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ABSTRACT

Passive forces generated by the jaw adductor muscles and their connective tissues are thought
to play a protective role in the feeding system by limiting gape to avoid hyperextension and
minimize distractive forces at the temporomandibular joint. However, passive muscle forces
have only been measured in individual jaw adductors of two non-primate mammals, and it is
unknown how these forces translate to bite force at the occlusal surface and affect gape
behaviors. We measured in vivo passive bite forces in eight adult Macaca mulatta at anterior
(I;) and posterior (M;) bite points across linear gapes ranging from 15-50 mm. Active bite force
data were collected at the anterior bite point from two of these macaques (one male; one
female) using a custom-built bite force transducer across linear gapes ranging from 10-60 mm.
We demonstrate that M. mulatta passive bite forces increase with gape and vary by bite point
with forces larger at M; compared to I, for both linear and angular gapes. Our experimental

data and Hill-type muscle models of both active and passive forces suggest that passive bite
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forces are absolutely and relatively small at the occlusal surface in macaques and play a
minimal role in constraining gape. These are the first empirical data on bite force passive
tension in primates, and the first data to suggest that the macaque jaw adductor muscles

exhibit unusually high compliance potentially relating to selection for large gape behaviors.

Summary Statement

This study compares in vivo passive and active bite forces at the occlusal surface in Macaca
mulatta and discusses implications for bite force-gape tradeoffs and feeding system muscle

models.

Keywords: Muscle, feeding, mastication, primate, dental

INTRODUCTION

Bite force is a product of integrated neural signaling, skeletal biomechanics, and muscle
physiology. In mammals, bite force is primarily generated by the three major jaw adductor
muscles: the masseter, the medial pterygoid, and the temporalis. The total force generated by
each of these muscles is the result of both active forces produced by the cross-bridging cycles
within sarcomeres (Gordon et al., 1966) and passive tensile forces generated by connective
tissue elements (Purslow, 2020), intracellular proteins such as titin (Labeit and Kolmerer, 1995),
and the intermediate filament system (Lazarides, 1980). Contractile properties at the level of
the sarcomere, the smallest functional contractile unit, as well as the whole muscle (Winters et
al., 2011), can be described as a length-tension curve—where force increases until the
sarcomere or muscle reaches an optimal point of stretch (lA,f’O). If stretched beyond this point,
the active force decreases and the passive force increases (Fig. 1). Length-tension curves and
the role of passive tension have primarily been studied in isolated muscle preparations (e.g.,
Davis et al., 2003). However, applying these findings to broader functional units, such as the jaw

or leg, is challenging because the muscles are a part of complex, integrated systems.
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Passive tension is thought to contribute to the mammalian feeding system in several
ways. Jaw adductor passive tension was initially proposed to help maintain a resting closed to
slightly open jaw position (Yemm, 1976; Rugh et al., 1980; Miller, 1991), but Langenbach and
Hannam (1999) suggest both passive and active tension help to maintain jaw position. In the
locomotor system, passive tension provides elastic energy storage in muscles such as the
gastrocnemius contributing to energy efficiency during locomotion (Biewener, 1998; Ettema,
1996). However, energy costs of the feeding system are small (Laird et al., 2016; van Casteren
et al., 2022; Wall et al., 2023), as is the likely importance of passive tension in energy storage
for the jaw (Ross and Iriarte-Diaz, 2012). Instead, passive tension is thought to play a protective
role in the feeding system by limiting gape to avoid hyperextension, sudden lengthening
perturbations, and by minimizing distractive forces at the temporomandibular joint (TMJ;
Iriarte-Diaz et al., in review). This protective mechanism has been demonstrated by Horner and
colleagues (2024), who show the medial gastrocnemius of rats increases in passive stiffness as
the operating length of the muscle shortens, likely limiting the force the animal produces during
locomotion. In cercopithecoid primates, passive tension safeguards against TMJ displacement
during wide-gape behaviors, including displays, prey capture, and food ingestion. For example,
wide-gaped canine display in species such as macaques relate to inter-male aggression and an
increased capacity for adductor muscle stretch (Plavcan and van Schaik, 1992; Taylor et al.,

2024).

There are few assessments of both active and passive tension in the mammalian feeding
muscles. Both active and passive tension were modeled in gouging marmosets and non-gouging
tamarins using passive tensions data based on the tibialis anterior of a rabbit, and tamarins had
larger passive forces at wide gapes (Eng et al., 2009). Anapol and Herring (1989) report active
and passive tension in the masseter and digastric muscles of miniature pigs using nerve cuff
stimulation. They found that masseter passive tension costs began to increase prior to the gape
associated with optimal force production. Similar results were noted in the masticatory muscles
of opossums, which have a larger relative maximum gape (Thexton and Hiiemae, 1975), as well
as in rats, where the superficial masseter is proposed to operate at both long and likely

unstable lengths while biting mechanically hard foods (Konow et al., 2025). However, more
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recent analyses of active and passive tension measured in isolated limb muscles suggest that
passive tension is dependent upon the connective tissue of the individual muscle and does not
consistently scale with active tension (Winters et al., 2011; Ward et al., 2020; Lieber et al.,

2025).

The effects of jaw adductor active and passive tension on bite force at the occlusal
surface are of interest for musculoskeletal models of the feeding system. Hill-type muscle
models use computational approaches to functional systems that incorporate bony geometry
with muscle properties, including muscle architecture measures of fiber length, pinnation
angle, and passive tension. While these models are commonly used for the locomotor system
(e.g., Hill, 1938, 1950; Anderson and Pandy, 2003; Thelen, 2003; Delp et al., 2007; Peterson et
al., 2011; Biewener et al., 2014), such models have only recently been applied to the feeding
system (Iriarte-Diaz et al., 2017, in review; Laird et al., 2024). Muscle models of bite force were
compared to in vivo bite forces from two strepsirrhine primates, Eulemur and Varecia, and
modeled passive components had little to no effect on predicting bite force (Laird et al., 2024).

However, it is unknown how modeled and in vivo occlusal passive forces compare in primates.

We compare total and passive bite forces at the occlusal surface of rhesus macaques
(Macaca mulatta) and test the effects of passive tension on muscle models of the feeding
system. To estimate the contribution of both active and passive components of muscle force to
bite force, we measured bite forces from awake and sedated animals, respectively. Bite forces
obtained from sedated animals represent only the passive bite forces. Bite forces recorded
from awake animals represent the total bite forces, which combine both passive and active
muscle force contributions. Macaques are an ideal model organism for comparing jaw adductor
active and passive muscle force as they use both high bite force and large gapes to orally
process foods, engage in aggressive or defensive exchanges, and for social or manipulative
purposes (e.g., Corlett and Lucas, 1990; Hylander, 2013; Panagiotopoulou et al., 2023). Bite
forces in macaques are well studied, with estimates derived from numerous methods including
in vivo, muscle, tooth mark, and simulation approaches (Laird et al., 2025). Previous in vivo
approaches to bite force in macaques report a range of 92.18-101.99 N on the incisors and an

average of 235 N (maximum 333 N) on the molars using a force transducer (Hylander, 1979).
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Dechow and Carlson (1990) used unilateral muscle stimulation to record a mean range of
133.1-151.1 N on the incisors and 286.2—-369.3 N on the molars in a sample of 96 adult Macaca
mulatta. However, there are no published in vivo passive bite force values for the primate
feeding system, with models including passive muscle forces that have been estimated either
using data from other animals (Thexton and Hiiemae, 1975; Anapol and Herring, 1989; van
Eijden et al., 2002) or from muscles outside of the feeding system (e.g., rabbit tibialis anterior;

Davis et al., 2003). We address three questions:

Question 1: How do passive bite forces relate to gape and vary across the toothrow?

As the jaw is gaped and adductor muscles stretched, passive muscle and bite forces are
expected to increase exponentially. Passive bite forces are expected to vary along the toothrow
such that posterior bite points are associated with higher bite force values, reflecting the

proximity of the bite point to the TMJ (Greaves, 1978).

Question 2: How do passive bite forces relate to peak active bite force and maximum gape?

Masticatory muscle passive tension data from minipigs suggest passive tension costs
rise prior to the gape associated with peak bite force, and passive tension values exceed active
tension values at or around maximum gape. This serves to safeguard against jaw displacement
at the expense of bite force production (Thexton and Hiiemae, 1975; Anapol and Herring,
1989). We expect macaques to show a similar pattern with passive bite force values rising prior

to peak active bite force and surpassing active tension values near maximum gape.

Question 3: How do passive forces influence Hill-type muscle model predictions of bite force

and operating range?

Models of the primate feeding muscles either do not include passive muscle forces or
estimate passive tension from other animals and/or muscles (e.g., Thexton and Hiiemae, 1975;

Anapol and Herring, 1989; Davis et al., 2003). We expect the inclusion of passive muscle force
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estimates from in vivo passive bite force data in Hill-type models of the feeding system to
produce similar bite force and operating range estimates as models without passive muscle
force estimates (Laird et al., 2024). However, bite force and operating range estimates are
expected to be different from models using passive tension estimates from other animals

and/or muscles.

MATERIALS AND METHODS
Passive and active tension data

A total of 74 measures of in vivo passive bite force were collected from eight Macaca
mulatta (5 females, 3 males) adults at linear gapes ranging from 15 to 50 mm. Total bite force-
gape data were collected from two of the macaques included in the passive bite force sample
(Hk-male and LI-female). Active bite force-gape data were not collected for the other six
macaques in the passive sample due to animal training availability. All data were collected at
the University of Pennsylvania and approved by the University of Pennsylvania Institutional

Animal Care and Use Committee (#805870).

Bite force data were recorded using a custom-built bite force transducer based on a
model described by Herrel and colleagues (2001; 2004; 2005) and others (e.g. Verwaijen et al.,
2002; Aguirre et al., 2003; Laird et al., 2023a; 2024). Two metal plates were fixed to a
compressive piezoelectric load cell (Kistler 9203), and the spacing between the plates was
changed using an adjustable micrometer (Mitutoyo 152-103). Increased space between the bite
plates resulted in a larger linear gape (in mm). Compressive loads were amplified (Kistler
5995A), passed through an analog-to-digital converter (Adafruit Industries ADS1115), and
logged on a Raspberry Pi 4 Model B using custom Python code. Athletic tape was wrapped
around the metal plates to protect the animal’s teeth. Amplified output loads were converted
to Newtons of force by conducting calibration experiments using a series of 100, 200, and 500g
weights that were statically placed on the bite plates, including the athletic tape, at 10-, 15-,

and 20-mm linear gape determined by spacing between the bite plates. There were no
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significant differences in the forces between gapes in the calibration experiments, and we used

a standard correction factor (Laird et al., 2023a; 2024).

Passive bite force data were collected using this bite force transducer during semi-
annual veterinary sedations conducted by University Laboratory Animal Resources
veterinarians and veterinary technicians in February 2024 and 2025. Sedation was achieved
using a combination of 4 mg/kg of ketamine and 0.025 mg/kg of dexmedetomidine, and all
animals had a negative palpebral reflex and relaxed jaw tone before passive bite force data
collection. While the animal was sedated, the bite plates of the transducer were successively
spaced between 15 and 50 mm linear gape in 5 mm increments and positioned between the
central incisors and between the right first molars. The bite plates were held between the teeth
until the force plateaued, the bite plates were removed, and the jaw was allowed to close
between each gape increment and between bite positions on the incisors and molars. For large
linear gapes, the jaw was also gently translated anteriorly. Linear gapes smaller than 15 mm did
not register measurable bite forces using this setup and were not included in the analyses.
While sedated, each animal was weighed on a digital scale, and a series morphological
measurements were recorded on the face using sliding calipers: jaw length (the distance
between condylion laterale to infradentale), facial width (the distance between the left and
right lateral canthus of the eyes), maximum gape (measured between the central incisors), and,

if present, the amount of incisor overlap or spacing (following Hylander, 2013; Table 1).

Total bite force-gape data were collected for two of the macaques at the incisors (HK -
male; LL - female) over a period of eight months. A total of 419 voluntary bites (HK - 311; LL -
108) were collected from these animals between normal meal times, and neither animal was
water or food restricted. Bites were recorded in 5 mm increments at linear gapes ranging from
10 mm to 55 mm for LL and between 15 and 60 mm for HK. Both animals received water-
diluted apple or grape juice as a reward for biting, which was administered by a plastic cannula
taped to the underside of the top bite plate. Bites were loosely threshold trained, meaning that
the animal had to elicit stronger and stronger bites to receive reward, and reward was withheld
for bites with lower force (described in Laird et al., 2023a). Only the maximum forces recorded

at each gape for each animal were included in the analyses. Maximum linear gape at the central
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incisors measured under sedation was 63.76 mm for animal HK and 54.18 mm for LL. The
largest linear gape for which active bites were recorded was 60 mm for animal HK and 55 mm
for LL, suggesting that active force was measured at or near their maximum linear gapes. Active
bite forces were isolated by subtracting the passive bite force data from the total bite force

data.

Behavior data

Bite force data in primates are best contextualized using multiple sources (Laird et al.,
2025), and we supplemented the transducer forces for monkeys HK and LL using shell fracture
properties of two nuts. Both animals were provided with English walnuts and Brazil nuts in the
shell (www.nuts.com) and filmed while feeding on these items using a Sony Handycam video
camera (HD CRX405). Videos were reviewed to determine the location of fracture (incisors
versus postcanine dentition). Force-to-fracture estimates for English walnut (233.39 N) and
Brazil nut (614.46 N) shells were collected from the literature (Laird et al., 2023). Dimensions of

both nuts were collected using digital calipers (SOM Tables 1 and 2).

Passive and total bite force analyses

Maximum passive and total bite forces within each trial were segmented using the
packages ‘pracma’ (Borchers, 2019), ‘quantmod’ (Ryan et al., 2020), and ‘splitstackshape’
(Mahto, 2019) in R (R Core Team, 2025). We analyzed both linear and angular gape, which was
calculated using jaw length measurements for each animal. Linear mixed effects models for
linear and angular gape were used to test differences in passive tension between I, (anterior)
and M; (posterior) locations on the toothrow and to test whether passive tension differed
between males and females. Tests were conducted using the package Ime4 (Bates et al., 2015)
and post-hoc tests in package emmeans (Lenth, 2023). Models for differences in passive tension
at each bite point were constructed with the identification of each animal and sex as random

factors, and sex was moved to an explanatory variable to test for differences between males
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and females. To determine whether forces at each linear gape were significantly greater than
zero, separate models were fit for anterior and posterior measurements with linear gape as a
fixed effect and animal and sex as random effects. Estimated marginal means with 95%
confidence intervals were used to identify linear gape levels where forces exceeded zero. These
tests were only conducted on linear gape as a categorical variable. Significance level was set as

0.05.

Construction of virtual bone and muscle segment models
3D skeletal and muscle data

Muscle segment models were created using PLY mesh skull models downloaded from
MorphoSource (Boyer et al., 2016) of an adult male and female Macaca mulatta (specimen IDs
000543170 and 000543165, respectively). These 3D meshes were cleaned and oriented such
that the Y-axis passes through the left and right temporomandibular joints (TMJs) and the X-axis
is parallel to the premolar and molar occlusal plane using Geomagic Wrap 2017 (Geomagic,
Morrisville, NC). Full details on the muscle segments are described in Iriarte-Diaz et al. (2017)
and Laird et al. (2024). Briefly, the three jaw adductor muscles were modeled using a series of
seven equidistant segments aligned between the cranial and mandibular attachments and
wrapped to the surface of the model. These 3D muscle models were used to simulate changes
in gape by rotating the mandible from 0 to 50 degrees at 5-degree increments. At each gape
increment, the mandible was also translated so that the ramus cleared the postglenoid process
and that the condyle remained in tangential contact with the glenoid fossa. For each gape,
force position and direction were calculated for the virtual muscle segments. Muscle

architecture data was obtained from Taylor and colleagues (2018) and shown in Table 2.

The 3D model data (cranium, mandible, and virtual muscles) and the muscle
architecture data were scaled to match the jaw length of each subject using the measurements
recorded from each animal during sedation. For linear variables such as fiber lengths, linear
gapes, moment arms, and muscle positions, values were scaled by multiplying the variable by

Lj exp/Ljma, Where Ljex, and Ljma are the jaw length of the specific experimental subject and the
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jaw length from the muscle architecture data, respectively. PCSA was scaled by multiplying it by

(Lj,exp/Lj,MA)z-

Linear gapes were transformed to angular gapes by measuring the linear distance
between the upper and lower teeth (I for anterior bites and M; for posterior bites) of the

scaled 3D model at different gape angles, and then interpolating the experimental linear gapes.

To compare anterior and posterior bites, bite forces on posterior teeth (Fj;0 1) Were

scaled to estimate bite forces on anterior teeth (Fy ;e ;1) as:

Fpit M1 Ay
Fbite,]l = led—' #[1]
11

where d; and dy; are the perpendicular distances of the first incisor and the first molar from

the TMJ axis, respectively, where the TMJ axis is the line connecting the left and right TMJs.

Estimation of muscle and bite forces

Virtual 3D muscle models were created for one female and one male macaque. We
created three different 3D models for each sex based on the active tension data collected from
animals HK and LL: (1) a model without including passive tension, (2) a model similar to past
approaches that optimizes both active and passive parameters to best fit the experimental bite
force data, and (3) a model with individual-specific in vivo passive bite forces at the occlusal

surface reported here.

Bite force at a particular bite point was estimated from the three jaw adductors,
masseter, temporalis, and medial pterygoid, by first estimating force for each muscle segment

and then summing across the muscles.

Bite force produced by individual muscle segments for a given gape was estimated using the

equation:

2 Fm (gape) dm

Fpite (gape) = , #[2]

dbite
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where Fp, (gape) is the maximum force generated by an individual muscle segment at a given
gape, d, is the moment arm (perpendicular distance of the TMJ axis) of the segment of muscle,
dpite is the moment arm of the bite point, and is multiplied by two to simulate the effect of both

muscle sides.
Fn (gape) Was calculated using a Hill-type model as:
Fin (gape) = Fmax(fa + ﬁo ) €OS ((gape) » #[3]
where fa and fp are the normalized active and passive force-length relationships (Fig. 1),

®(gape) IS the pennation angle for a given gape, and Frax is the maximum tetanic force that the

muscle segment can generate, calculated as:

where o represents the specific tension of skeletal muscle (estimated as ~30 N/cm? for
homogeneously IIM muscle), PCSA is the physiological cross-sectional area of the muscle (in
cm?; see Laird et al., 2024 and Taylor et al., 2025), and ng indicates the number of segments per
muscle.

The normalized active force-length curve was given by the equation (equation HH in

Rockenfeller and Gunther, 2017):

A

Ja =

_((’:f (gazae)‘ALa)—l)2
e 0.41 , # [5]

and the normalized passive force-length curve was defined by the equation (Dick et al., 2017):

~ ~ 2 -~ -~
fo = 2.64(Ls (gapey — ALp)" — 5.30(Ls (gapey — ALp) + 2.66  for Ly (gapey > 1, #[6]

=
Q
=
O
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
(e
X
Ll
G
(o]
©
C
=
>
O
S




fo =0 for L (gapey < 1,#[7]

where Ef (gape) is the muscle fiber length for a given gape normalized to Ly o, the fiber length
at occlusion, and AL, and ALy are active and passive offset parameters, respectively, which are
optimized for each subject (see Optimization of muscle parameters below). AL, represents how
much a muscle fiber has to be stretched from occlusion to reach its optimal length, while AL,
represents the normalized slack length—how much the fiber has to be stretched to start

generating passive force. Zf (gape) Was calculated by the equation (Laird et al., 2024):

. 2 2
~ _ (Lf,occ SN Apec ) + (Lf,occ COS Qoec + ALS (gape))
Ly (gape) = 12 , #[8]

,occ

where a,. is the pennation angle at occlusion, and AL (4ape) is the difference in the length of
the muscle segment for a given gape with respect to the segment length at occlusion,
measured directly from the 3D muscle models. Equation 8 assumes that muscle fibers are
parallel, coplanar, and of equal width (Azizi and Deslauriers, 2014; Dick and Wakeling, 2018)
and (2) as the length of the muscle changes, pinnation angle varies while muscle thickness does

not (see Laird et al., 2024).

Optimization of muscle parameters

Our muscle model requires the estimation of the active and passive offset parameters
(AL;and ALp) as well as of active and passive correction factors (cf, and cf,), which affect the
magnitude of the predicted bite force, but does not change the shape of the bite force-gape

relationship. All parameters were estimated using the MATLAB “Isqcurvefit” function with the

=
Q
=
O
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



Levenberg-Marquardt algorithm, which searches for the best combination of parameters that
minimizes the least-square differences between the predicted bite force values from the model

and the in vivo data at different gapes.

For all individuals, we first estimated the passive parameters (ALy and cf,,) alone using
the experimentally collected bite force data on anesthetized animals, which was used to

determine the passive component of the bite force-gape relationship.

For the two individuals (HK and LL) with total bite force data collected experimentally,
we tested three muscle models with different optimization conditions. The first model, "Passive
First’, uses the AL, and cf, passive parameters calculated above from the passive bite force
data, and then only optimizes the active parameters (AL, and cf,) that best fit the total bite
force data. In this model, the cf, and cf, parameters can have different values. The second
model, ‘Total Force’, optimized both the active parameters (AL, and cf,) and the passive
parameters (AL, and cfy) together to best fit the experimental total bite force data only. In this
model, the experimental passive bite force data is not used, and the cf, and cf, parameters are
the same. The third model, ‘Total Force Constrained’, optimizes both active and passive
parameters to best fit the experimental total bite force data, but constrained so that the AL,

and AL, parameters are the same, and the cf, and cf, parameters are the same.

RESULTS
Question 1: Passive bite force varies with gape and location on the dentition.

Passive bite forces at both anterior and posterior bite points were significantly
positively correlated with both linear and angular gape such that higher passive bite forces
were recorded at larger gapes (p < 0.01; Fig. 2; SOM Table 3; Table 3). Linear gapes below 15
mm did not register passive bite forces. As expected, passive bite forces differed between
anterior and posterior bite points. A bite point at M; was associated with passive bite forces
that were 2.6 times larger than those on the anterior dentition (p < 0.01). On the anterior

dentition for linear gapes, females have significantly higher passive bite forces compared to
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males (p = 0.03), but there are no significant differences between the sexes in passive bite
forces at M, for linear gape or for angular gape at the incisors or M; (SOM Table 3; SOM Fig 1
and 2).

Question 2: Passive bite forces vary in relation to peak bite force and maximum gape.

Total bite forces were measured for one male (HK) and one female (LL) macaque. The
maximum bite force for LL was 229.69 N measured at 25 mm linear gape, whereas the
maximum for HK was 319.14 N recorded at 30 mm linear gape, which is the highest reported in
vivo incisor force from a macaque (Table 4; Laird et al., 2025). Shelled nut fracture was used as
a secondary measure of assessing bite force (SOM Table 2). Macaque LL did not fracture English
walnut or Brazil nut shells on the incisors, which is consistent with our transducer data.
However, macaque HK fractured both the English walnut and Brazil nut shells using his incisors,

which suggests that 319 N is an underestimate of his maximum total bite force.

As expected, total bite forces in both animals increased with larger gapes until reaching
their respective maxima at 25 mm (LL) and 30 mm (HK) linear gape, after which bite force
decreased with larger gapes (Fig. 3; SOM Fig. 2). Across all animals, confidence intervals for the
relationship between anterior passive bite forces and gape indicate that forces at linear gapes
larger than 30 mm were significantly different from zero, and posterior passive bite forces were
significantly different from zero for linear gapes larger than 25 mm (SOM Table 4). Difference in
confidence intervals for males and females could not be tested due to low sample sizes. This
suggests passive bite forces significantly differ from zero around maximum gape; however, total
forces in both animals were substantially larger than passive bite forces at all gapes, including

at maximum gape.
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Question 3: How do passive muscle forces influence Hill-type muscle model predictions of bite

force and operating range?

Optimized passive parameters based on the passive bite force data show that the AL,
ranges from 0.25 to 0.43, but the correction factors cf,, indicate that passive bite forces are
largely overestimated by the model (cf, < 0.1; SOM Table 5; SOM Fig. 2). For the two
individuals with total bite force data, two of the muscle models fit the experimental data
reasonably well (R? > 0.58; models ‘Passive First’ and ‘Total Force’) while one model
overestimated bite forces at large gapes (R? < 0.46; ‘Total Force Constrained’; Fig. 4). Models
“Passive First’ and "Total Force’ have similar active offset parameters AL, between 0.47 and
0.52, but they differ in their passive offset parameters (Table 5). Model "Passive First’ has AL,
values between 0.25 and 0.33, indicating that the passive muscle forces start developing before
the muscle fibers reach their optimal length (AL, < AL,), but increase very slowly with gape. In
contrast, the "Total Force’ model has AL, values well above the optimal muscle length (AL, >
AL,). This results in a model that effectively does not have a passive bite force component
within the range of gapes measured. In other words, this model represents a model with only
an active force component (Fig. 4). Finally, the "Total Force Constrained’ model also has similar
AL, values to the "Passive First’ and the "Total Force’ models, but the AL, is constrained to be
the same as AL,. In this model, the passive muscle force component starts increasing
substantially at around 20-degree gapes, overestimating the measured passive bite force

values.

DISCUSSION

Measures of passive muscle force of the mammalian feeding system are limited (but see
Thexton and Hiiemae, 1975; Anapol and Herring, 1989; Konow et al., 2025), although the
expectation is that passive muscle forces are on par with, or exceed, active force when
stretched based on a Hill-Type length-tension model (Fig. 1; Hill, 1938, 1950). Here, we tested
how in vivo passive and total bite forces vary with gape in a primate, the rhesus macaque, and

found that passive bite force is substantially lower than active force, even at large gapes. We
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acknowledge that our total force sample is limited to two animals, and that the use of sedatives
has previously been noted to increase muscle stiffness (e.g., tongue stiffness under general
anesthesia, Kappert et al., 2021), potentially affecting the jaw adductors. However, increased
muscle stiffness would have limited gape stretch, resulting in higher passive bite force values
than what might be expected under other sedation methods. Our passive bite force values may
therefore be an upper bound, and are still substantially lower than total bite force values.
Further, the role of sedatives, including midazolam and dexmedetomidine, have been linked
with increased bite force production through the loss of the proprioceptive function of the
periodontal ligament (Sivasubramani et al., 2019), effectively suppressing the body’s natural
neural feedback loop for risking damage to the system. This study is the first to compare
primate in vivo passive and active bite forces at the occlusal surface, and we discuss the
implications of these data for bite force-gape tradeoffs and muscle models of the feeding
system.

To contextualize the total bite force data, we compare our data to the extensive
literature on bite forces in macaques (reviewed in Laird et al., 2025). We report the highest in
vivo bite forces for adult male and female macaques measured using a force transducer on the
incisors (male: 319.14 N; female: 229.69 N). These values are more than twice the magnitude of
previously reported in vivo and stimulated incisor forces (Hylander, 1979; Dechow and Carlson,
1990), but smaller than reported incisor force values estimated using food fracture, muscle
architecture, and jaw leverage (Hill et al., 1995; Deutsch et al., 2020; Holmes and Taylor, 2023).
These data are also consistent with our behavior data, although 319.14 N may be an
underestimate of animal Hk’s incisor bite force. We compared our maximum gape values to
previous studies. All but one of the animals measured here had maximum gapes smaller than
the reported male and female ranges of a sample of 50 M. mulatta (Hylander, 2013). However,
all maximum gapes for the animals in this study were within their respective male and female
ranges for a sample of 117 adult rhesus macaques from Cayo Santiago, Puerto Rico (Canington

et al., under review).
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Primate jaw adductor passive forces are small across the jaw’s operational range

Collectively, our results demonstrate that M. mulatta passive bite forces across the
toothrow increase with gape. This means that as the jaw opens, the jaw adductor muscles are
stretched, resulting in the generation of tensile forces from the connective tissue, proteins (e.g.,
titin), and other structural elements in the absence of active contraction (Gordon et al., 1966;
Lazarides, 1980; Labeit and Kolmerer, 1995; Purslow, 2020). As expected, passive bite forces
were larger at M; compared to the incisors for comparable linear and angular gapes. This
difference reflects the shorter moment arm of an M, bite point to the TMJ, and the larger
amount of gape needed to open the jaw to a particular angle or linear distance at a posterior
bite point compared to a bite point at the incisors (Greaves, 1978). Our results also suggest a
few differences in passive bite forces between males and females, as the only measure
demonstrating significant sexual dimorphism was passive bite force at the incisors across linear
gapes (SOM Table 3). Muscle architecture data from M. fascicularis suggest males have longer
jaw adductor fibers compared to females (Terhune et al., 2015), and coupled with males having
larger maximum gapes (Table 1; Hylander, 2013), this implies that passive bite forces generated
by the jaw adductors in males should be lower than females for a given gape. While this pattern
held for our incisive measures across linear gapes, our total sample size was small. We expect
greater sexual dimorphism in passive bite forces with increased sampling.

Previous studies of passive tension in the feeding system noted that passive forces
began to increase prior to peak active force (Fig. 1; Thexton and Hiiemae, 1975; Anapol and
Herring, 1989; Konow et al., 2025). Our data were consistent with these prior findings. We
found that passive bite forces significantly differed from zero around peak total bite force in our
two animals (Figs. 3 and 5). Our data are also in line with previously published opossum data
(Thexton and Hiiemae, 1975), with passive bite forces neither exceeding nor nearing active bite
forces, despite recording close to maximum gape. However, the macaque passive forces
differed from those of minipigs (Anapol and Herring, 1989), and to a lesser degree rats (Konow
et al., 2025), that were more similar to the Hill-type model expectations. The similarity between
macaques and opossums is notable as both taxa use large gapes associated with different

behaviors. Didelphis virginiana is known to hold large gapes for display as part of their fear

e
Q
=
(O]
wn
>
C
©
£
©
()
)
Q
Q
(9]
Q
<<
L]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
(]
S



responses, but this behavior is rarely accompanied by an attack (McManus, 1970). Holding a
wide gape without generating large active bite forces may seemingly benefit from high passive
tension, as predicted by a Hill model, which could theoretically stabilize the TMJ, allowing gape
to be maintained with low adductor muscle activity. These results are also consistent with
modeled passive tension data in gouging marmosets and non-gouging tamarins, as larger
modeled passive tension values were reported in non-gouging tamarins (Eng et al., 2009).

Macaques accompany large gapes with aggressive and defensive behaviors involving
active bite force generation, such as canine biting (Altmann, 1967; Plavcan and van Schaik,
1992; Highlander, 2013; Terhune et al., 2015). Despite this difference in the use of force at large
gapes, both macaques and opossums had similar passive estimates, indicating that passive
forces play a minimal role in constraining the TMJ and are minimally influenced by large gape
behaviors. It may be the case that anatomical differences between these taxa (e.g., stiffness of
connective tissues and mechanical advantage) may elucidate how passive costs are similarly
achieved despite behavioral differences.

Despite similarities in findings, there are notable differences in approach between our
and these referenced studies. Past studies tested single muscles and estimated active forces
using nerve cuff stimulations, and nerve cuffs are unlikely to generate maximum active tension
across the entire muscle (Anapol and Herring, 1989). We analyzed both passive and total bite
forces at the teeth, which means our estimates included contributions from all of the jaw
adductor muscles in their anatomical positions. Functionally heterogeneous muscles, such as
the anterior and posterior regions of temporalis, were therefore able to undergo differing
amounts of stretch that may have contributed to our low passive muscle forces (Laird et al.,
2020; 2023). Passive muscle forces also differ depending on connective tissue and individual
muscle structure (Lieber et al., 2025). Thus, measuring passive and total bite forces at the teeth,
as opposed to isolated muscles, is inclusive of all jaw adductors within the geometry of the
feeding system, which can inform the biological context for these forces. However, additional
tests of passive bite force generation are needed across the jaw adductors and between single

muscles and the teeth.
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Within a single muscle, passive forces provide limits on muscle stretch to avoid
structural damage. Passive bite forces are similarly proposed to limit gape and minimize
distractive forces at the TMJ in the feeding system, minimizing the risk of structural damage (as
seen in the locomotor system, Horner et al., 2024). However, we found that primates do not
reach large passive bite forces, even near maximum gape. This suggests that passive forces
provide few constraints and protective mechanisms at the TMJ during large gape behaviors in
macaques. The bony morphology of the TMJ may instead prevent the jaw adductor muscles
from reaching high levels of passive tension (Terhune et al., 2022). However, we caution that
this may not be true in all primates. Strepsirrhines have a broad, shallow TMJ with fewer bony
constraints compared to the TMJ of an anthropoid primate (Terhune et al., 2022). However, a
recent reevaluation of the constrained lever model suggests that no primates have distractive

forces at the TMJ at gapes larger than 15 degrees (Iriarte-Diaz et al., in review).

Passive forces play a minor role in Hill-type muscle models of the feeding system

The estimated parameters of the Hill-type muscle models, where passive and active
force components were optimized independently ("Passive First’), show that passive forces start
increasing on the ascending limb of the length-tension curve, approximately at O.Sif,o, as it has
been observed for jaw adductor muscles in other mammals (Thexton and Hiiemae, 1975;
Anapol and Herring, 1989). However, our data shows that passive muscle forces increase very
slowly with gape. Our in vivo passive bite forces are much lower than predicted by the muscle
models (11x lower for HK and 16x lower for LL). A possible explanation for such overestimation
could be that the model input parameters overestimate the size of the experimental animals.
However, this explanation seems unlikely, considering that the same model underestimates the
total bite force in both experimental subjects (by 60% and 27% for HK and LL, respectively). The
“Total Force’ models were fit using only total bite force data, and were similar to the "Passive
First’ models (Fig. 5), further suggesting that passive components have little impact on the
generation of force in the jaw adductor muscles of the rhesus macaque.

These results are drastically different from the bite forces predicted by traditional Hill-

type models (‘Total Force Constrained’; Fig. 5), where passive muscle forces are only present
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beyond the optimal muscle length, increasing exponentially so that at 50% muscle stretch,
passive tension equals maximum active force (Otten, 1987; Zajac, 1989). This is an unexpected
result, considering that passive forces are shown to be larger in whole muscles compared to
single muscle fibers or bundles of fibers due to the greater importance of the extracellular
matrix (Ward et al., 2020). To be able to compare our data with other muscles and organisms,
we calculated the Ly, the relative muscle length that develops 20% of the maximal relative
muscle force, for the jaw adductor muscles evaluated here, which range between 1.7 and 1.8.
This is substantially higher than the range of Lo (Lyo = 1.1) observed for hindlimb muscles in
mammals (between 1 and 1.44; Azizi and Roberts, 2010; Horner et al., 2024), and even higher
than the average for anurans (Lyo = 1.5; Azizi and Roberts, 2010). This high muscle compliance
observed in anurans has been thought to be necessary for the large joint excursions associated
with jumping, as it has been suggested that increased passive muscle stiffness can limit the
muscle’s range of motion (Brown et al., 1996; Horner et al., 2024). The only data on jaw
muscles, to our knowledge, comes from the jaw adductor muscles of anole lizards, with Ly
ranging from 1.24 to 1.37 (Anderson and Roberts, 2020). Together, these findings demonstrate
that macaque jaw adductor muscles exhibit unusually high compliance relative to both limb and
jaw muscles of other animals that may relate to selection for large gape behaviors. These data
highlight a departure from existing muscle models and present a new framework for

comparative analyses of musculoskeletal design.
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Figures and Tables
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Fig. 1. A theoretical muscle force-length curve. Fiber length is normalized to if,occ, the fiber
length at occlusion. Active force, solid blue line, increases until the fiber reaches an optimum
length, lA,f'O, after which active tension decreases. Passive force exponentially increases after it
reaches the slack length, lA,f,pas. AL, and ALy are the active and passive offset parameters,

respectively, that indicate the difference in normalized fiber length.
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and posterior (M1; blue) bite points for males (triangles) and females (circles).
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Fig. 3. Total and passive bite force data. Maximum total forces (LOESS dashed lines) come from
two animals (HK-Male and LL-Female) and the maximum passive forces (solid lines) reflect data
from eight macaques. Males are blue triangles and females are reddish-purple circles. Two

vertical dashed lines represent maximum total bite forces for LL (left; pink) and HK (right; blue).
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Fig. 4. Comparison of experimentally collected data on HK (male) and LL (female) with
predictions from different muscle models. Gray circles are total bite force data (F;) collected on
HK and LL while awake and red circles are bite forces collected on anesthetized animals,
representing passive bite forces (F,). Three different models were fitted to the experimental
data: (1) "Passive First’ (PF), where passive force parameters were optimized first using
experimental passive bite force data, and then these parameters were used to optimize the
active force parameters; (2) ‘Total Force’ (TF), where both passive and active force parameters
were optimized together using the total bite force data only; and (3) Total Force Constrained’
(TFC), where both passive and active force components were optimized together with total bite

force data only, but AL, and AL, are constrained to have the same value.
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Fig. 5. Data from this manuscript of active and passive bite forces at the occlusal surface in
Macaca mulatta and active and passive temporalis muscle forces in Didelphis virginiana
(Thexton and Hiiemae, 1975). The passive data from Thexton and Hiiemae (1975) was originally
scaled by 100. After unscaling the passive data Thexton and Hiiemae (1975), both the active
and passive force data from both taxa were scaled to their respective active maxima making

them directly comparable.
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Table 1. Morphological measurements for each animal. Incisor overlap scores and adjusted
gape follow Hylander (2013).

ID Sex | Body Eye Incisor Jaw length: Maximum gape | Adjusted
Mass width overlap Condyle tol, | at the incisors | maximum
(kg) (mm) (mm) (mm) (mm) gape (mm)

Fz M 14.6 59.06 Tip to tip 115.73 63.04 63.04

HK M 8.8 60.05 Open: 2.2 109.11 62.1 59.9

™ M 14.2 59.12 Tip to tip 105.18 74.59 74.59

HD F 6.2 54.77 Open: 1.85 87.5 46.3 44.45

HP F 8.2 49.73 Tip to tip 89.92 44.14 44.14

LL F 8.6 52.56 Open: 2.49 96.56 54.18 51.69

RT F 7.1 51.63 Tip to tip 93.06 51.72 51.72

SR F 54 50.17 Tip to tip 76.17 49.97 49.97

Table 2. Muscle architecture data from Taylor et al., (2018) used in the models.

Jaw
Superficial masseter Temporalis
length
L NL¢ PCSA a NL¢ PCSA a
(mm) (mm) (cm?) (degrees) (mm) (cm?) (degrees)
Female 83.59 13.08 5.11 15.42 16.52 11.76 13.02
Male 103.56 15.98 6.69 12.19 28.48 13.92 6.23

L;, jaw length; NL¢, normalized fiber length; PCSA, physiological cross-sectional area; a, pennation angle.
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Table 3. Passive bite force data.

Location Linear Female data (range; average)® Male data (range; average)®
gape (mm)

Anterior 15 n=>5(1.850—2.851N; 2.249N) n=2(0.550—-0.971N; 0.760N)

Anterior | 20 n=1(1.561N) n =3 (0.887 — 1.234N; 1.037N)

Anterior 25 n=5(1.862 —3.790N; 2.837N) n=3(0.952—-2.713N; 2.113N)

Anterior 30 n=2(2.911-2.935N; 2.923N) n=3(2.042 —-2.321N; 2.217N)

Anterior | 35 n=5(2.660 —4.795N; 3.791N) n=3(1.907 —3.196N; 2.752N)

Anterior 40 n=2(2.997 and 3.159N; 3.078N) n=2(2.512 and 3.645N; 3.079N)

Anterior 45 n=4(3.514 —5.455N; 4.521N) n=2(2.101 and 4.678N; 3.389N)

Anterior 50 n=2(5.280 and 5.901N; 5.590N) n=1(5.298N)

Posterior 15 n=>5(2.711-6.370N; 3.923N) n=3(1.692 —3.044N; 2.258N)

Posterior | 20 - n=1(3.534N)

Posterior | 25 n=>5(4.145—-10.575N; 7.868N) n=3(2.124 —7.826N; 5.015N)

Posterior | 30 - n=1(5.85N)

Posterior | 35 n=4(6.623 —13.249N; 8.761N) n=3(5.128 —8.415N; 6.547N)

Posterior | 40 - -

Posterior | 45 n=2(9.608 and 10.389N; 9.998N) | n=2(6.864 and 13.401N; 10.132N)

n = number of successful data points; may include multiple data points from the same animal.
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Table 4. Maximum total bite force data at each linear gape for animals LL and HK.

Linear gape Number of bites Maximum bite Number of bites Maximum bite
(mm) (LL; Female) force (LL; N) (HK; Male) force (HK; N)
10 n=1 26.03 n=0 NA
15 n=5 152.44 n=1 179.06
20 n=37 198.33 n=41 200.47
25 n=11 229.69 n=25 250.43
30 n=11 218.46 n=>59 319.14
35 n=14 164.38 n=>59 302.48
40 n=14 166.39 n=35 303.40
45 n=2 112.45 n=28 304.64
50 n=10 126.18 n =40 246.12
55 n=3 78.03 n=22 215.42
60 n=0 NA n=1 168.91

Table 5. Optimized passive and active parameters for the three modeled muscle conditions

Passive Force Total Force Total Force Constrained

Passive Active Passive Active Passive Active

ID | Sex | AL, | cf, |AL,| cfs | R® AL, | cf, | AL, | cfa | R® | AL, | cf, | AL.| cf. | R®

HK | M |0.24(0.09|047|160(058|1.17|1.63(0.48|1.63|0.61(0.44(1.47|0.44|1.47(0.31

LL F |1031({0.06|051|1.27|0.64|1.38]1.29(0.52|1.29|0.64(0.50(1.16|0.50|1.16|0.46

e
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
L]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



Journal of Experimental Biology: doi:10.1242/jeb.251950: Supplementary information

z
=
o4
(7}
c
2 Sex
2
= - F
- - M
a
.
o
—
2
c
<

2

20 30 40 50
Linear gape (mm)
s ®

Z 10
c
Q2
w
3
e Sex
g < F
8 - M
5]
=
2
w
o
a

20 30 40
Linear gape (mm)

Fig. S1. Differences in maximum passive forces between males and females at |1 (A) and M1
(B). Females had significantly higher passive forces in anterior bite points for all gapes.
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Fig. S2. Comparison of experimentally collected passive bite force data on eight
anesthetized individuals. The red line shows the predicted passive bite force data for a
given gape angle from muscle models optimized for each individual.
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Table S1. Mechanical and physical properties of walnut and brazil nut shells.

Foodtype n Maximum length = Maximum breadth Minimum breadth | Force-to-fracture
(average; mm) (average; mm) (average; mm) (average; N)*

Brazil nut 6 46.75 22.68 12.23 614.46

Walnut 6 35.13 33.10 31.08 233.39

Force-to-fracture data from Laird et al. (2023)

Table S2. Location of catastrophic fracture of shelled nuts by LL and HK.

Monkey | Sex  Nut type Location of initial Location of fracture
ID bite

HK M Brazil nut posterior posterior
HK M Brazil nut anterior anterior
HK M Brazil nut anterior posterior
HK M Brazil nut anterior posterior
HK M Brazil nut anterior anterior
LL F Brazil nut posterior posterior
LL F Brazil nut posterior posterior
LL F Brazil nut anterior posterior
LL F Brazil nut posterior posterior
HK M Walnut anterior anterior
HK M Walnut anterior posterior
HK M Walnut anterior anterior
HK M Walnut anterior anterior
HK M Walnut anterior anterior
HK M Walnut anterior anterior
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LL F Walnut X Attempted to fracture (briefly pouched); discarded.
LL F Walnut X Attempted to fracture (briefly pouched); discarded.
LL F Walnut 1 posterior posterior
LL F Walnut 2 posterior posterior
LL F Walnut X Attempted to fracture (briefly pouched); discarded.
LL F Walnut 3 posterior posterior
LL F Walnut 4 posterior posterior

Catastrophic fractures were easily observable whereas the initial microfractures were not
consistently observable (on the food item) or audible (due to the noise by other macaques in
the room).
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Table S3. Results from LME models testing differences between passive forces measured on
the anterior and posterior dentition, and between males and females on the anterior and
position dentition.

All individuals-Linear gape-Anterior and Posterior

Estimate | Std. Error | df t value p.value
(Intercept) 0.21491 | 0.75001 49.28609 | 0.287 0.776
LinearGape 0.08846 | 0.01996 61.38592 |4.431 3.94E-05
LocationPosterior -0.05405 | 1.01468 61.41321 |-0.053 0.958
LinearGape:Location 0.14214 | 0.03339 62.04977 | 4.257 7.13E-05
Posterior
contrast estimate | SE df t.ratio p.value
Anterior-Posterior -4.17 0.356 62.3 -11.706 <.0001
S
-
©
£
=
All individuals-Angular gape-Anterior and Posterior >
3
o
Estimate | Std. Error | df t value p.value £
7]
a
a
@
(Intercept) 0.37725 |0.685 46.36551 | 0.551 0.584 <
g
o
LinearGape 0.06904 |0.01514 65.86135 |4.561 2.27E-05 o
£
LocationPosterior 0.15172 | 0.96236 62.66896 | 0.158 0.875 g
g
LinearGape:Location 0.11624 | 0.02684 63.93886 |4.331 5.34E-05 o
c
©
£
>
o
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Posterior
contrast estimate | SE df t.ratio p.value
Anterior-Posterior -4.28 0.37 62.7 -11.571 <.0001

Passive forces-Linear gape-Anterior only

Estimate | Std. Error | df t value p.value
(Intercept) 0.77542 | 0.41803 36.54481 | 1.855 0.0717
LinearGape 0.08132 |0.01184 34.43693 |6.871 6.11E-08
SexM -1.50633 | 0.69527 36.89506 |-2.167 0.0368
LinearGape:SexM 0.01787 | 0.01976 33.6759 0.904 0.3724
contrast estimate | SE df t.ratio p.value
F-M 0.948 0.33 5.58 2.874 0.0307

Passive forces-Angular gape-Anterior only

Estimate | Std. Error | df t value p.value
(Intercept)

1.018279 | 0.367189 29.30161 |2.773 0.00956
LinearGape

0.056762 | 0.007842 38.86831 | 7.238 1.03E-08
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SexM

-1.72906 |0.634353 |34.46259 |-2.726 0.01001
LinearGape:SexM

0.035582 | 0.015844 | 35.21285 |2.246 0.03109
contrast estimate | SE df t.ratio p.value
F-M

0.376 0.317 5.87 1.184 0.2822

Passive forces-Linear gape-Posterior only

Estimate | Std. Error | df t value p.value
(Intercept) 1.41292 | 1.56399 24.91397 |0.903 0.374961
LinearGape 0.21456 | 0.05126 20.92949 |4.186 0.000419
SexM -3.20662 | 2.42353 24.62706 |-1.323 0.197951
LinearGape:SexM 0.04248 |0.07611 20.34013 | 0.558 0.582878
contrast estimate | SE df t.ratio p.value
F-M 2.04 1.24 5.47 1.651 0.154

Passive forces- Angular gape-Posterior only

Estimate

Std. Error

df

t value

p.value

(Intercept)

2.02824

1.55555

24.25873

1.304

0.204515

C
ke
]

©

£

e
qg
£

)

|

©
)

C

()

£
o

o

o

=}
(70}

L]

>

(@)}
Re)
Q
m
©
i)

C

(0]
£

fu.

Q

o

X
Ll
G

o
©

C

=

>

o
=



Journal of Experimental Biology: doi:10.1242/jeb.251950: Supplementary information

angulargape 0.15328 0.04009 21.42948 |3.824 0.000961
SexM -3.85587 | 2.43064 23.93128 | -1.586 0.125784
angulargape:SexM 0.09023 | 0.06616 20.32756 | 1.364 0.187539
contrast estimate | SE df t.ratio p.value
F-M

0.985 1.3 5.52 0.757 0.4804

Table S4. Confidence intervals for the relationships between anterior and posterior passive

forces and gape.

All animals: Anterior Passive forces

Gape emmean SE df lower.CL upper.CL
15mm 1.77 0.446 141 -1.156 4.69
20mm 1.06 0.507 2.44 -0.786 291
25mm 2.5 0.438 1.33 -0.665 5.66
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30mm 2.27 0.482 1.97 0.172 4.37
35mm 3.33 0.438 1.33 0.171 6.49
40mm 2.73 0.482 1.97 0.636 4.83
45mm 4.07 0.454 1.53 1.414 6.73
50mm 5.02 0.51 2.44 3.163 6.87
Gape emmean SE df lower.CL upper.CL
15mm 3.17 1.15 1.91 -1.972 8.32
20mm 3.64 2.49 15.98 -1.638 8.91
25mm 6.67 1.15 191 1.527 11.82
30mm 5.96 2.49 15.98 0.687 11.24
35mm 7.81 1.18 2.21 3.169 12.45
45mm 10.43 1.4 4.17 6.599 14.27
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Table S5. Passive component parameters optimized from passive bite force data.

Passive parameters

cfo R? adjusted
FZ M 0.28 0.04 0.82
HK M 0.24 0.09 0.58
™ M 0.28 0.08 0.74
HD F 0.34 0.09 0.28
HP F 0.38 0.06 0.16
LL F 0.31 0.06 0.27
RT F 0.37 0.05 0.31
SR F 0.36 0.10 0.18
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