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A B S T R A C T   

Background and objective: Aging is associated with a reduction in muscle performance, but muscle weakness is 
characterized by a much greater loss of force loss compared to mass loss. The aim of this work is to assess the 
contribution of the extracellular matrix (ECM) to the lateral transmission of force in humans and the loss of 
transmitted force due to age-related modifications. 
Methods: Finite element models of muscle bundles are developed for young and elderly human subjects, by 
considering a few fibers connected through an ECM layer. Bundles of young and elderly subjects are assumed to 
differ in terms of ECM thickness, as observed experimentally. A three-element-based Hill model is adopted to 
describe the active behavior of muscle fibers, while the ECM is modeled assuming an isotropic hyperelastic neo- 
Hookean constitutive formulation. Numerical analyses are carried out by mimicking, at the scale of a bundle, two 
experimental protocols from the literature. 
Results: When comparing numerical results obtained for bundles of young and elderly subjects, a greater 
reduction in the total transmitted force is observed in the latter. The loss of transmitted force is 22 % for the 
elderly subjects, while it is limited to 7.5 % for the young subjects. The result for the elderly subjects is in line 
with literature studies on animal models, showing a reduction in the range of 20–34 %. This can be explained by 
an alteration in the mechanism of lateral force transmission due to the lower shear stiffness of the ECM in elderly 
subjects, related to its higher thickness. 
Conclusions: Computational modeling allows to evaluate at the bundle level how the age-related increase of the 
ECM amount between fibers affects the lateral transmission of force. The results suggest that the observed in-
crease in ECM thickness in aging alone can explain the reduction of the total transmitted force, due to the 
impaired lateral transmission of force of each fiber.   

1. Introduction 

Independence in daily life activities in the elderly is strongly limited 
by age-related loss of muscle strength and Reduced Joint Mobility (RJM) 
[1]. Furthermore, in addition to the impact on quality of life, RJM is also 
associated with an increased risk of falls and hospitalization [2], with a 
consequent impact on social costs. Functional impairment [3,4] and loss 
of independence [5] have a direct relationship with one of the main 
causes of RJM, muscle weakness [6], which is recognized as an inde-
pendent factor of risk in the mortality of elderly people [1,7–10]. 
Therefore, it is of crucial importance to understand the reasons behind 

age-related decline in muscle function. 
Interestingly, muscle weakness is characterized by a dispropor-

tionate loss of force compared to the loss of muscle mass. In fact, the 
decrease in muscle mass with aging (sarcopenia) is accompanied by a 
much more rapid decrease in muscle strength (dynamopenia) [11]. 
However, the causes of this imbalance are mostly unknown and may 
involve alterations in muscle architecture and tendon stiffness, reduced 
neural drive, motoneuron, and neuromuscular junction damage, loss of 
motor units, impaired excitation-contraction coupling, reduced myosin 
density associated with a decrease in fiber specific tension [12]. 

Another possible reason for the disproportionate loss of force during 
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aging is an impairment in force transmission mechanisms. The con-
tractile forces generated from each muscle fiber are added up at the 
bundle level and transmitted to the tendons to generate the motion of 
the skeleton. Force transmission is ensured both longitudinally and 
laterally. The longitudinal transmission of the force occurs along the 
main axis of the muscle fibers, while the lateral transmission of force is 
achieved transversally to the fiber axis. The latter mechanism involves 
the extracellular matrix (ECM), as experimentally shown in frogs [13], 
rats [14,15], and mice [16]. A modification of the capability of lateral 
force transmission through the ECM has been proposed to play a key role 
in the above-mentioned loss of transmitted force [14,17]. 

The ECM plays a key role in the macrostructural arrangement of the 
muscle, setting the fibers in bundles, the bundles in fascicles, and inte-
grating them with the aponeurosis and the tendons. The ECM can be 
roughly divided into three hierarchical substructures, i.e., endomysium, 
perimysium, and epimysium [18]. The endomysium is a highly ordered 
mesh-like network formed mainly by an equal amount of type I and III 
collagen, which runs around single muscle fibers and shows a nonlinear 
stress-strain relationship with increased sarcomere length. The peri-
mysium surrounds bundles of muscular cells and has a different struc-
ture and composition, being primarily formed by type I collagen. Thus, 
this composition is similar to that of the tendon, which also shows some 
continuity with the perimysium. Finally, the epimysium surrounds the 
entire muscle and allows it to contract while maintaining its structural 
integrity. 

During human aging, a relevant modification has been found in the 
morphological and structural characteristics of muscle bundles [19,20]. 
In detail, increased ECM thickness, accompanied by increased collagen 
concentration, modification in elastic fiber density, and increased fat 
infiltration of skeletal muscle, has been observed [19]. Moreover, 
biochemical alterations, such as decreased collagen turnover followed 
by accumulation of enzymatically mediated collagen crosslinks, have 
been reported [20]. Among these age-related modifications, particular 
attention is focused on the increase of the ECM content in muscle bun-
dles, due to the potential effects on the muscle efficiency in force 
transmission. 

However, quantitative knowledge of the role of the ECM in muscle 
weakness in elderly humans is still lacking. The difficulties in obtaining 
quantitative data on human samples led to the almost exclusive presence 
in the literature of data on other mammals. Therefore, the Finite 
Element Method (FEM) can be useful to infer this information in human 
subjects in a non-invasive way. Computational modeling can replicate 
the behavior of biological systems based on known properties of the 
system components [21–24], described using suitable mathematical 
models [25,26], and can serve as an important complement to human 
experimental studies, providing additional knowledge even in the 
absence of experimental samples. For this purpose, in this work, the role 
of the ECM in the loss of laterally transmitted force in aging is estimated 
at the mesoscopic level. In particular, the increase of the fraction of the 
cross-sectional area (CSA) occupied by ECM – due to parallel muscle 

fiber atrophy and ECM thickening – is considered, as observed in 
humans [27] and rodents [17]. 

Several micromechanical and multiscale models have been adopted 
to study the contribution of ECM to force transmission. Yucesoy et al. 
[28,29] developed a FEM fiber-matrix model based on two single layers: 
a muscle fiber layer and an ECM layer, which were elastically linked to 
account for the trans-sarcolemma attachments of the fiber cytoskeleton 
and ECM. With this approach, they evaluated the lateral transmission of 
force, even though the geometry of the model was not fully represen-
tative of the physiological structure of the muscles. Zhang et al. [30] 
developed a 2D FEM model of a single muscle fiber, highlighting that 
most of the generated force is transmitted to the end of the myofiber 
through shear to the endomysium. In a further development of this 
model [31], the contribution of transmembrane proteins between fiber 
and ECM was also considered, showing that force transmission and 
stress distribution are not affected by the tensile stiffness of trans-
membrane proteins. However, muscle fibers with insufficient trans-
membrane proteins near their ends were found to transmit a reduced 
force compared to the case with more proteins. 

More generally, several FEM models have shown how muscle force 
transmission is influenced by passive mechanical properties [32]. 
Micromechanical models based on repeating unit cells reconstructed 
from histological cross-sections of rabbit muscles were developed to 
study the effects of fiber and fascicle microstructure on the macroscopic 
shear modulus under normal and disease conditions [33,34]. Zhang 
et al. [35] developed a FEM model of muscle bundles based on a 
honeycomb-shaped structure, designed by means of a pixel-based 
reproducing kernel particle method, which allows for a smooth transi-
tion in material properties at interfaces. The force generated by three 
muscle types (young, adult, and old) was predicted for isometric, 
concentric, and eccentric contractions. They demonstrated that an 
age-related increase in the stiffness and thickness of passive tissue re-
duces the force generation capability under concentric contraction, 
while maintaining the force generation capability under eccentric 
contraction. 

Unlike most studies in the literature, the present work is strictly 
based on experimental data taken from human musculoskeletal fibers 
and bundles [36–38]. The intrinsic and extrinsic properties of the ECM, 
i.e., tensile stiffness and relative amount in the CSA, have been char-
acterized in young and elderly human bundles, imposing stepwise 
elongation in passive condition and estimating the separated contribu-
tion to passive tension given by inter- and intra-filament structures. 
These data confirm the predominant role of the ECM in generating 
passive tension when a bundle is stretched and show that the total 
passive tension is higher in the bundles of elderly subjects compared to 
young subjects. Interestingly, these results suggest that the higher pas-
sive tension can be fully explained by the higher amount of ECM in the 
CSA of the bundles of elderly subjects and not by an age-related modi-
fication of the tensile stiffness of the ECM. 

Prompted by the experimental evidence, a FEM approach is used to 

Fig. 1. Transverse section of a histological sample of human muscle vastus lateralis [38] where a muscle bundle is outlined with a dashed line (a); transverse section 
(b) and 3D view (c) of the simplified geometry of a muscle bundle composed of fibers (pink) and ECM (brown). 
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evaluate the sole effect of increasing the amount of ECM between fibers 
due to aging on the lateral transmission of force at the bundle level. FEM 
models of human muscle bundles are developed for young and elderly 
subjects, considering fibers connected through an ECM layer of different 
thickness. Specific constitutive models are adopted to describe both the 
active and passive behavior of muscle fibers and the mechanical 
response of the ECM. Constitutive parameters are based on experimental 
data obtained in previous studies [38] at the fiber and bundle level in 
human biopsies, performed in young and elderly subjects. The numeri-
cal analyses proposed are inspired by experimental protocols applied to 
rat muscles, reproducing them on the scale of human bundles. 

2. Methods 

2.1. Development of FEM models of muscle bundles 

The models are created with ABAQUS CAE (SIMULIA™, Dassault 
Systèmes, France). Two FEM models of a typical human bundle are 
constructed, one for a young subject and one for an elderly subject, both 
composed of seven fibers and the surrounding endomysium (Fig. 1). 
These models will be indicated in the following as the young bundle and 
the elderly bundle, respectively. 

Starting from a histological section of a sample of human muscle 
vastus lateralis [38], the geometry is simplified, assuming a regular 
hexagonal cross section for the fibers and differentiating the young and 
elderly bundles based on the thickness of endomysium. According to 
previously reported experimental data, the average CSA of the muscle 
fibers is assumed to be 7669 μm2, both for young and old subjects, while 
the CSA of endomysium results of 1853 μm2 and 4779 μm2 for young and 
elderly bundles, respectively. The average value of the ECM thickness 
around each muscle fiber (dark brown regions in Fig. 1 b and c) is 0.97 
μm and 2.80 μm for young and elderly bundles, respectively. The length 
of the bundle (1000 μm) is the same for the two models. Each single fiber 
has a hexagonal transversal section, corresponding to an equivalent 
diameter of 99.0 μm. The transversal section of the bundles corresponds 
to an equivalent diameter of 266.7 μm and 272.8 μm for the young 
bundle and the elderly bundle, respectively. The equivalent diameter is 
calculated as (4 A/π)1/2, being A the area of the transversal section. 

The contact conditions applied in the FEM models between the re-
gions corresponding to fibers and ECM are defined assuming a perfect 
bounding. The use of multi-point constraints makes it possible to impose 
the boundary conditions to fibers and endomysium as explained below. 

The fiber and ECM regions are discretized with 8-node hexahedral 
elements of hybrid type (pressure-displacement). This ensures the 
almost-incompressibility behavior described by the constitutive models 
defined in the following sections, without introducing volume strain 
locking and numerical instabilities in the solution. The average length of 
elements is 16 μm for the muscle fiber regions and 0.5–0.9 μm for the 

ECM regions, along the direction of the ECM thickness. The bundle 
model of young subjects has about 22,000 elements and 121,500 de-
grees of freedom, while the bundle model of elderly subjects has about 
81,000 elements and 394,000 degrees of freedom. 

2.2. Constitutive modeling of muscular fibers and endomysium ECM 

The constitutive model of muscular fibers is characterized by local 
transversal isotropy, being the plane of isotropy perpendicular to the 
spatial direction of the muscle fibers. The effects of sarcomere elements 
and connective components are considered through homogenization at 
the level of each single finite element volume. The constitutive model 
assumed to describe the mechanical response of muscle fibers and its 
relevant functions were tested in previous works [27,39–41], in com-
parison with both literature and original experimental data. The 
constitutive model showed to properly simulate the mechanical 
response of muscle fibers in several scenarios of boundary conditions. 

Muscle fibers are modeled through a Hill-type three-elements model, 
where active and passive components are based on human fiber exper-
iments [36]. The stress response of a fiber is supposed to be the sum of a 
passive Pp and an active Pa term. The passive term is assumed to be: 

Pp =

{ 0 λf ≤ 1
A
(
λf − 1

)2 λf > 1 (1)  

where λf represents the stretch of the fiber and A is a parameter that has 
the dimension of stress. The active stress, generated by a fiber contrac-
tion is defined as: 

Pa =P0fa(t)fl(λm)fv(λ̇m) (2) 

The scalar P0 is the maximum isometric stress of the fiber; fa is the 
activation function, depending on the activation level of the fiber at the 
current time t; fl is the force-length function, depending on the sarco-
mere stretch λm; fv is the force-velocity, depending on the sarcomere 
stretch rate. 

For the activation time range, starting from zero, the activation 
function is defined by: 

fa(t) = 1 − exp(− S ⋅ t) (3)  

where S is a parameter that regulates the activation rate. The force- 
length function fl is assumed as: 

fl(λm)=

⎧
⎪⎪⎨

⎪⎪⎩

λm − λmin

λopt − λmin
⋅exp

[(
2 − λmin − λm − λopt

)(
λm − λopt

)

2
(
λmin − λopt

)2

]

λm > λmin

0 λm ≤ λmin

(4)  

where the parameters λmin and λopt represent the minimum value of the 
sarcomere stretch in a concentric contraction and its value at the optimal 
length, respectively. The force-length function accounts for the effects of 
a change in sarcomere length on the contraction force. Due to the precise 
geometry of the sarcomere, only a small range of its total length corre-
sponds to the optimal overlap of all pulling molecular motors with the 
pulled thin filaments. For this reason, the stress generated by a muscle 
fiber is reduced when its length is far from the optimal length. 

Finally, the force-velocity function fv is defined according to the 
typical hyperbolic shape: 

fv(λ̇m)=

⎧
⎪⎨

⎪⎩

1 − λ̇m/λ̇max

1 + kcλ̇m/λ̇max
λ̇max < λ̇m ≤ 0

0 λ̇m ≤ λ̇max

(5) 

being kc a scalar parameter, λ̇m the stretch rate of the sarcomere and 
λ̇max its (negative) maximum value for a concentric contraction. 

The stress response along the fibers along is then coupled in a 3D 

Table 1 
Constitutive parameters for skeletal muscle fibers.  

Parameter Value Description 

A (MPa) 1.6 parameter related to the passive tensile stiffness of the fiber 
according to Equation (1) 

P0 (MPa) 0.4 maximum isometric stress in Equation (2) 
S (s− 1) 6.0 parameter that regulates the activation rate in Equation (3) 
λmin 0.491 minimum stretch of the force-length function described by 

Equation (4) 
λopt 0.904 optimum stretch of the force-length function described by 

Equation (4) 
Kc 5.0 scalar parameter in the force-velocity function defined by 

Equation (5) 
λ̇max − 1.94 maximum value of stretch rate in the force-velocity function 

defined by Equation (5) 
α1 (kPa) 0.821 parameters of the strain energy function in Equation (7) 
α2 1.79 
K (kPa) 104  
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constitutive relationship for the first Piola-Kirchhoff stress tensor P: 

P=Piso +
(
Pp +Pa

)
F⋅(n0 ⊗ n0) (6)  

where n0 is the unit vector that defines the spatial orientation of the fiber 
in the undeformed configuration, F is the deformation gradient, and Piso 
represents an isotropic term of stress, deduced via a standard derivative 
from the following strain energy function: 

Wiso = α1 exp[α2 (̃I1 − 3)] +
K
2
(J − 1)2 (7)  

where J is the Jacobian of the deformation gradient and Ĩ1 the first 
principal invariant of the isovolumetric part of the right Cauchy-Green 
strain tensor C̃ = J− 2/3FTF. The scalar K is used as a penalty param-
eter to ensure almost-incompressibility and, finally, the constitutive 
parameters α1 and α2 are fitted according to the tensile stress-strain 
response. The set of constitutive parameters for muscle fibers is re-
ported in Table 1. The constitutive parameters of equations ((1), (3), (5) 
and (7) have been set according to Sharafi et al. [36]. Equation (4) has 
been fitted to the experimental data of the force-length function for 
human subjects proposed by Gollapudi et al. [42] and shown in Fig. 2. 

The ECM is assumed to be an isotropic and almost-incompressible 
elastic material. Its tensile response has been characterized in previous 
works [37,38], showing an almost-linear stress-strain behavior even in a 
regime of large strains. A neo-Hookean constitutive model, defined by 
the following strain energy function, is adopted for this tissue: 

WECM =
1
2
KECM(J − 1)2

+
μECM

2
(̃I1 − 3) (8) 

The parameter μECM is the initial shear modulus, set to 270 kPa. The 
same mechanical properties are assumed for the ECM of young and 
elderly bundles. The constitutive parameter KECM is the bulk modulus. It 
is used as a penalty parameter to ensure the almost-incompressibility 
and is set to 135 MPa, corresponding to a Poisson’s ratio of 0.499 at 
small strains. 

2.3. FEM analyses 

The effect on lateral force transmission is analyzed by mimicking, at 
the bundle level, two experimental protocols at the whole muscle level 
from the literature. 

In the first experiment, Huijing et al. [15] showed that the decrease 
of the total longitudinally transmitted force obtained cutting from one to 

Fig. 2. Fitting of the experimental data acquired by Gollapudi et al. [42] by 
optimizing the force-length function. The experimental data are normalized by 
dividing the sarcomere length by the optimal sarcomere length lopt. 

Fig. 3. Scheme of the experimental protocol by Huijing et al. [15], where subsequent tenotomy of tendons II, III and IV are shown (a); schematic description of the 
numerical simulation carried out on the bundle (b). For fixed fibers, the boundary conditions of the ends are prescribed to impose null displacements along the fiber 
axis; for released-end fibers, only one end has prescribed null displacements, while the other end is free to move along the fiber axis. 
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three of the four distal tendons in a rat extensor digitorum longus (EDL) 
muscle was much lower than the expected value considering the amount 
of CSA released. These findings suggest the importance of the lateral 
transmission of force through the ECM. Fig. 3 a shows a schematization 
of this experimental protocol, while Fig. 3 b describes the analysis car-
ried out in the present work at the bundle level. The fibers are initially in 
isometric contraction. Subsequently, one to four fibers are progressively 
released at one end, keeping them always contracted. The transmission 
of the contraction force is evaluated by considering the amount of re-
action force measured at one end of the bundle. 

Ramaswamy et al. [14] analyzed the ratio between longitudinal and 
lateral force transmission in young, old, and very old rats evaluating 
muscular contraction under different boundary conditions. In the 
experimental setup shown in Fig. 4, the longitudinal force is the force 
transmitted in isometric condition, when the tendons are kept fixed, 
while the lateral force is the force transmitted through a joke applied in 
the middle section of the EDL muscle when one of its ends is released. By 
this experimental scheme, it was shown that the ratio of lateral and 

longitudinal forces decreases with age. This corresponds to an impaired 
ability to transmit forces laterally in old and very old rats. Here, this 
protocol is simulated at the bundle level (Fig. 4 b), comparing the results 
for young and elderly bundles. 

A non-linear static algorithm was adopted for all analyses in ABA-
QUS Standard (SIMULIA™, Dassault Systèmes, France), accounting both 
for material and geometric non-linearity. The analyses were extended 
for a total time range of 2 s, to have an almost total recruitment of fiber 
contraction, according to equation (3). Considering the value assumed 
for the activation rate (parameter S in Table 1), the activation function fa 
assumes a value of 0.998 at the end of the analyses, when numerical 
results related to the effects of the contraction are evaluated. 

3. Results and discussion 

3.1. Loss of lateral force transmission due to the release of fibers 

From the analysis of the experimental protocol of Huijing et al. [15], 
as expected, a drop in the total force is observed when a fiber is released 
and left free to shorten. However, as in the experimental protocol, this 
drop (Fig. 5, blue dots) is much lower than the reduction in the region of 
fixed-end fibers (Fig. 5, red dots). With only one fiber released, a con-
dition corresponding to an area reduction of 14 %, 98 % of the total 
tension is transmitted, while when four fibers are released, with a 
reduction of 58 % of the area, 93 % of the total force is still maintained. 
Interestingly, the drop of the tension estimated by the numerical anal-
ysis is in line with what was observed experimentally at muscle level in 
an animal model for a similar reduction of area, with a drop of tension of 
approximately 1 % and 8 % for an area reduction of 25 % and 50 %, 
respectively [15]. 

The bundle has still the capability to transmit the contraction force of 
the fiber through the ECM, but this contraction force is reduced because 
of the shortening of the fiber, according to the force-length function. The 
distribution of the values assumed by the force-length function in the 
bundle for the four phases of fiber release is shown in Fig. 6. In fact, the 
contraction force is proportional to the value of the force-length function 
and the latter reduces when the fiber length is shortening below its 
optimal value. The contour in Fig. 6 b shows a decrease in the values of 
the force-length function, therefore in the corresponding contraction 
force, with the progressive release of the fibers. In fact, the analysis 
shows that each fiber release involves a shear deformation of the sur-
rounding ECM (Fig. 6 c), suggesting that the mechanism of lateral 
transmission of the contraction force is related to the presence of the 
ECM and its shear stiffness. In other words, the higher the ECM shear 
deformation, the lower the fiber length with respect to its optimal value 
and the higher the drop at the same percentage reduction of CSA. 

Fig. 4. Scheme of the experimental protocol by Ramaswamy et al. [14], where the isometric state is shown on the left and the contraction with yoke and the free 
distal head is displayed on the right (a); schematic description of the numerical procedure applied at the bundle level (b). The boundary conditions for the nodes of 
the fixed ends are prescribed to impose null displacements along the bundle axis. In the middle section of the bundle, where the fixed yoke is placed, the nodes on the 
lateral surface of the bundle are fixed along the axis bundle. 

Fig. 5. Percentage loss of muscle CSA and of transmitted force for the young 
bundle as a function of the number of fibers released. Different scales are 
adopted for CSA and transmitted force variation. The drop in the total longi-
tudinally transmitted force is one order of magnitude lower than the loss 
of CSA. 
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3.2. Effect of age-related increase of ECM thickness on the lateral force 
transmission 

The FEM models of the bundles can be used to estimate the decrease 
of tension due to the age-related increase in the amount of ECM in the 
CSA. In fact, as already mentioned, our experimental data on human 
bundles [38] showed that aging has greater effects on the relative area of 
the ECM in the bundle than on the intrinsic stiffness of the ECM. 

The same numerical analysis performed on the elderly bundle allows 
comparing the transmitted force loss with that of the young bundle 
(Fig. 7). 

The elderly bundle shows a reduced ability to transmit the contrac-
tion force with an increasing number of released fibers. Consequently, at 
the same percentage loss of CSA, the force reduction in the elderly 
bundle is greater with respect to the young bundle. Since there are no 
differences in contractile capability and CSA of the fibers between young 
and elderly models, the difference in force transmission must be 

attributed to the configuration of the ECM. This has a lower shear 
stiffness in the elderly bundle because of its higher thickness. Therefore, 
the sarcomeres in the elderly bundle work farther from their optimal 
length and the value of the force-length function is lower, determining 
also a lower contractile force according to Equation (2). A detailed 
comparison of the distribution of the force-length function value in 
young and elderly bundles is shown in Supplementary Fig. S1. 

3.3. Lateral and longitudinal force transmission ratio 

The comparison of normalized transmitted force between isometric 
contraction and fiber release under yoke constraint is shown in Fig. 8, 
for young and elderly bundles. The percentage loss in force transmission 
for the elderly bundle (− 22.2 %) is almost three times higher than the 
one observed for the young bundle (− 7.5 %), due to a lower ability to 
laterally transmit the contraction force. It is interesting to note that the 
drops in the numerical analysis for young and elderly bundles are in the 

Fig. 6. Schematic representation of fibers release for each of the four phases (a); corresponding force-length distribution (b); maximum shear strain distribution of 
the ECM (c). 
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order of what was obtained experimentally [14] at the muscle level in an 
animal model (− 20 %, − 24 % and − 34 % in young, old, and very old 
rats, respectively). 

In this case too, the larger decrease in transmitted force estimated in 
the elderly bundle can be explained by considering the distribution of 
the values of the force-length function, reported in Fig. 9 in the middle 
longitudinal section of the bundles. 

After fiber release, the presence of the yoke and the shear stiffness of 
the ECM limit the shortening of the fibers in the region between the yoke 
itself and the fixed end of the bundle. Therefore, the central fiber of the 
bundle and the inner regions of the external fibers experience a small 
reduction with respect to the optimal length in the sarcomeres. There-
fore, the reaction force acting on the yoke when all fibers are released is 

lower (19.35 mN for young subjects, 16.18 mN for elderly) than the total 
force generated during isometric contraction (20.92 mN for young 
subjects, 20.79 mN for elderly), when all fibers are kept at the optimal 
length. Since the force is transmitted longitudinally in isometric 
contraction and laterally when the fibers are released, the evaluation of 
the ratio of forces transmitted under the two conditions can be related to 
the effects of ECM shear stiffness. 

In the region between the yoke and the fixed end of the bundle, the 
fibers of the young bundle show higher values of the force-length 
function than those of the elderly bundle, resulting in a greater ability 
to generate force, according to Equation (2). This is due to the higher 
thickness of the ECM in the elderly bundle, resulting in a lower shear 
stiffness and, consequently, in a higher shortening of the fibers. 

In summary, the numerical results obtained for young and elderly 
bundles show that an age-related increase in the thickness of the ECM 
can explain the reduction in the ECM shear stiffness and, therefore, a 
reduction in the ability to transmit the contraction force through a 
lateral transmission mechanism. This is found in the numerical analyses 
inspired by both the experimental protocols considered in this work. 

The proposed approach is based on some assumptions to reduce the 
complexity of the analyses, but at the same time presents some limita-
tions, which are discussed in the following. 

Fig. 7. Comparison of the percentage loss of transmitted force in young and 
elderly subjects for an increasing number of fibers released. 

Fig. 8. Normalized transmitted force for young and elderly bundles in the case 
of isometric contraction and after fiber release with yoke constraint. The per-
centage loss of transmitted force is shown in red. 

Fig. 9. Middle longitudinal section of the bundle (a); force-length distribution 
at the maximum contraction for young (b) and elderly (c) bundles after fiber 
release with yoke constraint. 
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The geometry of the model is simplified with respect to an actual 
bundle configuration. Indeed, a simplified geometry allows varying the 
relative amount of ECM in a precise way, without introducing other 
differences between the young and elderly models and consequently a 
possible bias. However, this is a reasonable assumption because the 
bundle shows a certain level of shape regularity in the histological 
sections (as shown in Fig. 1) and the model geometry is similar to what 
can be observed. 

The increase in the relative amount of ECM from young to elderly 
bundles is estimated based on experimental data from a previous study 
[32]. Even if these are limited to a few subjects, they represent an 
interesting set of experimental data on humans of different ages. 

In line with the literature, for example as proposed by Zhang et al. 
[35], the constitutive modeling of the ECM in this work is carried out 
assuming an isotropic behavior. According to this, the shear stiffness of 
the ECM is deduced from tensile tests on the bundles [37]. Although the 
hypothesis of mechanical anisotropy of the ECM was already proposed 
in literature [33], an experimental basis is missing to support it. Thus, a 
reliable constitutive model describing this anisotropy from a quantita-
tive point of view cannot be defined at present. 

In this work, the investigation of lateral transmission of force is 
limited at the level of muscle bundles, which represents the typical size 
of the samples used in our ex vivo experiments [37,38]. An improving 
development could be targeted to scale up these models to the level of 
the whole muscle. This would enable to verify if the role of ECM in the 
lateral transmission of force is confirmed by considering the shear 
stiffness of perimysium and epimysium. 

Despite the limitations presented, we could state that our findings 
agree with the literature, as a greater force loss is found in elderly 
subjects. Therefore, the quantitative data obtained by numerical simu-
lations support the idea that the increased thickness of the ECM play a 
role in the decay of the lateral transmission of force in the elderly with 
respect to young subjects. This, in turn, may explain the dispropor-
tionate loss of muscle force compared to muscle mass in aging, paving 
the way for future experimental analysis. 

4. Conclusion 

The aim of the present work is to highlight the possible effect of an 
age-related increase in ECM thickness on contraction force transmission 
in human subjects. For this purpose, two numerical models of a muscle 
bundle have been developed for young and elderly subjects, only with a 
different thickness of the ECM layer surrounding the fibers. Other age- 
dependent modifications, such as changes in the intrinsic properties 
and in the ability to generate contraction force, are not considered to 
better highlight the main role of the increase in the amount of ECM. 

Numerical simulations, inspired by experimental protocols from the 
literature, are carried out at the scale of a bundle to quantify the 
transmitted force. Our results show that an increase of the ECM thick-
ness, a condition observed experimentally, is sufficient to cause a 
reduction of the shear stiffness and, consequently, an impaired ability to 
transmit the contraction force laterally. In turn, this reduced lateral 
transmission will cause a reduction in the force exerted by the muscles 
on the bones, causing an impairment in motor ability. 
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