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CORRECTION

Correction: The biomechanics of knuckle-walking: 3-D kinematics

of the chimpanzee and macaque wrist, hand and fingers
Nathan E. Thompson

There was an error published in Journal of Experimental Biology (2020) 223, jeb224360 (doi:10.1242/jeb.224360).

The description of the calculation of metacarpophalangeal (MCP) joint abduction and adduction was incorrect. It was originally described
as the angle between the metacarpal and the projection of the phalangeal vector onto the plane of best fit of the metacarpals. This was not the
case. The MCP adduction/abduction angle was calculated as the 3-D angle between the phalangeal vector projected onto the sagittal
metacarpal plane (gray plane of Fig. 2) and the vector describing the actual position of the phalanges. The originally described calculation is
sensitive to changes in MCP flexion and extension, whereas the calculation actually used is not. No data, analyses or conclusions are
changed as a result of this; only the description of the calculation used in the Materials and Methods and the representation of this in Fig. 2
were incorrect.

The corrected text in Materials and Methods (third to last sentence in ‘Metacarpophalangeal motion’) reads: ‘Adduction and abduction were
calculated as the 3-D angle between the vector projection of the phalangeal markers onto the sagittal metacarpal plane (vpy, proj in Fig. 2C,D)
and the actual vector defining each phalanx. This calculation returns a value for abduction and adduction that is insensitive to the degree of
MCP flexion and extension.’

The original and corrected versions of Fig. 2 are shown below. Both the online full-text and PDF versions of the article have been updated.

The authors apologise to the readers for any inconvenience caused and thank Dr Joris Leijnse for identification of this error.
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Fig. 2. (corrected). Forearm, hand and phalangeal coordinate systems and marker sets for the right side in dorsal view. Marker
locations are described in Table S1. (A) The red markers are those that were used to define the forearm (X, Yrand Zy) or hand (X, Y}, and Zy,)
coordinate system (black arrows). Dashed arrows represent vectors that were used to help orient the coordinate system. Pink markers are
those additional markers that were used to help calculate wrist joint motion, but were not used in defining the coordinate system. (B) 7y, is
the normal vector to a plane of best fit to all eight metacarpal landmarks (white plane; B). For each digit, a plane perpendicular to this,
oriented along each metacarpal’s base and head landmark, was used to describe the sagittal plane of each metacarpal (gray plane in B and C,
describing sagittal plane of the second metacarpal). (C) The projection of the phalangeal vector onto this plane was used to describe flexion
(—; deg) and extension (+; deg). (D) Adduction (—; deg) and abduction (+; deg) were calculated as the 3-D angle between the vector
projection of the phalangeal markers (v, ,roj) onto the sagittal metacarpal plane (gray plane) and the actual vector of the phalanges.
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Fig. 2. (original). Forearm, hand and phalangeal coordinate systems and marker sets for the right side in dorsal view. Marker
locations are described in Table S1. (A) The red markers are those that were used to define the forearm (X, Yrand Zy) or hand (X, Y}, and Zy,)
coordinate system (black arrows). Dashed arrows represent vectors that were used to help orient the coordinate system. Pink markers are
those additional markers that were used to help calculate wrist joint motion, but were not used in defining the coordinate system. (B) 7. is
the normal vector to a plane of best fit to all eight metacarpal landmarks (white plane; B). For each digit, a plane perpendicular to this,
oriented along each metacarpal’s base and head landmark, was used to describe the sagittal plane of each metacarpal (gray plane in B and C,
describing sagittal plane of the second metacarpal). (C) The projection of the phalangeal vector onto this plane was used to describe flexion

(—; deg) and extension (+; deg). (D) The projection of the phalangeal vectors onto the plane of best fit of the metacarpals was used to
describe adduction (—; deg) and abduction (+; deg).
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The biomechanics of knuckle-walking: 3-D kinematics of the
chimpanzee and macaque wrist, hand and fingers

Nathan E. Thompson*

ABSTRACT

The origin and evolution of knuckle-walking has long been a key focus
in understanding African ape, including human, origins. Yet, despite
numerous studies documenting morphological characteristics
potentially associated with knuckle-walking, little quantitative three-
dimensional (3-D) data exist of forelimb motion during knuckle-
walking. Nor do any comparative 3-D data exist for hand postures
used during quadrupedalism in monkeys. This lack of data has limited
the testability of proposed adaptations for knuckle-walking in African
apes. This study presents the first 3-D kinematic data of the wrist,
hand and metacarpophalangeal joints during knuckle-walking in
chimpanzees and in macaques using digitigrade and palmigrade
hand postures. These results clarify the unique characteristics of, and
commonalities between, knuckle-walking and digitigrady/palmigrady
in multiple planes of motion. Notably, chimpanzees utilized more wrist
ulnar deviation than any macaque hand posture. Maximum extension
of the chimpanzee wrist was slight (520 deg) and generally
overlapped with macaque digitigrady. Metacarpophalangeal joint
motion displayed distinct differences between digits in both species,
likely related to the timing of force application. These data also reveal
that maximum metacarpophalangeal extension angles during
knuckle-walking (26—-59 deg) were generally higher than previously
considered. In macaques, maximum metacarpophalangeal
extension during digitigrady and palmigrady overlapped for most
digits, highlighting additional complexity in the interpretation of
skeletal features that may be related to limiting
metacarpophalangeal motion. Most importantly, however, these
new 3-D data serve as a fundamental dataset with which evaluation
of proposed musculoskeletal adaptations for knuckle-walking can be
tested.

KEY WORDS: Locomotion, Gait, Evolution, Ape, Quadrupedal

INTRODUCTION

Chimpanzees, bonobos and gorillas are unique among primates in
their predominant use of knuckle-walking hand postures when
terrestrial. Why, when and how many times this peculiar locomotor
hand posture evolved has been the subject of intense scrutiny over the
last 100 years in paleoanthropology (see the reviews of Begun, 2010;
Crompton et al., 2008; Richmond et al., 2001 among others).
Correspondingly, identification of skeletal correlates in the hands of
apes reflecting knuckle-walking or other hand postures, has been the
focus of an enormous amount of research within paleoanthropology
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(e.g. Richmond et al., 2001 and citations therein, and more recently
Begun and Kivell, 2011; Kivell and Schmitt, 2009; Kivell et al., 2013;
Lovejoy et al., 2009; Orr, 2005; Orr, 2016; Sayers et al., 2012;
Simpson et al., 2018; Williams, 2010 among many others).
Establishing and evaluating such form—function correlations
requires not only robust extant morphological comparisons, but also
specific locomotor data. Knowledge of bony motion, combined with
force magnitudes, orientations and muscle activations are all crucial to
drawing conclusions relating form to function. Yet remarkably little
detailed quantitative biomechanical data on knuckle-walking exist
from which such biomechanical inferences can be drawn. Without
such data, the evaluation of musculoskeletal adaptations must
necessarily rely on assumptions of knuckle-walking biomechanics.

Experimental studies of knuckle-walking largely began with the
videographic studies by Tuttle (1967, 1969a,b, 1970). These, and a
number of videographic studies since then, have documented
qualitative and quantitative aspects of chimpanzee and gorilla
knuckle-walking such as hand positioning (Doran, 1997; Jenkins
and Fleagle, 1975; Thompson et al., 2018a) and frequency and
variability with which individual digits contact the substrate
(Inouye, 1994). More recently, the digital-level differences in
force and pressure magnitude have also been documented via
pressure pad studies (Matarazzo, 2013; Wunderlich and Jungers,
2009). Across the entire hand, the 3-D forces associated with
knuckle-walking have been well documented (Demes et al., 1994;
Kimura, 1985; Kimura et al., 1979; Li et al., 2004; Pontzer et al.,
2014; Sockol et al., 2007; Thompson et al., 2018b). Yet, accurate
kinematic data have remained scarce.

To date, the best kinematic data of the wrist and hand during
knuckle-walking are from the cineradiographic study of Jenkins and
Fleagle (1975). Their study illustrated a number of now classic
kinematic characteristics of the chimpanzee proximal carpal and
midcarpal joints. For instance, Jenkins and Fleagle (1975)
demonstrated the close-packed position between the distal dorsal
radius and concave portion of the scaphoid and highlighted the
extension-limiting non-articular ridge on the dorsal scaphoid
(Jenkins and Fleagle, 1975). They also qualitatively described
wrist motion, both at the proximal and midcarpal joints, and
established the relative contribution of these joints to flexion/
extension and radial/ulnar deviation (Jenkins and Fleagle, 1975).

The study of Jenkins and Fleagle (1975) was groundbreaking and
continues to be the chief source of kinematic information on
chimpanzee knuckle-walking. But, despite the importance of those
data, it was 2-D in nature. Owing to inherent limitations with 2-D
kinematic methodologies, much data on joint and segment positions
and ranges of motion over stance phase were only broadly
characterized or remained unquantified. More recent 2-D studies
have also documented wrist joint motion in chimpanzees (Finestone
et al., 2018; Pontzer et al., 2014) and gorillas (Finestone et al., 2018).
Two-dimensional studies, however, are inherently limited in
documenting joint motion as the forearm and hand are known to
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rotate out of plane relative to the direction of motion during knuckle-
walking (Matarazzo, 2013; Tuttle, 1967; Wunderlich and Jungers,
2009). No study thus far has documented 3-D wrist or digit-level joint
motion.

The lack of accurate, 3-D data on knuckle-walking has become
particularly apparent in the light of an increasing numbers of studies
correlating knuckle-walking with internal hand and wrist bone
morphology. Such studies often make predictions that require
knowledge of bone and force orientations (Barak et al., 2017,
Chirchir et al., 2017; Dunmore et al., 2019; Lazenby et al., 2011;
Macho et al., 2010; Matarazzo, 2015; Patel and Carlson, 2007;
Tsegai et al., 2013; Zeininger et al., 2011). Without kinematic data,
they remain assumptions. Indeed, such is the dearth of data that a
recent study utilized bony morphology to hypothesize kinematic
differences in wrist and metacarpophalangeal joint angles between
chimpanzees and gorillas (Kivell and Schmitt, 2009). This
hypothetical postural difference has since been relatively well
adopted within the literature, and has subsequently been upheld as
kinematic evidence of fundamentally different forms of knuckle-
walking (Le Maitre et al., 2017; Macho et al., 2010; Saunders et al.,
2016; Schilling et al., 2014; Simpson et al., 2018; Thorpe et al.,
2014). The adopting of hypotheses of extant kinematics based on
morphology alone illustrates the challenges for functional
morphologists when crucial, experimentally derived data on
locomotion in extant apes are lacking.

Here, I present the first 3-D marker-based kinematic data on wrist
and hand as well as digit-level metacarpophalangeal joint motion
during knuckle-walking in chimpanzees, and during digitigrade,
semi-digitigrade and palmigrade walking in rhesus macaques. These
data form the first comprehensive 3-D kinematic dataset of hand
postures during locomotion, and highlight unique kinematic aspects
of chimpanzee knuckle-walking, as well as some commonalities
between knuckle-walking and macaque digitigrady/palmigrady.

MATERIALS AND METHODS

Experimental subjects

Kinematic data were collected on two subadult male chimpanzees,
Pan troglodytes (Blummenbach 1775), during knuckle-walking and
two adult female rhesus macaques, Macaca mulatta (Zimmermann
1780), during quadrupedal digitigrady/palmigrady (chimpanzees: 8.7+
0.2 years old, 51.5+2.9kg; macaques: 5.2+0years old, 5.1+
0kg). Chimpanzee data were collected at the Stony Brook
University Primate Locomotion Laboratory and macaque data
were collected at Northeast Ohio Medical University. All experiments
were approved by the Institutional Animal Care and Use Committees at
their respective institutions. Both species walked on a runway either of
their own accord or following enticement with food rewards. Walking
speeds were self-selected by the subjects and calculated post hoc using
the linear distance traveled by a single acromion marker (or another
marker near the shoulder if the acromion was not in view for the whole
stride). To facilitate comparisons between species of different body
sizes at different speeds, dimensionless speed [V(g/)~*>] and Froude
number [v*(gl)~"] were calculated for all trials, where v is speed, g is
gravitational acceleration (9.81 m s~2) and / is effective forelimb length
(Alexander and Jayes, 1983). Effective forelimb length was measured
as the vertical distance between the acromion and a marker on the third
proximal phalangeal head at midstance (the moment when the
acromion was vertically positioned above the hand).

Kinematic methods
All kinematic data were recorded using a four-camera Xcitex motion
capture system (Xcitex, Inc., Woburn, MA, USA) recording at

150 Hz, and largely followed methodologies published elsewhere
(O’Neill et al., 2015; Thompson et al., 2015, 2018b,¢). Six trials
were collected for each subject, for a total of 12 trials for each
species. Chimpanzees typically over-stride (the hand contacts the
ground either at or further anteriorly than the foot). Because of this,
all chimpanzee strides analyzed were ‘outside’ strides (e.g.
Wunderlich and Jungers, 2009), where the hand was lateral to the
foot at touchdown. This was unavoidable as otherwise the hand
markers would be blocked by the foot and hind limb. To track
motion, the fur on each subject was shaved and high-contrast
markers were painted on the skin overlying palpable anatomical
landmarks (Fig. 1, Movies 1, 2). Marker positions were tracked in
the program ProAnalyst (Xcitex, Inc.) and raw x, y and z coordinates
were exported for further analysis in MATLAB (The MathWorks,
Inc., Natick, MA, USA). Each marker x, y and z component was
filtered using a fourth-order, zero-lag low-pass Butterworth filter
with a cut-off frequency of 9 Hz. After calculation of joint motion,
all kinematic variables were truncated and normalized from 0 to
100% of stance phase.

The marker set utilized here allowed for calculation of 3-D
motion of the wrist, 3-D positioning of the hand, as well as
calculation of metacarpophalangeal joint motion in flexion/
extension and abduction/adduction (Table S1, Fig. 2).

Wrist joint coordinate system

In order to calculate 3-D motion of the wrist, an anatomical marker
set and coordinate system definitions were utilized that largely
followed the recommendations set forth by the International Society

Fig. 1. Still frames of forelimb stance phase for chimpanzee knuckle-
walking and macaque digitigrady. (A—C) Chimpanzees; (D—F) macaques.
Images represent approximately 20% (A,D), 50% (B,E) and 85% (C,F) of the
stance phase.
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(into plane)

for Biomechanics (ISB) for humans (Wu et al., 2005), albeit with
some modifications.

The forearm coordinate system was defined such that for a right
forearm: +Y¢ is directed proximally, on a line from a dorsal wrist
landmark (forearm origin) to the lateral humeral epicondyle
(Fig. 2). The +X; axis is defined as perpendicular to the Yy axis,
with positive pointing anteriorly (palmarly). This was calculated
as the cross product of the +Y; unit vector and a unit vector on the
line connecting the ulnar styloid process landmark to the radial
styloid process landmark. The +Z; axis is perpendicular to X; and
Yr and thus defines the mediolateral axis. Positive Z; is directed
laterally (radially) from the dorsal wrist landmark. As per ISB
conventions, to maintain the correct sign conventions, for a left
forearm +Y; is directed distally and +Z; is directed medially
(ulnarly).

For calculation of wrist motion, the hand and metacarpal (MC)
coordinate system was defined such that for a right hand, +Y;, is
directed proximally, from the MC3 head landmark (MC segment
origin) along a line running through the MC3 head and base
landmarks. The +X;, axis is defined as perpendicular to the Y}, axis,
with positive pointing palmarly. This was calculated as the cross
product of the +Y; unit vector and a unit vector on the line
connecting the fifth to the second metacarpal (MC) base landmarks.
The +Z, axis is perpendicular to X;, and Y}, and thus defines the
mediolateral axis. Positive Z, is directed laterally (radially) from the
MC3 base landmark. For a left hand, +Y;, is directed distally and +7;,
is directed medially.

Fig. 2. Forearm, hand and phalangeal coordinate
systems and marker sets for the right side in
dorsal view. Marker locations are described in
Table S1. (A) The red markers are those that were
used to define the forearm (X;, Y; and Z;) or hand
(Xh, Yn and Zy) coordinate system (black arrows).
Dashed arrows represent vectors that were used to
help orient the coordinate system. Pink markers are
those additional markers that were used to help
calculate wrist joint motion, but were not used in
defining the coordinate system. (B) ny is the normal
vector to a plane of best fit to all eight metacarpal
landmarks (white plane; B). For each digit, a plane
perpendicular to this, oriented along each
metacarpal’s base and head landmark, was used to
describe the sagittal plane of each metacarpal (gray
plane in B and C, describing sagittal plane of the
second metacarpal). (C) The projection of the
phalangeal vector onto this plane was used to
describe flexion (—; deg) and extension (+; deg).
(D) Adduction (—; deg) and abduction (+; deg) were
calculated as the 3-D angle between the vector
projection of the phalangeal markers (Vy, proj) ONto
the sagittal metacarpal plane (gray plane) and

the actual vector of the phalanges.

Following the ISB recommendations, joint angles were
calculated using Cardan angles and a Z, X, Y order of rotations.
The neutral position was set such that the Y-axes of both segments
were vertically aligned, and the Z- and X-axes parallel. This
coordinate system was used to resolve wrist flexion/extension,
ulnar/radial deviation and pronation/supination. It is important to
emphasize, however, that the motion reported encompasses all of
the joints between the forearm and metacarpals (radiocarpal joints,
midcarpal joints and carpometacarpal joints), as is standard in the
ISB recommendations (Wu et al., 2005). This also means that
pronation/supination refers solely to motion between the forearm
and wrist, and not to pronation/supination of the forearm itself. Joint
angles were calculated using all eight of the metacarpal landmarks
and all forearm markers that were present for more than ~65% of the
stride (always either six or seven markers).

Metacarpophalangeal motion

Metacarpophalangeal (MCP) flexion/extension and abduction/
adduction were calculated by first using a principal components
analysis to calculate a plane of best fit to all eight of the MC landmarks
(white plane of Fig. 2B,D). The normal vector of this MC plane (7,,,. in
Fig. 2B) and the vector connecting the MC head and base landmarks for
each digit then defined a plane perpendicular to the MC plane, oriented
along each metacarpal (e.g. gray plane of Fig. 2B,C). Extension and
flexion were calculated using the projection of the vector containing
phalangeal head and base landmarks onto this plane. Extension and
flexion were represented by positive and negative angles, respectively
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(Fig. 2C). Adduction and abduction were calculated as the 3-D angle
between the vector projection of the phalangeal markers onto the
sagittal metacarpal plane (v, prj in Fig. 2C,D) and the actual vector
defining each phalanx. This calculation returns a value for abduction
and adduction that is insensitive to the degree of MCP flexion and
extension. For all digits, abduction (motion away from the third digit)
was positive and adduction (motion towards the third digit) was
negative. For the third digit, abduction towards the second digit (radial
deviation) was positive, and abduction towards the fourth digit (ulnar
deviation) was negative.

Hand orientation

Hand orientation was assessed via the positioning of the orientation
of the MC plane in the global coordinate system (fore—aft,
mediolateral and vertical axes as defined by the runway). The MC
normal vector (n.,. as defined above) was negated such that the
vector pointed palmarly away from the MC plane. Strides that were
analyzed for the left hand were flipped, such that all vectors could be
visualized on the right side (Fig. 3A). The position of the —rny,
vector was then projected onto the coronal plane and the coronal
palm angle (PA.) of this projection at touchdown and 50% of stance
phased was recorded (Fig. 3B). The angle PA_ was 0 deg for a palm
that was facing directly medially, and +90 deg for a palm that was
directly posteriorly (Fig. 3B). The projection of the —n,,. vector in
the sagittal plane was recorded as sagittal palm angle (PAy) at
touchdown and 50% of stance phase (Fig. 3C). This angle was 0 deg
when the palm was perpendicular to the ground, and +90 deg when
oriented parallel to the ground (Fig. 3C). The endpoint of the —#,,,
vector was also plotted over the entire stance phase in 3-D. The
pathway created by these endpoints was then projected onto the
coronal and sagittal plane, such that the orientation of the hand can
be visualized over the entire stance phase.

Data reporting

One of the largest limitations of the current dataset is dropped data.
Given inherent limitations with camera positioning during data
collection, for most trials, hand and forearm landmarks at some
point rotated out of view, particularly late during stance phase. In
some instances this affected only individual segments (e.g. one of
four digital points), and caused truncation of one joint angle. In

Up

Forward

Forward

La’efa/

Latera

other cases, the loss of a single marker required the truncation of
multiple segments (e.g. loss of a metacarpal marker). In the case of
the forearm, the specific number of landmarks used to calculate
motion was selected in order to maximize data resolution over the
stride (though either six or seven markers were always used).
Regardless, for the kinematic results, many trials do not possess data
on some variables for the full range of stance phase. Because of this,
data reporting differs slightly depending on the specific variable.
For instance, it was not possible to report maximum, minimum and
ranges of motion for all variables for all strides, as the data truncated
before a minimum or maximum value was reached. Therefore, the
number of strides used to calculate each specific variable is not the
same and is reported on a case-by-case basis in the tables. In the text,
n-values are reported when the number of strides is not the complete
sample number (i.e. not six strides per individual, 12 total for
chimpanzees and macaques). In addition, in some cases, motion was
reported at specific times (e.g. touchdown or 50% of stance phase),
or maximum and minimum values within a specified period of the
stance phase were reported. Finally, because some trials truncated
earlier than others, for all plots the individual trials are shown, rather
than means and standard deviations.

In addition, one macaque subject only walked digitigrade (n=6
strides), while the other subject used either palmigrady (n=4 strides)
or semi-digitigrady (n=2 strides). Semi-digitigrady herein refers to a
hand position where the palm is only slightly elevated off of the
ground. Because of this, for some data, where hand posture did not
appear to influence the variable under consideration, the two
macaque subjects are averaged together. In other cases, macaque
data are reported by hand posture. When reporting data on semi-
digitigrady within the text, the range of the two strides is often
reported, rather than the mean plus or minus the standard deviation,
in order to represent the data most faithfully.

Finally, one chimpanzee subject regularly held digits two and five
off of the ground when knuckle-walking. These trials are displayed
in the figures, but are excluded from the summary statistics in the
tables and in the text. Following previous standards in reporting
chimpanzee kinematic data (O’Neill et al., 2015) as well as the
recommendations of Smith (2018), significance levels and P-values
were not reported; rather, differences reported focus on the
magnitude of the effect.

Forward

Fig. 3. Hand orientation coordinate system for the right hand. (A) The normal vector describing a plane fit to all eight metacarpal points was projected
palmarly (—ngc) in the global coordinate system (up, lateral and forward). The coronal palm angle, PA. (B), and sagittal palm angle, PAs (C), were
recorded at touchdown and 50% of stance phase. The end point of the —n,,; vector throughout stance phase was also plotted to visualize the change in

orientation of the —n,,,c over stance phase.
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RESULTS

Walking speeds

Absolute walking speeds for the chimpanzee subjects were similar,
though slightly faster, than for the macaque subjects (chimpanzees:
0.84£0.19 m s™!; macaques: 0.79+0.09 m s~!). Given the smaller
body size of macaques, dimensionless speeds were nearly 45%
greater in macaques (dimensionless speed, chimpanzees: 0.34+
0.08; macaques: 0.49+0.05). One macaque subject utilized solely
digitigrade hand postures, while the other utilized a mix of
palmigrade (n=4) or semi-digitigrade (»=2) hand postures. This
difference in hand-use preference was not explained by speed,
which was nearly the same across all hand postures (dimensionless
speed, digitigrade: 0.27£0.01; palmigrade, 0.26+0.00; semi-
digitigrade, 0.26-0.27).

Wrist motion

Radial deviation

During knuckle-walking, chimpanzees generally touched down
with a wrist that was ulnarly deviated (Fig. 4A; Table 1). Further
ulnar deviation occurred during the first 10-20% of the stance
phase. The wrist then gradually radially deviated throughout most of
stance phase (20—80%), though it was generally still in an overall
position of ulnar deviation. The wrist then quickly underwent ulnar
deviation in preparation for swing phase.

The macaque pattern of wrist motion was somewhat similar to
that of the chimpanzees. The wrist ulnarly deviated slightly in the
first 20% of stance phase following touchdown, gradually radially
deviated throughout stance phase, and finally began to ulnarly
deviate again late in stance phase. However, the macaque wrist was
either in a position of radial or ulnar deviation at touch-down. In
general, the digitigrade and semi-digitigrade strides entailed slightly
radially deviated wrists, while the palmigrade strides entailed
overall more ulnar deviation. However, it cannot be ruled out that
these are simply inter-individual differences.

Compared with the macaque hand postures, chimpanzee knuckle-
walking entailed overall more ulnar deviation at the wrist, as well as
a larger range of motion (ROM) of ulnar and radial deviation during
stance phase. At touchdown, the chimpanzee wrist was 17.7 deg
more ulnarly deviated than that of the macaques (chimpanzees:
—12.0£9.2 deg; macaques: 5.7£11.0 deg) and was 25.2 deg more
ulnarly deviated at 50% of stance phase (chimpanzees: —17.4+
9.2 deg; macaques: 7.8+£8.6 deg). The ulnar and radial deviation
ROM during stance phase (5-95% stance excluding the portion
immediately after touchdown and prior to lift-off) was 9 deg larger
for chimpanzees than for macaques (chimpanzees: 20.7+£2.9 deg,
n=9; macaques: 11.6£7.1 deg, n=10). No macaque strides entailed
greater than 20 deg of ulnar deviation at the wrist, whereas most of
the chimpanzee strides did.

Supination

During knuckle-walking, the wrist pronated slightly throughout
most of stance phase (Fig. 4B). There were some differences
between chimpanzee subjects: one subject touched down with a
slightly supinated wrist (10.2+3.2 deg), whereas the other had a
slightly pronated wrist (—1.0+£2.2 deg). It is important to re-
emphasize that pronation/supination here refers only to that motion
between the forearm and metacarpals (wrist motion) and is not
inclusive of pronation/supination of the forearm itself.

All macaque trials largely followed the same pattern during the
first half of stance phase. The wrist was slightly supinated at
touchdown (touchdown supination angle, 5.442.4 deg), and then
quickly maximally pronated within the first 30-40% of stance phase
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Table 1. Three-dimensional kinematic data for the wrist

Chimpanzee Macaque
Subject 1 Subject 2 Average Subject 1 (D) Subject 2 (SD) Subject 2 (P) Average
Wrist radial deviation (deg)
Touchdown Mean -6.0 -18.0 -12.0 14.1 4.9 -6.4 5.7
s.d. 9.5 2.9 9.2 6.8 1.7 5.2 11.0
n 6 6 12 6 2 4 12
50% stance Mean -16.0 -18.8 -17.4 12.0 10.0 0.3 7.8
s.d. 7.0 45 5.8 7.7 7.6 6.2 8.6
n 6 6 12 6 2 4 12
Minimum Mean -22.0 -28.9 -25.5 71 0.0 -11.9 -0.4
(<50% stance)? s.d. 5.3 3.6 5.6 10.6 5.1 7.6 12.2
n 6 6 12 6 2 4 12
Maximum Mean 2.6 -8.0 -4.5 14.5 13.7 9.2 13.3
(>50% stance)? s.d. 3.2 5.0 6.8 6.2 8.2 3.8 5.9
n 3 6 9 6 2 2 10
ROM Mean 20.3 20.9 20.7 74 13.8 22.4 11.6
(5-95% stance)? s.d. 2.9 3.2 2.9 4.4 3.1 0.2 71
n 3 6 9 6 2 2 10
Wrist supination (deg)
Touchdown Mean 10.2 -1.0 4.6 5.6 8.4 815 5.4
s.d. 3.2 2.2 6.5 1.9 0.5 2.3 24
n 6 6 6 6 2 4 12
Minimum Mean -54 -12.3 -9.7 -23.1 -18.1 -15.1 -18.9
s.d. 3.5 2.1 44 3.3 29 6.0 5.6
n 3 5 8 4 2 4 10
Maximum Mean 12.0 -0.9 515 5.7 8.4 6.7 6.5
s.d. 3.9 23 7.4 1.8 0.5 23 2.0
n 6 6 12 6 2 4 12
ROM Mean 15.8 11.0 13.2 28.6 26.5 21.8 255
s.d. 5.6 3.1 48 2.9 24 7.7 5.8
n 4 5 9 4 2 4 10
Wrist extension (deg)
Touchdown Mean 49 -1.5 1.7 10.2 19.9 45.3 235
s.d. 8.4 4.7 7.3 3.1 6.3 3.7 16.8
n 6 6 12 6 2 4 12
Maximum Mean 13.8 13.6 13.7 20.9 42.8 85.9 46.2
s.d. 71 4.6 5.7 3.8 8.1 1.5 30.7
n 6 6 12 6 2 4 12

D, digitigrade; SD, semi-digitigrade; P, palmigrade; n, number of strides.

@Forradial deviation, minimum radial deviation was calculated within the first 50% of stance phase to exclude the ulnar deviation, which occurred immediately prior
to lift-off. Similarly, maximum radial deviation was calculated within the final 50% of stance, thus excluding the radial deviation at touchdown, and range of motion

was calculated between 5% and 95% of stance phase.

(maximum pronation angle, —18.9+5.6 deg, n=10). For palmigrady,
the wrist then steadily supinated beginning at approximately 40% of
stance phase, whereas the digitigrade strides did not. The semi-
digitigrade strides followed an intermediate pattern in this regard.
Overall, the ROM of wrist supination/pronation for chimpanzee
knuckle-walking was approximately half that of macaques
(chimpanzees: 13.24+4.8 deg, n=9; macaques: 25.5+5.8 deg, n=10).

Extension

Knuckle-walking in chimpanzees involved relatively little flexion/
extension motion over the stance phase (Fig. 4C). Following
touchdown, the wrist generally extended throughout stance phase to
its maximum extension angle (touchdown extension angle, 1.7+
7.3 deg; maximum extension angle, 13.7+5.7 deg). Maximum
extension angles ranged between 5.1 and 20.1 deg. Beginning at
~80% of stance phase, the wrist then flexed 10-20 deg in preparation
for swing phase.

Digitigrady in macaques involved wrist extension that was
broadly similar to the knuckle-walking pattern, though with slightly
more wrist extension (touchdown extension angle: 10.2+
3.1 deg; maximum extension angle: 20.94+3.8 deg). Palmigrady
entailed wrist extension of 45.3+£3.7 deg at touchdown, which

steadily increased to a maximum of 86.0+1.5 deg at 60-75% of
stance phase. This was followed by more rapid flexion in
preparation for lift off. The two semi-digitigrade strides displayed
an intermediate pattern of wrist extension (touchdown extension
angle: 15.4-24.4 deg; maximum extension angle: 37.1-48.6 deg).
The wrist extended by 21.6-24.2 deg during the first ~40% of
stance, at which point wrist extension ceased or began to decrease.

Metacarpophalangeal motion
Extension
MCP joint extension was broadly similar across the second to fifth
digits, though with some differences between digits (Fig. SA-D).
For chimpanzee knuckle-walking, the MCP joints were all extended
at touchdown (Table 2). One chimpanzee for some strides did not
contact the ground with the second and fifth digits, and instead held
the MCP joints in flexion. This resulted in negative angles for two
and five strides of the second and fifth MCP joints, respectively.
These strides were included in Fig. 5, but omitted from the summary
statistics described below.

The timing and magnitude of MCP extension during knuckle-
walking differed between digits. In general, maximum MCP
extension monotonically decreased from digits 2 to 5 during
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Fig. 5. Three-dimensional metacarpophalangeal (MCP) joint kinematics. Data are shown for the second (A,E), third (B,F), fourth (C,G) and fifth (D,H) MCP
joints in (A—D) extension (+) and flexion (—) and (E-H) abduction (+) and adduction (-). Colors and abbreviations follow conventions in Fig. 4. D, SD and P
represent digitigrady, semi-digitigrady and palmigrady, respectively. For E—H, abduction is always positive, but given the anatomical coordinate system of the hand,
radial deviation is positive for digits two and three (E,F), but negative for digits four and five (G,H). Note the difference in y-axis scale between A-D and E—H.

knuckle-walking (MCP 2, 58.8+7.0 deg, n=8; MCP 3, 49.9+
5.9 deg, n=11; MCP 4, 40.4+6.8 deg; MCP 5, 26.0+6.5 deg, n=7).
Furthermore, the timing of maximum extension differed across the
hand (Fig. SA-D). The second MCP joint displayed maximum
extension angles late in stance phase (~90-95%), whereas
maximum extension at the fifth MCP joint occurred early (~0-
10%). The third and fourth MCP joints had less dramatic increases
in joint extension throughout the stance phase, but the third MCP
joint generally showed later-occurring maximum extension angles
and the fourth MCP joint an earlier maximum.

For macaque digitigrady, the MCP joints were extended at
touchdown and steadily increased to the maximum, which occurred
between 70 and 90% of stance phase for all digits. During
digitigrady, the second and third MCP joints displayed the highest
levels of extension (MCP 2, 109.5+2.0 deg; MCP 3, 108.0+5.5 deg,
n=2). The maximum extension angle then decreased at the fourth
MCP joint (MCP 4, 95.244.5 deg, n=4) and further decreased at the
fifth MCP joint (MCP 5, 81.4+4.4 deg, n=4).

During palmigrady, the MCP joints were generally as extended as
those during digitigrady at touchdown (Table 2). Following
touchdown, the joints flexed slightly and then remained largely
static until approximately 60% of stance phase. After this point they
rapidly extended to their maximum values, which occurred at

approximately 85-90% of stance phase (maximum extension angle,
MCP 2, 107.6+4.3 deg, n=3; MCP 3, 111.748.5 deg, n=2; MCP 4,
81.9£3.2 deg, n=3; MCP 5, 81.9£10.9 deg). Maximum extension
angles were similar to those of digitigrady at the second, third and
fifth MCP joints, but not at the fourth MCP joint.

The two semi-digitigrade strides generally followed a pattern of
motion similar to the digitigrade strides at all but the second MCP joints.
At the second digit, the MCP joint showed an intermediate pattern of
extension between digitigrady and palmigrady, with maximum joint
extension angles that were lower than either digitigrady or palmigrady
(82.2-98.9 deg).

Abduction

MCP abduction was more variable than MCP extension, but some
trends were present in the data. For chimpanzees (excluding those
strides where the second and fifth digits joints were not touching the
ground), many of the strides displayed an initial amount of ulnar
deviation within the first 15% of stance, followed by a slight and
steady degree of radial deviation throughout the remainder of
stance. However, not all individual strides displayed this pattern, and
some strides displayed little to no motion over stance phase. ROMs
were not dramatically different between digits (7.6-12.1 deg;
Table 3).
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Table 2. Motion of the metacarpophalangeal joints in extension and flexion

Chimpanzee Macaque
Subject 1 Subject 2 Average Subject 1 (D) Subject 2 (SD) Subject 2 (P) Average
MCP 2 extension (deg)
Touchdown Mean 17.0 14.1 15.8 32.5 425 28.8 329
s.d. 4.1 4.7 44 3.7 12.6 5.3 7.2
n 6 42 10 6 2 4 12
Maximum Mean 63.6 50.9 58.8 109.5 90.6 107.6 105.5
s.d. 2.1 3.2 7.0 2.0 11.8 4.3 8.7
n 5 32 8 6 2 3 11
MCP 3 extension (deg)
Touchdown Mean 221 14.9 18.5 36.6 38.0 26.3 334
s.d. 6.2 5.7 6.8 45 3.0 4.1 6.5
n 6 6 12 6 2 4 12
Maximum Mean 53.7 46.7 49.9 108.0 114.7 111.7 110.8
s.d. 26 6.1 5.9 615) - 8.5 5.8
n 5 6 11 2 1 2 5
MCP 4 extension (deg)
Touchdown Mean 24.8 21.0 229 30.6 34.2 26.6 29.9
s.d. 8.0 4.0 6.3 29 6.5 2.8 4.2
n 6 6 12 6 2 4 12
Maximum Mean 41.8 38.9 40.4 95.2 98.4 81.9 90.6
s.d. 8.7 45 6.8 4.5 - 3.2 8.1
n 6 6 12 4 1 3 8
MCP 5 extension (deg)
Touchdown Mean 16.0 8.2 14.9 31.8 34.9 32.8 32.6
s.d. 6.9 - 6.9 3.3 10.6 6.2 5.2
n 6 12 7 6 2 4 12
Maximum Mean 26.2 25.0 26.0 81.4 86.5 81.9 82.6
s.d. 71 - 6.5 4.4 6.8 10.9 7.5
n 6 12 7 4 2 4 10

D, digitigrade; SD, semi-digitigrade; P, palmigrade; n, number of strides.

aSummary statistics exclude those strides where the MCP joint was held in flexion and not touching the ground (two strides for MCP 2 and five strides for MCP 4).

For all macaque hand postures, the MCP joints tended to be
ulnarly deviated early in stance phase, and generally moved into a
more radially deviated position later in stance phase. However, the
magnitude of the abduction ROM differed between joints, and
the fifth MCP joint only seemed to show this pattern of motion for
the digitigrade strides. At the fifth MCP joint, the palmigrade and
semi-digitigrade strides showed a more parabolic pattern of motion,
with the MCP joint being more radially deviated early and late in
stance phase, and more ulnarly deviated at midstance. In general,
abduction ROMs decreased from the second to the fifth MCP joint
(MCP 2, 27.5+4.0 deg, n=11; MCP 3, 19.944.3 deg, n=9; MCP 4,
15.945.3 deg, n=11; MCP 5, 14.1+4.6 deg, n=11).

Compared with macaques, chimpanzees displayed smaller ROMs
in abduction (chimpanzees: 7.6-12.1 deg; macaques: 14.1-
27.5 deg). Macaques and chimpanzees largely overlapped in
abduction joint position, though macaques tended to use more
ulnar deviation at the second MCP joint, and more radial deviation
at the third, fourth and fifth MCP joints. In general, this represents
the less splayed MCP joint positions of macaques as compared with
chimpanzees.

Hand orientation

Hand orientations over the stride are shown in Fig. 6. For all figures,
the orientation of the normal vector for a plane fit to the metacarpals is
projected outward from the palm of the hand (black dot in Figs 3 and
6). The arrows represent the orientation of this vector at 50% of stance
phase, while the pathways represent the endpoint of the vector at each
frame over stance phase, beginning at touchdown (open colored
circles). Thus the orientation of the hand at any given point is the
vector connecting the black dot with a point on the colored lines.

The chimpanzee knuckle-walking strides analyzed here generally
entailed the palm being oriented more medially than posteriorly
(Fig. 6A,B). At touchdown, the palm orientation in the coronal
plane (PA; Fig. 6B) was 11.4+10.2 deg, which increased slightly to
18.6+13.9 deg at 50% of stance phase (Table 4). Palm orientation at
50% of stance phase in the coronal plane ranged from —1.1 to 41.3 deg.
In the sagittal plane, the chimpanzee palm varied between being
pointed slightly upward and slightly downward at midstance (Fig. 6C).

The orientation of the macaque hand generally followed a more
regular pattern than that of the chimpanzees (Fig. 6). At 50% of
stance, the palm was oriented nearly directly down (PA=86.2+
2.0 deg; Fig. 6C) and slightly medially (PA.=18.6£10.9 deg; Fig. 6B)
during palmigrady. During digitigrady, the palm faced largely
posteriorly and inferiorly (PA=23.9+3.4 deg; Fig. 6C) as well as
slightly medially (PA=71.543.9 deg; Fig. 6B). The two semi-
digitigrade strides were largely intermediate between digitigrady and
palmigrady (PA=43.2-49.4 deg; PA=67.8-71.0 deg).

DICUSSION
The unusual knuckle-walking hand posture of chimpanzees,
bonobos and gorillas has played a considerable role in the
interpretations of human origins. Evaluating the origin of
knuckle-walking, as well as assessing whether knuckle-walking
preceded bipedalism, relies on evaluation of form—function
inferences largely based on bony morphology. However, these
inferences have largely relied on incomplete or non-existent
quantitative descriptions of knuckle-walking in chimpanzees, as
well as comparative data on other quadrupedal monkeys.

The data herein are the first detailed, 3-D data of chimpanzee
knuckle-walking and macaque digitigrady/palmigrady. These data
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Table 3. Motion of the metacarpophalangeal joints in abduction and adduction

Chimpanzee Macaque
Subject 1 Subject 2 Average Subject 1 (D) Subject 2 (SD) Subject 2 (P) Average
MCP 2 abduction (deg)
Touchdown Mean -2.6 -10.6 -5.8 -15.0 5.0 -51 -84
s.d. 6.8 21 6.6 6.1 1.9 6.2 94
n 6 42 10 6 2 4 12
Maximum Mean 1.5 -2.9 -0.2 4.8 25.0 16.5 1.7
s.d. 8.6 22 6.9 9.8 0.8 3.1 11.0
n 6 42 10 6 2 3 11
Minimum Mean -84 -11.3 -9.9 -22.9 -23 -12.9 -16.1
s.d. 8.9 1.6 6.1 75 1.5 71 10.2
n 4 42 8 6 2 4 12
ROM Mean 6.7 8.5 7.6 27.7 27.3 27.0 275
s.d. 0.6 0.8 1.1 2.8 23 4.6 4.0
n 4 42 8 6 2 3 1
MCP 3 abduction (deg)
Touchdown Mean -7.2 5.6 -0.8 -1.5 1.7 7.2 2.0
s.d. 4.5 4.5 7.9 1.7 1.9 3.9 47
n 6 6 12 6 2 4 12
Maximum Mean -6.7 8.0 0.0 11.5 - 171 14.0
s.d. 4.6 4.3 8.8 6.6 - 6.5 6.8
n 6 5 11 5 0 4 9
Minimum Mean -16.6 -0.9 -8.1 -93 -9.7 -21 -6.9
s.d. 4.4 3.3 9.0 2.9 1.0 34 45
n 5 6 11 6 2 4 12
ROM Mean 8.9 8.8 8.8 20.5 - 19.1 19.9
s.d. 0.5 3.0 2.0 4.0 - 5.2 4.3
n 5 5) 10 5 0 4 9
MCP 4 abduction (deg)
Touchdown Mean 10.9 -7.3 1.8 -39 -3.6 -11.6 -6.4
s.d. 6.7 4.5 11.0 6.0 0.3 55 6.3
n 6 6 12 6 2 4 12
Maximum Mean 16.9 54 111 0.9 4.6 -2.8 0.3
s.d. 5.6 3.3 74 71 1.9 34 5.8
n 6 6 12 6 2 4 12
Minimum Mean 10.1 -7.6 1.2 -14.4 -19.1 -15.9 -15.7
s.d. 6.2 4.9 10.6 9.7 3.6 1.9 7.2
n 6 6 12 6 2 3 11
ROM Mean 6.8 12.9 9.9 15.3 23.7 1.7 15.9
s.d. 1.4 1.8 35 35 55 2.8 53
n 6 6 12 6 2 3 11
MCP 5 abduction (deg)
Touchdown Mean 9.6 -31 7.8 -11.1 -8.0 -21.7 -14.1
s.d. 34 - 5.7 34 5.2 8.1 7.6
n 6 12 7 6 2 4 12
Maximum Mean 16.7 121 16.1 -51 5.9 -9.7 -4.7
s.d. 3.3 - 35 6.8 3.9 8.4 8.6
n 6 12 7 5 2 4 1
Minimum Mean 4.6 -3.6 3.0 -14.2 -14.5 -25.1 -17.8
s.d. 2.2 - 4.2 6.0 7.3 74 8.0
n 4 1@ 5 6 2 4 12
ROM Mean 11.2 15.8 121 10.5 20.4 15.4 14.1
s.d. 1.8 - 2.6 24 3.4 29 4.6
n 4 1@ 5 5 2 4 11

D, digitigrade; SD, semi-digitigrade; P, palmigrade; n, number of strides.

2Summary statistics exclude those strides where the MCP joint was held in flexion and not touching the ground (two strides for MCP 2 and five strides for MCP 4).

demonstrate that knuckle-walking is characterized by complex non-
sagittal plane motion. In particular, these data highlight the distinct
use of wrist adduction during knuckle-walking in chimpanzees
compared with macaques. These results also highlight digit-level
differences in MCP joint posture across the hand in both
chimpanzees and macaques. Most importantly, these data provide
a complete, 3-D quantification of hand and wrist motion that
improves the ability to infer function from skeletal morphology.

Limitations
There are some limitations to the 3-D kinematic data herein that
must be considered when interpreting these results.

Methodologically, there is always the possibility that skin-based
markers may exaggerate, or underestimate, underlying bony motion
(Leardini et al., 2005). The marker set used here had a dense
sampling of markers (i.e. six to seven for the forearm and eight for
the hand), which should minimize this effect. Second, all the
elements herein are modeled as rigid bodies, yet some intra-segment
motion does occur. This is likely most relevant for the hand
segment, for which motion was calculated via all eight MC markers.
Motion of the MCs relative to one another was therefore registered
as a change in overall segment orientation. The effect of this was
likely greatest for wrist supination, where the ROMs recorded here
were quite high given the expected amount of wrist supination
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Fig. 6. Orientation of the hand in the global coordinate system. Data are
shown in (A) 3-D, (B) the coronal plane and (C) the sagittal plane. All normal
vectors are oriented as pointing away from the palm of a right hand (black dot).
For each stance phase, the arrows represent the orientation of the metacarpal
plane at 50% of stance phase. The open circle represents the orientation of the
normal vector at touchdown. The curve represents the path created by the
endpoints of the normal vector each instance during stance phase. These
vectors and curves were then projected on the (B) coronal and (C) sagittal
plane in order to measure coronal palm angle (PA., B) and sagittal palm angle
(PAs, C) angles, respectively. Colors follow those in Fig. 4. Up, lateral and
forward refer to the global coordinate system.

possible across the radiocarpal and carpal joints. For this reason, the
wrist pronation/supination data (between forearm and metacarpals)
should be interpreted with some caution. Similarly, given that two
line segments were used to calculate MCP motion, MCP joint
motion could be resolved into extension and abduction. Rotation of
the phalanges would therefore have registered as abduction and/or
flexion. Based on observation of the video, this effect is likely
minimal (Movie 1). Ultimately, the limitations herein are inherent to
all skin-based marker kinematics, and given that the limitations are
similar for both species, they are unlikely to dramatically alter the
conclusions reached herein.

It is also worth noting that the speeds of the macaques were, non-
dimensionally, much faster than those of the chimpanzees. Speed
effects on hand and wrist kinematics have been well documented
for monkeys, including macaques (Courtine et al., 2005; Patel,
2009; Patel, 2010a; Patel and Polk, 2010), and likely influence
chimpanzee kinematics as well. In contrast, all subjects walked at
self-selected, and nearly absolutely matched, speeds. Comparisons
at self-selected (i.e. preferred speeds) may also be relevant, as they
potentially compare mechanical and evolutionary equivalent
aspects of locomotion (Hoyt and Taylor, 1981; Irschick, 2000;
Perry et al., 1988). However, when interpreting the conclusions
below, it is best to keep in mind that speed may be a confounding
factor. It is also worth recognizing that the data, though the first of its
kind, entail relatively small sample sizes, particularly when dividing
by hand posture within macaques. The macaque strides were quite
consistent; however, owing to sample size limitations, the
discussion largely focuses on the most obvious difference
between chimpanzees and macaques, and deemphasizes
differences between macaque hand postures.

Finally, because markers had to be visible to the cameras, all
chimpanzee steps analyzed were those where the hand was placed
outside (lateral to) the ipsilateral foot during over-striding. The
outside limbs tend to have slightly lower peak forces and pressures
than the inside limbs, though this effect is minor and non-significant
at the forelimb, if present at all (Demes et al., 1994; Reynolds, 1985;
Wunderlich and Jungers, 2009). Nevertheless, there are likely
differences in hand placement between inside and outside limbs that
could not be captured here. The extent to which these may affect
MCP and wrist joint angles is unknown.

Wrist motion

The data presented herein allow — for the first time — accurate
quantification of wrist ulnar and radial deviation (adduction and
abduction) during knuckle-walking. And, indeed, a larger range of
wrist ulnar deviation was one of the most notable differences
between chimpanzees and macaques. Knuckle-walking entailed, on
average, 14 and 32 deg greater ulnar deviation than digitigrady and
palmigrady, respectively (Fig. 4A). Furthermore, the high wrist
ulnar deviation took place while the hand was in a semi-pronated
position (Fig. 6B). The overall pattern of motion accords well with
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Table 4. Orientation of the hand at touchdown and 50% of stance phase

Chimpanzee Macaque
Subject 1 Subject 2 Average Subject 1 (D) Subject 2 (SD) Subject 2 (P) Average
Coronal palm angle (PA;) (deg)
Touchdown Mean 6.5 16.2 11.4 51.0 43.8 -7.3 30.4
s.d. 7.6 10.7 10.2 5.0 8.1 5.3 28.4
n 6 6 12 6 2 4 12
50% stance Mean 12.3 25.0 18.6 71.5 69.4 18.6 5815
s.d 11.6 13.9 13.9 3.9 2.3 10.9 28.4
n 6 6 12 6 2 4 12
Sagittal palm angle (PA;) (deg)
Touchdown Mean -19.9 28.7 4.4 447 61.4 95.1 64.3
s.d 66.7 30.9 55.7 2.9 1.9 3.6 23.8
n 6 6 12 6 2 4 12
50% stance Mean -25.6 9.9 -7.8 23.9 46.3 86.2 48.4
s.d. 441 GRS 41.0 3.1 4.4 1.9 29.3
n 6 6 12 6 2 4 12

D, digitigrade; SD, semi-digitigrade; P, palmigrade; n, number of strides.

the description of Jenkins and Fleagle (1975) of ulnar deviation at
touchdown, and the wrist maintaining an ulnarly deviated position
during stance. However, peak wrist ulnar deviation was generally at
the high end, or higher, than that reported by Jenkins and Fleagle
(1975) (their —10 to —20 deg of ulnar deviation versus —25.5+
5.6 deg of ulnar deviation herein).

The range of maximum wrist extension measured here was
approximately 5-20 deg. This is in agreement with the previous
cineradiographic observations (10-15 deg; Jenkins and Fleagle,
1975). However, extension angles are much higher than those
reported in other previous 2-D studies. In a study of zoo
chimpanzees, Finestone et al. (2018) reported largely flexed
wrists in chimpanzees during stance phase (touchdown: —13.8+
5.9 deg; midstance: —8.148.5 deg). Similarly, Pontzer et al. (2014)
reported approximately 20 deg of wrist flexion for most of stance
phase. The out-of-plane nature of the knuckle-walking hand may
account for some of this discrepancy. The hand orientations
measured here involved the palm being oriented medially to some
degree. Given this, it is likely that 2-D sagittal measurements of
wrist motion are measuring, to a large extent, wrist ulnar/radial
deviation in addition to flexion/extension. Measuring the 2-D angle
of an ulnarly deviated and slightly extended wrist projected onto a
sagittal plane would likely register flexion, perhaps explaining the
lack of wrist extension in previous 2-D studies (Finestone et al.,
2018; Pontzer et al., 2014). However, it is also expected that over
more varied substrate types such as the zoo enclosures of Finestone
et al. (2018), hand postures will be more varied, including more
flexed wrist positions during stance phase (e.g. their fig. 1C).
Nevertheless, similar to previous 2-D studies (Finestone et al., 2018;
Pontzer et al., 2014), the range of motion of wrist extension over
stance phase herein was quite limited, only 12 deg between
touchdown and maximum extension.

The extension angles measured here also bear on the idea that
chimpanzees display more extended wrists, while gorillas have
wrists that are more ‘columnar’ (Kivell and Schmitt, 2009). This
suggestion, based on carpal morphology, has been widely adopted
in the human evolution literature (e.g. Le Maitre et al., 2017; Macho
et al., 2010; Saunders et al., 2016; Schilling et al., 2014; Simpson
et al., 2018; Thorpe et al., 2014). The data herein show that the
chimpanzee wrist is only slightly extended. Indeed, some strides
fluctuated around the neutral position for most of stance phase
(Fig. 4B). Thus, though slightly extended, the chimpanzee wrist
could largely be argued to be columnar in the first place. This does

not leave much room for gorilla wrists to be more columnar than
those of chimpanzees. That chimpanzees and gorillas have similar
wrist extension was also supported by the 2-D zoo-based study of
Finestone et al. (2018), who found little-to-no difference in wrist
joint angles. Together, these available kinematic data suggest that
there is little evidence that African apes differ in habitual wrist
extension during knuckle-walking.

For macaques, wrist extension angles measured here largely
overlap with previous 2-D measures at similar speeds during
digitigrady (Courtine et al., 2005; Patel, 2009) and palmigrady
(Patel, 2010a). Compared with chimpanzees, extension during
digitigrady in macaques nearly entirely overlapped the range of
extension used during knuckle-walking (though digitigrady did
entail somewhat higher maximum extension values). In evaluating
proposed morphology associated with knuckle-walking, it has been
previously recognized that the ‘vertical manus’ hand postures
(digitigrady and knuckle-walking; Orr, 2005; Schmitt et al., 2016)
may result in similar wrist biomechanics (Dainton, 2001; Orr, 2005;
Patel, 2010b; Patel and Carlson, 2007; Sarmiento, 1988). These data
offer support for such interpretations, highlighting the complexities
associated with discriminating digitigrade and knuckle-walking
hand and wrist morphologies in terrestrial primates.

Metacarpophalangeal joint motion

Metacarpophalangeal joint motion showed distinct trends across the
hand. In general, maximum extension angles decreased across the
metacarpal row in both chimpanzees and macaques from digit two to
five. In chimpanzees, the timing of maximum extension also shifted
earlier from the second MCP joint (late in stance) to the fifth (early in
stance). The trends in chimpanzees nearly perfectly reflect the
differences in peak pressure magnitude and timing across the digits.
Both peak digital pressures and timing of peak pressure decrease
monotonically from digit two (~80 N cm™2 at ~62% of stance phase)
to digit five (~20 N cm™2 at 10% of stance phase; Wunderlich and
Jungers, 2009). This may also be true of macaque digital pressures,
but current palmar pressure distributions for monkeys are limited, and
none have yet resolved digital level differences within the hand
(Higurashi et al., 2017; Patel and Wunderlich, 2010).

Compared with oft-utilized diagrammatic portrayals of the MCP
joint in knuckle-walking (Kivell and Schmitt, 2009; Richmond and
Strait, 2000; Susman, 1979) the results herein indicate that the MCP
joints are, in actuality, much more extended than generally
considered. For instance, Susman (1979) illustrated MCP extension
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ofapproximately 21 deg compared with the 2659 deg measured here
(Table 2). The higher MCP extension angles do, however, match
some previous videographic descriptions (e.g. fig. 2 of Tuttle, 1967).
For macaques, the results reported here can be compared with those of
previous 2-D studies reporting lateral-view metacarpal-ground angle
(MGA; Patel, 2009; Patel, 2010a). The MCP joint angles measured
here for digit five are smaller than would be estimated on the basis of
MGA. This is largely due to the fact that in macaques, especially
during palmigrady, the proximal phalanx is not parallel to the ground.
The proximal interphalangeal joint is elevated off of the ground. This
therefore decreases MCP joint angle causing it to be smaller than
expected on the basis of MGA.

Across all hand postures, it might be expected that digitigrady
would exhibit the highest MCP extension angles, followed by
knuckle-walking and palmigrady. Interestingly, at most digits,
palmigrady and digitigrady actually had similar maximum MCP
joint extension. Of course the main difference between digitigrady
and palmigrady is that in the latter, MCP extension is rapid, and
largely occurs after 60-70% of stance phase. During much of
midstance (e.g. 20-60%) MCP joints during palmigrady were as or
less extended than those of chimpanzees knuckle-walking.

The large overlap of maximum MCP joint extension angles
between digitigrady and palmigrady bears on one of the more debated
metacarpal morphologies associated with knuckle-walking, the
transverse dorsal ridge of the metacarpal heads. This trait was
originally proposed to be a bony stop in chimpanzees and gorillas,
preventing excessive hyperextension of the MCP joint (Tuttle, 1967).
On the basis of a dorsal ridge, the fossil Equatorius africanus was at
one point hinted to be a knuckle-walker (McCrossin et al., 1998).
However, prominent dorsal ridges are also seen in some large-bodied,
terrestrial cercopithecoids (McCrossin and Benefit, 1997; Orr, 2005,
Patel and Maiolino, 2016; Richmond et al., 2001). Similar to the
wrist, this raised the possibility that ‘digitigrade’ knuckle walking and
digitigrady (sensu stricto) might result in similar functional demands
and bony morphology. That maximum MCP extension during
palmigrady and digitigrady largely overlap further complicates this
notion. If the dorsal ridge aids in preventing hyperextension (see
Simpson et al., 2018 for an alternative viewpoint), this function
would be equally applicable to digitigrady and palmigrady, as
both are associated with similar maximum MCP extension. Thus,
digitigrady alone may be insufficient to explain the presence of
dorsal metacarpal ridges in cercopithecoids, and the presence of a
ridge may not discriminate between knuckle-walking and any
other hand postures. The overlap in MCP joint extension may also
explain why some studies have found little difference in the
morphology of the metacarpophalangeal joints between digitigrade
and palmigrade primates (Patel, 2010b; Rein and McCarty, 2012).
This does, however, assume that the digitigrade and palmigrade data
herein are representative of other cercopithecoids, which may not be
the case.

Hand orientation

Consistent with previous studies (Matarazzo, 2013; Tuttle, 1967,
1969b; Wunderlich and Jungers, 2009), the chimpanzee subjects in this
study largely used a semi-pronated, ‘palm-in’ hand posture. Palm
orientation varied from nearly directly medially (PA:=—1.1 deg) to
almost halfway between medially and posteriorly (PA=41.3 deg) at
50% of stance phase. A more medially oriented hand is the most
common hand posture for knuckle-walking in chimpanzees (Matarazzo,
2013; Wunderlich and Jungers, 2009), whereas palm-back postures are
less frequent (particularly in the chimpanzee subjects here) during
terrestrial knuckle-walking (Wunderlich and Jungers, 2009).

These data also show that hand orientation is fairly normally
distributed within the range measured here. Chimpanzee hand
orientations also appeared to be less stereotypical than macaque hand
orientations. The descriptions of knuckle-walking hand postures as
‘palm-in’ versus ‘palm-back’, though useful for dichotomizing styles
of knuckle-walking of chimpanzees and gorillas (Matarazzo, 2013,
Tuttle, 1967), are likely oversimplifications; ‘palm-in’ and ‘palm-
back’ are simply two ends of a continuous distribution of hand
orientation. Further, documentation of hand posture usage in
mountain gorillas suggest that knuckle-walking hand orientation
variability is much greater in the wild (Thompson et al., 2018a). As
such, the terms ‘palm-in’ and ‘palm-back’ terms may be of less utility
than their presence in the literature would suggest.

Conclusions

The data herein provide the first foundational dataset on 3-D motion
of'the wrist and hand, and digit-level data on the metacarpophalangeal
joints in knuckle-walking chimpanzees and during palmigrady and
digitigrady walking in macaques. These data highlight the unique 3-D
motions associated with knuckle-walking, including increased
amounts of ulnar deviation at the wrist. Perhaps more importantly,
however, are the areas of similarity between chimpanzees and
macaques, as well as between different hand postures within
macaques. Although wrist extension during knuckle-walking was
limited, it largely overlapped with that experienced in digitigrade
macaques. More surprisingly, the maximum metacarpophalangeal
joint extension angles were nearly the same during digitigrady and
palmigrady within macaques. Both findings further emphasize the
complexities associated with identifying specific morphological
adaptions associated with knuckle-walking. In particular, these data
raise questions about morphologies at the metacarpophalangeal
joints, which are thought to help in limiting extension during
knuckle-walking and digitigrady. Most importantly, however, this
dataset forms the basis from which future evaluation of
musculoskeletal adaptations for knuckle-walking can be tested.
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