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Abstract

Passive skeletal muscle derives its structural response from the combination of the titin filaments in
the muscle fibres, the collagen fibres in the connective tissue and incompressibility due to the high
fluid content. Experiments have shown that skeletal muscle tissue presents a highly asymmetrical
three-dimensional behaviour when passively loaded in tension or compression, but structural models
predicting this are not available. The objective of this paper is to develop a mathematical model to
study the internal mechanisms which resist externally applied deformation in skeletal muscle bulk.
One cylindrical muscle fibre surrounded by connective tissue was considered. The collagenous fibres
of the endomysium and perimysium were grouped and modelled as tension-only oriented wavy
helices wrapped around the muscle fibre. The titin filaments are represented as non-linear tension-
only springs. The model calculates the force developed by the titin molecules and the collagen
network when the muscle fibre undergoes an isochoric along-fibre stretch. The model was evaluated
using a range of literature based input parameters and compared to the experimental fibre-direction
stress-stretch data available. Results show the fibre direction non-linearity and tension/compression
asymmetry are partially captured by this structural model. The titin filament load dominates at low
tensile stretches, but for higher stretches the collagen network was responsible for most of the
stiffness. The oblique and initially wavy collagen fibres account for the non-linear tensile response
since, as the collagen fibres are being recruited, they straighten and re-orient. The main contribution
of the model is that it shows that the overall compression/tension response is strongly influenced by a
pressure term induced by the radial component of collagen fibre stretch acting on the incompressible
muscle fibre. Thus for along-fibre tension or compression the model predicts that the collagen
network contributes to overall muscle stiffness through two different mechanisms: 1) a longitudinal
force directly opposing tension and 2) a pressure force on the muscle fibres resulting in an indirect
longitudinal load. Although the model presented considers only a single muscle fibre and evaluation is
limited to along-fibre loading, this is the first model to propose these two internal mechanisms for
resisting externally applied deformation of skeletal muscle tissue.



Introduction

Finite element models have the potential to predict in vivo muscle parameters which cannot be readily
determined experimentally, and these models thus hold significant promise in advancing health care
(Taylor and Humphrey, 2009). However, the utility of such models depends critically on both the
constitutive laws and the material parameters (Miller, 1999), and the complexity of biological tissue
presents significant difficulties. This is particularly true for soft tissues, which exhibit nonlinearity,
non-homogeneity, anisotropy, viscoelasticity (Arltan et al., 2008) and tension/compression
asymmetry (Takaza et al., 2013). Skeletal muscle tissue accounts for almost half of human body
weight (Wang et al., 1997), so the constitutive properties of passive muscle tissue are crucial for many
musculoskeletal models in diverse applications from impact biomechanics (Muggenthaler et al., 2008,
Ivancic et al., 2007) to rehabilitation engineering (Linder-Ganz et al., 2008, Linder-Ganz et al., 2007),
surgical simulation (Lim and De, 2007, Audette et al., 2004) and soft tissue drug transport (Wu and
Edelman, 2008).

A significant focus has recently been placed on measuring the three dimensional, quasi-static and
dynamic mechanical properties of passive skeletal muscle in both tension and compression, mostly by
mechanical tests on cubic samples of fresh in-vitro animal muscle (Takaza et al., 2013, Calvo et al.,
2010, Morrow et al., 2010, Nie et al., 2011, Yamada, 1970, Martins et al., 1998, Van Loocke et al.,
2006, Grieve and Armstrong, 1988, Vannah and Childress, 1993, Zheng et al., 1999). Apart from the
observation that the behaviour is nonlinear and strongly anisotropic and viscoelastic, a striking feature
of the findings is the very significant tension/compression asymmetry. Figure 1 shows a comparison
between compressive tests by Van Loocke et al (Van Loocke et al., 2006) and the tensile tests by
Takaza et al (Takaza et al., 2013). These tests indicate that for tests in the muscle fibre direction, the
muscle crossfibre direction and at 45° to the muscle fibre direction, the stress-strain response in
tension is always around two orders of magnitude greater than in compression. It has been shown in
(Simms et al., 2012) that there are no current constitutive models for passive muscle which can
adequately capture this observed behaviour. In fact, although this 3-D tension/compression
asymmetry phenomenon is presented in the data of Takaza et al (Takaza et al., 2013), the literature
shows no explanation for this phenomenon.

In a general sense it is clear that the composition and microstructure of muscle is responsible:
skeletal muscle is composed of about 70-80% water, 3% fat and 10% collagen (Vignos and
Lefkowitz, 1959). Muscles are structured at different levels of organisation, with collagen fibres
embedded in extra-cellular matrix present in each of these levels. The whole muscle bulk is
surrounded by a thick connective tissue layer called epimysium. Inside this are fascicles containing
bundles of muscle fibres. Muscle fascicles are surrounded by the collagen fibres of the perimysium
layer oriented in a crossed-ply manner making an angle of £55 degrees with the muscle fibres. The
fascicles themselves are subdivided into muscle fibres by the thinner and more randomly oriented
collagen fibres of the endomysium layer, which is a continuous planar network that surrounds the
muscle fibres (Purslow, 2002, Purslow, 2008, Purslow and Trotter, 1994). Elegant work performed by
Purslow and co-workers (Purslow and Trotter, 1994, Purslow, 2005, Purslow, 2008, Lewis and
Purslow, 1989, Purslow, 1985, Purslow, 1999, Purslow, 2002, Purslow, 2010, Trotter and Purslow,
1992) and others has allowed the connective tissue structure to be observed with the muscle fibres
removed, see Figure 2, and the collagen fibres in the connective tissue have been shown to reorient
with changes in muscle length (Purslow, 2002, Purslow, 2010) and be efficient in myofascial force
transmission (Purslow, 2008) and the perimysium has been suggested as a mechanism to facilitate
intramuscular sliding (Purslow, 2010). However, more analysis of the internal mechanisms resisting
externally applied loading is needed to explain the experimentally observed stress strain relationships
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in passive skeletal muscle presented in (Calvo et al., 2010, Morrow et al., 2010, Nie et al., 2011,
Yamada, 1970, Martins et al., 1998, Van Loocke et al., 2006, Grieve and Armstrong, 1988, Vannah
and Childress, 1993, Zheng et al., 1999).

Therefore, the goal of this paper is to develop a microstructural model of passive muscle that
allows the calculation of the stress-stretch relationship accounting for the contribution of the titin
molecules in the muscle fibres and effect of the surrounding connective tissue and the overall
incompressibility of the tissue. The objective is to apply this model to simulate the uniaxial fibre-
direction tension/compression experiments reported in the literature (Calvo et al., 2010, Morrow et al.,
2010, Nie et al., 2011, Yamada, 1970, Martins et al., 1998, Van Loocke et al., 2006, Grieve and
Armstrong, 1988, Vannah and Childress, 1993, Zheng et al., 1999, Takaza et al., 2013) and to study
the relative contributions of the constituent components of the model to the predicted stress.
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Figure 1: Experimental (a) compression (Van Loocke et al., 2006) and (b) tension (Takaza et al.,
2013)
data from the Literature for passive skeletal muscle.

Figure 2: Scanning electron micrographs of transverse sections of skeletal muscle connective tissues:
(a) 200x magnification, (b) 700x magnification and (c) 3200x magnification, adapted from (Trotter
and Purslow, 1992).

Methods



The model consists of a single muscle fibre surrounded by its connective tissue. The muscle fibre is
modelled as an incompressible cylinder with a longitudinal stiffness representing the contribution of
the titin molecules. The endomysium is represented as a distribution of helices of collagen fibres with
random angles wrapped around the cylinder, see Figure 3. This is a significant simplification of the
actual structure in which individual collagen fibres wrap around more than one muscle fibre. However
this approach allows a direct study of the interactive behaviour of individual muscle fibres and their
surrounding connective tissue. To obtain the load-stretch relationship, a tensile or compressive
deformation of the cylinder representing the muscle fibre is imposed. A constant circular cross-
sectional shape and constant volume are assumed (Purslow and Trotter, 1994, Van Loocke et al.,
20006). The collagen fibre helices are constrained to deform with the muscle fibre cylinder.
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Figure 3: (a) Representation of a muscle fibre surrounded by multiple collagen
fibres with different initial orientation and (b) calculation of helical stretch.

The objective of the model is to calculate the longitudinal force developed by the titin molecules
(Ftitin) and by the collagen network (Fcoyqgen) When the muscle fibre undergoes an applied stretch
(1). The result can then be compared to the experimental stress/stretch data (Takaza et al., 2013,
Calvo et al., 2010, Morrow et al., 2010, Nie et al., 2011, Yamada, 1970, Martins et al., 1998, Van
Loocke et al., 2006, Grieve and Armstrong, 1988, Vannah and Childress, 1993, Zheng et al., 1999).

Collagen contribution to longitudinal force

The stretch in the collagen helix is calculated by unwrapping the cylinder that represents the surface
of the muscle fibre. Let H denote the length of the collagen helix and 6, be the initial collagen fibre
angle with respect to the horizontal, see Figure 3b. The collagen fibre stretch Ay can then be
expressed in terms of A and 6, as:

_ | 1+ 22(tanb,)?
H™ A1 + (tanby)?)



To account for waviness in the collagen fibres (Lepetit, 2008, Lepetit et al., 1999), a waviness scaling
factor (w) is introduced so that the effective collagen fibre stretch A is:

ZH = /’lH/W

Using a logarithmic strain formulation and assuming a tension-only Young's modulus (E,) for the
collagen fibres, the stress in a single collagen fibre (oy) is:

oy = EC ln(iH) lf ZH >1
oy =0 if 1y < 1.

Thus this part of the model is similar to a standard fibre-reinforced composite approach. For each
fibre, the stress (oy) acting over a cross-sectional area (Ay) results in a force along the tangential
direction (£):

F—H) = _O—HAHE.

This force F_H) can be decomposed into longitudinal (E) and radial components (E), where the
longitudinal component directly opposes applied deformation, while the radial component generates a
pressure (P) which acts on the incompressible muscle fibre.

For a single collagen fibre:
fZ = FHSin 9 = AHO'HSiTLH

Each collagen fibre is assigned a waviness (w) and an initial angle (6,). A group of fibres with the
same 6, is a fibre family and the distribution py(6,) defines the percentage of collagen fibres
contained in each fibre family. Now let ny(6,) be the number of fibres in one family, and n;,; be the
total number of collagen fibres. Then:

14 (00) = Pu(B)Nsor-
Let f;(0,) denote the force generated by a whole fibre family in the vertical direction:
f2(60) = Apyny (80) £y (6o)sind.
This can also be expressed using A, the cross-sectional area occupied by the endomysium around the
AH

sinf

f2(60) = Acpy(00)Z1(6y)sinb?.

muscle fibre (noting that A py(6y) = ny(0y) =) as:

In the above equation, the term Aqpy(0,) is the proportion of connective tissue cross-fibre area
occupied by the fibre family and X'y (6,,) represents the mean stress in the collagen helices of the fibre
family. This stress can be estimated by:

nf

1
54(00) = - ) (60, w(1))

k=0



where w(k) is a random distribution of waviness between Wy, and Wy, and ny defines a partition
of the fibre family for assigning random waviness. The total longitudinal force produced by the
collagen network F; is equal to the sum of f; over all fibre families:

ny
Acpu(6)sing?
Fy = Jn—fz 04 (8, w(k))d6,.
k=0

For each fibre family sin@ is a function of 6, and the applied stretch A:

g = L = ALy Asinby
STTH T 2gHy  An(A 6o)

Therefore F, can be finally expressed as a function of 4 only:

Omax Asindy 12 «nf 1
Fy(2) = Jyme Acpu@0) [5°5 55| Tilon-0u (2,00, w(k))dby.

Collagen contribution to Pressure

The radial component of stress in each collagen fibre creates a pressure P inside the muscle fibre. This
results in a longitudinal force equal to ApP, where A is the cross-sectional area of the muscle fibre.
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Figure 4. Representation of radial stress Figure 5. Representation of the stress acting
contribution of collagen fibres. on the radial section of a collagen fibre.

Let 0,, be the radial stress in one collagen fibre as shown in Figure 4. Then, for one collagen fibre,
H

this stress acts on the area in red in Figure 5, which is equal to C':?. Accordingly, o,, can be
expressed as:
Oy = OyC0SO?.
We may write the force balance of the half-cylinder considering a single fibre family:
2LRp(8y) = 2Ltpy(00)Zor(6o).

We can express the pressure p(6,) generated by this family as:



P(8y) = =Py (00)Zor(65),

where t is the endomysium thickness and Z,.(6,) represents the mean stress in the collagen helices of
the fibre family as before. The latter can be expressed as:

nf
1
Zor(80) = 1= ) 0or (B, w(I)) = 2y Bo)cost”.

k=0

So the total pressure P in the muscle fibre generated by the whole collagen network is:
t
P = prH(eo)ZH(eo)COSQZdeo.

4TV,

. 2mR
However, since cosf = - and mR2L =V, , we have 2nR = and so

_ [4mVp 1 cosfy
cost) = w/ LoA Hody  AgvVa'
We can therefore express the force F, generated by P in the vertical direction directly as a function of
A

Apt
(1) = ApP = foPH(Qo)ZH(eo)COSHZdQO-

Since we have:

Apt  mR?*t
£ = = mRe = =5,
R R 2

We can finally write the pressure-induced axial force term as:

cosf,

Omax A 2 _nf 1
B = [ome 5 pu@0) [ a2l Silonou (2,00, w(k))db,.

Titin contribution

The total titin force Fy;;;, can be written as a function of f;4,, the force developed to stretch a single
titin molecule as follows:

Fiitin = fritint14F,

where n, is the number of titin molecules per unit area in a muscle fibre. Representing the titin
molecule as a wormlike chain (Trinick, 2001, Kellermayer et al., 2003, Leake et al., 2004, Linke et
al., 1996) we have:

KpT Az 1 1

feiein =7 =G M wE



In this expression Az represents the length change of one titin molecule, L. is the molecule’s contour
length, L, is the persistence length, K}, is the Boltzmann constant and T is the absolute temperature.
Since the titin molecules are assumed to be in-series, the extension of a single titin molecule can be
expressed directly as a function of A:

pey = 202D

where n is the number of titin molecules in series in a muscle fibre. If we introduce the number of titin
molecules per unit length (n,):

Az (/1)_“ D

we can then write the expression of Fy;;, as a function of A only:

KpT ,1-1 1 1 .
Fitin(A) = AFnl —-= — PRy _Z) if A>1
4(1_712 Lc)
Fiitin(1) = 0 it A< 1.

Thus this part of the model is again similar to the fibre-reinforced composite approach.

To characterize the contribution of the titin molecules in the model, four parameters are needed: L.
and L, define the mechanical properties of one molecule, and n, and n, are structural parameters of
the muscle fibre.

Model summary
The model was implemented in Matlab (The Mathworks, Natick Massachusetts). The model
equations can be summarized as follows:

Fiot = (F, + Fritin — E,)Z.
So in tension:
Fior = E; + Fiitin — Fpa (eql)
and in compression:
Fior = Fp -, (eq2)
with:

max /1 9
Fr ) = Jy™ Acpy(80) [;ra S(‘j;)] Sl o o (4,00, w(k))d6,

Omax ng

E (1) = fﬁ (9)[ cosbo ]Zzla(w w(k))do
14 0 2 Pu\Yy 1. (A, 90)\/_ H 0 0



KpT (/’1—1

1
e (1)

1
Fiitin(A) = Apny 7 Z)~

The expressions above are independent of the length of the muscle fibre modeled and depend only on
the cross-sectional areas occupied by the connective tissue A, and by the muscle fibre Ag. Therefore
these formulations can be extended to a muscle sample of cross-sectional area A, by introducing the
percentage of connective tissue in the cross-sectional area of a muscle sample (p.), so that A,
becomes p.Ay and Ap becomes (100 — p,) 4.

Model parameters

There is uncertainty in all of the input parameters for the model, and a literature search was used to
define a range where possible:

Collagen Young's Modulus E.: Most reported values for the Young's modulus for collagen fibres lie
in the range 200-570 MPa (Kato et al., 1988, Yang et al., 2008, Sasaki and Odajima, 1996, Gentleman
et al., 2003, van der Rijt et al., 2006, Shen et al., 2008).

Percentage of connective tissue (p.): Purslow (Lewis and Purslow, 1989, Purslow, 1999) has reported
that the proportion of perimysial collagen in bovine muscle ranges from 0.43-4.6% of muscle dry
weight, whereas endomysial collagen proportion ranges from 0.47-1.20%. In the model, p. is the
proportion of endomysium and perimysium combined, and p, was therefore chosen to range from
0.5% to 3%.

Minimal/maximal waviness and collagen fibre angle distribution (Wy,in, Winax, P« @nd f):
Waviness and collagen fibre angle distribution differ between endomysium and perimysium. In
endomysium, waviness is reported as being distributed around an average of 1.1, whereas in
perimysium it reportedly ranges from 1.15-1.3 (Lewis and Purslow, 1989, Lepetit, 2008).
Endomysium shows a broadly random collagen fibre orientation, but a numerically weighted mean
orientation of about 60° with respect to the muscle fibre direction has been reported (Purslow and
Trotter, 1994). Perimysium has been found to have two sets of fibres oriented at £55° (Purslow, 2002,
Purslow, 2008, Purslow and Trotter, 1994) with respect to the muscle fibre direction. To account for
both networks, the distribution of initial angles and waviness in the model were calculated from these
values weighted by the proportion of each type of connective tissue. The minimum waviness Wy,
was chosen as 1.01-1.05, whereas the maximum waviness Wy, 4, was chosen as 1.25-1.3. To represent
the overall distribution of angles a Beta distribution was chosen:

1 (0=min)* *(Omax—00) P 1
Beta(a,B) (Omax—Omin)*+E1

p(6y) =

To account for the increased proportion of angles around 30-35 degrees (using the angle definition in
Figure 3b), the a parameter was maintained less than 8, and @ was chosen in the range 1.5-1.8 and
beta in the range 1.8-4. A sample set of the resulting range of collagen fibre angle distributions is
shown in Figure 6.
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Figure 6: Sample distributions of collagen fibre angles (in degrees) using Beta distribution
parameters.

Titin wormlike chain parameters: The literature shows a wide range of values for contour length (1.5-
13nm) and persistence length (900-3400nm) for a titin molecule (Kellermayer et al., 2003, Trinick,
2001, Leake et al., 2004). However, as preliminary evaluation showed the model not to be very
sensitive to the titin filament behaviour, average values were used for simplicity. The number of titin
molecules in series and parallel in muscle fibres were found in (Linke et al., 1998, Martini, 2004,

Maruyama, 1994), and average values were picked with n;=3.10" and n,=10°.

The parameters of the model and the ranges implemented are tabulated in Table 1.

Parameter name model value Literature range unit
E, Collagen modulus [200.10° -570.10%] [200.10° -860.10°] Pa
P Percentage of connective tissue [0.5-3] [0.5-3] %
Wnin Minimal waviness [1.05-1.1] NA 0]
Winax Maximal waviness [1.25-1.3] NA 0]
p Distribution of initial angles of beta distribution random (]
collagen fibres
a alpha parameter of beta [1.5-1.8] NA (0]
distribution
B beta parameter of beta distribution [1.8-2] NA 0]
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L, titin persistence length 5.10° [1.5.10°-13.5.107] m
c titin contour length 1500.10° [900.107-3400. 10”] m
ny number of titin molecules per 3.10%° [0.8.10"-6.28.10"] m”
units of cross-sectional area of
muscle fibre
n, number of titin molecules per 10° [0.77.10°-1.25. 10%] m’
units of length along the muscle
fibre

Table 1: Chosen range of model parameters.
Model implementation
The model was implemented using the software Matlab (The Mathworks, Natick Massachusetts). To
account for uncertainty in the input parameters, a separate simulation was run with a maximum,
minimum and average value of each parameter presented in Table 1, leading to a total of 3"
(=177147) simulations. A sensitivity analysis was performed to assess the influence of uncertainty in
the collagen stiffness and the proportion of collagen in the connective tissue.

Results

Figure 7 shows the model response for the range of parameters listed in Table 1 compared to the
range of tensile (Calvo et al., 2010, Morrow et al., 2010, Nie et al., 2011, Yamada, 1970, Martins et
al., 1998, Takaza et al., 2013) and compressive (Van Loocke et al., 2006, Grieve and Armstrong,
1988, Vannah and Childress, 1993, Zheng et al., 1999, Martins et al., 1998) experimental stress-
stretch responses found in the literature. For clarity, only the maximum and minimum of the
experimental data are shown. Figure 8 shows the sensitivity of the model to the chosen value of the
Young's Modulus for the collagen fibres. Figure 9 shows the model sensitivity to the percentage of
collagen fibres in the connective tissue. Figure 10 shows the relative contributions to the longitudinal
stress of the collagen compared to the titin for the average model parameters. Figure 11 shows the
longitudinal versus pressure load contributions to the axial resistance force for the average model
parameters. Figure 12 shows the effect of initial collagen fibre angle (6,) on collagen fibre stretch.
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Figure 7: Model results compared to the range of tensile (Calvo et al., 2010, Morrow et al., 2010, Nie
et al., 2011, Yamada, 1970, Martins et al., 1998, Takaza et al., 2013) and compressive (Van Loocke et
al., 2006, Grieve and Armstrong, 1988, Vannah and Childress, 1993, Zheng et al., 1999, Martins et
al., 1998) experimental stress-stretch responses found in the literature: red curves are experimental
maximum and minimum, black dots are individual model results and green curve is model average.
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Figure 8: Model sensitivity to collagen fibre Young's Modulus.
Experimental data is from (Takaza et al., 2013, Calvo et al., 2010, Morrow et al., 2010, Nie et al.,
2011, Yamada, 1970, Martins et al., 1998, Van Loocke et al., 2006, Grieve and Armstrong, 1988,
Vannah and Childress, 1993, Zheng et al., 1999).
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Figure 9: Model sensitivity to the proportion of collagen fibres in the connective tissue. Experimental
data is from (Takaza et al., 2013, Calvo et al., 2010, Morrow et al., 2010, Nie et al., 2011, Yamada,
1970, Martins et al., 1998, Van Loocke et al., 2006, Grieve and Armstrong, 1988, Vannah and
Childress, 1993, Zheng et al., 1999).
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Figure 10: Relative contributions to the longitudinal overall stress of the collagen compared to the
titin for the average model parameters in applied tension.
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Figure 12: Effect of initial Collagen fibre angle (6,) on collagen fibre stretch: 6,90 degrees means
the collagen fibres are initially aligned with the main muscle fibre direction.

Discussion

The model presented in this paper is a microstructurally motivated representation of a single muscle
fibre surrounded by families of collagen fibres at different initial helical orientations representing the
connective tissue. The assumption is made that the collagen fibres of the endomysium are wrapped
around an individual muscle fibre in a helical manner and that the model can be scaled up to represent
muscle bulk by representing the distribution of collagen fibres in the endomysium and the perimysium
as a single distribution. The model is predicated on the assumption of overall incompressibility due to
the high fluid content combined with high stiffness but initial waviness of the oriented collagen fibres
in the connective tissue and low stiffness of the titin filaments in the muscle fibres. The model is
applied to test whether it can predict the tensile (Takaza et al., 2013, Calvo et al., 2010, Morrow et al.,
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2010, Nie et al., 2011, Yamada, 1970, Martins et al., 1998) and compressive (Van Loocke et al., 20006,
Grieve and Armstrong, 1988, Vannah and Childress, 1993, Zheng et al., 1999, Martins et al., 1998)
bulk muscle experimental responses found in the literature and to assess the mechanisms of physical
resistance to applied deformation. The literature shows that the stress induced through applied
external tension is much greater than the stress induced through applied external compression in both
the along-fibre and cross-fibre directions, as well as in tests at oblique angles to the muscle fibres
(Takaza et al., 2013, Van Loocke et al., 2006).

Model comparison to experimental data

Ideally, since the model presented is of a single muscle fibre surrounded by connective tissue, the
model predictions would be compared to the compressive and tensile response of a single muscle
fibre. However, since the compressive response of a single muscle fibre would be dominated by
buckling effects and the connective tissue network interweaves several muscle fibres, the approach
taken in this paper was to predict bulk muscle results in tension and compression by scaling up the
single fibre response. Figure 7 shows that the model results depend significantly on the chosen input
parameters, the range of which is presented in Table 1, based on the available literature. However,
when the mean model response (green dashed curve) is compared to the range of experimental results,
it is evident that both the non-linearity and some of the tension/compression asymmetry in the muscle
fibre direction are captured. In particular, Figure 8 shows that at stretches of A <1.2 compared to A
<0.8 for a Young’s Modulus of 570MPa, the compressive response is significantly less stiff than the
tensile response. However, overall the experimental data does clearly show more tension/compression
asymmetry than the model does.

The sensitivity analysis shows how the model stress is strongly dependent on both the choice
of Young's Modulus for the collagen fibres and for the proportion of collagen fibres in the connective
tissue, see Figures 8 & 9. Since these parameters are unknown for the specific experimental cases to
which the model results are compared in Figure 7, the predictive trends rather than absolute values of
the model are more important.

Contribution of titin stretch to longitudinal stress

The proportion of the longitudinal stress generated by stretching the titin filaments in the muscle
fibres compared to stress generated by stretching the collagen fibres in the connective tissue is shown
in Figure 10 for the case where the average material parameters in Table 1 were implemented. Only
tensile stretch is shown, since in compression the titin filaments bear no load. It is evident that, while
the titin filaments dominate at low tensile stretches (stretches less than about 1.08), at medium and
high stretches the collagen network dominates (stretches greater than 1.1). Although not formally
included in the sensitivity analysis, preliminary evaluation showed that the choice of material
parameters for the titin wormlike chain did not significantly influence this finding.

Contribution of collagen fibre stretch to longitudinal stress

The collagen fibres only bear load if they are stretched in tension. This can happen when the overall
muscle cylinder is elongated but also when the overall cylinder is compressed, depending on the
initial collagen fibre angle orientation. When a tensile stretch is applied (A >1), the titin and the
longitudinal component of the collagen fibre stress work together to resist the applied stretch, but their
action is opposed by the pressure force, as summarized by equation 1. When a compressive stretch (A
<1) is applied, the pressure force arising from the radial component of those collagen fibres which are
elongated will resist the applied compression. The longitudinal component of those collagen fibres
which are stretched will tend to aid the applied compression, and therefore equation 2 shows F, acting
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in opposition to F,. The contributions in tension/compression of both the direct longitudinal resistance
and the pressure induced longitudinal resistance to stretching the collagen fibres of the connective
tissue are shown in Figure 11. In tension, the direct longitudinal resistance is the dominant mechanism
of resisting applied stretch. In contrast, in compression, the dominant mechanism of resisting applied
stretch is through the pressure component. This is the key finding of this paper, as the model implies
two different internal mechanisms for resisting externally applied loading, and the results appear to
match the experimental data for tension (Takaza et al., 2013, Calvo et al., 2010, Morrow et al., 2010,
Nie et al., 2011, Yamada, 1970, Martins et al., 1998) and compression (Van Loocke et al., 2006,
Grieve and Armstrong, 1988, Vannah and Childress, 1993, Zheng et al., 1999, Martins et al., 1998)
quite well, at least for fibre-direction only deformation. The observation that the radial component of
stress in the collagen fibres creates a pressure inside the muscle fibre has previously been made in the
context of muscle length changes during meat cooking (Lepetit, 2008).

The distribution of initially wavy and angled collagen fibres account for the non-linear response since,
as the collagen fibres are being recruited, they straighten and re-orient. In compression, the
mechanical response is mainly due to collagen fibres with initial angles close to zero degrees, and in
tension by collagen fibres with initial angles close to 90 degrees, see Figure 12. Accordingly, the wide
range of orientations of collagen fibres could be seen as a response to the need to protect muscle
tissue from excessive compression and excessive tension.

Limitations

The model presented in this paper is limited to predicting steady-state muscle fibre direction
responses only, and has simplified the actual geometric arrangement of the collagen fibres of the
connective tissue considerably, with the interconnectivity of the collagen networks not explicitly
considered. It also does not account for viscoelastic properties which are known to be very important
(Van Loocke et al., 2008, Van Loocke et al., 2009). It only predicts some of the tension compression
asymmetry observed in the experimental data (see Figure 8), and there is no combination of model
parameters which can capture the full extent of tension/compression asymmetry in the data, so this
will be the focus of further work. Furthermore, the model has a significant number of input
parameters. However, no optimization was performed, so the relatively close match observed between
the average experimental data and the average model predictions in Figure 7 is not the result of
parameter tuning.

In future, finite element modelling of whole muscle including fascicles similar to the work of
Blemker's group (eg (Sharafi et al., 2011, Sharafi and Blemker, 2010, Sharafi and Blemker, 2011,
Blemker et al., 2005)) will be necessary to further understand the collagen fibre pressure terms
considered in the present work. These works have shown that the finite element approach is effective,
for example in confirming the role of muscle force transmission through shear in the connective tissue
in the case of terminating fibres and this approach could help to confirm the pressure/hoop-stress
hypothesis for passive muscle resistance to external deformation reported in this paper. This might be
done by adding two reinforcement terms to a ground matrix in the constitutive model: a direct
longitudinal reinforcement and an indirect pressure reinforcement. Existing lumped constitutive
models for passive muscle (such as that of (Blemker et al., 2005, Boel et al., 2012)) are unlikely to be
able to capture the anisotropic and tension/compression asymmetric response observed in the
literature (eg (Van Loocke et al., 2006, Takaza et al., 2013)) and further constitutive developments
will first be required.

Conclusions
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This work presents the first microstructural model to propose two different mechanisms of internal
resistance to externally applied deformation in passive skeletal muscle. It was shown that the collagen
network contributes to muscle tissue stiffness by developing two resisting mechanisms: a longitudinal
force directly opposed to tension and an indirect pressure force on the muscle fibres that opposes
compression. These mechanisms behave differently in tension and compression, and may be partially
responsible for the asymmetric fibre direction tension/compression response observed in experiments.
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