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ABSTRACT

Skeletal muscle tissue shows a clear asymmetry with regard to the passive stresses under tensile and
compressive deformation, referred to as tension-compression asymmetry (TCA). The present study is the
first one reporting on TCA at different length scales, associated with muscle tissue and muscle fibres,
respectively. This allows for the first time the comparison of TCA between the tissue and one of its indi-
vidual components, and thus to identify the length scale at which this phenomenon originates. Not only
the passive stress-stretch characteristics were recorded, but also the volume changes during the axial
tension and compression experiments. The study reveals clear differences in the characteristics of TCA
between fibres and tissue. At tissue level TCA increases non-linearly with increasing deformation and the
ratio of tensile to compressive stresses at the same magnitude of strain reaches a value of approximately
130 at 13.5% deformation. At fibre level instead it initially drops to a value of 6 and then rises again to
a TCA of 14. At a deformation of 13.5%, the tensile stress is about 6 times higher. Thus, TCA is about 22
times more expressed at tissue than fibre scale. Moreover, the analysis of volume changes revealed little
compressibility at tissue scale whereas at fibre level, especially under compressive stress, the volume de-
creases significantly. The data collected in this study suggests that the extracellular matrix has a distinct
role in amplifying the TCA, and leads to more incompressible tissue behaviour.

Statement of significance

This article analyses and compares for the first time the tension-compression asymmetry (TCA) displayed
by skeletal muscle at tissue and fibre scale. In addition, the volume changes of tissue and fibre specimens
with application of passive tensile and compressive loads are studied. The study identifies a key role of
the extracellular matrix in establishing the mechanical response of skeletal muscle tissue: It contributes
significantly to the passive stress, it is responsible for the major part of tissue-scale TCA and, most prob-
ably, prevents/balances the volume changes of muscle fibres during deformation. These new results thus
shed light on the origin of TCA and provide new information to be used in microstructure-based ap-
proaches to model and simulate skeletal muscle tissue.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

sic component of the musculoskeletal system that allows motion.
It serves as a shock absorber, protects the skeleton from exter-

With a mass fractions of around 40% for the average human nal overload, and plays a major role in body metabolism. In re-
[1] and up to 60% for athletes [2], the skeletal musculature con- cent years, muscle function and muscle mechanics have also in-
stitutes a substantial part of the human body and forms the ba- creasingly been investigated in medical and socio-economic as-
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pects, such as disease [e.g. 3-5] or ageing [e.g. 6,7].

Recent experimental studies have dealt with the passive me-
chanical characterisation of muscle tissue, in which mostly strips
or cube-shaped tissue samples prepared from muscles are tested.
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Beside the realisation of pure shear compression experiments [8,9],
tissue samples were mostly subjected to axial tension [10-16] and
axial compression [17-25] experiments. In addition to the observa-
tion that the behaviour is non-linear, strongly anisotropic, and vis-
coelastic, a notable feature, which can be also found in other bio-
logical tissues [26-30], is the so-called tension-compression asym-
metry (TCA).

In case of skeletal muscle tissue Takaza et al. [31] and Mo-
hammadkhah et al. [32] reported that the passive tensile stress-
stretch response is two orders of magnitude larger than in pas-
sive compression, which indicates a significant TCA. From a me-
chanical point of view, TCA may be considered as a phenomenon
caused by different load transfer mechanisms for tension and com-
pression within the tissue while the material properties of the tis-
sue’s constituents remain the same. Consequently, it seems evident
that the pronounced TCA of muscle tissue is directly related to
its microstructure. Following Listrat et al. [33], muscle tissue con-
tains 75% water, 20% protein, 1-10% fat, and 1% glycogen. Thereby
the tissue is strongly structured at different levels of organisation:
Visible with the naked eye, muscle tissue consists of muscle fibre
bundles embedded into connective tissue, the extracellular matrix
(ECM). The ECM in turn, is structured into three sub-layers. The
endomysium is located around the single muscle fibres, the per-
imysium groups muscle fibres to fascicles, and the epimysium sur-
rounds the entire muscle. For more details, especially with respect
to the impact of ECM on load transfer mechanisms, the reader is
referred to Bol et al. [8] and Kohn et al. [34].

Although TCA in muscle tissue is a non-negligible mechanical
phenomenon, dedicated studies are rare. Microstructural investi-
gations by Takaza et al. [31] on porcine muscle tissue revealed a
significant change of fibre shape with applied tensile and com-
pressive loads on the tissue specimen. The authors hypothesised
that parts of the ECM (endomysium and perimysium) are respon-
sible for the TCA. Further investigations of the same group [35] de-
scribed the three-dimensional structure of collagen in the perimy-
sium for porcine and chicken skeletal muscle and revealed that in
the undeformed situation the perimysium sheets show a waviness
that increases or decreases, depending on the applied external de-
formation. However, the source of TCA could be not explained.

While the aforementioned studies have mainly focused on the
ECM to understand the phenomenon of TCA, little is known on TCA
at fibre level and corresponding detailed studies are largely miss-
ing. While the majority of studies deal with tension experiments
on muscle fibre bundles [36-43], muscle fibres [36,38,39,42,44—
54|, myofibrils [55-58], and proteins [57,59,60], axial compression
experiments on the muscle fibre scale have only been reported
twice by our own group [61,62], to the best of the authors’ knowl-
edge. In BOl et al. [61] TCA at fibre scale was reported for the first
time, observing an approximately ten-fold stiffer stress-stretch be-
haviour under tension compared to compression loading.

Towards understanding the source of TCA, but also towards
completing the understanding of muscle tissue function, the anal-
ysis of tissue and fibre level volume changes during deformation
is of great interest. While at the tissue level such information is
partly available in the form of measured Poisson’s ratios, ranging
between 0.34 and 0.64 for compressive and from 0.17 to 0.83 for
tensile loading (measured by means of markers attached to the tis-
sue sample) in dependence on the fibre orientation and species
[15,22,32], and three-dimensional imaging based volume measure-
ments [17,8], such information is still extremely rare at fibre level,
and appears to be limited to the study by Smith et al. [63] who re-
port only insignificant volume reductions under tensile loading for
isolated muscle fibres but up to 60% volume loss for fibre bundles,
calculated from images, respectively.

Consequently, the aim of this paper is to analyse, compare,
and evaluate the relationship between the microscopic (fibre level)
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and macroscopic (tissue level) response in terms of passive me-
chanical stress-stretch relations and deformation-dependent vol-
ume changes at both levels in order to draw conclusions on the
origin of TCA observed at tissue level. We will refer to these lev-
els as ‘length-scales’ in the sense of a multiscale study noting that
a change of scale does not only imply different dimensions but
also a change from the homogenised tissue response to the fibre
as a single component. It is expected that this study will lead to
an improved understanding of the phenomenon of TCA and that it
will serve as a basis to develop, inform, and validate suitable mi-
crostructural models.

2. Materials and methods
2.1. Ethical approval

The study was exempted from ethical committee review ac-
cording to national regulations (German Animal Welfare Act), as
porcine muscles of healthy, female domestic pigs were obtained
from a slaughterhouse immediately after animal sacrifice.

2.2. Sample preparation

Within this study hind legs (n = 10) of female domestic pigs
(Sus scrofa domestica) were obtained from a slaughterhouse im-
mediately after animal sacrifice. Legs were transported in a cool-
ing box to the laboratory, where the unipennate biceps femoris
muscle, see also Remark 1, was excised and stored at 4oC in a
climatic chamber wrapped in physiological solution (NaCl, 0.9%)
soaked cloths. For the tissue scale experiments ten (n = 10) tissues
samples (tension: n = 5, compression: n = 5), see Table 1, were cut
with respect to their fibre orientation (fibres were oriented parallel
to the loading direction). Their dimensions were chosen to facili-
tate testing on the one hand, and to obtain samples that are rep-
resentative of the tissue in terms of the fractions of ECM and mus-
cle fibres. Alginate was used to stabilise the tissue during cutting
[8]. After the tissue strips were dissected from the outer region of
the muscle, axial tension and compression experiments were per-
formed at room temperature, see Section 2.3.

From the same muscle type twelve (n = 12) intact muscle fi-
bres (tension: n =7, compression: n=>5), see Table 2, were dis-
sected by forceps, and placed in muscle relaxing solution com-
posed of EGTA (7.5 mM), potassium propionate (170.0 mM), mag-
nesium acetate (2.0 mM), imidazole (5.0 mM), creatine phosphate
(10.0 mM), ATP (4.0), leupeptin (17.0 pg/ml), and E64 (4.0 pg/ml)
at room temperature to prevent protein degradation. For the me-
chanical fibre experiments only fibres without any amount of en-
domysium were considered. While the fibres used for axial ten-
sion experiment needed no further processing, fibres for the ax-
ial compression tests were cut into segments using femtosecond
laser technology, for details see B0l et al. [61]. Thereby the height-
to-diameter ratio was maintained at < 1, to avoid buckling of the
sample during loading.

Remark 1 ((Muscle selection).). The use of the biceps femoris
muscle within the present study has different advantages: At first,
it is a unipennate muscle, which allows preparing a larger number
of tissue samples with clear, identical fibre orientation. Further-
more, the muscle is relatively large, which leads to a large number
of specimens per muscle. Finally, this muscle is located directly un-
der the skin, which simplifies and speeds up the preparation. To-
gether with the immediate availability of the legs after slaughter
and a short distance to the laboratory this helps performing ex-
periments as close as possible to the in-vivo situation, as is in the
previous studies [8,9,34,64,65].
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Number and dimensions of tissue scale samples. The indices t and c define the samples for tension and compression experiments. Further, L, Hc, Wy/c, and Ty,c define the
sample length, height, width, and thickness of the dissected sample, respectively. L; denotes the distance between the clamps in tension experiments, cf. Fig. 1 (a).

sample no. L Ly Wy T Hc W, Tc

[-] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
axial tension I 61.6 30.8 12.1 4.6 - - -

1l 61.4 30.7 12.7 4.7 - - -

il 60.9 30.4 10.3 4.3 - - -

v 60.8 303 10.2 3.8 - - -

\ 60.0 303 11.7 4.2 - - -
axial compression VI - - - - 10.0 8.9 111

Vil - - - - 111 9.3 10.7

VI - - - - 9.3 9.6 10.0

X - - - - 10.6 8.8 10.9

X - - - - 9.7 8.3 10.8
mean +s.d. 60.9+0.6 30.5+0.2 11.4+1.0 4.3+0.3 10.1+0.6 9.0+0.4 10.7+0.4

Table 2

Number and dimensions of fibre scale samples. A, I, and h denote the cross-
sectional area, length, and height of the fibre samples. cf. Fig. 2 (b).

sample no. A I h
[-] [nm?] [nm] [um]
axial tension XI 14478 1150 -
XII 11367 1070 -
Xl 15158 944 -
X1V 9374 560 -
XV 10339 570 -
XVI 20778 1060 -
XVII 15184 640 -
axial compression XVIII 12565 - 93
XIX 17884 - 190
XX 18132 - 187
XXI 15985 - 113
XXII 14957 - 134
mean +s.d. 1468313216 856+238 143+39

2.3. Mechano-optical experiments at tissue and fibre scales

Muscle tissue specimens and sections of single fibres were
tested mechanically and monitored by optical measurement sys-
tems. Like most soft biological tissues skeletal muscle shows pre-
conditioning effects during ex-vivo mechanical testing, i.e., the re-
sponse becomes repeatable only after a few load cycles, see e.g.
Ahamed et al. [66]. The comparability of tissue and fibre scale re-
sponses would therefore require 'matching’ pre-conditioning pro-
tocols, i.e., single fibres should be subjected to the same precondi-
tioning history as fibres embedded in the tissue, which can hardly
be ensured. Therefore, the mechanical responses of both fibres and
tissue were analysed during the first loading.

2.3.1. Tissue scale experimental investigations

At tissue scale, defined here as the length scale of about one
centimetre, axial tension and compression experiments were per-
formed using an axial testing machine (Zwick Z010, Zwick GmbH &
Co. Ulm, Germany). The specific setups are illustrated in Fig. 1. In
order to perform the axial tension experiments, the strips, whose
fibres were oriented parallel to the loading direction, were fixed
in clamps covered with sandpaper from the inside to avoid tissue
slippage, see (a). Tension experiments were carried out until the
sample failed. For performing the compression experiments (with
fibre orientation parallel to the loading direction), tissue samples
were positioned between two polytetrafluoroethylene plates. While
the lower one was fixed, the upper was installed on the force sen-
sor which in turn was fixed to the movable cross beam. Before
placing the samples between the plates, they were sprayed with
silicon oil to avoid friction. The specimens were deformed until a

212

maximum compressive strain of 50%. It should be noted at this
point, that this compression level is in the physiological range.
E.g., isokinetic contraction experiments show a 25% global mus-
cle belly shortening, local compression levels on the same mus-
cle surface, which were determined using optical measuring sys-
tems, even show compression levels of around 50% [67], where
both compressive strain levels (25% and 50%) are measured with
respect to the inactive, passive muscle belly situation.

In accordance with previous experimental investigations [8,9],
and thus to ensure comparability, all tissue scale experiments were
performed at a strain rate of £ = 0.5%s~!. This rate is clearly lower
than in the case of active muscle contractions. For passive loading
situations that occur, e.g.,, when sitting, touching, etc., the strain
rate used is in a relevant range. While the displacement U of the
upper movable cross beam was prescribed, the force F was mea-
sured and converted to mean engineering stress via P = F/A, where
A is the undeformed tissue strips cross-sectional area. Further, the
axial stretches AUSS =14 U/Ly and AUSS = 1 — U/H, for tension and
compression experiments, respectively, were calculated from the
magnitude of displacement U and the undeformed sample length
L; and height H.. After examination of the data, it was reduced in
accordance with Section 2.4.

Since a major objective of this study is the determination of tis-
sue volumes during deformation, samples were coated with fine
white and black varnish before placement in the measurement
setup. A previous study [67]| had shown that the varnish does not
influence the mechanical properties. During the experiment, the
tissue surfaces were recorded using 4 optical measuring systems
positioned around the sample, each consisting of 2 CCD cameras
with a recording frequency of 1 Hz. Each camera provides 8-bit im-
ages with a resolution of 2352 x 1728 (pixel size: 0.05 mm) and
2048 x 2048 (pixel size: 0.03 mm) in TIFF- and PNG-format. Based
on a calibrated marker pattern and the random patterns on the
sample surfaces, the three-dimensional surface of the samples can
be reconstructed in a post-processing step, see Fig. 4, a procedure
that has been frequently realised by the authors [17,67,68]. In do-
ing so, for the axial tension and compression experiments volumes
were determined at several stretch levels.

2.3.2. Fibre scale experiments

For fibre scale experiments, a micromechanical setup was em-
bedded within an inverted microscope, see Fig. 2. All fibre scale
experiments were performed in a basin filled with muscle relaxing
solution, see Section 2.2, to prevent dehydration.

Following Table 2, seven (n = 7) axial tension experiments were
performed. While one end of the fibre was glued to a movable
plastic plate, the other end was glued to a fixed platform. The mov-
able plate was connected via a fine copper wire to a force sensor
attached to a piezoelectric-driven micro manipulator, see Fig. 2 (a),
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Fig. 2. Fibre scale experimental setup: Experimental configuration for (a) axial tension and (b) compression experiments. For a real photographs of the experimental setup,

see also Supplementary material.

allowing the stretching of the fibre while measuring the length
change and the force. For more details see also Bol et al. [61]. By
pulling the fibre up to a pre-load of 1 pN, the fibre was aligned
horizontally, defining the reference length [, see (a). In this situ-
ation, a three-dimensional image stack was acquired by confocal
laser scanning microscopy (CLSM), allowing the determination of
the fibre’s cross-sectional area A. While during the experiments the
displacement u was specified, the force response F was measured
and converted to mean engineering stress via P = F/A. Finally, the
axial stretch Afl® = 1 + u/I was calculated using u and I.

For the realisation of five (n =5) axial compression experi-
ments, the trimmed fibre segments were positioned upright within
the basin filled with relaxation solution, see Fig. 2 (b). A square
glass plate was glued at the tip of the force sensor, which was con-
nected to the micro manipulator. Fibre segments were compressed
until a pre-load of 0.5 pN was attained. Based on the generation
of CLSM three-dimensional image stacks, the initial heights h and
the cross-sectional areas A of the muscle fibre segments were de-
termined, see Table 2. During the deformation driven experiments,
the displacement of magnitude u was specified and the responding
force F was measured. In a following step the mean engineering,
compressive stress was calculated via P = F/A. Finally, the compres-
sive stretch Afl> = 1 — u/h was calculated using u and h.

After performing both the tensile and compression tests, the
data were checked and reduced according to Section 2.4.

Volume determination at fibre scale was based on CLSM im-
ages stacks recorded before applying mechanical deformation and
bright-field observation during the mechanical tests. For typical re-
construction in axial tension and compression, see also Supple-
mentary material. After the pre-load in both deformation states

213

were reached CLSM image stacks were recorded, directly provid-
ing the three-dimensional geometry. During continuous deforma-
tion (tension/compression) the recording of CLSM stacks is impos-
sible. Consequently, bright-field recordings allow to inform about
the width (axial tension) and the diameter (axial compression) of
the fibre, from which in turn the volume was calculated in a post-
processing step, see also Bol et al. [62].

2.4. Data processing

The tissue scale axial tension raw data in form of force-
displacement relations include a large number of measuring points.
In order to make the data manageable, raw data underwent three
processing steps: First, we set a pre-stress of 0.07 kPa (to be the
smallest possible pre-stress at tissue and fibre level) for the tensile
and compression tests. Compared to the literature, this pre-stress
is relatively small, which is important for comparing the tissue and
fibre data. We note that these preloads were subtracted from the
stress when plotting the results unless stated otherwise. Secondly,
all raw data were smoothed and the number of data points was re-
duced. Finally, the elastic regions of the stress-displacement curves
were determined by successively computing tangents 7; by finite
differences at the points U;, i =1, 2, ..., m, where m indicates the
maximum number of measuring points. The elastic range of the
curve was then defined as the region where the slope is mono-
tonically increasing, i.e., where 7;;; > 7;. The point u; at which
Tj+1 < T; marks the end point of the elastic region. We note that
7; is an indicator of the stretch-dependent stiffness.

Analogous to the tissue experiments, the pre-stress for both de-
formation states (tension/compression) in fibre-scale tests was set
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Fig. 3. Tissue scale stress-stretch responses of (a) axial tension and (b) axial compression experiments. Solid curves indicate mean values and shaded areas depict the

standard deviations.

to 0.07 kPa. Thereafter, raw data were smoothed using a moving
average filter with a span length of 5 data points. Cubic spline in-
terpolation was used at 250 strain points with a step size of 0.2%
for each data set, resulting in a total of 500 data points in a sin-
gle cycle. Mean values and standard deviations were then calcu-
lated from the interpolated forces. All processing steps were per-
formed with custom-made Matlab scripts (Matlab® R2017a, The
MathWorks, Inc.).

We remark that all samples were examined for damage after
the test had been carried out and measurements were discarded
from the analysis if they could not be evaluated due to operational
disturbances (e.g. slipping of the specimen under compression or
unintentional shift of the camera) and tearing of the specimens
in the clamping region during tension experiments. Overall, n = 8
samples were discarded.

2.5. Statistics

To prove whether there are statistical differences between the
deformed volumes and the original volume for the tissue and fi-
bre scale specimens, under both axial tension and compression, the
unpaired Mann-Whitney U-test was applied. This tested the null
hypothesis that the mean values of the measured deformed and
original volumes are equal at a significance level of o« = 0.05.

3. Results
3.1. Axial tension and compression experiments at tissue scale

The mean stress-stretch responses of the axial tension and ax-
ial compression experiments at tissue scale are provided in Fig. 3
as solid curves, and the shaded areas represent the standard devi-
ations. In order to provide mean values and standard deviations
from all tension samples, the stretch range up to )\{issz 1.135
shown in (a), corresponds to the smallest elastic region among
the tested samples. In the following, this value is called A, for
all tensile experiments (A; = 1.135) and compression experiments
(Aa = 0.865), regardless of whether tissue or fibres are tested. The
maximal standard deviations consistently occurred at the maxi-
mum stress values. Expressed as percentages of the correspond-
ing mean values (s.d./mean x 100), i.e., coefficients of variation,
they reach 30% at A, and 34% at maximum stretch for the ax-
ial tension compression tests, respectively. For biological tissues,
these relatively small standard deviations indicate the satisfactory
reproducibility of the experiments. Additionally, the exponential-
like nature of the stress-strain response in case of the compres-
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sion experiments (subfigure in Fig. 3 (b)) reveals non-linear be-
haviour, similar to that of the majority of soft tissues. While this
non-linear behaviour is clearly expressed for the compression ex-
periments (b), the axial tension experiments (a) show a much less
pronounced non-linear behaviour. Further, evaluating the stresses
at A, features an approximately 130-fold higher stress value in ten-
sion than in compression, which suggests a strong TCA if defined
on the interval + 0.135 stretch interval. For a direct comparison of
the stress-stretch curves we refer to the supplementary material,
see also Supplementary material.

In addition, the volume changes J|=V/V,, where
is the deformed volume and V, denotes the initial
ume, were determined at discrete stretch values
sion: Ass = 1/1.045/1.09/1.135; compression: Adliss —
1/0.955/0.91/0.865/0.9/0.8/0.7/0.6/0.5) for all samples. Rep-
resentative three-dimensional examples of the axial tension (a)
and axial compression state (b) are shown in Fig. 4. The mean
volume change-stretch responses of the axial tension and axial
compression experiments are provided in Fig. 5. The maximal
standard deviations consistently occurred at the maximal defor-
mation values and were 2.5% and 1.4% for the axial tension and
compression tests, respectively. Volume increase was observed
under tensile loads and volume reduction was recorded under
compressive loads. Albeit significant, these volume changes were
small and the mean varies on the order of 1 to 2% in the sym-
metric strain range of about + 14% (J = 1.016 at )\?55 =1.135 and
J=0.99 at Aliss = 0.865). Although the volume changes become
larger for higher compressive loads, even at 50% axial compression
the volume reduces only by 4%. As a consequence, and in view of
the observed standard deviations, very weak compressibility can
be attributed to the tissue scale behaviour in both deformation
states.

Vv
vol-
(ten-

3.2. Axial tension and compression experiments at fibre scale

At fibre scale the samples were loaded by a maximum of 50%
in tension and compression. The stress-stretch relations are illus-
trated in Fig. 6. The maximal standard deviations consistently oc-
curred at the maximal stress value and were 29% and 53% for
the axial tension and compression tests, respectively. Non-linearity
of the stress-stretch curve is more pronounced for the compres-
sion response. Notably, the evaluation of both deformation states
at 50% deformation reveals approximately 14-fold higher stresses
under tension than compression, documenting strong TCA if evalu-
ated at the + 0.5 stretch interval. For comparison with the tissue-
scale experiments the ratio of tensile to compressive stresses was
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significant for all levels.

also evaluated at A,, providing a TCA ratio of approximately 6. The
comparison with the corresponding tissue value of 130 reveals a
clear difference between the TCA at the two scales. Finally, the vol-
ume changes for both deformation states at fibre scale were de-
termined and are illustrated in dependence of the axial stretch in
Fig. 7. Remarkably, in terms of the mean values of ], the data indi-
cate a statistically significant reduction of volume under both ten-
sile and compressive loads in the order of 5% and 9% at A, for ten-
sile and compressive loads, respectively. For increased loads, the
trend is less clear under tension, whereas under compression the
volume reduces monotonically by more than 30% at Afib = 0.5

4. Discussion
4.1. Tissue mechanical properties

Basically, most investigations at tissue level were performed
as axial tension [10-16,31,32,69-76] and compression experiments
[8,9,17,19,21-24,31,32,72,77]. Muscle tissue from various species
were mechanically tested, including pigs [e.g. 8,9,17,21], chicken
[32], cattle [16,22,76], rodents [10,12,13,69,73,75], and humans
[11,70,71,74]. Before passive mechanical testing, the tissues were
subjected to various mechanical and thermal processes. E.g., while
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in some cases cadaveric tissue was chosen [71,74] or the tissue was
frozen before sampling and then thawed again for the actual me-
chanical testing [e.g. 11,13,70], in other studies the tissue was sam-
pled as soon as possible after dissection [e.g. 8,17,22] to be as close
as possible to the in-vivo situation. A further parameter that influ-
ences the passive mechanical properties of muscles is temperature.
E.g., Noonan et al. [78] described higher linear stiffness, lower de-
formation, and higher failure load of the specimen at lower tem-
peratures for rabbit skeletal muscles. Another important factor that
clearly influences the mechanical material response is the loading
rate, which varies between 0.001%s~! [19] and 37,800%s~! [21].
Finally, the starting point of the stress-strain relation significantly
influences the maximum stress but also the elastic region of the
stress-stretch relation. There are also different approaches to this
in the literature. Some studies do not use a pre-load [e.g. 13,73,75],
while others choose it arbitrarily [e.g. 11,71,72] or depending on
the mass of the tissue samples [21]. It is therefore not surprising
that the results obtained in these studies strongly depend on the
different protocols and vary accordingly.

In Fig. 8, the maximum stresses reached at A, of the tensile
(a) and compressive (b) stretch range from approximately 4 kPa
[16] to 87 kPa [11] and -0.2 kPa [23] to -1.4 kPa [72], respectively.
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The mean tensile and compressive stresses of 78 + 5.4 kPa and -
0.6 + 0.2 kPa, respectively, in the present study thus fall within
the range of the values reported in the literature. We restricted
the analysis in this study to the common (and thus the small-
est) elastic region of the tensile response among all tested sam-
ples. The minimum marks A, = 1.135, cf. Fig. 8 (a), and the mean
values is 1.16 & 0.01. The elastic range clearly ends before failure
occurs. This is consistent with rupture stretches of 1.24 + 0.14 that
were evaluated from a selection of studies [11,13,16,32,72-74]. The
small standard deviation of 0.01 in the stretch that marks the elas-
tic range suggests that the determination of this value as described
in Section 2.4 works robustly, and that this value could be used as
a conservative alternative to the rupture stretch for determining
the critical, and possibly supra-physiological strain regime.

4.2. Fibre mechanical properties

While, except from recent contributions by some of the authors
[61,62], muscle fibres have so far exclusively been tested in axial
tension, muscle fibres were both extended and compressed axi-
ally in the present work. In comparison to the different experi-
mental protocols for tissue scale testing, see Section 4.1, the varia-
tions among testing protocols for single fibres is distinctly greater.
This is reflected by the results of these studies and complicates a
quantitative comparison of our data with the literature in analogy
to the tissue-scale data shown in Fig. 8, see also Bol et al. [61].
In fact, the reported passive stresses for axial tension experiments
vary between 5 kPa [36,38,45] and 100 kPa [39,54] at a maximum
deformation of 50%. Notwithstanding, the reached maximum ten-
sion stress of 16.9 4+ 5.0 kPa achieved in the present study, see
Fig. 6 (a), is within the range of these values found in the litera-
ture. Given the lack of literature data, a comparison of the com-
pressive stresses is not possible.

4.3. Tension-compression asymmetry at tissue and fibre level

Several soft biological tissues such as tendon [79], cartilage [80],
bone [30], lung tissue [26], brain [27], or cervical tissue [29,81] ex-
hibit significantly different behaviour under passive tensile and
compressive loads, respectively, a property referred to as TCA.
This also applies to muscle tissue [e.g. 8,9,22,32,82]. Gindre et al.
[82] compared experimental porcine compression data from van
Loocke et al. [22] with tension data from Takaza et al. [15], while
Mohammadkhah et al. [32] focussed on compression and tension
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data of chicken muscle tissue. Regardless of the species and the
direction of loading considered, it was found that the stress-strain
response under tension loading is approximately two orders of
magnitude larger than the response under compression loading.
While Gindre et al. [82] and Takaza et al. [15] reported on TCA at a
discrete selection of strains, we provide here continuous data that
show the development of TCA during the deformation process. In
Fig. 9 (a), the ratio P/|P:| between the magnitudes of tensile P and
compressive tissue stress |Pc| is illustrated in dependence on the
absolute strain |e|, with a maximum at 0.135%. The degree of TCA
increases with increasing deformation and consequently strongly
depends on the deformation. At the maximum strain of 13.5% the
130-times higher tensile stress lies within the region of two orders
of magnitude reported by Gindre et al. [82] and Takaza et al. [15].

Fig. 9 (b) illustrates the development of fibre scale TCA. Overall,
a non-linear relationship is observed over the entire deformation
range of 50%, see subfigure. For small strains around 1%, the TCA
ratio is about 22 and continuously drops to a minimum about 6
at ¢ = 0.135. Thereafter it rises again and reaches a value of about
14 at maximum deformation of Afi® = 0.5. This non-monotonicity
reflects differences in non-linearity between the tension and com-
pression behaviour, but we note that beyond the elastic range
marked by & = 0.135, inelastic effects may also play an increasing
role, and lead to the existence of a minimum.

The comparison of asymmetries on different scales provides in-
sight on the role of the different tissue components of composing
the tissue-scale mechanical response. In this study, muscle fibres
and tissue were taken from the same muscle and species, allowing
for a direct comparison. The TCA at tissue scale is more than 22
times more pronounced than at fibre level, and although the rea-
son for this large difference in TCA remains speculation, the dif-
ferential consideration of tissue and fibres in our study strongly
points at a distinct role of the complementary ECM components in
magnifying or even causing this phenomenon in its full extent. The
ECM structures the tissue hierarchically and may therefore be re-
sponsible for the generation of intricate deformation mechanisms
within the muscle tissue [64,65]. On the one hand, the ECM em-
beds the muscle fibres in an only approximately straight and rather
wavy shape, see Kuravi et al. [64]. As a consequence, tissue com-
pression in fascicle direction may not directly be translated into
axial compression of the fibres by the same amount, but elicit
a structural response, e.g., with increased waviness and thus dif-
ferent axial deformation of the fibres. On the other hand, skele-
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Fig. 9. Development of TCA for (a) tissue scale and (b) fibre scale experiments.
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tal muscle ECM is highly organised, hierarchically structured, and
forms anisotropic collagenous envelopes around muscle fibres (en-
domysium) and groups of them (perimysium), see e.g. the sum-
mary in Bol et al. [8]. Given the network-like structure of these
thin sheaths, a pronounced difference in their responses to tensile
and compressive loads is expected that may be observed at the
tissue length scale. This hypothesis is supported by experimental
studies that report different reorganisation of the perimysial col-
lagen under tension and compression loads [31,35]. Direct exper-
imental validation, however, is lacking. Although isolated muscle
ECM has been tested in axial tension and lateral compression [34],
the loose and floppy structure of this material makes reliable axial
compression tests hardly possible.

4.4. Volume changes

Due to their high intra- and extracellular water content, bio-
logical tissue is frequently considered as an incompressible, i.e.,
volume-preserving material, particular in the context of constitu-
tive modelling [83-92], although there is an active ongoing discus-
sion on this topic in the literature. Towards addressing the ques-
tion of load induced volume changes, the surfaces of the deforming
specimens need to be tracked and reconstructed, which generally
poses a challenge in the experimental set-up. In the present study,
this was achieved with either four sets of cameras, cf. Fig. 4, or
by use of combined CLSM and brightfield microscopy. The corre-
sponding volume changes are shown in Figs. 5 (tissue scale) and
7 (fibre scale). The results indicate that the tissue is compressible
at both length scales, even if the scatter in this data is high. More-
over, the compressibility of the volume changes at tissue scale are
low and, even under severe compressive load of 50% compressive
strain, the volume merely reduces by 5%. The muscle fibres un-
derwent higher volume changes, at 50% compression, e.g., the vol-
ume reduction amounts to 33%, about a factor of 24 times higher
the corresponding tissue value. Surprising is the ‘inverse’ volumet-
ric behaviour observed for muscle fibres under tensile load, which
show a trend to reduce their volume (by about 5% at A, = 1.135)
in the initial phase of extension, although the state of hydrostatic
tension implied by a uniaxial tension test would suggest an in-
crease in volume with tension for a ‘common’ compressible mate-
rial, see e.g. Ogden [93, p. 223] or the supplementary information
in Ehret et al. [94]. The observed, seemingly unusual, characteris-
tic known as ‘negative compressibility’ does not contradict ther-
modynamic principles [95] and is even covered by isotropic non-
linear elasticity theory; it has been observed in many soft biolog-
ical tissues, and could be explained in terms of their microstruc-
ture [94]. Nevertheless it is still a surprising feature, which is con-
sistent with slight, albeit insignificant volume losses reported by
Smith et al. [63]. The reason for the notably higher compressibility
at fibre level is unknown so far. The analysis is beyond the scope
of the present study, although the high level of intracellular organ-
isation within the sarcomere compartments of the muscle fibres
suggests itself as a candidate to explain this behaviour.

Notably the fibres are embedded within the ECM, in particu-
lar the endomysium, and the fascicles in turn are surrounded by
the perimysium. The differential consideration of tissue and fibre
response therefore suggests that the ECM must play a key role in
establishing the near volume preservation, either by constraining
and thus preventing the fibres from undergoing volume changes,
by compensating the fibres’ volume reduction through volume in-
crease, or by a combination of both effects. In fact, an exchange of
liquid between the highly hydrated tissue components as a result
of deformation, in particular between muscle cells and ECM, seems
plausible. The structural mechanisms that allow this load sharing,
and the potential role of fluid exchange between fibres and ECM
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remain unknown to date and are beyond the scope of the present
work.

4.5. Impact on muscle modelling

In addition to a better understanding of load transfer mecha-
nisms in muscle tissue, the data collected here in the form of clas-
sical stress-stretch graphs and new volumetric data recorded dur-
ing loading are of great interest and provide valuable information
for the development of reliable concepts to model the mechan-
ical response of skeletal muscle tissue. Except for a few studies
by the authors [61,62], there is a general lack of fibre scale com-
pression experiments. Information on the passive compressive be-
haviour of muscle fibres, required to understand the fibres’ me-
chanical response over the entire range of in-vivo strains, which
includes the phenomenon of TCA, is therefore largely missing. For
micromechanically inspired models, however, that distinguish be-
tween the contributions of fibres and ECM to the overall response,
this information is key. The results generated here therefore not
only allow the development of modelling approaches to describe
the phenomenon of TCA at tissue and fibre scale, but also help re-
fining the typical assumptions on fibre compressive properties in
existing models.

In addition, the volumetric data allow conclusions about fluid
exchange mechanisms on tissue and fibre level, which can serve
as a basis for the development of bi-phasic, poro-elastic models
[e.g. 96] specific for muscle tissue, as suggested in Simms et al.
[97]. While weak compressibility or even incompressibility may be
an acceptable assumption when modelling skeletal muscle at the
tissue scale, the adoption of these concepts for the single com-
ponents may fail. The drastic compressibility of muscle fibres and
large compressive loads, and their negative compressibility at low
tensile loads seem to be characteristics features, and point at com-
plex interactions between ECM and muscle fibre that need to be
understood. Potentially, the different volumetric characteristics be-
tween fibres and tissue can only be fully explained when employ-
ing multiphasic models that account for the exchange of fluid be-
tween the tissue components upon deformation.

In constitutive models of skeletal muscle tissue, one strategy
to achieve TCA is based on neglecting the mechanical contribu-
tion of the muscle fibres under compression [e.g. 98,99]. The pre-
sented results, however, challenge this strategy, as the more pro-
nounced TCA at tissue level points at an even stronger TCA con-
tribution of the ECM on the one hand, and the small difference
between the compressive responses of muscle fibres and tissue in
the range [Aa, 1] indicates a notable contribution of the muscle fi-
bres to the tissue stress on the other hand. Notwithstanding, exist-
ing modelling frameworks and, in particular, computational models
that take account of the tissue microstructure [e.g. 64,65,100-103]
may have the capacity to capture the observed behaviour and to
unravel the mechanisms of load transfer when informed and im-
proved through component-level data as provided in the present
study.

5. Conclusion

The present work analysed and compared the TCA displayed
by skeletal muscle at tissue and fibre scale. In addition, the vol-
ume changes of tissue and fibre specimens with application of pas-
sive tensile and compressive loads were studied: Both TCA and the
volumetric behaviour differ between the tissue and fibres. TCA is
much more expressed at tissue scale. The tissue shows little com-
pressibility and only increases the volume slightly upon uniaxial
tension and reduces it with compression. The fibre, on the other
hand, decreases the volume both under uniaxial tension and com-
pression and undergoes large volume changes under higher com-
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pressive loads. Although not subject to individual testing in the
present work, this study identifies a key role of the ECM in estab-
lishing the mechanical response of skeletal muscle tissue: It con-
tributes significantly to the passive stress, it is responsible for the
major part of tissue-scale TCA either directly through its material
properties, or indirectly by embedding the muscle fibres, and most
probably prevents or balances the volume changes of muscle fibres
during deformation. The new results contained in this study thus
shed light on the origin of TCA and provide new information can
be used in microstructure-based approaches to model and simulate
skeletal muscle tissue.
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