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Even though significant efforts in the field of injury detection with finite element active human body models (FE
AHBMs) have been made, injuries of the muscle-tendon unit (MTU) have not yet been taken into consideration.
Therefore, the goal of this study was to define a muscle strain injury criterion (MSIC) to evaluate the damage
sustained by the musculature during muscle driven movement scenarios. The MSIC was derived from biome-
chanical tests found in the literature and the proposed threshold values were substantiated through a comparison
to an estimate of the ultimate tensile strength of human skeletal muscle and the forces acting on the biceps
femoris long head muscle during one sprinting gait cycle. The application of the MSIC to state-of-the-art FE
AHBMs was demonstrated by evaluating the strain injury severity of selected neck muscles of a full-body AHBM
during two seat rotation load cases. The results of the MSIC substantiation suggest that all three injury threshold
values proposed in this work fall in a plausible corridor of forces acting on the MTU. The combined results of the
AHBM simulations indicate that neither of the two examined seat rotations are likely to cause strain injury to the
neck muscles and that the proposed MSIC can easily be applied to current AHBMs without further modification of
the model architecture or the muscle parameters. The MSIC was also used to formulate a hypothesis on the
aetiology of muscle strain injuries, through which it was demonstrated that material inhomogeneities in the MTU
might be the cause for strain injuries sustained during otherwise physiological movements. This work is a first
step in the direction of the definition of a wholistic injury criterion for the human skeletal muscle fibre.

1. Introduction 2001), intervertebral discs (Kasra et al., 2004), lungs (Schaffer et al.,
1958), heart (Yamada et al., 1970), kidney (Melvin et al., 1973), spleen
(GHBMLC, 2016), liver (GHBMC, 2016; Melvin et al., 1973), intestines

(Yamada et al., 1970), blood vessels (Yamada et al., 1970) and ankle

Traffic accidents are a serious threat to global health with the annual
number of worldwide deaths related to road traffic reaching 1.35 million

people annually in the year 2016 (WHO, 2018). To prevent this tragic
loss of life has become a fundamental goal of automotive design. Finite
element (FE) active human body models (AHBMs) like the Global
Human Body Models Consortium (GHBMC) (Devane et al., 2019) and
the Total Human Model for Safety (THUMS) (Kato et al., 2017, 2018)
open up the possibility to evaluate an occupant’s injury risk with
computational methods. Numerous injury criteria and injury threshold
values for hard tissue injuries of the skull (Hodgson et al., 1970), nose
(Allsop et al., 1988; Nyquist et al., 1986; Yoganandan et al., 2001), ribs
(GHBMC, 2016), pelvis (GHBMC, 2016) and leg (Burstein et al., 1976;
Gomez and Nahum, 2002; McCalden et al., 1993; Robbins et al., 1983)
and soft tissue injuries of the brain (Bain and Meaney, 2000; Bandak and
Eppinger, 1994; Takhounts et al., 2003, 2013; Ward et al., 1980) neck
ligaments (Fice et al., 2011; Mattucci et al., 2012; Yoganandan et al.,

ligaments (Funk et al., 2000a, 2000b) have been proposed for the use
with AHBMs. Even so, although significant efforts in the field of injury
prediction with AHBMs have been made, injuries of the muscle-tendon
unit (MTU) have not yet been taken into consideration.

One of the most prevalent types of direct muscle trauma is strain
injury caused by eccentric muscle contraction (Garrett, 1990). Strain
injuries can damage both the muscle belly and the connected tendons in
various ways, with symptoms ranging from minor functional impair-
ments to the complete mechanical disruption of the strained muscle or
tendon (Maffulli, 2005; Noonan and Garrett, 1999). Given the relatively
recent nature of muscle driven motion simulation involving FE AHBMs,
a method to evaluate the risk of muscle injuries caused by this newly
introduced model movement capability is needed to ensure that move-
ments performed are within biofidelic bounds. Therefore, the goal of this
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study is to define a muscle strain injury criterion (MSIC) of distinct
injury severity. The new criterion is then used to evaluate the MTU
damage during various muscle-driven movement scenarios.

2. Materials and methods

2.1. Defining a muscle strain injury criterion for the human skeletal
muscle

Our goal was to define an injury criterion covering three grades of
strain injury severity: minor strain injury, major strain injury and muscle
rupture. Efforts to introduce controlled reproducible strain injuries in
experimental setups have shown that injury severity of one-time muscle
strain events can be linked to the deformation characteristics of the
muscle tissue (Obremsky et al., 1994; Taylor et al., 1993). Knowledge of
the forces or strains resulting in elastic or plastic muscle material
behaviour would thus enable a prediction of the strain injury outcome.
The three injury thresholds were therefore set analogous to the generic
material deformation stages of a standard engineering stress-strain
curve (Fig. 1). The minor and major muscle strain injury thresholds
were defined as the start of the strain hardening region and the start of
the necking region, respectively.

The rupture threshold coincides with the failure of the material.
Experimental data for the definition of all three regions were obtained
from the literature (Garrett et al., 1987; Hasselman et al., 1995; Niko-
laou et al., 1987; Noonan et al., 1994). A difference in injury behaviour
between passive unstimulated and active stimulated skeletal muscle was
demonstrated by Garrett et al. (1987). Because of this fact, two different
threshold sets for passive and active muscles were determined. Injury
data on passive skeletal muscle was taken from Noonan et al., where
musculus tibialis anterior (TA) and musculus extensor digitorum longus
(EDL) of rabbits sustained first signs of injury at 30% of the tensile force
needed to pull the muscle to failure (Fy) (Noonan et al., 1994), while
Nikolaou et al. reported the major plastic deformation of rabbit TA
muscles at 80% Fy (Nikolaou et al., 1987). Hasselman et al. provided
data on the strain injury of maximally activated rabbit TA and EDL
muscles (Hasselman et al., 1995). First signs of injury were detected at
70% Fy, while significant plastic muscle fibre disruption occurred at
90% Fyr. A summary of the two injury threshold sets is given in Table 1.

The injury thresholds of the passive and active muscle are derived

A yield fg‘cnglh
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Table 1
Injury thresholds of passive and active muscle.

Type of Injury Passive Muscle Active Muscle

Minor Injury 30% Fy 70% Fyf

Major Injury 80% Fyy 90% Fyy

Rupture 100% Fyy 100% Fy¢

References Noonan et al. (1994) Hasselman et al. (1995)

Nikolaou et al. (1987)

from the muscle’s tensile failure force Fy, which is neither directly
defined in AHBM muscles nor readily available in the literature. How-
ever, a comparison between the maximum isometric muscle forces Fyqy
and the Fy values of the muscles measured by Hasselman et al. and
Noonan et al. (Hasselman et al., 1995; Noonan et al., 1994) showed that
the Fy of the EDL was 3.32 4 0.17 times Fq, and 3.49 =+ 0.48 times Finqx
for the TA. Based on these findings, a method to calculate F is presented
in Equation (1).

Frf:3mec (1)

where Fy is the muscle’s tensile failure force and Fye is the muscle’s
maximum isometric force.

This conservative estimate of Fy allows for the calculation of muscle
injury threshold values in relation to Fy,y, a parameter which is easily
accessible. The factor three was chosen as it represents the lower bound
of the relationship coefficient range between Fy and Fy,q, described by
the standard deviation (3.49 — 0.48 ~ 3.0) and provides a safety factor
of roughly 10% towards the median value of (3.32 + 3.49)/2 = 3.41.

To account for the different activity levels of the muscle, ranging
from the unstimulated passive state to fully stimulated active state, the
injury threshold values for both minor and major strain injury were
linearly interpolated (Hazewinkel, 2002) according to Equation (2).

Fires (a) :Flhm:.pa + a(Flhres.ac - Fthres,pa) 2

where Fyy, is the muscle threshold force, Fiyespq is the passive muscle
injury threshold, Fyyes o is the active muscle injury threshold and a is the
activity level of the muscle between 0 and 1.

A graphical representation of the activity dependant change of the
threshold values is given in Appendix A.

ultimate strength material failure
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%

- 0 |
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|

strain

Fig. 1. Schematic representation of a standard engineering stress-strain curve.
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2.2. Examination of upper and lower injury threshold bounds

While documented cases of skeletal muscle samples being pulled to
failure can be found in the literature (Kuthe et al., 2014; Lieber et al.,
2003; Morrow et al., 2010; Schleifenbaum et al., 2016), equivalent data
for whole muscles as described by Noonan et al. (1994) and Hasselman
et al. (1995) is not readily available. However, it has been established
that the tensile properties of small muscle samples can differ greatly
from those of larger samples or whole muscles, as the muscle’s extra-
cellular matrix (ECM) content has a large impact on the mechanical
behaviour of the tissue (Kovanen et al., 1984; Lieber et al., 2003; Meyer
and Lieber, 2011). The rupture threshold value was therefore
re-examined by calculating the ultimate tensile strength (oyrs) of a
complete skeletal muscle with the rule of mixtures for composite ma-
terials reinforced with continuous unidirectional fibres according to
Equation (3) (Askeland, 1996).

ourse <foursy + (1 =f)oursm 3)

where oyrs, is the ultimate tensile strength for the composite, oyrsy is
the ultimate tensile strength of the fibres, oyrs, is the ultimate tensile
strength of the matrix and f being the volume fraction of the reinforcing
fibres:

4

where V; is the volume of the fibres and V,, is the volume of the matrix.

This approach was previously used by Meyer and Lieber to determine
the elastic modulus of the skeletal muscle’s ECM (Meyer and Lieber,
2011). The calculated oyrs (Equation (3)) of the entire muscles was then
compared to the experimentally derived oyrs of the whole rabbit mus-
cles used to define the muscle rupture threshold to corroborate the
findings of Hasselman et al. and Noonan et al. as well as to ensure that
the muscles of Leporidae used in the experiments were not unusually
resistant to rupture through strain. For the purposes of this work, it was
assumed that the components with the highest impact on the passive
mechanical properties were the muscle fibres and the intramuscular
collagen present in the muscle’s ECM. It is generally accepted that 5% of
a muscle’s cross-sectional area is comprised of the ECM (Lieber et al.,
2003), which, assuming a constant muscle diameter throughout its
length, results in an equivalent volume percentage of 5%. However, only
22% of the ECM itself is made up of collagen (Light and Champion,
1984), which reduces the volume percentage of collagen in the muscle to
1.1%. It was therefore assumed for the calculations that the remaining
98.9% of the muscle consists of muscle fibres. The oy1s of skeletal muscle
samples was measured in the works of Morrow et al. (2010) and Kuthe
et al. (2014). To err on the side of caution, we used the lower oy7s of
0.163 MPa described by Morrow et al. in our calculations. The oyrs of
collagen was set at 100 MPa according to data provided by Fung (2010).
The failure forces given by Noonan et al. (1994) and Hasselman et al.
(1995) as Fygppy = 117.39 = 11.12 N and Fys 4 = 51.78 £ 2.90 N were
converted to stresses to enable a comparison with the calculated oyrs of
skeletal muscle. Data on the skeletal muscle architecture of rabbits was
taken from the work of Lieber and Blevins (1989). Here, the
cross-sectional areas of rabbit EDL and TA were given as 142 mm? and
59 mm?, respectively.

The authors also applied the MSIC to an illustrative muscle
contraction profile to ensure that the minor injury threshold was not set
to low and would trigger during regular movements not associated with
strain injuries. This contraction profile should represent a muscle that
works at the limits of its eccentric contraction potential to properly
explore the minor injury threshold boundary. A muscle that fits this
description is the biceps femoris long head (BFLH), as strain injuries
during sprinting are commonly associated with its eccentric elongation
(Koulouris and Connell, 2003). We therefore recreated the strain profile
of said muscle during one sprinting gait cycle as it was reported in the
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literature and evaluated the resulting muscle forces using the proposed
MSIC. Regrettably, no one publication, which lists all the required pa-
rameters for injury evaluation with the proposed criterion, exists to the
author’s knowledge. The BFLH contraction profile was therefore
compiled from several different literature sources (Ono et al., 2015;
Schache et al., 2009, 2012; Thelen et al., 2005). Electromyography
(EMQG) data and the general curve characteristics of BFLH strain were
taken from the work of Ono et al. (2015), while the gait cycle duration
sprinting of 0.4 s was documented by Schache et al. (2009). The
maximum BFLH strain reached during one gait cycle was set to 12% to
cover the maximum range of strain values reported by Thelen et al.
(9.5%) and Schache et al. (11.98%) (Schache et al., 2012; Thelen et al.,
2005). These conditions were applied to a singular finite element made
of a Hill-type muscle material modelled in LS-DYNA R9.3.1 which rep-
resented the BFLH during one sprinting gait cycle. As a substitute for the
muscle material provided in LS-DYNA by default, we used a more bio-
physiological variant developed by Giinther et al. (2007) and Haeufle
et al. (2014), which is available in LS-DYNA as a user-defined material
named the extended Hill-type material (EHTM) initially implemented by
Kleinbach et al. (2017) and updated to its most current version by
Kleinbach et al., Martynenko et al. and Wochner et al. (Kleinbach, 2019;
Martynenko et al., 2018; Wochner et al., 2022). A listing of all material
parameters used for the EHTM can be found in Appendix B. This model
of the BFLH will be referred to as the single-BFLH model from now on.

2.3. Active human body model and load case used to demonstrate the
process of muscle strain injury assessment

To show the application of the MSIC in a full-body AHBM simulation,
we used the A-THUMS-D model developed by the Mercedes-Benz Cars
AG for pre-crash applications. The model is representative of a 50th
percentile male with a height of 175 cm and a weight of 73.5 kg and is
outfitted with 552 Hill-type muscle elements modelled using LS-DYNA
beam ELFORM 3 and the LS-DYNA internal muscle material *MAT -
MUSCLE (*MAT_156) (LSTC, 2016a, 2016b). Curved muscle paths were
captured by using a routing approach in which multiple beam elements
were connected in series at routing nodes. A common tensile force in all
serially connected beam elements representing one muscle strand was
maintained through use of the *PART AVERAGED keyword. A more
detailed description of the current state of the A-THUMS-D model can be
found in the work of Mishra et al. (2020).

The simulated load case represents a scenario in which the front
passenger seat is initially pre-rotated 30° inward with regards to the
vehicle’s longitudinal axis. The rotational axis of the seat is set below the
occupant’s H-point. During the pre-crash phase, the seat is then rotated
back to the standard position aligned with the vehicle’s longitudinal axis
(Appendix C). Two different re-positioning times of 200 ms and 350 ms
were tested. Generic models of the seat, seatbelt and vehicle interior
were used for all simulations. These models are described in detail in the
deliverable 2.2 technical report of the OSCCAR project (Leitgeb et al.,
2021). The positioning of the A-THUMS-D model was done with help of
the RAMSIS software (Human Solutions GmbH, 2021; Kumar et al.,
2020). The active musculature of the A-THUMS-D model was controlled
with the muscle-length-based hybrid control approach detailed by
Martynenko et al. (2019) with the controller target set to maintain the
initial occupant position during the seat rotation. All simulations were
performed in LS-DYNA R9.3.1.

Because the resultant model kinematics indicated that the muscula-
ture in the AHBM’s neck region was subjected to the most significant
strains during both seat rotations, three major neck muscles which
sustained high axial forces were tested for strain injury using the pro-
posed MSIC. These muscles were the musculus levator scapulae (LS), the
musculus splenius capitis (SCA) and the musculus splenius cervicis (SCE).

As the Fpq value needed for the calculation of the strain threshold
values is not directly given in “MAT_MUSCLE, it was calculated instead.
Existing values of the equivalent peak isometric stress value given in the
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material properties (LSTC, 2016b) and the beam element cross-sectional
area defined through the *SECTION_BEAM keyword (LSTC, 2016a) were
used according to Equation (5)

Frax =PIS-A )

where Fpq is the muscle’s maximum isometric force, PIS is the peak
isometric stress value and A is the beam element’s cross-sectional area.

3. Results
3.1. Substantiation of injury thresholds

Calculating the muscles oy75 based on the rule of mixtures outlined in
Equation (3) resulted in an estimated maximum value of 1.26 MPa. At
the same time, determining the oyrs of rabbit muscles from the average
failure forces yielded values of oyrs gpr, = 0.83 & 0.08 MPa and oyrsa =
0.88 4 0.05 MPa. Both values are well below the theoretical 6yrs of 1.26
MPa derived with the rule of mixtures (Equation (3)). We therefore
concluded that rabbit muscles are not unusually resistant to failure
through strain and that the muscle rupture thresholds derived from them
are as such applicable to human musculature.

The results of the assessment of the lower strain injury threshold with
the single-BFLH model are shown in Fig. 2 while a calculation example
for determining the MSIC thresholds is given in Appendix D. The forces
acting on the BFLH MTU (Fyry) in comparison with the minor strain
injury, major strain injury and rupture thresholds are given in Fig. 2 a),
whereas the MTU strain during the gait cycle, the EMG-derived stimu-
lation acting on the muscle as well as the resultant muscle activity are
displayed in Fig. 2 b). It can be seen that Fyqy falls below all injury
thresholds. Erroneous injury detection of healthy muscles during phys-
iological movements should therefore not occur.

3.2. Application of muscle strain injury criterion in AHBM simulations

The Fyry of the LS during both seat rotation speeds was well below
the minor strain injury threshold calculated based on the muscle’s ac-
tivity and Fnax (Fig. 3). The faster seat rotation in 200 ms did result in a
large strain and a higher Fyry when compared to the 350 ms rotation.
Consequently, the employed hybrid controller had a higher muscle
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activity output during the 200 ms rotation, as larger muscle forces were
needed to compensate for the more pronounced head movement, thus
resulting in a rising minor strain injury threshold during the faster seat
rotation. Equivalent results were observed for both SCA and SCE whose
simulation results are listed in Appendix E.

4. Discussion

The causal explanation for the occurrence of strain injuries during
eccentric contractions has been a topic of discussion for decades. While
some researchers correlate the sustained injury severity with the peak
force developed during the contraction (McCully and Faulkner, 1986;
Warren et al., 1993), others (Lieber and Fridén, 1993; Talbot and Mor-
gan, 1998) believe it to be a function of muscle strain. Our decision to
base the muscle strain injury thresholds on the maximum force acting on
the muscle during the strain event instead of the maximum muscle
strain, is based on multiple factors. Firstly, unlike in the experiments
performed on toad muscles by Talbot and Morgan (1998), mammalian
skeletal muscle provides a pronounced passive resistance to strain. This
means that each straining of a muscle results in a corresponding muscle
force which may serve as a parameter useable for injury detection.
Secondly, experiments by Garrett et al. (1988) showed that the strains
needed to rupture the hind limb muscles of rabbits are highly dependent
on the respective muscle’s architecture, with the rupture strains of the
fusiform TA and the unipennate EDL being reported as 72.7% and
113.1% respectively. The use of singular strain-based threshold values is
therefore inadvisable, while the proposed force-based rupture threshold
estimation presented in Equation (1) holds true for both muscle types
and should provide a more flexible method to determine strain injury
thresholds on a per-muscle basis. The new estimation method presented
here is also in accordance with the results from Barfred who measured
the separation force needed to induce muscle rupture in rat MTUs as
three times the maximum muscle force (Barfred, 1971). The choice to
base the muscle strain injury criterion on the parameter F,x is addi-
tionally meaningful, as this parameter contains information about the
muscle, like its body cross-sectional area or volume (Giinther et al.,
2007). Scaling the injury thresholds with Fp,ay therefore yields a highly
granular muscle specific threshold value instead of a fixed singular
threshold for all muscles. The concept of strain-based muscle injury
threshold values is, however, not without merit. The study by Brooks
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Fig. 2. Results of the lower strain injury threshold assessment with the single-BFLH model. a) Force level of the single-BFLH MTU compared to the injury thresholds;

b) Stimulation, activity, and strain of the BFLH during one gait cycle.
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Fig. 3. Fyry and a of Levator Scapulae for seat rotations times 200 ms and 350 ms in comparison to their respective minor strain injury thresholds.

et al. (1995) performed on skeletal muscles of mice proposes the average
force to be the best injury predictor for passive muscles and strain to be
the best injury predictor for active muscles. Future studies on this topic
might therefore consider injury thresholds that account for both muscle
forces and strains.

The validation of the injury criterion with real-live accident data
proved impossible as, to the author’s knowledge, no injury database
exists in which injuries to the musculature are documented in enough
detail to allow for strain injuries evaluation with the proposed criterion
(Compton, 2002). This limitation also applies to acute strain injuries,
which accidently occurred during experimental trials (Heiderscheit
et al., 2005; Schache et al., 2009). Otherwise commonly employed
procedures to establish a relationship between the injury criterion
values and injury outcome characteristics of post-mortem human sub-
ject (PMHS) tests and the criterion values derived from equivalent
AHBM experiments were also not applicable, as PMHS test could neither
account for the influence of the muscle activation level, nor provide an
accurate representation of the passive properties of living muscle tissue
(van Ee et al., 2000). Alternative methods of threshold corroboration
there therefore employed instead.

The muscles ECM is a complexly organized three-dimensional
structure made up of three layers around and inside the muscle
(Jarvinen et al., 2002). Even though only the outermost epimysium is
oriented parallel to the muscle fibre direction, we assumed the entire
ECM to be linearly aligned with the muscle fibres. Both other ECM
structures, the perimysium and the endomysium, realign themselves
along the longitudinal axis when the muscle is elongated as it would be
during a muscle strain large enough to rupture the muscle (Gao et al.,
2008; Purslow, 1989; Purslow and Trotter, 1994). Our application of the
rule of mixtures for uniaxially reinforced composites therefore seems
justified for the proposed use-case of substantiating the muscle rupture
threshold value at extreme muscle elongations.

The results of the threshold value substantiations suggest that all
three injury threshold values proposed in this work fall in a plausible
corridor of forces acting on the MTU, which are neither so low that any
movement would result in the detection of injury nor so high that the
muscle is presented as unnaturally resistant to strain injuries. The
combined results of the AHBM simulations indicate that neither of the

two seat rotations are likely to cause strain injury of any kind to the neck
muscles of an occupant in the front passenger seat. The evaluation of
muscle strain injuries using the A-THUMS-D model also shows that the
proposed MSIC can easily be applied to state-of-the-art AHBMs without
further modification of the model architecture or the muscle parameters
which makes the injury criterion highly accessible to all users of AHBMs.
However, it must be mentioned that the results shown here also illus-
trate the logical dependency between how an AHBM’s muscle parame-
ters have been set up, the magnitude of the resulting muscle forces, and
the estimated strain injury severity. In the case of the A-THUMS-D
model, the passive stiffness of the neck musculature was first and fore-
most set in such a way as to avoid stability issues with the FE model
during high-velocity impact scenarios, while the physiological validity
of the applied parameter set was of secondary importance. Conse-
quently, comparatively low neck muscle forces were predicted by the A-
THUMS-D model during both seat rotation scenarios. Future studies
should include a rigorous review of the applied muscle material pa-
rameters to enable a more reliable evaluation of the MTU strain injury
severity.

4.1. Limitations

The proposed MSIC for human skeletal muscles are subject to some
limitations. EMG, measured in real experiments, represent the muscle’s
neuronal state, its activity. Usually, this signal is normalized to human’s
maximum voluntary contraction (MVC) capability, determined in spe-
cific MVC conditions. In the presented evaluation of MSIC, the neuronal
state of the muscle, its stimulation, is assumed to be 1 (100%) for MVC
conditions. Considering that biological systems can develop higher ac-
tivity levels in certain occasions, for example prey escaping in fear of
death (Wilson et al., 2018), higher values for the stimulation are
possible. To capture such cases as well, a renormalization of the
modelled activity state would be needed. Additionally, the muscle ac-
tivity dependent linear interpolation of strain injury threshold values
presented in Equation (2) is yet to be validated. As the specific focus of
this work was on the definition of MSIC, other essential types of muscle
injury like lacerations and contusions (Baoge et al., 2012) are not
accounted for in the proposed criterion. Furthermore, the viscoelastic
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material behaviour of muscle was not considered in the definition of the
MSIC. Therefore, its application to scenarios, in which repeated move-
ments are of interest, is not advisable. Also, even though the presented
estimation method to determine F;s (Equation (1)) is in good agreement
with the available biomechanical data, it remains empirical in its nature.
As errors in this assumption directly impact the injury threshold values,
specific experiments should be performed in the future, to validate the
proposed relationship between Fpq and Fy further. It is also worth
mentioning that the general lack of biomechanical data obtained from
experiments on human test subjects is a topic which has been a constant
challenge in the field of biomechanics (Fung, 2010), as the required
experiments, for example the intentional tearing of human skeletal
muscles in vivo, is highly unethical. Therefore, it is a standard approach
for biomechanical studies to derive both the general structure and the
material properties of tissues from animal models and to then scale said
properties to describe the behavior of human tissue. Examples of this
approach can be found as far back as in the fundamental work of Hill
(1938), where the Hill-type muscle model was proposed based on ex-
periments performed on frog muscles. The validity of the Hill-type
model has since been confirmed for a wide range of other animals
(Klute et al., 2002) and is now considered a standard model for the
description of the structure of human skeletal muscle (Haeufle et al.,
2014). The applicability of the MSIC to human muscles is therefore
analogously assumed but cannot yet be validated by means of corre-
sponding muscle injury experiments on human test subjects. Lastly, the
validity of the injury evaluations performed with the MSIC is highly
dependent on the correct choice of parameters used in the modelling of
an AHBM’s musculature. The use of physiologically valid muscle pa-
rameters is therefore of utmost importance when applying the proposed
injury criterion.

4.2. On the aetiology of muscle strain injuries

The methods and results presented up to this point demonstrate that
no erroneous injury detection occurs when applying the MSIC to
movements of a healthy muscle in its natural extension range. However,
given the fact that muscles are regularly injured through strains of
physiological magnitude in real life (Bradley and Portas, 2007), we
would like to use the MSIC to present a possible explanation for the
occurrence of MTU strain injuries within the muscles regular strain
limits. As is the case for all organic and inorganic composites, in-
homogeneities inside the material may lead to localized peak stresses
(Chawla, 2019), damaging the composite during loading scenarios that
might otherwise have been harmless. We speculate that such localized
material inhomogeneities in singular muscles strands might be respon-
sible for the occurrence of strain injuries during regular movements.

To investigate the effects of such inhomogeneities, a multi-strand FE
model of the BFLH consisting of 1027 parallel EHTM muscles, which will
be referred to as multi-BFLH henceforth, was created in LS-DYNA in
addition to the previously described single-BFLH model. The strands
represented in the multi-BFLH were split into two groups. The first
group, the multi-BFLH strand, was comprised of a single muscle element
used to introduce inhomogeneous material properties into the model.
The second group consisted of all other muscles strands which were
present in the multi-BFLH and will be referred to as the multi-BFLH bulk.
All EHTM strands in both groups of the multi-BFLH had the same
starting material properties as the singular EHTM strand in the single-
BFLH, with exception of the strand cross-sectional area A and the
maximum isometric force of the muscle strands Fpq,. These two pa-
rameters were scaled in such a way that both the sum of A as well as the
sum of Fy,q, of all EHTM strands in the multi-BFLH were equal to A and
Fpnax of the single-BFLH model (see Table B-2). The material properties of
the multi-BFLH strand were then adjusted to represent two types of
material inhomogeneities found in skeletal muscles, namely the
nonuniform shortening of muscle fibres during contraction (Pappas
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et al., 2002) and the uneven distribution of collagen in the muscle tissue
(Binder-Markey et al., 2020). These material inhomogeneities were
tested by performing three sprinting gait cycle simulations with the
multi-BFLH, similar to those previously done with the single-BFLH
model. During the first simulation, the maximum strain acting on the
multi-BFLH strand during the gait cycle was raised from 12% to 20%.
This strain variance is well within the bounds observed by Pappas et al.
(2002), who documented muscle fibre shortenings between 5% and 35%
in the human biceps brachii throughout one contraction movement. The
other two simulations were done to replicate a change in collagen dis-
tribution localized in the multi-BFLH strand by adjusting the material
parameters of the muscle’s connective tissues represented in the EHTM
through the parallel elastic element (PEE).

An overview of the adjusted parameters in comparison to the prop-
erties of the multi-BFLH bulk, which stayed unchanged for all simula-
tions, is given in Table 2. The structures of the single-BFLH and the
multi-BFLH models are shown in Appendix F. The nonuniform short-
ening of muscle fibres modelled in simulation 1 (Fig. 4) resulted in a far
higher strand Fyry than was calculated for the bulk of the muscle,
causing minor strain injury of the multi-BFLH strand while no injury was
detected for the multi-BFLH bulk. Because the activation dynamics
introduced by Rockenfeller and Giinther (2018), which describe the
activity level as depending on the length of the muscle’s contractile
element (CE), the difference in MTU strain lead to divergent muscle
activity curves (Fig. 4 b)). Given that the proposed injury thresholds
scale with muscle activity, a heightened resistance to injury was pre-
dicted for the multi-BFLH strand. However, the localized strain was still
large enough to cause a minor straining of the muscle.

Similar results were achieved in simulations 2 (Fig. 5) and 3 (Fig. 6)
where the effects of an uneven distribution of collagen in the muscle
were examined. Here, the divergent material properties of the multi-
BFLH strand caused higher passive stiffness of the PEE. Therefore,
even though strand and bulk were strained equally, a larger Fyry was
calculated for the multi-BFLH strand. Furthermore, stiffening the con-
tractile element of the MTU lead to a lessened elongation of the muscle
and a more pronounced strain of the tendon. The reduced CE strain of
the multi-BFLH strand influenced the strand’s activity level, making it
more susceptible to a strain injury. The combined effect of a higher Fyry
and lower strain injury thresholds resulted in minor strain injury to the
multi-BFLH strand for both simulations 2 and 3. The multi-BFLH bulk
stayed unharmed in both simulation scenarios.

Together, simulations 1 to 3 show that material inhomogeneities in
the muscle could lead to strain injuries of single muscles strands in
physiological movement conditions like a sprinting gait cycle. There-
fore, a more granular approach to muscle modelling might be needed to
correctly represent the complex material properties of the human skel-
etal muscle required for the reliable assessment of strain injury severity.

5. Conclusions

This work proposes a method to evaluate the severity of muscle
strain injuries called the MSIC derived from biomechanical data found in
the literature. It was shown that the MSIC injury thresholds fall in a
plausible corridor of forces acting on the MTU and that the criterion is
easily applicable to state-of-the-art AHBMs without the need for

Table 2
Simulation and muscle parameters of multi-BFLH strand compared to those of
the multi-BFLH bulk and the single-BFLH model.

Parameters Strand Strand Strand Bulk
Simulation 1 Simulation 2 Simulation 3 (Single-
BFLH)
Maximum 20% 12% 12% 12%
Strain
Lpeg,o 0.95 0.3 0.9 0.95
NpEE,0 2.5 2.5 1.0 2.5
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Fig. 4. Results of simulation 1: a) Force level of the multi-BFLH MTU compared to the injury thresholds; b) Stimulation, activity, and strain of the multi-BFLH during
one gait cycle. Results of the multi-BFLH strand are plotted as a dotted line when divergent from the bulk results.
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Fig. 5. Results of simulation 2: a) Force level of the multi-BFLH MTU compared to the injury thresholds; b) Stimulation, activity, and strain of the multi-BFLH during
one gait cycle. Results of the multi-BFLH strand are plotted as a dotted line when divergent from the bulk results.

modelling additional functions or searching for further muscle param-
eters. The MSIC was also used to formulate a hypothesis on the aetiology
of muscle strain injuries. It was demonstrated that material in-
homogeneities in the MTU might be the cause for strain injuries sus-
tained during otherwise physiological movements. However, the results
of this work do also indicate the need to rethink commonly used ap-
proaches for the modelling of muscles in AHBMs, as muscle parameters
should not only be defined to ensure model stability but also to guar-
antee physiologically valid muscle behaviour. Future research should
focus on the experimental validation of the MSIC and the presented
hypothesis on strain injury aetiology.
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3 Muscle Routing Optimization Guide

The following guide will provide a detailed description of the optimization method used for placing
the FDP and FDS routing nodes. To minimize the runtime, the optimization was not performed in the
software environment of the FE solver LS-DYNA (Ansys, Canonsburg, PA, USA) but was instead
done in MATLAB R2022a (Mathworks, Natick, MA, USA) using the least-squares optimization
functionality “lsqcurvefit” provided in the Optimization Toolbox. Each muscle and each joint were
tackled separately as to reduce the problem complexity. The optimization procedure will be explained
for the example of the little finger FDP spanning the MCP joint. As such, “Body 1” refers to the little
finger metacarpal, “Body 2” to the little finger proximal phalanx and the “Joint Axis” to the revolute
axis of the little finger MCP joint (see Supplementary Figure 7).

1) Calculate relevant center points of Body 1 (P, ¢, Eq. 1), Body 2 (Pp; ¢, Eq. 2) and the Joint
AXxis (Pyc, Eq. 3).

Pgic = (PBl,l + PB1,2)/2 1
PBZ,C = (PBZ,l + PBz,z)/2 2
Pic = (P + Pp2)/2 3

2) Calculate vectors that describe the orientations of Body 1 (vg,, Eq. 4) and Body 2 (vg,, Eq. 5)
as well as the direction of the Joint Axis (v, Eq. 6).

Vg1 = Pjc — Ppic 4
Vgy = Pjc — Ppac S
v]:PJZ_le 6

3) Calculate point necessary for routing node directional vectors. First, find the general form of
plane A that intersects P, and has v, as its normal vector (Eq. 7).

A:U]'P]C:d 7

Now, find the projection of Pg, ¢, Py, cp, ON A along v, (Eq. 8, Eq. 9).

Pgocp = Pgoc+ Ay 8
with
A= (d - (v PBZ.C))/(VJ 1)) 9

4) Construct node placement vector v, between Pg, cp and P, whose length is determined by the
proximal phalanx geometry (Eq. 10).

vy = Ppycp — Pic 10



Joint Axis

(p PB],Z

Supplementary Figure 7. Little finger MCP joint of the THUMS version 3.0 model'®in LS-DYNA.
The metacarpal (Body 1) is marked in magenta, the proximal phalanx (Body 2) is marked in blue.

The point and vector descriptions correspond to point 1 to 6 in the “Muscle Routing Optimization
Guide”.

Given the information in steps 1 to 9, an optimization problem can be formulated, in which the
placement of n routing nodes is adjusted through optimizing ag,;, ag,; and b; such that deviation
between the resulting moment arm curve and the reference moment arm curve is minimized. This
process was iteratively performed for n = 3,...,7 and all possible combinations of splitting the n
routing nodes between Body 1 and Body 2. For example, for n = 4, the following combinations were
optimized for:

Body 1 Body 2
1 node 3 nodes
2 nodes 2 nodes
3 nodes 1 node

Additionally, two sets of optimizer settings for the MATLAB Isqcurvefit were applied to ensure that
bad initial routing node choices would not impact the achieved curve fit:

Options 1:

options = optimoptions('lsqcurvefit', 'MaxFunctionEvaluations', 1le3,
'"FunctionTolerance', le-6, 'FiniteDifferenceType', 'central', 'MaxIterations', 1e6,
'OptimalityTolerance', le-24, 'StepTolerance', 1le-9);
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Fig 2. Gait cycles of the gait2354 models. (A) the default gait2354 model; (B) the modified gait2354 model. The
differently parameterised musculus gastrocnemius medialis is highlighted in yellow.

https://doi.org/10.1371/journal.pone.0302949.9002

material deformation switches from elastic to plastic, are defined. These boundary curves rep-
resent an ideal positional or energy storage tendon, respectively. The yield strength points of
the boundary curves then serve as the grid points of a line linearly interpolated according to
Eq 2.

h i
Yint (Xint) = mint . Xint + Cint ;Xint € xpox 7xens (2)
with
Yens Y,
mim — Jens pos (3)
Xens_xpos
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Fig 3. Schematic stress-strain curve with highlighted injury thresholds.
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and
_ Xens ' YPOS - XPDS ) YCI'IS
Cint - (4)
Xens — Xpos

where X;,; and i, are the abscissa and ordinate values of the interpolated line, m,, is the slope
of the interpolated line, c;,, is the y-intercept of the interpolated line, X.,s and ye, are the
abscissa and ordinate values of the energy storage tendon yield strength point and X,os and ypos
are the abscissa and ordinate values of the positional tendon yield strength point.

The yield strength points of tendons can then be determined by finding the intersection
between the linear part of the tendon deformation curve and the interpolated yield strength
line (Eq 5).

Xien = H Vien = Yint(xren ) (5)
where X, and y.,, are the abscissa and ordinate values of the tendon’s yield strength point,
M.y, i the slope of the tendon curve and ¢, is the y-intercept of the tendon curve.

To set the boundary curves used in our current work, data on what could be considered
ideal energy storage and positional tendons was collected from literature in a first step. Experi-
mental data on the deformation characteristics of human energy storage tendons can be found
in the work of Shaw and Lewis [49], who studied the tensile properties of the human Achilles
tendon and determined a suitable constitutive relation between its strain and the resulting
stress (Eq 6).

6, =C-¢- e(Pere) (6)
where 0., is the stress of the energy storage Achilles tendon, € is the strain in percent and C,
D and F are material constants.

For this work, the constant values were set to match those reported for the donor age group
from 36 to 50 years old as C = 1.386 MPa, D = 0.123 and F = -0.004 [49]. The Achilles tendon
was deemed to be a suitable representative for the energy storage tendon category, as this ten-
don is among the most elastically deformable in the human body with reported Young’s
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moduli between E = 459 MPa [49] and E = 822 MPa [50]. Similarly, tensile test data derived
from unenbalmed human foot flexor tendons [51] were used to represent the deformation
characteristics of positional tendons, as they are exceedingly stiff (E = 2.4 GPa [51]) to translate
the contraction of relatively short muscles along a comparatively long tendon to create toe
movement. The stress-strain curves of the Achilles tendon (energy storage tendon) calculated
using Eq 6 and the average foot flexor tendon taken from Benedict et al. [51] as the positional
tendon stress o, are shown in (S1 Fig in S1 File).

Next, the energy storage and positional stress-strain curves were converted to force-strain
curves as the tendons of the EHTM and TMM models do not output stresses but forces
instead. this stress to force conversion was performed according to Eq 7.

E ens/pos (7)

ens/pos = cyens/pos - CSA

where Fepg/pos is the force of the energy storage or positional tendon, Geng/pos is the stress of the
energy storage or positional tendon, and CSA.pg/pos is the cross-sectional area of the energy
storage or positional tendon.

Since the necessary data on the cross-sectional area (CSA) of the Achilles and foot flexor
tendons needed for this transfer was not provided in the original publications, they were
instead taken from literature as CSA.,s = 77.50 mm? [52] and CSA,os = 10.32 mm? [53]. The
derived force-strain curves are depicted in S2 Fig in S1 File.

Following the stress-to-force conversion, the force-strain curves were normalised to the
maximum isometric forces acting on the tendons (Eq 8).

F
F _ ens/pos (8)

n,ens/n,pos
max,ens/max,pos

where Fy, cno/n,pos is the normalised force of the energy storage or positional tendon, Fepgpos is
the force of the energy storage or positional tendon, and F,.x ens/max,pos 1S the maximum iso-
metric force associated with the energy storage or positional tendon.

For the positional foot flexor tendons, an Fyax pos 0f 255.11 N was determined by averaging
the F,,ax values of musculus flexor digitorum longus and musculus hallucis longus, while the
sum of forces acting on the energy storage Achilles tendon was defined as Fyax ens = 4172.97 N
by adding up the F,,,.x values of musculus gastrocnemius (lateralis and medialis) and musculus
soleus. The F . values of all muscles were calculated from muscle physiological cross-sectional
area data provided by Rajagopal et al. [1] and a maximum isometric stress value of 23 N/cm”
reported by Morl et al. [54] according to Eq 9.

F,.=PCSA.-oc_. (9)

where F,,, is the maximum isometric force, PCSA is the physiological cross-sectional area,
and 0y, is the maximum isometric stress.

After the normalisation, the minor TSIC thresholds for the EHTM and TMM tendon were
determined in a final step. For this, the minor injury thresholds of the positional and energy
storage tendons were found by determining the first onset of plastic, non-linear deformation
in the F, ens and Fy, o5 curves at Xpos = 2.9%, Ypos = 1.92, Xens = 14.5% and yeps = 0.96. The linear
interpolation between these two injury threshold points (Eq 2) was then used to find the
minor TSIC thresholds for the EHTM and TMM as the tendon strain at the intersection
between the normalised EHTM and TMM tendon force curves, with the linearly interpolated
injury threshold line (Eq 5). This process is depicted in Fig 4. Both EHTM and TMM tendon
forces were calculated according to the equations outlined by Thelen et al. [40] and Haufle
etal. [33], while the equation describing the linearly interpolated threshold line is given in
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Eq 10. The corresponding minor TSIC threshold values of positional, TMM, EHTM and
energy storage tendons, as well as all other curve parameters are listed in Table 1. The derived
TSIC thresholds, together with the inherently scaling MSIC thresholds, were used for the strain
injury assessments presented in the following parts of this work.

F 1
(&)= —0.08; - +2.16:¢ € [2.9%, 14.5%) (10)

max

where F is the tendon force, F,,, is the connected muscles maximum isometric force and € is
the tendon strain in percent.

3 Results
3.1 Strain injury assessment during repositioning

The THUMS repositioning simulation terminated without errors of any kind, indicating that
no severe mesh deformation occurred during the runtime. The strain injury assessment of the
18 EHTM muscles showed that both the left and right musculus pronator teres sustained minor
muscle strain injury at t = 1.04 s (Figs 5 and S3 in S1 File). This straining of the muscle

Table 1. Minor TSIC thresholds of positional, TMM, EHTM and energy storage tendons.

Tendon type Positional tendon TMM EHTM Energy storage tendon
Minor TSIC threshold [% strain] 2.9 477 8.67 14.5
F/Fhax at threshold 1.92 1.76 1.44 0.96
Slope [1/%] 1.12 0.52 0.24 0.08
y-intercept -1.29 -0.71 -0.60 -0.25

https://doi.org/10.1371/journal.pone.0302949.t001
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Fig 5. Strain injury assessment results of the left-hand side musculus pronator teres.
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coincides with the widening of the elbow joint gap during repositioning, which increased from
6.30 mm att=0.0sto 12.92 mm at t = 1.2 s (Figs 6 and S4 in S1 File). Comparing these joint
gap values to experimental data from Lee et al. [55], where average elbow joint gaps of

3.3 £ 0.4 mm were measured, shows that the initial joint gap in the THUMS model is already
unphysiologically wide. This modelling error is exacerbated by the repositioning, where the
extension of the arms widened the joint gap by another 6.62 mm. Measurements of elbow
joint gaps in healthy and dislocated elbows by Hopf et al. [56] revealed medial joint gap differ-
ences of merely 1.6 + 1.1 mm, indicating that the repositioning simulation effectively dislo-
cated the elbow joint multiple times over. Through the injury assessment of muscles spanning

t=00s

Fig 6. Joint gap in the left elbow joint of the THUMS version 5.03 occupant model. (A) Initial THUMS occupant position at t = 0.0 s; (B) Repositioned THUMS with
extended armsatt=12s.

https://doi.org/10.1371/journal.pone.0302949.9006
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the joint gap, we were able to identify this internal model deformation, which would be almost
indetectable by conventional automated mesh quality assessment tools.

3.2 Strain injury assessment under varying muscle material
parameterisations

The strain injury assessment of the partial gait cycle simulations with the gait2354 model
showed no injuries for the default model (Fig 7). However, in the case of the gait2354 model
with modified musculus gastrocnemius medialis parametrisation, both minor muscle and ten-
don strain injuries occurred in the differently configured muscle (Fig 8). The shortening of the
tendon slack length led to a considerable pre-strain in the tendon (3.84% at t = 0.0 s) which
created injurious tensile forces in the muscle. The elongation of the MTU during the gait cycle
then led to a further elongation of the tendon, crossing the minor TSIC threshold of 5.16%
strain at t = 1.03 s and reaching a maximum strain of 5.45% at the termination time of t = 1.08
s. The resulting model kinematics of the default and modified gait2345 model were virtually
indistinguishable (Figs 2 and S5 in S1 File) and both simulations showed low residual forces,
residual moments, and marker errors (S3 Table in S1 File). Despite these similarities, the pro-
posed method for detecting erroneously parameterised muscles via strain injury assessment
was able to pinpoint the modified musculus gastrocnemius medialis while simultaneously con-
firming the parameter validity of the default gait2354 model.

4 Discussion

In our work, the exemplary repositioning of the THUMS model was performed by applying
external forces to the FE model to adjust its posture. While some might consider this method
outdated [15], it remains representative of how FE models are repositioned to this day [57, 58].
We therefore consider our choice of repositioning approach to be justified and relevant to the
presented issues at hand. The force based MSIC thresholds are highly sensitive to quick strains
and fast contraction velocities of the muscle, as dampening elements within the EHTM can
produce high forces if severe length rate changes occur. Consequently, the repositioning
speeds and model settling times were chosen such that peak material stresses were avoided,
which could otherwise have influence the MSIC and TSIC assessment results. However, the
authors acknowledge that the model settling time interval of 0.1 s is too short to allow the
model materials to reach a true static equilibrium after the repositioning [59]. The settling
time interval should thus be extended if the repositioned model was to be used in future simu-
lations. Nevertheless, 0.1 s was a sufficient settling time to avoid large discontinuities or spikes
in the MTU force or elbow displacement curves (Fig 5 as well as S3 and S4 Figs in S1 File),
making it a suitably long time interval for the purposes of the presented work. The measure-
ments of the elbow joint gap during repositioning were done according to the methodology of
Lee et al. [55] to ensure comparability with their results. As the joint gap in dislocated elbows
was determined differently by Hopf et al. [56], we only compared the detected change in joint
gap as opposed to absolute values.

For the gait cycle MB simulations in OpenSim, the CMC functionality was used. This
option was chosen, as other methods to find muscle stimulation signals, such as static optimi-
sation [60], do not account for the deformation of passive mechanical structures of the muscle.
Accordingly, no tendon strains can be derived from static optimisation, making it impossible
to apply the chosen injury criteria. The duration of the simulated gait cycle was predetermined
by the simulation setups provided with OpenSim [61, 62]. While full gait cycle simulations or
simulations with larger ranges of motion, like squats, would have shown a more complete pic-
ture of the MTU strains in a typical movement scenario, the authors prioritised reproducibility
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and thus opted for the use of openly available and well-documented example simulations
instead. Additionally, the simulated partial gait cycle was sufficient to illustrate the systemic
errors, such as large pre-strains of the MTU, which can occur if the corresponding Hill-type
parameters are chosen poorly. However, for a truly reliable model assessment result using the
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Fig 8. Strain injury assessment results of the right-hand side musculus gastrocnemius medialis in the modified

gait2354 model.

https://doi.org/10.1371/journal.pone.0302949.g008
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proposed methodology, simulations showing large movements are generally preferable, as
modelling issues might only become apparent during large ranges of motion.

A possible point of uncertainty is the determination of TSIC thresholds based on the posi-
tional and energy storage tendon boundary curves (Fig 4). A study by Knaus et al. [63] has
shown that Achilles tendon CSA grows with the volume of the connected muscles and thus
their maximum force production capability. Thus, a possible source of uncertainty could be
that the CSA and F,,,, values we derived from different literature sources. Moreover, the mate-
rial characteristics of tendons described in literature are partly contradictory, further compli-
cating the task of identifying correct material parameters. For example, Achilles tendon
ultimate tensile strengths ranging from 48 MPa [49] to 86 MPa [50] can be found, while exper-
iments by Komi et al. [64] have shown that stresses of up to 111 MPa act on the tendon during
sprinting. Given this apparent contradiction, the wide spread of tendon material properties
described in the literature [65], and the high interpersonal variance of MTU material proper-
ties [11], the authors acknowledge that several other sensible sets of stress-strain curves, F,,,
values, and tendon CSAs could have been chosen instead to construct the boundary curves dis-
played in Fig 4. Additionally, our approach of calculating F.x pos and Fryax ens through the
summation or averaging of the connected muscles’ F,;,, values can only serve as an estimate of
the true muscle forces acting on the tendons. Each muscle connected to the tendon may reach
its Fhax at a different optimum muscle length, such that the ‘true’ maximum force on each ten-
don might be lower than our calculations indicate. As shown in Table 1 and Fig 4, both posi-
tional and energy storage tendons reach their yield or ultimate strength points at F/F,, values
which are not necessarily congruent with other experiments described in the literature. The
positional tendon ultimate strength of 2.53 times F,,,,, appears to be uncharacteristically low
given that fact that the experiments from Hasselman et al. [66] and Noonan et al. [67] show
that mammalian tendons can transmit forces exceeding 3 times F .. Similarly, the normalised
energy storage tendon reaches its yield strength at just 0.96 times F,,,«. This would indicate
that a maximum isometric contraction alone would be sufficient to induce a minor strain
injury in the tendon. These inconsistencies are a limitation of the presented work. However,
the exact TSIC threshold values derived from Fig 4 are not essential to the model assessment
method described within this manuscript. If a more complete data set of tendon material
parameters is known to any reader, new boundary curves for the tendon compliance corridor
and TSIC thresholds can be defined using the generalised calculation steps outlined in Eqs
2,3,4and 5.

In addition to providing a method for deriving minor TSIC thresholds, Fig 4 also enables
us to qualitatively assess towards which extreme tendon archetype a model’s tendons conform
most to. The TMM tendons are comparatively stiff (slope 0.52/% compared to energy storage
tendon slope of 0.08/%) given that they supposedly represent tendons involved in locomotion,
where the energy storage characteristics of tendons would assuredly become relevant. On the
other hand, the EHTM tendons are rather compliant (slope 0.24/% compared to positional
tendon slope of 1.12/%), which could be considered atypical for the upper arm region. We can
thus conclude that future works with the TMM and EHTM muscle models should reassess
their general choice of tendon material parameters to better reflect the tendons’ mechanical
purpose in the human body.

The modelling and parametrisation issues highlighted in this paper are by no means
unavoidable. The deformations of FE models during repositioning could be significantly
reduced if relevant anatomical structures were modelled in their entirety. The THUMS version
5.03 elbow is missing the lateral ulnar collateral ligament, the accessory collateral ligament and
any form of joint capsule [68]. Introducing these elements might improve the joint deforma-
tion behaviour. Additionally, ligaments could be artificially stiffened during the repositioning
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simulations to further reduce the risk of joint dislocation. Similarly, adhering to standard
methods of Hill-type muscle parameter tuning [69-71] will almost assuredly alleviate the issue
of high MTU pre-strains, if the full range of motion of the muscle is taken into account during
the tuning process.

4.1 Conclusions

The results of this work show that the proposed method can quantify the internal deformation
behaviour of musculoskeletal models and the plausibility of Hill-type muscle parameter choice
via strain injury assessment. However, the MSIC and TSIC thresholds are only capable of act-
ing as an upper bound for muscle forces and tendon strains. If a model’s musculature were to
be set-up in such a way as to show slack muscles throughout entire ranges of motion, no inju-
ries of any kind could be detected. Consequently, the proposed method would indicate a physi-
ological model behaviour, even though no movement could be generated with it. Our method
is thus not a holistic assessment tool but rather a valuable addition to an arsenal of other
model quality evaluation approaches [17, 18]. Considering that the necessary quantities to per-
form MSIC and TSIC assessments are in most cases automatically output during a simulation’s
runtime, we strongly encourage the informed interpretation of muscle forces and tendon
strains to gain a deeper insight into the behaviour of muscle driven human body models.
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1 Supplementary Tables

S-Table 1. Specific muscle parameters of all implemented arm muscles.

Muscle Name Fonax [1] Uurumar [2] Legopt Lseeo AFggppo
[N] [mm] [mm] [mm] [N]
Musculus brachialis 987.30 181.43 111.45 69.98 394.92
Musculus biceps brachii long head 15.36 324.47 130.16 194.31 6.14
Musculus biceps brachii short head 13.07 287.50 104.23 183.27 5.23
Musculus brachioradialis 27.03 265.90 217.34 48.56 10.81
Musculus triceps brachii long head 798.50 327.40 158.38 169.02 319.40
Musculus triceps brachii lateral head 624.30 282.63 151.98 130.65 249.72
Musculus triceps brachii medial head 624.30 233.33 129.76 103.58 249.72
Musculus anconeus 350.00 39.24 23.54 15.70 140.00
Musculus pronator teres 4.48 130.90 36.52 94.38 1.79

Abbreviations: AFggg o = Force at the nonlinear—linear transition in Fsgg (Isgg); Fnax = Maximum isometric force;

lcg ope = Optimal muscle fibre length; Igzr o = Rest length of the serial elastic element;
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S-Table 2. Generic muscle parameters of all implemented arm muscles.

Variable Unit Value Description Reference
9o [-] 0.005 Minimum value of muscle activity [3]
c [mol/L] 1.37e-4 Hatze constant ¢ [4]
n [L/mol] 5.27¢e4 Hatze constant n [4]
k [-1 2.9 Hatze constant k [4]
m [1/s] 11.3 Hatze constant m [4]
AWy [-] 0.45 Width of Fis,,, (Icg) on descending limb [5]
VCE des [-] 15 Exponent of Fj,,, (Icg) on descending limb [6]
AW, [-1 0.45 Width of Fis,,, (lcg) on ascending limb [5]
VCE asc [-] 3 Exponent of Fi .. (Icg) on ascending limb [6]
Arero [-1 0.2 Maximum value of 4, [3]
Breio [1/s] 2.0 Maximum value of B, [3]
Secc [-] 2.0 Step in inclination of F.g(i.z = 0) between eccentric and [7]
concentric force-velocity relations
Foce [-1 15 Coordinate of pole in l-g(Fcg) normalised t0 F,q,qFisom (lce) for  [7]
leg >0
Lpeg o [-] 0.95 Rest length of the PEE normalised to l¢g op¢ [3]
VpEE [-] 2.5 Exponent of Fpgr(Icg) [6]
Fpgg [-1 2.0 Force of PEE if [ is stretched to AW, [6]
AUsgg nu [-1 0.0425 Relative stretch at non-linear-linear transition in Fszg (lsgr) [6]
AUsgg [-] 0.017 Relative stretch in linear part for force increase AFsg g [6]
Dspi [-1 0.3 Dimensionless factor to scale dsg max [6]
RspE [-] 0.01 minimum value of dsg normalised t0 dgg 145 [6]
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S-Table 3. Maximum residual forces, moments and marker errors of the gait2354 simulations.

Maximum residual forces [N]
(Threshold: 10 N [8])

Default gait2354

Modified gait2354

F, 0.44 0.38
E, 9.16 9.03
E, 0.94 0.37
Maximum residual moments [Nm]

(Threshold: 50 Nm [8])

M, 7.93 7.59
M, 5.26 5.26
M, 8.98 9.00
Maximum translational marker error [cm] 0.02 0.02
(Threshold: 2 cm [8])

Maximum rotational marker error [deg] 0.56 0.49

(Threshold: 2 deg [8])
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2 Supplementary Figures
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S-Fig 2. Force-strain curves of positional and energy storage tendons.
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