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Abstract

Obijectives: Contrary to earlier hypotheses, a previous biomechanical analysis indi-
cated that long-documented morphological differences between the shoulders of
humans and apes do not enhance the arm-raising mechanism. Here, we investigate a
different interpretation: the oblique shoulder morphology that is shared by all homi-
noids but humans enhances the arm-lowering mechanism.

Materials and methods: Musculoskeletal models allow us to predict performance
capability to quantify the impact of muscle soft-tissue properties and musculoskeletal
morphology. In this study, we extend the previously published gorilla shoulder model
by adding glenohumeral arm-lowering muscles, then comparing the arm-lowering
performance to that of an existing human model. We further use the models to dis-
entangle which morphological aspects of the shoulder affect arm-lowering capacity
and result in interspecific functional differences.

Results: Our results highlight that arm-lowering capacity is greater in Gorilla than in
Homo. The enhancement results from greater maximum isometric force capacities
and moment arms of two important arm-lowering muscles, teres major, and
pectoralis major. More distal muscle insertions along the humerus together with a
more oblique shoulder configuration cause these greater moment arms.

Discussion: The co-occurrence of improved arm-lowering capacity and high-muscle
activity at elevation angles used during vertical climbing highlight the importance of a
strong arm-lowering mechanism for arboreal locomotor behavior in nonhuman apes.
Therefore, our findings reveal certain skeletal shoulder features that are advanta-
geous in an arboreal context. These results advance our understanding of adaptation

in living apes and can improve functional interpretations of the hominin fossil record.
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1 | INTRODUCTION

Variation in primate shoulder anatomy is well-documented. Compari-
sons of shoulder morphology across the order Primates have identi-
fied major structural differences that distinguish most hominoids and
suspensory monkeys from the other species (Miller, 1932; Inman
et al, 1944; Ashton & Oxnard, 1964; Roberts, 1974; Corruccini &
Ciochon, 1976; Ciochon & Corruccini, 1977; Larson, 1993;
Larson, 1995; Young, 2008; Schmidt & Krause, 2011). For instance,
the scapula of suspensory primates is characterized by elongated ver-
tebral and axillary borders, a more obliquely oriented spine and
glenoid, and an acromion that projects well beyond the glenoid. These
structures provide attachment sites for the scapular rotators and
humeral abductors, which are the muscle groups primarily responsible
for arm-raising in humans (Ashton & Oxnard, 1963; Ashton &
Oxnard, 1964; Inman et al, 1944; Lucas, 1973). Therefore, earlier
studies focused on linking these specific scapular morphologies to
hominoid reliance on using the arms overhead in an arboreal setting,
especially during vertical climbing and forelimb suspension
(Keith, 1923; Schultz, 1936a; Schultz, 1936b; Oxnard, 1967; Jenkins
et al,, 1978; Larson, 1993). In this way, the shared-derived scapula
features listed above were understood to be advantageous in arboreal
settings as they were thought to enhance the arm-raising mechanism
in particular. This form-function relationship established through com-
parisons of the primate scapulae were then used to infer overhead
reaching and climbing adaptations in a variety of mammals that exhibit
scapular (Astiia, 2009; Oxnard, 1968;
Sears, 2005), including extinct hominin species (Green &
Alemseged, 2012; Haile-Selassie et al, 2010; Larson, 2013;
Melillo, 2016). However, recent evidence has cast doubt on these

similar morphology

ideas.

The focus on the arm-raising mechanism alone as an explanation
for scapular shape is controversial. Studies conducted in the 1960's
highlighted that apes are distinguished not only by strong arm-raising
muscles, but also by larger and stronger muscles that flex the elbow
and lower the arm (Ashton & Oxnard, 1963; Ashton & Oxnard, 1964;
Napier, 1963; Oxnard, 1963; Oxnard, 1967). Later, studies extensively
characterized the musculoskeletal system of the gibbon shoulder
(Michilsens et al., 2009; Michilsens et al., 2010). They found that,
while most shoulder muscles have high force-generating capacities,
masses of the abductor muscles were much lower, which resulted in
the lowest force production capacity among the arm muscles studied
(Michilsens et al., 2009). Additionally, biomechanical analyses of sia-
mangs demonstrated that shoulder adductors have significantly
greater muscle moment arms (MAs) than abductors. Their results indi-
cated that, within the species, adductors, rather than abductors, are
built for moment-generation (Michilsens et al., 2010).

We recently compared the arm-raising performance of the
glenohumeral abductors in Gorilla and Homo and failed to find support
for the arm-raising hypothesis (van Beesel et al., 2021). Instead, we
found that an oblique scapula shape and obliquely oriented clavicle in
Gorilla, traditionally understood to enhance arm-raising, negates the

ability of the clavicular and spinal deltoid to act as abductors. Due to

this oblique morphology, the path and line of action of these deltoid
muscle-tendon units (MTUs) run more caudally relative to a more cra-
nially positioned glenohumeral joint (GHJ) center. As a result, these
muscles would adduct the arm in Gorilla, in contrast to the abduction
action capability in humans. Previously published electromyographic
(EMG) studies had already provided experimental evidence for the
presence of those functional differences between apes and humans.
Larson and Stern (1986) showed that the posterior deltoid is active
during arm-lowering phases while climbing. This observation led them
to propose that this muscle was contributing to body propulsion by
raising the body's center of mass-consistent with our musculoskeletal
model results. Our findings provided an explanation for that observed
functional difference, by indicating how differences in scapular shape
and clavicle orientation changed action capability. Therefore, we pro-
posed that Gorilla-specific shoulder morphology, compared to Homo,
enhances the arm-lowering mechanism, rather than the arm-raising
mechanism. However, we previously identified this insight in an inves-
tigation of muscles traditionally thought of as glenohumeral abductors
(van Beesel et al., 2021). In this study, we focus on muscles tradition-
ally classified as arm adductors and retractors.

‘Arm-lowering’, which we use to describe any decrease in eleva-
tion angles at the GHJ, is an important mechanism in the propulsive
phases of various locomotor modes in gorillas and other nonhuman
hominoids. During suspensory locomotion, arm adduction and retrac-
tion propels the swinging body up- and forward, which produces
greater acceleration (Larson & Stern, 1986; Stern et al., 1980). In qua-
drupedal walking, arm retraction is used to pull the body over the
supporting limb (Pontzer et al., 2014; Simpson et al., 2018). In vertical
climbing, arm retractors are highly active (as evidenced by EMG data)
during the support phase (Fleagle et al., 1981; Larson & Stern, 1986;
Stern et al., 1980), when the body is elevated through a combination
of arm retraction, abduction and elbow flexion (Isler, 2005). Studies of
comparative anatomy found that muscles active in this phase are
enlarged in nonhuman apes compared to monkeys (Ashton &
Oxnard, 1963; Ashton & Oxnard, 1964; Napier, 1963; Oxnard, 1963;
Oxnard, 1967). The importance of arm-lowering for ape locomotion
gives further reason to expect that an enhanced arm-lowering mecha-
nism would be beneficial.

Here, we test for the idea that the arm-lowering performance is
enhanced in Gorilla compared to Homo by investigating relevant bio-
mechanical metrics such as moments and MAs. This study focuses on
Gorilla, an ape genus that exhibits all of the shared-derived shoulder
morphological features discussed above. This investigation will further
our understanding of Gorilla adaptation and the shared adaptations of
apes more generally.

A moment is a metric of how well a muscle might be able to trans-
form force into limb rotation (Michilsens et al., 2010). Therefore, it is a
measure of musculoskeletal performance for a given task. Moments
are the product of muscle-tendon force and muscle MA. The MA can
be measured as the perpendicular distance between the MTU line of
action and axis of rotation. Some musculoskeletal software such as
OpenSim use an alternative “virtual work™ approach similar to the

tendon-travel method that allows for more advanced 3D computation
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(Channon et al., 2010; Delp et al, 2007; Delp & Loan, 2000;
Hutchinson et al., 2015), based on the amount of MTU length change
per unit of rotation (Sherman et al., 2013). MA is a measure of how
effectively linear muscle force is converted to moment and is depen-
dent on the musculoskeletal geometry (MTU attachments and path).
The sign of a MA indicates if a muscle would act to increase or
decrease the joint angle. Therefore, MA also quantifies the action a
MTU can produce (Pandy, 1999).

Musculoskeletal models are virtual reconstructions of a musculo-
skeletal system that can be used to estimate muscle moments and
MAs for different types of movement (Seth et al., 2018). Here, we add
the humeral adductor and retractor muscles teres major, teres minor,
subscapularis and pectoralis major (clavicular and sternal parts) to the
previously described gorilla musculoskeletal model (van Beesel
et al., 2021). We then calculate muscle MA and moment-generating
capacity for arm-lowering in different planes of elevation, to cover a
greater range of arm movement that could be exploited during differ-
ent locomotor types. We compare our results to those of an already
existing human shoulder model (Seth et al, 2019). Our analysis
focuses on rotations about the GHJ. Therefore, performance differ-
ences in arm-lowering are evaluated regarding the ability to reduce
glenohumeral elevation angles. However, three additional shoulder
joints are known to contribute to arm movement in humans: the acro-
mioclavicular joint, the sternoclavicular joint and the scapulothoracic
joint. In our species, the mechanism of arm-raising and lowering is well
studied, and scapulothoracic joint movement is known to contribute
up to one third to the total arm-raising movement (Codman, 1934;
Duprey et al., 2015; Lucas, 1973). In nonhuman apes, the role of scap-
ular motion during arm movement is the subject of ongoing investiga-
tion. While a recent study showed that the acromion is cranially
displaced during vertical climbing in chimpanzees (Thompson
et al., 2018), the specifics of scapula rotation in apes remains largely
conjectural. Due to the high degree of uncertainty regarding scapular
range of motion in nonhuman hominoids, we focus our biomechanical
analysis on GHJ rotation while keeping the scapula stable. This deci-
sion mainly affects our analysis of pectoralis major, as MA and there-
fore moment about the GHJ would be expected to differ with a
change in scapular position and orientation. Therefore, the reference
or zero position of the gorilla model was selected with great care, to
facilitate comparability with the human model while maintaining
species-specific differences in scapular position (van Beesel
etal, 2021).

We predict that Gorilla arm-lowering muscles will exhibit larger,
negative MAs and greater moment-generating capacity than Homo.
Greater negative MAs would provide evidence for a morphology-
induced enhancement of arm-lowering. Greater moment capacities
would indicate that Gorilla-specific musculoskeletal shoulder configu-
ration - soft and hard tissue properties combined - contribute to a
general enhancement of the arm-lowering mechanism, compared to
Homo. Such enhancement could indicate that arm-lowering is a signifi-
cant mechanism in the locomotor habits of gorillas, like quadrupedal
walking and climbing, that are not habitually exploited by humans. We

review the MAs and moment capacity estimations over arm-lowering
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using previously published kinematic and EMG data of nonhuman

apes during quadrupedal walking and vertical climbing. We expect
that arm-lowering enhancement in Gorilla compared to Homo occurs
at elevation angles used during typical nonhuman ape like locomotor
types and where the respective muscles are known to be active. Such
findings would be consistent with the idea that gorilla shoulder mor-
phology (and by extension, nonhuman ape shoulder morphology more
generally) reflects locomotor adaptations via the arm-lowering

mechanism.

2 | MATERIALS AND METHODS

We investigated MAs and moment-generating capacities of muscles
crossing the GHJ using two musculoskeletal shoulder models that
were built for use in the open-source software OpenSim (Delp
et al., 2007; Seth et al., 2018). The human model was developed by
Seth et al. (2019) and the initial development of the gorilla model was
described in van Beesel et al. (2021). Here, we extended the gorilla
model by adding further MTUs crossing the GHJ (Table 1). Data info-
rming the model were collected in the course of CT scanning and dis-
secting a gorilla cadaver. These data include various kinds of
information on joint geometry, MTU geometry and muscle architec-
tural properties (Figure 1). We summarize this procedure below and
additional details can be found in van Beesel et al. (2021) and in the
Supporting Information (section 1).

2.1 | Subject and dissection notes

Observations informing our model were collected through dissecting
a female western lowland gorilla (Gorilla gorilla) in April 2019. The
cadaver was acquired ethically through a collaboration with the Cleve-
land Museum of Natural History, Erie Zoo and Cleveland Metroparks
Zoo. The specimen was euthanized at the age of 48.8 years after suf-
fering from age-related illnesses. A body mass of 80.5 kg was deter-
mined during necropsy. The fresh-frozen cadaver was CT scanned
and dissected afterwards.

The CT scanning took place at the Ohio State University College
of Veterinary Medicine. The scan (voltage: 120 kV; current: 319 mA)
was acquired using a Revolution Evo Lightspeed CT (GE Healthcare,
Waukesha, WI, USA) and reconstructed at voxel size 0.977 x
0.977 x 0.525 mm. We used the scan to capture the articulated con-
figuration of the upper body skeleton. Meshes of the ribcage with ver-
tebral column, humerus, scapula, and clavicle were generated in Avizo
software (version 9.3.0, Visualization Sciences Group, Burlington, MA,
USA), using a threshold approach. Afterwards, the meshes were deci-
mated and smoothed in Geomagic Studio® (version 2013, RSI 3D-Sys-
tems). The meshes were imported into Autodesk Maya software
(version 2019, Autodesk), where they were reorganized into a hierar-
chical skeleton and the GHJ (position and orientation of axes) was
defined (see below). Following Bishop et al. (2021), the virtual skele-
ton was used as bone and joint geometry input in the gorilla
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TABLE 1

Muscle gross anatomy is represented by muscle-tendon units (MTUs) or functionally divided into smaller muscle-tendon subunits

(MTSUs) in the gorilla (van Beesel et al., 2021) and human (Seth et al., 2019) musculoskeletal model. The gorilla MTUs and MTSUs detailed here

are new addictions to the gorilla musculoskeletal model

Muscle (gross MTUs of gorilla MTSUs of gorilla
anatomy) model model
Teres major TeresMaj

Teres minor TeresMin

Subscapularis Subscap

Upper —

Middle -

Lower =
Pectoralis Major PecMaj

Clavicularis Clav
SternocostalisSuperior —
SternocostalisInferior Sternocost

musculoskeletal model (van Beesel et al., 2021), and to acquire muscle
geometry data (Supporting Information section 1). Bones of the lower

arm and hand are included for visualization purposes only.

2.2 | Joint geometry

Our analysis of muscle MAs and moments considers arm movement
about the GHJ. The development of the model GHJ is described in
van Beesel et al. (2021) for the gorilla and in Seth et al. (2019) for the
human model. The gorilla GHJ was reconstructed following the same
rules and guidelines used for the human model to facilitate compara-
bility. In the following, we highlight the most important characteristics,
which apply to the GHJ in both models. The gorilla reference or null
position (rotation around all axes is zero) was defined in Autodesk
Maya (version 2019, Autodesk) and was arranged similar to the null
position in the human model. In the reference position, the coronoid
fossa faces ventrally and the humerus long axis is parallel to the sagit-
tal and coronal plane and intersects the thorax as a result (Figure 1a).
Thus, the model reference position is not intended to be a biologically
plausible posture. We report MA and moment results for biologically
plausible joint positions only. The center of the humeral anatomical
coordinate system coincides with the center of the humeral head and
the orientation of the anatomical axes are defined based on anatomi-
cal landmarks of the humerus following the recommendations of Wu
et al. (2005) (Figure 1a). Similarly, the definition and order of rotation
follows the ISB recommendations (Wu et al., 2005). The three rota-
tional degrees of freedom (DOFs) of the GHJ, in rotational order, are
plane of elevation (plane_elv, anatomical y-axis), shoulder elevation
(shoulder_elv, anatomical x-axis) and long axis rotation (axial_rot,
floating axis), as described by Seth et al. (2019). Therefore, rotations
about the plane of elevation and long axis rotation cause a rotation
about the humeral longitudinal axis (Figure 1b). The three translational
DOFs were held fixed and rotations about the long axis rotation were

kept at 0° in the gorilla and human models in all analyses herein. The

Number MTUs of human MTSUs of human Number
MTUs model model MTUs
1 TeresMajor — 1

1 TeresMinor = 1

1 Subscapularis 3

= S 1

— M 1

= | 1

2 PectoralisMajor 3

1 Clavicle_S 1

— Thorax_M 1

1 Thorax_| 1

range of motion around each rotational axis was limited based on
measurements of passive arm manipulation performed during the dis-
section and is the same in both models. We further focus the presen-
tation of the results on elevation angles greater than zero. While
negative elevation angles, like hyperextension, involve plausible joint
positions, kinematic observations highlight that these are not used
during typical locomotor behaviors (Isler, 2005; Pontzer et al., 2014),
and were therefore omitted from our analysis.

The orientation of the plane of elevation determines the plane in
which the arm is elevated. A plane of elevation of 0° corresponds to
arm elevation in the frontal plane (ab—/adduction), a plane of 90° cor-
responds to elevation in the sagittal plane (pro—/retraction). The MA
and moment values are reported for arm elevation in elevation planes
of 0°, 30°, 60°, and 90°. Due to the intersections with the thorax
mentioned above, biologically plausible joint positions differ with
plane of elevation. MA and moment are reported for elevation angles
between 13° and 145° in a plane of 0°, 24° and 145° in a plane of
30°, 44° and 145° in a plane of 60° and 59° and 145° in a plane of
90° (Figure 1b). The arm elevation in the four different planes used in

the biomechanical analyses is shown in Video 1.

23 |
analyses)

MTU performance (MA and moment

Model outputs reported in this study include predictions of MA and
moment production capacity. Muscle MA predictions are particularly
affected by MTU geometry. Estimations of moment production capac-
ity are determined by MTU architectural properties and by MA. MTU
architectural properties and geometry data of the arm-lowering mus-
cles, newly added to the gorilla model in this study, were collected
during the dissection. MTU attachment points and paths were deter-
mined by combining observations and 3D images taken during the dis-
section with the CT scan data (Figure 1c, d). MTU architectural
properties including muscle mass, fiber length and pennation angle
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Pectoralis major sterocostalis

Subscapularis
Teres major

FIGURE 1
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Teres minor
Teres major

Workflow of model editing. (a) View from the front, model is in zero position (all joint angles set to zero). Axes of the humeral

anatomical coordinate system are displayed, x-axis in red, y-axis in green, z-axis in blue. (b) Minimum and maximum shoulder elevation in the
elevation planes of 0° (white) and 90° (orange) used in the analysis, with axial_rot fixed at 0°. View from the front (left) and side (right). (c) Muscle
attachment sites on thorax, clavicle, scapula and humerus. View from the front (left) and from back (right) with attachment sites highlighted.

(d) Model with arm position mirroring that of the surface scan (orange), which is used to evaluate muscle wrapping of teres major (red line). The
thorax-wrapping surface (blue) is used to prevent teres major from intersecting with the thorax

were measured as each muscle was removed during the dissection.
These data were used to calculate maximum isometric force (Fax)
and to estimate tendon slack length. We follow the approach origi-
nally described in van Beesel et al. (2021), and details are provided
here in the Supporting Information (section 1).

We present MA and moment results for each of the muscles
listed in Table 1. The values were estimated using the muscle analysis
plotting tool of OpenSim. The moment predictions incorporate infor-

mation on F... capacity, MAs and force-length assumptions

(Zajac, 1989). Active muscle fiber force was calculated using the
Millard et al. (2013) equilibrium muscle model. Therefore, moment
capacity estimations considered active and passive forces. The active
fiber forces of teres major and pectoralis major are presented in the
Supporting Information (section 2). We report the MA results normal-
ized by maximum humerus length, which is 0.359 m for the gorilla and
0.326 m for the human. Moment results are reported normalized by

/3

humerus length times body mass?3, assuming that muscle force is

proportional to areas, and hence mass?2 (Jaric et al., 2002). The gorilla
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specimen had a dead mass of 80.5 kg. Unfortunately, the body mass

of the male human specimen could not be measured directly (Klein
Breteler et al., 1999). Thus, body mass was estimated using the esti-
mated total body length of 168 cm (Klein Breteler et al., 1999) and
the average body mass index of 26.8 that is reported for a contempo-
rary population of men in a similar age group (Statistisches Bundesamt
Deutschland, 2001), producing an estimated body mass of 75.6 kg.
The results are presented in graph format as curves tracking MA or
moment values in different elevation planes across the specified range
of GHJ angles (see Joint Geometry).

During the model building process, a decision has to be made
whether a muscle is represented by a single MTU or divided into
smaller muscle-tendon subunits (MTSUs). The decision mainly affects
muscles with broad attachment sites, as MTUs and MTSUs are
modeled using attachment points, not surfaces. For some muscles
considered in this study, these decisions were made differently for
the human and gorilla models. Table 1 compares the MTU and MTSU
divisions in both models, and details the differences in pectoralis
major and subscapularis subdivision. For ease of comparison between
models, MA results are presented as mean values of all subunits of a
MTU and moment results as the sum of the MTSU values. As
pectoralis major and subscapularis have broad origin sites, divisions
into different numbers of MTSUs mainly affect origin positions. We
used a sensitivity analysis to address how modeling decisions about
attachment positions and number of divisions affect the MA predic-
tions of both muscles. Detailed information and results of the sensitiv-

ity analysis are presented in the Supporting Information (section 3).

24 | Musculoskeletal test configurations
Morphological differences between gorillas and humans affect muscle
attachment positions, muscle paths, and thus MAs. The modeling
approach allowed us to exchange anatomical parameters in order to
disentangle which morphological aspects of the shoulder affect arm-
lowering MAs and result in interspecific functional differences. We
focused our analysis on teres major and pectoralis major, because
they are among the most important muscles involved in arm-lowering
and body propulsion (Ashton & Oxnard, 1963; Gray & Lewis, 1918).
We evaluated the clavicular and sternocostal pectoralis major MTSUs
separately, because they originate from different bones and thus
might be independently affected by interspecific differences in skele-
tal configuration. The effects on muscle MA are presented for eleva-
tion planes of 0° and 90°, as these encompass the overall observed
patterns.

We altered each model in order to investigate the effects of mus-
culoskeletal differences. The gorilla humerus was isometrically scaled
to the size of the human humerus, while preserving the relative mus-
cle insertion points. This size-adjusted humerus together with the pre-
served insertion positions was then added to the human model. The
inverse procedure was repeated with the human humerus to replace
the humerus in the gorilla model. This transposition allowed us to

investigate and disentangle the degree to which humerus morphology

specifically affects the biomechanical performance of the arm-
lowering mechanism, compared to the morphology of the combined

thorax and shoulder girdle.

3 | RESULTS

3.1 | Model construction and evaluation

The architectural properties of the MTUs added to the gorilla muscu-
loskeletal model (van Beesel et al., 2021) and those of the human
model (Seth et al., 2019) are reported in Table 2. Generally, the calcu-
lated Frax values that are normalized by body mass?’® are higher in
the gorilla than in the human model. The single exception is the teres
minor, for which the human model F,.. is nearly two times higher
than in the gorilla model. The difference in normalized F,,.x values
between models is highest in the subscapularis muscle, which can pro-
duce more than twice the amount of force in the gorilla compared to
the human. Furthermore, the subscapularis muscle has the greatest
force-generating capacity in both models.

A comparison of muscle architectural properties reported here
and in other ape studies is presented in the Supporting Information
(section 1 and Table S3). Generally, the calculated architectural prop-
erties of our gorilla specimen fall within the range observed in other
nonhuman apes (Carlson, 2006; Kikuchi et al., 2012; Kikuchi &
Kuraoka, 2014; Oishi et al., 2009; Payne, 2001; Thorpe et al., 1999).

/3 was small compared to

However, Fp.y normalized by body mass?
adult chimpanzees and male gorillas. These findings could be related
to differences in muscle biology based on sexual dimorphism within
Gorilla and allometric scaling patterns between gorillas and chimpan-
zees. Alternatively, the difference may be due to the poor health sta-
tus of our study subject at the time of death. Additional observations
on female gorillas are needed to further investigate these alternatives.

The spatial reconstruction of MTU attachment points and paths
are presented in Figure 2. As MA is sensitive to attachment positions,
we evaluated the relative insertion positions of teres major and
pectoralis major to those reported by other studies. The comparison
shows that the spatial reconstruction lies within the range previously
observed in African apes. The results confirm that nonhuman apes
have more distal humeral insertion positions of teres major and
pectoralis major than observed in the human model (see Supplemen-
tary Information section 1 and Table S2 for more details).

The range of glenohumeral elevation angles in the four different
planes used in the following biomechanical analyses is shown in
Video 1.

3.2 | Teres major and minor

Normalized MA and moment results for teres major and minor are
reported in Figure 3. MA curves are similar across elevation planes in
both muscles and in both species (Figure 3a). These results suggest

that the efficacy and function of these muscles is not strongly
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TABLE 2 Muscle architectural properties calculated for the muscle-tendon units (MTUs) and muscle-tendon subunits (MTSUs) of the gorilla
and human model. Abbreviations given in Table 1 are used

Gorilla model Mpusc(kg) L(m) 0(°) Norm F,.x I(m) Human model Norm F.x
TeresMaj 0.1028 0.1190 0 2.860 0.0467 TeresMajor 2.394
TeresMin 0.0252 0.0795 0 1.048 0.0089 TeresMinor 1.970
Subscap 0.2391 0.0622 18.4 12.728 0.0652 Subscapularis 5.647
Subscapularis_S 1.514
Subscapularis_M 1.736
Subscapularis_| 2.397
PecMaj 5.475 PectoralisMajor 4.668
PecMajClav 0.0794 0.1198 0 2.196 0.0273 PectoralisMajorClavicle_S 1.145
PecMajSternocost 0.1080 0.1092 0 3.279 0.0741 PectoralisMajor-Thorax_M 1.919
PectoralisMajor-Thorax_| 1.604

Note: Maximum isometric force (Fimay) is normalized by body mass?/® to facilitate comparison. For MTUs with subdivisions, the normalized sum of Fpnax
values of the MTSUs is given additionally.
Abbreviations: M., muscle mass; L, fiber length; 6, pennation angles; I;, tendon slack length.

FIGURE 2 Gorilla
musculoskeletal shoulder model
with added muscles. View from
the front (left) and side (right). 2 Teres minor
Muscles are represented as . Teres major
colored bands. The smaller \
models (top) display the full set of
shoulder muscles of the gorilla
model (with muscles previously
defined in red). Model shown in
resting position (arm elevation

of 15°)

affected by the plane in which the arm is raised. In both species, the MAs between models. The larger negative values suggest that gorilla-
largest negative MA values are predicted when the arm is in a lowered specific musculoskeletal geometry makes the teres major more effec-
position and the curves course upward the higher the arm is elevated. tive in arm-lowering in all planes. Across all muscles studied here, the

However, there is a marked difference in the magnitude of teres major greatest arm-lowering MAs are predicted for the gorilla teres major.
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Additionally, the gorilla teres major MA values remain markedly negative
throughout glenohumeral elevation, indicating that muscle activation
results in arm-lowering action in all considered positions. In teres minor
however, both models predict a shift in action capability from arm-
lowering to arm-raising over the course of increasing arm elevation.

Overall, the moment curves are similar to the MA curves for both
models (Figure 3b). Gorilla teres major moment-generating capacity is
enhanced through greater MAs and active fiber forces across eleva-
tion angles between 30° and 80° compared to Homo (Figure 3 and
Figure S2 [a]). As no active force can be developed for smaller eleva-
tion angles, moment-generating capacity is reduced. Across higher
angles, Gorilla teres major moment capacity is higher compared to
Homo. Overall, Gorilla moment capacity is mainly enhanced by greater
MAs and further supported through greater F,,., and force-generating
capacities (Table 2).

Teres minor moment-generating capacity is similar in the gorilla
and human models. Although MA values are slightly larger in the
gorilla model, a smaller gorilla F,,.x value results in a moment curve
indistinguishable from the human model. Maximum arm-raising

moment capacity is predicted for high arm elevation angles.

3.3 | Pectoralis major

Pectoralis major MA changes with elevation angle and elevation plane

in both models (Figure 4a). The results indicate that pectoralis major

action capability is highly dependent on arm position. In the elevation
planes 0° and 30°, the muscle has a large arm-lowering MA when the
arm is in a lowered position, whereas in the planes 60° and 90° large
arm-lowering MAs occur when the arm is in an elevated position.
Additionally, in an elevation plane of 0° the muscle is able to act as an
arm-raising muscle in both models (elevation angles above 110°),
whereas in an elevation plane of 90° the muscle has an arm-raising
action capability only in the human model (plane 90°, elevation angles
below 75°). Similar to teres major, there is a marked difference in the
magnitude of the mean pectoralis major MAs between the models,
with the MAs estimated in the same elevation plane being generally
larger (more negative or positive) in the gorilla than in the human
model.

Estimated pectoralis major moments are larger in the gorilla than
the human model (Figure 4b). The between-model differences in
moment are more pronounced than those in MA. These enhanced dif-
ferences result from a disparity in force-generating capacities
(Figure S2 [b]), particularly from a greater F,,., potential in the gorilla
model (Table 2).

3.4 | Subscapularis
MA and moment results suggest similar arm-lowering performance of
subscapularis in Gorilla and Homo (Figure 5). Like in the teres major

and minor, differences between elevation planes are small. A general
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arm-lowering action is predicted for both models and in all planes.
Overall, MA remains relatively constant over the course of arm eleva-
tion (Figure 5a).

Although the gorilla subscapularis muscle has the highest F,ax
capacity (Table 2) of all muscles analyzed in this study, moment capac-
ity predictions are small (Figure 5b). The small moment predictions
result from the relatively small subscapularis MA.

3.5 | Evaluating the effects of musculoskeletal
geometry using test configurations

The results above show that the gorilla model exhibits larger arm-
lowering MAs for multiple MTUs. Those larger MAs result from differ-
ences in the overall musculoskeletal geometry. In order to investigate
the extent to which species-specific differences in MA are due to tho-
rax and shoulder girdle morphology vs. humerus morphology, we com-
pared the original models to test configurations in which components
of the models were swapped. In Figures 6 and 7, images 1 and 4 depict
the original models. Image 2 depicts a test configuration where the
gorilla thorax and shoulder girdle musculoskeletal geometry were
combined with the size-adjusted human humerus musculoskeletal
geometry. Image 3 depicts the inverse test configuration, where the

human thorax and shoulder girdle musculoskeletal geometry were

combined with the size-adjusted gorilla humerus musculoskeletal
geometry.

3.5.1 | Teres major and the sternocostal portion of
pectoralis major

In both original models, teres major and the sternocostal portion of
pectoralis major have a muscle path oriented from inferomedial (ori-
gin) to superolateral (insertion) (model illustrations in Figure 6a and b,
compare configuration 1 and 4), but the degree of muscle path orien-
tation and thus MA differ between models. Comparing images of the
original models and test configurations highlights the fact that the ori-
entation of the muscle path is affected most strongly by humerus
morphology and insertion location. In test configuration 2, the gorilla
scapula exhibits a cranially oriented glenoid fossa. However, the mus-
cle insertion located proximally on the human humerus shaft gener-
ates a muscle path that is overall very human-like in being strongly
inferomedially to superolaterally inclined (compare images 2 and 4 in
Figure 6 [a and b]). A comparison of test configurations 1 and 3 high-
lights the inverse: when the laterally directed glenoid and muscle ori-
gins of the human model are combined with the gorilla humerus
morphology and muscle insertions, an overall gorilla-like muscle path
results.
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The moment arm curves quantify the effect of altering humerus
musculoskeletal geometry. The solid pink curves trace the large nega-
tive MAs of the original gorilla model. The solid green lines, rep-
resenting test configuration 2, show that MA is greatly reduced by
introducing the human humerus morphology with its proximal muscle
insertion to the gorilla model. Comparison of the dashed MA curves
illustrates the inverse: MAs of the human model (green dashed lines)
are increased with the addition of the gorilla humerus and distally
located muscle insertion. The effect is greatest in teres major in both
planes and in pectoralis major in a plane of 0° for elevation angles
below 100°, as well as in pectoralis major in a plane of 90° (elevation
angles above 75°).

The comparison of these test configurations highlights that the
humerus morphology and muscle insertion location have the most
pronounced effect on MA in teres major and sternocostal pectoralis
major.

Thorax and shoulder girdle morphology have a lesser, though still
notable effect on teres major MA. This is evident when comparing the
test configurations that use similar humerus musculoskeletal geome-
tries but different scapula musculoskeletal geometries (Figure 6 (a)).
Those test configurations using the gorilla scapula musculoskeletal
geometry result in higher arm-lowering MAs than those using the
human scapula musculoskeletal geometry (comparison of solid pink to
dashed pink and solid green to dashed green curves). This effect is

likely due to scapula morphology. The cranially oriented glenoid

increases the distance between the GHJ center and the teres major
muscle line of action and thus enhances the arm-lowering MA in the
gorilla.

The effect of thorax and shoulder girdle morphology on sterno-
costal pectoralis major is somewhat different (Figure 6b). Here, test
configuration 3 (pink dashed curves), which combines the human tho-
rax and shoulder girdle musculoskeletal geometry with the gorilla
humerus morphology, enhances arm-lowering MA compared to the
original gorilla model (pink solid curves). However, in an elevation
plane of 90° the difference between the effect of the human and
gorilla thorax and shoulder girdle morphology on muscle MA becomes
less significant the higher the elevation angles. Overall, the more cra-
nial orientation of the GHJ center relative to muscle origin, which is
caused by the cranial oriented glenoid and cranial position of the
scapula on the thorax, has a negative effect on the gorilla sternocostal
pectoralis major arm-lowering MA. However, this negative effect is
small compared to the arm-lowering MA enhancement due to the

gorilla humerus musculoskeletal morphology.

3.5.2 | Clavicular portion of pectoralis major
In both original models and contrary to teres major and sternocostal
pectoralis major, the muscle path of the clavicular portion of pectoralis

major is oriented from superomedial (origin) to inferolateral (insertion)
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FIGURE 6 Biomechanical consequence of shoulder morphological variation for teres major (a) and sternocostal pectoralis major (b). The line
style separates the gorilla (solid) from the human (dashed) thorax and shoulder girdle morphology, while the line color separates the gorilla (pink)
from the human (green) humerus morphology. MAs estimated in an elevation plane of 0° are in darker color; in an elevation plane of 90° are in
lighter color. The model pictures (right side) highlight the different combinations of musculoskeletal morphologies used in the test configurations.

MA estimates are normalized by humerus length

(model illustrations in Figure 7, configuration 1 and 4). However, the
degree of muscle path orientation and thus MA differ between
models. The comparison of the images of the original models and test
configurations highlights that muscle path orientation is most strongly
affected by thorax and shoulder girdle musculoskeletal geometry. In
test configuration 3, the gorilla humerus exhibits a distally located
muscle insertion. However, the lateral glenoid orientation and muscle
origin position generate a muscle path that is overall very human-like
in being strongly superomedially to inferolaterally inclined (compare
images 3 and 4 in Figure 7). A comparison of images 1 and 2 highlights
the inverse: when the humerus musculoskeletal geometry and the
proximal muscle insertion of the human model are combined with the
gorilla thorax and shoulder girdle musculoskeletal geometry, an overall

gorilla-like muscle path results.

The moment arm curves quantify the effect of altering thorax and
shoulder girdle morphology. The dashed green curves trace the MAs
of the original human model. The solid green curves, representing test
configuration 2, show that the arm-lowering MA is enhanced by intro-
ducing the gorilla thorax and shoulder girdle morphology with a mus-
cle origin concentrated on the sternum and a cranially oriented
glenoid. Comparison of the pink MA curves illustrates the inverse:
MAs of the gorilla model (pink solid curves) are reduced by introduc-
ing the human thorax and shoulder girdle musculoskeletal geometry
(test configuration 3, pink dashed curves) with its more lateral clavicu-
lar origin and lateral oriented glenoid. However, in the elevation plane
of 90° test configuration 3 (light pink dashed curves) predicts greater,
more negative arm-lowering MAs at elevation angles above 120° than

the original gorilla model (light pink solid curves).
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FIGURE 7 Biomechanical consequence of shoulder morphological variation for clavicular pectoralis major. The line style separates the gorilla
(solid) from the human (dashed) thorax and shoulder girdle morphology, while the line color separates the gorilla (pink) from the human (green)
humerus morphology. MAs estimated in an elevation plane of 0° are in darker color; in an elevation plane of 90° are in lighter color. The model
pictures (right side) highlight the different combinations of musculoskeletal morphologies used in the test configurations. MA estimates are

normalized by humerus length

The differences in thorax and shoulder girdle musculoskeletal
geometry additionally affect the action capability of the clavicular
pectoralis major. In the elevation plane of 0°, muscle moment MAs
predict a shift from arm-lowering to arm-raising capability in all four
configurations (dark pink and dark green curves). However, the eleva-
tion angle at which the shift occurs differs; configurations using the
gorilla thorax and shoulder girdle musculoskeletal geometry (dark pink
solid and dark green solid curves) shift at higher elevation angles. In
the elevation plane of 90°, the configurations using the human thorax
and shoulder girdle morphology (light pink dashed and light green
dashed curves) predict a shift from arm-raising to arm-lowering capa-
bility, whereas the configurations using the gorilla thorax and shoulder
girdle morphology predict a pure arm-lowering action capability (light
pink solid and light green solid curves). Therefore, those configura-
tions using the gorilla thorax and shoulder girdle musculoskeletal
geometry exhibit a greater range of glenohumeral elevation angles
where the muscle is able to act as an arm-lowering muscle, thereby
enhancing its arm-lowering capability.

Humerus morphology and muscle insertion location have a
lesser, though still notable effect on clavicular pectoralis major
MA. Comparison of the pink solid to the green solid curves shows that
altering the gorilla model by substituting the human humerus with its
proximal muscle insertion reduces MA. Comparison of the dashed MA
curves illustrates the inverse: altering the original human model (green
dashed curves) by substituting the gorilla humerus and muscle insertion
(pink dashed curves) increases arm-lowering MA in the elevation plane
of 90°. In the elevation plane of 0°, the effect is less pronounced.

In summary, the aspect of skeletal architecture that is primarily
responsible for the arm-lowering enhancement of clavicular pectoralis
major in the gorilla compared to the human model relates to the position

of the scapula on the thorax, the orientation of the glenoid and the

location of muscle origin. With the gorilla thorax and shoulder girdle mor-
phology, the GHJ is located well above the manubrium and therefore
muscle origin, so the muscle path runs inferior to the GHJ center through-
out most tested joint angles and the more negative, larger MAs result.
With the human thorax and shoulder girdle, the GHJ is located roughly at
the level of the sternum. As the muscle origin is largely located on the
clavicle, the differences in spatial relationship result in a muscle origin that
is situated superiorly relative to the GHJ, contrarily to the inferior muscle
origin position in the gorilla. Thus, the muscle acts as an arm-raising mus-
cle at arm elevation angles below horizontal in the plane of 90°. The arm-
lowering capability of the clavicular pectoralis major in gorilla is further

enhanced by the more distal muscle insertion on the humerus.

4 | DISCUSSION

In this study, we assessed whether and to what extent gorilla-specific
musculoskeletal anatomy enhances the arm-lowering mechanism
compared to humans. We found strong support for an enhanced arm-
lowering capability in Gorilla compared to Homo. This enhancement
was evident in greater arm-lowering MAs and moment-generating
capacities of two important arm-lowering muscles, pectoralis major
and teres major. We found no enhancement of arm-lowering capacity

in subscapularis and teres minor.
4.1 | The components of an enhanced arm-
lowering mechanism

The overall enhanced arm-lowering capacity of pectoralis major and

teres major results from both enhanced soft tissue properties and a
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FIGURE 8 Effects of different musculoskeletal features on teres FIGURE 9 Effects of different musculoskeletal features on

major MA. Gorilla skeletal morphology is in white, homo skeletal
morphology in gray. GHJ center is highlighted using a blue circle.
Teres major muscle path (orange) is the linear connection between
muscle attachment points (orange circle). The perpendicular distance
between GHJ center and muscle path (approximating the MA) is
highlighted in pink. Humerus morphology was isometrically scaled to
the corresponding scapula morphology

beneficial musculoskeletal anatomy in Gorilla compared to Homo. The
enhanced muscle soft tissue properties provide Gorilla with compara-
tively greater F..« values. The magnitude of difference between
humans and gorillas was much greater in these arm-lowering muscles
than in our previous study that investigated between-species differ-
ences in glenohumeral abductors (van Beesel et al., 2021). Therefore,
these findings suggest that force-generating capacity across arm-lower-
ing, rather than arm-raising, is enhanced in Gorilla compared to Homo.
The MA enhancement results from species-specific differences in
musculoskeletal anatomy. Based on the results of the test configurations,
we created two figures to visually summarize our findings on how muscu-
loskeletal geometry affects the biomechanical performance of teres major
and pectoralis major (Figure 8 and Figure 9). Muscle insertion positions
and distal limb morphology had the greatest effect on MA, as similarly
observed in chimpanzee hindlimb muscles (O'Neill et al., 2013). The more
distal muscle insertions on the humerus, which are observed in the gorilla,
have the greatest effect on arm-lowering MA enhancement of teres
major and sternocostal pectoralis major (Figure 8 and Figure 9, row-wise).
Gorilla teres major and clavicular portion of pectoralis major MAs are fur-
ther enhanced by the oblique shoulder morphology in Gorilla, but the
effect on teres major MA is smaller compared to differences in humerus
insertion. The cranially oriented glenoid shifts the location of the GHJ
center superiorly relative to the muscle origin, which, in combination with
a gorilla-like humerus morphology, further increases the arm-lowering
MA (Figure 8 and Figure 9, left column). This biomechanically enhancing
effect of gorilla-like oblique shoulder morphology on teres major and

pectoralis major MA. Gorilla skeletal morphology is in white, homo
skeletal morphology in gray. GHJ center is highlighted using an orange
circle. Clavicularis (light blue) and sternocostalis (dark blue) pectoralis
major muscle paths are the linear connections between muscle
attachment points (blue circles). The perpendicular distance between
GHJ center and muscle path (approximating the MA) is highlighted in
pink (clavicularis) or violet (sternocostalis). Humerus morphology was
isometrically scaled to the corresponding thorax and shoulder girdle
morphology

clavicular pectoralis major might somewhat trade-off the decreasing
effect observed in sternocostal pectoralis major. Furthermore, the inferior
muscle origin relative to GHJ position results in a more lateral fiber orien-
tation of the clavicular portion of pectoralis major, in contrast to what is
observed in humans (Ashton & Oxnard, 1963), and enables this MTSU to
act as an arm-lowering muscle over a greater range of arm elevation
angles (Figure 9, column-wise). A similar consequence of the more oblique
shoulder configuration was observed in the clavicular and spinal portions
of the deltoid muscle (van Beesel et al., 2021). In summary, our findings
support our proposal that Gorilla-specific shoulder morphology as well as
muscle architectural properties enhance the arm-lowering mechanism
compared to Homo.

Our results highlight that a combination of traits causes the arm-
lowering enhancement that was observed in Gorilla compared to
Homo. While specific traits like a more distal insertion on the humerus
might be indicative for an arm-lowering enhancement, the case of the
clavicular pectoralis major highlights that none of the traits are
responsible or indicative on their own, but only in conjunction. These
findings were demonstrated using specimen-specific models, but our
investigations highlight specific aspects of musculoskeletal structure
that generated those functional differences. Thus, it may be possible
to extrapolate these principles to other apes sharing aspects of the
gorilla musculoskeletal structure used in this study, though further

research in this direction is needed.
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Our results are in agreement with the observations of previous stud-

ies on nonhuman apes. Intraspecific comparisons of force-production
capacities and MA show that the glenohumeral arm-lowering muscles are
stronger than the arm-raising muscles (Ashton & Oxnard, 1963; Ashton &
Oxnard, 1964; Michilsens et al., 2009; Michilsens et al., 2010;
Napier, 1963; Oxnard, 1963; Oxnard, 1967). The magnitude of force-
production capacities in nonhuman apes reported here and by previous
studies is considerably higher than those in humans, which demonstrates
a general enhancement of arm-lowering muscle soft tissue properties. A
more distal teres major and pectoralis major insertion along the humerus,
which is the main cause of greater arm-lowering MAs between gorillas
and humans, was similarly observed in other African apes as well as in
1982;
Stewart, 1936). Again, our findings suggest that humans fall outside of

arboreal quadrupeds and climbers (Fleagle & Simons,
this range, indicating that the arm-lowering mechanism is mechanically
enhanced in African apes and possibly all hominoids except humans.

Unfortunately, we were unable to include latissimus dorsi, an
important arm-lowering muscle, in our biomechanical analysis. Yet,
since this muscle is enlarged in nonhuman apes and its humeral inser-
tion is known to fuse with that of teres major, we expect that this
muscle is similarly enhanced in nonhuman apes and displays a rela-
tively more distal insertion position compared to humans.

Currently available comparative data that quantify muscle inser-
tion positions on the humerus focus on differences in deltoid insertion
site. This is perhaps a result of the historical focus on the arm-raising
mechanism. Only a small number of observations are available for dif-
ferences in teres major, pectoralis major and latissimus dorsi insertion
sites (Ashton & Oxnard, 1963; Fleagle & Simons, 1982; Inman
et al., 1944; Stewart, 1936). Our results suggest that future studies
investigating the morphological variation of extant and fossil hominoid
shoulders would benefit from incorporating more observations on dif-
ferences in the relative insertion positions of the main arm-lowering
muscles. Indeed, this rarely discussed aspect of humerus morphology
appears to have a larger impact on shoulder biomechanics than does
oblique shoulder morphology, which has received extensive discus-
sion in primate paleontology (Melillo, 2016; Melillo et al., 2019).

Overall, the findings of our biomechanical analysis together with
musculoskeletal data reported by previous studies suggest that the
arm-lowering mechanism is enhanced in all hominoids except humans.
The evidence of an enhanced arm-lowering mechanism could signal
an adaptation to locomotor behavior that is shared by all nonhuman
apes. We further suggest that the lack of the enhanced arm-lowering
mechanism in humans, as reflected by a proximal shift in muscle inser-
tion sites on the humerus, may be related to the fact that the upper

limb does not play a role in body propulsion.

4.2 | Importance of arm-lowering-mechanism for
gorilla locomotion

Although arm-raising adaptations have been historically emphasized,
arm-lowering is clearly an important mechanism in the propulsive

phases of ape locomotion (Hunt, 2016; Larson & Stern, 2007). In

vertical climbing and suspensory locomotion, arm retraction is used to
elevate the body center of mass (Hunt, 2016). Our results show that
the Gorilla pectoralis major and teres major arm-lowering capability is
enhanced compared to nonarboreal Homo. Therefore, our modeling
results suggest that gorilla anatomy provides a biomechanical advan-
tage in arboreal locomotor behaviors.

EMG studies of nonhuman apes during vertical climbing show
that the arm-lowering muscles are active during these behaviors
(Larson & Stern, 1986; Stern et al., 1980). Pectoralis major activity is
highest in the beginning of support phase (Stern et al., 1980) when
the arm is highly elevated (Isler, 2005). Here, we showed that high
glenohumeral elevation angles coincide with maximal moment-
generating capacity. Teres major is highly activated during mid-
support phase (Larson & Stern, 1986) when the arm is somewhat
lowered (lIsler, 2005), which coincides with our finding that teres
major moment-generating capacity is greater in smaller elevation
angles. Therefore, the results of our analysis, in conjunction with kine-
matic and EMG studies, show that muscles are being recruited during
locomotor sequences that require high force generation (i.e. where
center of mass is located far below the supporting limb and upward
body propulsion is occurring) and that coincide with joint positions
where muscle capacity is biomechanically near-optimized. The com-
bined evidence of high-muscle activity and high moment-generating
capacity together with an arm-lowering action prediction based on
MA suggest a functionally enhanced arm-lowering mechanism that is
beneficial in an arboreal context.

In quadrupedal walking, arm retraction is thought to be used to
pull the body over the supporting limb during stance phase (Smith &
Savage, 2008). Indeed, arm retraction muscles like latissimus dorsi,
teres major and pectoralis major were found to be active during these
1966; Tokuriki, 1973;
English, 1978). Our MA and moment results predict that teres major is

phases in cats and dogs (Nomura,
an effective arm retractor (arm-lowering in elevation plane 90°)
whereas pectoralis major is an effective arm adductor (arm-lowering
in elevation plane 0°) at small glenohumeral elevation angles that
potentially coincide with the shoulder angle range observed during
knuckle walking (Pontzer et al., 2014). EMG studies on chimpanzees
found that teres major is inactive, whereas pectoralis major is active
during the support phase (Larson & Stern, 1987; Larson &
Stern, 2007). The combined evidence of action capability and muscle
activity suggests that pectoralis major functions as an arm adductor
rather than as a retractor during quadrupedal stance phase, which
confirms the conclusion of Larson and Stern (2007). Furthermore, the
high teres major retraction capability in combination with evidence of
its inactivity during quadrupedal walking indicate that this locomotor
behavior does not require that the shoulder muscles generate as much
force compared to vertical climbing.

In summary, an enhanced arm-lowering mechanism is particularly
beneficial for ape arboreal locomotor behavior. This strong mecha-
nism is essential for movements that include upward body propulsion
with the arm-raised above the head. Therefore, an enhanced arm-
lowering mechanism, evident by distal humerus insertions and an

oblique shoulder configuration, appear to be indicative for the
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orthograde arboreal locomotion of nonhuman apes, and potentially
other suspensory species. Parsimony-based reasoning suggests that

these traits were lost over the course of hominin evolution.

4.3 | Study limitations

Our gorilla model is specimen-specific, which fits our study design as
the model reflects the biomechanical capabilities of an actual animal.
However, this approach also has its limitations that can affect the
interpretation of the results. A specimen-specific model does not
reflect the intraspecific variability present in a species. We
approached this limitation by comparing our calculated and
reconstructed muscle soft-tissue properties and musculoskeletal
geometries to data reported by other studies (Supporting Information
section 1). The evaluation suggests that our gorilla model parameters
lie within the range observed in African nonhuman apes. The results
increase our confidence in the placement of muscle attachment points
and the reconstruction of the general morphological pattern found in
Gorilla. Furthermore, our gorilla F,.x values fall at the lower range of
values observed in nonhuman apes. Therefore, our results suggest
that the F,.x differences observed between the human and gorilla
model are not the result of an unrepresentatively powerful gorilla
specimen.

In this study, we investigated the arm-lowering effectiveness
across varying glenohumeral elevation angles and planes. The results
highlight that arm-lowering capacity of teres minor and subscapularis
is similar between gorillas and humans. However, arm retraction or
adduction are not necessarily the main function of these muscles.
Teres minor is thought to act as a lateral rotator in nonhuman apes
(Larson, 1993). The subscapularis muscle is understood to act as a
strong medial rotator that is highly active during vertical climbing
(Arias-Martorell, 2018; Larson, 1993; Larson & Stern, 1986). The dif-
ference in subscapularis F..x capacity further suggests that this mus-
cle serves different roles in humans and nonhuman apes. Therefore,
future biomechanical studies investigating differences in shoulder
muscle function within hominoids would benefit from incorporating
rotations about the humeral long-axis.

Our biomechanical analysis is focused on mechanisms that act at
the GHJ. However, the shoulder complex includes three additional
joints (scapulothoracic, sternoclavicular and acromioclavicular). In
humans, glenohumeral elevation contributes 120° to a full 180° arm-
raise; the remaining excursion is achieved through combined rotations
about the other three joints. (Inman et al., 1944; Lucas, 1973). How-
ever, it is debated whether and to what extent nonhuman apes
employ this mechanism (Larson, 1993; Larson et al., 1991; Tuttle &
Basmajian, 1977). Therefore, we decided to not include scapular rota-
tion as part of the arm-lowering mechanism of our gorilla model.
However, the results of our test configurations show that species-
specific differences in scapular position and glenoid orientation have
an effect on the arm-lowering capability of pectoralis major. There-
fore, we would expect that scapulothoracic motion affects the biome-

chanical capability of this muscle. Future studies that investigate
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scapulothoracic range of motion in nonhuman apes will shed more

light on the biomechanical consequences for pectoralis major. Fur-
thermore, the humeral head is known to translate relative to the
glenoid across arm abduction in humans (Hik & Ackland, 2019;
Karduna et al., 1996; Massimini et al., 2012). Yet, as the effect of
translations on shoulder muscle MAs in humans and the range of
translations in nonhuman apes are unknown, we decided to focus our
analysis on glenohumeral rotations. However, the modeling aspect
enables the integration of glenohumeral translation and scapular rota-
tion in future versions of the model, which gives opportunity and rea-

son for further development.

5 | CONCLUSION

The arm-lowering mechanism is enhanced in Gorilla and potentially all
nonhuman apes compared to Homo. This enhancement is evident by
greater maximum isometric force capacities and MAs of two impor-
tant arm-lowering muscles, the pectoralis major and teres major. The
enhanced MAs result from a more distal humerus insertion and more
oblique shoulder configuration, morphological features that are pre-
sent in Gorilla and potentially all other nonhuman apes. These insights
cast a new light on the functional implications of the differences in
human and nonhuman ape shoulder morphology that have been so
thoroughly documented. Namely, that rather than imparting an advan-
tage in arm-raising, the bone shapes and articulated shoulder architec-
ture common to nonhuman hominoids and suspensory monkeys are
enhancing the arm-lowering mechanism.

A strong arm-lowering mechanism is advantageous in an arboreal
context. An effective mechanism benefits locomotor behaviors that
include arm-lowering to propel the body center up- and forward, as in
vertical climbing and suspension. Therefore, we would expect to find
evidence for an enhanced arm-lowering mechanism similar as
described for Gorilla in all arboreal hominoids. This enhanced mecha-
nism was lost together with arboreal adaptations as bipedalism

evolved in hominins.

ACKNOWLEDGMENTS

We thank the collaborators and curators at the Cleveland Museum of
Natural History (Dr. Yohannes Haile-Selassie, Dr. Tim Matson,
Dr. Gavin Svenson, Lyman Jellema, David Chapman and Amber
Anderson) for access to specimen and facilities, and for logistical sup-
port. The authors thank Dr. Eric M. Green and Denise Bailey from the
Ohio State University, College of Veterinary Medicine, who con-
ducted the CT. We thank the Case Western Reserve University
School of Medicine Animal Resource Center, especially Dr. W. John
Durfee and Jean Holbert, for facilities access and Dr. Scott Simpson
(Case Western Reserve University School of Medicine, Department of
Anatomy) for logistical support. The authors thank Dr. PJ Polumbo
(Erie Zoo) and Dr. Mike Selig (Cleveland Metroparks Zoo), who
assisted with specimen access and background documentation. The
authors also thank Dr. Ajay Seth for providing us with detailed infor-
mation on the human model and for his helpful comments during the



van BEESEL ET AL.

s | wiLEy- ErE

model-building process. We thank Peter Bishop and other members

of the Structure and Motion Lab (Royal Veterinary College) who con-
tributed input into modeling procedures. Finally, the authors thank
Dr. Edwin Dickinson and Dr. Kassandra Turcotte for providing their
strong support and expertise during the dissection.

This research was enabled and supported by the Max Planck
Institute for Evolutionary Anthropology, Department of Human Evo-
lution. JRH's involvement was funded by ERC Horizon 2020
Advanced Investigator Grand number 695517. The authors have no
conflict of interest to declare. Open Access funding enabled and orga-
nized by Projekt DEAL.

AUTHOR CONTRIBUTIONS

Julia van Beesel: Conceptualization (equal); data curation (lead); for-
mal analysis (lead); investigation (equal); methodology (lead); project
administration (equal); validation (lead); visualization (lead); writing -
original draft (lead). John Hutchinson: Data curation (supporting);
formal analysis (supporting); methodology (supporting); project
administration (supporting); supervision (supporting); validation
(supporting); visualization (supporting); writing - original draft
(supporting). Jean-Jacques Hublin: Conceptualization (supporting);
funding acquisition (lead); project administration (supporting); super-
vision (supporting); writing - original draft (supporting). Stephanie
Melillo: Conceptualization (equal); data curation (supporting); formal
analysis (supporting); funding acquisition (supporting); investigation
(equal); methodology (supporting); project administration (equal);
supervision (lead); visualization (supporting); writing - original draft

(supporting).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are partially available
in the article and Supporting Information and are available from the

corresponding author upon reasonable request.

ORCID
Julia van Beesel
John R. Hutchinson

https://orcid.org/0000-0001-5457-0103
https://orcid.org/0000-0002-6767-7038
https://orcid.org/0000-0001-6283-8114
https://orcid.org/0000-0002-1154-1772

Jean-Jacques Hublin

Stephanie Melillo

REFERENCES

Arias-Martorell, J. (2018). The morphology and evolutionary history of the
glenohumeral joint of hominoids: A review. Ecology and Evolution, 9(1),
703-722. https://doi.org/10.1002/ece3.4392

Ashton, E. H., & Oxnard, C. E. (1963). The musculature of the primate
shoulder. The Transactions of the Zoological Society of London, 29(7),
553-650. https://doi.org/10.1111/j.1096-3642.1963.tb00222.x

Ashton, E. H., & Oxnard, C. E. (1964). Functional adaptations in the pri-
mate shoulder girdle. Proceedings of the Zoological Society of London,
142(1), 49-66. https://doi.org/10.1111/j.1469-7998.1964.tb05153.x

Astta, D. (2009). Evolution of scapula size and shape in didelphid marsu-
pials (Didelphimorphia: Didelphidae). Evolution, 63(9), 2438-2456.
https://doi.org/10.1111/j.1558-5646.2009.00720.x

Bishop, P. J., Cuff, A. R., & Hutchinson, J. R. (2021). How to build a dino-
saur: Musculoskeletal modeling and simulation of locomotor

biomechanics in extinct animals. Paleobiology, 47(1), 1-38. https://doi.
org/10.1017/pab.2020.46

Carlson, K. J. (2006). Muscle architecture of the common chimpanzee (pan
troglodytes): Perspectives for investigating chimpanzee behavior. Pri-
mates, 47(3), 218-229. https://doi.org/10.1007/s10329-005-0166-4

Channon, A. J., Crompton, R. H., Glinther, M. M., & Vereecke, E. E. (2010).
Muscle moment arms of the gibbon hind limb: Implications for
hylobatid locomotion. Journal of Anatomy, 216(4), 446-462. https://
doi.org/10.1111/j.1469-7580.2009.01209.x

Ciochon, R. L., & Corruccini, R. S. (1977). The coraco-acromial ligament
and projection index in man and other anthropoid primates. Journal of
Anatomy, 124(Pt 3), 627-632. https://doi.org/10.1002/ajpa.
1330450104

Codman, E. A. (1934). The shoulder; rupture of the suprasupinatus tendon
and other lesions in or about the subacromial bursa. Thomas Todd.

Corruccini, R. S., & Ciochon, R. L. (1976). Morphometric affinities of the
human shoulder. American Journal of Physical Anthropology, 45(1), 19-
37. https://doi.org/10.1002/ajpa.1330450104

Delp, S. L., Anderson, F. C., Arnold, A. S., Loan, P., Habib, A., John, C. T,,
Guendelman, E., & Thelen, D. G. (2007). OpenSim: Open-source soft-
ware to create and analyze dynamic simulations of movement. IEEE
Transactions on Biomedical Engineering, 54(11), 1940-1950. https://
doi.org/10.1109/TBME.2007.901024

Delp, S. L., & Loan, J. P. (2000). A computational framework for simulating
and analyzing human and animal movement. Computing in Science &
Engineering, 2(5), 46-55. https://doi.org/10.1109/5992.877394

Deutschland, S. B. (2001, 1999). Fachserie. 12, Gesundheitswesen. Reihe
S. 3, Fragen zur Gesundheit. In Stuttgart. Metzler-Poeschel https://
www.statistischebibliothek.de/mir/receive/DEHeft_mods_00131070

Duprey, S., Billuart, F., Sah, S., Ohl, X., Robert, T., Skalli, W., & Wang, X.
(2015). Three-dimensional rotations of the scapula during arm abduc-
tion: Evaluation of the acromion marker cluster method in comparison
with a model-based approach using Biplanar radiograph images. Jour-
nal of Applied Biomechanics, 31(5), 396-402. https://doi.org/10.1123/
jab.2014-0244

English, A. W. (1978). Functional analysis of the shoulder girdle of cats
during locomotion. Journal of Morphology, 156(2), 279-292. https://
doi.org/10.1002/jmor.1051560209

Fleagle, J. G., & Simons, E. L. (1982). The humerus of Aegyptopithecus
zeuxis: A primitive anthropoid. American Journal of Physical Anthropol-
ogy, 59(2), 175-193. https://doi.org/10.1002/ajpa.1330590207

Fleagle, J. G., Stern, J. T., Jungers, W. L., Susman, R. L., Vangor, A. K., and
Wells, J. P. (1981) Climbing: A biomechanical link with brachiation and
with bipedalism. Paper presented at the Symposia of the Zoological
Society of London.

Gray, H., and Lewis, W. H. (1918) Anatomy of the human body: Lea &
Febiger.

Green, D. J., & Alemseged, Z. (2012). Australopithecus afarensis scapular
ontogeny, function, and the role of climbing in human evolution. Sci-
ence, 338(6106), 514-517. https://doi.org/10.1126/science.1227123

Haile-Selassie, Y., Latimer, B. M., Alene, M., Deino, A. L., Gibert, L.,
Melillo, S. M., Saylor, B. Z., Scott, G. R,, & Lovejoy, C. O. (2010). An
early Australopithecus afarensis postcranium from Woranso-mille,
Ethiopia. Proceedings of the National Academy of Sciences of the
United States of America, 107(27), 12121-12126. https://doi.org/10.
1073/pnas.1004527107

Hik, F., & Ackland, D. C. (2019). The moment arms of the muscles spanning
the glenohumeral joint: A systematic review. Journal of Anatomy,
234(1), 1-15. https://doi.org/10.1111/joa.12903

Hunt, K. D. (2016). Why are there apes? Evidence for the co-evolution of
ape and monkey ecomorphology. Journal of Anatomy, 228(4), 630-
685. https://doi.org/10.1111/joa.12454

Hutchinson, J. R., Rankin, J. W., Rubenson, J., Rosenbluth, K. H,
Siston, R. A, & Delp, S. L. (2015). Musculoskeletal modelling of an
ostrich (Struthio camelus) pelvic limb: Influence of limb orientation on


https://orcid.org/0000-0001-5457-0103
https://orcid.org/0000-0001-5457-0103
https://orcid.org/0000-0002-6767-7038
https://orcid.org/0000-0002-6767-7038
https://orcid.org/0000-0001-6283-8114
https://orcid.org/0000-0001-6283-8114
https://orcid.org/0000-0002-1154-1772
https://orcid.org/0000-0002-1154-1772
https://doi.org/10.1002/ece3.4392
https://doi.org/10.1111/j.1096-3642.1963.tb00222.x
https://doi.org/10.1111/j.1469-7998.1964.tb05153.x
https://doi.org/10.1111/j.1558-5646.2009.00720.x
https://doi.org/10.1017/pab.2020.46
https://doi.org/10.1017/pab.2020.46
https://doi.org/10.1007/s10329-005-0166-4
https://doi.org/10.1111/j.1469-7580.2009.01209.x
https://doi.org/10.1111/j.1469-7580.2009.01209.x
https://doi.org/10.1002/ajpa.1330450104
https://doi.org/10.1002/ajpa.1330450104
https://doi.org/10.1002/ajpa.1330450104
https://doi.org/10.1109/TBME.2007.901024
https://doi.org/10.1109/TBME.2007.901024
https://doi.org/10.1109/5992.877394
https://www.statistischebibliothek.de/mir/receive/DEHeft_mods_00131070
https://www.statistischebibliothek.de/mir/receive/DEHeft_mods_00131070
https://doi.org/10.1123/jab.2014-0244
https://doi.org/10.1123/jab.2014-0244
https://doi.org/10.1002/jmor.1051560209
https://doi.org/10.1002/jmor.1051560209
https://doi.org/10.1002/ajpa.1330590207
https://doi.org/10.1126/science.1227123
https://doi.org/10.1073/pnas.1004527107
https://doi.org/10.1073/pnas.1004527107
https://doi.org/10.1111/joa.12903
https://doi.org/10.1111/joa.12454

van BEESEL ET AL.

muscular capacity during locomotion. PeerJ, 3, e1001. https://doi.org/
10.7717/peerj.1001

Inman, V. T., De, C. M., Saunders, J. B., & Abbott, L. C. (1944). Observa-
tions on the function of the shoulder joint. JBJS, 26(1), 1-30. https://
doi.org/10.1097/00003086-199609000-00002

Isler, K. (2005). 3D-kinematics of vertical climbing in hominoids. American
Journal of Physical Anthropology, 126(1), 66-81. https://doi.org/10.
1002/ajpa.10419

Jaric, S., Ugarkovic, D., & Kukolj, M. (2002). Evaluation of methods for nor-
malizing muscle strength in elite and young athletes. The Journal of
Sports Medicine and Physical Fitness, 42(2), 141-151 http://
europepmec.org/abstract/MED/12032408

Jenkins, F. A, Jr.,, Dombrowski, P. J., & Gordon, E. P. (1978). Analysis of
the shoulder in brachiating spider monkeys. American Journal of Physi-
cal Anthropology, 48(1), 65-76. https://doi.org/10.1002/ajpa.
1330480110

Karduna, A. R., Williams, G. R,, lannotti, J. P., & Williams, J. L. (1996). Kine-
matics of the glenohumeral joint: Influences of muscle forces, ligamen-
tous constraints, and articular geometry. Journal of Orthopaedic
Research, 14(6), 986-993. https://doi.org/10.1002/jor.1100140620

Keith, S. A. (1923). Man's posture. Its Evolution and Disorders., 1, 587-590.

Kikuchi, Y., & Kuraoka, A. (2014). Differences in muscle dimensional
parameters between non-formalin-fixed (freeze-thawed) and formalin-
fixed specimen in gorilla (Gorilla gorilla). Mammal Study, 39(1), 65-72.
https://doi.org/10.3106/041.039.0101

Kikuchi, Y., Takemoto, H., & Kuraoka, A. (2012). Relationship between
humeral geometry and shoulder muscle power among suspensory,
knuckle-walking, and digitigrade/palmigrade quadrupedal primates.
Journal of Anatomy, 220(1), 29-41. https://doi.org/10.1111/j.1469-
7580.2011.01451.x

Klein Breteler, M. D., Spoor, C. W., & van der Helm, F. C. T. (1999). Mea-
suring muscle and joint geometry parameters of a shoulder for model-
ing purposes. Journal of Biomechanics, 32(11), 1191-1197. https://doi.
org/10.1016/50021-9290(99)00122-0

Larson, S. (1993). Functional morphology of the shoulder in primates. In D.
Gebo (Ed.), Postcranial adaptation in nonhuman primates (pp. 45-69).
Northern lllinois University Press.

Larson, S. G. (1995). New characters for the functional interpretation
of primate scapulae and proximal humeri. American Journal of
Physical Anthropology, 98(1), 13-35. https://doi.org/10.1002/ajpa.
1330980103

Larson, S. G. (2013). Shoulder morphology in early hominin evolution. In
K. E. Reed, J. G. Fleagle, & R. E. Leakey (Eds.), The Paleobiology of
Australopithecus (pp. 247-261). Springer, Dordrecht.

Larson, S. G., & Stern, J. T. (1986). EMG of scapulohumeral muscles in the
chimpanzee during reaching and “arboreal” locomotion. American Jour-
nal of Anatomy, 176(2), 171-190. https://doi.org/10.1002/aja.
1001760207

Larson, S. G., & Stern, J. T. (1987). EMG of chimpanzee shoulder muscles
during knuckle-walking: Problems of terrestrial locomotion in a sus-
pensory adapted primate. Journal of Zoology, 212(4), 629-655. https://
doi.org/10.1111/j.1469-7998.1987.tb05961.x

Larson, S. G., & Stern, J. T. (2007). Humeral retractor EMG during quadru-
pedal walking in primates. Journal of Experimental Biology, 210(7),
1204-1215. https://doi.org/10.1242/jeb.002337

Larson, S. G., Stern, J. T. J., & Jungers, W. L. (1991). EMG of serratus ante-
rior and trapezius in the chimpanzee: Scapular rotators revisited. Amer-
ican Journal of Physical Anthropology, 85(1), 71-84. https://doi.org/10.
1002/ajpa.1330850109

Lucas, D. B. (1973). Biomechanics of the shoulder joint. Archives of Surgery,
107(3), 425-432. https://doi.org/10.1001/archsurg.1973.
01350210061018

Massimini, D. F., Boyer, P. J., Papannagari, R., Gill, T. J., Warner, J. P., &
Li, G. (2012). In-vivo glenohumeral translation and ligament elongation
during abduction and abduction with internal and external rotation.

A WILEY- ¥

Journal of Orthopaedic Surgery and Research, 7(1), 29. https://doi.org/
10.1186/1749-799X-7-29

Melillo, S., Gunz, P., Coqueugniot, H., Reske, S., & Hublin, J.-J. (2019).
Structural effects of variation in the human clavicle. American Journal
of Physical Anthropology, 168(4), 687-704. https://doi.org/10.1002/
ajpa.23787

Melillo, S. M. (2016). The shoulder girdle of KSD-VP-1/1. In Y. Haile-
Selassie & D. F. Su (Eds.), The postcranial anatomy of Australopithecus
afarensis: New insights from KSD-VP-1/1 (pp. 113-141). Springer,
Dordrecht.

Michilsens, F., Vereecke, E. E., D'Ao(t, K., & Aerts, P. (2009). Functional
anatomy of the gibbon forelimb: Adaptations to a brachiating lifestyle.
Journal of Anatomy, 215(3), 335-354. https://doi.org/10.1111/j.1469-
7580.2009.01109.x

Michilsens, F., Vereecke, E. E., D'Aoit, K., & Aerts, P. (2010). Muscle
moment arms and function of the siamang forelimb during brachiation.
Journal of Anatomy, 217(5), 521-535. https://doi.org/10.1111/j.1469-
7580.2010.01272.x

Millard, M., Uchida, T., Seth, A., & Delp, S. L. (2013). Flexing computational
muscle: Modeling and simulation of Musculotendon dynamics. Journal
of Biomechanical Engineering, 135(2), 21005. https://doi.org/10.1115/
1.4023390

Miller, R. A. (1932). Evolution of the pectoral girdle and fore limb in the
primates. American Journal of Physical Anthropology, 17(1), 1-56.
https://doi.org/10.1002/ajpa.1330170113

Napier, J. (1963). Brachiation and brachiators. Paper presented at the Sym-
posia of the Zoological Society of London.

Nomura, S., Sawazake, H., & Ibaraki, T. (1966). Co-operated muscular
action in postural adjustment and motion in dog, from the viewpoint
of electromyographic kinesiology and joint mechanics. IV. About mus-
cular activity in walking and trot. Japanese Journal of Zootechnical Sci-
ence, 37,221-229.

Qishi, M., Ogihara, N., Endo, H., Ichihara, N., & Asari, M. (2009). Dimen-
sions of forelimb muscles in orangutans and chimpanzees. Journal of
Anatomy, 215(4), 373-382. https://doi.org/10.1111/j.1469-7580.
2009.01125.x

O'Neill, M. C,, Lee, L. F., Larson, S. G., Demes, B., Stern, J. T, Jr., &
Umberger, B. R. (2013). A three-dimensional musculoskeletal model of
the chimpanzee (pan troglodytes) pelvis and hind limb. The Journal of
Experimental Biology, 216(Pt 19), 3709-3723. https://doi.org/10.
1242/jeb.079665

Oxnard, C. (1963). Locomotor adaptations in the primate forelimb. Paper
presented at the Symposia of the Zoological Society of London.

Oxnard, C. E. (1967). The functional morphology of the primate shoulder
as revealed by comparative anatomical, osteometric and discriminant
function techniques. American Journal of Physical Anthropology, 26(2),
219-240. https://doi.org/10.1002/ajpa.1330260209

Oxnard, C. E. (1968). The architecture of the shoulder in some mammals.
Journal of Morphology, 126(3), 249-290. https://doi.org/10.1002/
jmor.1051260302

Pandy, M. G. (1999). Moment arm of a muscle force. Exercise and Sport Sci-
ences Reviews, 27(1), 79-118. Retrieved from. https://journals.lww.
com/acsm-essr/Fulltext/1999/00270/4_Moment_A_r_m_of_a_
Muscle_Force.6.aspx

Payne, R. C. (2001). Musculoskeletal adaptations for climbing in hominoids
and their role as exaptions for the acquisition of bipedalism. University of
Liverpool http://ethos.bl.uk/ProcessSearch.do??

Pontzer, H., Raichlen, D. A., & Rodman, P. S. (2014). Bipedal and quadrupe-
dal locomotion in chimpanzees. Journal of Human Evolution, 66, 64-82.
https://doi.org/10.1016/j.jhevol.2013.10.002

Roberts, D. (1974). Structure and function of the primate scapula. In
F. A. J. Jenkins (Ed.), Primate Locomotion (pp. 171-200). Academic
Press.

Schmidt, M., & Krause, C. (2011). Scapula movements and their contribu-
tion to three-dimensional forelimb excursions in quadrupedal primates.



https://doi.org/10.7717/peerj.1001
https://doi.org/10.7717/peerj.1001
https://doi.org/10.1097/00003086-199609000-00002
https://doi.org/10.1097/00003086-199609000-00002
https://doi.org/10.1002/ajpa.10419
https://doi.org/10.1002/ajpa.10419
http://europepmc.org/abstract/MED/12032408
http://europepmc.org/abstract/MED/12032408
https://doi.org/10.1002/ajpa.1330480110
https://doi.org/10.1002/ajpa.1330480110
https://doi.org/10.1002/jor.1100140620
https://doi.org/10.3106/041.039.0101
https://doi.org/10.1111/j.1469-7580.2011.01451.x
https://doi.org/10.1111/j.1469-7580.2011.01451.x
https://doi.org/10.1016/S0021-9290(99)00122-0
https://doi.org/10.1016/S0021-9290(99)00122-0
https://doi.org/10.1002/ajpa.1330980103
https://doi.org/10.1002/ajpa.1330980103
https://doi.org/10.1002/aja.1001760207
https://doi.org/10.1002/aja.1001760207
https://doi.org/10.1111/j.1469-7998.1987.tb05961.x
https://doi.org/10.1111/j.1469-7998.1987.tb05961.x
https://doi.org/10.1242/jeb.002337
https://doi.org/10.1002/ajpa.1330850109
https://doi.org/10.1002/ajpa.1330850109
https://doi.org/10.1001/archsurg.1973.01350210061018
https://doi.org/10.1001/archsurg.1973.01350210061018
https://doi.org/10.1186/1749-799X-7-29
https://doi.org/10.1186/1749-799X-7-29
https://doi.org/10.1002/ajpa.23787
https://doi.org/10.1002/ajpa.23787
https://doi.org/10.1111/j.1469-7580.2009.01109.x
https://doi.org/10.1111/j.1469-7580.2009.01109.x
https://doi.org/10.1111/j.1469-7580.2010.01272.x
https://doi.org/10.1111/j.1469-7580.2010.01272.x
https://doi.org/10.1115/1.4023390
https://doi.org/10.1115/1.4023390
https://doi.org/10.1002/ajpa.1330170113
https://doi.org/10.1111/j.1469-7580.2009.01125.x
https://doi.org/10.1111/j.1469-7580.2009.01125.x
https://doi.org/10.1242/jeb.079665
https://doi.org/10.1242/jeb.079665
https://doi.org/10.1002/ajpa.1330260209
https://doi.org/10.1002/jmor.1051260302
https://doi.org/10.1002/jmor.1051260302
https://journals.lww.com/acsm-essr/Fulltext/1999/00270/4_Moment_A_r_m_of_a_Muscle_Force.6.aspx
https://journals.lww.com/acsm-essr/Fulltext/1999/00270/4_Moment_A_r_m_of_a_Muscle_Force.6.aspx
https://journals.lww.com/acsm-essr/Fulltext/1999/00270/4_Moment_A_r_m_of_a_Muscle_Force.6.aspx
http://ethos.bl.uk/ProcessSearch.do??query=367705
https://doi.org/10.1016/j.jhevol.2013.10.002

van BEESEL ET AL.

s | wiLEy- EREm

In K. D'Ao(t & E. E. Vereecke (Eds.), Primate locomotion: Linking field
and laboratory research (pp. 83-108). New York, NY.

Schultz, A. H. (1936a). Characters common to higher primates and charac-
ters specific for man. The Quarterly Review of Biology, 11(3), 259-283.
https://doi.org/10.1086/394508

Schultz, A. H. (1936b). Characters common to higher primates and charac-
ters specific for man (continued). The Quarterly Review of Biology,
11(4), 425-455. https://doi.org/10.1086/394517

Sears, K. E. (2005). Role of development in the evolution of the scapula
of the giant sthenurine kangaroos (Macropodidae: Sthenurinae). Journal
of Morphology, 265(2), 226-236. https://doi.org/10.1002/jmor.10353

Seth, A., Dong, M., Matias, R., & Delp, S. (2019). Muscle Contributions to
upper-extremity movement and work from a musculoskeletal model of
the human shoulder. Frontiers in Neurorobotics, 13(90), 1-9. https://
doi.org/10.3389/fnbot.2019.00090

Seth, A., Hicks, J. L., Uchida, T. K., Habib, A., Dembia, C. L., Dunne, J. J,,
Ong, C. F., DeMers, M. S., Rajagopal, A., Millard, M., Hamner, S. R,
Arnold, E. M., Yong, J. R, Lakshmikanth, S. K., Sherman, M. A,
Ku, J. P, & Delp, S. L. (2018). OpenSim: Simulating musculoskeletal
dynamics and neuromuscular control to study human and animal
movement. PLoS Computational Biology, 14(7), e1006223. https://doi.
org/10.1371/journal.pcbi.1006223

Sherman, M. A, Seth, A,, and Delp, S. L. (2013). What is a moment arm?
Calculating muscle effectiveness in biomechanical models using gener-
alized coordinates. Paper presented at the ASME 2013 International
Design Engineering Technical Conferences and Computers and Infor-
mation in Engineering Conference.

Simpson, S. W., Latimer, B., & Lovejoy, C. O. (2018). Why do knuckle-
walking African apes knuckle-walk? The Anatomical Record, 301(3),
496-514. https://doi.org/10.1002/ar.23743

Smith, J. M., & Savage, R. J. G. (2008). Some locomotory adaptations in
mammals. Zoological Journal of the Linnean Society, 42(288), 603-622.
https://doi.org/10.1111/j.1096-3642.1956.tb02220.x

Stern, J. T. J., Wells, J. P., Jungers, W. L., Vangor, A. K., & Fleagle, J. G.
(1980). An electromyographic study of the pectoralis major in Atelines
and Hylobates, with special reference to the evolution of a pars
clavicularis. American Journal of Physical Anthropology, 52(1), 13-26.
https://doi.org/10.1002/ajpa.1330520104

Stewart, T. D. (1936). The musculature of the anthropoids. I. Neck and
trunk. American Journal of Physical Anthropology, 21(2), 141-204.
https://doi.org/10.1002/ajpa.1330210223

Thompson, N. E., Rubinstein, D., & Larson, S. G. (2018). Great ape thorax
and shoulder configuration—An adaptation for arboreality or knuckle-
walking? Journal of Human Evolution, 125, 15-26. https://doi.org/10.
1016/j.jhevol.2018.09.005

Thorpe, S. K. S., Crompton, R. H., Giinther, M. M., Ker, R. F., & McNeill
Alexander, R. (1999). Dimensions and moment arms of the hind- and
forelimb muscles of common chimpanzees (pan troglodytes). American
Journal of Physical Anthropology, 110(2), 179-199. https://doi.org/10.
1002/(SICI)1096-8644(199910)110:2<179::AID-AJPA5>3.0.CO;2-Z

Tokuriki, M. (1973). Electromyographic and joint-mechanical studies in
quadrupedal locomotion. |I. Walk. The Japanese. Journal of Veteri-
nary Science, 35(5), 433-436. https://doi.org/10.1292/jvms1939.
35.433

Tuttle, R., & Basmajian, J. (1977). Electromyography of pongid shoulder mus-
cles and hominoid evolution. I. Retractors of the humerus and rotators
of the scapula. Yearbook of Physical Anthropology, 20, 491-497.

van Beesel, J., Hutchinson, J. R., Hublin, J.-J., & Melillo, S. M. (2021).
Exploring the functional morphology of the gorilla shoulder through
musculoskeletal modelling. Journal of Anatomy, 239(1), 207-227.
https://doi.org/10.1111/joa.13412

Wu, G, van der Helm, F. C. T., Veeger, H. E. J., Makhsous, M., Van Roy, P.,
Anglin, C., Nagels, J, Karduna, A. R, McQuade, K, Wang, X,
Werner, F. W., & Buchholz, B. (2005). ISB recommendation on definitions
of joint coordinate systems of various joints for the reporting of human
joint motion—Part lI: Shoulder, elbow, wrist and hand. Journal of Biome-
chanics, 38(5), 981-992. https://doi.org/10.1016/j.jbiomech.2004.05.042

Young, N. M. (2008). A comparison of the ontogeny of shape variation in
the anthropoid scapula: Functional and phylogenetic signal. American
Journal of Physical Anthropology, 136(3), 247-264. https://doi.org/10.
1002/ajpa.20799

Zajac, F. E. (1989). Muscle and tendon: Properties, models, scaling, and
application to biomechanics and motor control. Critical Reviews in Bio-
medical Engineering, 17(4), 359-411 http://europepmc.org/abstract/
MED/2676342

SUPPORTING INFORMATION
Additional supporting information may be found in the online version
of the article at the publisher's website.

How to cite this article: van Beesel, J., Hutchinson, J. R,,
Hublin, J.-J., & Melillo, S. (2022). Comparison of the
arm-lowering performance between Gorilla and Homo through
musculoskeletal modeling. American Journal of Biological
Anthropology, 1-18. https://doi.org/10.1002/ajpa.24511



https://doi.org/10.1086/394508
https://doi.org/10.1086/394517
https://doi.org/10.1002/jmor.10353
https://doi.org/10.3389/fnbot.2019.00090
https://doi.org/10.3389/fnbot.2019.00090
https://doi.org/10.1371/journal.pcbi.1006223
https://doi.org/10.1371/journal.pcbi.1006223
https://doi.org/10.1002/ar.23743
https://doi.org/10.1111/j.1096-3642.1956.tb02220.x
https://doi.org/10.1002/ajpa.1330520104
https://doi.org/10.1002/ajpa.1330210223
https://doi.org/10.1016/j.jhevol.2018.09.005
https://doi.org/10.1016/j.jhevol.2018.09.005
https://doi.org/10.1002/(SICI)1096-8644(199910)110:2%3C179::AID-AJPA5%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1096-8644(199910)110:2%3C179::AID-AJPA5%3E3.0.CO;2-Z
https://doi.org/10.1292/jvms1939.35.433
https://doi.org/10.1292/jvms1939.35.433
https://doi.org/10.1111/joa.13412
https://doi.org/10.1016/j.jbiomech.2004.05.042
https://doi.org/10.1002/ajpa.20799
https://doi.org/10.1002/ajpa.20799
http://europepmc.org/abstract/MED/2676342
http://europepmc.org/abstract/MED/2676342
https://doi.org/10.1002/ajpa.24511

	Comparison of the arm-lowering performance between Gorilla and Homo through musculoskeletal modeling
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Subject and dissection notes
	2.2  Joint geometry
	2.3  MTU performance (MA and moment analyses)
	2.4  Musculoskeletal test configurations

	3  RESULTS
	3.1  Model construction and evaluation
	3.2  Teres major and minor
	3.3  Pectoralis major
	3.4  Subscapularis
	3.5  Evaluating the effects of musculoskeletal geometry using test configurations
	3.5.1  Teres major and the sternocostal portion of pectoralis major
	3.5.2  Clavicular portion of pectoralis major


	4  DISCUSSION
	4.1  The components of an enhanced arm-lowering mechanism
	4.2  Importance of arm-lowering-mechanism for gorilla locomotion
	4.3  Study limitations

	5  CONCLUSION
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


