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Abstract

A summary is presented of five mechanical parameters from human lower limb skeletal
muscles critical for Hill-based muscle modeling: the optimal fiber length, the fiber pennation
angle, the physiological cross-sectional area (PCSA), the unloaded tendon length, and the fast-
twitch fiber fraction. The data presented are drawn from a total of 28 publications including
human cadaver studies, in vivo imaging studies of live humans, musculoskeletal modeling
studies, and combinations of these methods. Where possible, parameter values were adjusted
from the referenced data to present them with consistent definitions (normalization of
measured fiber lengths to optimal sarcomere length, and calculation of PCSA as the ratio of
fiber volume to fiber length). It is seen that within a specific muscle, optimal fiber lengths are
fairly consistent between studies, pennation angles and PCSAs vary widely between studies,
and data for unloaded tendon length are comparatively sparse. Few studies have reported
fiber type fractions for a large number of muscles. Guidelines for implementing these
parameter values in muscle modeling and musculoskeletal modeling are suggested.
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1. INTRODUCTION

The Hill muscle model (Fig. 1) consisting principally of a contractile component (CC) in
series with an elastic component (SEC) was first posed conceptually by Hill (1938), with the
earliest implementation in computer simulations of human movement by Hatze (1976). The
Hill model today is used widely as an actuator in musculoskeletal modeling software such as
SIMM, OpenSim, AnyBody, LifeMOD, and various custom models (e.g. Koelewijn & van den
Bogert, 2016). Using the Hill model in practice requires specification of numerous parameter
values such as the maximum isometric force, the optimal CC length, and the unloaded SEC
length. When simulating the actions of a specific muscle or a whole-body motion actuated by
many muscles, it is important for these parameter values to be defined on an appropriate
muscle-specific basis (Caldwell & Chapman, 1989; Pandy, 1990; Caldwell, 1995; Scovil & Ronsky,
2006; Redl et al., 2007; De Groote et al., 2010; Carbone et al., 2016). Inaccurate or unrealistic
parameter values can affect model-based predictions of, for example, knee joint loading during
walking (Navacchia et al., 2016) and height achievement in vertical jumping (Domire & Challis,
2010). The process of assigning many parameters for many muscle models can be daunting,
especially for new users who may be unfamiliar with the need, available resources, and
methods for doing so. Prior summaries of mechanical parameters for individual human muscles
exist, but are available only in textbooks (Yamaguchi et al., 1990; van der Helm & Yamaguchi,
2000). The most recent was published 16 years ago, with several landmark studies occurring in
the intervening time (e.g. Klein Horsman et al., 2007; Ward et al., 2009), and no summary to
date has included guidelines for implementation of the parameter values in muscle modeling.

Therefore, the purpose of this study was to summarize the available data on mechanical
parameters of individual human lower limb muscles for Hill-based muscle modeling, and to
suggest guidelines for their use and implementation in musculoskeletal modeling and computer
simulation of human movement.

2. METHODS
2.1. Studies and Parameters Included

The studies included were based on review of previous similar summaries (Yamaguchi et
al., 1990; van der Helm & Yamaguchi, 2000), on recent related studies in the intervening years
of 2000-2016 (e.g. Klein Horsman et al., 2007; Ward et al., 2009), and on manual review of
studies that included at least one of the muscles from the comprehensive list of Klein Horsman
et al. (2007). The PubMed and Google Scholar search engines were used.

The parameters considered were the optimal fiber length (L,), the fiber pennation angle
(@), the physiological cross-sectional area (PCSA), the unloaded tendon length (L,,), and the
fraction of “fast-twitch” fibers FT. The former four parameters were selected due to their
frequency of appearance in the reviewed literature and the high sensitivity of Hill model output
to their values (e.g. Scovil & Ronsky, 2006). Data on FT were included due to their importance
in some models of muscle energy expenditure (e.g. Umberger et al., 2003).

A comment on terminology is warranted before proceeding. When using the terms
“fiber” and “tendon” in the context of measurements from real muscles and Hill-based muscle
modeling, the reader should keep in mind that the Hill model is phenomenological in nature: its
purpose is to accurately simulate muscle force production for a variety of input excitation
conditions and whole-muscle (origin-to-insertion) kinematic states. The CC and SEC in the Hill
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model capture many of the functions typically attributed to fibers and tendons respectively in
real muscle, but the CC and SEC do not have direct anatomical analogues in real muscle. Hill
himself cautioned against an anatomical interpretation of the Hill model’s components:

“For simplicity in description the [SEC] will be referred to as ‘tendon’, but no assumption is implied
that other undamped series elastic elements do not exist within the fibers themselves; the evidence
of its properties is derived from mechanical experiments with active muscle, not from histological
observation.” (Hill, 1950)

This caution has implications in how the parameters presented here are used in practice in
muscle modeling. Guidelines for their implementation are a focus of the Discussion section.

2.2. Optimal Fiber/CC Length

The optimal fiber/CC length L, is defined as the length at which the fibers/CC produce
the maximum isometric force F, when maximally activated at zero velocity. Methods of
determining L, from measurements have varied in the literature. Some studies have
determined fiber length from manual ruler-based measurements. In these cases, it is often the
fascicle length (not the fiber length) that is measured, with the assumption that the fibers run
the full length of the fascicles. This distinction can be largely semantic depending on the use of
the data, but the assumption of equal fiber and fascicle lengths is controversial particularly for
long fascicles (Trotter, 1990). Another common method of determining L, has been to report
fiber lengths that have been “normalized” using sarcomere length measurements:

LFn = LFmLSO/LSm (Eq- 1)
where L, is the normalized fiber length, L, is the originally measured fiber length, L, is the
optimal sarcomere length in the context of the sliding filament hypothesis and the force-length
relationship (Ramsey & Street, 1940; Gordon et al., 1966), and Lg,, is the measured sarcomere
length. The purpose of normalization is to obtain an estimate of optimal fiber length L, i.e.
Lp, = L,. Such an estimate is necessary to produce the most accurate calculations of the
PCSA, where L, appears in the denominator of the calculation (see §2.4). Fibers are not
necessary at their optimal lengths during measurement, fiber operating lengths can vary by
+50% or more of L,, and measurements of fiber length at an unknown position on the force-
length curve could thus introduce large errors in calculations of PCSA. The obvious challenge in
normalization is that it requires measurements of sarcomere length. The optimal sarcomere
length for human muscle appears to be about 2.6-2.8 um (Walker & Schroedt, 1974, Lieber et
al., 1994). Unless otherwise noted, all fiber lengths that were normalized to an optimal
sarcomere length other than 2.7 ym in the referenced data were re-normalized to an optimal
length of 2.7 um for presentation of the data here.

Another method for determining L, has been to use muscle modeling and optimization
to adjust the value of L, (and various other model parameters) to track measurements of
human joint torque production as well as possible. For example, Hasson and Caldwell (2012)
optimized L, for gastrocnemius, soleus, and tibialis anterior to track measured maximum
isometric torque-angle data from the ankle joint on a dynamometer. Relatedly, as noted in the
previous section (§2.1), direct assignment of CC parameter values like L, from measurements
on muscle fibers is against the spirit and purpose of the Hill model and should be avoided.
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2.3. Fiber Pennation Angle

Fiber pennation angle 8 is typically defined as the orientation of the long axis of the
muscle fibers or fascicles, relative to the tendon. This definition has been used fairly
consistently in the literature. Cadaver studies by necessity measure 8 when muscles are
inactive. In vivo studies have sometimes measured @ at rest or during active contractions, and
at various joint angles. These factors should be considered when interpreting in vivo 6 data
because length and activation level will affect the current 6.

Most studies have measured 6 from a single plane and report a representative or
average result for the muscle in question. This definition of 8 is likely not reflective of the full
fiber geometry in a three-dimensional muscle, but it is consistent with how 8 is usually included
in Hill-based models, where constant muscle thickness and volume is assumed. Infrequently,
more detailed multi-planar definitions of 8 have been used, and occasionally the distribution of
pennation angles within the fibers of the muscle have been assessed (e.g. Scott et al., 1993).

2.4. Physiological Cross-Sectional Area

PCSA has been defined inconsistently in the literature. Some studies use the definition
of Alexander and Vernon (1975):

PCSA, =V/L, (Eq. 2)
where V is the total volume of fibers within the muscle. This definition is advantageous
because it has an intuitive geometrical interpretation (the cross-sectional area of contractile
material perpendicular to the long axis of the muscle fibers) and because the product with the
specific tension gives the maximum isometric force of the CC. An alternative definition was
proposed by Sacks and Roy (1982):

PCSA, = (V/L,)cos6 (Eq. 3)
With this definition of PCSA, the product with specific tension gives the fraction of the CC
maximum isometric force that can be expressed across the tendon at pennation angle 6.
Equations 2 and 3 obviously produce identical results when 8 is zero. Equation 2 was used for
reporting PCSA in this study because (i) CC maximum isometric force is an important parameter
in Hill-based muscle models, (ii) 8 varies with muscle length and force and these factors are not
controlled consistently between studies, (iii) some implementations of the Hill model do not
include fiber pennation, and (iv) some studies using Eq. 2 have not measured or reported 6,
making accurate conversions impossible.

With both definitions of PCSA, note that the result will be inaccurate when a fiber length
other than L, is used in the denominator. Thus, values of PCSA reported from calculations
involving non-normalized fiber lengths should be interpreted with caution if they are to be used
to calculate the CC maximum isometric force.

2.5. Unloaded Tendon/SEC Length

Measurement of L, is a complicated endeavor because the “tendon” of a muscle can be
a difficult structure to identify and define with consistency between muscles. In some muscles
the tendon may run the full length of the muscle. The portion of the tendon that muscle fibers
directly attach to is typically referred to as the internal tendon and may be fully or partially
aponeurotic. The remaining portion of the tendon with no direct fiber attachments is typically
referred to as the external tendon. The external tendon is the closest analogue to the Hill
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model’s SEC, but some muscles have two external tendons, one distal and one proximal to the
fibers. For this reason and others (see §2.1), direct assignment of L,, from measurements on
tendon are discouraged.

Cadaver studies can measure tendon length when the muscles have been excised from
the body, assuring a truly unloaded condition. With in vivo imaging studies, it is difficult to
ensure that the tendon is truly unloaded. Even in the absence of active force production, some
passive force may be transmitted through the tendon.

2.6. Fiber Type Distribution

Methods of defining and determining muscle fiber type vary widely and are beyond the
scope of this review. The parameter FT is used here with the acknowledgement that this
binary classification scheme may be overly simplistic. Interested readers are referred to the
summary by Scott et al. (2001). Readers should note that the great majority of data on muscle
fiber types is expressed as the fractions of fiber numbers. Fiber types have less frequently been
expressed as the fractions of cross-sectional area. This distinction is important because single
“fast-twitch” fibers tend to be larger than single “slow-twitch” fibers. However, data from
Clarkson et al. (1980) and Parkkola et al. (1993) suggest this distinction might only affect FT
fractions by up to 10%.

3. RESULTS
3.1. Cadaver Studies of Many Muscles

Five studies with cadaver data from numerous muscles of the lower limb were
identified; in order of publication year: Alexander and Verson (1975) presented data from the
knee and ankle muscles of one cadaver; Wickiewicz et al. (1983) presented data from the knee
and ankle muscles of three cadavers; Friedrich and Brand (1990) presented data from the hip,
knee, and ankle muscles of two cadavers; Klein Horsman et al. (2007) presented data from the
hip, knee, and ankle muscles of one cadaver; Ward et al. (2009) presented means from the hip,
knee, and ankle muscles of 21 cadavers. Alexander and Vernon (1975) and Friedrich and Brand
(1990) presented raw measured fiber lengths. The other studies all presented normalized fiber
lengths. Fiber lengths from Wickiewicz et al. (1983) were originally normalized to an optimal
sarcomere length of 2.2 m and were renormalized to 2.7 ym in the values presented here,
with the PCSAs recalculated accordingly. Among these five studies, Friedrich and Brand (1990)
is unique in the presentation of data from a male cadaver of relatively young (age 37 years),
Klein Horsman et al. (2007) presents data from the most muscles and is the only study to
present tendon length data, and Ward et al. (2009) has by far the largest sample size, with
three times the sample size of the other four studies combined. In cadaver studies, muscle
fiber volume for use in Eq. 2 has typically been determined by measuring muscle mass after
stripping away tendon and connective tissue, and assuming a density of about 1.06 g/cm3 (e.g.
Mendez & Keys, 1960).

A cadaver study by Weber (1846) is cited frequently in this literature, but the author has
been unable to find an original copy of this study. Data from Weber (1846) are presented in
Friedrich and Brand (1990), but the data are incomplete and the PCSAs have been scaled by an
unknown constant.


https://doi.org/10.1101/090944
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/090944; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

3.2. Cadaver Studies of a Small Number of Muscles

Three cadaver studies that presented data on a small number of muscles were
identified. Scott et al. (1993) presented volume data for 14 muscles from a single cadaver, but
data for fiber length and PCSA were only available for semimembranosus and vastus medialis.
Raw measured fiber lengths were used in the PCSA calculations. Woodley and Mercer (2005)
performed a detailed anatomical investigation of the hamstrings muscles in six cadavers, with
PCSAs calculated using raw measured fiber lengths. The values for L,, reported here are the
sum of the proximal and distal external tendon lengths. Regev et al. (2011) presented data
from 14 cadavers on psoas major, using measured sarcomere lengths for normalization of L,

3.3. In Vivo Imaging Studies

Six studies used medical imaging modalities to estimate muscle parameters in vivo in
living human subjects. Among these studies, Akima et al. (2001) presented data for the largest
number of muscles (14) in a sample of 15 young male subjects, although the only parameter
presented was PCSA. Fiber volumes were measured from cross-sectional MRl slices, and fiber
lengths were estimated from muscle length assuming the same ratios of fiber-to-muscle length
reported by Wickiewicz et al. (1983). This approach is common in MRI studies because (i)
measurement of fiber/fascicle lengths is difficult with this imaging modality and (ii) technology
for non-invasive measurement of sarcomere lengths has only recently been developed (Sanchez
et al., 2015). The mean PCSAs reported by Akima et al. (2001) were adjusted here to account
for the fact that Wickiewicz et al. (1983) calculated fiber lengths normalized to an optimal
sarcomere length of 2.2 ym rather than 2.7 um.

Maganaris et al. (2001) presented data for soleus and tibialis anterior in six young male
subjects. Fiber volumes were measured from MRI and fascicle lengths were measured from
ultrasound during maximum voluntary isometric contractions. Fukunaga et al. (1992)
presented data on seven ankle muscles plus popliteus in 12 young adults, using similar methods
to Akima et al. (2001). Reeves et al. (2004) presented data on vastus lateralis in 18 older adults
using ultrasound to measure fiber volumes and fascicle lengths during maximum stimulated
isometric contractions. Narici et al. (2003) presented data on medial gastrocnemius in 14
young males and 16 older males. Fiber volumes were measured from CT scans and fascicle
lengths were measured at rest using ultrasound. O’Brien et al. (2010) reported data for the
quadriceps in 20 young adult subjects. Fiber volume was measured using MRI and fascicle
lengths were measured during maximum voluntary isometric contractions using ultrasound, at
the knee joint angle that elicited the greatest extensor torque.

3.4. Musculoskeletal Modeling Studies

If the eventual goal of obtaining muscle parameters is to use them in a musculoskeletal
model, it can be informative to include the musculoskeletal model itself in the process of
determining the parameter values. In a recent example, Arnold et al. (2010) used mean
cadaver data from Ward et al. (2009) to update an earlier musculoskeletal model (Delp et al.,
1990). Values for the unloaded tendon lengths were calculated by subtracting the Ward et al.
(2009) fiber lengths from the origin-to-insertion muscle lengths of the model when its joints
were in the same position as the joints of the cadavers during the Ward et al. (2009)
measurements. The model’s active and passive torque-angle relationships were then
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compared to normative human data, with generally favorable results. The Arnold et al. (2010)
parameters are presented in the spreadsheet combined with the Ward et al. (2009) parameters
due to their close association. Values for PCSA from Arnold et al. (2010) that were not included
in Ward et al. (2009) were calculated by dividing the maximum isometric force by a specific
tension of 61 N/cm?, which was the value used by Arnold et al. (2010) to convert the Ward et
al. (2009) PCSAs to forces.

A more complicated modeling approach was applied to the ankle joint by Hasson and
Caldwell (2012). Maximum voluntary isometric contractions of plantarflexion and dorsiflexion
were performed at a range of joint angles by 12 young adults and 12 older adults. A planar
model of the ankle joint including soleus, gastrocnemius, and tibialis anterior was used to
simulate these contractions for each subject, and the optimal CC length L, and unloaded SEC
length L,, (along with other parameters) were optimized to track the measured torque-angle
data. In the results presented here, mean fiber volumes from MRI were divided by mean L, to
determine the reported PCSA values. An advantage of this approach is that it is faithful to the
spirit of the Hill model: parameters are defined such that joint-level output resulting from
muscle forces is realistic. A disadvantage is that there can be a mismatch between the sources
of the model’s output and the sources of the measurements. For example, plantarflexors other
than the triceps surae complex and dorsiflexors other than tibialis anterior contributed to the
measured torque, but were not modeled.

A large number of musculoskeletal models have based their muscle model parameter
values partly or entirely on the influential lower limb model by Delp et al. (1990), which used
similar methods to Arnold et al. (2010) and referenced many parameters from the young male
cadaver of Friedrich and Brand (1990). To avoid redundancy in the data presented here,
models with parameter values based on Delp et al. (1990) were excluded with the exception of
the most recent iteration of the original model, the popular “Gait2392” model available in
OpenSim software (Thelen & Anderson, 2006; Delp et al., 2007). Specific tension of 61 N/cm?’
was again used to convert maximum isometric force to PCSA; Delp et al. (1990) used this value
in the original derivation of the model’s parameters.

3.5. Fiber Type Distribution

Results on FT are dealt with in their own sub-section because studies in the previous
sub-sections did not report FT data. Very few studies have reported data from a large number
of human lower limb muscles. To the knowledge of the author, only two studies have included
data from more than five muscles: Johnson et al. (1973) presented data from 14 lower limb
muscles in six cadavers, and Garrett et al. (1984) presented data from nine hip and knee
muscles in 10 cadavers. Five additional cadaver studies on fewer muscles were identified:
Edgerton et al. (1975), Elder et al. (1982), Parkkola et al. (1993), Dahmane et al. (2005), and
Arbanas et al. (2009). A large number of muscle biopsy studies have reported FT data from
vastus lateralis only; for brevity these studies were excluded from the present summary. Five
additional biopsy studies included in the review were: Clarkson et al. (1980), Vandenborne et al.
(1993), Plomgaard et al. (2005), Trappe et al. (2009), and Dickinson et al. (2010). Dahmane et
al. (2005) reported FT as the fraction of fiber cross-sectional area, and Clarkson et al. (1980)
and Parkkokla et al. (1993) reported FT as both the fraction of fiber count and fiber cross-
sectional area; only the fiber count fractions are reported here. All other studies reported FT
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as the fraction of fiber count. Data from Clarkson et al. (1980) are separated into “power”
athletes (weightlifters) and “endurance” athletes (runners). In all the data presented here, FT
was defined as the fraction of muscle fibers that were not counted as “Slow”, “Type I”, or
“Myosin Heavy Chain 1”.

FT data overall are rather sparse in the literature: in the set of 12 studies included here,
there were only three muscles with data in more than three studies: gastrocnemius (V=09,
mean FT = 43.7+£9.3%), soleus (8, 22.1£8.5%), and vastus lateralis (8, 55.2+11.7%).

3.6. Muscle Parameters

The full set of muscle parameters from the studies above are included as a Microsoft
Excel spreadsheet in the electronic supplementary material. When possible, the data were
separated by sex, age, and any other relevant factors in the study such as training status. The
coefficient of variation between studies, averaged over muscles and weighted by the number of
samples, was 19% for L, 62% for 8, and 52% for PCSA. Sample results for the quadriceps
muscles are presented in Fig. 2: coefficients of variation ranged from 8-11% for L, 48-78% for
8, and 52-63% for PCSA. Overall coefficients of variation for L,, and FT were not calculated due
to the relatively small sample sizes of those data.

4. DISCUSSION

This work summarizes values for five key parameters on Hill-based muscle modeling: the
optimal fiber length L, the fiber pennation angle 8, the PCSA, the unloaded tendon length L,
and the fast-twitch fiber fraction FT, providing a current update to earlier similar efforts on the
breadth and depth of these parameter values in the literature (Yamaguchi et al., 1990; van der
Helm & Yamaguchi, 2000). Where possible, an effort was made to use consistent practices of
fiber length normalization and the definition of PCSA for the data presented here. The review
of FT includes substantially more data than the earlier summaries. The present results suggest
that L, is remarkably consistent between subjects, but that the other parameters are quite
variable. Relatively few studies have reported values for L,, or for any measurement of tendon
length, but since whole-muscle length varies widely between subjects, L,, likely also varies
widely between subjects especially if the absolute length of L, is relatively consistent. Given
that L, is arguably the parameter to which Hill model output is most sensitive (e.g. Caldwell,
1995; Scovil & Ronsky, 2006), in situations where subject-specific muscle model parameters
may be necessary (e.g. when comparing a patient population to controls), modelers should take
care in assigning the value of this parameter and other parameters with high between-subjects
variability.

It is hoped that the present summary will be a useful resource for defining muscle
model parameters in computer simulations of human movement. A limitation is that the
present work does not provide a complete set of reference parameters for Hill-based muscle
modeling and musculoskeletal modeling. For example, parameters for the width of the CC
force-length relationship were not included, nor were parameters for the CC force-velocity
relationship or the SEC force-extension relationship. These parameters are more difficult to
summarize than the present parameters because their definitions and methods of
implementation in Hill models are substantially more variable. In addition, data for defining
muscle paths as functions of skeletal joint kinematics were not included. Some of the cited
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references here included such data (e.g. Klein Horsman et al., 2007). The availability of
software like OpenSim (Delp et al., 2007), where three-dimensional muscle paths can be
geometrically scaled and further customized in a user-friendly fashion, has made this important
step in musculoskeletal modeling substantially easier.

The need to define muscle paths relates to the use of the parameter values presented
here in practice. In a real muscle, “muscle length” L,, refers to the origin-to-insertion length.
The analogous length in the Hill model is the CC length plus the SEC length (Fig. 1):

Ly = Leecos 0 + Lgge (Eq. 4)
The excursions of L, will depend on the muscle path definitions and the skeletal kinematics,
while the (feasible) excursions of L. and Lgz. will depend on the definitions of the force-
length and force-extension relationships and the values of L, and L,, respectively. Directly
inserting referenced parameter values for L, and L,, into a specific musculoskeletal model that
exists outside the source of the parameters, with arbitrary muscle path definitions; the
musculoskeletal model itself will in nearly all cases need to be directly included in the process
of assigning parameter values or vice-versa (e.g. Arnold et al., 2010). As noted earlier, an ideal
Hill model will produce the same forces for the same excitation and kinematic conditions as a
real muscle; it will not necessarily produce CC/SEC kinematics that match in vivo fiber/tendon
kinematics. However, measurements from real muscle should likely form the basis for what
reasonable values of Hill model parameters should resemble. For example, although the Hill
model is phenomenological in nature, a well-parameterized Hill model of gastrocnemius or
soleus should likely not have a relatively long CC / short SEC if it is to be used in simulations of
stretch-shortening cycles and the associated work and energy of active muscle contraction (e.g.
Lichtwark & Wilson, 2007), even if allowing such parameters gives a better fit with torque-angle
dynamometry data than parameters representing a relatively short CC / long SEC.

Hasson and Caldwell (2012) is a rare example where optimization has been used to
define muscle model parameters in a specific musculoskeletal model on the basis of matching
dynamometry data, using referenced literature values as a starting point. Hatze (1981) was the
first to propose this approach in an application in the elbow flexors, and Gerritsen et al. (1998)
extended it to the lower limb joints. Other authors have used conceptually similar approaches
without formal optimization by hand-tuning selected model parameters to match the general
shape of dynamometry data (e.g. Anderson & Pandy, 1999; Arnold et al., 2010). This approach
provides useful and reliable estimates of muscle parameters for simulations of whole-body
movement (De Groote et al., 2010) and should be strongly considered in any study involving
muscle models. In cases where experimental dynamometry data are unavailable or subject-
specific parameters are unnecessary, normative data on multiple populations have been
published (e.g. Anderson et al., 2007).

A common use of the PCSA data presented here is to calculate the CC maximum
isometric force F,:

F, = PCSA ¢ 05p¢ (Eq. 4)
where gy, is the specific tension of muscle fibers. The value of o, is in theory constant
both within and between subjects, but neither claim has compelling empirical support unless
the related literature is reviewed very selectively. Poor agreement on oy, between studies
could be affected by experimental design, e.g. voluntary vs. electrically-stimulated muscle
activation to determine F, and by differences in determining PCSA (e.g. if intramuscular fat and
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water content are accounted for). Poor agreement on gy, between muscles suggests Eq. 4
may by overly simplistic. For example, Eq. 4 does not account for lateral force transmission
between fibers (Block & Gonzalez Serratos, 2003), and it assumes pennation angle 4 is a spatial
constant, which is not the case in real muscle (Scott et al., 1993). Human joint torque-angle
curves are considerably wider than fiber or sarcomere force-length curves (van den Bogert et
al., 1998), suggesting these omissions play an important role in the physiology of muscle force
production, and that functional CC lengths are longer than anatomical fiber lengths. This
phenomenon further argues for defining parameters like F, and L, from joint-level strength
tests (e.g. Hasson & Caldwell, 2012) with measurements of fiber/tendon characteristics
providing a starting point or the basis for feasible ranges rather than direct parameter values.

ELECTRONIC SUPPLEMENTARY MATERIAL
A Microsoft Excel spreadsheet containing the muscle model parameter values is
available on Figshare: https://figshare.com/s/313¢3017c6bc2674e1c7
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Figure 1. The two-component Hill muscle model with a contractile component (CC) in series
with an elastic component (SEC). Model (a) has no CC pennation; Model (b) includes CC
pennation with angle 8. The CC produces active force in response to an input excitation signal
and its current length and velocity. The CC expresses this force across the SEC, which responds
by changing length, potentially changing the length and velocity of the CC depending on the
whole-muscle kinematics. The pennation angle 8 changes to keep the CC volume constant.
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Figure 2. Means and standard deviations (between studies) for optimal fiber lengths, fiber
pennation angles, and physiological cross-sectional areas of the quadriceps muscles.
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