layer profiles/boundaries to prevent the sintering of selected 
areas; the uninhibited powder is then sintered by a heated nichrome 
filament, without the need for a laser. Similarly to the HSS, in MJF the 
“fusing agent” contains carbon black (5.2%) to absorb infrared radia-
tions, suspended in a solution of water (65%), 2-pyrrolidone (18.7%), 
and triethylene glycol (8.4%); the “detailing agent”, instead, mostly 
contains water (83%), 2-pyrrolidone (3.7%), and triethylene glycol 
(11.1%) [12]. 

SLS process is a mature and widely used material forming technol-
ogy, thanks to several advantages over other polymer additive tech-
niques [13]. This technology does not require support structures for 
overhangs and thin walls because the part is supported by the sur-
rounding unfused powders; binders are not required, post-processing 
steps may be avoided, and there is not a risk of toxicity in biomedical 
applications [14]; moreover, a variety of materials can be processed 
using this technique [15,16], from polyamides [17,18] to poly-
etheretherketone (PEEK) [19]. The SLS processing of polyamide 12 
(PA12) has been widely studied. Virgin and reused PA12 powders have 
been characterized to understand the influence on the microstructure 
and mechanical properties of printed parts [20,21]; the process pa-
rameters have been investigated and optimized to obtain the best me-
chanical properties and surface finish [22–24]; a 3D failure criterion for 
SLS PA12 parts undergoing tension, compression, and shear loads as 
single or combined loads was implemented and verified [25]. Fatigue 
behavior of SLS PA12 printed parts has been studied under dynamic 
tension/tension excitation [26], tension/compression excitation [18], 
four-point rotating bending [27], and load increase method [28], and 
compared to the PA12 parts obtained with more traditional 
manufacturing techniques, such as injection molding [29,30]. On the 
contrary, MJF technology is new in the AM scenario, and few scientific 
works are available in the literature [31–40]. During the development of 
the High-Speed Sintering process, Majewski et al. [41] studied the 

effects of the IR lamp power on the degree of sintering and achievable 
depth of sintering, eventually concluding that there is a maximum 
obtainable layer thickness (~200 µm), and that a greater degree of 
sintering occurs at the higher power levels of IR lamps. Later on, Ellis 
et al. [42] assessed the influence of print density that corresponds to the 
amount of “Radiation Absorbing Material” (i.e. carbon black) deposited 
on the surface, on the crystallinity and mechanical properties of PA12; 
they found out that when the print density increases, the percentage of 
crystallinity decreases, while the degree of particle melting increases 
linearly; moreover, when the print density increases, the stiffness and 
tensile strength increase, while ductility decreases. For the SIS process, 
Khoshnevis et al. [11] proposed four theories depending on the inhibitor 
used: a) macroscopic mechanical inhibition, where droplets of the in-
hibitor penetrate the powder layer in an impact event, distancing them 
and avoiding adhesion during the sintering phase; b) microscopic me-
chanical inhibition, where the inhibitor penetrates the powder layer and 
obstructs adhesion; c) thermal inhibition, where the inhibitor penetrates 
the powder layer, cools the polymer particles during the heating step of 
the process via evaporation and prevents sintering; d) chemical inhibi-
tion, where the inhibitor penetrates the powder layer and reacts with the 
powder particles at their surface, thereby producing a chemical species 
that is resistant to sintering. Asiabanpour et al. [43] optimized the 
surface quality and dimensional accuracy of SIS printed parts, setting up 
a Design of Experiment and using the response surface methodology, 
studying the effects of several process parameters such as layer thick-
ness, inhibitor liquid pressure and feed rate, heater temperature, and 
obtaining a mathematical model so as a set of optimized process pa-
rameters. They also discussed the inhibitor liquid choice [44] and dis-
carded water, isopropyl alcohol, and other liquids because no inhibition 
phenomena other than impact cutting and cooling were found, while 
dichlorobenzene and butylbenzene were not considered due to their 
toxicity and tendency to damage the printer head system; they found a 
solution of soluble salt, water, and small amount of alcohol to be the best 
inhibitor liquid. 

O’Connor et al. [31] thoroughly investigated the morphology, 
chemistry, and mechanical performance of parts produced with MJF 
technology. The specimens were printed in three build orientations and 
results showed isotropic behavior in terms of tensile strength with a 
moderately ductile failure mode. The mechanical properties stayed in 
the range specified by other works dealing with PA 12 parts. Another 
study [32] concentrated on the properties of MJF PA12 glass-bead filled 
parts, showing an increase in the surface roughness and tensile modulus 
as well as a decrease in the maximum tensile strength and elongation 
compared to MJF PA12-only specimens; these results were influenced by 
the poor glass sphere-polymer matrix adhesion. Studies on the water 
tightness of samples produced with MJF were conducted by 
Morales-Planas et al. [33], who demonstrated that this technology can 
be used to produce fluid-handling parts due to the lack of open porosity 
in their structure, in compliance with ISO standards. Mele et al. [34] 
investigated the capillarity effect in the MJF process, that comes from 
the interaction between the detailing and fusing agents, and leads to a 
non-planar surface, especially when close to the border edges; they first 
performed experimental measurements on benchmark geometries, and 
then used the collected data to propose a numerical model. 

Habib et al. [35] performed nonlinear finite element analyses to 
study the compressive response and energy-absorbing characteristics of 
different lattice structures in both bending-dominated and stretching- 
dominated cases [45]; they used PA12 samples produced using an MJF 
machine to conduct the analyses and verify the mathematical model; a 
comparison between lattices produced with MJF and fused deposition 
modeling technologies was also done, showing that MJF provides better 
quality parts in a fraction of the time. Fradl et al. [36] simulated the MJF 
process with the commercial finite element software Abaqus. They 
created a modeling framework to predict the thermal behavior, part 
distortions, and residual stresses at the end of the print by coupling the 
thermal and mechanical problems. The model was validated using a 
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medical device as a case study. Kim et al. [46] proposed an approach for 
the process-level simulation of the MJF technology; they used a 
cyber-physical system where the cyber part pertains to the printer with 
the printing controller and process modules, and the physical part is the 
model of multiple layers of build material; the results of the simulations 
show a reduction of several orders of magnitude in the computational 
time when compared with an FEM analysis, while having reasonable 
accuracy. 

Focusing on the comparison between SLS and MJF technologies, only 
a few studies can be found in the literature. Xu et al. [38] investigated 
the powders and the performance of PA12 parts fabricated with these 
two technologies. They found out that the MJF powders have a higher 
crystallinity and wider sintering window compared to SLS powders; on 
the other hand, SLS parts have a higher degree of crystallinity, in 
accordance with the instant heating capability of the laser source; also, 
SLS parts have better mechanical performance. A similar study was 
conducted by Sillani et al. [39], in which they compared virgin, reused, 
and artificially aged powders; they highlighted that MJF powder is 
end-capped, allowing for higher recyclability of the raw material. Me-
chanical properties of the printed parts differ slightly from [38]; indeed, 
in [39], MJF parts have higher elongation at break and higher tensile 
strength (when printed along z direction), but it is recognized that 
different process parameters and level of reuse of the powders highly 
affect the properties of the final parts [20–22,31,47]. Cai et al. [40] 
proposed a comparison of both the powders and the parts obtained by 
SLS and MJF technologies. The thermal features, phase constitutions, 
functional groups, and chemical states of both powders are nearly 
identical; the printed parts have similar porosity but different pore 
morphology and volume distributions. A clear anisotropy is detected 
when changing the printing direction from the XY plane to the Z axis, 
especially on the UTS, that decreases for the SLS parts and increases for 
the MJF ones; this different behavior was supposed by the authors to be 
due to the different sintering approach of the two technologies, with 
MJF resulting in a better sinter quality between the layers. 

It also must be noted that no studies about the fatigue behavior of 
parts printed with HP MJF have been published yet. 

In this work, a comparison between SLS and MJF technologies is 
presented through the analysis of PA12 powders and printed specimens. 
Material characterization of powder and samples are obtained by 
scanning electron microscope, x-ray diffraction, thermogravimetric 
analysis and differential scanning calorimetry, He-pycnometry, dimen-
sional and roughness measurements, and tensile and fatigue tests, which 
is the main innovative contribution of this study, especially with regards 
to MJF technology. Lattice structure specimens obtained by different 
geometric modeling approaches are also tested to understand the in-
fluence of both technologies and modeling methods on the fatigue life; 
the results obtained from the comparison of the modeling methods 
depend neither on the material of the part nor on the manufacturing 
technology, so they can be used as general guidelines when designing 
parts that require an optimal fatigue behavior. Moreover, the results of 
the comparison between the two technologies can help both researchers 
and industry users choose between them, depending on the application 
and the required mechanical properties. 

2. Materials and methods 

2.1. Sample preparation 

Samples were produced with both SLS and MJF technology. An SLS 
EOS FORMIGA P110 machine and EOS PA2200-performance [48] PA12 
powder were used to produce SLS samples; the powder and process 
parameters are reported in Table 1; the set of process parameters is a 
standard set for biomedical applications and was used in a previous 
work [26]; a similar set of parameters used on the same machine and 
powders was proved to be one of the best for optimal tensile properties 
[49]. The HP Jet Fusion 4200 machine and HP3D high-reusability PA12 

powder [50] were used to produce MJF samples; the HP machine does 
not allow parameter modification, and so, the balanced print mode 
preset was used, consisting of one rolling step and two injection passes 
spending 10.5 s per layer, as reported in Table 1 [31,33]. For each 
technology, the powders suggested by the machine vendor (Table 2) 
were used to achieve the best results. The parts were produced by mixing 
virgin and reused powders in a refresh ratio (virgin: reused) of 1:1 for 
SLS, reflecting a standard operating procedure adopted by the lab, and 
1:4 for MJF according to the manufacturer’s datasheet [50]. 

For each printing technology, specimens with seven different ge-
ometries were manufactured depending on the characterization tests, 
with shape and dimensions as in Fig. 1. All the specimens belong to the 
same batch, i.e. the same print job. Three types of lattice structure 
specimens were designed using different unit cells: cells with a squared 
section and fillet radius (SF, Fig. 1e), cells with a circular section and 
fillet radius (CYF, Fig. 1f), and a unit cell obtained by the Catmull–Clark 
surface subdivision algorithm (CC, Fig. 1g) [26,52]. Adopting the Cat-
mull–Clark subdivision [53], it is possible to obtain a smooth mesh from 
an initial coarse mesh by recursively applying the algorithm; in CC 
specimens, three iterations of the algorithm were applied. Lattice 
structures were obtained by repeating the unit cell along the x, y, and 
z-axes, three, two, and five times, respectively. The cell dimension is 7.5 
mm and the fillet radius is 1 mm for the SF and CYF cells; each cell has a 
resistant area of 6.25 mm2, corresponding to a 2.50 mm strut size for the 
SF cell, and 2.821 mm strut diameter for the CYF cell. The CC cell has a 
continuous shape variation and the size of the minimum strut section 
ranges between 2.79 mm and 2.88 mm. 

2.2. Powders and sample characterization 

A Field Emission Gun electron microscope (FEI Quanta 200 Eind-
hoven, The Netherlands) in low vacuum mode was used to characterize 
the powders morphology and the samples after static (Fig. 1c) and dy-
namic (Fig. 1d–g) mechanical testing. X-Ray diffraction analyses (XRD, 
Bruker D8 Advance, Mannheim, Germany) were performed on both the 
starting powders and the rectangular plates (Fig. 1a) using Cu-Kα radi-
ation (scan speed 5◦/sec, scan step 0.01) in the range 2 θ = 10̇ – 40̇. The 
powders used during SLS and MJF processes and the core parts of 
printed cylindrical samples (Fig. 1b) were analyzed by Thermogravi-
metric Analysis and Differential Scanning Calorimetry (TGA-DSC) using 
a Mettler-Toledo TGA/DSC 3 + on 5 ± 0.5 mg samples in the range 
25–300 ◦C, at a heating rate of 10 ◦C/min under nitrogen flow. The 
crystallinity percentage (C%) was calculated as the ratio between the 
specific heat of fusion of the sample (J/g) and the specific heat of fusion 

Table 1 
Process parameters for SLS and MJF process.   

SLS MJF 

Laser beam power 20 W Balanced mode: one rolling step, two 
injection passes 10.5 s per layer Laser scan speed 3000 

mm/s 
Layer thickness 100 µm 
Laser spot size ~0.4 mm 
Building platform 

temperature 
160 ◦C 

Virgin: reused powder 
ratio 

1:1 1:4  

Table 2 
Properties of used PA12 powders.   

PA2200 Performance 
(SLS) 

PA12 3D High Reusability 
(MJF) 

Density [g/cm3] 0.440 [38] 0.425 [50] 
Powder average size 

[µm] 
56 [51] 60 [50] 

Melting point [◦C] 176 [48] 187 [50]  
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of 100% crystalline PA12, equal to 209.3 J/g as reported in [54]. The 
heat of fusion was calculated by the DSC software as integral of the peak. 
He-pycnometry (Accupyc 1340, Micromeritics) was performed to mea-
sure the density of the starting powders (ρth) and the apparent density 
(ρapp) of the three cylindrical samples produced by SLS and MJF 
(Fig. 1b). The bulk density (ρbulk) of the cylinders was measured as mass 
over volume ratio, where the mass was measured by a digital balance 
and the volume by a digital caliper. 

The total porosity Ptot of the printed parts was calculated as [55]: 

Ptot = 1 −
ρbulk

ρth
(1) 

The open porosity Popen as: 

Popen = 1 −
ρapp

ρth
(2) 

Being the total porosity Ptot equal to the sum of open and closed 
porosity, the closed porosity Pclose was calculated as: 

Pclose = Ptot − Popen (3) 

Specimens type 1A that follow the ISO 527 standard [56] (Fig. 1c), 
specimens adapted from ASTM E606/E606M standard [57] (Fig. 1d), 
and lattice structures (Fig. 1e–g) were measured with a coordinate 
measuring machine (OGP SmartScope Flash 200): width and thickness 
of the ISO 527 specimens central part and diameters of the central part 
of the ASTM E606 specimens were measured, whereas for the lattice 

Fig. 1. Specimen dimensions: a) plates for XRD, b) cylinders for He-pycnometry, c) ISO 527 type 1A specimens for static tensile tests, d) ASTM E606 specimens for 
fatigue tests, e) SF lattice structure for fatigue tests, f) CYF lattice structure for fatigue tests, g) CC lattice structure for fatigue tests. Specimens are in scale. 
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structures, the size of the struts along the z direction was measured both 
in the front and in the side view. The error in size was then calculated by 
the difference between the measured dimensions and the nominal ones. 
Surface roughness was measured using a Talysurf i-Series on ISO 527 
specimens, reporting the Ra parameter (arithmetic mean deviation of 
the assessed profile) along the growing direction, on the top surface, and 
on the bottom surface, according to ISO 4287 [58] and ISO 4288 [59] 
standards (evaluation length = 12.5 mm, sampling length = 2.5 mm). 

Mechanical tests were executed on an MTS Acumen 3 Electrody-
namic Test System equipped with a 3 kN load cell and an MTS 634.31 F 
extensometer. Tensile tests were performed according to the ISO 527 
standard on five specimens as in Fig. 1c, measuring the mechanical 

properties of the bulk material at a speed rate of 2 mm/min and with a 
gauge length of 10 mm. Stress-strain curves and True stress – True strain 
curves were plotted and Young’s modulus, ultimate tensile strength 
(UTS), strain at break (εmax), and toughness were calculated. The True 
stress – True strain curves are obtained according to the following 
equation for the true strain, ϵ, and the true stress σ′ [60]: 

ϵ = ln
(

l
l0

)

(4)  

σ′

= σ(1 + ϵ) (5)  

where l is the elongation, l0 is the gauge length, and σ is the engineering 

Fig. 2. Printed specimens: a) plates for XRD, b) cylinders for He-pycnometry, c) ISO 527 type 1A specimens for static tensile tests, d) ASTM E606 specimens for 
fatigue tests, e) SF lattice structure for fatigue tests, f) CYF lattice structure for fatigue tests, g) CC lattice structure for fatigue tests. For each sample, left: SLS, right: 
MJF. Specimens are in scale. 
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stress. The material toughness, defined as the area under the true curve 
until fracture [61], was obtained by: 

Toughness =
∫ ϵf

0
σ′dϵ (6) 

Fatigue tests on SLS and MJF specimens adapted from the ASTM 
E606/E606M standard (Fig. 1d) and on MJF lattice specimens 
(Fig. 1e–g) were performed for four load steps (32 MPa, 34 MPa, 
36 MPa, 38 MPa) at 3 Hz frequency with zero stress ratio (R = 0, i.e. R =
σmin/σmax, where σ is the stress) to avoid buckling phenomena. Data were 
acquired with a timed trigger at 64 Hz to store signals for the entire cycle 
and with a peak-and-valley trigger to store the minimum and maximum 
signals at every cycle. No artificial cooling was applied. Guidelines from 
the ISO 12107 standard [62] were followed to statistically estimate the 
stress–number of cycles (S–N) curves, also known as the Wöhler curves. 
Fatigue tests on SLS SF, CYF, and CC lattice specimens were performed 
in a previous study [26]. Finally, fracture surfaces of the static tensile 
tested and fatigue tested cylindrical bulk specimens and lattice struc-
tures were analyzed using SEM. 

3. Results and discussion 

Fig. 2 shows a printed specimen for each type of printing technology 
(SLS samples on the left, MJF samples on the right) and shape. 

3.1. Powders properties and process effect 

The SLS and MJF powders used in this study were a mixture of virgin 
and recycled powders, as recommended by the printers’ producers. The 
reason why producers recommend the use of a mixture of powders lays 
behind the presence of a mixture of crystalline structures and the 
consequent positive effect on the mechanical properties of the printed 
parts [20]. Powders used for SLS can be synthesized in different ways as 
reported in [20]. SLS polyamide 12 can be obtained by dissolution in 
ethanol at high pressure and temperature, followed by slow crystalli-
zation; alternatively, PA12 powders or granules are heated in steam for a 

long time (up to 100 h). The main scope of these treatments is to in-
crease the melting temperature of the powders and to improve whiteness 
and flowability. As an effect, some of the SLS powders show cracks 
(Fig. 3a). The presence of these cracks is not yet fully understood but it 
has been supposed to be related to the synthesis process as reported in 
[21,63]; the evaporation of the remaining ethanol could be a clue. Less is 
known from the literature on MJF powders, being this an emerging 
technology. However, the presence of both a melting and a detailing 
agent on the powder bed is a fundamental prerequisite for the MJF 
technology. MJF powders regularly come in contact with the solvents of 
the fusing and detailing agents, but this cracking effect is not as evident 
as for SLS; this could be explained by the fact that the agents contain 
2-pyrrolidone and triethylene glycol, that have boiling points of 251 ◦C 
and 288 ◦C respectively [12], higher than ethanol (78 ◦C), and the 
temperature during the printing process does not exceed 185 ◦C [8,36]. 

The starting powders and a part of the cylindrical samples were 
analyzed by TGA-DSC in order to define the melting point and the 
crystallinity degree. In Fig. 4 both SLS and MJF powders show a single 
peak corresponding to the melting temperature of 188.6 ± 0.1 ◦C and 
187.7 ± 0.2 ◦C respectively, as reported in Table 3. These results are in 
accordance with Cai et. al [40], that used the same PA12 powders, i.e. 
EOS PA2200 (188.9 ◦C) and HP PA12 3D High Reusability (188.4 ◦C), 
and Schmid et al. [64], that tested 3D-Systems Duraform PA12 powders 
for SLS machines (186.1 ◦C), that come from the same PA12 supplier as 
EOS PA2200, Evonik [65]. In [64] the higher melting temperature of 
PA12 powders for SLS compared to standard PA12 powders (178 ◦C) 
was observed and attributed to the presence of crystalline phases with 
larger unit cells. Powders for additive manufacturing are subjected to a 
very special thermal treatment history to enlarge the processability 
window. The exact thermal cycle of powders is confidential and not 
revealed by the producers. 

The printed samples show a translation of the peak to lower tem-
perature, 183.1 ± 0.5 ◦C for SLS parts and 182.7 ± 0.4 ◦C for MJF parts. 
It is well known from the literature that PA12 may exhibit two crystal-
line forms. The monoclinic or triclinic α-phase and the pseudohexagonal 
γ-phase [17]. As reported in [66] films of PA12 showed α-phase with a 

Fig. 3. SEM analyses of the morphology of the powders: a) SLS, b) MJF. Surface morphology of printed parts, c) SLS and d) MJF.  
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melting temperature of 175 ◦C, whereas the γ-phase of 182 ◦C. In this 
work we used a mixture of starting powders that, as shown later by XRD, 
are characterized by a mixture of these two phases and values are in 
accordance with [67]. 

The calculated crystallinity percentage is reported in Table 3. It can 
be observed an important decrease of crystallinity both on SLS and MJF 
printed parts, in accordance with several studies in the literature [21,38, 
40]. 

Fig. 5 shows XRD analyses of both starting powders and printed 
parts. In the starting powders both α-phase and γ-phase are present, 

whereas after printing mainly γ-phase and a small shoulder of α-phase 
can be detected. No significant differences emerge between the two 
technologies in terms of microstructure. This behavior is in accordance 
with [17,21,29]. 

In Table 4, the density of the starting powders (ρth), the bulk density 
(ρbulk), the apparent density (ρapp), the density of the printed parts from 
the datasheets (ρdatasheet), so as the values of the total porosity (Ptot), the 
open porosity (Popen), and the closed porosity (Pclose), calculated by Eqs. 
(1–3) are reported. The total porosity of SLS printed parts is higher than 
MJF ones, and this is also reflected in the percentage of closed porosity, 
1.61% for SLS printed parts and 1.13% for MJF printed parts. The 
presence of porosity on PA12 printed parts is well known from the 
literature, in this study we measured a total porosity higher than average 
values reported in the literature for SLS and MJF PA12 printed parts [30, 
31]. A more detailed study on morphological characteristics of porosity 
is planned in order to assess the pore size distribution, morphology, and 
their effect on the mechanical performance of the printed parts. 

Table 5 shows the mean size error for each type of static and fatigue 
specimen and technology, obtained by the difference between the 
measured dimension and the nominal one, as described in Section 2.2. 
The size error can be positive or negative, depending on the measured 
size of the sample with respect to the nominal dimension. Lattices pro-
duced with SLS present a dimensional error close to 0.1 mm; this does 
not happen for MJF lattices, where dimensional errors appear to be more 
dispersed. ISO 527 specimens produced with MJF have the biggest 
dimensional error, that is, almost one order of magnitude higher than 
SLS ISO 527 samples. Furthermore, standard deviations are smaller for 
SLS technology. It has to be highlighted that the samples are embossed 
and bended [34,38] and these geometrical shape errors induce errors 
while performing linear measurements. An X-ray computed tomography 
would allow acquiring the actual printed geometry, and more accurate 
geometrical information would be available. 

Fig. 4. DSC curves of starting SLS and MJF powders and printed parts: a) SLS, b) MJF.  

Table 3 
Melting temperature, enthalpy of fusion, and crystallinity of the two sets of 
samples.  

Sample Tm [◦C] Hm [J/g] Crystallinity [%] 

SLS Powder 188.6 ± 0.1 102.9 ± 1.1 49.1 ± 0.5 
SLS Part 183.1 ± 0.5 52.3 ± 0.4 24.5 ± 0.1 
MJF Powder 187.7 ± 0.2 101.2 ± 0.9 48.3 ± 0.4 
MJF Part 182.7 ± 0.4 65.9 ± 0.3 31.5 ± 0.2  

Fig. 5. XRD microstructural characterization of both powders and printed parts 
(rectangular parallelepiped, as shown in Fig. 1a). 

Table 4 
Density and porosity for SLS and MJF samples.  

Property SLS MJF 

ρth [g/cm3]  1.058 ± 0.001 1.056 ± 0.001 
ρ bulk [g/cm3]  0.974 ± 0.011 0.985 ± 0.025 
ρ apparent [g/cm3]  0.991 ± 0.002 0.997 ± 0.011 
ρ datasheet [g/cm3]  0.93 1.01 
Ptot [%] 7.95 ± 0.09 6.75 ± 0.18 
Popen [%] 6.35 ± 0.01 5.62 ± 0.06 
Pclose [%] 1.61 ± 0.10 1.13 ± 0.24  
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Table 6 shows the measured roughness profile (Ra) on the top face, 
bottom face, and building direction of the ISO 527 specimens, for both 
technologies. As previously observed for SLS [26], MJF specimens pre-
sent a rougher surface on the bottom face compared to the building 
direction. Usually, surface roughness in the building direction is higher 
than at the top surface [30], but it has been shown that the results are 
highly dependent on the process parameters, filter wavelength, and 
measurement techniques [27]. In [31], specimens produced by MJF 
technology presented greater roughness on the top surface 
Ra = 10.29 µm) than the bottom surface Ra = 2.54 µm); however, they 
were glass-bead blasted prior to the experiment. In the present study, the 
specimens were not post-processed, and partially un-melted powder 
could stick to the part and modify the surface texture, especially on the 
bottom face. 

Fig. 6 shows the results of the tensile tests on ISO 527 specimens, 
generating both the engineering (Fig. 6a and d) and true (Fig. 6b and e) 
stress–strain curves. The tensile behavior of the tested samples is re-
ported in the tables is Fig. 6c and f: the Young’s modulus is similar for 
the two sets of samples, with SLS showing stiffer behavior. MJF samples, 
on the other hand, show a more ductile behavior that is expressed by a 
deformation at break of 30% versus the 10% of samples printed by SLS. 
The UTSs of the two technologies overlap. The MJF samples show a 
higher toughness. 

The results of the tensile tests are supported by the SEM analyses 
performed on the fracture surface of the ISO 527 specimens (Fig. 7). The 
SLS specimen, in Fig. 7a and b, shows a brittle fracture surface, brittle 
fracture paths can be recognized, and hardly any signs of deformation 
can be distinguished; a similar failure mechanism for SLS parts was 
noted by Van Hooreweder et al. [18]. The upper part of the fracture 
surface of the MJF specimen (Fig. 7c and d) shows a ductile fracture 
surface with signs of plastic deformation, as noted by O’Connor et al. 
[31], and meets with a smoother lower part where the failure occurs. 
The ductile fracture of the MJF sample allows for a higher energy ab-
sorption before the failure, leading to a higher toughness of the parts, as 
confirmed by the tables in Fig. 6. Spherical voids are present without 
distinct PA12 particles in both technologies. 

A comparison between the obtained mechanical properties and data 
available in the literature can be found in Table 7. SLS results are in 
accordance with other studies, except for the high elongation at break 
found by Xu et al. [38] and Cai et al. [40] but in both cases the specimens 
were printed with different orientations (on the XY plane) with respect 
to the current work (along Z axis), and the results obtained by Van 
Hooreweder and Kruth [30] where a higher Young’s modulus and a 
lower elongation at break could be explained by the optimization of 
parameters to increase the stiffness of the printed parts. Among the 
available data for MJF, the highest stiffness was obtained by 

Morales-Planas et al. [33]; even though their specimens were tested 
according to the ASTM D638–14 standard instead of ISO 527, the 
specimen dimensions, section area, and test procedures are similar. The 
results of the current study for MJF printed parts present a slightly 
higher Young’s modulus than that obtained in previous studies, and an 
elongation at break similar to the elongation of the samples printed 
along the Y axis (YZ plane) obtained by O’Connor et al. [31], and the 
ones printed along X axis (XY plane) by Cai et al. [40]. Considering 
studies that compare SLS and MJF technology, MJF samples tougher 
than SLS ones were also found in Sillani et al. [39], but the set of pa-
rameters for SLS was optimized for the best surface finish and not for the 
maximum mechanical properties. Also the MJF specimens printed along 
the Z axis (the same as in the current study) by Cai et al. [40] presented a 
higher UTS and Young’s modulus than SLS specimens. Xu et al. [38] 
obtained a behavior that is in contrast: SLS parts have higher Young’s 
modulus, UTS, and elongation than MJF. This behavior could be due to 
the different orientation of the printed samples, namely, flat in Xu’s 
research and along the building direction in the present one; indeed, the 
mechanical properties of MJF printed parts were found to differ 
depending on the building direction [31,33]. Furthermore, the differ-
ences between the results mentioned in the literature are because of the 
possible differences in the experimental conditions, such as temperature 
and humidity, level of powder reuse, different set of process parameters 
for SLS machines, and different firmware that could change the preset 
configuration for MJF machines. 

Fig. 8 shows the S–N curves obtained from fatigue tests. The curves 
are statistically estimated according to the ISO 12107 standard, for 
ASTM E606 samples and SF, CYF, and CC lattice specimens, fabricated 
with both SLS (Fig. 8a) and MJF (Fig. 8b) technologies. 

In Table 8 the fitting parameters b0 and b1 for the fitting model 
equation 

log10N = b0 + b1∙ log10S (7)  

are reported, together with the standard deviation SD and the correla-
tion parameter R2. 

SLS bulk specimens perform better than MJF ones for stresses higher 
than 34 MPa. At 32 MPa, the MJF samples fail at a greater number of 
cycles, approaching the knee of the curve and the fatigue limit. In Fig. 9a 
and b, the SEM analyses on the fracture surface of the SLS cylindrical 
samples show a brittle crazing mechanism with large dimple areas, in 
accordance with Salazar et al. studies [68,69]. The SEM analyses on the 
MJF specimens fracture surface in Fig. 9c show a different failure 
mechanism, already described in the literature [70]: the fracture initi-
ates on the contour of the sample, then the crack propagates on the 
smooth region of the surface, and the final fracture happens on the rough 
central part of the surface. Porosities are detected in both the technol-
ogies, but to a greater extent in the SLS one, in accordance with 
He-pycnometry measurements in Table 4. Nevertheless, the porosity of a 
single section does not necessarily reflect the porosity of the entire ge-
ometry, especially when considering the section where the failure oc-
curs, where the worst scenario is expected, i.e. higher porosity and 
defects. Furthermore, the pores do not necessarily affect the fatigue life 
of thermoplastic materials negatively. When loaded, the porous material 
deforms and micro-void coalescence occurs; at this point, three possible 
mechanisms can arise [29]:  

1. Local melt zone formation, that stabilizes the crack growth;  
2. If the temperature stays under the glass transition temperature, 

relative sliding between chain molecules occurs, allowing more 
elasticity;  

3. the increasing of the temperature leads to a change in crystalline 
phases from the γ-form to the α-form; this can cause the molecular 
chains to shift in a preferential orientation, resulting in an improved 
fatigue resistance. 

Table 5 
Size error of samples used for mechanical tests.   

SLS MJF 

Size error [mm] Size error [mm] 

ISO 527 0.034 ± 0.035 0.319 ± 0.079 
ASTM E606 0.052 ± 0.030 -0.053 ± 0.069 
SF 0.099 ± 0.031 0.053 ± 0.061 
CYF 0.095 ± 0.030 -0.091 ± 0.050 
CC 0.089 ± 0.043 -0.084 ± 0.080  

Table 6 
Ra roughness parameter measured on ISO 527 specimens.   

SLS MJF 

Ra [µm] Ra [µm] 

Top face 10.4 ± 1.6 8.7 ± 0.9 
Bottom face 15.0 ± 2.3 13.3 ± 1.0 
Building direction 10.8 ± 0.8 11.2 ± 1.2  
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To have a wider vision on the phenomenon, further studies are 
needed where the temperature of the samples in the fracture zone is 
monitored during the fatigue tests. 

Analyzing lattice structures, at high stresses CYF and CC have a 
behavior similar to the two technologies, but since the slope of MJF is 
higher, the SLS samples have a longer life at low stresses; the same slope 
is found in SF samples, but the ones manufactured by MJF have a life 
behavior better than even CYF, as opposed to SLS where the CYF type 

behaves better than SF. In general, CC structures show the best behavior 
between the lattice samples. This is owing to the Catmull–Clark subdi-
vision approach that results in smoother surfaces with respect to stan-
dard filleting operations inside the CAD software; as can be seen in  
Fig. 10, surface curvature for the CC specimens is G2 (curvature conti-
nuity), except at extraordinary vertices (i.e. vertices in a quadrilateral 
mesh in which the number of incident edges differs from 4 [71]), 
whereas the surfaces of fillets realized with software command are G1 

Fig. 6. Tensile test curves for ISO 527 specimens. a) SLS Stress–Strain, b) SLS True stress–True strain, c) SLS specimens mechanical properties, d) MJF Stress–Strain, 
e) MJF True stress–True strain, f) MJF specimens mechanical properties. 

Fig. 7. SEM analyses on fracture surface from static tests on ISO 527 specimens: a) and b) SLS, c) and d) MJF.  
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(tangency continuity) [26]. This better surface curvature leads to a 
lower stress concentration and consequently, to a better fatigue life. 

Some of the lattice specimens, especially the CC type, behave better 
than bulk ones, as opposed to the observations of a previous study that 
used selective laser-melted 316 stainless steel parts [72]. The different 
behavior could be explained firstly by the difference in the materials 
used (polymers vs metals) and secondly, by a scale effect due to the 
different size of the beams of the lattice structures; indeed, bigger beams 
as in PA12 specimens could help avoid failure driven by internal defects 
and porosities that reduce the effective area on a cross-section, and 
surface texture where roughness represents a weakness [28,73]. SEM 
analyses on the fracture surface of the different types of lattice structures 
confirm the failure mechanisms observed for the ASTM E606 specimens. 
The SLS lattices show the brittle crazing mechanism, especially the SF 
lattices (Fig. 11a) and the CC lattices (Fig. 11c), while the MJF lattices 
present more planar surfaces where the crack propagated before the 
failure of the samples. Some dimples are found in the MJF CYF specimen 
(Fig. 11e). 

4. Conclusions 

In this work, a comparison between SLS and MJF technologies used 
to produce PA12 components is presented. Both the powders and the 
printed parts underwent different experimental tests to characterize the 
microstructure and morphology; the printed parts also underwent 
dimensional and roughness measurements as well as mechanical and 
fatigue tests. In addition, fatigue tests on three types of lattice specimens 
were performed; the lattices were obtained by the regular repetition of a 
simple cubic unit cell, but each type of unit cell was geometrically 

Table 7 
Comparison of the tensile properties of PA12 parts, fabricated by powder bed 
fusion processes.  

Technology E [GPa] UTS 
[MPa] 

εmax % Printing 
direction 

Ref. 

SLS 1.76 ± 0.02 43.6 ± 0.5 31.6 ± 2.9 XY plane [38] 
1.68 ± 0.04 47.6 ± 1.4 6.6 ± 0.5 X axis [39] 
1.61 ± 0.06 40.6 ± 3.2 3.7 ± 0.5 Z axis 
1.72 ± 0.01 45.1 ± 0.5 10.0 ± 0.1 XY plane [68] 
1.64 ± 0.01 46.4 ± 0.1 16.9 ± 0.1 X axis [49] 
2.16 ± 0.05 49.0 ± 1.7 4.0 ± 0.3 Z axis [30] 
1.39 ± 0.03 44.0 ± 0.1 27.6 ± 2.6 X axis  
1.61 ± 0.10 43.9 ± 0.7 26.6 ± 2.9 Y axis [40] 
1.22 ± 0.03 39.6 ± 0.2 14.7 ± 1.1 Z axis  
1.87 ± 0.04 46.9 ± 0.9 10.3 ± 1.9 Z axis (Current 

study) 
MJF 1.42 ± 0.04 40.1 ± 1.5 17.5 ± 3.9 XY plane [38] 

1.13 ± 0.07 45.8 ± 3.5 11.2 ± 1.8 X axis [39] 
1.20 ± 0.08 47.9 ± 0.9 13.2 ± 1.5 Y axis 
1.34 ± 0.10 53.7 ± 1.1 11.4 ± 1.3 Z axis 
1.24 ± 0.03 47.0 ± 0.9 19.0 ± 2.8 X axis [31] 
1.15 ± 0.04 48.0 ± 0.8 27.0 ± 1.2 Y axis 
1.25 ± 0.04 49.0 ± 0.6 16.0 ± 1.9 Z axis 
3.94 ± 0.36 49.9 ± 1.9 3.3 ± 0.8 X axis [33] 
3.97 ± 0.31 49.3 ± 3.4 2.2 ± 0.3 Z axis 
1.37 ± 0.03 48.7 ± 0.8 27.4 ± 2.2 X axis  
1.37 ± 0.07 44.5 ± 0.7 15.9 ± 1.1 Y axis [40] 
1.67 ± 0.07 49.6 ± 1.2 14.8 ± 0.3 Z axis  
1.53 ± 0.06 45.6 ± 0.4 30.0 ± 4.9 Z axis (Current 

study) 

XY plane is used as the printing direction whether the specimens were printed 
flat, and no printing direction axes were specified. 

Fig. 8. Wöhler curves obtained from bulk and lattice structures samples: a) SLS, 
b) MJF. 

Table 8 
Statistical parameters for S–N curves, according to ISO 12107.  

Technology Specimen type b0 b1 SD R2 

SLS ASTM E606  15.79 − 7.99  0.09  0.88 
SF  49.59 − 30.00  0.35  0.89 
CYF  51.58 − 30.77  0.53  0.74 
CC  39.48 − 22.32  0.43  0.69 

MJF ASTM E606  12.13 − 5.88  0.12  0.57 
(ASTM E606 knee)  85.49 − 53.73  0.34  0.85 
SF  32.57 − 18.41  0.60  0.47 
CYF  30.67 − 17.60  0.67  0.39 
CC  31.11 − 17.12  0.74  0.33  

Fig. 9. SEM analyses on fracture surface from fatigue test from ASTM E606 
bulk specimen: a) and b) SLS, c) and d) MJF. 
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modeled by adopting different approaches, resulting in three different 
filleting designs at nodal points; these modeling procedures do not 
depend on the material, and the results are applicable not only for parts 
with different materials, but also for parts fabricated by different pro-
cesses. The obtained results can be summarized as follows:  

• SEM analyses show MJF powders to be smoother than SLS ones. 
Some of the SLS powders are cracked, probably due to the solution – 
precipitation process in ethanol, at elevated temperature, used to 
produce the powders, or due to the evaporation of the remaining 
ethanol during the printing process.  

• TGA-DSC analyses on SLS and MJF powders showed a single peak 
corresponding to the melting temperature of 188.6 ± 0.1 ◦C and 
187.7 ± 0.2 ◦C, respectively. The printed samples show a translation 

of the peak to lower temperature, 183.1 ± 0.5 ◦C for SLS parts and 
182.7 ± 0.4 ◦C for MJF parts, so as a broadening of the same peak. 
The crystallinity of the powders, 49.1 ± 0.5% for SLS and 
48.3 ± 0.4% for MJF, decreased during the printing process to 
24.5 ± 0.1% for SLS and 31.5 ± 0.3% for MJF.  

• XRD on both the powders and final parts showed that in the starting 
powders both α-phase and γ-phase are present, whereas after print-
ing mainly γ-phase and a small shoulder of α-phase can be detected. 
The microstructure of the two technologies does not show significant 
differences.  

• He-pycnometry measurements indicated a total porosity of the final 
parts of 7.95 ± 0.09% for SLS and 6.75 ± 0.18% for MJF.  

• Roughness measurements on the sample profile (Ra) showed similar 
values for the two processes, and they both resulted in a rougher 

Fig. 10. Surface curvature analysis results performed on the lattice structures unit cells.  

Fig. 11. SEM analyses on fracture surface of fatigue tested lattice structure specimens: a) SF SLS, b) CYF SLS, c) CC SLS, d) SF MJF, e) CYF MJF, and f) CC MJF.  
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surface at the bottom face (15.0 ± 2.3 µm for SLS and 13.3 ± 1.0 µm 
for MJF) compared to the lateral face in the building direction 
(10.8 ± 0.8 µm for SLS and 11.2 ± 1.2 µm for MJF) and the top face 
(10.4 ± 1.6 µm for SLS and 8.7 ± 0.9 µm for MJF). This can be 
attributed to the presence of unmelted powders on the surface of the 
specimens, that did not undergo post-process operations.  

• Static tensile tests showed that SLS specimens have a higher Young’s 
modulus than MJF ones (1.87 ± 0.04 GPa for SLS and 
1.53 ± 0.06 GPa for MJF), but a smaller deformation at break 
(0.10 ± 0.02 for SLS and 0.30 ± 0.05 MPa for MJF). The UTSs are 
similar (46.93 ± 0.86 MPa for SLS and 45.59 ± 0.38 MPa for MJF).  

• SEM analyses on the fracture surface of ISO 527 specimens showed a 
brittle fracture mechanism for the SLS specimens, whereas a ductile 
fracture for the MJF ones. SEM analyses on fatigue tested cylindrical 
specimens highlighted a brittle crazing mechanism for the SLS 
samples, whereas in the MJF parts the crack initiated on the contour 
and slowly grew until the failure. The failure surfaces of the different 
types of lattice structures confirmed the fatigue behavior observed 
on the bulk specimens.  

• Focusing on the geometric modeling methods, CC structures show 
the best behavior among the lattice samples due to the Catmull–Clark 
subdivision approach, which results in smoother surfaces with 
respect to standard filleting operations in the CAD software and leads 
to a lower stress concentration and better fatigue life. The Wöhler 
curves associated with MJF specimens present lower R2 values than 
SLS. Compared to the lattice structures, bulk specimens highlighted 
better behavior at high stress but a worse behavior at low stress. 
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Abstract. The freedom in geometry given by additive manufacturing allows to
produce cellular materials, also called lattice structures, with unit cells and
mesoscale features that are impossible to obtain with traditional manufacturing
techniques. The geometric modeling of lattice structures still presents issues
such as robustness and automation, but, with a novel modeling approach based
on subdivision surface algorithm, these troubles were limited. Furthermore, the
subdivision method smooths surfaces, avoiding sharp edges at nodal points and
increasing performances in fatigue properties. The aim of this work is twofold;
a. The subdivision surface method is validated through fatigue tests on specimen
additively manufactured by selective laser melting technology in SS316L
stainless steel; dynamic tests were carried out on two types of lattice structures
based on cubic cell: one obtained with a traditional modeling method, one
obtained with a subdivision surface approach. b. Additional tests on bulk
cylindrical samples, allowed to propose a preliminary model that describes the
fatigue behaviour of additively manufactured lattices as a function of the bulk
material properties, considering the shape and scale effects coming from stress
concentration factor, increased area, surface roughness and porosity of the
part. Results show that the subdivision surface approach improves the fatigue
life of lattice structures, as expected. More, the lattices have a worse fatigue life
compared to the bulk samples due to the scale and shape effects, that results in a
higher sensibility to surface and internal defects related to the manufacturing
process.
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1 Introduction

Additive manufacturing (AM) and its layer-by-layer approach allow producing parts
with extreme freedom in geometry. More, AM presents other benefits if compared to
conventional techniques: design can be optimized for function and customized for
different users, design of the final part can quickly change, small production batches
become more feasible and economical, and material wasting is reduced [1]. Looking at
the market, it is also possible to see an exponential rise in metal AM systems sales,
supported by the significant growth of the revenues from metals for AM [2]. Fur-
thermore, the layer-wise approach of AM technology enables the production of cellular
materials [3], also called lattice structures. In addition to the fact of being lightweight,
lattices present other interesting properties: they are stiff in relation to their low mass,
they are good energy absorbers thanks to the possibility to undergo large deformations,
good acoustic insulators thanks to the internal porosity and good heat exchangers due
to their large surface area [4]. While the static behaviour of metal lattice structures
produced by SLM has been extensively studied, the fatigue behaviour still needs to be
analyzed deeper [5]. In this scenario, the need for characterization of materials tailored
for AM has been highlighted in [6] and [7] and is an essential task that has to be
addressed in order to guarantee that AM parts have the same mechanical performance
of parts produced with more traditional subtractive technologies. Another important
point for the characterization of additively manufactured parts is the understanding of
the influence of surface texture and porosity on mechanical properties, considering also
the sensitivity of these two parameters to the size and shape of the geometry [8].

Greitemeier et al. [9] studied the effect of surface roughness on fatigue life of AM
Ti6Al4V samples, showing that the fatigue properties highly depend on this parameter,
and formulating a model based on an equivalent initial flaw size (EIFS). Masuo et al.
[10] identified the major factors that influence the fatigue strength of AM materials as
microstructure, build direction [11, 12], defects (i.e. surface roughness, pores, lack of
fusion, shrinkage and inclusions) and residual stress, and proposed a method for
estimating the effect of defects with the

ffiffiffiffiffiffiffiffiffi
area

p
parameter. Wycisk et al. [13] analyzed

and simulated the fatigue life and crack propagation considering AM defects, such as
porosity and surface roughness.

Nevertheless, further studies that investigate the effect on fatigue behaviour of
typical AM defects on parts with respect to the wrought material are needed, especially
when dealing with complex geometries such as lattice structures.

The aim of this study is twofold. a. A previously presented method for modeling
lattice structures based on a subdivision surface algorithm [14] was tested to verify its
actual effectiveness in enhancing the fatigue life of the parts with respect to a more
standard method; b. A preliminary model was proposed in order to describe the sen-
sitivity of AM parts to typical AM defects, coming from the technology, i.e. porosity
and surface roughness, and from the modeling phase, i.e. sharp edges, especially when
dealing with scale and shape effects. To do so, three types of specimens were additively
manufactured with selective laser melting (SLM) technology in 316L stainless steel
(SS316L): bulk parts, lattice structures modeled with a traditional approach, and lattice
structures modeled with the subdivision surface method.
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2 Materials and Methods

2.1 Specimens

Three types of specimens were designed. Bulk cylindrical (BC) specimens were
adapted from ASTM E606/606M – 12 standard [15], adopting the dimensions in
Fig. 1. The diameter of the central uniform section was reduced to 2.8 mm to obtain an
area close to 6 mm2, similar to the resistant area of 6 beams with unitary area as in the
lattice samples.

Then, two types of lattice structures were modeled, cylindrical (CY) and Catmull-
Clark (CC); both of them are made up from a regular repetition of a simple cubic cell;
the number of instances is 3, 2 and 7 along x-, y-, z- axes, respectively. The cylindrical
beams around the wireframe have been modeled with two different approaches; in the
CY unit cell, the beams approaching nodal points are simply intersected, generating
sharp edges; the CC unit cell, instead, is modelled adopting the Catmull-Clark sub-
division surface algorithm [14, 16]: starting from a quadrilateral mesh, the initial
vertices are iteratively averaged following the subdivision rule, splitting into four each
quad face and resulting in a smooth surface, especially at nodal points, without the need
for additional filleting operations. Figure 2 shows the CY and CC unit cell, and a lattice
specimen. The dimension of the beams of the lattice specimens are obtained in order to
ensure a cross-section area of 1 mm2 for each beam, and cell size of 3 mm; the beams
of the CY specimens have a diameter of 1.128 mm, while the CC has a beam
dimension ranging between 1.116 mm and 1.150 (the section of a CC beam is not a
circle). Moreover, all the specimen types have a similar cross-section area, 6.16 mm2

for BC, 6 mm2 for CY and CC lattices; this allows to concentrate on the mechanical
fatigue behaviour of specimens originating from different modeling approaches. More,
the adopted dimensions respect technological constraints, such as minimum hole size
for de-powdering and minimum struts size.

A total of 36 specimens, 12 for each specimen type, were manufactured in 316L
stainless steel by SLM technology, using the AM400 machine by Renishaw. Renishaw
SS316L-0409 powder was used, and its main properties are reported in Table 1. The
SS316L is an austenitic stainless steel and presents good weldability, machinability and
high corrosion resistance; it is widely used in cyclically loaded components in a variety
of engineering sectors such as automotive, construction, refinery, oil and gas, and
chemical and petrochemical industries [17].

Fig. 1. Bulk cylindrical specimens dimensions.
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All specimens were manufactured adopting the process parameters summarized in
Table 2, “Interior” column; only for BC parts, different process parameters were used
at the borders. The build direction was parallel to the longitudinal axis of the specimens
and to the loading direction. The samples were tested as-built, i.e. no post-processing
operations were performed, except for powder evacuation and supports removal.

Fig. 2. (a) Cylindrical unit cell, (b) Catmull-Clark unit cell, (c) lattice specimen.

Table 1. Renishaw SS316L-0409 stainless steel powder properties.

Powder composition Particle size*
Element Mass (%) Percentile Diameter [µm]

Iron Balance d10% 18.8
Chromium 17.6 d50% 29.4
Nickel 12.7 d90% 45.5
Molybdenum 2.32 *Laser diffraction analysis
Manganese 1.31
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2.2 Experimental Tests

Specimens were weighed, and measured by the optical coordinate measuring machine
(CMM) OGP SmartScope Flash 200: diameters of the central section were measured
for BC samples and diameters of the beams were measured for CY and CC ones; a
routine was created in Zone3 software, in which the beams are optically detected and
measured; measurements were taken both in the front (3 � 7 cells) and side (2 � 7
cells) face of the lattice. Surface roughness along building direction was measured by a
Talysurf i-Series. Measurement was taken in the central section of 2.80 mm diameter
for the BC samples, while for the lattice structures specimens, due to the difficulty to
measure the beams of the lattice, measurements were taken on the flat surfaces at the
extremity of the samples, where they are gripped to the testing machine. The following
parameters were used for roughness measurement and analysis: evaluation length =
12.5 mm, sampling length = 2.5 mm, according to ISO 4287 [18] and ISO 4288 [19]
standards.

For CY and CC cells, numerical analyses were done to calculate the curvature and
the stress concentration factor kt, defined as kt ¼ rpeak=rnom, where rnom is the applied
force divided by the strut section area and rpeak is the maximum Von Mises stress on
the cell. Minimum and maximum surface curvature were analysed in Rhinoceros 6
using AdvMesh tool from Rhino Open Projects. kt was obtained in ANSYS® Release
16 by the finite element analysis (FEA) of a simplified model allowing to study a single
cell, as if it was surrounded by others [20].

Then, fatigue tests were executed on an MTS Acumen 3 Electrodynamic Test
System equipped with a 3 kN load cell and an MTS 634.31 F extensometer. Tests were
performed at 10 Hz frequency with 0 stress ratio (R = 0, i.e. rmax/rmin = 0, where r is
the stress). Each type of specimen was tested at 4 different stress levels, 473.2 MPa,
405.6 MPa, 338 MPa and 270.4 MPa, equal to 70%, 60%, 50% and 40% of the
ultimate tensile strength (UTS), 676 MPa, according to Renishaw’s SS316L datasheet
[21]. Data were acquired with a timed trigger at 64 Hz to store entire cycles signals and
with a peak-and-valley trigger to store minimum and maximum signals at every cycle.
No artificial cooling was applied. The estimated Stress – Number of cycles (S-N)
curves, also known as Wöhler curves, were statistically computed according to stan-
dard ISO/DIS 12107 [22].

Table 2. Process parameters.

Interior Borders

Laser power [W] 200 110
Exposure time [µs] 80 100
Point distance [µm] 60 20
Layer thickness [µm] 50 50
Layer rotation angle [°] 67 67
Scan pattern Stripe Contour
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3 Results and Discussions

Figure 3 shows one printed sample for each type of specimen. Due to the lack of post-
processing procedures such as sandblasting or chemical etching [23], in the magnified
view of the lattice structure of CY and CC specimens, it is possible to observe some
partially melted powder, especially at bottom surfaces.

Table 3 presents the average values and the standard deviations for mass and
diameter dimension of the specimens, compared with nominal values. Nominal mass is
obtained adopting a density of 7.99 g/cm3, according to the datasheet, and calculating
the volume of the geometric model. For CY and CC models only the diameters of the
beams aligned with the building direction were reported. Table 3 also shows the
roughness parameters Ra, Rz, and Rt of specimens. The mass and dimensions of the
specimens are always higher than the nominal value; this is probably due to the absence
of offset compensation preset in the build preparation software. The lack of a contour
strategy for the lattice specimens affects the quality of their surfaces in terms of size and
roughness [24]. Moreover, the more complex shape of the CY and CC samples could
result in higher dimensional errors.

Fig. 3. SLM SS316L specimens: (a) BC sample, (b) CY sample, (c) CC sample.

Table 3. Mass, diameter and roughness measurements.

Mass [g] Diameter [mm] Roughness [µm]

Ra Rz Rt
Mean SD Nominal Mean SD Nominal Mean SD Mean SD Mean SD

BC 16.09 0.15 15.93 2.829 0.012 2.800 5.5 0.5 30.8 2.7 49.2 6.9
CY 13.72 0.11 12.85 1.259 0.006 1.128 7.7 0.8 49.6 6.2 60.0 8.0
CC 14.06 0.08 13.20 1.265 0.007 1.116 8.4 1.0 55.0 6.7 69.2 11.8
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Figure 4a presents the curvature analysis for CC (subdivided) and CY (circular
section) specimens. CY geometry does not have fillet radius but during the manufac-
turing of the parts, sharp edges are slightly filleted; an approximated fillet radius of
0.1 mm was measured by the CMM. The minimum and maximum curvature analysis
highlights that while the CY geometry has a C1 surface (tangent continuous surfaces),
the Catmull-Clark subdivision algorithm produces a surface with curvature continuity
(C2 surface), except at extraordinary vertices where they are C1 [16, 25] (for a
quadrilateral mesh an extraordinary vertex is a vertex in which the number of incident
edges differs from 4). Thanks to its curvature continuity, CC cells surfaces are
smoother than CY ones. This also reflects on the stress concentration factor kt; in
Fig. 4b, kt is plotted as a function of the Fillet radius/Cell dimension ratio. CC cell has
a constant kt = 1.15 deriving from the subdivision algorithm, while CY cell has a
decreasing behaviour as the ratio increases. This is due to the beneficial effects that
large fillet radii have on the peak stresses. Nevertheless, as far as the ratio increases, kt
of CY will not reach the kt of CC.

Figure 5 shows the results of fatigue tests as Stress – Number of cycles (S-N)
curves (Wöhler curves) obtained according to ISO/DIS 12107 standard. The curves
were obtained by the model equation:

log10 N ¼ b0 þ b1 � log10 S ð1Þ

that can be rewritten as:

N ¼ k � Sb1 ð2Þ

where k ¼ 10b0 .

a) b) 

1

1.2

1.4

1.6

1.8

2

0 0.1 0.2 0.3

t

Fillet radius/Cell dimension

CY
CC

Fig. 4. (a) Curvature analysis for CC (subdivided) and CY (circular section) specimens.
(b) stress concentration factor kt as a function of fillet radius/Cell dimension ratio.
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In Table 4 the parameters b0 and b1 are reported, together with the standard
deviation SD and the correlation coefficient R2, that is close to 1 for all of the specimen
types, that means the model well describes the behaviour of the samples.

CC lattice specimens fail about one and a half times later with respect to CY ones.
This is due to the different modeling approach adopted. As previously analyzed, the
lattice structure modeled with the Catmull-Clark subdivision method presents smoother
surfaces than the CY, especially at nodal points where the CY model has sharp edges,
except for the small fillet radii resulting from the manufacturing technology; the lower
stress concentration factor improves the fatigue behaviour. So the surface subdivision
method results in lattices with an enhanced fatigue life, that are modeled in an efficient
way, and that can be exploited in different applications and fields, for example, scaf-
folds in biomedical field, lightweight and energy absorber structures in the automotive
industry, and bearing structures in industrial field.

The BC samples fail at a higher number of cycles if compared to lattice structures;
indeed, they resist more than twice the CC lattices. This is explained at least by 3 aspects:

• the stress concentration factor, kt, is negligible for the BC sample;
• the effective resistant area is more sensitive to the porosity in a small section;
• the cross-section profile of the sample is greater for the lattice sample and increases

the opportunity of cracks initiation.
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Fig. 5. S-N curves, according to ISO/DIS 12107 standard.

Table 4. Statistical parameters for S-N curve, according to ISO/DIS 12107.

Specimen type b0 b1 SD R2

BC 15.58 −3.94 0.076 0.96
CC 15.26 −3.98 0.032 0.99
CY 14.63 −3.81 0.064 0.97
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kt, mainly related to the shape of the sample, is higher in CY lattices than in CC
ones and, especially, in BC models can be neglected thanks to the axisymmetrical
shape that does not present sharp edges, but filleted edges with large radii instead.

The cross-section and the porosity are related to the scale effect, that appears in this
work due to the “segmentation” of one bigger element in several smaller ones. Let d be
the diameter of a pore and let suppose that a pore is present in a beam, which could be
the weak link in the chain of a lattice. The effective area will be:

Aeff ¼ An � pd2

4
ð3Þ

where An is the nominal area. The coefficient kA that keeps in consideration the sen-
sitivity to the porosity depending on the number N of beams can be defined as a
function of the effective areas:

kA ¼ rN
r1

¼ Aeff ;1

Aeff ;N
¼ An � pd2

4

An � pNd2
4

¼ D2 � d2

D2 � Nd2
ð4Þ

where D is the diameter of a single beam of area An, r is the stress applied, and
subscripts 1 and N indicate how many sections are present in the model.

The cross-section profile of the lattice structure is greater due to the absence of a
contour strategy that results in a higher roughness, and to the shape of the sample: to
obtain the same area with more beams, the length of the profile increases. Since the
relation between area A and perimeter p of a circumference can be written as
p ¼ 2

ffiffiffiffiffiffi
Ap

p
, if the same area is divided in N equal smaller areas, the ratio between the

perimeter of a single bigger beam p1 and the perimeters of N smaller beams pN will be:

p1
pN

¼ 2
ffiffiffiffiffiffi
Ap

p

2
ffiffiffiffiffiffiffiffiffiffi
ApN

p ¼ 1ffiffiffiffi
N

p ð5Þ

The coefficient kP that describes the scale effect of the cross-section profile will con-
sider the ratio between the roughness parameters Rt1=RtN as well, and can be described
as follows:

kP ¼ f
1ffiffiffiffi
N

p ;
Rt1
RtN

� �
ð6Þ

To better understand Eq. (6), further studies are needed to confirm these
hypotheses, which are not yet confirmed in the literature. Indeed, studies exist that state
that larger parts experience lower fatigue limits with respect to smaller parts [26].
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Combining all the coefficients, Eq. (2) can be re-written as:

N ¼ k � kp � kt � kA � Sð Þb1 ð7Þ

Equation (7) allows to describe the fatigue behaviour of geometries in which the
circular cross-section of a part has been divided in smaller cross-sections, keeping in
consideration the scale and shape effects; this perfectly suits the situation where lattice
structures made of struts are compared to the bulk material. The development of an
accurate and effective model in fatigue life of lattice structures is fundamental in the
design phase, allowing reliable simulations of the mechanical behaviour. For instance,
this model can be introduced in homogenization methods, reducing the complexity in
the simulation of trabecular components [27].

4 Conclusions

In this work, three types of specimen were modeled and produced by AM SLM
technology in SS316L: bulk specimens (BC), regular lattice structures modeled with a
traditional modeling method (CY), and regular lattice structures modeled adopting a
previously proposed modeling approach based on a subdivision surface algorithm
(CC). All the parts were fatigue tested to better understand the fatigue behaviour of the
geometric modeling approach.

In particular, the comparison between CY and CC modeling approaches highlights
that CC samples fail at a higher number of cycles, thanks to a modeling method that
results in smooth surfaces, avoiding sharp edges and reducing the negative conse-
quences of shape effects. The comparison between bulk and lattice specimens allows to
understand the scale effects on porosity and surface roughness: when the diameter of a
beam decreases, the percentage of area occupied by a porosity is bigger if compared to
the same porosity in a beam with a bigger diameter, and this weakens the structure;
moreover, when the area of a beam is subdivided into several smaller beams, the total
perimeter of a cross-section increases, enhancing the probability of points for crack
initiation. Thanks to these observations, confirmed by experimental tests, it was pos-
sible to propose a preliminary model that takes into consideration the scale and shape
effects and describes the fatigue behaviour of AM parts characterized by the reduction
of the elements dimension and by the increase of the shape complexity, allowing to
predict the fatigue behaviour of lattice structures.

The proposed model is still in an early stage and further studies are needed to
complete and validate it through an extensive fatigue test campaign, with samples with
different shapes and element sizes. Nevertheless, it is already possible to assert that the
surface subdivision modeling method allows overcoming issues in lattice structure
modeling highlighted in literature, such as robustness and scalability. Finally, the
development of a model in fatigue life of lattice structures is fundamental in the design
phase, where can be implemented in Computer Aided Engineering software, reducing
the complexity of the analyses.
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Abstract 
Recent advances in additive manufacturing technologies demand for extremely customized, complex 
shape  and  multifold  functional  products.  Heterogeneous  objects,  such  as  functionally  graded 
materials, represent an attractive solution for researchers and industries in many application fields. 
Combining geometric modelling and material assignment in a definitive and accessible CAD tool is 
still  a  challenge.  In  this  review  the  key  aspects  of  heterogenous  object  representation  related  to 
additive manufacturing processes are reported. After the presentation of the various methodologies 
for  geometric  modelling  found  in  the  literature,  additive  manufacturing  applications  for 
heterogeneous objects are summarized. 
Keywords: Geometric modeling; Computational geometry; Additive manufacturing; CAD; FGM; 
Heterogeneous objects 
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Introduction 
 
Thanks  to  the  exploitation  of  design  freedom 
guaranteed  by  additive  manufacturing  (AM) 
technologies,  heterogenous  object  modelling 
and production is receiving a renewed interest. 
These  lead  to  a  paradigm  shift  that  is  taking 
place  in  industry,  from  a  shapecentred 
approach to a functional requirement approach 
[1].  Nowadays,  AM  processes  can  create 
heterogeneous objects, but the lack of suitable 
geometric  modelling  and  material 

representation  techniques  for  this  type  of 
objects  limits  the  ability  of  product 
development  [2,3].  Current  CAD  tools  and 
workflows  have  been  designed  to  represent 
homogeneous  objects  suitable  for  traditional 
manufacturing  technologies, modelling  shapes 
by  their boundaries without information about 
the material distribution inside the part.  
We  experienced  heterogeneous  objects  much 
more  than  homogeneous  ones.  Manmade 
objects  are  usually  almost  constant  in  their 
internal  material  distribution  and  they  can  be 
modelled  as  homogeneous  solids.  In  contrast, 
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natural objects are rarely homogeneous, fitting 
together  functions,  shapes  and  materials. 
Nature  reveals  every  day  optimized 
heterogeneous  objects  such  as  animal  tissues 
(e.g. human bones), plant structures (e.g. wood) 
and  geological  materials  (e.g.  soil  and  rocks) 
[2,4,5].  For  this  reason,  also  related  to 
biomimicry  design  approach,  the  interest  in 
heterogeneous  objects  has  increased 
exponentially  [6].  Heterogeneous  object 
modelling  is  not  a  novelty  in  computational 
design, as it represented the natural evolution of 
homogeneous  object  modelling  [7,8].  A 
heterogeneous  object  is  referred  to  a  solid 
component  consisting  in  more  than  two 
attributes  distributed  discontinuously  or 
continuously  inside  geometry  boundaries 
[9,10].  If  a  discontinuous  change  in  attributes 
distribution, i.e. material distribution, generates 
distinct regions separated by distinct interfaces 
in the solid, it is called a composite (Figure 1a) 
[10].  On  the  other  hand,  if  the  continuous 
variation  of  an  attribute  produces  gradient  in 
material  distribution,  it  is  often  referred  to  as 
functionally graded material (FGM) [10]. In the 
simplest FGM, two different materials change 
gradually  from  one  to  the  other,  as 
schematically shown in figure 1b.  In addition, 
distribution  can  be  even  random  or  irregular 
[4,5,11].  Sometimes,  authors  use  FGM  and 
multimaterial  terms  interchangeably  [12] 
while they use composite for the discontinuous 
change. The effective material properties such 
as Young’s modulus, Poisson’s ratio, density, 

thermal  conductivity,  and  thermal  expansion 
can be determined by several rules such as the 
mixture, the threephase model by Frohlich and 
Sack,  the  selfconsistent  scheme,  the  Mori
Tanaka technique, and the mean field approach 
[13]. 
 
FGM  are  now  a  consolidate  argument  in 
scientific research. This is demonstrated by the 
growing  number  of  publications  in  the 
literature.  Indeed,  according  to  Scopus 
database,  the number of papers containing  the 
keyword  "functionally  graded  materials" 
increased from 153 in 2000 to 924 in 2018. For 
all  the  reasons  above,  a  shared  systematic 

design  methodology  is  urgently  required, 
specifically  integrated  with  additive 
manufacturing methods and tools [1,4,12]. This 
means to elaborate an overall design approach, 
in order to consider object multifold functions, 
shape  and  material  distribution  in  specific 
environmental  and  boundary  conditions.  As  a 
first step in this direction, in this work firstly a 
taxonomy  of  geometric  modelling  approaches 
for heterogeneous objects is proposed, and then, 
the  opportunities  highlighted  in  literature  for 
manufacturing  heterogeneous  objects  by  AM 
technologies are presented. 
 
 

 
 
Figure 1: A heterogeneous model of a torus, (a) 
with discrete material distribution and (b) with 
graded  material  distribution.  Yellow  and  blue 
colors represent two different materials. In the 
length  axis  (L),  l  represents  the  length  of  the 
object. C% is the percentage of blue material: 
when C%=0 the object is totally made of yellow 
material, if C%=100 the object is blue. 
 
Heterogeneous  object  modelling  and 
representation 
 
Current CAD software are designed to operate 
with  homogeneous  solids  and  not  with 
heterogeneous  ones,  because  the  modelling 
objective  until  now  was  to  describe  mainly 
geometrical  information  [14].  Many  models 
exist  for  representing  the  outer  shape  of  an 
object, but modelling  the inner composition is 
still a challenge [1,15,16]. Since heterogeneous 
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objects  modelling  is  not  trivial,  because 
includes  more  than  the  shape  representation, 
there  are  different  approaches  to  model  the 
volumetric  property  distribution  in  a  solid 
[4,12,17], some of those take advantages from 
the  analogies  with  other  disciplines  such  as 
geosciences or colour representation [18]. 
 
In  general,  heterogeneous  object  geometric 
modelling requires the connection of properties 
information,  such  as  material,  to  the  solid 
model. This procedure includes two concurrent 
phases:  shape  modelling  and  material 
modelling  or  properties  assignment 
[4,12,17,19,20].  Geometric  modelling  is 
concerned  with  both  shape  representations  of 
the  objects  and  properties  assignment  that  is 
targeted  at  defining  property  distribution  and 
composition  over  the  geometric  domain  [4]. 
The  procedures  for  heterogeneous  object 
modelling  can  intuitively  be  sequential  or 
parallel,  that is whether  the shape  is modelled 
before  material  distribution,  or  the  geometry 
and  the  material  are  defined  simultaneously, 
respectively.  As  almost  all  the  commercial 
CAD  software  packages  can  only  create 
geometric  models,  now  sequential  process  is 
the simpler strategy to model FGM object [12]. 
Alternatively, as Boddeti et al. [21] or Garland 
et  al.  [15]  proposed,  it  is  possible  to 
simultaneously  define  topology  and  material 
distribution by an original algorithm based on 
topology  and  material  gradient  optimization 
within a single part. Zhang et al.  [12] refers to 
boundary modelling and property assignment in 
terms  of  attributes.  Indeed,  shape  attribute  is 
usually already defined, while other properties 
or attributes that may differ from the material, 
can  be  defined  as  well.  FGM  fundamental 
attributes/properties are geometry and material. 
Other  attributes/properties  are  for  example 
microstructure  [2226],  tolerances  and 
operating  conditions,  which  could  also  be 
included  in  a  complete  model  description 
[2,8,14,27].  In  order  to  define  the  better 
distribution  of  material,  new  design  and 
optimization  approaches  are  needed.  For 
instance,  Tornabene  et  al.  [28,29]  proposed  a 
method  for  designing  shells  with  graded 

composition between ceramic and metal along 
the lamina thickness, to optimize frequency and 
static deflection. 
 
Geometric modelling approaches 
 
Geometric modelling approaches for solids can 
be  classified  in  3  main  classes  (Figure  2): 
boundary  representation  (BRep),  volume 
representation  (VRep)  and  constructive  solid 
geometry  (CSG)  [30,31].  In  Brep  solids  are 
described  in  terms  of  connected  surfaces  or 
faces representing the surface of an object. V
rep  allows  the  description  of  both  the  surface 
and  the  internal  portion  of  an  object,  and 
consequently the representation of  the  internal 
properties’ distribution and not only of the 

boundaries.  CSG  is  a  description  of  a  solid 
geometry through sequential logical operations 
(Boolean),  starting  from  simple  primitive 
geometries  that  could  be  homogeneous  or 
heterogeneous.  In  the  second  case,  Boolean 
operations  should  be  redefined  to  manage 
heterogeneous  primitives  [30,32].  In  other  to 
visualize  and  manufacture  the  model, 
depending  on  the  primitives,  it  is  possible  to 
shift to a Brep or a Vrep. 
 
Both  Brep  and  Vrep  can  be  represented  by 
discrete models or by functions. In the case of 
discrete  Vrep,  spatial  decomposition  can  be 
reached by voxel, octree and polyhedral mesh. 
Typical discrete representation can be found in 
computed  tomography  (CT)  image 
representation,  in  voxel  form,  or  in  finite 
element  (FE)  method,  as  polyhedral  mesh. 
Beside  discrete  representation  methods,  bi
variate  or  trivariate  parametric  functions  are 
often  used  in  CAD  software  for  intuitively 
modify  shape  by  moving  control  points. 
Usually,  bivariate  parametric  functions  are 
used for surface representation, while trivariate 
are implemented for morphing objects. Implicit 
and  explicit  functions  can  be  implemented  in 
CAD  software  and  can  be  useful  in  the 
representation  of  particular  shapes  such  as 
minimal  surfaces,  but  do  not  allow  an  easy 
modification  of  the  shape  as  in  the  case  of 
parametric functions. 
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Figure 2: Geometric modelling approaches.
 
Discrete Vrep representation 
 
Discrete volumetric models are often classified 
as  evaluated  models  or  representations  [4], 
since  the volumetric  information  stored  in  the 
model  is  directly  available  for  further 
application,  such  as  numerical  analysis  and 
simulation [11]. The easiest way to discretize a 
volume  is  to  subdivide  it  in  small  and  equal 
cubes  (i.e.  voxel).  Octrees  is  a  partition  of  a 
threedimensional  space  by  recursively 
subdividing a cube into eight cubes; each cube 
can be inside, outside or in the boundary of an 
object;  for  each  cube  in  the  boundary  the 
subdivision  is  repeated  until  the  desired 
resolution  is  obtained.  The  space 
decomposition  can  be  reached  by  other 
approaches  that  can better  follow  the  external 
shape  or  the  internal  characteristics,  using 
polyhedra.  In  this  case,  it  is  possible  to  adopt 
larger elements where the variation in shape or 
characteristics  is  low  and  vice  versa.  The 
discrete  representation  schemes  are  based  on 
different  data  structures:  for  instance,  voxel 
based  methods  rely  on  the  distribution  of  the 
elements inside a treedimensional matrix or a 
vector,  octree  is  based  on  a  tree,  while  for 

polyhedral mesh it is necessary to define a list 
of vertex coordinates, a list of polyhedra, a list 
of  faces,  a  list  of  edges  and  the  reciprocal 
connections [30,33,34]. 
 
Function based Vrep representation 
 
The most common way to define a geometry in 
a  CAD  environment  is  based  on  parametric 
functions.  In  the  volumetric  case,  these 
functions map a domain of the parameter space 
(u,v,w)  in  the  design  space  (x,y,z).  Function 
adopted  for  mapping  the  (u,v,w)  space  in  the 
(x,y,z),  can be  simple polynomials,  but  for  an 
easier  geometry  management,  control  points 
were introduced together with basis function in 
the  Bézier  representation.  In  this  formulation, 
moving  a  point,  the  whole  geometry  is 
modified.  To  overcome  this  limitation,  B
splines  and  NURBS  were  introduced,  where 
rational  non  uniform  basis  functions  are 
recursively  defined.  Using  NURBS,  with  a 
single  equation,  any  type  of  geometry  can  be 
obtained. Differently, using explicit or implicit 
functions,  each  geometry  is  represented  by  a 
different  equation,  making  difficult  modeling 
complex geometries [33].  
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Properties assignment approaches 
 
For  heterogeneous  objects,  in  particular  for 
FGM,  the  volumetric  property  information 
consists in material data, and it can be divided 
in  two  branches:  material  composition  and 
distribution [12]. Composition at each point of 
the  volume  is  identified  by  a  vector m.  This 
represents  a  complication,  because  material 
information  adds  dimensions  to  the  model. 
Distribution,  that  model  the  variation  of m  in 
the  volume,  can  be  described  in  various  way 
and can be classified in three main classes [12]. 
The first ones is the extension of conventional 
geometric  modelling  approaches  in  order  to 
consider  material  representation,  i.e.  the 
material  description  is  dependent  to  the 
geometry  approach  used.  This  is  called 
geometric  modelbased.  The  second  class 
contains  schemes  wherein  the  material 
assignment  is  based  on  other  geometry 
information,  e.g.  coordinate  systembased.  In 
the  last  class,  special  control  featurebased 
schemes, also referred to as material primitives’ 

features,  are  used  to  describe  material 
distribution  in  FGM  objects  [11].  Other 
classifications are possible and not in contrast 
with the previous one [4]. Anyway, the material 
assignment  needs  a  geometric  support. 
Conceptually,  next  to  a build  space where  the 
geometry is defined with any of the approaches 
previously  described,  a  geometric  model  for 
material  distribution  is  added.  The  basic 
concept  of  any  heterogeneous  modelling 
method  is  to define  a  function associating  the 
material to all the points in the geometric model 
[20]. 
 
Geometric modelbased 
 
In  geometric  modelbased,  geometric 
modelling approaches are utilized as  the basis 
for modelling the material attribute. In this case, 
material  distribution  is  geometric 
representation dependent.  In discrete Vrep, at 
each  voxel,  polyhedron  or  vertex  within  a 
boundary,  a  material  composition  is  assigned 
[30].  These  models  permit  complex  FGM 
modelling  with  great  accuracy  that  is  directly 

related  to  the  domain  resolution,  but 
computational  and  memory  costs  can  be  high 
[4,30].  For  example,  voxels  approach  can  be 
improved  by  bringing  together  adjacent voxel 
with  the  same  properties,  making  the  spatial
occupancy enumeration more efficient such as 
in octree encoding [13]. Note that the material 
distribution  inside  a  voxel  is  not  necessarily 
homogeneous,  for  instance,  Bernstein 
polynomials  or  trilinear  functions  have  been 
used  to  represent  interpolated  material 
distributions when the material composition is 
assigned  to  a  vertex  [4].  Extensions  to  pure 
voxel  representation  has  been  proposed  by 
several  authors,  such  as  Blouin  et  al.  [35].  
A  more  flexible  approach  is  based  on 
polyhedral  mesh.  In  polyhedral  mesh,  objects 
are described with a set of adjacent polyhedra, 
each  represented  by  a  list  of  vertices.  The 
vertices store their geometric position as well as 
the  material  composition,  and  can  be 
mathematically described as: 
ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 𝑜𝑏𝑗𝑒𝑐𝑡 = {𝑉𝑖}  = {𝑇1 , 𝑇2 , . . . 𝑇𝑛} 
 
𝑇𝑘 = {𝐺(𝑣𝑘1, 𝑣𝑘2, . . . , 𝑣𝑘𝑚), 𝑀(𝑣𝑘1, 𝑣𝑘2, . . . , 𝑣𝑘𝑚  )},

1 <  𝑘 <  𝑛 
 

𝑣𝑘𝑖 = (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖 , 𝑚𝑖)  
 
where Tk denotes a representative polyhedron, 
G  and  M  denote  the  geometry  and  material 
distribution of Tk, vki is a representative vertex 
of  Tk  that  stores  the  coordinates  and punctual 
material information mi and n is the number of 
polyhedrons  that  compose  the  whole 
heterogeneous  object.  The  function  M  is  an 
interpolation  function  used  for  defining  the 
material distribution inside each polyhedron.  
Contrary to space subdivisions, functionbased 
representation  utilizes  exact  geometric  data 
representations, such as BRep and fRep [36], 
and  rigorous  functions  (explicit,  implicit, 
parametric)  to  represent  the  material 
distributions  [4].  For  implicit  and  explicit 
functions,  it  is  very  challenging  to  work  on 
different  levels  of  inequalities  to  manage  the 
distribution of different materials. For example, 
with  an  implicit  function  based  strategy  it  is 
possible  to  set  a  property  at  each  ki  value  (a 
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surface)  of  the  f(x,y,z)=ki,  but  it  has  some 
drawbacks. Instead, parametric functions, such 
as trivariate NURBS, show several advantages 
and  the  approach  can  be  extended  in  FGM 
representation [30,37,38]. 
 
Coordinate  systembased  and  control 
featuresbased 
 
Material  distribution  can  be  defined  based  on 
geometrical  features  which  differ  from  the 
shape of the object. For instance, the definition 
of properties or material can be referred to the 
coordinate  system  and  independent  from  the 
boundary  of  an  FGM.  This  is  referred  as 
coordinate  systembased  [12,17].  The 
distribution  is  defined  with  respect  to  a 
Cartesian,  cylindrical  or  spherical  coordinates 
system with linear or nonlinear and discrete or 
continuous functions. If the material is assigned 
to  a  set  of  equidistant  points,  the  supporting 
geometric model is equivalent to a voxel model. 
Doubrovski et al. [39] proposed a methodology 
based on voxelization modelling  in which  the 
resolution  is  set  equal  to  the  additive 
manufacturing  process.  Another  example 
appears when  the distribution  is  controlled by 
features  such  as  points,  curves  or  surfaces, 
referred  as  material  features.  Material 
composition at any point in the space model is 
derived  from  these  control  features  and 
distancebased  weighting  functions.  As  stated 
in  [4,11]  this  approach  seems  to  be  more 
intuitive from a user experience point of view. 
Bidarra  et  al.  [27]  defined  a  feature  as  a 
representation of the shape aspect of a product 
that  is  mappable  to  generic  shape  and 
functionally  significant  for  the  product.  Also, 
features may be entities that are not otherwise 
present  in  the  shape  model.  These  new 
reference  entities  may  be  point  (0D), 
line/curve  (1D),  or  plane/surface  (2D).  The 
material  distribution  function  can  be 
polynomial, exponential or harmonic functions 
of the distance from material reference entities 
[1,4,5,12].  Recently  developed  voxelbased 
modeling engine called Monolith  [40] permits 
to handle spatial variations directly in material 
properties, using different approaches to assign 

the  properties  to  objects  such  as  geometric 
modelbased,  coordinate  systembased  and 
control  featuresbased.  These  voxelbased 
representation fits perfectly within a new class 
of 3D printers which have multiple print heads 
capable of depositing different  types material, 
such as resin, within a single build volume.  
 
Additive Manufacturing applications 
 
Manufacturing techniques play a critical role in 
achieving  the  designed  composition  and  thus 
the  demanded  properties  of  heterogeneous 
object  for  specific  applications.  In  particular, 
FGMs  have  found  applications  in  various 
fields,  such  as  aerospace,  mechanical, 
electrical,  thermal,  optical,  biomedical  and 
geophysical [1,4,12,41]. One way to categorize 
these  techniques  is based on  the  type of FGM 
objects  manufactured  by  them.  Mahamood  et 
al.  [42]  classified  the  FGM  objects  into  two 
groups:  thin  and  bulk  FGM.  Thin  FGM  is 
usually  in  the  form of  surface  coatings, while 
manufacturing  techniques  for  bulk  FGM  are 
powder  metallurgy,  centrifugal  method,  and 
AM [12]. Not all the current AM technologies, 
classified  in  ISO/ASTM  52900  [43],  are  now 
used  for  FGM  realization.  The  main  AM 
techniques  reported  in  literature  are  presented 
in  figure  3:  vat  photopolymerization 
(Stereolithography  – SLA), material  extrusion 
(Fused Deposition Modelling – FDM), powder 
bed fusion (Selective Laser Sintering/Melting – 
SLS/SLM),  direct  energy  deposition  (Laser 
Engineered Net Shaping – LENS) and material 
jetting (polyjet) [12]. 
 
SLA has attractive attributes of creating objects 
with a highquality surface finish, dimensional 
accuracy, and a variety of material options. The 
material distribution is homogeneous in a layer, 
but  changes  along  the  build  direction.  It  is 
challenging  to  obtain  heterogeneous  material 
compositions within intralayer. However, there 
is a possibility of printing functionally graded 
material with SLA. As shown by Huang et al. 
[44],  a  maskimageprojectionbased 
Stereolithography is proposed to build objects 
with multiple materials.  
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FDM produces parts by extruding filaments of 
molten thermoplastics material through heated 
nozzles.  After  extrusion  from  the  nozzle  in  a 
desired pattern,  the material  solidifies  to  form 
the object. There are large varieties of materials 
that can be used in FDM process. FDM devices 
with multiple nozzles allow the construction of 
heterogeneous  objects  with  discrete  material 
distribution. On the other hand, it is possible to 
put  different  materials  in  the  same  nozzles 
having  the  potential  of  manufacturing 
functionally graded material objects as long as 
the  machine  system  allows  for  an  arbitrary 
mixture  of  different  filament  materials.  For 
example,  Leu  et  al.  [45]  developed  a  triple 
extruder  mechanism,  which  can  control  the 
filaments  extrusion  for  desired  composition 
gradients.  In  the same way Garland et al.  [15] 
used an off the shelf FDM 3D printer to produce 
FGM  object.  The  printer  is  equipped  with  a 
nozzle that can extrude two mixed materials at 
once. By controlling the rate at which the two 
filaments  are  pulled  into  the  melt  chamber, 
FGM  objects  can  be  printed,  i.e.  colours  or 
compositions  changed.  Khalil  et  al.  [46] 
showed  the  possibility  of  constructing 
heterogeneous  tissue  with  FDM  process  in 
medical applications. Their system is based on 
a setup with four different nozzles.  
 
LENS  and  SLSSLM  are  promising 
technologies  for  fabricating  FGM  metal  parts 
with excellent strength, accuracy (50100 µm), 
and  surface  roughness  (<10  µm),  depending 
upon the machine type, materials and geometry 
of the products. Both LENS and SLSSLM use 

powders as construction unit, but the former in 
blownpowder while the latter in a powderbed 
technique. By controlling the composition ratio 
of  different  material  powders,  they  have  the 
potential  of producing FGM objects. LENS is 
mainly  used  for  iron,  titanium,  and  nickel
based alloys. Other examples of FGM parts are 
functionally  graded  tungsten  carbide  and  tool 
steel  parts,  alloys  and  ceramic  parts  by SLM, 
TiC and Ti composite by LENS, and Nykon11 
and  silica  nanocomposites  by  SLS  [9,12]. 
Stratasys  PolyJet  3D  printing  technology  jets 
layers  of  curable  liquid  photopolymer  onto  a 
build  tray  and  the  gradient  profile  is  thus 
continuous. One application of this technology 
for a graded prosthesis production is proposed 
in  [39],  where  a  PolyJet  printer  permits  the 
elimination  of  slicing  and  path  planning  by 
bitmap  images.  Other  researchers  have 
demonstrated  workflows  for  modelling  and 
fabricating  material  compositions  with  target 
visual  properties  and  desired  deformation 
behaviour  [39].  Another  example  is  given  by 
Connex 3 by Stratasys [47]: it offers the ability 
to create objects by jetting material droplets in 
a  predefined  pattern  from  designated 
microscale  inkjet  printing  nozzles.  With  a 
threebase colour system, the material droplets 
have  a  wide  colour  range  option  from  20 
palettes,  each  one  providing  several  colours. 
The  process  requires  a  specific  range  of 
viscosity  and  curing  temperature  of  the  jetted 
liquid. This limits the type of material that can 
be used in this process. 
 

Figure  3:  Additive  Manufacturing  processes  currently  used  for  FGM  objects,  classified  using 
ISO/ASTM 52900. 
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Conclusions 
 
AM can effectively build heterogeneous object, 
but  research  effort  must  be  addressed  to 
improve design and representation methods. In 
order  to  support  these  trends,  this  research 
suggested  a  classification  of  the  possible 
approaches for volumetric modelling. Different 
approaches  to  assign  properties  of 
heterogeneous objects were described, defining 
a  fundamental  step  for  any  design  approach 
able  to optimize the material combination and 
distribution  on  a  design  space.  Moreover,  the 
paper  presents  the  major  AM  technologies 
useful for manufacturing FGMs.  
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1  INTRODUCTION 

Nowadays, optimization is a fundamental phase during the development of a new product; finding the 
right  moment  when  to  start  to  optimize  is  essential  to  save  time,  money  and  obtain  an  innovative 
product. In the past decades, optimization was performed as the third phase out of four of the design 
process  (Kirsch,  1993):  after  the  formulation  of  functional  requirements  and  the  conceptual  design 
stage,  the optimization step  is conducted  in an  iterativeintuitive way, based on  trial  and  error. This 
approach  tends  to be  timeconsuming as often  the  first guess does not  satisfy  the  requirements,  and 
other solutions have to be designed and tested, in an iterative process. If, instead, computational design 
synthesis (Chakrabarti, 2002) is used, the tasks needed to obtain a solution can be divided in four main 
steps:  representation, where a mental model of  the object  is created, generation, where  the object  is 
created, evaluation, where an analysis is performed to see how well the part meets the design goals and 
constraints, and guidance, in which feedback on improvements to  the design for the next iteration is 
given (Cagan et al., 2005); generation, evaluation and guidance phases are iteratively repeated until a 
final  design  is  obtained.  In  design  synthesis,  optimization  can  occur  during  representation  and 
generation phases, where the design has not yet been refined to a specific topology. Usually, stochastic 
methods are applied, since it is not mandatory to find exact global optima, but it is possible to explore 
different  design  that  can  generate  suboptimal  designs  that  satisfy  the  designer’s  needs  (Shea  and 
Cagan,  1997).  Applications  of  stochastic  methods  were  proposed  by  Shea,  Aish  and  Gourtovaia 
(2005), where a generative structural design system including structural topology and shape annealing 
(STSA)  method  is  combined  with  an  associative  modeling  system,  and  by  Shea  and  Smith  (2006) 
where STSA is applied for improving fullscale transmission tower design. Since stochastic methods 
are  iterative processes,  they could  require  lot of  time and computational  resources,  according  to  the 
number  of  iteration  and  variables  of  the  problem.  A  similar  approach,  called  SimulationDriven 
Design  or  OptimizationDriven  Design,  has  been  adopted  by  both  academic  researchers  (Sellgren, 
1999; Koziel and Ogurtsov, 2014) and commercial software (Altair, 2018). Moving up and embedding 
the optimization in the first concept and design definition, the resulting shape will drive the following 
validation and production phases in a faster way, with no need for further iterations. 
Among  all  the  types  of  optimization,  structural  optimization  aims  to  find  the  best  way  to  organize 
material in a structure, according to loads and boundary conditions applied on the part. Objectives of 
the optimization  can  be  mass  reduction,  stiffness  maximization  and  resonant  frequencies.  Structural 
optimization can be mainly arranged into three classes (Bendsoe and Sigmund, 2013). 
1.  Size optimization: it deals with the optimization of the dimensions, which involve, for example, 

the cross sections of trusses inside a structure and/or thicknesses of plates. 
2.  Shape optimization: it deals with the optimization of the shape of boundaries of the structure; it 

affects not only the external boundaries but also the shape of potential internal voids. 
3.  Topology optimization, in which material is arranged in order to find the best distribution under a 

set of boundary conditions. 
All the structures and shapes resulting from the aforementioned optimization and modeling techniques 
present  really  complicated  geometries,  difficult  and  sometimes  impossible  to  produce  with 
conventional manufacturing technologies. Additive Manufacturing (AM) technologies, instead, due to 
their  layerbylayer  manufacturing  approach,  allow  for  the  production  of  complex  shapes  without 
necessary  increasing  production  costs  and  times  (Holmström  et  al.,  2010).  In  their  work,  Brackett, 
Ashcroft  and  Hague  (2011)  presented  opportunities,  and  practical  difficulties  as  well,  of  topology 
optimization  for  AM.  In  (Rosen,  2016)  a  review  of  synthesis  methods  for  AM  can  be  found;  in 
particular,  topology  optimization  methods,  codes,  commercial  software  and  research  issues  are 
reported. Another thorough review that summarizes the state of the art topology optimization methods 
and exposes current challenges and opportunities in the AM field can be found in  (Liu et al., 2018). 
Common  issues  and  limitations  are  the  integration  of  AM  process  constraints  during  topology 
optimization,  the  addressing  of  multiscale  modeling,  multiple  loading  conditions  and  local 
constraints, multiple materials,  robustness with respect  to variations and computational efficiency of 
the  methods.  Zegard  and  Paulino  (2016)  addressed  the  postprocessing  phases  needed  to  allow  a 
topologically  optimized  part  to  be  additively  manufactured.  In  this  scenario,  lattice  structures  are 
receiving  increasing  attention.  In  addition  to  the  fact  of  being  lightweight,  lattices  present  other 
interesting  properties:  they  are  stiff  in  relation  to  their  low  mass,  they  are  good  energy  absorbers 
thanks to the possibility to undergo large deformations, good acoustic insulators thanks to the internal 
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porosity  and  good  heat  exchangers  due  to  their  large  surface  area  (Savio  et  al.,  2018).  Moreover, 
structural  optimization  has  been  widely  applied  to  lattice  design.  In  (Ning  and  Pellegrino,  2012), 
topology  optimization  methods  are  divided  in  continuum  methods,  such  as  Solid  isotropic  material 
with penalization (SIMP) method (Bendsøe, 1989; Bendsøe and Sigmund, 1999) and homogenization 
method, and discrete methods, such as groundstructure based methods and shapegrammar methods; 
both of the categories present some limitations, so the authors proposed an implicit representation of 
the  structural  topology,  where  the  microstructure  is  defined  by  a  continuous  variable,  i.e.  the  size 
distribution  field.  More,  an  optimization  loop  running  under  a  genetic  algorithm  is  implemented  to 
optimize  the  size  and  the  topology  of  a  lattice  structure.  Nessi and Stanković (2018)  used  the 
Superformula,  an  extension  of  the  Superellipse,  to  obtain  a  design  domain  in  which  a  tetrahedral 
meshing technique was applied to generate the topology of a lattice structure; the size of the struts of 
the lattice resulting from the edges of the tetrahedral mesh was then optimized using a finite element 
analysis,  given  a  set  of  loads  and  boundary  conditions.  More,  Stanković et  al.  (2015)  developed  a 
generalized  optimality  criteria  method  for  the  optimization  of  lattice  structures,  including  DfAM 
constraints and exploiting multi material possibilities offered by these technologies; results show that 
multi material lattices outperform single material ones. Also, the density map resulting from topology 
optimization can be used to proportionally assign the dimension of the beams or the size of the cells 
(Han and Lu, 2018; Wang et al., 2018). 
The  aim  of  this  work  is  twofold:  proposing  an  extension  of  a  previous  lattice  structure  modeling 
method to conformal lattices, and comparing it with other commercial approach. Different geometric 
modeling approaches and structural optimizations methods are presented, both developed by the group 
of research and available in commercial software, and applied to a piston rod. A conformal wireframe 
is modeled with a novel approach that uses the curvature of the profile arc curves of the central part of 
the rod; then,  the beams of a lattice structure built around the conformal wireframe are dimensioned 
with a size optimization algorithm; the optimized lattice is then modeled by a NonUniform Rational 
BSplines method  (Savio, Meneghello and Concheri, 2017) and a mesh method  (Savio, Meneghello 
and  Concheri,  2018)  with  a  new  feature  able  to  build  the  mesh  faces  around  nodal  points  of  non
regular lattices. Furthermore, the central part of the rod is topologically optimized and the geometries 
are remodeled and structurally analysed using commercial software. The results obtained by the three 
approaches (NURBS method, mesh method and topology optimization method) are finally compared. 
Outcomes highlight that the mesh modeling method is able to efficiently create conformal lattices with 
enhanced fatigue behaviour. 

2  TOOLS AND METHODS 

Sections  2.1  and  2.2  present  an  improvement  of  a  methods  previously  developed  by  Savio, 
Meneghello and Concheri (2018), introducing the possibility of modeling conformal lattice structures. 
Section 2.3 deals with an alternative design procedure consisting in topology optimization followed by 
a manual remodeling and a structural analysis of the part. 
The previous method has advantages, such as low computational resources requirements, it is fast and 
enhances the fatigue behaviour of the parts, but, at the same time, lacks in extension of the available 
single cells database and does not allow for the modeling of conformal lattices. In conformal structures 
the geometry and the size of the cells can be different inside the part in order to adapt (i.e. conform) to 
the external shape of the model: this feature eliminates weakness at boundaries and provides stiffness 
and resistance to the entire model (Wang, 2005). This new feature increases the field of application of 
the method, allowing  to address  filling situations where  it  is not possible  to accept  lattice  structures 
with regular repetitions of uniform lattices. In Figure 1 a flow chart regarding the proposed method is 
presented, highlighting the main novel contribution. 
The  size  optimization  was  performed  in  Rhinoceros  6  (Robert  McNeel  &  Associates),  using  the 
graphical algorithm editor Grasshopper and Karamba3D as finite element (FE) solver for beams and 
shells,  and  an  adhoc  iterative  process  in  Python  programming  language.  The  optimization  follows 
these steps: 
  A part is given as input and a lattice structure wireframe is created inside, according to the cell 

type and minimum dimension;  the  lattice structure created  is a conformal one, so  the geometry 
and the size of the cells can adapt (i.e. conform) to the external shape of the model; 
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Figure 1. Flow chart of the proposed method. 

  A FE beams model is obtained from the wireframe applying the boundary conditions: material, 
loads, constraints, initial crosssection equal for each beam. 

  A FE analysis (FEA) is performed and the utilization of each beam, similar to the ratio between 
the maximum Von Mises  stress  at  a beam and  the admissible  stress,  is  computed. An  iterative 
variation of the beams diameter is carried out until the utilization ratio of each beam is inside a 
target range. An upper and lower bound for beam dimension are defined to allow the beam to be 
manufactured (i.e. the beam diameter has to be bigger than the lower bound), and to not interfere 
with the nearby beams (i.e. the beam diameter has to be smaller than the upper bound). 

Once  the  FE  model  has  been  optimized,  the  lattice  structure  is  modeled  adopting  two  different 
boundary representation approaches: NonUniform Rational BSplines (NURBS) modeling and mesh 
modeling. 
Adopting  NURBS  modeling,  a  cylinder  having  the  optimized  diameter  and  spherical  caps  is 
constructed around each line of the model; Boolean union over the capped cylinders is then performed 
to  obtain  the  lattice  structure.  The  resulting  model  presents  a  lot  of  sharp  edges  that  cause  stress 
concentration at nodal points and mechanically weaken the structure. 
Using mesh modeling, an 8faces mesh  is modeled around each beam, assuming a double  truncated 
pyramidal shape. At the middle of the beam, the optimized diameter dimension is adopted, while at the 
ends, where  the beam approaches the nodes,  the diameter dimension of  the biggest beam arriving at 
the node is used, to avoid issues in the mesh model reconstruction. 
CatmullClark  subdivision  surface  algorithm  is  finally  adopted  (Catmull  and  Clark,  1978).  With 
CatmullClark  subdivision,  starting  from  a  quadrilateral  mesh,  the  initial  vertices  are  iteratively 
averaged following the subdivision rule, splitting into four each quad face and resulting in a smooth 
surface;  this  algorithm  produces  a  surface  with  continuity  in  curvature  (C2  surface),  except  at 
extraordinary vertices where they are C1 (Catmull and Clark, 1978; Zorin, 2000). 

2.1  Conformal wireframe model 
Conformal wireframes can be obtained adopting morphing algorithms to map a regular wireframe on a 
specific shape, but the tested implementation provided cells with bigger surface area at vertex. Instead, 
exploiting curvature information guarantees a better control on the final cells. 
Starting from 4 boundary profiles arcs (Figure 2a), conformal wireframe is modeled according to the 
following steps: 
  the  line connecting  the midpoint of  the upper and  lower profiles  is created and divided by the 

minimum cell size value, obtaining the number of arcs along this direction, n;  
  the  curvatures  of  the  upper  and  lower  profile  arcs  are  extracted;  these  two  values  are  linearly 

interpolated obtaining n intermediate curvature; 
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  the line connecting the midpoint of the upper and lower profiles is created and subdivided in n 
points (Figure 2b); 

  n new arcs are obtained imposing the passage on the n subdivision points; the centres lays on an 
extension  of  the  previously  created  line  and  the  radius  is  obtained  from  the  nth  interpolated 
curvature value (Figure 2c); 

  same  passages  are  applied  to  the  left  and  right  profile  arcs  and  the  complete  wireframe  is 
obtained (Figure 2d). 

a) b) c) d)  

Figure 2. Conformal wireframe creation: a) starting profile arcs, b) arc midpoint line 
subdivision, c) onedirection wireframe, d) final wireframe. 

2.2  Lattice structure mesh modeling  
Since the lattice structure is conformal, it is likely to have beams at nodes that are not orthogonal with 
respect  to each other.  In order  to model  a mesh  around  the wireframe,  the  following operations are 
executed: 
  cylinders  are  built  around  the  wireframe  model  and  the  intersections  points  of  cylindres 

approaching the same node are computed; these points will be the vertexes of the mesh; the value 
of  the  diameters  of  cylinders  approaching  the  same  node  equal  to  the  biggest  diameter  value 
obtained from the size optimization (Figure 3a);  

  4 lines linking two nodes are obtained connecting the previously found intersections; 
  at the midpoint of each line, new vertexes are obtained and repositioned according to the values 

of the optimized diameters of the beams (Figure 3b); 
  an 8faces mesh  is modeled around each beam, connecting  the 12 vertexes, assuming a double 

truncated pyramidal shape (Figure 3c). 

a) b) c)  

Figure 3. Mesh modeling at nodal points: a) cylinders intersections vertexes,  
b) mid vertexes, c) mesh beam model. 

2.3  Topology optimization 
Another  possible  structural  optimization  approach  is  given  by  topology  optimization.  With  TO,  a 
specific zone of the product, called “design space”, is defined. It is recommended to simplify as much 
as  possible  the  geometry,  avoiding  fillets,  chamfers,  and  pocket  holes,  to  let  the  optimization  work 
better. Then, an optimization algorithm distributes the material on the design space according to loads 
and constraints. The goal of the optimization is usually to maximize the stiffness, imposing a desired 
reduction of mass, varying the density element by element, which is related to mechanical properties. 
As a results, a density map is obtained, which is contoured to a specific level of density (threshold), 
obtaining a mesh surface. The optimized mesh of the design space is taken as an “inspiration” to the 
further modeling of the part  in a CAD tool, often operating manually. Consequently, considering the 
manual remodeling procedure, a FEA is needed to verify that the stress condition is respected. 
Topology optimization is performed in SOLIDWORKS® 2018 Student Edition by Dassault Systemes, 
with  the  plugin  SOLIDWORKS®  Simulation,  based  on  SIMP  method.  The  optimized  mesh  is 
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remodeled in Evolve® software by Altair Engineering, Inc., and the remodeled part is then analysed in 
ANSYS® Workbench 2019 R1, by ANSYS, Inc. 

3  RESULTS AND DISCUSSION 

3.1  Case study 
The case study presented in this work is a piston rod, currently produced with a pressure diecasting 
process  in  aluminum  EN  AC46100  (AlSi11Cu2Fe);  the  properties  of  the  material  are  presented  in 
Table 1. Overall dimensions are shown in Figure 4a. 

Table 1. Aluminum EN AC46100 (AlSi11Cu2Fe) properties. 

Density  Young modulus  Yield strength  Ultimate Tensile Strength  Poisson ratio 
2700 kg/m3  71 GPa  140 MPa  240 MPa  0.34 

The piston rod is loaded with an axial traction load of 7.5 kN along zaxis applied to the big rod’s end 
and  it  is  constrained  by  blocking  all  the  displacements  and  rotations  of  the  nodes  belonging  to  the 
inner  face of  the small  rod’s end and by blocking  the displacements along x and y directions of  the 
nodes belonging to the face of the big rod’s end to simulate the higher stiffness of the parts that are not 
optimized and maintain the original geometries. Figure 4b shows the simplified model of the rod with 
the design space and boundary conditions. The design space was modelled starting from the ZX plane; 
the arc curve at the big rod’s end and the semicircle curve at the small rod’s end were extracted; the 
profile  was  completed  with  two  symmetric  arcs,  imposing  tangency  both  at  start  and  at  end  of  the 
curve. On the YZ plane, two symmetrical arcs were modeled to connect the two rod’s ends; tangency 
was imposed at the big rod’s end connection and position in the small. 
In order to compare different methods, the optimization and modeling approaches were applied only to 
the central part of the connecting rod.  

a) b)  

Figure 4. Piston rod: a) overall model dimensions,  
b) design space (dark grey), loads and constraints. 

3.2  Size optimization of the lattice structure 
First,  the central part of  the piston  rod was  filled with a wireframe  representing a  conformal  lattice 
structure with a simple cubic unit cell of minimum length equal to 3 mm, following the procedure in 
Section 2.1 (Figure 5). 
The  FE  model  was  setup  inside  Grasshopper  with  Karamba3D  plugin;  loads  and  constraints 
previously defined were directly applied at the nodes of the beams placed at the interface between the 
central part and the big and small rod’s ends; since the loads are applied to the nodes, the value of 7.5 
kN was equally distributed in each node. The target utilization ratio was set to (90±1) % with respect 
to  the yield strength. Upper and  lower bound  for beams dimeter were defined 1.5 mm and 0.5 mm, 
respectively. Figure 6 shows the distribution of  the utilization ratio across  the optimized lattice. The 
results coming from the size optimization, i.e. the optimized beams diameter, were used to model the 
lattice structure. 
Figure 7a shows the piston rod with the central part filled with the optimized lattice structure modeled 
with  NURBS  surfaces.  A  lot  of  sharp  edges  can  be  found  in  the  structure  where  smaller  diameter 
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beams connect at nodes with bigger ones (Figure 7b). Filleting operations would be useful to reduce 
stress concentration, but due to the model complexity, are quite difficult if not impossible to perform. 
It is also important to remark that when dealing with complex geometries, such as organic models or 
lattice structures, NURBS modeling can be unsuitable due to difficulties in operating Boolean unions 
and due to high computational and memory resources required (Pasko et al., 2011).  
In order to solve the aforementioned problems, the conformal lattice structure was remodeled adopting 
the mesh approach presented in Section 2.2, obtaining the part shown in Figure 7c; there is no need of 
additional filleting operations (see Figure 7d) and it has been showed that structures modeled with a 
mesh surface subdivision method present better fatigue behavior (Savio et al., 2019). 

a)  b)  c)   

Figure 5. Lattice wireframe: a) perspective view, b) front view, c) side view. 

a) b)   

Figure 6. Utilization ratio across the optimized lattice: a) front view, b) side view. 

a)   b)   c)   d)   

Figure 7. NURBS model: a) piston rod, b) sharp edges at nodal points. Mesh model: c) 
piston rod, d) smooth surfaces at nodal points due to CatmullClark algorithm.  

3.3  Topology optimization  
The piston rod was topologically optimized using SOLIDWORKS® 2018 Student Edition by Dassault 
Systemes, with the plugin SOLIDWORKS® Simulation. 
First, the rod was remodeled, simplifying all the features. Then, the design space was selected and the 
loads  and  constraints  were  defined.  The  topology  optimization  was  lunched  with  the  goal  of  “best 
stiffness to weight ratio” and with the constraint of a final mass equal to 25% of the original part; the 
mass  constraint  set  to  25%  will  control  the  threshold  level  with  which  the  density  map  will  be 
contoured. An additional symmetry constraint of the final part with respect to plane YZ and ZX was 
imposed. The mesh resulting from the optimization was remodeled with a NURBS approach in Altair 
Evolve® CAD 3D software, exploiting the PolyNURBS modeling feature and the double symmetry of 
the part. Figure 8  shows  the  result of  the  topology optimization  (Figure 8a)  and  the  remodeled part 
(Figure 8b). 
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a)   b)  c)  

Figure 8. Topology optimization model: a) SOLIDWORKS® Simulation result,  
b) remodeled part in Altair Evolve, c) equivalent VonMises stress. 

The remodeled part was then analysed with the Computer Aided Engineering (CAE) software ANSYS® 
2019 R1. Boundary conditions, i.e. material, loads, constraints, was set; being the part symmetrical with 
respect to ZX and YZ plane, this condition was exploited to reduce the computational time. The part was 
meshed with tetrahedrons element imposing the element minimum size at 0.1 mm in order to obtain at 
least two elements on the smaller fillet that has a radius of 0.3mm; the element maximum size is 1 mm. 
The meshing method is patch independent and include automatic refinement in curvature and proximity. 
Figure 8c shows the analysis results; in particular, equivalent VonMises stress distribution is displayed. 

3.4  Discussions 
Table 2 shows a comparison between the volumes of the simplified piston rod and the ones resulting 
from the three different optimization and modeling approaches. 

Table 2. Volumes of different piston rods. 

Simplified piston rod  73613.32 mm3 
Size optimization + NURBS modelling  38798.05 mm3  
Size optimization + Mesh modelling  42791.94 mm3 
Topology optimization + NURBS modelling  46131.88 mm3 

With respect to the simplified piston rod, the size optimized NURBS model, the size optimized mesh 
model, and  the  topologically optimized model are respectively 47.29%, 41.87% and 37.33% lighter. 
During optimization phases, the ends of the piston rod remain untouched; so, a better comparison can 
be made between the central design space and the optimized geometries (Table 3). 

Table 3. Volumes of different modeling approaches for central rod part (design space). 

Simplified piston rod  38778.69 mm3 
Size optimization + NURBS modelling  3780.30 mm3 
Size optimization + Mesh modelling  7770.71 mm3 
Topology optimization + NURBS modelling  11108.95 mm3 

From this point of view, the size optimized NURBS model is 90.25% lighter, the size optimized mesh 
model  is  79.96%  lighter  and  the  topologically  optimized  one  is  71.35%  lighter  than  the  starting 
simplified central part of the rod. 
The  NURBS  model  is  the  lightest  but  presents  sharp  edges  at  nodal  points  because  of  the  lack  of 
fillets, that are difficult to perform due to the complexity of the structure; this affects the mechanical 
behavior, weakening the part. The mesh model, even if  it comes from the same size optimization of 
the NURBS one, is heavier because CatmullClark subdivision surface algorithm thickens the beams 
with smaller diameters when approaching the nodes, resulting in more volume for the structure; but at 
the  same  time,  the  part  presents  a  smooth  surface  with  curvature  continuity  that  guarantees  better 
mechanical  properties.  Moreover,  the  modeling  approach  is  automatic.  The  topologically  optimized 
model  is  the  heaviest  of  the  three  optimized  models  and  requires  manual  remodeling  of  the  mesh 
resulting  from  the  optimization.  However,  topology  optimization  is  useful  at  a  conceptual  design 
phase because allows to explore different configurations starting from boundary conditions and simple 
design  spaces,  and  can  be  also  used  imposing  technological  constraints  to  produce  the  part  with 
traditional  techniques.  Moreover,  once  remodeled,  the  topology  optimized  part  needs  to  be  verified 
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again by a FE analysis, to make sure that the manual remodeling did not introduce weak points inside 
the part. The results of FE analysis in Figure 8c show that the maximum value for the equivalent Von
Mises  stress  is  111.54  MPa;  since  Aluminum  AlSi11Cu2Fe  has  a  yield  stress  of  140  MPa,  the 
connecting  rod withstand  the  applied  load with  a  safety  factor  (SF) of 1.26,  that  is  close  to  the 1.1 
value used during the size optimization. While during size optimization the SF is imposed as objective 
of the iterative algorithm with the utilization ratio, in the topologically optimized part SF can only be 
verified at the end of the process with a FE analysis; also, due to manual remodeling of the part it is 
difficult to modify the shape in order to obtain the exact SF value. 
The  beam  models  were  not  analysed  since  it  is  assumed  that  size  optimization  on  beam  dimension 
gives a suitable structural verification. 

4  CONCLUSIONS 

In  this  work,  an  improvement  of  a  previous  modeling  approach  was  presented,  introducing  the 
possibility  of  modeling  conformal  lattice  structures  thus  extending  the  field  of  application  of  the 
design  method.  More,  a  piston  rod  was  used  as  a  case  study  to  compare  two  types  of  structural 
optimization: size and topology optimization. 
The topologically optimized part is the heaviest of the three models studied; the mesh resulting from 
TO is coarse and the geometry needs to be remodeled with a CAD software, manually by the user, and 
validated with FEA. The NURBS model of the lattice structure is the lightest but presents sharp edges 
at  nodal  points;  this  weakens  the  structure  and  filleting  operations  are  suggested,  but  difficult  to 
perform.  The  mesh  model  is  heavier  than  the  NURBS  one  but,  at  the  same  time,  the  subdivision 
method  guarantees  smooth  surfaces,  with  no  need  of  filleting  operations,  resulting  in  an  enhanced 
mechanical behavior and fatigue resistance. 
From  these observations,  the  modeling method  that uses mesh  and  subdivision  surface algorithm  to 
generate a lattice structure appears to have the best performances. Nevertheless, the method needs to 
be  improved.  Indeed,  future  developments  will  concentrate  on  the  approaches  that  deal  with  the 
interface between the lattice structure and the connecting rod ends parts (or surfaces/parts to join with, 
in  general)  because,  by  now,  the  connection  still  generates  sharp  edges.  More,  the  conformal 
wireframe generation method depends on the possibility of simplifying the edges of the design space 
with four arc curves; alternatively, morphing algorithms can be used to map a regular wireframe on a 
specific  shape, but  improvements have  to be done  to  reach a more general method  that guarantee a 
more  uniform  cell  distribution.  Attention  will  be  also  given  to  the  possibility  of  modeling  different 
types  of  single  cells,  enhancing  the  method  that  generates  the  mesh  around  nodal  points,  and  also 
enabling the possibility to suggest the shape of the cell, according to load conditions. 
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Abstract. The unique capabilities of additive manufacturing (AM) technolo-
gies highlight limits in commercial CAD tools. In this manuscript, after a
synthetic description of the main AM technologies based on international
standards classification, geometric modeling methods and data exchange file
formats available in the literature are presented. Twelve geometric models have
been studied to evaluate the effectiveness of the file format, noting the file
dimension and the time to open and close the file. As a result, a roadmap in the
development of new tools for design in AM is drawn, taking into account the
new possibilities offered by AM technologies.
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1 Introduction

Additive manufacturing (AM) technologies have unique capabilities, making possible
the fabrication of (i) shape with any complexity (in the limits of the design rules, such
as minimal wall thickness and escape holes), (ii) parts having desired microstructure
(by controlling process parameters), mesostructure (adopting cellular solids) and
macrostructure, (iii) pieces having point by point specific materials, (iv) functional
mechanisms without the assembly of parts [1].

In order to fulfill these unique capabilities, dedicated design tools and methods are
needed, allowing, for instance, mass customization [2], parts consolidation [3], com-
plex free-form and organic shape modeling, voxel and 3D bitmap design [4], cellular
solids and topology optimization (multiscale design) [5–9], functionally graded
material design (FGM) [10], flow channels [3] and thermal optimization [11]. More
broadly it is possible to “maximize product performance in terms of manufacturability,
reliability, and cost, through the synthesis of shapes, sizes and material compositions,
subject to the capabilities of AM technologies” (adapted from [1]) which is the
objective of Design for Additive Manufacturing (DfAM). Few of the mentioned tools
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are available in commercial CAD software, while others are only described in research
projects.

To identify the potential of AM technologies, in this paper, firstly the international
standard classification of AM technologies is presented. Then, geometric modeling and
analysis approaches able to exploit the AM potential are presented, especially
according to the capabilities of complex shape and functionally graded materials
modeling. Finally, characteristics and efficiency of file formats for data exchange are
discussed, studying 12 test cases. Mesh and NURBS represent effectively and effi-
ciently both boundary and volumetric geometric models, while the implementation
tested shows the need to strengthen the data exchange file format supported by inter-
national standards.

2 AM Technologies

ISO/ASTM 52900 [12] and ISO 17296-2 [13] provide definitions, classification, and
description of the main AM technologies. Seven types of additive processes are
identified:

– vat photopolymerization in which liquid photopolymer in a vat is selectively cured
by light-activated polymerization,

– material jetting in which droplets of build material are selectively deposited,
– binder jetting in which a liquid bonding agent is selectively deposited to join

powder materials,
– powder bed fusion in which thermal energy selectively fuses regions of a powder

bed,
– material extrusion in which material is selectively dispensed through a nozzle or

orifice,
– directed energy deposition in which focused thermal energy is used to fuse mate-

rials by melting as they are being deposited,
– sheet lamination in which sheets of material are bonded to form an object.

Due to the limits of commercial CAD/CAM tools, the capabilities of AM tech-
nologies are not yet fully exploited. For instance, a number of studies show that it is
possible to obtain a continuous variation in material composition, varying gradually the
mechanical properties [4, 14, 15], but there are not yet adequate tools to support the
relevant design process. Other examples show the ability to embed 3D colors used as a
passive wear indicator or embed electronics using metal nanoparticles [16]. Moreover,
recent advances in using FGM in parts and AM technologies demonstrate the need of
commercial CAD systems for creating heterogeneous objects [17].

3 Geometric Modeling for AM

A number of geometric modeling approaches are available in the literature. These can
be classified in 3 main groups (Fig. 1): boundary representation (BRep), volume rep-
resentation (VRep) and constructive solid geometry (CSG).
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BRep is a method for representing the shape of an object by a collection of con-
nected surfaces describing the skin (i.e. boundary) of the solid and is the basic principle
of solid modeling on which all CAD 3D geometric kernels are based since 40 years.
In AM this approach is useful when the solid is made by a homogenous material and the
skin is the only part that presents variable characteristics such, as colors that can be
represented by a texture. A 3D surface can be represented by implicit, explicit or
parametric functions, or by polygonal meshes. An equation of form f(x, y, z) = 0 is the
implicit equation of a surface [18] also known as Function Representation (FRep),
widely studied in the literature [19]. Regarding AM, FReps are able to easily design
lattice structures [20]; for instance, triply periodic minimal surfaces (TPMS) are periodic
implicit surfaces often used in AM for their curvature continuity. On the other hand,
FReps are unable to represent and easily transform bounded surfaces. A parametric
representation of a surface is given by S(u, v) = (x(u, v), y(u, v), z(u, v)), where u and v
are independent parameters defined in an arbitrary interval usually normalized to [0, 1]
[21]. The parametric surfaces, such as Bézier, Spline and Non Uniform Rational Basis-
Splines (NURBS), are supported by numerically stable algorithms and allow more
natural design and representation of shapes in a computer than implicit equations [21].
Parametric geometry is easy to express in the form of vector and matrices allowing to
use relatively simple techniques to solve very complex analytical geometry problems,
providing a common mathematical format for representing any curve and surface,
drastically reducing the number and the complexity of subroutines required to solve
geometric-modeling problems [22]. It is difficult, instead, to manage very complex
shapes such as lattice structures by parametric functions [8]. Mesh models, which
represent the surfaces by adjacent closed polygons, can improve the usability of com-
plex shapes especially adopting subdivision surface algorithms [8]. Moreover, the
geometric models adopted in AM are usually based on meshes.

3D Geometric modeling approach

VRepBRep

Discrete Func on based

CSG

Func on basedDiscrete

Polygonal 
Mesh

Implicit
f(x,y,z)=0, TPMS, …

Parametric
x=f(u,v)
y=f(u,v)
z=f(u,v)

Spline, NURBS
…

Voxels Parametric
x=f(u,v,w)
y=f(u,v,w)
z=f(u,v,w)
3D NURBS

…Polyhedral 
MeshExplicit

z=f(x,y)

Octree

Implicit
f(x,y,z) ≥ 0, TPMS, …

Explicit
z ≥ f(x,y)

Fig. 1. Geometric modeling approaches
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When a part is made of heterogeneous materials, BReps are not enough. In this case
it is necessary to describe colors or composition point by point, by means of
VRep. Recently, voxel (a volumetric pixel) based modeling approach was proposed
with a resolution set equal to the native resolution of the AM process [4]. This
methodology can be improved by bringing together adjacent voxels with the same
properties, making more efficient the spatial-occupancy enumeration (Octree encoding
[18]). Alternatively, a more flexible approach based on polyhedral mesh can be adopted
in the design of heterogeneous materials taking inspiration from FEA/CAE method-
ologies. As in the case of BReps, a VRep can be represented by implicit, explicit or
parametric functions. Besides the previously mentioned troubles for implicit and
explicit functions, it is very difficult to work on different level of inequalities to set the
distribution of different materials: it is possible to set a material at each k value of the f
(x, y, z) = k, but is quite difficult or impossible to get an adequate match between
desired spatial distribution of the materials and f(x, y, z). Instead, parametric functions
such as NURBS 3D, show a number of advantages especially in CAD and FEA
integration (iso/geometric analysis [23–25]). This approach can be extended in FGM
analysis [26]. Moreover, volumetric subdivision can be adopted in both discrete and
function based approaches integrating iso-geometric analysis [27]. Additionally, this
approach could be integrated into mesh modeling for cellular materials [8], allowing
the design and the optimization of lattice structures.

A different approach in geometric modeling is CSG, in which a solid is represented
combining a number of primitives, such as prisms and cylinders, by using Boolean
operators. Usually, primitive geometries are defined as homogeneous solids and are
switched to BRep for visualization, data exchange, and manufacturing. Recent studies
show the feasibility of adopting heterogeneous primitives in CSG, redefining the
Boolean operations concept [28]. In this case, CSG can be likened to a VRep also
called VCSG.

In short, in our opinion, the geometric modeling methodologies highlighted in
green in Fig. 1 are the most effective approaches for AM, allowing geometric com-
plexity and an effective and intuitive geometric modeling approach, providing a unified
mathematical basis for every shape. Moreover, mesh and NURBS have become the de
facto industry standard for the acquisition, representation, design and data exchange of
geometric information, supported by many standards.

4 Data Exchange File Format for AM

In AM product development, there is a number of formats for data exchange partially
able to cover the different stages of the product development process such as geometric
modeling, design, manufacturing, and verification [29–31].

Stl file format is the de facto industry standard for transferring geometric infor-
mation, but it supports only triangles with face normal, without any other product and
manufacturing information (PMI) and color information. When exporting a free-form
surface in stl, the geometry is approximated with planar triangles, therefore reducing
the model accuracy [32]. Many other file formats can be used in data exchange for
additive manufacturing such as ply, Obj, Step, AMF, 3MF, WRLM, JT, slc, each one
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has its pros and cons. Unlike the other, ply format supports polygonal meshes that are
not necessarily triangles.

Step AP 242 (ISO 10303-242 [33]), developed by ISO, is probably the file format
that could better cover the whole product development stage, including PMI and
annotations, but the implementations tested do not support triangular meshes for now,
even if the next version of this standard is introducing a number of features dedicated to
AM such as curved triangles (mesh with normal at vertices), building orientation,
building volume, support structures. Moreover, in the 3rd edition, Step will include
heterogeneous materials, representation of lattice structures and semantic representation
of PMI for Additive manufacturing [34].

ISO and ASTM have developed a standard “Specification for additive manufac-
turing file format (AMF)”. The ISO/ASTM 52915 [35] is an XML-based format
describing parts by triangles. It supports color, texture mapping, few PMI (currently not
tolerances), possibly lattices and FGM. Moreover, ASTM is working on a new spec-
ification for AMF supporting voxel information, CSG representations and solid tex-
turing [36].

In 3MF consortium opinion, AMF is widely held to have gone into a standards
body too early, having some features not clearly defined and other features missing
[37]. AMF inspired the foundations of 3MF, that is an industry consortium working to
define a 3D printing format free of royalties, patents and licensing access and
implementation.

In order to evaluate the efficiency of different file formats in terms of file dimension
and time to open and save a file, 12 geometric models were studied, derived adopting 0,
2 and 4 iterations of the Catmull-Clark subdivision surface algorithm [38] on 4 cases: a
regular lattice [8], a random lattice [39, 40], a variable thickness triply periodic surface
and an organic model (Fig. 2). Subdivision surface algorithm was used for several
reasons: it allows to increase rapidly and consistently the model complexity, it is an
interesting approach in designing lattice structures and organic shapes, it can be
implemented in graphic card, it is widely used in visualization and rendering, and can
potentially can reduce the amount of data in file exchange. Table 1 summarizes the
number of vertices and faces for the test cases at different levels of subdivision: the
most complex surface is the random lattice after 4 iterations of the Catmull-Clark
subdivision scheme.

Table 2 shows the file dimension for each test case in MByte. The number of
iterations of the subdivision increases rapidly the file dimension. Moreover in the
implementation adopted (Rhinoceros 6 by Robert McNeel & Associates; native file
format *.3 dm [41]), AMF uses a large amount of memory, up to 10 GByte, about 10
times the ply format and 20 times the 3MF (a compressed version of AMF consisting of
a zip file exists, but requires higher computational time).

Table 3 shows time to open and save the file containing the regular lattice after 4
subdivision iterations. Stl is the fastest to save due to the few information contained,
but requests more time to open because the software needs to reconstruct the data
structure (stl file format describes each triangle by its vertices coordinates, duplicating
the vertex shared by adjacent triangles). In the implementation adopted, 3MF shows the
longest time to open and to save.
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Fig. 2. Test cases adopted for the investigation of data exchange file format: initial (a) and
subdivided mesh (b) of a regular lattice structures based on a cubic cell; initial (c) and subdivided
mesh (d) of a random lattice; initial (e) and subdivided mesh (f) of a quasi-gyroid lattice with
variable thickness; initial (g) and subdivided mesh (h) of an organic model
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5 Conclusion

In this study, geometric modeling approaches for AM technologies were surveyed,
identifying the most effective methods, considering the capabilities of AM such as
shape complexity and FGM. Mesh and NURBS show the potential to handle the link
between shape and function for both boundary and volumetric geometric models.

Moreover, few data exchange file formats were studied, highlighting the pros and
cons of their main features. In the implementation tested, file formats supported by
international standards show low efficiency. Future development of an adequate file
format for data exchange should support volumetric models, complex geometry, exact
geometry (tessellation is not fundamental), subdivision surfaces and hierarchical
structures along the whole product development, over PMI and color information.

Table 2. File dimension in MByte of the test cases at different levels of subdivision

Native ply AMF 3MF stl

Iter. n. 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4

Case 1 0.9 9.6 177.8 3.1 21.6 387.8 9.4 215.6 3535.7 0.6 9.4 166.4 2.5 39.4 629.8

Case 2 2.0 60.1 1028.6 3.5 63.7 916.0 31.2 603.1 9836.3 1.8 33.2 511.3 6.4 108.7 1739.7

Case 3 0.7 11.1 272.4 1.2 20.7 357.7 10.7 198.6 3232.5 0.6 11.1 171.1 2.3 35.9 575.1

Case 4 0.04 0.37 4.01 0.02 0.21 3.57 0.13 2.24 36.4 0.01 0.12 1.94 0.03 0.41 6.62

Table 1. Number of vertices and faces of the test cases at different levels of subdivision

Vertices Faces
0 iter. 2 iter. 4 iter. 0 iter. 2 iter. 4 iter.

Case 1:
regular
lattice

98,400 390,200 6,294,200 24,600 393,600 6,297,600

Case 2:
random
lattice

61,014 1,078,360 17,388,040 72,397 1,087,312 17,396,992

Case 3:
gyroid lattice

22,679 356,038 5,747,398 22,464 359,424 5,750,784

Case 4:
organic
model

376 4294 66,174 266 4136 66,176

Table 3. Time to open and save the file in case 1 after 4 subdivision iteration

Time to open (s) Time to save (s)

Native 6.8 27.9
ply 79.0 42.4
AMF 1019.1 336.9
3MF 73.0 63.2
stl 118.7 18.5
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A B S T R A C T

According to recent studies, a new paradigm in the geometric modeling of lattice structures based on subdivision
surfaces for additive manufacturing overcomes the critical issues on CAD modeling highlighted in the literature,
such as scalability, robustness, and automation. In this work, the mechanical behavior of the subdivided lattice
structures was investigated and compared with the standard lattices. Five types of cellular structures based on
cubic cell were modeled: struts based on squared or circular section, with or without fillets and cell based on the
subdivision approach. Sixty-five specimens were manufactured by selective laser sintering technology in poly-
amide 12 and tensile and fatigue tests were performed. Furthermore, numerical analyses were carried out in
order to establish the stress concentration factors.

Results show that subdivided lattice structures, at the same resistant area, improve stiffness and fatigue life
and reduce stress concentration while opening new perspectives in the development of lattice structures for
additive manufacturing technologies and applications.

1. Introduction

In the last decades, Additive Manufacturing (AM), defined as “a
process of joining materials to make objects from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing
methodologies” [1], has received increasing attention from the scien-
tific research community. The possibility of producing parts in a layer-
wise fashion brings a huge freedom in shape and complexity. Among
AM technologies, Selective Laser Sintering (SLS) uses a laser beam to
selectively sinter thin layers of powdered materials following the cross-
sectional profiles obtained from slicing a 3D modeled object. In parti-
cular, polyamide 12 (PA12) was the most widely used laser sintered
polymer making up more than 95 percent of the market and 25 percent
of the value of AM material sales [2]. As stated in [3], SLS polyamide
can be found as finished products in the automotive, aeronautical and
biomedical field, owing to its mechanical properties [4], biocompat-
ibility [5], the ease of processability and relatively low cost compared
to other available SLS materials [2]. At the same time, the lack of a deep
knowledge of the long-term mechanical properties of PA12 is high-
lighted [6]. Trying to overcome this limit, several studies have been

carried out in the last years. Blattmeier et al. [7] studied the influence
of surface characteristics on fatigue behavior of laser sintered PA12.
Specimens presented two different layer orientations and, for each or-
ientation, a grinding finished surface or a non-finished surface. Mun-
guia and Dalgrano [8] performed fatigue tests on SLS PA12 specimens
under four-point rotating bar bending at 30 Hz and 50 Hz. Salmoria
et al. [9] investigated the mechanical properties of PA6 and PA12
blended specimens. The 20/80 and 50/50 PA6/PA12 blends presented
good fatigue strength under the test conditions. Salazar et al. [10]
tested fatigue crack growth of neat PA12 and short glass fiber filled
PA12-f, both at 23 °C and −50 °C. At room temperature, neat and fiber
filled PA12 presented similar fatigue behavior, while at −50 °C PA12-f
performed better owing to the presence of glass fibers, assuring a
Young’s modulus enhancement of 144 percent. They also compared
mechanical, fracture and fatigue crack propagation behavior of PA12
and PA11, a bio-based polyamide obtained from vegetable oil, instead
of petroleum [11]. Moreover, Van Hooreweder et al. [12–14] presented
Wohler’s curves for PA12, obtained testing notched and un-notched
specimens produced with different technologies like injection molding
and selective laser sintering, and with different scan direction for the
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sintered ones.
The aforementioned freedom in shape and complexity brought by

AM allows to manufacture and to fully exploit the features of cellular
solids, defined as materials made up of an interconnected network of
solid struts, or plates which form the edges or faces of cells [15]. Due to
the appearance of the obtained material, cellular solids are usually re-
ferred to as lattice structures. The possibility of designing the unit cell
to put material only where it is needed for a specific application leads to
a structure with optimal properties. Geometric modeling and design of
additively manufactured lattice structures were recently reviewed,
proposing a classification of cellular materials from a geometric point of
view and an integrated and holistic view of the design process [16,17].

A number of studies investigate the mechanical properties of lattice
structures. Moongkhamklang et al. [18], Zupan et al. [19], and Coté
et al. [20] studied shear and compressive behavior of two cell geome-
tries (diamond and square) realized in titanium matrix composite by
means of static tests and analytical formulations. They underlined how
the buckling effects are not negligible in the failure mode. Even Desh-
pande et al. [21] described compressive properties of aluminum alloy
octet truss cell. Smith et al. [22] investigated the mechanical perfor-
mance of body-centered cubic (BCC) and body-centered cubic with
vertical pillars cells (BCCZ) realized by SLM technique and compared
Young’s Modulus and stress behaviors obtained through FE analysis
with experimental results finding good agreement. Tsopanos et al. [23]
analyzed mechanical properties of stainless steel BCC cells and found a
correlation between the mechanical properties, the relative density and
the SLM process parameters. Experimental and numerical analysis on
metallic lattice structures were also conducted by Luxner et al. [24],
Wallach et al. [25], Ptochos et al. [26], Campoli et al. [27], Dallago
et al. [28] and Al-Ketan et al. [29].

Many authors investigated the mechanical properties of polymeric
cellular material. Josupeit et al. [30] investigated the mechanical be-
havior of PA12 sandwich structures made with different cell types
through four point bending tests. Sudarmadji et al. [31] studied the
mechanical properties and porosity relationship of 3 different poly-
hedral units that can be assembled into scaffold structures made of
Polycaprolactone. Cerardi et al. [32] analyzed the mechanical proper-
ties of PA12 lattice structures through both experimental and numerical
analysis. Rezaei et al. [33] investigated the structural properties of
polylactic acid BCCZ cell shape. Uni-axial tests on square lattice
structures of different sizes made of PA12 was carried out by Lammens
et al. [34]. Maskery et al. [35] studied the mechanical behavior of three
types of minimal surface lattice structures made by the polymer. They
concluded that the cell geometry plays a crucial role in determining the
lattice deformation process and failure mode. Vasenjak et al. [36]
performed uniaxial compression loading tests on PA12 regular open cell
cellular structures. They pointed out that the circular cell shape pro-
vides higher structural stability and higher capability of energy ab-
sorption in comparison to the quadratic cells.

Only a few studies on fatigue behavior on porous metallic materials
are available in literature [37–41]. Many researchers proposed a nu-
merical model compared to the data from fatigue tests [42]. Hedayati
et al. [43] proposed a computational approach based on the finite
element method to predict the fatigue behavior of lattice structures
given the type of cell, cell dimension and S-N curve of the bulk material.

The obtained S-N curves well matched the experimental results con-
ducted on Ti–6Al–4V specimens for stress levels not exceeding 60% of
the yield stress of the porous material and it was found that the irre-
gularities of the material clearly decrease the fatigue life especially for
low load values. Jamshidinia et al. [44] conducted experimental and
numerical fatigue analysis on dental abutment with a lattice structure
made of Ti-6Al-4V; they found good agreement between tests and si-
mulations data. Moreover, the numerical results revealed the detri-
mental influence of the sharp corners on the fatigue performances of the
structure. Zargarian et al. [45] compared the numerical results of reg-
ular titanium lattice samples with the fatigue tests data published in the
literature [39,46,47]. They showed that the fatigue curves obeyed the
power law and that the coefficient of the power law depends on relative
density, geometry and fatigue behavior of the bulk material while the
exponent only depends on the fatigue strength of the bulk material.

Recently, a new paradigm in geometric modeling of lattice structure
based on subdivision surface was proposed [48]. This approach over-
comes the critical issues on CAD modeling highlighted in literature,
such as scalability, robustness, and automation [49], while static and
fatigue behavior and stress concentration need experimental and nu-
merical validations, which are the aims of this work.

Subdivision surface algorithms define a smooth surface as the limit
of a sequence of successive refinements of a mesh or a control polygon
of a parametric surface. Since the late 1970s, when the publication of
the papers by Catmull and Clark [50] and Doo and Sabin [51] marked
the beginning of subdivision for surface modeling, a number of sub-
division schemes have been proposed and found applications in com-
puter graphics and computer-assisted geometric design [52–55].
Moreover, these approaches are very easy to implement and very effi-
cient [52].

In this paper, mechanical properties, fatigue behavior and stress
concentration of PA12 SLS cellular structures are analyzed. More in
detail, these properties are investigated on cubic cells obtained by
subdivision surface modeling approach [48] and compared to typical
cells with circular and squared sections, with and without fillets.
Moreover, weight and size measurements were performed.

2. Materials and methods

2.1. Subdivision surface for lattice structures

Subdivision schemes exploit recursive algorithms to smooth an in-
itial mesh model. The Catmull–Clark subdivision surface [50] is one of
the most common methods, widely used in computer graphics, for ap-
proximating points preferably lying on a quadrilateral mesh. According
to the initial mesh vertices, iteratively averaging their coordinates, new
vertices are computed following a subdivision rule, splitting into four
each single quad [56].

The approach adopted in the design of lattice structures (Fig. 1)
consists in the definition of a mesh with 8 planar faces around each cell
edge, obtaining an initial mesh that is subdivided by Catmull-Clark
algorithm. Applying this subdivision scheme, a smooth surface is ob-
tained. The resulting section is slightly smaller than the initial square
section and is not perfectly circular. Curvature, fillet radius, and section
shape can be defined more accurately by imposing boundary conditions

Fig. 1. Approach for modeling lattice structures: a) cell edges, b) 8-faces cell edge mesh, c) initial mesh and d) subdivided mesh [48].
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in the subdivision [57], by using an initial mesh with more polygons or
by adjusting the mesh vertices coordinates. A detailed explanation of
the modeling approach is available in [48].

2.2. Specimens

Five specimens were designed repeating a simple cubic cell along x,
y and z-axes. Fig. 2 shows the unit cells used to design the samples: non-
filleted cell with squared section (S, Fig. 2a), cell with squared section
and a fillet radius (SF, Fig. 2b), non-filleted cell with circular section
(CY, Fig. 2c), cell with circular section and a fillet radius (CYF, Fig. 2d)
and unit cell obtained using the proposed approach after 3 iterations of
the Catmull-Clark subdivision scheme (CC, Fig. 2e).

Fig. 3 shows a Catmull-Clark specimen with the reference frame,
where the upper and lower holes were designed to reduce residual
stress and material consumption. Each specimen had 5 unit cells along
the z-axis, 3 unit cells along the x-axis and 2 unit cells along the y-axis.
Taking into account the mechanical test machine and the AM process
characteristics, 7.5 mm cell dimension and 1mm fillet radius have been
chosen, allowing the reduction of the ratio between dimensional and
shape error, and cell size. The resistant area of each cell was equal to
6.25mm2, corresponding to a 2.5mm struts size for the S and SF cells,
and 2.821mm struts diameter for the CY and CYF cells. The Catmull-
Clark cell has a continuous shape variation and the size of the minimum
struts section ranges between 2.79 and 2.88mm. A constant section
area allows more focused attention on the mechanical fatigue behavior
of specimens originating from different modeling approaches.

A total of 65 PA12 specimens were produced by SLS EOSINT
FORMIGA P110, 12 for each modeling approach and 5 additional
specimens type 1 A according to ISO 527 standard [58] (“dogbone”

specimen, Fig. 4). EOS “PA 2200 Performance” powder was used [59].
Build direction was parallel to specimen longitudinal axis and loading
direction (z-axis). Other powder and process parameters are summar-
ized in Table 1. All specimens were manufactured in one single batch
adopting the same process parameters, and tested as build (no post
processing operation was performed, excluding powder evacuation).

2.3. Experimental tests

Surface roughness of the dogbone specimens was measured by
Talysurf i-Series along the growing direction, on the top surface and on
the bottom surface. Specimens were weighed and measured by an op-
tical coordinate measuring machine (OGP SmartScope Flash 200);

Fig. 2. Unit cells: a) S; b) SF; c) CY; d) CYF; e) CC.

Fig. 3. Catmull-Clark specimen.

Fig. 4. Specimen type 1 A according ISO 527-2:2012 standard (thickness
4mm).

Table 1
Powder and process parameters.

Laser beam power 20 W
Laser scan speed 3000mm/s
Layer thickness 100 μm
Laser spot size ∼ 0.4mm
Building platform temperature 160 °C
Powder average size 60 μm
Unexposed/fresh powder 1:1
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beams were measured both in the front and in the side views (Fig. 3)
and the average value of struts’ size for each sample was adopted to
compute the actual area (only the struts parallel to the z-axis were
considered). This area was considered in the computation of force for
the fatigue tests.

Mechanical tests were executed on a MTS Acumen 3 Electrodynamic
Test System equipped with a 3 kN load cell and a MTS 634.31 F ex-
tensometer, available at the Department of Neurosciences of the
University of Padua. The five “dogbone” specimens were tensile tested
according to ISO 527 standard [58] to measure bulk material me-
chanical properties at a speed rate of 2mm/min and gauge length of
10mm. Three samples for each cellular type were tensile tested at a
speed rate of 5mm/min and gauge length of 30mm, in axial-dis-
placement-controlled mode. Stress – Strain curves were plotted and
Young’s Modulus (E), ultimate tensile strength (UTS) or tensile strength
that is referred as the maximum tensile stress, and strain at break (εmax),
were calculated according to standards ISO 1926 [60] and ISO 527
[58]. Fatigue tests were performed on 9 samples for each cellular type
at 2 Hz frequency, with 0 stress ratio (R= 0, i.e. σmax/σmin= 0 where
σ is the stress) to avoid buckling phenomena. Data were acquired with a
timed trigger at 64 Hz to store entire cycles signals and with a peak-and-
valley trigger to store minimum and maximum signals at every cycle.
No artificial cooling was applied. The estimated Stress – Number of
cycles (S-N) curves, also known as Wöhler curves, were statistically
computed according to standard ISO/DIS 12107 [61].

2.4. Numerical analyses

In order to confirm the fatigue behavior, stress concentration factor
(Kt) was established for the subdivided cell and for cells with circular
and squared sections varying the fillet radius. Kt is defined as:

Kt= σpeak / σnom (1)

where σnom is the applied force divided by the strut section area and
σpeak is the maximum von Mises stress on the cell.

Owing to the specific boundary conditions and to the coupling
equations, Kt was obtained by the finite element analysis (FEA) by a
simplified model allowing to study a single cell, as if it was surrounded
by others, and applying a displacement. Linear elastic analyses were
performed by ANSYS® Release 16 software package using ″8nodes
Solid185″ 3-D brick elements. According to the results proposed by
Amado-Becker et al. [62] it can be stated that a sintered material can
assume an isotropic behavior for certain values of energy density, as
shown the PA 2200 Performance material datasheet [59]. Due to this
assumption, the material input parameters were E (equal to 1870MPa
obtained by tensile tests) and the Poisson’s ratio (ν=0.35 found in
literature [32]).

3. Results and discussion

Fig. 5 shows the manufactured specimens, one for each type of cell.
Table 2 shows the arithmetical mean deviation of the roughness profile
(Ra) measured on building direction, on the top surface and on the
bottom surface of the dogbone specimens. Ra shows a higher value in
the bottom surface. This outcome is supported by OGP images of the
lattice samples (Fig. 6), where the bottom faces of the samples appear
more rough. In literature prediction models and experimental results
show that surface roughness on building direction is usually higher than
in the top surface [8,14,63]. However, these results are closely related
to the actual process parameters, especially in the top surface, to the
filter wavelength and to the measurement techniques [64–66], while, a
scattering of results on the top surface higher than on the growing di-
rection is confirmed in the literature [8].

For each sample, the actual size of each strut parallel to z-axis was
measured, obtaining a “mean actual size”. Table 3 shows the mean size

Fig. 5. Manufactured specimens one for each type of cell: a) S; b) SF; c) CY; d)
CYF; e) CC.

Table 2
Surface roughness of the dogbone specimens.

Building direction Top Surface Bottom surface

Mean SD Mean SD Mean SD

Ra [μm] 10.8 0.8 10.4 1.6 15.0 2.3

Fig. 6. OGP images of lattice samples (side 15 x 15mm): a) S; b) SF; c) CY; d)
CYF; e) CC.
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error and standard deviation (SD) of the “mean actual size” for each
modeling approach. All samples sizes are greater than the nominal
values (size error is always positive).

In standard finished SLS parts, after powder evacuation the surface
is also cleaned by plastic bead blasting to remove any un-sintered
powder sticking. For a smoother surface, parts can be polished in media
tumblers or vibro machines. Unavoidably, these operations remove
material, and consequently, standard SLS parts are manufactured
slightly larger. Considering that no post processing operation was per-
formed, it stands to reason that size errors are always positive. In other
words, the actual size is always greater then the nominal size.

This fact reflects on mass measurements: the samples weigh more
than the nominal, computed assuming a 930 kg/m3 density [59], up to
8.0% on the average. Table 4 shows mean mass of each type of spe-
cimen compared to the nominal values.

Fig. 7 and Table 5 show the results of tensile tests of “dogbone”
specimens. One of the specimens failed earlier than others, so its UTS
and εmax values were discarded, while E value was used to calculate the
mean value. These values are in accordance with the datasheet pro-
vided by the supplier with a maximum difference on E of approximately
10% [59].

Figs. 8 and 9 show the mechanical properties of the 5 types of lattice
specimens. The term “effective” (indicated by *) refers to mechanical
properties calculated considering a bulk section of the lattice structure;
in this case, the x–y plane has 2× 3 cells, so the bulk area measures
(3× 7.5)x(2×7.5)= 337.5 mm2. Even if SF specimens show the
lowest strain at break, due to the low number of sample tested, there is
no significant difference among the samples. Fillet radius does not ap-
pear to affect the elongation at break. A wide range of elongation at
break can be found for the bulk material, as shown in Table 5 and
Fig. 7. In the lattice specimens, the ratio between area and volume
increases, increasing the chance to run into local surface defects that
could be the cause of the elongation at break variability. Moreover, the
position of the samples in the chamber could be another reason for the
outcomes variability.

S specimens show the lowest UTS*. Nevertheless, all the UTSs*
range between 5 and 5.5MPa, and there is no evidence of a significant
difference among the samples. Fillets induce stiffness and consequently
higher Young’s Modulus that reaches the maximum value for the CC
cell shape, due to the continuous variation in the struts section.

Fig. 10 shows the results of experimental fatigue tests together with
the S – N curves for all the 5 types of specimen (S is the stress ampli-
tude, N is the number of cycles to failure i.e. the fatigue life). Statistical
analysis of data was executed according to ISO/DIS 12107 [61]. S–N
curves were obtained by the model equation:

= + ⋅N b b Slog log10 0 1 10 (2)

where b0 and b1 are the calculated fitting parameters reported in
Table 6, together with the standard deviation SD and the correlation

Table 3
Mean dimensional error for specimen types.

Specimen type

S SF CY CYF CC

Mean SD Mean SD Mean SD Mean SD Mean SD

Size error [mm] 0.104 0.037 0.099 0.031 0.083 0.017 0.095 0.030 0.089 0.043

Table 4
Mean mass for specimen types.

Specimen type

S SF CY CYF CC

Nominal Mean SD Nominal Mean SD Nominal Mean SD Nominal Mean SD Nominal Mean SD

Mass [g] 17.946 19.373 0.109 18.133 19.511 0.165 17.919 19.270 0.139 18.036 19.428 0.108 18.270 19.664 0.152

Fig. 7. Stress/Strain curves for ISO 527 specimens.

Table 5
Static tension test results according to ISO 527.

Mean Std Dev

E [MPa] 1869.8 43.3
UTS [MPa] 46.93 0.86
εmax[mm/mm] 0.1028 0.0192

Fig. 8. Strain at break for lattice specimens.
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coefficient R2.
The trend of the curves confirms that fillet edges increase the fatigue

life compared to specimens with sharp edges. Sharp edges lead to stress
concentrations that weaken the material and can be a preferential zone
for crack initiation; all the specimens broke indeed near the node of the
cell, i.e. where beams connect to each other. Catmull-Clark subdivision
is the smoothest modeling approach and CC specimens resist up to one
order of magnitude of cycles more than filleted specimens. Except for
the CY, the curves have similar slopes. Statistical dispersion of data
seems to be higher for high stress levels. The low values of R2 show a
considerable dispersion of the results that can be originated from the
fabrication technology. Indeed SLS, as well as SLM and EBM, are
complex processes and so will be most susceptible to imperfections due
to the stacking-layered-fused nature [67] that influences surface
roughness, dimensional and geometric accuracy, strut imperfections,
microstructure inclusions, residual stress and overall stiffness and
strength. This behavior is probably due to the presence of porosity and
unmelted powder particles: cracks are more likely to initiate from in-
clusion [12], while pores and microvoids can delay fatigue failure [13].
Studies highlighted that selective laser sintered PA12 always presents a
certain degree of porosity and inclusions, depending on process para-
meters used [68–71]. Specimen porosity, defects, and surface roughness
can vary even in the same batch and this affects specimens fatigue life,
leading to the dispersion of data. Using the same process parameters in
the same batch and the same resistant area for all the specimens
highlights the influence of the shape on fatigue life. Nevertheless,

different shape variations could lead to different distributions of re-
sidual stresses and deformations. In our opinion, fillet radius and
smooth shapes lead to locally more massive parts, therefore increasing
residual stresses. On the other hand, sharp edges and different cross
sections lead to a variation of the heat dissipation mechanisms during
manufacture. We believe that these process issues are negligible com-
pared to the effects of the modeling approach, which consists of small
shape variation, and to the outcomes dispersion due to defects. Process
simulation, curvature, and stress concertation integrated analyses could
help to handle the intricate link between shape, process issues, and
fatigue behavior. In other words, integrated simulations can help to
distinguish individual effects of dependent variables. Anyhow, experi-
mental results show that the modeling approach, based on subdivision
surface, improve the fatigue life independently from other process de-
pendent issues.

The results obtained through FEA are reported in Fig. 11 and 12.
Fig. 11 shows the Von Mises stress for CC, CYF and SF cells adopting the
nominal dimension of the specimens tested, on the surface and in the
median section of cells, obtained applying a displacement inducing a
mean stress in the beam equal to 10MPa. The CC cell shows a smoother
stress distribution, while CYF and SF show a concentration of stress at
the transition between fillets and beam. This is closely related to the
surface curvature; indeed a fillet introduces a discontinuity in surface
curvature and consequently a stress concentration, while Catmull-Clark
subdivision scheme produces a C2 surface (i.e. a surface with continuity
in curvature) [56], reducing Kt.

Fig. 12 shows the Kt behavior as the fillet radius changes for CYF
and SF cells. CC cell has a smooth surface shape guaranteed by the
modeling technique adopted and do not allow fillets, obtaining
Kt= 1.1. Both the CYF and SF cells have a decreasing behavior as the
fillet radius r increases. This is due to the beneficial effects that large
fillet radii have on the peak stresses. As far as fillet radius increases,
CYF and SF cells cannot reach the CC Kt value. These results are

Fig. 9. Effective UTS and Young's Modulus for lattice specimens.

Fig. 10. S - N curves for lattice specimens, according to ISO/DIS 12107.

Table 6
Statistical parameters for S-N curve, according to ISO/DIS 12107.

Specimen type b0 b1 SD R2

S 47.07 −28.89 0.35 0.86
SF 49.59 −30.00 0.35 0.89
CY 32.40 −18.55 0.47 0.60
CYF 51.58 −30.77 0.53 0.74
CC 39.48 −22.32 0.43 0.69
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consistent with the fatigue data obtained experimentally. The cell shape
that proved to have the best fatigue behavior is the CC; this conclusion
is confirmed by the smallest Kt values. In the same way, Kt proves the
better fatigue resistance of the CYF cell with respect to the SF cell.

Over the improvement of fatigue life, the proposed approach brings
several advantages in geometric modeling and data exchange for ad-
ditive manufacturing. Besides being easy to implement and efficient
[52], subdivision algorithms together with slicing tools are suitable for
parallel computation, and some implementations at graphics processing
unit (GPU) are available [72,73]. Moreover GPU developers had im-
plemented subdivision algorisms in their hardware (e.g. NVIDIA).
These opportunities will increase the potential of subdivision ap-
proaches, reducing computational time and file size [74]. The proposed
approach could be extended to other cell types by identifying an ade-
quate mesh topology [48]. Future work will be addressed in the

comparison of mechanical properties of triply periodic minimal sur-
faces, whose advantages are described in literature [75], versus sub-
divided model.

4. Conclusions

In this work, SLS process was used to manufacture lattice specimens
based on cubic cell, according to different geometric modeling ap-
proaches: a squared section with or without fillets, a circular section
with or without fillets, and an original mesh modeling method based on
Catmull-Clark subdivision surface. Static and fatigue tests were per-
formed to study the behavior of these different types of specimen.
Moreover, stress concentration factors were assessed by numerical
analyses.

Results show that fillets increase structure stiffness and subdivided
specimens show the highest Young’s Modulus. Similarly, fillets improve
fatigue life and subdivided specimens show the best fatigue behavior.
Moreover, circular sections have a longer life than the squared section.
Finally, numerical analyses show that increasing fillet radius, Kt de-
creases, but it is not able to reach the Kt of subdivided cell, whatever the
radius is.

Over the mechanical properties improvements, the proposed ap-
proach shows several advantages in geometric modeling and data ex-
change for additive manufacturing. These results open new perspectives
in the development of lattice structures for additive manufacturing
technologies, improving fatigue life characteristics, meeting the design
requirements in a number of industrial, biomedical and aerospace ap-
plications.
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Abstract
The diffusion of design tools suitable for regular lattice structures was recently stimulated by the spread of additive manu-
facturing technologies that enable the fabrication of complex geometries, exceeding the limits of traditional manufacturing
methods. Fillet radii play a fundamental role in the design of lattice materials, reducing the stress concentration and improving
fatigue life. However, only simplified beam and 2D models are available in the literature, which are unable to capture the
actual stiffness and stress concentrations in the cell nodes of the 3-D beam based lattice structures with fillets. In this paper,
four types of polyamide 12 cells, fabricated by selective laser sintering technology, based on cylindrical elements, are studied
by finite element (FE) analysis, evaluating the influence of struts and fillet radii on the mechanical properties. In order to
study a single cell, specific boundary conditions, simulating the presence of adjacent cells, were adopted in FE analysis. As a
result, a model describing mechanical properties as a function of geometrical characteristics is obtained. By this model, it is
possible to replace the complex shape of a lattice structure with its boundary, simplifying numerical analyses. This approach,
called homogenization, is very useful in the design process of lightweight structures and can be adopted in optimization
strategies. Numerical outcomes show that the effect of fillet radius is not negligible, especially in cells having a large number
of struts. Moreover, experimental tests were also carried out showing a good agreement with the numerical analysis. Finally,
an interactive design process for lattice structures based on experimental and numerical outcomes is proposed.

Keywords Lattice structures · Homogenization · Additive manufacturing · Polyamide 12 · Finite element analysis · Tensile
tests
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E Young modulus
G Shear modulus
ν Poisson’s ratio
R Beam radius
r Fillet radius
L Cell dimension
Δ Displacement
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SC Simple cubic
RBCC Reinforced body-centered cubic
GA Modified Gibson–Ashby
OT Octet-truss
FE Finite element
AM Additive manufacturing
PA 12 Polyamide 12
SLM Selective laser melting
SLS Selective laser sintering

1 Introduction

A cellular solid is a material made up of an intercon-
nected network of solid struts, or plates which form the
edges or faces of cells. These materials are characterized
by light structures, high strength, and good energy absorp-
tion [1]. Due to their properties, many different application
fields can be identified e.g. automotive, aerospace, biomed-
ical, mechanical engineering, and industrial design [2–4].
Recently additive manufacturing (AM) technologies were
widely adopted in the fabrication of cellular materials due
to their capability of dealing with shape complexity, and sev-
eral approaches in lattice structures design were reported
[5–7]. At the same time, limits on simulation of complex
shapes were highlighted in the literature [8]. The ability to
assess the mechanical behavior of such materials is fun-
damental for their applicability. In literature, two different
approaches can be found to achieve this goal by adopting
micromechanical or continuum model [9]. The first method
uses a detailed model of the base cell geometry and mate-
rial, with the advantage of capturing the influence of both
shape and material on the structural properties of the investi-
gated part. On the other hand, this means high computational
costs and thus it is difficult to apply as a standard tool for
product design. The continuum approach uses a model in
which the geometry is represented by the volume occupied
by cells and material constants are calculated by means of
the micromechanical model results. The process that allows
obtaining the stiffness matrix of a lattice material starting
from thebase cellmaterial andgeometry to study themechan-
ical behavior of an equivalent continuum model is called
homogenization. The main advantages of this approach are
the reduced time and model complexity for the FE analysis
and the possibility to investigate and predict the structural
performances of many different parts from the mechanical
characterization of the single cell that constitutes them. In
this work, the homogenization process is adopted to char-
acterize the mechanical behavior of four different lattice
structures varying relative density and fillet radius. Previous
researches investigated the effects of different relative densi-
ties on the longitudinal and tangential elasticmoduli, Poisson
ratio and the maximum stress of lattice structures. Vigliotti

and Pasini [10, 11] studied the mechanical properties of open
and closed cell latticeswith arbitrary topology through amul-
tiscale approach. Concli and Gilioli [12] studied a ductile
damage model for an aluminum alloy A357 structure with
Kagome cells. Arbenejad and Pasini [13] applied the asymp-
totic homogenization to lattice materials and compared the
results with other homogenization methods. Freund et al. [9]
proposed a computational homogenization method for pla-
nar cells and defined the effective elastic parameters. They
concluded that these parameters do not depend on the cell
shape. Homogenization methods are facilitated using base
cells characterized by symmetry planes and thus by isotropic
behavior. Xu et al. [14] developed two design methods for
lattice structures with controlled anisotropy and proposed
two different novel cell shapes. Moongkhamklang et al. [15],
Zupan et al. [16], and Coté et al. [17] studied shear and
compressive behavior of two cell geometry (diamond and
square) realized in titanium matrix composite by means of
static tests and analytical formulations. They underline how
the buckling effects are not negligible in the failure mode.
Even Deshpande et al. [18] described the compressive prop-
erties of aluminum alloy octet truss cell and obtained the
behavior of E and ν as the density changes through analyt-
ical, experimental and numerical analysis. They concluded
that the elastic buckling of the struts truncates the plastic
collapse. Smith et al. [19] investigated the mechanical per-
formance of body-centered cubic (BCC) and body-centered
cubic with vertical pillars (BCCZ) cells realized by SLM
technique and compared E and σ behaviors obtained through
FE analysis with experimental results finding good agree-
ment. Tsopanos et al. [20], analyzed stainless steel BCC cells
mechanical properties; they defined E and σ parameters as
the density changes by tensile and compression tests; a rela-
tion that occurs between process parameters and strength of
the structures was proposed. By this relation, it is possible to
assess the mechanical properties based on the combinations
of laser powermanufacturingparameters, laser exposure time
and relative density. Relationships that relate the process
parameters and the direction of component growth with the
mechanical properties of the structure were also obtained
by Caulfield et al. [21]. To assess the mechanical properties
of cellular structures many researchers studied the effects
of the AM process on the shape of the structure in terms of
generated imperfections. Park et al. [22] studied the mechan-
ical properties of lattice material subject to shape variations
caused by the AM process by means of a two-step homog-
enization method. They constructed a voxel-based model to
determine the effective structural element parameters (strut
diameter and length). The numerical results, compared with
the experimental ones, showed a smaller error than the direct
implementation of the homogenization method. Moreover,
the authors assessed the effects of geometric degradation
caused by AM on lattice structures [23], confirming that
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the lattice structures are affected by the material extrusion
process. Suard et al. [24] found significant size differences
between designed and fabricated struts produced by EBM.
Consequently, they studied the struts mechanical properties
by FEMmodel using the actual diameter. De Formanoir et al.
[25] showed that chemical etching post-treatment, of tita-
nium lattice structures fabricated by EBM, decreases surface
roughness and increases the stiffness-to-density ratio. Sev-
eral researches propose formulations that correlate stiffness
matrix constants E, G and ν with the base cell geometric
characteristics. Luxner et al. [26] investigated the mechan-
ical behavior of four open cell shapes by 3D FE analysis.
The cells were analyzed as monodimensional beam element.
A comparison between numerical and experimental results
underlines how the FE accuracy depends on the geometry
andon the governing deformationmechanisms.Wallach et al.
[27] studiedEandG for fully triangulated 3D truss structures;
Ptochos et al. [28] analyzed the behavior of shear modulus
in BBC metallic cell by means of analytical and numerical
methods, suggesting relations for G in comparison with the
base material longitudinal elastic modulus E0. Campoli et al.
[29] investigated strength properties of porous titanium pro-
duced by SLMor selective electron beammelting comparing
them with FE and experimental results; they pointed out the
influence of structural imperfections produced in the man-
ufacturing process in the mechanical properties of porous
biomaterials. The effects of geometry imperfections due to
the AM process were underlined also by Dallago et al. [30].
They investigated the manufacturing defects by means of
micro-X-ray computed tomography and optical methods and
they showed how the Hot Isostatic Pressing treatment has not
a clear effect on the fatigue resistance because it is affected by
surface defects. Despite the recent developing of themechan-
ical properties assessment methods for lattice materials have
notable growth, in literature there is still a lack of data on
fillet radius effects on mechanical behavior. It affects stress
concentrations in nodes of the struts. The fillet radius influ-
ences also the lattice fatigue life under cyclic loads. Thework
of Dallago et al. [31] is one among the few that pointed out
the not negligible effects of fillet radius for 2D square cell
cellular materials. The authors studied the influence of this
parameter in the elastic properties of such structures with an
analytical–numerical approach.Xiong et al. [32] investigated
the effect of fillet radius on Poisson’s ratio and stress concen-
tration behaviour of structures fabricated by selective laser
melting (SLM), and they concluded that as the fillet radius
increases the investigated parameters decrease significantly.

In thiswork, a numericalmodel to estimate themechanical
properties of lattice structures as a function of the cell shape,
dimension, beam diameter, and fillet radius was proposed.
This model was obtained by fitting with a second-order poly-
nomial the mechanical properties of four types of cell by
FE analysis. An original approach was adopted to define

⇒
⇒

Complex geometry
E0, G0, ν0

Base cell characteriza�on
E0, G0, ⇒ Eef, Gef, νef

Simple geometry
Eef, Gef, νef

Fig. 1 Homogenization process scheme: the analysis of the complex
shape adopting the bulk material on the left is equivalent to the analysis
of the simple shape adopting a virtual material on the right. Mechanical
properties of this effective material were derived studying a single cell

boundary conditions using coupling equations, which allows
accuracy and low processing times. Numerical results show
a not negligible effect of the fillet radius on mechanical prop-
erties especially in cells with a large number of struts.

Tensile tests were assessed on specimens fabricated by
selective laser sintering (SLS) in polyamide 12, for both bulk
material and four types of lattice structures. Numerical and
experimental results show a good agreement within the tech-
nological and methodological limits.

Finally, a lattice structures design procedure was pro-
posed, which is based on an iterative interaction between
the designer and the proposed numerical model through a
user interface.

2 Materials andmethods

2.1 Homogenization process

The single cell behaves as a continuum cubic element made
up of a virtual material called effective material. Specifically,
the longitudinal Eef and shearGef moduli, the Poisson’s ratio
νef and relative density ρ are computed as a function of beam
and fillet radii based on the cell material mechanical proper-
ties (E0, G0, ν0) by FE analysis and experimental tests. This
process, known in the literature as homogenization, is the
basis for topology optimization [33] and allows to simplify
the FE analysis of lattice structures. In other words, the com-
plex geometry of a cellular solid is studied as a continuum
domain consisting of the region occupied by cells using an
equivalent material (Fig. 1).

2.2 Cells material, shape and dimensions

In this work, the mechanical behavior of four different cell
shapes made of Polyamide 12 (PA2200 Performance 1.0
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Fig. 2 Shape of the investigated cells: a simple cubic (SC); b reinforced body-centered cubic (RBCC); c modified Gibson–Ashby (GA); d octet
truss (OT)

Fig. 3 Dimensional parameters of the cells: cell dimension L, struts
radius R and fillets radius r

[34]) fabricated by EOS was studied. Specimens were man-
ufactured vertically oriented in the building chamber, and
consequently, the growing direction matches the longitudi-
nal direction of the samples. The cell shapes adopted for
numerical and experimental analysis were (Fig. 2): simple
cubic (SC) [20, 21], reinforced body-centred cubic (RBCC)
[26], modified Gibson–Ashby (GA) [35], Octet-Truss (OT)
[18]. The relative density is the ratio between the actual vol-
ume of the cell V and the volume of the region occupied by
cell V0. The relative density is a function of the geometric
parameters that characterize the base cell:

ρ(R/L, r/L) � V/V0 (1)

where L is the cell dimension, R is the radius of the struts,
r is the fillet radius (Fig. 3). Relative densities in the range

Table 1 Values of the dimensional parameters of the cells adopted in
the numerical and experimental analysis

Relative density (%) R/L

SC RBCC GA OT

10a 0.110 0.053 0.071 0.047

20 0.162 0.078 0.104 0.068

30 0.206 0.099 0.133 0.087

40 0.245 0.118 0.160 0.104

Cell dimension: 7.5 mm
Fillet radii for numerical analysis: 0.1, 0.16, 0.25, 0.4, 0.63, 1 mm
For each relative density, 5 specimens were experimentally studied,
adopting a 0.4 mm fillet radius
aDue to the too small section, no experimental tests were executed at ρ
� 10%

from 10 to 40%were studied, adopting the cells dimensional
parameters as inTable 1. In order to reduce the sample dimen-
sions, the material consumption and to limit geometrical and
dimensional errors, L was set to 7.5 mm.

2.3 Numerical approach

To explain the proposed approach some considerations con-
cerning material, AM technology, and constraints modeling
are needed.Amado-Becker et al. [36] showed that the process
parameters significantly affect the mechanical properties of
thematerial. Components realized byAM technique are built
layer upon layer obtaining a transverse isotropic behavior
that is fully characterized by 5 independent elastic constants,
unlike isotropic materials which are defined by only 2 inde-
pendent constants [18]. The effects of anisotropy and build
orientation were underlined also by Stankovic et al. [37],
Choy et al. [38] and Wauthle et al. [39]. However, increas-
ing the laser energy density, the mass density of the material
increases as well as the mechanical properties, so that the
Young’s and shear moduli referred to different planes con-
verge to a certain value [36]. According to these results, it can
be stated that a sintered material assumes isotropic behavior
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for certain values of energy density, which is a hypothesis
of our work. Since the geometry of all the investigated cells
consists of nine symmetry planes, the mechanical properties
are described by 3 independent elastic constants: E, G, ν [18,
28]. These constants are computed by numerical analysis
imposing tensile and shear displacements.

Eef is calculated as follows:

• a displacement Δx is imposed on the nodes lying on a cell
face parallel to the y–z plane and the constraint conditions
are defined as explained in detail below;

• the longitudinal strain εx is calculated as:

εx � 	x/L (2)

• the reaction force Fx along the load axis direction is cal-
culated as the sum of the reaction force of all constrained
nodes;

• the effective stress σ xef of the cell is then computed:

σxef � Fx/L
2 (3)

• Eef is finally obtained:

Eef � σxef/εx (4)

Using the same loads and constraints conditions, the effec-
tive Poisson’s ratioνef is also calculated:

• the contraction εy of a couple of lateral opposite faces
(faces parallel to the x–z plane or to the x–y plane) is
calculated as the ratio between the lateral displacement
(	y or 	z) and L:

εy � 	y/L � εz � 	z/L (5)

• νef is obtained by the equation:

νef � − εy/εx � −	y/	x (6)

Shear modulus Gef is computed as follows:

• a displacement 	y (y-axis is the shear direction) is
imposed to a face of the cell parallel to the y–z plane and
the y displacement is constrained for all the nodes in the
opposite face;

• shear strain γ is calculated by the ratio:

γ � 	y/L (7)

• the reaction force Fy along the y-axis is calculated as the
sum of the reaction forces of all constrained nodes;

• the effective shear stresses τ ef of the cell are computed as:

τef � Fy/L
2 (8)

• finally, Gef is calculated by the equation:

Gef � τ/γ (9)

Linear elastic 3-D models analysis were performed by
ANSYS® Release 14.5 software package, using APDL [40]
and “8-nodes Solid185” 3-D brick elements. The input mate-
rial parameters were experimentally obtained or taken from
literature: E0 � 1529 MPa was computed from tensile tests
on PA 2200 specimens; ν0 � 0.35 was found in the litera-
ture [41]. Due to the assumption of an isotropic material, the
shear G0 � 566 MPa was calculated through the equation:

G0 � E0/(2(1 + ν0)) (10)

In order to capture the effects of fillet radii as well as
the actual nodes stiffness, 3-D elements instead of mono-
dimensional beam elements were adopted. The constraints
applied to the single cell model must take into account the
behavior of the adjacent cells that constitute the actual lattice
structure. As an example, the procedure followed to ensure
these constraints for the computation of Eef and νef on an
SC cell is reported. In other cases, the same approach was
applied.

Imposing a uniform tensile load to the CS cell on a face
parallel to the y–z plane, and constraining all degrees of free-
dom of the opposite face, the deformed model highlights the
following issues (Fig. 4a):

1. the face in which the pressure is applied assumes a defor-
mation which is not consistent with the presence of an
adjacent cell;

2. the constraints are too restrictive as they prevent lateral
contractions. These deformations are not compliant with
the actual deformation of the surrounding cells;

3. due to boundary effects, lateral elements of the cell are
bent internally.

The first issue can be solved by applying a displacement
along the x-axis instead of a uniform tensile load. The second
one was overcome increasing degrees of freedom, locking
only the displacement along the x-axis of all the nodes lying
on the constrained face and anchoring only a node. A similar
method was adopted by Koizumi et al. [42]. The other issue
can be approached in two ways. One is to study a structure
consisting of an array of cells repeated along the Cartesian
axes, and calculating the mechanical constants in the cen-
tral cell, avoiding boundary effects. As the number of cells
increases, the boundary effects are reduced, but time and
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Fig. 4 Different approaches for analyzing a single cell: a deformation obtained by applying a uniformly distributed force on the face parallel to the
y–z plane and constraining all degrees of freedom of the opposite one; b cell deformation obtained by applying the proposed constraining conditions
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Fig. 5 Comparison of different FE analyses methods on CS Young’s
module

computational cost increases cubically, due to the geometric
complexity. Alternatively, it is possible to model a single cell
introducing a constraints scheme that takes into account the
actual constraints generated by the adjacent cells, by apply-
ing coupling conditions [40, 43]. These conditions require
to force one or more degrees of freedom to assume the same
value, in terms of rotations or translations, ensuring the cell to
contract without bending. In detail, the same translations and
rotation are assigned to couples of parallel faces of the cell.
This guarantees the cell maintains coherent surfaces with
hypothetical adjacent cells. The effects of these boundaries
conditions can be appreciated in Fig. 4b. Some preliminary
simulations were conducted to investigate the effect of the
proposed method. In Fig. 5 the Eef behavior for a CS cell
modeled with the proposed method and with multiple cells
models is reported. It can be seen that as the number of cells
increases, the solutions tend to a constant value due to the
reduction of the boundary effects. This convergence value
corresponds to the value obtained with the proposed method,
which involves the simulation of the single cell. This method
is able not only to compute accurate solutions but also to

Fig. 6 Specimen geometry adopted in the tensile tests (thickness equal
to 4 mm)

reduce calculation times and computational cost, and conse-
quently has been adopted for all the other numerical analyses.

2.4 Experimental approach

Static properties of the bulk material were assessed by ten-
sile tests on 5 specimens using Galdabini SUN2500 machine
equipped with a 25 kN load cell. The test speed was
2.00 mm/min. Longitudinal displacement was measured by
the extensometerMICRON 34187/9 with gauge length equal
to 50 mm. The shape of specimens (Fig. 6) and tensile test
procedures were selected according to ISO standards [44,
45]. To evaluate the mechanical properties of lattice struc-
tures, tensile tests were conducted with the same parameters
adopted for the bulkmaterial characterizationwith the excep-
tion of the gauge length, equal to 37.5 mm, equivalent to the
length of 5 cells. Four cell shapes, 3 relative densities for each
cell shape (20%, 30%, and 40%) and 5 specimens for each
condition, for a total of 60 specimens were tested. Samples
were characterized by a central lattice constitutes of 2×3×
7 cells, cell dimension 7.5 mm and fillet radius 0.4 mm, as
shown in Fig. 7.

123



International Journal on Interactive Design and Manufacturing (IJIDeM) (2019) 13:263–276 269

Fig. 7 Specimen: a front,
b lateral view of a cubic cell
sample. Lattice portion of the
specimens with different relative
densities (20%, 30%, 40%):
c simple cubic (SC),
d reinforced body center cubic
(RBCC), e modified
Gibson–Ashby (GA), f octet
truss (OT)
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Fig. 8 Relative density behaviour with a R/L (r � 0.4 mm), b r/L (ρ � 30%)

3 Results and discussion

3.1 Numerical results

Due to the considerable number of numerical simulations
performed (160 configurations), and the number of different

parameters, only a few results are graphically shown while
all outcomes are summarized by fitting equations.

Figure 8 shows the ρ behavior as a function of R/L assum-
ing r� 0.4mmand r/L for ρ� 0.3, including fitting equations
and coefficient of determination (R2). It is possible to observe
that the relative density increases as the R/L and r/L increase.
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Table 2 Fitting coefficients ai of the second-order polynomial representing Eef/E0, Gef/G0, νef/ν0 and ρ as a function of r/L and R/L

Cell shape M (x, y) a0 a1 a2 a3 a4 a5 a6 a7 a8 εmax (%)

SC Eef/E0 5.16 0.58 2.13 − 0.14 4.32 − 0.03 − 0.21 0.01 0.01 0.30

νef/ν0 − 1.50 4.72 3.46 − 0.09 − 1.46 − 0.93 2.57 0.08 − 0.11 0.90

Gef/G0 13.95 − 0.70 5.60 − 0.85 6.32 − 0.03 − 1.38 0.04 0.08 6.60

ρ − 0.38 2.98 − 0.13 0.06 3.38 0.00 1.03 − 0.01 − 0.06 0.42

RBCC Eef/E0 127.45 18.64 51.20 − 5.22 16.92 − 0.88 − 0.93 0.17 0.03 1.23

νef/ν0 3018.77 − 556.25 − 129.21 28.86 − 0.49 20.83 0.51 − 1.09 0.65 0.10

Gef/G0 1323.30 − 152.25 − 5.24 4.49 20.91 3.93 − 1.57 − 0.14 0.05 1.80

ρ − 749.60 176.98 69.23 − 12.46 13.59 − 5.90 2.36 0.55 − 0.07 0.46

GA Eef/E0 1041.90 − 88.31 60.45 − 5.05 21.75 2.25 − 1.51 0.13 0.04 2.40

νef/ν0 1581.95 − 276.11 − 48.51 8.81 − 8.82 7.29 0.22 − 0.19 0.97 0.14

Gef/G0 989.10 − 49.88 108.74 − 8.44 30.32 1.15 − 1.51 0.22 0.04 1.00

ρ − 1006.85 235.53 58.67 − 10.09 17.98 − 6.32 2.60 0.38 − 0.06 0.49

OT Eef/E0 − 88.41 18.90 9.00 0.00 8.83 − 0.97 − 0.57 0.03 0.01 2.40

νef/ν0 − 641.86 155.82 18.29 − 1.50 25.15 − 10.14 − 6.64 − 0.02 0.80 0.76

Gef/G0 − 97.06 19.49 12.09 − 0.75 8.75 − 0.94 − 0.95 0.03 0.03 0.92

ρ 381.47 − 83.67 − 16.78 4.67 5.04 5.22 2.03 − 0.25 − 0.07 0.85

This trend can be well represented by quadratic relations,
as R2 is close to 1. For the same relative density, it can be
observed that cells with fewer struts (e.g. SC) have a greater
R/L ratio than the cells consisting of many struts (e.g. OT).
Moreover, on constant R/L, increasing r/L, the ρ variation is
more affected by cells consisting of many struts due to the
greater number of joints (e.g. OT).

Figure 9 shows Eef/E0, Gef/G0 and νef/ν0 behaviors as a
function of ρ (r � 0.4mm) and as a function of r/L (ρ � 0.3),
which arewell described by quadratic curves. On equalρ, SC
cell shows the higher Eef/E0 while the OT has the lower lon-
gitudinal stiffness (Fig. 9a). The SC trend can be explained
because of the presence of struts parallel to the loading axis
that increases the longitudinal stiffness. Instead, OT slanting
struts make the structure more flexible in the longitudinal
direction. This geometrical configuration explains the stiffer
behavior of OT in the transverse direction (Gef/G0 in Fig. 9c).
With shear stress, the SC cell is themost compliant, while the
other cells show an intermediate behavior. νef/ν0 is close to 1
for the OT cell, meaning a quasi-isotropic behavior (Fig. 9e).
The SC cell shows amoderate contraction due to struts paral-
lel to the loading axis; for this cell νef/ν0 grows significantly
together with ρ. Eef/E0 and Gef/G0 of RBCC and OT cells
significantly change as the r/L ratio increases, due to the
greater number of the joints that generate a greater stiffness
(Fig. 9b, d). Conversely, the effect of r/L on ν is less evident
(Fig. 9f).

All numerical results were summarized by a second-order
polynomial as a function of x� r/L and y� R/L:

(11)

M
(
x, y

) � a0x
2y2 + a1x

2y + a2xy
2 + a3xy

+ a4y
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Fig. 10 Bulk material stress–strain curves

where M represents Eef/E0, Gef/G0, νef/ν0 and ρ, and ai
are the coefficients reported in Table 2 obtained by least
squares fitting. The maximum differences between the pro-
posed model and the numerical results are also reported in
Table 2.

3.2 Experimental results

Figure 10 shows the stress–strain curves obtained by
tensile tests on bulk material. The average Young’s
modulus, calculated in the strain range between 0.05
and 0.25%, as suggested by the ISO standards [44],
is equal to E0 � 1529±14 MPa. The average max-
imum stress is 47.29±0.43 MPa and the correspond-
ing strain is 14.56±1.95%. The average ultimate stress
is 42.47±1.01 MPa and the corresponding strain is
29.06±1.27%.
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Fig. 11 Lattice material stress–strain curves at three different relative densities: a SC; b RBCC; c GA; d OT

In Fig. 11 the stress–strain curves obtained by tensile tests
on lattice specimens are reported. The effective stress σ ef is
calculated referring to an equivalent resistant section equal
to 22.5×15 mm2 (total width and thickness of the speci-
men). The average characteristic parameters, dimensionless
compared to the corresponding bulk material parameters,
are summarized in Table 3. Experimental results show that
OT cell guarantees the best performance in terms of maxi-
mum and ultimate stresses and strains, followed with similar
results by SC and RBCC, instead, GA reaches significantly
lower values.Moreover, it should be noted that themaximum
strains are reached by the OT confirming that this geometry,
subjected to tension loads, has good energy absorption prop-
erties (surface area subtended by the curve). On the contrary,
the GA and SC, with lower maximum strains, confirm they
are the cells less able to absorb energy.

3.3 Results overview

In Fig. 12 the experimental and numerical results of Eef/E0

are reported together as a function of the relative density for
the 4 cells, finding a good agreement. Differences between
experimental and numerical results can be explained consid-

ering that FE analyses are provided for a lattice of unlimited
size and not considering boundary effects due to the limited
dimensions of the specimens. The accuracy of the SLS pro-
cess [46] also affects the experimental results. Moreover, due
to the absence of post-processing such as sanding, the actual
dimension of the beams is greater than the nominal.

As described in the literature, the structural behavior
is strongly influenced by cell geometry and two structure
classes can be identified. Those called “bending dominated”
and those defined “stretching dominated”. The first is char-
acterized by elements mostly subjected to bending loads, the
latter by axial loads. The first are more flexible, the second
are more stiff. A structure such as the one that constitutes
the SC cell, has to do with bending dominated structures
unless it is subjected to longitudinal loads [31]. The works
of Deshpande et al. [47] and Fleck et al. [48] show that for
2D cells, a condition for having a rigid structural behavior is
to have a number of converging struts at each node at least
equal to 4. In the present work, it must be observed that under
shear loads, the stiffer cells proved to be the OT and RBCC,
because they have the major numbers of struts converging at
each node.
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Table 3 Average values and standard deviation (SD) of the mechanical properties assessed by tensile tests on lattice samples

Base cell ρ (%) Eef/E0 SD σef, max (MPa) SD ε (σef, max, %) SD (%) σef, R (MPa) SD ε (σef, R, %) SD (%)

SC 20 0.0900 0.00428 3.52 0.08 12.30 0.58 3.32 0.17 16.01 0.87

30 0.1395 0.00668 5.89 0.10 11.71 0.31 5.48 0.12 17.16 0.82

40 0.2200 0.01379 8.57 0.35 10.21 0.38 8.11 0.29 14.14 0.72

RBCC 20 0.0637 0.00597 2.73 0.04 11.27 1.90 1.99 0.18 15.78 1.04

30 0.1179 0.01646 5.22 0.14 11.85 1.12 3.56 0.52 15.96 2.06

40 0.1861 0.01449 8.53 0.21 12.19 0.52 7.13 0.36 14.99 0.15

GA 20 0.0615 0.00212 1.65 0.06 4.61 0.16 1.52 0.07 6.51 0.26

30 0.1167 0.00318 2.89 0.04 4.34 0.15 2.76 0.07 5.84 0.67

40 0.1938 0.00649 4.39 0.07 3.83 0.15 4.27 0.04 4.92 0.27

OT 20 0.0366 0.00171 3.25 0.04 14.06 0.71 2.67 0.38 16.15 0.64

30 0.0777 0.00367 5.95 0.24 17.62 0.82 5.65 0.30 19.39 0.61

40 0.1485 0.01212 9.23 0.36 15.76 0.76 8.65 0.40 18.15 1.30
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Fig. 12 Numerical and experimental Eef/E0 behavior (0.4 mm fillet radius): a SC; b RBCC; c GA; d OT

4 Integration of themodel in a virtual
environment for interactive lattice design

Interactive design can be defined as the practice of data
exchange/processing between people and technology, char-

acterized by 3 elements, input, process, and output, which
is equivalent to listen, think, and speak in the human inter-
action [49]. Our work is put in this context by defining a
structured method useful for lattice design and integrating
the proposed numericalmodel (thismodel is equivalent to the
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Fig. 13 Procedure for the design of lattice structures

process in an interactive design context) with a user interface
(input/output).

By the results achieved it is possible to define an itera-
tive procedure for the design of lattice structures (Fig. 13).
Starting from the bulk material properties, the cell proper-
ties (shape, dimension, struts diameter, fillet radius), and the
fitting equations (e.g. Eq. 11), it is possible to obtain the
mechanical properties of the effective material. This proce-
dure can be easily implemented in a CAD/CAE software,
providing the input parameters by a user interface as shown
in Fig. 14, obtaining the mechanical properties of the effec-
tive material in real-time. Fitting coefficients of equations for
effectivematerial properties computation (e.g. coefficients in
Table 2), as well as bulk materials properties, can be stored
in a text file. In this way, the model can be easily updated
with other cell types and materials.

Considering the model shape, the boundary conditions
and the effective material, it is possible to define and analyze
an FE model (Fig. 13). The cell characteristics can be cycli-
cally changed by the user, until the results of the FE analysis,
e.g. maximum displacement, fit the functional requirements.
When the cell characteristics are established, it is possible to
generate the lattice structure iterating the cell in the model
space.

5 Conclusion

In this work, a model to estimate the mechanical properties
of lattice structures as a function of the cell shape, dimension,
beam diameter, and fillet radius was proposed. This model
is an effective tool suitable to support an interactive design
process of lightweight structures.

Fig. 14 User interface for the computationof the effectivematerial prop-
erties

Bulk material and lattice samples manufactured in
polyamide 12 by SLS technology were also experimentally
characterized varying the cell shape and relative density.
Numerical and experimental results show a good agreement
within the technological and methods limits.

The main original contributions are related to the numer-
ical approach, which allows to study a single cell as it is
surrounded by others, thanks to the specific boundary condi-
tions and to the coupling equations, and which allows the
assessment of the mechanical properties as a function of
the fillet radius, covering a lack in the literature. Numerical
results show that the proposed approach is suitable for both
accuracy and low processing times and that the fillet radius
is not negligible, especially in cells having a large number of
struts.

Future works will be addressed to experimentally evaluate
the influence of the fillet radii, in order to confirm numeri-
cal results, and to validate the use of filleted lattice in real
industrial parts.
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