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Abstract
Microneedles (MNs) are promising alternatives to pills and traditional needles as drug delivery
systems due to their fast, localized, and relatively less painful administration. Filling a
knowledge gap, this study investigated and optimized the most influential geometrical factors
determining the penetration efficiency of MNs. The effects of height, base diameter, and tip
diameter were analyzed using the finite element method, with results showing that the most
influencing factor was base diameter, followed by height. Moreover, the taper angle, which is
dependent on all the geometrical factors, was found to directly affect the penetration efficiency
at a fixed height. An additional model was developed to relate the height and taper angle to
penetration efficiency, and the results were experimentally validated by compression testing of
MN array prototypes printed using two-photon photolithography. The numerical model closely
predicted the experimental results, with a root mean square error of 9.35. The results of our
study have the potential to aid the design of high-penetration efficiency MNs for better
functionality and applicability.

Supplementary material for this article is available online

Keywords: optimizations, conical, microneedles, penetration efficiency, numerical modeling,
transdermal drug delivery

1. Introduction

The use of drug delivery systems (DDS), along with sampling
and diagnostics, is crucial to therapeutic procedures. Drug
delivery routes can be in the form of oral administration,
which, despite being the most popular, is prone to drug
degradation, poor absorption through the intestinal walls, or
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long-term kidney and liver side effects [1]. Another common
DDS is the intravenous, intramuscular, or subcutaneous injec-
tion with the use of needles; despite being a rapid and effi-
cient method, it causes pain to the patients and cannot sus-
tain long-term and continuous delivery [1, 2]. Another altern-
ative is transdermal delivery, based on the direct applica-
tion of drugs on the skin; drugs should penetrate through
the stratum corneum (SC), the viable epidermis, and finally
into the dermis, where they are available for absorption [3].
Most medications cannot enter the body through the skin at
therapeutic rates due to the 10–20 µm thick SC that acts
as a barrier and the presence of keratinized dead cells and
scales, all severely constraining the use of this method [4]. The
skin’s permeability is dramatically increased if the SC layer
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is punctured. Several methods have been investigated to dis-
rupt the layer, including the use of chemical or lipid enhancers
[5, 6], electric fields using iontophoresis and electroporation
[7], pressure waves produced by ultrasound, and photoacous-
tic effects [8]. However, because chemical methods can have
adverse effects both on the skin and the drugs, and because
physical methods require sophisticated systems, they only had
a limited influence on medical practices to date.

Microneedles (MNs) are an effective method for trans-
dermal delivery because they can penetrate the SC without
harming the skin or the drug and without needing an energy
source or other complex systems. MN also offers the advant-
ages of easy self-administration, localized action, and few
adverse systemic effects. These make them a promising altern-
ative to pills, traditional needles, or other transdermal patches
for minimally invasive drug delivery [9–11].

MN are often fabricated using materials such as silicon,
stainless steel, or polymers and can be classified as solid,
hollow, coated, or dissolvable [2]. A single MN elicits less
pain than hypodermic needles, also when used in an arrayed
configuration in a patch [12–14]. Haq et al [14] evaluated
12 human subjects’ pain and sensory response following the
single-blinded insertions of a 25-G hypodermic needle and
two silicon MN arrays (of 180 and 280 µm height). The
subjects reported significantly less pain and discomfort with
MN arrays, confirming that MN can penetrate the SC without
reaching the pain receptors deep in the dermis, unlike hypo-
dermic needles.

The geometry ofMNsmust be carefully considered tomake
sure that they can successfully penetrate the skin to deliver
their drug load efficiently and without causing pain. Height,
base diameter, tip radius, tip angle, and needle shape, define
the geometry of a MN. Several experimental studies have
shown the effects of MN geometry on skin penetration [15–
21], revealing trends helping to understand the key elements
influencing MN insertion. For example, one study found that
a cone is the optimal shape of MNs for ovalbumin delivery
in terms of skin insertion ratio [20], and the same shape was
observed to have the optimal penetration depth in human skin
[16].Moreover, conicalMNswere also observed to have better
mechanical stability and penetration capabilities as compared
to pyramidal MNs [22]. Uppuluri et al [23] studied the effect
of MN height (600, 900, 1200, and 1500 µm) on the trans-
dermal delivery of Zolmitriptan, and showed that increasing
the needle height increased the drug permeation into pig ear
skin. This is to be expected because longer needles deliver
drugs more deeply, and deeper drug delivery increases the
likelihood that the drug will reach the dermal layer and be
available for absorption by the microcirculation. However,
there is a limit to the height of MN since a three-fold increase
in height results in a seven-fold increase in pain [12].

For effective drug delivery, the height of the MNs should
be optimized to allow drug release in the viable epidermis or
very top of the dermis, where drug binding, metabolism, and
active transport occur, while not reaching the pain receptors
deep in the dermis. The increase in height does not neces-
sarily improve the MN penetration efficiency, defined here

as the ratio of the inserted length over the designed length
as in equation (1), which also depends on other parameters
[23, 24]. Donnelly et al [25] applied poly(methyl vinyl ether-
co-maleic anhydride, PMVE/MA) MN arrays of heights 280,
350, 600, and 900 µm into neonatal porcine skin in vitro and
measured penetration efficiencies of 91.6%, 83.71%, 78.36%,
and 87.62%, respectively. The authors proved that penetration
depth does not directly correlate with penetration efficiency, as
full penetration is uncertain due to factors such as skin elasti-
city and irregularity and MN geometrical settings [1]

Penetration efficiency=

(
inserted length of MN
designed length of MN

)
×100%.

(1)

All the cited studies focused on optimizingMNgeometrical
factors for drug release, penetration depth, and insertion force.
However, it is rare to see MN geometry optimization with
respect to penetration efficiency. Moreover, previous research
focused only on a single or a combination of two geometrical
factors to design and optimize MN. There is still no existing
study on the combined optimization of base diameter, tip dia-
meter, and height on the penetration efficiency of an MN.

In this study, the most influential geometrical parameters
of solid conical MNs for effective penetration into an artifi-
cial skin were investigated and optimized using the finite ele-
ment method implemented in Ansys. A model was developed
to describe the relationships between the geometrical factors
and the penetration efficiency. The numerical analysis results
were validated against experimental data obtained with MN
patch prototypes fabricated using two-photon lithography and
tested on polydimethylsiloxane (PDMS) artificial mimics of
human skin. The numerical analysis narrowed down the sig-
nificant geometrical factors from three to two, generating a
model with taper angle and height as factors that can bemanip-
ulated to optimize penetration efficiency. Specifically, con-
straining the height to a constant level, the penetration effi-
ciency is inversely correlated with the taper angle, and this
was validated through experimental results. The results of this
study can be used in designing and predicting the performance
of MN arrays in terms of penetration efficiency to tailor them
to the specific intended application.

2. Methods

2.1. Numerical modeling of the MN penetration

Figure 1 illustrates the layers of human skin, i.e. the epidermis,
the outermost layer that plays a barrier role; the dermis, where
nerve cell terminals are located; and the subcutaneous fat layer,
the primary fat reservoir.

The SC is the 12–20 µm thick upper layer of the epidermis.
It is composed of dead epidermal keratinocytes, flattened cells,
and intracellular lipid lamellae that form a biological barrier
preventing excessive water loss and defending the organism
from external agents of both physical and bacterial nature [26].
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Figure 1. Schematic diagram of human skin tissue model showing the thickness of the layers.

Of interest to our study, it also hinders the passage of sub-
stances containing the drug to be administered. The dermis is
composed of collagen fibers that become less and less dense
with depth and is responsible for the thermal and mechanical
properties of the skin; the dermis is also the location of the first
transducers of pain. The hypodermis largely comprises adipo-
cytes that serve as thermal insulation for the body and energy
reserve [27]. For effective drug delivery, the MN must penet-
rate the epidermis and the dermis without reaching the hypo-
dermis, not to stimulate pain receptors. This depth is located
about 1 mm from the surface.

Silicone rubber was selected for the numerical simulations
and the experimental tests to mimic human skin behavior.
Among the various types of elastomers used for this type of
testing, silicone rubber comes closest to the characteristics of
human skin in terms of tear and tensile strength. Also, it does
not exhibit crystallization upon deformation [28, 29].

We used PDMS produced by Dow Corning (Sylgard 184)
at a 5:1 ratio of pre-polymer and curing agent based on the
determination of its bulk mechanical properties by uniaxial
tensile tests. For this study, a material model that minimizes
the number of parameters while accurately representing the
experimental data was used. A tool included in the Ansys sim-
ulation suite version 18.2 was used to test the accuracy of
different material models. Specifically, the Yeoh third-order
representation was chosen to model the results of the tensile
tests after an initial visual examination of how several mater-
ial models reflected the experimental data [30].

The Yeoh material is described by equation (2):

W=
N∑
i=1

Ci0(̄I1 − 3)i+
N∑
i=1

1
Di

(J− 1)2i (2)

where J is the volume ratio before and after deformation,W is
the strain energy density function, and Ī1 is the first invariant of
the Cauchy–Green strain tensor. N = 3 for a third-order Yeoh
material. Shear isochoric strain energy density is the term on
the left, while volumetric strain energy density is on the right.

As the hyperelastic material was considered incompressible,
we set J = 1. Specific material parameters are C10, C20, C30,
D1, D2, and D3, where C10 makes up half of the initial bulk
modulus, and 1/Di makes up half of the initial shear modulus,
with values tabulated in supplementary table S1.

In this model, a solid conical MN was used as the base
design, as shown in figure 2(a). An acrylic polymer (IP-S,
Nanoscribe) was chosen as the fabrication material for numer-
ical and experimental studies. The material properties used to
model its elastic behavior were Young’s modulus of 2.1 GPa,
Poisson’s ratio of 0.3, and tensile strength of 64.5 MPa [31].

To identify the most influential geometrical factors of MN
penetration, the height (H), base diameter (Db), and tip dia-
meter (Dt) were varied in settings according to the Design of
the Experiment (DoE) reported in the table in figure 2(b). This
sums up to a total of 12 simulations.

The finite element simulation of the insertion process of the
MN into the skin was carried out using the finite element code
Ansys Workbench in the Explicit Dynamics function com-
binedwith the element deletion algorithm. In the element dele-
tion method, an element volume is deleted when it meets the
required condition during deformation, in this case, the von
Mises stress failure criterion. The von Mises stress failure cri-
terion was derived by relating the distortion energy in a unit
volume during needle insertion simulation with the distortion
energy per unit volume calculated from the prior tensile res-
ults done with the PDMS sample. This setting was chosen
because it deals with events that occur in a short time on hyper-
elastic materials with non-linearity due to large deformations
and breakage of the material. In this study, the location of the
deleted elements was mainly at the area being penetrated by
the needle, an example of an image of the needle penetration
with deleted elements from the skin is shown in supplementary
figure S1(a).

Given the axisymmetric geometry of the single MN, the
numerical model used to analyze penetration was set up by
exploiting a simplified 2D geometry. The simplification con-
siderably reduced the computational time. The geometry and
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Figure 2. (a) Geometric settings of the numerical simulations; (b) the geometry of a single conical microneedle; (c) simulation setup
showing (i) the size of the material domains, (ii) the 2D meshes for the needle and PDMS artificial skin, and (iii) the load distribution and
constraints on both lateral and bottom boundaries. The tip radius is 20 µm. Measurements shown are in millimeters.

boundary conditions employed in the numerical simulation are
shown in figure 2(c). The PDMS material was constrained in
both the lateral and bottom skin boundaries. The tapered MN
was constrained to move along the insertion direction (normal
to the skin surface) under a constant force of 0.247 N accord-
ing to the assumption of considering a patch of 81 needles and
applying a 20 N force on the whole patch. The coefficient of
friction between the IP-S MN and PDMS skin mimic was set
at 0.48.

Before the numerical simulations, the optimal size of the
needle and skin mesh were determined by varying them
according to supplementary table S2. For all settings, an
axisymmetric mesh consisting of quadrilateral elements, with
a curvature size function, was used for each setting to obtain a
more accurate numerical solution in the high-stress and strain
gradient zone. In the first setting L1, the needle and artificial
skin elements were set to a minimum size of 3 × 10−2 mm.

For L2, the needle element size was reduced to 2× 10−2 mm,
while keeping the skin element size the same as in L1. Finally
in L3, both the needle and skin element size were reduced
to 1 × 10−2 mm. Figure S1 shows the results of the mesh
sensitivity analysis. A negligible difference in displacement
was observed between all settings, as shown in figure S1(b).
However, figure S1(c) shows a higher skin strain in L1 and a
small difference between L2 and L3. Between L2 and L3, how-
ever, L3 shows a more precise stress trend, as observed with
lower stress peaks in figure S1(d). Mesh setting L3 was chosen
as the final mesh for all succeeding numerical simulations.

2.2. Experimental validation

2.2.1. MNs design and fabrication. Based on the results
obtained from the numerical analysis, physical prototypes of
the MNs were fabricated and tested for their penetration into
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Table 1. MN array prototypes dimensions.

Sample Db, (µm) α, (◦) H, (µm)

1 300 11 771
2 400 15 746
3 400 20 549
4 400 25 429

artificial skin as 4 × 4 MN arrays. The pitch was selected
based on the previous study by Shu et al [32], wherein it was
shown that the penetration efficiency and force increase and
decrease, respectively, with increasing pitch from 0.156mm to
0.5 mm. Beyond 0.5 mm until 1.75 mm, no significant change
in both penetration efficiency and force was observed, which
means that the pitch no longer affects the efficiency and force.
For this study, a pitch of 1 mm was chosen to allow enough
needle-to-needle distance while also knowing that the effi-
ciency is at optimum. Four patches with different tip angle val-
ues (α = 11◦, 15◦, 20◦, and 25◦) were designed according to
table 1. Also shown are their base diameters and corresponding
height. Sample 1 has a different base diameter to not surpass
the 800 µm set limit of painless penetration (the 400 µm value
with taper angle = 11◦ would result in a 1.029 µm height).

The samples were first designed as 3D models according to
the dimensions in table 1. The MNs were precisely fabricated
from the CAD models using an ultrafine maskless two-photon
polymerization (2PP) 3D laser lithography machine (Photonic
Professional GT, Nanoscribe GmbH, Germany). The laser
light source has a wavelength of 780 mm, a pulse width of
150 fs, a frequency of 40 MHz to 100 MHz, and a maximum
of 45 mW. The objective used has a 25× magnification.

The MN arrays were printed from IP-S photoresist dir-
ectly on a glass substrate. The IP-S is a negative-tone and
acrylate-based photoresist from Nanoscribe GmbH and has
Young’s modulus of 2.1 GPa [31]. The IP-S resin was placed
on ITO-coated glass slides and inserted into the platform with
the lens immersed in the resin. After printing, the unpolymer-
ized excess resin was removed by soaking the sample in the
developer propylene glycol methyl ether acetate for 30 min.
The sample was then transferred to another beaker contain-
ing isopropanol and soaked for 3 min to remove all developer
residues from the sample. Finally, it was allowed to dry in
ambient conditions before testing.

2.2.2. Penetration tests. Analogously to the numerical ana-
lyses, the PDMS Sylgard 184 with a 5:1 ratio of pre-polymer
and curing agent was used as artificial skin in the experimental
campaign. Briefly, the two components were weighted and
mixed until a homogeneous mixture was obtained; all formed
air bubbles must be removed using a desiccator prior to casting
in the desired shape and finally curing in a convection oven at
75 ◦C for at least 120 min.

Insertion force and displacement of the IP-S needles into
the PDMS artificial skin were measured using a tribometer
(UMT-3, CETR Ltd, USA). Its piezoelectric actuator in the
vertical axis provided a displacement control resolution of

2 µm, and the load cell allowed a resolution of 5 mN, with
a full scale of 100 N.

The glass slide with the printed MNs was placed on the top
portion of the tribometer 3 mm from the surface of the PDMS
samples. The penetration test was done at a set displacement
of 3 mm and a speed of 0.5 mm s−1. An additional distance of
0.5 mm was added to account for the compression of the soft
PDMS and to make sure that the needles penetrated it. For
every new test, the same displacement of the glass slide was
set, and the load cell was zeroed before the test. All penetration
tests were done with three replicates for each type of tip angle.

After the penetration test, images of theMNswere obtained
using a scanning electron microscope (SEM) to verify if they
suffered any deformation. Finally, both the simulation and
experimental results were analyzed and compared.

2.3. Results and discussion

2.3.1. Numerical simulation. The simulated insertions of
the MN with varying geometrical parameters into the artifi-
cial skin are shown as vertical displacement versus time in
figure 3(a). The profiles are characterized by two zones with
different slopes: the first describes the MN penetration into
the PDMS artificial skin, characterized by an increasing inser-
tion depth with time, and the second, in which the insertion
depth can be considered constant indicates that the needle is
not penetrating any farther into the PDMS, identified as the
end of penetration. In agreement with previous publications,
increasing theMN height increases penetration depth [25, 33].
Interestingly, despite the differences in geometrical configur-
ations, the final insertion depths of all samples ranged from
440 to 760 µm and correctly punctured the SC. Moreover, it
was observed that a combination of the smallest base diameter
(300 µm) and longest needle length (800 µm) had the deepest
penetration regardless of the tip diameter. On the other hand,
the shallowest penetration depth is a combination of the largest
base diameter (600 µm) and shortest needle length (600 µm),
also regardless of tip diameter. Overall, our modeling results
suggest that the base diameter’s influence onMN’s penetration
depth is stronger than that of the tip diameter, and that smaller
base widths correlate with deeper penetration.

To further prove our observations and determine each
factor’s relative strength on the MN’s penetration efficiency,
we used the main effects plot shown in figure 3(b). The strong
correlation between the base diameter (Db) and the penetra-
tion efficiency is clear, where smaller base values determine
a higher penetration of the MN, according to the fact that
increasing widths would require larger insertion forces [34].
Although not to the same degree as the base diameter, the
height also influences penetration efficiency. Particularly, hav-
ing a shorter height has higher efficiency than having a longer
one. The same trend was observed by Donnelly et al [25] when
they increased the height from 350 µm to 600 µm. However,
the trend changed and the penetration efficiency increased
when the height was further increased to 900 µm. In another
study by Lim et al [35], penetration efficiency increases with
height change from 400 µm to 800 µm, then a significant
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Figure 3. (a) Insertion depths of the microneedle for the 12 different simulations. (b) Effect of geometrical factors on penetration efficiency.
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Figure 4. (a) Linear regression between the taper angle and penetration efficiency grouped by height, and (b) the generated surface plot and
model of the two linear equations based on simulation (black circular dots).

decrease in efficiency was observed at MN height of 1200 µm.
The differences in the effect of height on the penetration may
be due to the friction, buckling, and breakages that occur dur-
ing penetration which may cause differences in results, espe-
cially when comparing different materials. The change in tip
diameter does not show as much difference as changing the
base diameter or the height. This is in agreement with a study
by Lim et al [35], wherein they also observed an insignificant
effect of tip diameters between 50 and 100 µm on penetra-
tion efficiency. Even at tip diameters lower than 40 µm, i.e.
5–37 µm, no significant difference in penetration efficiencies
was observed by Römgens et al [36] at the final displacement
of the needles. Indeed, this effect can only be valid up to a
certain point because, in the same study by Lim et al [35], a
significant decrease in efficiency was observed when the tip
diameter was set at 200 µm. At this point, the penetration effi-
ciency was significantly affected by the tip diameter.

Given the relative effects of the geometrical factors studied
on the penetration efficiency, interactions between factors may
also be present. As shown in figure S2, there was an observed
interaction betweenDb andH. The change ofDb from 500 µm
to 400µmdid not change the degree of effect ofH, but decreas-
ing it further to 300 µm slightly decreases the effect of H on
the penetration efficiency, as evident in the change of slope.
Moreover, the change in Db from 300 µm to 500 µm does
not affect Dt, but when Db was set to 400 µm, the degree of
effect of Dt on penetration efficiency changed as compared to
its effect at Db = 300 µm and 500 µm. Finally, there was no
interaction observed between Dt and H. The presence of inter-
actions between factors led the researchers to analyze a para-
meter directly dependent on all the geometrical factors men-
tioned above: the taper angle, α.

Some researchers, such as Kong et al [37] and Davis et al
[19], studied the insertion of MNs into the skin and reported
the wall angle (α) as the angle outside the cone. In this study,
however, we will refer to α as the internal angle shown in

figure 2(a) and calculated from the different geometrical set-
tings using equation (3). This taper angle depends on all the
geometrical factors considered in this study, i.e. base diameter,
tip diameter, and radius. If the tip is pointed, when Dt is very
close to zero, then α is dependent on H and Db

α= arctan

(
Db−Dt

2

)
H

. (3)

Plotting the α values of the simulated MN versus their pen-
etration efficiency in figure 3(b) resulted in a general down-
ward trend with increasing angles, although there is a non-
linear relationship between them (R2 = 0.597). This indicates
that α is not directly proportional to the penetration efficiency
and this is due to the different weighted effects of the geomet-
rical factors. This also reinforces the conclusion that basing
the design and optimization of MN on the sole α would result
in an inaccurate outcome.

Based on these observations, we identified two linear
equations for the penetration efficiency as a function of α
by adding one more factor and grouping the data by height
(figure 4(a)); R2 values were 0.977 and 0.964 for H = 600
and 800 µm, respectively. The plot shows that the penetration
efficiency linearly decreases with increasing α. At larger taper
angles, the force needed for insertion is higher due to higher
resistance, thus decreasing the penetration efficiency [34]. A
polynomial model, plotted as a surface plot in figure 4(b), was
then fitted to describe the relationship between the taper angle,
height, and penetration efficiency (equation (4)):

Penetration Efficiency

= 1.475α+ 0.012H− 0.006Hα+ 111.9 (4)

Also, the model has a root mean square error (RMSE) of
1.631, thus an acceptable accuracy. Based on the values of the
coefficients, α has higher coefficient than H. This implies that
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changing the α will have relatively higher impact on the pen-
etration efficiency than a change in height.

Therefore, when designing MNs, H can be set high enough
to penetrate the SC without reaching the pain receptors deep
in the dermis, and only α needs to be adjusted to optimize the
penetration efficiency.With this model that can accurately pre-
dict penetration efficiency, the number of geometrical para-
meters to be considered when designing MN is reduced from
three to two.

3. Experimental results

The four prototypes ofMN arrays fabricated using two-photon
polymerization are shown in the SEM images in figure 5. Since
images were taken after the penetration tests to avoid poten-
tial effects of the required gold sputter coating on the test res-
ults, we can conclude that no deformations occurred on the
MN even after penetration on the PDMS skin mimic and that
nominal dimensions reported in table 1 were correctly replic-
ated. Aside from the penetration efficiency, the integrity of
these microstructures is of paramount importance to ensure
that there is no breakage during application that may con-
sequently affect their functionality.

To experimentally validate the numerical simulation res-
ults, MN arrays characterized by the four α values were
tested for penetration into PDMS. Figure 6 shows the force–
displacement plot of all the testedMN arrays. Instead of a plat-
eau at the end of the penetration in the finite element analysis,
the end of penetration during the experiment was characterized
by a steep increase in slope. Given the experimental setup in
which the final displacement had to be set instead of using a
constant applied force, data from the experiment are presen-
ted as force vs. displacement in figure 6 instead of displace-
ment vs. time, as in figure 3(a). Aside from the penetration
efficiency, it is widely known that the insertion force is also a
key parameter in estimating the safe use of MNs since a high
force can cause the MNs to buckle or break before or during
insertion. Nevertheless, after post-processing, the penetration
depths of the inserted MNs were acquired, and the penetration
efficiencies were calculated.

Similar to the results from the numerical study, albeit in
different forms, the plots in figure 6 can also be divided into
two zones. The first zone is the penetration of the MNs into
the PDMS, characterized by the gradual increase of force with
displacement. This continued until a sudden increase in slope
which signaled the end of penetration. As seen in the graph, the
high increase in force did minimal change in the displacement
of the MNs. At this point, the base plate reached the surface of
the PDMS further compressing it, thus the small-step continu-
ous increase in displacement. A similar force–displacement
profile was obtained by Shu et al [32] when they simulated
the insertion of an array of solid stainless steel MNs into a sub-
strate with the same properties as the human skin. To validate
that Zone 2 was the compression of PDMS, the average slope
of the plots in this zone was calculated. This was considered as

the stiffness and was then compared to the expected stiffness
of the PDMS used. A relative error of 0.2 was obtained. This
error may be due to systematic errors, particularly the usage of
different machines and methods in getting the stiffness of both
penetration experiments and the characterization of PDMS.

It can also be deduced from figure 6 that MNs with higher
tip angles needed more force to be inserted into PDMS. The
same observation was presented by the groups of Davis et al
[19] and Kong et al [37] in both experimental and numer-
ical studies. As the angle decreases or as the wall of the MN
approaches vertical, a large portion of the total stress becomes
oriented along the plane of the MN wall, as compared to
stresses normal to the wall, which resulted in an increased
insertion force. Like in our numerical study, here we can see
that the taper angle has an influence on the insertion force.
There was a relatively larger gap in insertion force between
MN with angles 25◦–15◦ compared to angles 15◦ and 11◦.
The smaller gap between 15◦ and 11◦ may be due to the effect
of their height difference, with α= 11◦ having longer MNs. It
was previously mentioned that a longer MN would encounter
a greater elastic resistance compared to a shorter MN during
penetration, hence needing more force to penetrate the skin.
The experiments, while showing that both taper angle and
height influence the MN insertion, agree with the numerical
study result proving that the taper angle has a stronger influ-
ence than the height.

To further validate the numerical study results, the actual
and predicted penetration efficiencies of the fabricated MNs
with different taper angles are reported in table 2. The penet-
ration efficiency has a maximum for α = 11◦ and decreases
with increasing α. This aligns with the numerical analysis res-
ults that also showed the same trend. The predicted penet-
ration efficiencies for each α were also calculated based on
the model, and the errors obtained ranged between 3.36% and
16.21%. Moreover, comparing the experimental values to the
previously generated model, shown as red triangular dots in
supplementary figure S3, a RMSE of 9.3 was obtained. The
higher error of the proposed model in predicting the experi-
mental results is due to the approximations the simulation was
based on. One factor may be friction. Friction plays an import-
ant role in the penetration of the needle into the artificial skin.
The higher the friction between the needle and the artificial
skin, the higher the resistance and hence the higher penetra-
tion force needed to fully insert the needle into the skin. This
may lead to incomplete penetration depth and hence, low pen-
etration efficiency. One way to reduce the friction is to coat the
MNs, such as with a surfactant. Surfactants can act as wetting
agents that help promote the spreading of dermal interstitial
fluid along and into the polymer matrix, which leads to bound-
ary lubrication. This consequently reduces the friction of the
MN sliding against the skin, thus enabling deeper penetration
[38]. Also, in the numerical analysis, only a single needle was
considered, while arrays of 4 × 4 MNs were analyzed in the
experiment. As reported in a previous study, the MN density
also affects penetration efficiency [15]. Nevertheless, the fit is
still acceptable.
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Figure 5. SEM images of the four prototypes of MN arrays after the penetration tests.

Figure 6. Insertion force as a function of displacement of microneedles with varying α values as they penetrate the PDMS. Zone 1 indicates
the penetration of the microneedles into the PDMS, and zone 2 was the end of penetration when only PDMS compression was noted.
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Table 2. Actual and predicted penetration efficiencies of the MN with different measured α values.

Measured α, (◦)
Inserted

length, (mm)
Designed

length, (mm)
Actual penetration
efficiency, (%)

Predicted penetration
efficiency, (%) Error, (%)

11.6 0.698 0.771 90.53 84.74 6%
14.7 0.667 0.746 89.41 76.70 14%
20.8 0.463 0.549 84.34 80.74 4%
25.6 0.337 0.429 78.55 88.95 −13%

4. Conclusion

This study has thoroughly analyzed the effects of geometrical
factors on the penetration efficiency of solid conical MNs into
artificial skin using numerical analysis; these parameters were
the base diameter, height, and tip diameter. The penetration
of a single solid MN with different geometrical settings into
PDMS artificial skin was modeled using finite element ana-
lysis. The penetration efficiency was derived from the dis-
placement data of the MN after insertion. The results suggest
that the base diameter has the highest influence on penetration
efficiency, followed by the height H, and that the tip diameter
has no significant effect. The interaction between the factors
was also studied, leading to further investigation on the taper
angle α, which is dependent on all the previously mentioned
geometrical factors. Relating the angle alone with the penet-
ration efficiency did not establish a correlation. However, we
proved that by setting a constant height, α has a linear correl-
ation with the penetration efficiency: decreasing α increases
the penetration efficiency. A model was first developed based
on height and taper angle and on their effects on penetration
efficiency, and then experimentally validated. MN arrays with
different taper angles were fabricated using two-photon pho-
tolithography. Using a tribometer, they were then subjected
to a penetration test into a PDMS artificial skin. Both exper-
imental measurements and numerical modeling have shown
that two important factors, the taper angle, and height, can be
manipulated to predict and optimize the penetration efficiency
of solid MN. Furthermore, the results suggest that the taper
angle has more influence than the height. To date, no other
model has been generated using only these two factors. This
can be used to design high penetration efficiency MN arrays
for better functionality. H can be set high enough to penetrate
the SC without reaching the pain receptors deep in the dermis,
and only α needs to be adjusted to optimize the penetration
efficiency.

A study is underway to fabricate and replicate the optimized
MN arrays using laser ablation and microinjection molding
methods to further elucidate the manufacturability limitations
of MNs, especially those with very low α values. This study
is a stepping stone to realizing highly functional MN arrays
and moving forward from numerical analyses and benchtop
experiments to large-scale manufacturing.
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