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Abstract

Visual processing of the body movements of other animals is important for adaptive animal behaviors. It is widely known
that animals can distinguish articulated animal movements even when they are just represented by points of light such that
only information about biological motion is retained. However, the extent to which nonhuman great apes comprehend the
underlying structural and physiological constraints affecting each moving body part, i.e., biomechanics, is still unclear. To
address this, we examined the understanding of biomechanics in bonobos (Pan paniscus) and chimpanzees (Pan
troglodytes), following a previous study on humans (Homo sapiens). Apes underwent eye tracking while viewing three-
dimensional computer-generated (CG) animations of biomechanically possible or impossible elbow movements performed
by a human, robot, or nonhuman ape. Overall, apes did not differentiate their gaze between possible and impossible
movements of elbows. However, some apes looked at elbows for longer when viewing impossible vs. possible robot
movements, which indicates that they may have had knowledge of biomechanics and that this knowledge could be
extended to a novel agent. These mixed results make it difficult to draw a firm conclusion regarding the extent to which
apes understand biomechanics. We discuss some methodological features that may be responsible for the results, as well as
implications for future nonhuman animal studies involving the presentation of CG animations or measurement of gaze
behaviors.

Keywords Biomechanics - Body movement - Bonobo - Chimpanzee - Computer-generated animation

Introduction

Visual processing of the movements of other animals is important for adaptive behaviors (e.g., Johansson 1973; Nakayasu
and Watanabe 2014; Simion et al. 2008). To assess the perception of biological motion (BM), the kinematics of body
movements are often presented as point-light displays (PLDs) (Johansson 1973). Animals can differentiate PLDs
representing BM from other control PLDs to some extent (e.g., Blake 1993; De Agro et al. 2021; Nakayasu and Watanabe
2014; Regolin et al. 2000). Such abilities are observed even in newborn animals such as newly hatched chicks (Gallus
gallus) (e.g., Regolin et al. 2000; Vallortigara and Regolin 2006; Vallortigara et al. 2005) and human newborns (Homo
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sapiens) (Bardi et al. 2011, 2014; Bidet-lldei et al. 2014; Simion et al. 2008). Vallortigara et al. (2005) found that chicks
spontaneously approached PLDs displaying the BM of conspecifics (hen), heterospecifics (cat), and vertebrate-like
scramble motion, which suggests that chicks have some innate detection mechanism for vertebrate motion. Simion et al.
(2008) also found that newborn human babies preferentially looked at heterospecific (hen) BM, which suggests that such
innate reactivity may be shared over a wide range of animal taxa.

Furthermore, several laboratory experiments have suggested that nonhuman animals can detect abnormal
biomechanical movement to some extent. Computer-generated (CG) animation is particularly useful for displaying
impossible movements that cannot be performed by living animals (Campbell et al. 2009; Chouinard-Thuly et al. 2017;
Watanabe and Troje 2006). Watanabe and Troje (2006) conducted a study using CG animations of pigeons, and found that
pigeons appeared to learn to discriminate between normal conspecifics and conspecifics with abnormal movements
(hopping without head-bobbing) by attending particularly to head movements. Similarly, Nakayasu et al. (2017), who used
CG fish animations, observed reduced social approach behaviors in medaka (Oryzias latipes) when shown conspecifics
with atypical locomotion compared with normal conspecifics. These studies used CG animations to successfully uncover
new information regarding the understanding of body movements in animals.

However, this line of research has not yet included our closest evolutionary relatives, nonhuman great apes (hereafter
referred to as “apes”). Regarding the understanding of body structure, a chimpanzee (Pan troglodytes) differentiated a PLD
representing BM from a randomized version in a visual search task, although such differentiation was not limited to BM
(Tomonaga 2001). Furthermore, Gao and Tomonaga (2020a) examined the effect of image inversion on recognition
performance (i.e., the inversion effect). Their findings indicated that chimpanzees used configural processing for images of
a normal body, but not for those of a body with scrambled body part locations, which indicates that they may have
knowledge regarding the position of each body part [for a similar finding with capuchin monkeys, see Matsuno and Fujita
(2018)]. However, the researchers did not directly examine the discrimination of normal from abnormal bodies (Gao and
Tomonaga 2020a), and they used static images without motion cues. Thus, little is known regarding how apes understand
the unique structural and physiological constraints underlying dynamic body movements, namely, biomechanical restraints.
Such information is critical for distinguishing body movement processing between nonhuman animals and humans.

Humans appear to be capable of distinguishing biomechanically possible and impossible movements of particular
body parts from early ontogeny (Geangu et al. 2015; Longhi et al. 2015; Morita et al. 2010, 2012; Reid et al. 2005,
2008; Senna et al. 2017). To investigate the underlying developmental process, Morita et al. (2012) carried out a
crosssectional study in which human adults and infants were presented with CG animations of biomechanically possible or
impossible elbow movements (i.e., bending upward or downward, respectively), performed by either a human or robot.
They found that adults and 12-month-old infants, but not 9-month-old infants, looked at the impossible elbow movements
for longer than the possible movements in both the human and robot animations. This indicates that both adults and infants
have knowledge regarding the biomechanics of human movement, and that they extend this to the movement of honhuman
agents with a similar structure [for similar studies, see Komori et al. (2006) and Morita et al. (2010)]. Additionally, the
adults exhibited pupil dilation, which is a physiological indicator of affective arousal, when viewing impossible vs.
possible human movements. This could be associated with emotional responses such as surprise, fear, or disgust, as self-
reported by another participant group (Morita et al. 2010). In view of this, and in conjunction with the previous finding
that observing the movements of others activates sensorimotor representation for the observed movements [e.g., lacoboni
et al. (1999); cf. a recent review by Riecansky and Lamm (2019) on pain and empathy], Morita et al. (2012) concluded
that adults identify biomechanical implausibility on the basis of such mirror-like mechanisms as well as knowledge
regarding human movements acquired via experience, whereas 12-month-old infants do so primarily on the basis of the
latter. This interpretation of the pupillometry data was in accord with other experiments suggesting that the mirroring of
somatic components of observed actions might play a role in distinguishing biomechanically possible and impossible
movements (Avenanti et al. 2007; Costantini et al. 2005; Romani et al. 2005).

Here, based on the study of Morita et al. (2012), we carried out a series of eye-tracking experiments to examine how
apes understand biomechanics. Specifically, like in Morita et al. (2012), ape participants were presented with CG
animations of a human and a robot displaying biomechanically possible or impossible arm movements, while participants
underwent eye tracking (experiments 1 and 3). We also presented the participants with ape animations displaying similar
movements (experiments 2 and 3). We assumed that if the apes looked at the elbow regions for longer when viewing
impossible vs. possible movements, then this could indicate that they understood how the elbow should move. That is, their
increased attention could reflect a novelty or a violation of predictions, as is usually assumed in similar developmental
psychology studies (e.g., Longhi et al. 2015; Morita et al. 2012; Reid et al. 2005).

Pupillometry is known to be challenging in nonhuman animals mainly because of difficulties with head fixation
[Massen et al. (2019), but see Hepach et al. (2021) for an attempt at using pupillometry to examine arousal in
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chimpanzees]. Our pupillometry results may have been affected by the visual properties of the stimuli (see General discus-
sion). Thus, unlike Morita et al. (2012), we mainly report ape gaze behaviors. However, we include a brief summary of our
pupillometry results to encourage future implementation of this technique, which may facilitate the examination of ape
affective responses associated with autonomic nervous system activity [Kret et al. 2020; for a review on human and
monkey studies see Peinkhofer et al. (2019)]. To this end, we provide detailed data visualization in Supplementary file 1
(Figs. S10-S18).

Experiment 1

First, we presented apes with human and robot animations that were slightly modified from those used in Morita et al.
(2012). The participant apes lived with conspecific groupmates and had observed human movements via daily interactions
with caretakers, researchers, or visitors. If apes have some understanding of human biomechanics, they should look at
human elbows for longer when viewing impossible vs. possible movements. Furthermore, if apes have some understanding
of biomechanics and, like humans, can infer the biomechanics-like properties of a novel robot agent, then they should also
look at the elbows of the robot animation for longer when viewing impossible vs. possible movements. Note that it was
unlikely that the apes would make inferences based on the direct experience of seeing similar robotic agents because the
apes had rarely seen a robot or watched a three-dimensional CG animation of a robot.

Methods
Participants

Sixteen apes participated in experiment 1: six bonobos (Pan paniscus; four females, two males; range 15-46 years old) and
six chimpanzees (five females, one male; range 10-23 years old) at Kumamoto Sanctuary, Wildlife Research Center, Kyoto
University (KS); and four chimpanzees (one female, three males; range 642 years old, including estimated age) at Kyoto
City Zoo (KCZ) (Supplementary file 1, Table S1). The experiments depended on voluntary participation, and the apes were
not subjected to deprivation of food or water.

Apparatuses

The apes underwent eye tracking using an infrared eye tracker [300 Hz, Tobii TX300, Tobii Technology (KS); 60 Hz,
Tobii X120, Tobii Technology (KCZ)]. Movie stimuli were presented on a 23-inch (approx. 58 cm) liquid crystal display
monitor with a viewing distance of approximately 70 cm, and sounds were played from speakers. The eye tracker and
speakers were mounted under the monitor. The apes viewed the monitor through a transparent panel [1-cm-thick
polycarbonate panel (KS); 2-cm-thick acrylic panel (KCZ)]. On each day, anti-fog spray was applied to the panel so that
neither the view nor the eye tracker recordings were obscured by condensation created by the breath of the participants.
Bonobos and chimpanzees at KS participated in the experiments alone or in a dyad in an indoor enclosure (2.8 x 5.4 x 3.5
m; Fig. 1a), or in an experimental booth (3 x 3 x 2 m), respectively. Chimpanzees at KCZ participated in an indoor
enclosure (~ 18.47 mzthat included separate surrounding rooms for human experimenters; Fig. 1b) that was accessible to
all their groupmates during testing. The apes viewed the monitor while sipping juice from a nozzle attached to the panel.
Juice was delivered from a custommade juice dispenser hanging on the wall or from a bottle through a straw. In KS, a
human experimenter softly held the head of some of the chimpanzees during the session, and the session was conducted
without juice for one individual. The juice served to reduce the head motion of participants during the eye tracker
recordings. We did not adjust the amount of juice delivered according to a participant’s gaze, so the juice did not serve as a
reinforcer like in previous relevant eye-tracking experiments.

Stimuli and procedure

We adjusted the size and duration of the original stimulus materials used in Morita et al. (2012). Specifically, we made 6-s
animations (1920 x 1080 pixels) in which either a human or a robot figure repeatedly (1) held both arms forward, (2) bent
both elbows, and (3) stretched both arms out every 1.5 s (Fig. 2a, b). These animations are shown in Supplementary files 2—
5.

Before the first session for each participant, we performed two-point automated calibration in which we presented
participants with a small image at two corners of the screen one by one. We also performed the calibration whenever
necessary. To assess the calibration accuracy, at the start of each session, nine images were presented on the screen and an
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experimenter manually compared the position of the recorded gaze with one of these images. The experimenter
occasionally showed a real object by hand in front of the image on the screen to attract the participants’ attention to the
position of the image. We sought to maintain recording accuracy such that recording errors were typically within 1° (Kano
and Tomonaga 2009; Kano et al. 2011; Hirata et al. 2010). Nevertheless, the errors may have been larger at KCZ because
the eye tracker angle may have occasionally been different from that during calibration, and the calibration accuracy could
not be checked clearly due to the participants’ restlessness (in a few cases).

Each trial comprised a 6-s animation, and a session included four trials, such that the participants viewed all four
animations in a session (i.e., human and robot animations displaying possible and impossible movements). Each
participant underwent two sessions on separate days; data were missing for the second session for one participant at KCZ.
The order of the four trials within a session was counterbalanced across participants using Tobii Studio software, which
generated the same number of order patterns as there were trials using a Latin square, and assigned one pattern to each
participant. The animations were presented to the chimpanzees with accompanying sounds that were timed to accompany
the arm movements to attract attention [like stimuli for infants in Morita et al. (2012)]. A 2-s attention catcher (several
moving illustrations with sounds) preceded each animation. Sounds were not played to the bonobos because they are
known to become nervous upon hearing unfamiliar sounds. The calibration, gaze and pupil diameter recordings, and
stimulus presentation were performed using Tobii Studio software v.3.4.8 (or v.3.2.3 for bonobos).

Analyses

Following Morita et al. (2012), we analyzed the data from the first trial of each animation to reduce the potential influence
of stimuli habituation. Indeed, we observed reduced gaze time towards the screen from the first to the second presentation,
irrespective of the models or movements (see Supplementary file 1, Figs. S1-S3 for the distributions of screen viewing
time). The animations in this study were monotonous, as they depicted a repetition of the same arm movements. Thus, the
apes may have rapidly habituated to the animations. Some apes also appeared more restless during the second vs. the first
presentation. When participants did not view the stimuli for > 1.5 s in the first trial, but did so in the second trial, we used
the data from the second trial because it seemed inappropriate to include data from trials in which the apes were not
attentive to the stimuli. We decided upon this criterion after considering that each action sequence took 1.5 s to complete
(i.e., it took approximately 1.5 s for the position to change from holding both arms forward, bending both elbows, and
stretching both arms out again), and that stricter criteria would reduce the sample size to a large extent (see Supplementary
file 1, Figs. S1-S3). We also analyzed the first and second trials separately while excluding trials with a screen viewing
time of < 1.5 s, and confirmed that the overall results, reported here, matched the analysis of the first trial only
(summarized in Supplementary file 1, Table S2, Figs. S4-S6).

Figure 2 shows each area of interest. For each trial, we calculated the proportion of time spent looking at the elbows
(i.e., elbow gaze time divided by the total time spent viewing the screen) and compared it between possible and impossible
movements separately for the human and robot animations. We conducted statistical analyses using R software v.4.0.2 (R
Core Team 2020). We used a Wilcoxon signed-rank test (two-tailed, o = 0.05) with the exactRankTests v.0.8.31 R package
(Hothorn and Hornik 2019). We used a non-parametric test for the proportion of gaze time because this variable had a
heavily skewed distribution. We also calculated Cliff’s d as the effect size statistic (Cliff 1993) using the orddom v.3.1 R
package (Rogmann 2013). Cliff’s d ranges from — 1 to 1, increases in value as more participants exhibit a difference in an
expected direction (i.e., a higher proportion of elbow gaze time when viewing impossible vs. possible movements) and vice
versa, and takes a value of 0 when there is no such difference. Asymmetric confidence intervals (Cls) were calculated based
on the effect size and a variance estimate [Feng and Cliff (1993), cited in Long et al. 2003; Supplementary file 1].

We analyzed pupillometry data from the trials that were used in the gaze behavior analysis described above. We
preprocessed the pupillometry data (see Supplementary file 1 for details) using the PupillometryR v.0.0.3 R package
(Forbes 2020) while carefully checking that the processing did not yield a large artifact. Figure 3 shows an example of the
time series data during each step of processing. We analyzed approximately the first half of each animation because the
apes did not usually persist in viewing the stimuli for the entire duration. Moreover, Morita et al. (2012) observed pupil
dilation when participants viewed impossible human movement occurring around 2—3 s from animation onset [Morita et al.
(2012) also observed pupil dilation for possible robot movements in a later period, but this is of less relevance to the
current study]. As it took approximately 1.5 s to bend both elbows (the point at which the biomechanical violation was most
apparent during an impossible movement) and stretch both arms out again, approximately the first half of the animations
(approx. 3 s) showed this action sequence twice. For each trial, we downsampled the time series data by averaging data
points in ten(KS) or two-point (KCZ) time-bins. This enabled us to reduce the dataset size while accommodating
differences in the number of data points (KS, 300 Hz; KCZ, 60 Hz). We removed trials with > 15% missing values. For
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baseline correction, we averaged time-bin values corresponding to approximately 300-500 ms from the animation onset and
used this as the baseline. We then subtracted it from the following time-bin values. We finally averaged these baseline-
corrected values in time-bins corresponding to approximately 2-3 s from an animation’s onset. We refer to this output as
the “pupil dilation score,” with a larger score indicating increased pupil diameter from baseline, and vice versa. The pupil
dilation scores were compared between possible and impossible movements for the human and robot animations separately
using paired t-tests.

Results

For the human animations, two individuals were removed from the analysis because their data were missing for either or
both conditions (possible/impossible movements). We used data from the second trial instead of the first trial for one case
(impossible movement). The screen viewing time did not significantly differ between the possible [median (interquartile
range) 3.65 (2.94-4.17)] and impossible movements [4.27 (3.08-5.49)] (Wilcoxon signed-rank test: n = 14, V = 75, p =
0.173). Figure 4a shows the proportion of time spent looking at elbows. The proportion of elbow gaze time was not
significantly different across the possible [0.01 (0 — 0.08)] vs. impossible movements [0.12 (0.05-0.27)] [n =14,V =73, p
= 0.057, Cliff’s d = 0.50, 95% CI = (= 0.02, 0.81)]. For the robot animations, two individuals were removed from the
analysis for the same reason described above. We used data from the second trial for one case (possible movement). The
screen viewing time did not significantly differ between the possible [4.25 (3.32-5.91)] and impossible movements [4.69
(3.24-5.50)] (Wilcoxon signed-rank test: n = 14, V = 59, p = 0.715). Again, the proportion of elbow gaze time was not
significantly different across the possible [0.07 (0.03 — 0.10)] vs. impossible movements [0.10 (0.01-0.13)] [n = 14, V = 54,
p = 0.588, Cliff’s d = 0.21, 95% CI = (- 0.29, 0.62)]. Regarding pupillometry, nine and ten participants were removed from
the analyses for human and robot animations, respectively, because their data were insufficient. The pupil dilation score
was not significantly different between the possible and impossible movements in both the human (ts = 0.79, p = 0.460) and
robot animations (ts = 0.31, p = 0.772; for results, see Supplementary file 1, Fig. S7).

Discussion

These results did not clearly suggest that the apes understood the biomechanics underlying the arm movements. Although
the apes seemed to look at the human elbows for a longer period of time when viewing the impossible movement
compared with the possible movement, the difference was not statistically significant. In this experiment, the model was
either a heterospecific (human) or unfamiliar agent (robot); we did not include a conspecific agent. Conspecific body
images, rather than human body images, may elicit enhanced processing of body structure or action cues (e.g., Gao et al.
2020; Gao and Tomonaga 2020b; Hattori et al. 2010; Kano and Call 2014). Therefore, in experiment 2, we further
examined ape understanding of biomechanics using animations of conspecific-like apes.

Experiment 2

Using the same apparatus as experiment 1, we presented elbow movement in nonhuman great ape animations. We
predicted that apes may have a better understanding of conspecific compared with robot and human biomechanics, and
hence that they would look at ape elbows for longer when viewing impossible vs. possible movements.

Methods

Fifteen apes (the same participants as in experiment 1, except one fewer ape from KCZ) participated in experiment 2. We
used a procedure that was identical to that in experiment 1, except that we used a nonhuman ape animation, created based
on a chimpanzee figure, which displayed similar possible and impossible elbow movements (Fig. 2c; Supplementary files 6,
7). A session comprised two trials (i.e., presentation of a 6-s animation) so that the participants viewed both animations
(i.e., possible and impossible movements) in a session. They underwent two sessions on separate days; data for the second
session were missing for two participants at KCZ.

Results
One individual was removed from the analysis because their data were missing. We analyzed the data only from the first

trials. The screen viewing time was not significantly different between possible [5.36 (4.93-5.81)] and impossible
movements [4.78 (3.61-5.40)] (Wilcoxon signed-rank test: n = 14, V = 30, p = 0.173). Figure 4b shows the proportion of
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time spent looking at elbows. The proportion of elbow gaze time was not significantly different between possible [0.07
(0.02-0.14)] and impossible movements [0.11 (0-0.19)] [n = 14, V = 47, p = 0.946, Cliff’s d = 0.07, 95% CI = (- 0.41,
0.52)]. Regarding pupillometry, nine participants were also removed from the analysis because their data were insufficient.
The pupil dilation score (i.e., pupil diameter change from baseline, averaged approx. 2—3 s from animation onset) was not
significantly different between possible and impossible movements (ts = 1.58, p = 0.190; for results, see Supplementary file
1, Fig. S8).

Discussion

Again, the results did not suggest that the apes understood the biomechanics of the movements shown in the ape
animations. However, the apes may have perceived the animations as strange or uncanny because of differences between
their appearance (texture, color, etc.) and movements (trajectory, speed, acceleration, etc.) and those of real apes [cf.
uncanny valley (Mori 1970; Mori et al. 2012)], and hence did not focus on the elbow movements. In a previous study
(Steckenfinger and Ghazanfar 2009), for example, long-tailed macaques (Macaca fascicularis) differentiated their gaze
between realistic CG monkey images compared with real monkey images and unrealistic CG monkey images. Thus, we
attempted to reduce the unfamiliar nature of the nonhuman ape animations in experiment 3.

Experiment 3

We generated a modified ape animation in which arm movements were made while the animated ape stood quadrupedally.
We hypothesized that this posture might be more familiar to apes, and thus, that the revised animations could enable their
enhanced processing of the biomechanics compared with the animations of the bipedally standing apes used in experiment
2 [cf. for the effect of posture familiarity on the inversion effect, see Gao and Tomonaga (2020b)]. We presented the
animations of quadrupedally standing apes as well as the human and robot animations (bipedally standing as in experiment
1) to a new group of chimpanzees. As with the participants in experiment 1, the chimpanzees in this experiment were
familiar with humans, but not with robots. We predicted that the apes would show clearer signs that they detected
biomechanical violations in the ape animations, as indicated by more time spent looking at the elbows when viewing
impossible vs. possible movements.

Methods

Ten chimpanzees (seven female, three males; range 19-54 years old, including estimated age) at the Primate Research
Institute, Kyoto University (PRI), participated in experiment 3 (Supplementary file 1, Table S1). We presented an ape
animation in which the ape bent its right elbow either inward or outward while standing quadrupedally (Fig. 2d;
Supplementary files 8, 9). We also presented the human and robot animations from experiment 1, in which the elbows
were bent while the human or robot stood bipedally. A session comprised six trials, such that the participants viewed all six
animations in a session (i.e., ape, human, and robot animations displaying possible and impossible movements). Two
sessions were completed on separate days. We did not include sound in the animations, as it seemed to have a minimal
impact in the previous experiments. A 4-s attention-getter (two small photographs of chimpanzees presented sequentially
with brown noise) preceded each animation. We used a different attention-getter in experiment 3 with the goal of an
enhanced control for the baseline pupil diameter. Chimpanzees at PRI participated individually in an indoor experimental
booth (1.8 x 2.15 x 1.75 m) and viewed the monitor through a transparent 2-cm-thick acrylic panel. The other procedures
were identical to those in experiment 1.

Results

For the ape animations, no individuals were removed from the analysis, and data from only the first trials were analyzed.
The screen viewing time was not significantly different between the possible [5.58 (5.04-5.69)] and impossible
movements [5.59 (4.28-5.97)] (Wilcoxon signed-rank test: n = 10, V = 27, p = 1). Figure 5 shows the proportion of time
spent looking at elbows. The proportion of elbow gaze time was not significantly different between the possible [0 (0—
0.06)] and impossible movements [0 (0-0.07)] [n =10, V = 9, p = 0.844, Cliff’s d = 0, 95% CI = (— 0.45, 0.45)]. For the
human animations, one individual was removed from the analysis because their data for one condition were missing. We
analyzed data from the second trials for three cases (two for possible and one for impossible movements). Screen viewing
time was not significantly different between the possible [5.89 (4.24-5.94)] and impossible movements [5.65 (3.43-5.78)]
(Wilcoxon signed-rank test: n = 9, V = 15, p = 0.426). The proportion of elbow gaze time was not significantly different
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between the possible [0.14 (0.03-0.17)] and impossible movements [0.12 (0.06-0.29)] [n =9, V = 30, p = 0.426, Cliff’s d
=0.33, 95% CI = (— 0.32, 0.77)]. For the robot animation, no individuals were removed from the analysis, and only data
from the first trials were analyzed. The screen viewing time did not significantly differ between the possible [4.33 (3.72—
5.86)] and impossible movements [5.62 (3.99-5.99)] (Wilcoxon signed-rank test: n = 10, V = 35, p = 0.492). Intriguingly,
the proportion of elbow gaze time was significantly higher when the apes viewed impossible [0.17 (0.12-0.26)] vs.
possible movements [0.08 (0.04-0.12)] [n = 10, V = 52, p = 0.010, Cliff’s d = 0.80, 95% CI = (0.15, 0.97)]. Regarding
pupillometry, three, two, and one participants were further removed from the analysis for ape, human, and robot
animations, respectively, because their data were insufficient. The pupil dilation score (i.e., pupil diameter change from
baseline, averaged approx. 2-3 s from animation onset) was not significantly different between the possible and impossible
movements for all animations (ape, ts = 0.38, p = 0.719; human, ts = — 0.77, p = 0.470; robot, ts = 0.89, p = 0.397).

Discussion

The chimpanzees in experiment 3 did not differentiate gaze behaviors between possible and impossible human or ape
movements. Thus, these results did not suggest that the chimpanzees understood the biomechanics underlying human and
ape movements. In contrast, the chimpanzees looked at elbows for longer when viewing impossible vs. possible robot
movements. Because the chimpanzees were not expected to be familiar with robotic agents, it is unlikely that they
differentiated gaze behaviors based on past experience. Instead, this result may indicate that, like humans (Morita et al.
2012), chimpanzees can extend some knowledge regarding biomechanics to a novel robot agent. This interpretation is
apparently at odds with the finding that the chimpanzees did not distinguish between possible and impossible movements in
the human and ape animations. This discrepancy may in part be due to the uncanny nature of the CG animations.
Specifically, the chimpanzees may have perceived the ape and human animations as uncanny because, while those agents
looked like familiar animals, either conspecific or heterospecific, they were dissimilar in some way, such as in their surface
texture. Consequently, the apes may have just visually explored the human and ape agents per se, rather than fixating on the
elbows. In contrast, the robot with its object-like appearance was not likely perceived as uncanny, and so it may have been
easier for the chimpanzees to attend to its movements rather than the agent per se. This view is supported particularly for
the ape animation by the result that four of ten participants did not fixate on the ape elbows when viewing both possible and
impossible movements, while participants did look at the elbows when viewing at least one of the possible or impossible
movements in the human and robot animations.

Meta-analysis

Overall, the apes did not look at the elbows for a longer period of time when viewing impossible vs. possible movements,
except in the case of the chimpanzees in experiment 3 when viewing the robot animations. Despite the similar stimuli and
procedures, experiments 1 and 3 yielded different results for the robot animation. Moreover, the apes in experiment 1
seemed to be able to distinguish the human possible and impossible movements (although this was not statistically
significant; see Fig. 4a), while this did not seem to be the case for the apes participating in experiment 3 (Fig. 5). To
synthesize the results of the human and robot animations in experiments 1 and 3, we conducted a meta-analysis. Note that
this was not possible for the ape animations because different animations were used in experiments 2 and 3 (i.e., standing
bipedally/ quadrupedally).

We used Cliff’s d and a variance estimate for each animation (human and robot) in each experiment (experiments 1
and 3), and ran random effect models (restricted maximum likelihood estimation) using the metaphor
v.2.4.0 R package (Viechtbauer 2010). We used an unweighted Cliff’s d, which did not give a different weight to each
experiment, because it can perform better than a weighted one (Hess et al. 2005; Kromrey et al. 2005). We calculated Cls
for the pooled effect using the estimated effect and its variance (Supplementary file 1), and inferred its significance based
on whether the Cls included 0. In performing the analysis, we referred to Kim et al. (2018), and adopted the associated R
codes for calculation and generation of the forest plot from Errington et al. (2018) and lorns et al. (2019).

Figure 6 shows Cliff’s d with the corresponding CI for each of experiments 1 and 3, as well as for the random effect
model. CIs of the pooled effect included 0 for both the human [estimated effect: 0.42, 95% CI = (- 0.02, 0.72)] and robot
animations [estimated effect: 0.51, 95% CI = (= 0.15, 0.85)]. This indicates that the difference in gaze behavior between
possible and impossible movements was not significant when the two experiments were combined.
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General discussion

In the present study, we examined the way in which bonobos and chimpanzees understand biomechanics using a
series of eye-tracking experiments based on a previous study in human adults and infants (Morita et al. 2012). Specifically,
we presented CG animations adapted from the human study to apes, and measured their gaze while they viewed the
animations via eye-tracking technology. Morita et al. (2012) found that 12-month-old infants and adults looked at elbows
for longer when they were shown biomechanically impossible arm movements compared with possible movements. This
pattern was observed both when the movements were displayed by a human and when displayed by a robot. In experiment
1, apes were shown human and robot animations adapted from Morita et al. (2012). Although we found no clear
differences in gaze behaviors between possible and impossible movements in either the human or robot animations, the
apes showed slight signs that they could distinguish these movements in the human animations. In experiment 2, we
presented bipedally standing ape animations. Yet again, the apes did not differentiate their gaze behaviors between
possible and impossible movements. Finally, in experiment 3, we continued the line of inquiry from the prior experiments
by presenting another group of chimpanzees with modified ape animations in which the apes stood quadrupedally, and
hence had a more typical posture, as well as the human and robot animations used in experiment 1. The chimpanzees did
not differentiate their gaze behaviors between possible and impossible movements in the human and ape animations.
However, they did look at elbows for longer when viewing impossible vs. possible robot movements, as if they had some
understanding of robot biomechanics-like properties. The reason why the apes in experiment 3 differentiated their gaze
behaviors, while those in experiment 1 did not, is unclear. In the present study, apes were not particularly required or
motivated to look carefully at the animations. Thus, some apes might not have specifically fixated on the elbows during
the trials because of inattention or restlessness, although we set the minimum inclusion criterion based on screen viewing
time. Relatedly, the chimpanzees in experiment 3 seemed to view the stimuli for slightly longer than the apes in
experiment 1 (see Supplementary file 1, Figs. S1, S3), which indicates that different levels of attention paid to stimuli may
have affected the results. Alternatively, the chimpanzees in experiment 3 (at PRI) might have had more general experience
of observing artificial objects compared with the apes in experiment 1 (at KS and KCZ), which could have indirectly
helped the former to distinguish between possible and impossible movements in the robot animations.

Given these mixed results, it is difficult to infer the extent to which apes understand biomechanics. These results
could indicate that, unlike humans (e.g., Morita et al. 2012), apes have little or no understanding of biomechanics.
However, it is equally plausible that the null results are entirely related to the methodological features of the present study,
in particular the CG animations of arm movements. First, the uncanny nature of the CG animations may have superseded
the saliency of the impossible movements. Thus, future studies should carefully assess ape perception of CG animations,
which could be perceived as strange looking by apes, prior to testing (Chouinard-Thuly et al. 2017). Presentation of a
familiarization video prior to the presentation of test stimuli (Reid et al. 2005) or a habituation-dishabituation technique
[for related human infant studies, see Christie and Slaughter (2010) and Southgate et al. (2008)] might also help
familiarize participants with the experimental stimuli. Second, while we used animations depicting arm movements,
animations of other body parts (e.g., faces, hands, or legs) might be more suitable for presentation to apes. For example,
human infants spend a lot of time looking at their hands (White et al. 1964) and can regulate their hand movements
voluntarily so that their hand enters their visual field (van der Meer 1997; van der Meer et al. 1995). When toddlers
manipulate objects, they often watch their hands or those of a social partner (Yoshida and Smith 2008). Thus, hands
appear to be especially salient for humans (Geangu et al. 2015; Longhi et al. 2015; Senna et al. 2017), and possible vs.
impossible hand movements can be discerned at a young age [at 6 but not at 4 months old (Geangu et al. 2015); several
days after birth (Longhi et al. 2015); at 9 months old, but only in those who could perform a pincer grip (Senna et al.
2017)]. This discrimination occurred slightly later in Morita et al. (2012), who examined reactions to elbow movements
[i.e., at 12 but not 9 months old; but for a different result, see Morita et al. (2010)]. Compared with elbow movements,
hand movements might be more familiar and salient for apes as well. Third, while our stimuli depicted a purposeless,
intransitive arm-bending movement, other types of movements (e.g., walking or climbing) or goal-directed actions (e.g.,
grasping an object) coupled with more extreme examples of biomechanical violation might have elicited a different
response from the apes. For example, Reid et al. (2005) reported that 8-month-old infants differentiated biologically
possible and impossible arm movements displayed during a reaching action, although this was only the case for infants
with certain fine motor skills. Goal-directed actions may be more salient [for a study with human neonates, see Craighero
et al. (2011)], and thus serve to elicit differentiated gaze behaviors between conditions. Furthermore, an early group of
experiments yielded roughly converging findings indicating that the mirror-like motor resonance system in humans may
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be more or less activated by the observation of both intransitive movements and goal-directed actions, whereas such a
system in macaque monkeys may only be activated by goal-directed actions, or perhaps only very subtly by the
observation of intransitive movements (reviewed by Rizzolatti et al. 2014; Rizzolatti and Craighero 2004; Rizzolatti and
Sinigaglia 2010). More recently, this view has been challenged by data indicating that so-called mirror neurons in
monkeys are also, to some extent, activated via the observation of intransitive movements (Kraskov et al. 2009;
Papadourakis and Raos 2017, 2019). Nevertheless, it is possible to speculate that nonhuman and human animals might
differ in terms of reactivity to intransitive movements relative to that to goal-directed actions. Although further research is
needed, this possibility is well in line with the overall null results of the present study. Therefore, movies depicting
movement of more salient body parts such as the hands (Geangu et al. 2015; Longhi et al. 2015; Senna et al. 2017), or
goal-directed actions (Geangu et al. 2015; Reid et al. 2005), might facilitate research regarding how apes perceive
violations of biomechanics.

We do not expect the recording accuracy of the ape eye-tracking technology to have a profound impact on the results.
We did not quantitatively measure the error and could not compare it with that in the previous study on humans (Morita et
al. 2012). However, we closely followed procedures that have been established through previous ape eye-tracking studies
(reviewed in Hopper et al. 2020). Experiments have shown that these procedures can enable reliable recording of ape gaze
with recording errors of less than 1 ° (Kano and Tomonaga 2009; Kano et al. 2011; Hirata et al. 2010). Although there are
also some differences in procedures between those studies and the present one (e.g., the use of juice), Kano and Tomonaga
(2009), for example, reported comparable levels of error between chimpanzee and human participants of less than 0.5 °.
Kano et al. (2011) also noted that the error was about 0.5-0.7 ° for all participant groups, including nonhuman and human
apes. Notably, some of the chimpanzees from those studies also participated in the present study, namely, chimpanzees at
KS and PRI. The error might be larger for several participants, in particular chimpanzees at KCZ, as we noted above
(Stimuli and procedure in Methods). Thus, our results should be interpreted with caution. However, those participants
accounted for a small proportion of the participant group in each experiment, and we even omitted some of their data from
statistical analyses because they spent an insufficient amount of time viewing the screen. Thus, it is unlikely that the data
from those individuals had a pronounced impact on the overall results. The relatively small size of areas of interest for
elbows might affect the nuanced results of experiment 1. Relatedly, a potential limitation of the present study is that we did
not consider in depth the role played by peripheral vision (Orquin and Holmqvist 2018). Stimuli depicting a body at closer
range might be useful for the clearer differentiation of gazes directed at different body parts. However, our findings suggest
that the arm movements of our stimuli were sufficiently salient to cause the apes to orient their gaze accordingly. In
experiment 3, the chimpanzees looked at the robot elbows for longer when viewing impossible vs. possible movements.
Remarkably, the screen viewing time was not significantly different between those conditions. Thus, the eye-tracking
experiments were able to capture finely differentiated gaze behaviors. This underlines the chief advantage of non-invasive
ape eye tracking, namely, a prominent spatiotemporal resolution that is difficult to achieve by manual coding of gaze or
head orientation (Hopper et al. 2020; Kano and Call 2017).

Overall, we did not observe pupil dilation when the apes viewed impossible movements. The present study used
realistic, graphically rich animations; however, we did not control for the effects of specific visual properties within the
animation such as brightness and contrast, which could modulate pupil diameter (Bradley et al. 2017). As these could
hamper the detection of pupil dilation associated with affective responses, the pupillometry results should be interpreted
with caution. Nonetheless, at the very least, our study suggests that the measurement of ape pupil diameter is feasible, and
we believe that detailed data visualization (Supplementary file 1, Figs. S10-S18) might be instrumental for future studies.

In conclusion, the findings of the present study, in which apes underwent eye tracking whilst watching CG
animations, add to those of previous work on primates’ visual processing of movements made by other animals.
Specifically, we collected data on ape behavior via a similar method to that used in human developmental psychology
research (Morita et al. 2012). Some of our results indicate that some apes may have an understanding of biomechanics that
they can draw on to infer the movements of a novel robotic agent. However, the null hypothesis regarding gaze behavior
and pupil response was not rejected. Thus, conclusive evidence regarding the extent to which apes understand biomechanics
was not obtained in the current study. Nevertheless, the results of this study have implications for the design of nonhuman
animal studies involving gaze behavior, pupillometry, and/or CG animations.
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Figures

Fig. 1 Experimental settings at Kumamoto Sanctuary (a) and at Kyoto City Zoo (b)
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Possible Impossible

O A

Fig. 2 Representative stills of animation stimuli: a human, b robot, c biped ape, and d quadruped ape. Left Possible elbow
movements, right impossible elbow movements. Circles Areas of interest (AOI) for elbows, squares AOI for face (analysis
of gaze time directed at face was not reported), rectangles AQIs for screen. These AOIs were not included in the stimulus
animations. In the human, robot, and biped ape animations, the position of the whole body on the screen moved according
to the elbow movements, unlike in Morita et al. (2012). Thus, the AOIs for elbows and face moved to track the
corresponding body parts throughout the animation
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Fig. 3 a Example of pupillometry data from one individual when viewing the human animations. For visual comparison,
two time series datasets were plotted simultaneously. Wefirst averaged pupil diameters across the right and left eyes.
Approximately the first half of the data, corresponding to the left of the vertical dotted line, were analyzed in the following
step. b We downsampled the time series data by averaging the data points in time-bins. The area between the vertical
dotted lines (approx. 300-500 ms from animation onset) served as the baseline in the following step. ¢ The values were
then baseline corrected. The horizontal lines show the averaged values approximately 2-3 s from the stimulus onset
(referred to as the “pupil dilation score” in the main text), which were subsequently analyzed using paired t-tests. Note that
the axis scales differ between the plots. Similar plots for each individual are provided in Supplementary file 1
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Fig. 4 a Proportion of time spent looking at elbows when viewing the human and robot animations (experiment 1). b
Proportion of time spent looking at elbows when viewing the biped ape animations (experiment 2). Dots show the median,
error bars show the first and third quartiles
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Fig. 5 Proportions of time spent looking at elbows when viewing human, robot, and quadruped ape animations (experiment
3). Dots show the median, error bars show the first and third quartiles
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Fig. 6 Forest plot showing the results of the meta-analysis. Upper panels Results for the human animations, lower panels
results for the robot animations. Dots show Cliff’s d, error bars show the corresponding 95% confidence intervals






