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Abstract: Stretching exercises are integral part of the rehabilitation and sport. Despite this, the
mechanism behind its proposed effect remains ambiguous. It is assumed that flexibility increases,
e.g., action on muscle and tendon, respectively, but this is not always present in the stretching
protocol of the exercises used. Recently, the fasciae have increased popularity and seems that they
can have a role to define the flexibility and the perception of the limitation of the maximal range of
motion (ROM). Deep fascia is also considered a key element to transmit load in parallel bypassing
the joints, transmitting around 30% of the force generated during a muscular contraction. So, it
seems impossible dividing the action of the muscles from the fasciae, but they have to be considered
as a “myofascial unit”. The purpose of this manuscript is to evaluate the mechanical behavior of
muscles, tendons, and fasciae to better understand how they can interact during passive stretching.
Stress-strain values of muscle, tendon and fascia demonstrate that during passive stretching, the
fascia is the first tissue that limit the elongation, suggesting that fascial tissue is probably the major
target of static stretching. A better understanding of myofascial force transmission, and the study
of the biomechanical behavior of fasciae, with also the thixotropic effect, can help to design a correct
plan of stretching.
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1. Introduction

Stretching exercises are widely used in rehabilitation and sports. However, even
though stretching has been demonstrated to cause instantaneous and long-lasting
changes in maximal joint range of motion (ROM) (commonly referred as flexibility), its
mechanism has not clearly been demonstrated yet [1]. For example, various authors have
investigated the effects of static stretching training program on active tendon stiffness,
but after six weeks of training they did not show any influence on active tendon stiffness
[2], suggesting that also other mechanisms need to be considered to explain the effects of
stretching. Moreover, Nakamura et al. [3] demonstrated that static stretching might be
effective for decreasing muscle stiffness of the medial and lateral gastrocnemius. Another
doubt about stretching is “the lack of a relationship between electromyography (EMG)
response and viscoelastic stress relaxation during a static stretch [4], and the incongruity
between the observed EMG response and the most effective stretching technique” [5].
Magnusson et al. [6] showed, in response to passive static stretch in spinal cord injury
subjects, up to 38% decrease in passive torque, despite the absence of any measurable
EMG activity, proving the existence of a viscoelastic stress relaxation response during a
static stretch.
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It was reported that stretching efficacy was not limited only to the joint moved.
Chaouachi et al. [7] showed that unilateral stretching, targeting only one lower limb, also
increased the ROM of the contralateral limb. More recently, Behm et al. [8], showed how
an acute bout of stretching of the lower limbs, increased the maximal ROM of the distant
upper limbs and vice versa. Wilke et al. [9] demonstrated that an acute bout of stretching
of the lower limb muscles, induced an increase in the maximal ROM of the cervical spine.
To explain these data, Wilke et al. [9] suggest that we need to take in consideration the
possible role of fasciae to connect the various muscles along specific lines.
Cruz-Montecinos et al. [10] reported “a significant correlation between the pelvic
anteversion (forward tilting), in a long sitting position (knees fully extended), and the
displacement of the deep fasciae of the gastrocnemius medialis, supporting the concept of
myofascial tissue connectivity. Thus, fasciae could sustain notable stress levels during
stretching maneuvers that involve polyarticular motion such as the slump position or
straight-leg raising” [11]. Together, these findings strongly suggest that maximal ROM
may be limited by non-muscular structures such as fascia tissue. Deep fascia is a
continuous layer from the trunk across the upper and lower limbs (Figure 1) and it is
considered the key element to transmit load in parallel bypassing the articulation. Besides,
it gives insertion and origin to muscle fibers with a percentage estimated around 30% [12].
Moreover, fascia is an uninterrupted viscoelastic tissue made by layers of dense
connective tissue (collagen type I and III) interfaced by loose connective tissue that present
a typical viscoelastic property [13]. The loose connective tissue is composed by adipose
cell, glycosaminoglycans (GAG) and hyaluronan (HA) [14]. The deep fasciae could be
distinguished in two major groups: the epimysial fasciae and the aponeurotic fasciae [15]
(Figure 1). The former comprises all the connective tissues that surround and
interpenetrate the muscles and the tendon, and are hardly adherent to them, such as
epimysium, perimysium, and endomysium. These fasciae form a functional unit with the
surrounding muscular fibers, and they are responsible of the epimuscular myofascial
force transmission [16]. The latter are fibrous connective tissue layers that cover the
muscles and connect different segments at a distance. The most important aponeurotic
fasciae are: fascia lata, brachial, crural, and antebrachial fasciae, thoracolumbar fascia and
rectus abdominal sheath. These fasciae are free to glide with respect to the underlying
muscles owing to a thin layer of loose connective tissue, and present only few and very
specific connections with the underlying musculature, referred to as myofascial
expansions [17]. In such perspective it is possible to study in a separate way, the
mechanical proprieties of the aponeurotic fasciae with respect to those of the underlying
muscles. Besides, in the daily life, the aponeurotic fasciae always collaborate with muscles
[18]. Indeed, when muscles contract to cause movement, they simultaneously stretch the
related myofascial expansions, transmitting part of the muscular force to the aponeurotic
fascia in a very specific area. These myofascial expansions have the role to reduce stress
concentration by providing an increased area of force transmission, but also to activate
specific patterns of nerve elements inside fasciae, and so playing a fundamental role in
proprioception. Consequently, the muscle-fascia relationship could be highlighted in two
different levels: a microscopic level, where each muscle fiber interacts with the
extracellular matrix and it is strongly dependent of its viscoelasticity, and a macroscopic
level, where each muscle is enveloped by an aponeurotic fascia. Many authors [19,20] refer
to myofascial force transmission, as force generated, to be exerted through the full
perimeter surface of the muscle fibers onto the extracellular matrix and from there to
extramuscular connective tissue [20,21]. This connective tissue organization allows
transmission of force from muscle to surrounding structures including synergistic
muscles within a compartment as well as antagonistic muscles within other compartments
[16]. Yucesoy et al. [16] have shown “that adjacent synergistic muscles cannot be seen as
independent functional units due to substantial amounts of muscle force transmitted from
the direct collagenous connections between muscles via shared epimysia, i.e.,
intermuscular myofascial force transmission [22] and the extracellular matrix of a muscle
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to surrounding non-muscular elements of a compartment and bone i.e., extramuscular
myofascial force transmission” [23]. Inter- and extramuscular myofascial force
transmission combined is referred to as epimuscular myofascial force transmission [24].
Such force transmission has been shown to occur in human e.g., in cerebral palsy patients
as shown by intraoperative experiments [25]. Different authors have proven, through
multiple dissections, the anatomical relation between gluteus maximus and fascia lata
[26], the myofascial continuity in the anterior region of the upper limb, and the tendinous
muscular insertions onto the deep fascia of the upper limb [27].

Aponeurotic fascia (fascia lata)

Gluteus maximus with tis
epimysial fascia

Vastus lateralis muscle with its
epimysial fascia

Loose connective tissue and fat
separating the aponeurotic

fascia from muscle

Aponeurotic fascia (fascia lata)

Figure 1. Epimysial and aponeurotic fasciae. In the first figure it is evident the fascia lata (aponeurotic fascia) easily
separable from the gluteus maximum muscle. Note the adhesion of the gluteal fascia with its own muscle typical of the
epimysial deep fascia. In the bottom figure, the fascia lata is separable from the vastus lateralis muscle thanks to loose
connective tissue rich also in fat. In such way the fascia lata is mostly independent from the underline muscle.

At a microscopic level the trans-sarcolemmal molecules connect the cytoskeleton to
laminin, which is connected to the basal lamina [28], which in turn is connected to the
endomysium [29], that forms a 3D structure of tunnels within which the muscle fibers are
operating. Moreover, Passerieux et al. [30] have identified “specialized connections
between muscle fibers with their basal lamina as well as endomysium and the
perimysium. These pathways have been shown to transmit muscle force within single
isolated muscle fibers, within isolated fascicles [31] within a dissected muscle in situ” [19].
Due to such intramuscular myofascial force transmission [20] muscle fibers cannot be seen
as independent functional units, but it could be better described as myofascial unit [32].

Nordez et al. [33] have hypothesized that some mechanical adaptations after chronic
stretching interventions might occur also at fascia level. However, it is necessary to
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consider that the resistance to stretch is different among tendon, muscle and fascia owing
to differences in tissue mechanical properties, but, at the same time, their integrative
action is crucial.

Moreover, thixotropy is another important property that can change the viscoelastic
properties of the extracellular matrix in tendon, fascia, and muscle [34].

The aim of this manuscript is to review the differences and similarities between mus-
cle, tendon, and aponeurotic fascia in the mechanical behaviors and thixotropic effect in
order to better understand their integrative action when stretch is applied.

2. Materials and Methods

This article is not intended to be a comprehensive review but, instead, it addresses
the biomechanical characteristic of the deep fascia tissue in comparison with muscles and
tendons, in order to better understand the mechanisms of static stretching. PubMed, Sco-
pus and Google Scholar database was searched for experimental studies. This review in-
tegrated studies that examined stress/strain curve, stress/relaxation curve, thixotropic ef-
fect/thixotropy on muscle, tendon, and fascia. No restriction in time was applied. The re-
search was performed using the following keywords in combination: (stress/strain curve
OR stress/relaxation curve OR thixotropic effect/thixotropy) AND (muscle OR tendon OR
fascia).

The methodological design of the review included a group of criteria that had to be
adhered to select only relevant studies. Studies were included in the review if they con-
tained research questions regarding the keywords and used healthy animals and humans,
both in vivo and in vitro. We excluded pathological conditions. This search was extended
utilizing the bibliography within the recruited texts. Relevant secondary references, as
books, were also captured. The search was limited to studies published in English, in
which fascia, tendon and muscles were considered as a target for stretching.

3. Results

Overall, a limited literature was detected on fascia, while muscle and tendon ap-
peared to be a better-studied tissue. Regarding the keywords the articles were captured
for every topic about biomechanical behavior and thixotropic effect. Biomechanical data
may not be comprehensive in order to have a clear understanding of muscle role in the
biomechanics of human body, but want to underline the differences among muscle, ten-
don and fascia highlighting the possible role of fascia in the stretching.

3.1. Stress/Strain Curve

The stress/strain curve (stress represents the applied force per area, while strain ex-
presses the percentage of elongation beyond resting length) evaluates the mechanical be-
havior of soft tissues. In stress-relaxation test, a predefined tensile strain is applied, and
corresponding stress is followed as a function of time. All biphasic and viscoelastic soft
tissues exhibit first the relaxation phase and then the entire load is carried by the solid
matrix of a tissue. Consequently, in all the stress/strain curves of musculoskeletal soft tis-
sue we can recognize, at the beginning phase of tension test, the so called the toe region.
In this region, the relation between stress and strain is nonlinear and the slope is increas-
ing with increased loading. The reason for the increasing slope is the straightening of the
wavy-like collagen fibrils. After the collagen fibrils are completely straightened, the elastic
region begins. In this region, the stress and strain are linearly related and the slope of the
curve is called the tissue Young’s modulus. In the elastic range, all changes of a tissue are
still reversible, i.e., if the stress is removed tissue returns to the original strain. It should
be also noted that in human musculoskeletal soft tissues, the loading rate affects the slope
of the elastic range, i.e., higher loading rate results to steeper slope and higher Young's
modulus value. When the stress is further increased from the elastic region, the slope of
the curve changes and the plastic region begins. This is called the yield point. After the
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yield point tissue begins to experience destructive changes, e.g., microfractures in the col-
lagen fibril network. In the plastic region irreversible changes have occurred in a tissue
and it does not return to the original strain although the stress would be completely re-
moved. The stress corresponding to such yield point is one characteristic parameter re-
ported for soft tissues under destructive testing. After the plastic region, the sudden fail-
ure of the tissue occurs and stress vanishes. The stress corresponding to such breakdown
is called the failure point, which is another characteristic parameter reported [35].

In the literature stress-strain curves of many soft tissues have been reported. The ten-
don and the muscle are the most studied tissues, whilst for the aponeurotic fasciae there
is only limited data for the plantar fascia [36] and for the crural fascia [37,38]. The stress-
strain curve of the fascia is non-linear, due to the uncrimping of collagen fibers and elas-
ticity generate by elastin fibers, with the initial portion of stress-strain curve showing a
high deformation/low force characteristic. For each increasing increment of applied strain,
the fascia answers with a corresponding increase of stress. When all collagen fibers are
fully uncrimped and oriented in the direction of the load, the amount of stress is totally
governed by the cumulative behavior of tensed collagen fibers. In the experiment of Stecco
et al. [37], the crural fascia showed a peak strain of about 27% for the specimens of the
anterior compartment, and 27.5% for the specimens of the posterior compartment. Be-
sides, it presented also a strong anisotropy due to the specific collagen fibers orientation,
being stiffer along the proximal-distal than along medial-lateral direction. In the study of
Pavan et al. [36], the peak strain was about 12% for the plantar fascia.

The mechanical behavior of muscle tissue has been studied in different ways because
muscle has a hierarchical structure. This is comprised of micro to macro components of
different lengths and structural scales, e.g., a sarcomere, myofibril, fiber, fascicle, whole
muscle, and muscle-tendon unit [39]. For example, Meyers et al. [40] studied almost intact
muscle-tendon units in vivo; thus, their data take in consideration also the stiff membra-
nous materials such as the epimysium and aponeurosis. On the contrary, in the experi-
ments of Tamura et al. [41], only muscle fiber bundles were tested, so they included en-
domysium and perimysium but not epimysium and aponeurosis. Therefore, the differ-
ence in the reported mechanical failure stresses may be partly attributable to the addi-
tional strength provided by the extracellular matrix in the Meyers’ study. Tamura et al.
[41] have shown “that the ultimate tensile strain of muscle fiber bundles was almost con-
stant at approximately 54% regardless of the magnitude of the externally applied loading
rate”. Schleifenbaum et al. [42] identify the failure region of the stress-strain curve in the
muscle around 75% of elongation in direction of the muscle fiber. This value has a great
variability in relation to muscle fibers’ orientation and presence or not of the epimysium,
consequently depending on the type of the muscle.

Besides, according to Tamura et al. [41], the stress-relaxation rate significantly de-
pends on the magnitude of the applied stretch. Meyers et al. [40], investigating the effect
of the strain rate on the tibialis anterior muscle of New Zealand white rabbits in vivo,
demonstrated that the stress-strain response of passive skeletal muscle is quite sensitive
to the stretching velocity over a range of strain rates (1-25 s—1). Moreover, the failure stress
was in the range of 0.5-1.1 MPa, which was higher than the tensile strength reported by
Tamura et al. [43].

In the tendon stress-strain curve, the linear region begins at approximately 2% of the
strain for most tendons. In this region tendon elongation results from stretching pre-
aligned collagen fibers, and hence the stiffness is indicative of the collagen fiber stiffness
(material stiffness). Microscopic tearing can occur if the tendon is stretched beyond 4% of
its original length [44]. The strain patterns in some tendons are not uniform along their
lengths. They may exhibit stress-shielded areas and even areas subjected to compressive
loading, especially at the enthesis. However, the force transmission between the external
and internal parts of the tendon for the majority of human muscles remains unknown.
The tendon has a stress-strain curve similar to fascia with a faster increase of the stress in
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response to increasing of the strain. Tendon is less adaptable than fascia, but being in se-
ries with the muscle, it can compensate its stiffness with a lengthening of the muscle
(Figure 2) [45,46].

TENDON FASCIA MUSCLE
Max Stress [MPa] 53 14 0.11
Stress [MPa] Strain at Max Stress [decimal fraction] 0.09 0.16 0.61
60 1
!
| yau
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20 } 2"
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Figure 2. Stress-strain curves of the tendon, fascia [45] and muscle [46]. Tendon = black; fascia = blue; Muscles = red. Table
present the highest Stress that each tissue can tolerate with their correspondence strain.

The hysteresis area represents the energy loss in a loading-unloading deformation
cycle, mainly due to converting mechanical work into heat. Hysteresis is often quantified
as the ratio of the hysteresis loop divided by the area under the loading curve. The ratio
represents the percentage of the mechanical energy loss in the loading-unloading cycle.
The hysteresis is manifested as the hysteresis loop. No clear literature was found regard
the results for the muscle and hysteresis curves of the muscle fibers are unspecific. They
not really deal with what happens inside the muscle. For tendon, the information regard-
ing the effects of the strain rate on tendon hysteresis remains limited [47-49]. When a ten-
don is forcibly stretched, the area beneath the force-deformation curve represents the me-
chanical work done to extend the tendon (work = [F x dE, where F is force acting in the
direction of tendon extension E). For the same level of tendon extension, the force during
loading is larger than the force during unloading. In the fascia, the unloading curve will
not follow the loading curve. The area between the two curves represents the amount of
energy that is dissipated or lost as heat during loading (hysteresis area) due to viscous
phenomena. The area under the unloading curve represents the returned energy [36].

3.2. Stress/Relaxation Curve

Stress/relaxation curve characterizes a key viscoelastic property i.e., a time-depend-
ent decrease in stress under constant strain. Magnusson et al. [6] have shown that the
muscle-tendon unit, when stretched to a constant length analogous the static stretching
technique, declines in tension over time showing a viscoelastic response. Viscoelastic
stress relaxation of the muscle and tendon have been demonstrated in vitro [2] and in vivo
in human skeletal muscle [7,33,36] have shown such mechanical response in deep fascia
after static stretching. However, as a notable issue, the stress relaxation curve was the
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same in all the three subsequent relaxation tests with constant tensile nominal strain of
increasing magnitude (4, 6, and 8%), indeed the stress was reduced of a percentage of 35—
40 in a time interval of 120 s, without dependency on the level of strain applied. In con-
trast, the rate of stress relaxation in tendon has been shown to increase with increasing
strain [50]. The tendon displays more viscoelastic behavior at higher strains and more
elastic behavior at lower strains. Similar to data on whole muscle and collagen [2], the
non-linear stress relaxation has an initial steep component with a subsequent more grad-
ual relaxation component.

3.3. Thixotropic Effect

Thixotropy is a property of a substance to decrease its viscosity when it is shaken or
stirred and then solidify when left to stand [34]. It was demonstrated that muscle pos-
sesses thixotropic properties due to formation of “weak” actin-myosin cross-bridges in
resting muscle [51]. As the muscle is elongated, decreasing overlap of actin and myosin
chains provides relatively few binding sites. The greatest number of actin-myosin binding
sites are available when the muscle fibers are at intermediate length [52].

In the tendon, many factors can change the viscoelastic proprieties of the extracellular
matrix, and consequently tendon plays an important role in the force transmission and
tissue structure maintenance. For example, with aging, glycation contributes to additional
cross-linking, which modifies tissue stiffness [53].

The thixotropy is present also in the fasciae, related to one of the major constituents,
i.e,, the hyaluronan (HA) [17]. The viscosity coefficient of HA is not constant, and this
fluid is not linearly viscous, but its viscosity is reduced under any loading condition,
whilst the rest condition allows HA to return to a more viscous state [54]. Chytil et al. [55]
demonstrated that, at lower shear stress levels, chains of high molecular size HA (106-107
Da) are efficient in re-associating in their previous superstructure after the load has been
removed. If the HA assumes more packed conformation, it increases the density of the
loose connective tissue inside the fasciae, and consequently the behavior of the whole
deep fascia could be compromised [16]. Additionally, the concentration of HA can change
the viscosity of the fascial loose connective tissue, indeed in high concentrations HA
chains entangle, contributing to create more viscous solution [56,57]. The HA mechanical
proprieties also change with temperature. In particular, the three-dimensional superstruc-
ture of HA chains progressively breaks down when the temperature is increased to >40
°C [58], with a consequent decrease in viscosity. Additionally, alterations of pH can
change the viscosity of HA [59], in particular HA becomes more viscous in acid solution.
Juel et al. [60] demonstrated that after strenuous exercises in the muscle compartment, the
PH can reach a value of 6.60 due to the lactate accumulation. That means an increase of
approximately 20% in HA viscosity, with a consequent sensation of stiffness.

4. Discussion

This narrative review highlighted the different mechanical behaviors of the muscle,
tendon and fascia and confirms the idea that the structural conformation of the fasciae has
to interact with muscular contraction [16,60]. Regarding both stress/strain and stress/re-
laxation curves, the deep fasciae better match the range of excursion that static stretching
exercises generate. Indeed, the tissue lengthening imposed in a classical passive stretching
of the posterior part of the leg (fingertip-to toes test), has a mean value of 20 cm (SD #22)
(range 049 cm) [61]. Recalling that tendon reaches non-physiological stretch at approxi-
mately 4%, when micro tears will begin [43], while beyond 75% for muscle [41], it is plau-
sible that the strain imposed in such passive stretching is beyond what tendon can tolerate
and way lower of muscle stress/strain curve peak. Considering 90 and 84 cm as mean
value of leg length respectively for men and female [62], the deep fascia is able to resist
up to 27% of its elongation, corresponding to approximately 20 cm maximal extension of
aponeurotic fasciae (Figure 2). This value better represents the stretching excursion range
typically performed during the fingertip-to-toes test.
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All the three considered tissues present viscoelastic proprieties, that means that they
decline in tension over time when stretched to a new constant length, analogous to the
static stretching technique. In concert with that, among the tissues addressed, aponeurotic
and epimysial fasciae presents the highest viscoelastic deformation due to the high con-
centration of GAG and hyaluronan. This physical characteristic explains the interesting
results obtained during stress-relaxation curve, as well the thixotropic phenomena. This
property can also explain why immobility reduces fascial gliding and, consequently,
range of motion, as could be the ankles-feet stiffness during the first few steps out of bed
in the morning [63,64]. Herda et al. [65] reported that passive resistive torque and passive
stiffness decreased following 2 min of dynamic stretching, indicating modifications in the
viscoelastic properties of the muscular-tendon unit (MTU). Similarly, Nordez et al. [66]
have reported “that viscosity plays a major role in passive stiffness changes during cyclic
stretching protocols and proposed it may be likely due to the rearrangement/slipping of
collagen fibers in the short term and maybe a plastic effect in the long term (years) due to
a remodeling of the single collagen fibers”. It has been proposed that an increase in tem-
perature may decrease the viscous resistance of muscles [67] and by consequence reduce
passive resistive torque and MTU stiffness [68].

Together, these results suggest that static stretching can induce an increase in the
“overall stretch tolerance”, not limited to the muscles and tendons involved, but involving
also the fasciae of the anatomic region. Besides, considering the stress-strain curves of the
various soft tissues, probably the fasciae could be considered the limiting factor (Figure 3)
[69], and consequently we need to take care of all the elements that can modify the fascial
viscoelastic properties to improve the stretching efficacy.

WWW— — W

4% TENDON 54-75% 4% TENDON
(SE) MUSCLE (CE) (SE)

Figure 3. Schematic description of a finite element model based on the Hill’s three-element model
(1938) for muscle, fascia, and tendon localize in the inferior limb in anatomical disposition: muscle
and tendon are in series, while fascia is in parallel in the leg. During stretching, without muscle
contraction, the fascia becomes the first tissue that limits the extension. With muscle contraction,
tendon and muscle limit the stretching exercise. CE: Contractile Element; SE: Series Element; PE:
Parallel Element. Nerve stiffness or restrictions of e.g., ligaments or skin have not included in this
analysis. The plot is based on Morales-Orcajo E. et al. [45], Soderberg, G.L. [46], and Pavan PG et
al. [38] publications.

Limits

This review has not included all the mechanical studies published in old textbooks.
Besides, we have considered only the static stretching, also if in accordance with the liter-
ature, dynamic stretching appears to be more appropriate than static stretching for per-
formance. However, most of the biomechanical studies on soft tissues report only static
results and not dynamic. Moreover, this review considers only the biomechanical effects
on the soft tissues, without taking into consideration the effect of stretching on the periph-
eral and central nervous system.
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5. Conclusions

With this review we support the role of non-muscular structures, such as fasciae, in
flexibility, perception of stretch, and limitation of the maximal ROM. The knowledge of
the mechanical properties of the human fasciae could permit a rational explanation of
possible response/modification of these tissues to various types of stretching. During
stretching, the bulk of the mechanical work is done on the aponeurotic fascia that is the
first one that is stretched when the muscles are not in isometric contraction. Only second-
arily muscle and tendon are involved. Without understanding myofascial force transmis-
sion, we will never be able to understand muscular function completely and to design a
correct plan of stretching for the patients and healthy people.
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