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Purpose: The fascia lata is a key structure determining the physiological functioning of knee and thigh muscles. At the same time it
assures mechanical protection of the tissues situated beneath. This study aimed to clarify the comprehensive mechanical properties and
microscopic structure of human fascia lata to understand its mechanical behaviour better. Methods: The pathologically unchanged fascia
lata used in this study were collected post mortem from adult males of different age. The mechanical properties of the samples were
determined under the uniaxial tensile test in two directions (longitudinal and transverse to collagen bundles arrangement). The structure
observations were performed using a light and scanning electron microscope. Results: The mechanical tests have shown the anisotropic
properties of the examined tissue. The values of the particular mechanical parameters were determined. The maximum failure force,
stiffness coefficient, tensile strength and Young’s modulus values were higher for longitudinal than transversal samples. Before the
uniaxial tensile test, the collagen bundles within each layer of examined samples were aligned parallel to each other, showing a regular,
wavy architecture (crisped pattern). The elastin fibres within these layers were much less numerous than collagen fibres. The applied
mechanical forces disrupted the intact, regular collagen pattern, making the majority of collagen bundles loosely and irregularly oriented.
Conclusions: Knowledge of the mechanical and structural properties of the human fascia lata is an important issue in the context of clini-
cal applications, tissue engineering as well as numerical modelling.
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1. Introduction

Despite crucial (mechanical and metabolic) func-
tions it performs in the body, the fascia remains a tissue
that is poorly known, especially when compared to other
broadly understood musculoskeletal components such
as bones, muscles, tendons or ligaments. In the past,
the fascia was perceived as “junk tissue”, essentially
useless and research into it had been neglected for
decades. This was, in part, caused by a lack of satis-
factory research methods and in part by a lack of un-
derstanding of the crucial role that the fascia plays in
the body. It is only in the last decades that the devel-
opment of research techniques (imaging and functional

testing) of soft tissues, enabled studies to be carried out
on different fascia behaviour [29]. This possibility has
drawn scientists’ attention to the complexity of its
structure and the functions it performs.

It is now known that fasciae are structures con-
sisting of dense connective tissue, rich in the basic
structural protein – collagen, ubiquitously present in
the body. Fasciae form a three-dimensional mechani-
cal and metabolic network (“having no beginning or
end”), and this network extends in the planes of the
body and forms a structural scaffolding surrounding
muscles, bones, internal organs, nerves, vessels and
structures of the central nervous system.

In the body, the fascial tissue system has two main
functions: mechanical and protective. These functions
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are mainly performed by deep fasciae, of which the
fascia lata (FL), the subject of this study, is a typical
representative. The protective function involves form-
ing a “wrapping” for individual tissue structures (i.e.,
muscles, internal organs), maintaining their shape and
ensuring their appropriate spatial positioning in rela-
tion to each other. Fasciae separate tissues and organs
while, simultaneously, ensuring communication be-
tween them. Protection against mechanical injury is
ensured, in particular, by the deep fasciae, e.g., the
fascia lata or the dura mater [32], [36]. The mechanical
function, on the other hand, involves loads transfer,
coordination of motor units and connection of joints,
and stabilisation, thus ensuring the correct posture and
harmonious movement [18], [32]. For this reason, the
fascial system is sometimes referred to as the “soft
skeleton”. Less obvious functions of the fascia include
interstitial signal transmission (due to the presence of
cells called telocytes) and pain transmission (due to
the presence of free nerve endings in the fascia [5],
[6], [9], [18], [35]. In summary, the functions of the
fascial system are summed up by the acronym “4Ps”:
passageway, posture, packaging, protection [17].

Given the important functions of the fascial system
in the body, it is not surprising that pathological changes
concerning the structure or function of the fascia result in
a range of motor dysfunctions of the musculoskeletal
system and, importantly, pain symptoms. Very often,
this is the result of lack of physical activity, compres-
sive lesions in the fascia, microtraumas, strains, or
motor stereotypies (e.g., associated with the performed
work). They lead to changes in the mechanical prop-
erties and architecture of fascial tissues, with forma-
tion of so-called densifications (an increase in the
density of the intercellular matrix and impaired con-
figuration of collagen fibres with a possible increase
in their number) [23]. As a result, the fascia is no
longer able to adapt to tensions transferred from the
adjacent muscle fibres and its mobility is restricted,
and this, in turn, can cause pain, limit muscle mobility
and lead to compression of other tissues such as nerves,
blood or lymphatic vessels. Therefore, diseases affect-
ing fascial tissues may not only result in pain, postural
disorders and motor dysfunctions, but may also dis-
rupt functions of internal organs and the nervous sys-
tem [18].

In clinical practice, the process of diagnosing and
treating conditions related to fascial structures still
poses many difficulties. A significant number of fas-
cial dysfunctions are still considered idiopathic, with
no causative treatment available [11]. This is primar-
ily due to insufficient knowledge of the aetiopatho-
genesis of individual fascial syndromes and disorders

and this, in turn, results from an insufficient under-
standing of mechanical, biochemical, structural and ul-
trastructural properties of the fascia. Knowledge of fac-
tors leading to fascial dysfunctions can contribute to
development of new therapeutic and diagnostic meth-
ods, and the fascial research will result in the ability to
treat pain and dysfunction associated with fascial disor-
ders. The most common conditions involving fascial
tissues include: myofascial pain syndromes, compart-
ment syndromes (forearm compartment syndrome,
erector spinae syndrome, carpal tunnel syndrome or
frozen shoulder) and fibromyalgia as well as inflam-
matory diseases such as eosinophilic fasciitis. One of
the more known examples of a condition affecting FL
is iliotibial band syndrome (ITB).

Analysis of the literature may result in a conclu-
sion that the research on determination of mechanical
properties of FL is “neglected”. This probably results
from the fact that the majority of the research on deep
fascia is carried out by clinicians and anatomists, so it
mainly focuses on the tissue structure and behaviour
during clinically relevant therapies (e.g., fascial ma-
nipulation, myofascial point therapy). Therefore, there
is a clear need for this type of research and to expand
its scope.

The aim of the conducted study was to determine
the directional mechanical properties of the human fascia
lata (in different age groups), together with a description
of its microscopic structure, in order to better understand
the behaviour of the studied tissue. Determination of
the mechanical characteristics of the deep fascia in the
context of its structure and ultrastructure can become
the basis for developing new strategies for target treat-
ment of fascial disorders.

2. Materials and methods

2.1. Materials

The study material consisted of pathologically un-
changed fragments of the FL of 10 × 15 cm, collected
post mortem from 36 men aged between 18 and 69 years.
The material was divided into three age groups: I up
to 21 years of age; II from 40 to 50 years of age;
III above 60 years of age. Tissue fragments were
dissected at the Department of Forensic Medicine, Wro-
claw Medical University, with the approval of the Eth-
ics Committee (No. KB-262/2010). All samples were
examined fresh, within 24 hours of their collection,
without being subjected to freezing processes. The col-
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lected material was divided into three groups: 1) for
mechanical testing; 2) for examination under light mi-
croscopy; 3) for examination under scanning electron
microscopy.

2.2. Mechanical properties

From each fascia fragment, rectangular specimens
of 5 × 50 mm were cut with a special punch in two
directions, longitudinal and transverse to the direction
of collagen fibre alignment (Fig. 1a). The direction was
selected according to the macroscopic direction of the
fibre arrangement on the tissue surface. The number
of samples cut in each direction (longitudinal and
transverse) was 7, in total n = 504 samples were cut.

Prior to mechanical testing, the thickness (t0) of the
fascia specimens tested was measured using a digital mi-
crometer (Mitutoyo, Digimatic IP65 0–25; 0.001 mm).
Measurements were taken at several locations, and then
the obtained results were averaged. Uniaxial tensile tests
of the fascia specimens were carried out using the
MTS Synergie 100 machine (Fig. 1b); the tensile
speed was 5 mm/min, and the specimen measurement
length was (l0) 15 mm. The number of pre-cycles was
determined experimentally as 3 (up to 10% of the ini-
tial sample length). The fascia was kept moist in iso-
tonic saline (0.9%) throughout the mechanical tests, to
prevent the samples from drying out. All tests were
conducted at room temperature. The successive steps
of stretching of the specimen of the human FL, clamped
in the grips, are shown in Fig. 1c.

The following mechanical parameters were de-
termined on the basis of the obtained force curves as
a function of displacement and stress as a function of

strain: the maximum failure force (Fmax), conven-
tional stiffness coefficient (k), maximum failure stress
(σmax), and conventional tensile modulus (E). Young’s
modulus was defined as the slope at the linear portion
of the stress–strain curve, whilst the stiffness was
defined as the slope of the linear section of the load-
displacement curve. To adjust geometric changes of
the cross-sectional area A [mm2] of the sample con-
nected with its elongation during the conducted uni-
axial tensile test the following formula was utilised
[36] (1):

0
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= , (1)

where l0 [mm] is the original length of the specimen,
w0 [mm] is the original width of the specimen, t0 [mm]
is the original thickness of the specimen, Δl [mm] is
elongation.

The results of the obtained mechanical parameters
were presented as mean values with standard devia-
tion (SD). Statistical analysis was performed using the
Origin-7 program. The normality of the distribution of
the results was analysed using the Shapiro–Wilk test. On
the other hand, in order to compare the means between
the individual study groups, ANOVA was used with
a significance level of 0.05.

2.3. Structure

Part of the material to be examined under the light
microscope was fixed in 10% buffered formalin; after
dehydration, the tissue sections were embedded in
paraffin and cut into ca. 5-μm-thick sections. These sec-

Fig. 1. Specimen of human fascia lata with visible lines of samples cutting
(in two directions: longitudinal and transversal to the direction of collagen bundles arrangement) using a punch (a),

the experimental setup – testing machine MTS Synergie 100 (b),
fascia’s specimen fixed in the clamp was subjected to a controlled tension until failure (c)
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tions were then stained with haematoxylin and eosin
(H&E) (Sigma-Aldrich, Munich, Germany) to visualise
the basic histological structure and special staining, with
Wright’s stain (Sigma-Aldrich, Munich, Germany) was
used to selectively visualise elastic fibres. Microscopic
analysis was carried out using the Axio Imager.M1m
light microscope (Carl Zeiss Microscopy GmbH, Jena,
Germany).

The material for scanning electron microscopy was
fixed in 2.5% glutaraldehyde solution on phosphate
buffer, and dehydrated in increasing acetone concen-
trations (from 30% to 100%). The test material was
then dried, glued on to metallic stubs and coated with
gold. Samples prepared in this way were examined
under the EVO 15 LS scanning electron microscope
(Carl Zeiss Microscopy GmbH, Jena, Germany).

3. Results

3.1. Mechanical properties

The thicknesses of the individual specimens of the
human FL were measured prior to the strength tests;
the mean value of the measured thickness was 0.58
± 0.13 mm. Force-displacement and stress–strain curves
were plotted from the data obtained from the uniaxial
tensile tests. The mechanical parameters of the test
material were then determined, i.e., the maximum
failure force (Fmax), conventional stiffness coeffi-

cient (k), maximum failure stress (σmax), and conven-
tional Young’s modulus (E), as described by other
authors in earlier studies [40], [41]. All parameters
were measured in the longitudinal and transverse di-
rection in relation to the collagen fibre alignment. The
obtained characteristics were non-linear, and the ex-
ample of a stress–strain curve is shown in Fig. 2.

In order to compare the mechanical parameters of
FL specimens cut longitudinally and transversely, the
obtained results were summarised in column diagrams
(Fig. 3a–d). For most of the samples, significant dif-
ferences were observed between the values obtained
for the longitudinal and for the transverse samples
( p < 0.05). It was noted, moreover, that for the longi-
tudinal samples, the values of all parameters tested
were lowest in the youngest age group.

The maximum failure force (Fmax) values obtained
for the longitudinal specimens were higher (even up to
five times) than for the transverse specimens, and
their average values ranged between ca. 19–23 N. For
transversely cut samples, Fmax values varied the least
in the first age group (approx. 46%), and the most in
the second age group (approx. 80%). Their mean val-
ues ranged between ca. 4.5–10 N. In the case of the
conventional stiffness coefficient (k), the values ob-
tained ranged between ca. 9–12 N/mm for longitudi-
nally cut specimens; for transversely cut specimens,
the values obtained were even up to nine times lower,
and were ca. 1–2.5 N/mm. For the transversely cut
samples, the highest k values obtained for the young-
est age group were observed to be 2.5 N/mm, and
were 55% higher than the lowest k value obtained for

Fig. 2. Representative non-linear stress–strain curve obtained for the human fascia lata specimen with three areas
(I – toe, II – linear, III – yielding and failure)
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the oldest age group. The maximum failure stress
(σmax) values obtained for the longitudinal samples
were higher than for the transverse samples, and their
average values ranged between ca. 6–11 MPa. For the
transversely cut samples, σmax values varied the least
in the first age group (ca. 16%), and the most in the
second age group (ca. 80%); their mean values ranged
between ca. 2–5 MP.

In the case of the conventional Young’s modulus (E)
the values obtained were more than eight times higher
for the longitudinal than transverse samples (in the
second and third age groups); the smallest difference
between the values obtained for the different direc-
tions of excision was found in the group of men under
20 years of age, and was about 68%. Average E val-
ues ranged between ca. 63–83 MPa for the longitudinal
specimens and between ca. 8–20 MPa for the trans-
verse specimens.

3.2. Morphological results

H&E staining confirmed that at the histological level,
the tissue examined showed features typical for fibrous
(dense) connective tissue characterised by a clear domi-

nance of fibrous structural proteins. Among them,
collagen fibres, were the most prevalent and constitute
main structural material of the fascia. Bundles of col-
lagen fibres gave the studied tissue a distinctly layered
character. In the majority of the specimens examined,
three main collagenous layers could be distinguished
and each of those layer consists of packed, wavy and
regularly arranged collagen bundles (Fig. 4a). The
collagen bundles in a given layer ran parallel to each
other, while the collagen bundles in adjacent layers
were arranged in a different direction, at an angle in
relation to the bundles of the layer in their vicinity.

In the fascia samples examined in their native state
(before mechanical testing), the collagen bundles were
characterised, as mentioned above, by a regular ar-
rangement, essentially running parallel to each other
(Fig. 4b). Collagen fibres were arranged in bundles
and did not branch out or anastomose, whereas in the
fascia samples assessed after stretching, the collagen
fibre bundles still showed a parallel arrangement, but
they were characterised by wider spaces between their
individual groups and a loss of the characteristic un-
dulation (Fig. 5a). In some areas, partial “shrinkage”
of the collagen fibre bundles after rupture was visible
(Fig. 5b).

Fig. 3. The mechanical parameters of the human fascia lata tested longitudinally (grey) and transversally (blue)
to collagen bundles arrangement: (a) maximum failure force (Fmax), (b) conventional stiffness coefficient (k),
(c) maximum failure stress (σmax), (d) conventional Young’s modulus (E). Statistical significance ( p < 0.05)
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Histochemical special staining, i.e., Wright’s stain
was used to visualise the elastic fibres. This allowed
a more effective visualisation of the elastin (Fig. 6a).
The elastic fibres were stained dark blue and charac-
terised by varying lengths and thicknesses. They were
found both within the individual – main collagen lay-
ers and between them – in loose connective tissue
areas, separating them, often forming a dense irregular
network there (Fig. 6b).

In order to precisely analyse the morphological
characteristics of the FL and the behaviour of one of its
main structural proteins – collagen, under mechani-
cal loading, the material was examined under scan-
ning electron microscopy before and after the uniaxial
tensile tests. The SEM images obtained allowed to
confirm the layered structure of the studied tissue.
(Fig. 7a). Observations from light microscopy, that the
individual collagen layers building the FL are mainly

Fig. 4. Layering of collagen fibres in the human fascia lata; note the different direction of collagen fibre bundles
in adjacent collagen layers (a) (H&E staining), parallel arrangement of collagen bundles within one of the layers (b) (H&E staining)

Fig. 5. Histological image of the human fascia lata after uniaxial tensile test: (a) loss of undulation of collagen fibres
and widening of the space between individual groups of collagen bundles (H&E staining),

(b) partially ruptured, shrunken bundle of collagen fibres (H&E staining)

Fig. 6. Image of the fascia lata of the human thigh: (a) clearly visible elastic fibres, stained dark blue,
these fibres form more random arrangement and are intermingled between much more numerous collagen fibres,

in some areas elastic fibres penetrated collagen bundles resembling “basting stitch” (arrowheads) (Weigert staining);
(b) selectively stained elastic fibres (arrowheads), forming a relatively dense,

irregular network in the connective tissue (Weigert staining)
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formed of parallel bundles of collagen fibres (Fig. 7b),
were confirmed.

The collagen fibres were organised in regular bun-
dles running parallel to each other. These bundles, on

longitudinal sections, had a characteristic undulating
appearance (crimped pattern) (Fig. 8).

When the tissue was subjected to mechanical forces,
the regular arrangement of collagen fibres (Fig. 9a) was

Fig. 7. SEM image of the human fascia lata in cross-section: (a) clearly visible layered arrangement
of collagen fibre bundles in the one of main collagen layers of the fascia (mag. 200×),

(b) visible regular parallel arrangement of collagen fibres within a single collagen layer (mag. 4000×)

Fig. 8. SEM image of the human fascia lata; collagen bundles exhibiting evident undulation appearance
(crimped collagen pattern) (mag. 200×)

Fig. 9. SEM images of human fascia lata before (a) (mag. 2000×), and after uniaxial tensile test (b) (mag. 4000×)
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significantly blurred and disorganised. Apart from the
loss of the characteristic undulation, the widening of
the spaces between the individual collagen fibre bun-
dles could also be clearly seen (Fig. 9b).

Individual collagen fibres were fragmented and en-
tangled (Fig. 10).

Fig. 10. SEM images of human fascia lata after tensile test;
note fragmentation and rupture of individual collagen fibres

(mag. 4000×)

In some areas, rupture of individual collagen fibre
bundles with subsequent shrinkage and formation of
spherical conglomerates could be seen.

4. Discussion

Previously, mechanical studies on fascial tissues
were conducted using human fasciae [3], [19], [21]
and in animal models (rabbit, goat, sheep and dog)
[8], [28], [38]. In most cases, the material was ana-
lysed in its native state as fresh samples excised post
mortem and, less frequently, after fixation by deep
freezing or in formalin [21]. From a mechanical per-
spective, tissue preservation could influence the re-
sults of mechanical testing to a great extent [24]. For
this reason, in the course of the present study, sam-
ples of the human FL were subjected to mechanical
testing immediately after collection, as fresh mate-
rial, without any fixation. Furthermore, it should be
emphasised that, compared to other studies, the number
of samples examined by the authors was significantly
higher (more than 500 specimens in total). Addition-
ally, shear tests were also performed [28]. More re-
cently, attempts have also been made to assess the
fascia properties using elastography, but in this case
it is difficult to distinguish indisputably, under clini-

cal conditions, between the deep fascia and other
tissues. Numerical models and constitutive model-
ling of the fascia are also presented [3], [22], [28].
The authors used uniaxial tensile test; however, in
order to better reflect the biomechanical characteris-
tics of the studied tissue, for each specimen, samples
were cut out and then stretched in two different di-
rections, focusing on the morphological changes
occurring in the structure of the tissue studied under
applied loads.

The mean thickness of the FL measured by us was
0.58 ± 0.13 mm, and it was similar to the values obtained
by other authors, e.g., Dervin et al. (0.55 ± 0.15 mm) [7]
or Otsuka et al. (0.78 ± 0.17 mm) [21], while higher
thickness values were obtained by Stecco et al. (0.944
± 0.156 mm) [32] or Pirri et al. (0.926 ± 0.156 mm)
[25]. Differences in the compared thickness values may
result from the location from which the study material
was collected, as well as from individual characteris-
tics. If the exact thickness of a patient’s fascia is
known, this can reduce, in a clinical setting, the risk of
nerve damage during surgical procedures. Additionally,
the analgesic effect of drugs administered as local an-
aesthetics can be foreseen [25].

After mechanical testing, non-linear stress–strain
curves specific for soft tissues were obtained [15], [16],
[36], with two slopes. The source of this two-slope
behaviour is thought to arise from the combination of
collagen and elastin fibres, where elastin governs de-
formation at small strains and collagen governs it at
larger stresses. Interestingly, when a fascia, a tendon
and muscles are compared, it can be seen that the
stress–strain curve of the tendon is similar to that of the
fascia, with a faster increase in stress values in re-
sponse to the increase in strain. Fascia, on the other
hand, are characterised by greater adaptability than
tendons. The tendon reaches non-physiological exten-
sion at around 4%, while the deep fascia is able to
withstand up to 27% of its elongation. In the case of
the muscles, this value is 75% [33].

One of the mechanical parameters assessed by the
authors of this study was the value of the maximum
failure force (Fmax). Today, however, this parameter is
analysed less frequently, and generally replaced by the
maximum failure stress (σmax) [4]. In addition to
maximum failure stress (σmax), parameters typically
analysed when assessing the biomechanical properties
of soft tissues are the stiffness coefficient (k) and
Young’s modulus (E).

The stiffness values obtained by us were compara-
ble to the results obtained by other authors testing fresh
fascia samples (3.3 ± 0.58 N/mm) [37], while lower than
those obtained in the studies of authors evaluating for-
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malin-fixed fascia specimens (24.1 ± 9.1 N/mm) [21].
The above difference can be explained by the effect of
formalin on the level of soft tissue stiffness, as it was
demonstrated that formalin fixation increased stiffness
of tissues, namely, formalin stiffens samples due to the
formation of irreversible cross-links between the amino
groups in collagen [34]. Furthermore, we observed
less stiffness in the transverse direction (when com-
pared to the longitudinal direction), which may be
related to the fascia ability to adapt to the effects of
muscle fibre contraction. It can be suspected that as
the specimen is elongated in the main direction in line
with the orientation of the collagen fibres, the stiffness
of the tissue changes when a certain strain value is
exceeded. The fibres are then stretched and arranged
in the direction of loading. However, they do not con-
tribute to the stiffness of the tissue when stretched in the
transverse direction [31]. For the longitudinal specimens
tested, lower values were obtained for the measured
mechanical parameters, including stiffness, in age group
I than in the group of older donors. It is suspected that
this situation results from the fact that, with age, the
production of collagen fibres decreases, and the con-
nective tissue structures become more rigid. One of
possible reasons explaining higher values of the stiff-
ness coefficient as we age is the fact that the fibroblast
activity decreases, and therefore the amount of colla-
gen they produce also falls. Simultaneously, ageing is
associated with qualitative changes in collagen fibres;
type I collagen predominates, collagen fibres become
chaotically distributed. Similar processes occur in elas-
tic fibres [10], [12]. Additionally, as shown recently,
postmenopausal fasciae contain more type I collagen
and less type III collagen, and this explains why, in
women, fasciae become stiffer with age [20].

Another biomechanical parameter analysed by us
was the maximum failure stress (σmax). This parameter
was also assessed by other authors [3], [12], [19], [38],
[39]; however, due to differences in protocols regarding
the test procedure (e.g., method of sample preserva-
tion and storage, method of hydration, sample shape,
elongation speed), it is often difficult to directly com-
pare the results obtained. Additionally, information on
specific parameters is not always available. In the FL
samples examined by us, in general, the stiffness value
was lower compared to the work of other authors. For
example, Zwirner et al. [39] recorded in fresh-frozen
samples σmax of 29.0 ± 17.0 MPa, Manon et al. [19] in
the studied frozen material determined the σmax value
of 96.8 ± 3.2 MPa, while Balsly et al. [1] showed
the σmax of 93.4 ± 28.2 MPa, when examining frozen
dried sections. Our results mostly resemble those ob-
tained by Bonaldi et al. [3] with a result of 6.3 ± 4.1 MPa

for fresh-frozen tissue. This large variety of results for
σmax obtained by the various authors may also be ex-
plained by higher test speed until rupture, which could
lead to slight stiffening of the material. Due to the
viscoelastic behaviour that characterises biological
tissues, the selected strain rate usually plays a signifi-
cant role in the final test result, with a significant in-
crease in both σmax and E and, in consequence, a de-
crease in maximum strain with the increasing strain
rate [3].

In the case of the conventional Young’s modulus (E),
values obtained by us ranged between ca. 63–83 MPa
for longitudinal specimens, and between ca. 8–20 MPa
for transverse specimens. The values obtained by in-
dividual authors for E were even more varied than the
values of k and σmax. They ranged from 1 to 500 MPa,
with a few exceptions, particularly for Manon et al.,
who obtained the value of ca. 1500 MPa [4], [19]. Our
results were most similar to those obtained by Bonaldi
et al. [3] (longitudinal: 102.2 ± 60.6 MPa; transverse
8.0 ± 3.6 MPa). Values of the conventional Young’s
modulus in the FL samples studied by us were higher
for older individuals. As with stiffness, this difference
may be related to changes in the fascial tissue struc-
ture occurring with age (increase in the quantitative
proportion of type I collagen, decrease in the total num-
ber of collagen fibres, decrease in amount of elastin and
elastin cross-links) [10], [12].

There is no doubt that the mechanical properties of
the connective tissue are to a large extent determined
by its structure. In the case of the deep fascia of the
thigh, being a cell poor, collagen-dominated structure,
this is particularly evident. Structural studies conducted
to date show that fascia lata is formed by several layers
of regular fibrous connective tissue [4], [32], divided
by thin layers of loose connective tissue. Neverthe-
less, there are discrepancies as to the exact number of
collagen layers in this fascia. Currently, the deep fas-
cia is described as a structure consisting of 2 to 3 lay-
ers of the connective tissue with different orientation
and density of collagen fibres (mainly of type I and III
collagen). Within individual layers, the collagen fibres
are arranged parallel to each other, but when adjacent
layers are compared, it is found that the fibres are
arranged differently, forming an angle of 67–80° or
70–85° depending on the author of the study [2],
[22]. On the basis of their studies, the authors believe
that the human FL consists of three collagen layers,
with one of them (the middle) being the thickest.
These layers, as observed by other authors, are
separated by loose connective tissue containing
vascular structures, adipose tissue and cellular ele-
ments [27], [32].
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To date, the morphological structure of the human
fascia (particularly the deep fascia) has only been as-
sessed prior to mechanical testing. In the course of the
present study, the authors carried out a structural as-
sessment of the fascial tissue not only before but also
after the uniaxial tensile tests. Thus, it was possible to
observe the behaviour of the collagen fibres under the
applied loads. Collagen is a protein of great tensile
strength. Due to the fact that collagen fibres are able
to move and glide within the amorphous ground sub-
stance they can cope with compression and tension,
still they are inelastic. Nevertheless deep fasciae, like
other dense connective tissues, are characterized by
a unique morphological pattern in a form of intense
waviness of collagen bundles. This pattern is defined
as crimp pattern and is an innate property of type I colla-
gen fibres. This unique crimp arrangement is crucial for
biomechanics, as it largely determines the nonlinear
(strain-dependent) biomechanical behaviour of the
tissues. Collagen fibre bundles elongate under tension
to their physiological length and recoil when tension
is released. That is why thanks to crimp pattern fascia
lata despite being collagen dominated tissue exhibit
also elastic properties [13].

The conducted analysis demonstrated that the col-
lagen fibres in the unloaded samples were arranged
parallel to each other in each layer, however, in dif-
ferent layers the fibres intersected in different direc-
tions, in line with the observations of [32].

With the use of scanning electron microscopy
(SEM), it was possible to observe the behaviour of col-
lagen fibre bundles before and after mechanical test-
ing in an even more precise way. SEM images con-
firmed a clear loss of order in collagen fibre bundles
after loading; additionally, severe fragmentation of
collagen fibres could be seen. This may explain why,
after subjecting the deep fascia to supra-physiological
forces in vivo, its regeneration and return to full func-
tional capacity is not always possible. When consid-
ering the structure of fascial tissues, an element that
still needs to be clarified is the content and spatial
distribution of elastic fibres in the deep fascia, as they
are much less studied than collagen fibres. At the
same time, one of the most controversial issues is
whether fascia is elastic structure. Although the pres-
ence of cells with contractile properties – myofibroblasts
– within fascial structures was demonstrated [30], yet,
firstly, they were not numerous, and secondly, signifi-
cantly more myofibroblasts were found in pathologi-
cally altered fasciae (e.g., palmar fibromatosis, hyper-
trophic scars, chronic low back pain) [27]. Therefore,
it is not known whether they are present in the fascia
under physiological conditions or whether they are

formed from fibroblasts only in consequence of an
injury of inflammation. It can therefore be suspected
that elastic fibres are nevertheless mainly responsible
for the elastic properties of the fascia, although it was
demonstrated that the mean amount of elastic fibres in
the deep fascia is only about 1% [27]. In this respect,
deep fasciae closely resemble tendons, as these struc-
tures are also characterised by very low content of
elastic fibres and a clear dominance of collagen. In the
examined fascia, elastic fibres were much less abun-
dant compared to collagen fibres. The most charac-
teristic feature of these fibres is their susceptibility to
stretching and returning to their original length once
the tensile force is removed, which is undoubtedly
crucial for the biomechanical properties of the fascia.
In routine histological staining, elastic elements were
difficult to visualise, not only because of the signifi-
cant quantitative predominance of collagen fibres, but
also because of the close packing of collagen fibres.
Therefore, histochemical special – Weigert’s stain was
used to visualise the elastic fibres [14]. This resulted in
more efficient detection of elastic fibre structures in the
studied tissue, and visualisation of even the finest fi-
bres. Similarly to other authors, in our study we showed
that elastic fibres were more abundant in the two thinner
outer layers of the fascia lata and less abundant in the
thicker middle layer [26]. Furthermore, the elastic
fibres in the middle layer were not only parallel to the
main direction of the collagen bundles, but, as other
authors have also shown, pierced these compact fi-
brous bundles (as in a basting stitch), to, presumably,
improve the elastic response of the fascia under load-
ing. We also agree that elastic fibres in thinner fibrous
layers exhibit an organisation interdependent of colla-
gen bundle arrangement, and that they are much more
numerous within loose connective tissue layers sepa-
rating the 3 main fibrous layer.

5. Conclusions

The mechanical characteristics obtained for the
studied tissue confirmed its anisotropic behaviour. An
undoubted value of the study carried out was visuali-
sation of morphological changes occurring in the FL
under the influence of applied loads, which was shown
both at the histological and, using SEM, at the ultra-
structural levels. This is crucial for understanding the
biomechanics of the fascia lata in vivo and its many
applications in the medical field. This knowledge can
contribute to improvement in clinicians’ understand-
ing of the musculo-fascial system and the role that
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deep fascia can play in musculoskeletal dysfunctions.
This opens up new avenues for research into the wider
use of the fascia in plastic and reconstructive surgery
and helps to determine the fascia suitability as graft
material, depending on the direction of the forces at the
target location in the patient. When considering the
structure of fascial tissues, an element that still needs
to be clarified is the content and spatial distribution of
elastic fibres in the deep fascia, as they are much less
studied than collagen fibres. In order to reduce dis-
crepancies in the results obtained, it is advisable to
develop a reproducible methodology for collecting
and fixing study material, as well as to standardise
methods for mechanical tests.
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