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It is challenging to obtain in vivo or in situ experimental data from human muscles due to the invasive nature of
such measurements. As a result, many investigations of human performance, surgery, or skeletal adaptation are
necessarily based on musculoskeletal models. The utility of such models will depend on the question being asked
and the extent to which the model is sufficiently accurate to address that question. In this perspective article, we
take advantage of unique intraoperative access to the human gracilis muscle and make direct comparisons be-

tween commonly modeled parameters and those measured from the human gracilis. We directly compare
muscle-tendon unit (MTU) length, optimal fiber length, and tendon slack length. Our results demonstrate that
measured and modeled length parameters differ greatly. This is primarily due to the fact that slack muscle length
and optimal muscle length differ greatly for the human gracilis and that models assume they are the same length.

1. Introduction

Understanding human muscle performance is of great importance in
many fields such as sports medicine, orthopaedic surgery, exercise sci-
ence, neurology and rehabilitation. Such an understanding is provided,
in part, using preclinical models, primarily rodents, which are then
extrapolated to the human condition. This is because obtaining actual
experimental muscle data from humans is extremely challenging due to
its invasive nature. Thus, many investigators rely on musculoskeletal
modeling to fill the gap between directly measured properties and
theoretical constructs. Progress in this field has been made recently in
terms of graphical representation of movement and computation effi-
ciency, but it is important to continue to press for validation studies that
will produce accurate predictions that enable progress in the field of
biomechanics (Hicks et al., 2015).

2. Overview of human muscle modeling

The typical approach used to model human performance is to define
the relevant structural features (usually muscles, tendons, ligaments and

bones), ascribe appropriate material and physiological properties to
these structures and develop equations of motion that interconnect them
all (Seth et al., 2018). A major advance in this approach was enabled by
a seminal contribution to the literature from Felix Zajac (Zajac, 1989).
Zajac created a generic muscle-tendon unit model whereby a muscle
fiber is placed in series with a tendon at some pennation angle (Fig. 1).
This model allowed a single system of equations to represent the
complexity and variety of muscle-tendon functions by scaling the model
to any particular muscle’s structural features. When examining upper
extremity (Lieber et al., 1990; Lieber et al., 1992; Murray et al., 2000;
Saul, 2015) and lower extremity (Ward et al., 2009; Wickiewicz et al.,
1983) muscles, it was clear that various muscles had different fiber
length:muscle length ratios that represent each muscle’s “relative
design” for excursion or velocity. Similarly, muscle-tendon units across
the body had different fiber length:tendon length ratios that could suit a
muscle more for energy storage, fiber shortening or even absorbing
eccentric contractions, thereby potentially preventing injury (Biewener,
2005; Pollock and Shadwick, 1994; Roberts and Marsh, 2003; Shadwick,
1990; Ward et al., 2006). Finally, Zajac coined a term that he called
“tendon slack length,” which was an offset that allowed a muscle to
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Fig. 1. Schematic representation of a muscle-tendon unit (MTU). In this
scheme muscle fibers are arranged at a pennation angle, «, relative to the axis of
force generation (from Fig. 20 of Zajac, 1989). Terms in this figure are: LMT,
length of the MTU; M, length of the muscle fibers; o, pennation angle; LY, slack
tendon length; LY, length of the muscle based on fibers at pennation angle, o; w,
muscle width; F', tendon force; F¥, muscle force.

operate on the appropriate portion of its length-tension curve that would
match experimental joint torque predictions. In practice, tendon slack
length is calculated using optimization, where predictions are system-
atically varied to fit experimental data and it thus becomes a sort of
“fudge factor.”(Hicks et al., 2015; Murray et al., 2000; Saul et al., 2015).
Because of the elegance and simplicity of this model, it has become the
conceptual underpinning of many musculoskeletal models.

3. Active and passive muscle Mechanics

Underlying Zajac’s muscle-tendon unit model are the muscle’s
contractile properties (Fig. 2). The active isometric contractile proper-
ties reflect intrinsic sarcomere length-tension properties (Edman, 1966;
Gordon et al., 1966), scaled to a whole muscle (Winters et al., 2011). The
passive length-tension curve (Fig. 2A) represents the passive load
bearing structures in the muscle such as connective tissue elements
(Huijing and Ettema, 1988; Morgan, 1976; Purslow, 1989), intracellular
load-bearing proteins such as titin (Granzier and Irving, 1995; Labeit
and Kolmerer, 1995), and the intermediate filament system (Lazarides,
1980). Dynamically, isotonic contractile properties are described by the
force-velocity curve (Fig. 2B) whereby muscle force decreases hyper-
bolically with shortening velocity (Hill, 1953) and abruptly increases
upon forced lengthening (Katz, 1939).
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While the basic forms of active isometric and isotonic relationships
described above have been validated across a variety of species and at a
variety of scales, quantifying the passive mechanical properties of
muscle is more problematic (Winters et al., 2011). This is because, un-
like the active length-tension curve, which represents a scaled version of
the sarcomere length-tension curve, there is no equivalent structural
underpinning that provides a high resolution passive muscle structur-
e—function correlation. For example, in a recent multiscale study of three
different rabbit muscles, we clearly showed that, while the isolated
muscle fiber passive length-tension relationship was very consistent
across muscles, as scale increased to bundles, fascicles and whole mus-
cles, each of the three muscles studied yielded a quite different scaling
relationship (Ward et al., 2020), presumably based on their different
connective tissue structures (Binder-Markey et al., 2020). This vari-
ability was especially pronounced at the fascicular level (see open
squares in Fig. 2A, 2B and 2C of Ward et al., 2020). Differences amongst
muscles were not explained by differences in the titin isoform and only
marginally by differences in collagen content (see Fig. 5 of Ward et al.,
2020). In a separate comparison of these same three rabbit muscles,
while the active length-tension relationship for all muscles scaled well
based on the rabbit sarcomere length-tension curve and each muscle’s
architectural properties, the passive curve did not fit nearly as well nor
as consistently (see dashed lines in Fig. 2 of Winters et al., 2011).

In the context of this perspective paper, it is becoming clear that one
of the most important assumptions made in the generic model of Zajac
(Fig. 2) was that the length at which muscle force was optimal was
assumed to be the same length at which the muscle was slack (arrows,
Fig. 2A). While this constraint allows creation of models where the joint
moment is explained by muscle active and passive properties, it is not
clear whether the underlying active and passive muscle properties that
produce the moment are accurate. Does this assumed relationship be-
tween active and passive properties hold for human muscles? What are
the implications for muscle modeling and our understanding of human
movement if it does not?

4. Direct measurement of human muscle properties

To address these questions, for the past several years, we have
exploited our nearly unprecedented access to the human gracilis muscle
to make direct measurements of its passive (Persad et al., 2021b) and
active (Binder-Markey et al., 2023) properties. This is accomplished by
working with our surgical colleagues during a unique muscle trans-
plantation surgery in which the gracilis muscle is transplanted from the

0 1

Fig. 2. Generic representation of muscle physiological properties. (A) Isometric length-tension properties of muscle in the active (solid line) and passive (dotted line)

conditions. These data are on a normalized scale whereby normalized muscle force (F ) ranges from 0 (passive) to 1 (maximum) and optimal muscle force

(red arrow) and slack length occur at the same normalized length (ZM; red arrow; modified from Fig. 8 of Zajac, 1989). (B) Isotonic force-velocity relationship

whereby normalized muscle force (fM ) ranges from O (at normalized maximum velocity, (VM) to 1 (at zero velocity) to 1.8 under conditions of active lengthening
eccentric contractions (negative velocity). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Human gracilis active (red symbols) and passive (blue symbols) length-
tension properties. This figure graphically illustrates the width of the length-
tension curve expressed as full-width at half maximum (FWHM) that allows
fiber length calculation using the equation:Lsy(mm) = 0.68*FWHM(mm)
(Figure modified from Binder-Markey et al., 2023). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Abbreviations Used.

List of Abbreviations.

FWHM Full width of length-tension curve at half of maximum force
FT Force measured at tendon (Fig. 1)

F" Force generated by the muscle (Fig. 1)

™M Muscle length (Fig. 1)

v Muscle length based on the fiber pennation angle (Fig. 1)
LF Length of the muscle fibers

Lgp . Length of muscle fibers at optimal force generation

J A Length of the muscle-tendon unit (MT)

Lﬂg Length of the muscle-tendon unit at optimal muscle fiber length
) Length of the muscle-tendon unit while slack

LYok Length of the tendon while slack

LT External tendon length (Fig. 1)

w Width of muscle (Fig. 1)

Origin Skin Paddle

Journal of Biomechanics 178 (2025) 112423

medial thigh along with its nerve and blood supplies into the biceps
brachii bed of the arm to restore elbow flexion. After 1-2 years
of reinnervation, the gracilis replaces the function of the biceps
(Giuffre et al., 2012). After exposure and just prior to gracilis
transplantation, a small buckle transducer (An et al., 1990) is placed on
the distal gracilis insertion tendon at the proximal medial tibia to
measure muscle force (see Fig. 10 inset of Persad et al., 2022). Then, the
gracilis is placed in a shortened in vivo position and lengthened stepwise
in three successive positions with increasing knee extension and hip
abduction (see Fig. 1 of Persad et al., 2023). The resulting active (red
symbols, Fig. 3) and passive muscle tension (blue symbols, Fig. 3)
encompass the majority of the gracilis’ functional length-tension curve.
A clear ascending and descending limb are seen (Gordon et al., 1966)
and high resolution active and passive forces are measured with a signal-
to-noise ratio of at least 50 (Persad et al., 2022). The four active
data points from each patient are fit to a second order polynomial
(Binder-Markey et al., 2023) and the full width at half maximum
(FWHM) is used to calculate the optimal fiber length (Lf:pt) for that
patient—the length at which active muscle force is maximum. This
length is calculated using the equation (see abbreviations in Table 1):
L}, (cm) = 0.68*FWHM(cm) (€))
which was derived previously from experimental measurement of 11
different muscles across four different species (see Fig. 4 of Winters
et al., 2011). During transfer, the entire gracilis MTU, including its full
proximal tendon and distal tendon, is placed on a sterile towel being
gently laid from origin to insertion, yielding the actual, physical,
muscle-tendon unit slack length (LMT,)(Fig. 4). Note that, in this case,
MTU slack length is not a fudge factor at all, but a real, measured anatomical
parameter.

Given that we had high resolution values for many anatomical pa-
rameters, we also modeled these anatomical lengths using standard
modeling software, OpenSim v4.4 (Seth et al., 2018; Zajac, 1989), based
on Zajac’s muscle model. The default muscle model parameters of
optimal fiber length and tendon slack length (Hamner et al., 2010) were
scaled to that patient’s height as detailed previously (Persad et al.,
2021a).

5. Comparison between experimental and modeled muscle
parameters

Experimentally measured LMY, was significantly shorter compared to
the model prediction, only 81 % of the modeled value (Fig. 5A, white bar

B R
External Tendon

< LMTU >

Lf (slack)

opt

Measured from
Experimental FWHM

I-tslack

Calculated as Lyy—Lfo:

Fig. 4. Intraoperative view of human gracilis muscle on sterile towel after excision from medial thigh and prior to transplantation into the biceps bed. This condition
represents the actual slack length of this muscle-tendon unit (modified from Persad et al., 2022). Tendon slack length is calculated from this value.



R.L. Lieber et al.

ns
A | kakokk kakokk
60 - | |
[ ] oo
—_ [ )
£ eIty
(&)
~ 40 -
s
(2]
c
Q
-
= 20
ot
=
0 T
] x =
3 I E
= »n 3
()
skkk
B
50 -
E 40- .
s e .
£ 30- °
(o]
c
Q ]
— 20
S
[
Ke]
i 10
0 T
Model Optimal
kakokk
C
60— skokok koK
|
T °
o
S
(o]
c
Q
-l
c
[e]
e
]
[

Fig. 5. Comparison between experimental and modeled data. (A) Muscle-
tendon unit length, (B) Optimal fiber length, (C) Tendon length. Experimen-
tally, measured values (blue bars) are compared to modeled values (white
bars). Hatched bars in (A) and (C) represent alternate approaches to calculating
these parameters as described in the text. Note that, except for MTU length at
optimal length, there are significant differences between experimental and

p < 0.0001). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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vs. blue bar). Since, as described above, most skeletal muscle models

MT

MT . is equal to muscle-tendon unit length where LF is

), we also calculated experimental Lﬂg as the peak of the
second order polynomial. Our experimental Lﬁg was not significantly
different from the modeled value (Fig. 5A, white bar vs. hatched bar).

Calculated LF = was significantly lower (p < 0.001), only 46 % of that

opt

assume that the L

optimal (Lﬂ’g

predicted by the model (Fig. 5B). (Since this experimental length only
occurs at optimal fiber length, it is not possible to calculate a “slack”

optimal fiber length.) The underlying basis for the large discrepancy

F
opt

we suspect that the actual anatomical muscle cells (fibers) in long
human muscles such as the gracilis are much shorter than the fascicle
lengths we previously measured using dissections from whole muscle
(Son et al., 2024; Ward et al., 2009). Current studies, beyond the scope
of this perspective paper, are underway to investigate this issue.

Our experimental YT, was clearly not equal to L)fT as assumed by

between measured and predicted L, is not currently known. However,

most models. What about the associated values for tendon slack length?
We took two approaches to calculate tendon slack length (LT,.)
(Equations (2) and (3) below ) since it would be reasonable to use either
approach in a modeling exercise. The two approaches are:

LT (cm) = LM (cm) —LE (cm) 2

slack opt

LTy(cm) = Lf‘,’g(cm) 7L5Pt(cm) 3
Each approach uses a different MTU “reference” length from which to
subtract L} .

Unfortunately, in either case, LT, greatly exceeded that predicted
by the model by more than 100 % (p < 0.001; Fig. 5C). Thus, while it is
possible to use different assumptions to adjust modeled MTU length to
fit experimental data, no set of assumptions yields a value for either Lﬁpt

or Ly, that resemble the actual experimental values.

T
'slacl
6. Summary

This disparity between intraoperative measurements and model
predictions of human gracilis muscle properties clearly demonstrates
that modeled parameters may not reflect anatomical reality. One of the
most obvious reasons for this disparity is that, for most skeletal muscles,
optimal muscle length is longer than slack muscle length. This has been
demonstrated in cats (Tabary et al., 1976), rabbits (Winters et al., 2011),
mice (Warren et al., 1999), rats (Pierotti et al., 1990), guinea pig (Powell
et al., 1984), fish (Rome et al., 1993) and now, humans (Binder-Markey
et al., 2023). Intraoperative experience is that, with joints in a neutral
position, all muscle-tendon units retract when released from their
insertion point. This clearly demonstrates that the true slack length of
the human MTU is shorter than its in vivo length.

MT 7LMT
slack — Hopt

because it adds an additional degree of freedom to any model and its
value is completely unknown. This results in an optimization process
that has too many parameters to vary which results in overfitting in most
cases. As mentioned above, uncertainty regarding LMY, results from the
fact that the passive sarcomere length-tension and passive muscle
length-tension relationships do not have a clear structural basis in
contrast to the active sarcomere length-tension relationship elucidated
over 50 years ago (Gordon et al., 1966). This incomplete understanding
of the structural basis for passive force in muscle and a systematic review
of passive muscle mechanical properties have recently been presented
(Binder-Markey et al., 2021; Lieber and Meyer, 2023). In short, the
reason for the uncertainty in knowing passive muscle force results from
our incomplete understanding of the structural basis of passive force
generation in skeletal muscle. Future studies must be directed toward a
more complete understanding of this phenomenon to allow the

Discarding the modeling assumption that L is problematic
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biomechanics community to model human muscle function accurately.

7. Limitations

This perspective paper provides only a single explicit comparison for
a single muscle at a single center. As such, it is not clear the extent to
which these large errors in musculoskeletal models generalize to other
human muscles. In addition, not all comparisons between experiment
and theory (Fig. 5) perfectly align with the theoretical models. For
example, at optimal muscle length under active force conditions, tendon
strains, which can alter muscle force, but this is not included in any of
our simulations. For this particular system, in which the tendons are
relatively stiff, this would not substantially affect our comparisons as
this would only alter tendon lengths by 1-3 %, which is well within the
variation of the current samples and model. Finally, we recently pre-
sented physiological data of optimal fiber lengths (Binder-Markey et al.,
2023) that strongly contrast with our anatomical data previously pub-
lished (Ward et al., 2009). Our initial sense is that this disparity applies
primarily to very long human muscles, but this impression has not yet
been experimentally tested. Both of these optimal fiber lengths (physi-
ological and anatomical) were used and considered within this
perspective.
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