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OPEN Regulation of whole-body angular

momentum during human walking

Takuo Negishi & Naomichi Ogihara™

In human walking, whole-body angular momentum (WBAM) about the body centre-of-mass is
reportedly maintained in a small range throughout a gait cycle by the intersegmental cancellation of
angular momentum. However, the WBAM is certainly not zero, which indicates that external moments
applied from the ground due to ground reaction forces (GRFs) and vertical free moments (VFMs)
counteract the WBAM. This study provides a complete dataset of the WBAM, each segmental angular
momentum, and the external moments due to GRFs and VFMs during human walking. This is done

to test whether (1) the three components of the WBAM are cancelled by coordinated intersegmental
movements, and whether (2) the external moments due to GRFs and VFMs contribute only minimally
to WBAM regulation throughout a gait cycle. This study demonstrates that WBAM is regulated in a
small range not only by the segment-to-segment cancellation, but also largely through contributions
by the GRFs. The magnitude of VFM is significantly smaller than the peak vertical moment generated
by the GRFs; however, in the single-support phase during walking, the VFM is possibly critical for
coping with the change in the vertical WBAM due to force perturbations and arm or trunk movements.

Appropriate control of whole-body angular momentum (WBAM) about a body centre-of-mass (COM) is critical
for generating rotationally stable bipedal locomotion. Therefore, WBAM has been used as a primary measure
for evaluating the risks of falls in human walking!'-'%.

With a principal component analysis (PCA) of segmental angular momentum, Herr and Popovic'? experimen-
tally studied the regulation of the WBAM about the body COM in human walking. They found that throughout
a gait cycle, the segment-to-segment cancellation of angular momentum is the main factor responsible for regu-
lating the WBAM, as well as for maintaining it in a small range in all planes (up to 95%, 70%, and 80% in the
sagittal, frontal, and horizontal planes, respectively). However, the WBAM is not zero; it varies in a gait cycle'2.
This indicates that the external moments applied from the ground owing to ground reaction forces (GRFs) and
vertical free moments (VFMs), i.e., the torque about a vertical axis due to friction between the foot and ground,
also counteract the WBAM' ™, This is because based on the law of mechanics, only the external moments applied
to the body can change the WBAM?. Using the coefficient of cancellation, Bennett et al.* reported that although
segment-to-segment cancellation of segmental angular momenta occurred in the sagittal plane (approximately
75%), those in the frontal and horizontal planes were small (approximately 25% and 50%, respectively). This
suggests that the contribution of segment-to-segment cancellation of angular momenta was relatively minor. By
contrast, the three components of GRFs and VEMs highly contributed to regulating the WBAM during walking.
However, only a few studies have previously investigated the relationship between the WBAM and the external
moments about the body COM due to the GRFs in all three planes™!?. Therefore, the extent to which each of the
two strategies, namely, (1) segment-to-segment cancellation of segmental angular momenta and (2) generation
of external moments applied to the body from the ground, contribute to regulating WBAM is unclear.

The studies of Herr and Popovic'?, and Silverman et al.® did not provide segmental or directional break-
downs of the WBAM and the external moments due to the GRFs and VFMs. Resultingly, the extent to which
each of the two strategies contributed to regulating the WBAM during human walking is difficult to determine.
Therefore, this study aimed to provide a complete dataset of the WBAM, each segmental momentum, and the
external moments due to GRFs and VFMs during human walking. It aimed to test whether (1) the segmental
angular momenta are sufficiently cancelled out in all three planes by coordinated intersegmental movements,
and whether (2) the external moments due to the GRFs and VFMs only minimally contribute to the regulation
of the WBAM during a gait cycle. Improved understanding of the control of WBAM in human walking should
contribute to the development of fall prevention measures in rehabilitation medicine®! and the understanding of
human bipedal locomotion evolution and its associated derived features in the human musculoskeletal system??.
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Materials and methods

Ten adult males without any history of orthopaedic or neuromuscular impairments (mean [+ standard devia-
tion] age, 26.7 £ 3.5 y; height, 1.70+ 0.04 m; weight, 61.5 5.0 kg; COM height in quiet standing, 0.98 +0.02 m)
participated in this study. Informed consent was obtained from all of them. This study was reviewed and approved
by the Office for Life Science Research Ethics and Safety at the University of Tokyo. All methods were performed
following the relevant guidelines and regulations.

The participants walked across three force plates (EFP-S-1.5KNSA13; Kyowa Dengyo, Tokyo, Japan) set in a
wooden walkway (8.2-m long) with ordinary running shoes (JOG100-2; Asics, Kobe, Japan) of appropriate size
(Fig. 1a). Body kinematics were recorded using a motion capture system consisting of ten cameras (MAC3D;
Motion Analysis Corporation, Santa Rosa, CA, USA). A total of 29 reflective markers were attached to the body
based on the modified Helen Hayes marker set (Fig. 1b)*, and the positions of the markers were captured at
100 Hz. The GREF signals were simultaneously recorded at 200 Hz using a universal recorder (EDX-100A; Kyowa
Dengyo, Tokyo, Japan). Because arm swing during walking affects the VFM profiles!*!®'°, the participants were
first asked to walk (1) with arm swing (normal arm swing), and then (2) with their arms folded (no arm swing).
The participants were instructed to step on the three force plates with their left, right, and left feet consecutively.
Two pairs of photoelectric cells were placed 4 m apart across the force plates to instantaneously measure the
walking speed of each trial. Trials with a walking speed within 5% of the target speed (1.1 m/s) were selected as
successful trials, and five successful trials were recorded for each arm swing condition.

The gait cycle duration, stride length (horizontal distance travelled in a gait cycle), and speed were calculated
using the motion-captured and force plate data. The gait cycle was defined as the interval between two successive
right heel contacts. The marker data were low-pass filtered at 7 Hz using a zero-phase-shift low-pass filter**. No
low-pass filtering was applied to the GRF signals. To quantify the three-dimensional body kinematics, a segment-
fixed coordinate system was defined for each of the 13 body segments (head, thorax, pelvis, upper arms, forearms,
thighs, shanks, and feet) using the attached markers (Fig. 1b). The x-, y-, and z-axes approximately pointed to the
anteroposterior, mediolateral, and superoinferior directions, respectively. The joint angles of the neck, thoraco-
pelvic, hip, knee, ankle, and shoulder were calculated as the motions of the distal segment coordinate systems
with respect to the proximal coordinate systems using the y-x-z Euler angles. All joint angles were set to zero in
a quiet standing posture.

A 15-segment whole-body model, consisting of the above 13 segments and hands defined as point masses,
was used to calculate the WBAM about the body’s COM. The WBAM about the body’s COM, L, was calculated
as the sum of the individual segment angular momenta as follows'2.

15

L= Z (c; x mi¢; + Liw;), (1)

i=1

where m; is the mass, I; is the inertia tensor about the segment’s COM, ¢; is the COM position vector with respect
to the whole-body COM, ¢; is the COM velocity vector with respect to the whole-body COM (time derivative
of ¢;), and w; is the angular velocity vector; each one belongs to the i-th segment. All of these are represented in
the laboratory coordinate system. The segmental masses, inertia tensors, and COM positions of each participant
were estimated based on the measured marker positions and the anthropometric parameters (the ratio of the
segment mass to the total body mass, the segment’s COM location along its longitudinal axis as a percentage of
the segment length, and the radii of gyration of the segment as percentages of the segment length) presented in
de Leva® and Zatsiorsky?®.
The net external moments about the body’s COM due to GRFs and VEMs, M, can be calculated as follows.

M=r; x Fp +rp x Fg + 71 + 18

riyFLz — r1zF1y + rRyFRrz — TR:FRy
= | r1zFrx — 11xFLz + tRzFRx — TRxFR: , )
rixFry — r1yFLx + tReFRy — TRy FRx + 70 + TR

where rp = (rLx, 71ys r2) ! and rr = (rrys TRy> rrz) T are the vectors pomtmg to the left and right centres of-
pressure (COPs) from the body’s COM, respectively; F = (FLX,FLy,FLZ) and Fr = (FRX,FR},,FRZ) are the
GREF vectors applied to the left and right feet, respectively; and t; = (0,0, 71)T andtg = (0,0, 7z) " are the VFM
vectors acting on the left and right feet, respectively. In theory, L = M. However, this equation is not usually
satisfied in experimental analyses primarily owing to the errors associated with estimating the masses, inertia ten-
sors, and COM positions of the body segments. To account for this error, we calculated the residual ¢, as follows.

e=L—-M, (3

For comparisons, the GRFs were normalized by the body mass x the gravitational acceleration. The WBAM
was normalized by the product of the body mass, COM height, and walking velocity'?. The external moments
about the body’s COM, M, and the rate of change of WBAM were normalized by the product of the body mass,
gravitational acceleration, and COM height'.

To quantify the ratio of the total amount of segmental angular momenta that cancelled each other out of the
total magnitudes of segmental angular momenta, the so-called coefficient of cancellation around the j-th axis
(j=x, y, 2), K, was calculated, as follows*?".
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Figure 1. (a) Experimental setup and (b) placement of reflective markers and segment-fixed coordinate
systems. A total of 29 markers are attached to: (1) the top head, (2) front head, (3) rear head, (4) 1st thoracic
vertebra, (5) xiphoid process, (6) manubrium of the sternum, (7) sacrum, (8, 9) anterior superior iliac spine,
(10,20) greater trochanter, (11,21) lateral knee, (12,22) medial knee, (13, 23) lateral ankle, (14, 24) medial ankle,
(15, 25) heel, (16, 26) toe, (17, 27) acromion, (18, 28) elbow, and (19, 29) wrist. Markers on the toes and heels
are placed on the corresponding surface positions of the shoes. The hand segment is defined as the point mass in
this study; hence, a segment-fixed coordinate system is not defined for the hand segment.
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where L; is the angular momentum of the i-th segment around the j-th axis, A; is the total magnitude of segmen-
tal angular momentum, and B; is the total amount of angular momentum generated by the external moments.
Therefore, A; — B; represents the total amount of angular momenta that cancelled each other out due to segment-
to-segment cancellation. The coefficient values of one and zero thus indicate that 100% and 0% segment-to-
segment cancellation of angular momenta was achieved, respectively. However, in this study, not only the ratios
(coefficients of cancellation) but also the absolute magnitudes of Aj, Bj, and A; — Bj were analysed to account
for the difference in the magnitudes of the segmental angular momenta around the three directions. In addition,
to confirm whether the WBAM about the body COM during walking could be described by a small number
of principal components (PCs), PCA was performed on the angular momentum profiles of 15 segments, as
described in Herr and Popovic'2.

To test for significant differences in the maximum and minimum peak values of joint angles, GRF, VFM,
WBAM, segmental angular momenta, coefficients of cancellation, and external moments between the two arm
swing conditions, two-tailed paired t-tests were performed. If the normality or homogeneity was violated using
the Shapiro-Wilk normality test, the Wilcoxon signed-rank test was used. The statistical significance level was
set at p <0.05. All statistical analyses were performed using R version 4.1.2%.

. (4)

Results

Mean gait cycle duration, stride length, and speed were essentially identical between gait with and without
arm swing: 1.20£0.05 s and 1.20 £ 0.07 s, respectively, for a cycle duration; 1.34+0.06 m and 1.35+0.06 m,
respectively, for stride length; and 1.10£0.02 m/s and 1.11 £0.02 m/s, respectively, for speed. This indicated that
no differences in the spatiotemporal parameters were found between the two conditions. The Froude number
equivalent to the present target speed was 0.14.

The mean joint angle profiles were identical between the two conditions (Fig. 2a); however, the ranges of axial
rotations of the neck and thoraco-pelvic joints were significantly larger in gait with arm swing than in gait without
it. The shoulder joint angle was constant throughout a gait cycle because the arms were folded, and hence, arm
swing was restricted. The mean GRF profiles were also identical between the two conditions; however, the VFMs
were significantly different, with the magnitude being significantly reduced in the second half of the stance phase
due to arm swing (Fig. 2b; Supplementary Table S1).

Figure 3 compares the mean WBAM profiles between the two conditions. The WBAM profiles were nearly
identical in the frontal and sagittal planes (Lx, Ly); however, the amplitude of the WBAM in the transverse
plane (Lz) was significantly larger in gait without arm swing (Fig. 3; Supplementary Table S1). Figure 4 depicts
the segmental breakdowns of the WBAM in the frontal, sagittal, and transverse planes. Frontally, the angular
momenta of the head, thorax, shanks, and feet fluctuated nearly in phase, constituting the main component of
the WBAM (Fig. 4a). However, no segmental angular momentum fluctuated out-of-phase, thus indicating that
no clear segment-to-segment cancellations of angular momentum occurred in the frontal plane during walking.
A slight difference was observed in the angular momenta of the arms between gait with and without arm swing;
however, this had only minor effects on the frontal WBAM. Sagittally, the WBAM was primarily composed of
the angular momenta of the thighs, shanks, and feet (Fig. 4b). The angular momenta of the right thigh, shank,
and foot fluctuated in phase; however, the three segments of the right and left legs moved out-of-phase, thereby
enabling effective intersegmental cancellation of angular momentum. The angular momenta of the trunk seg-
ments and arms had only minor effects on the sagittal WBAM. Transversely, the angular momenta of the thighs
that fluctuated in phase were the main component of the WBAM (Fig. 4¢). This was counteracted by the angular
momenta of the arms, which fluctuated out-of-phase with the thigh segments, resulting in segment-to-segment
cancellation of angular momentum. Thus, a significantly smaller magnitude of the WBAM was obtained in gait
with arm swing (Fig. 3; Supplementary Table S1). Additionally, we observed that the angular momenta of the
thorax and pelvis segments fluctuated out-of-phase; however, their magnitudes were much smaller than the
angular momenta of other segments (Fig. 4c).

The PCA of the angular momentum profiles of 15 segments revealed that for gait with arm swing, the first
three PCs accounted for 91.4+2.1%, 96.7 £0.9%, and 99.0 +0.4% of the total variance of angular momentum in
the frontal, sagittal, and transverse planes, respectively. For gait without arm swing, the first three PCs accounted
for 91.9+2.1%, 97.2+0.7%, and 99.4+0.2% of the total variance of angular momentum in the frontal, sagittal,
and transverse planes respectively. These results indicate that the WBAM about the body COM during walking
could be described by a small number of PCs. The first three PCs in the three planes, presented in Fig. 5, were
almost identical between gait with and without arm swing, except for the coefficients corresponding to the arm
segments. The coefficients of the first PC were distributed in both positive and negative directions in the sagit-
tal and transverse planes, thus indicating that a certain degree of segment-to-segment cancellation of angular
momentum took place in these two planes. In the frontal plane, however, the coefficients of the first PC were all
positive, thus suggesting no meaningful segment-to-segment cancellation of angular momentum.

The coeflicients of cancellation profiles in the three planes are presented in Fig. 6a. The mean coefficients of
cancellation were calculated to be 0.320+0.056, 0.743 +0.032, and 0.636 + 0.122 in the frontal, sagittal, and trans-
verse planes, respectively, for gait with arm swing. For gait without swing, they were 0.264 +0.065, 0.756 +0.031,
and 0.196 +£0.101, respectively. These values indicated that the WBAM was regulated by segment-to-segment can-
cellation in the sagittal plane, but not in the frontal plane. In the transverse plane, the coefficient was significantly
larger in gait with arm swing (0.636+0.122 vs 0.196 £ 0.101, p <0.01) (Fig. 6a; Supplementary Table S1), indicat-
ing that arm swing largely contributed to the intersegmental cancellation of angular momentum. Comparisons
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Figure 2. (a) Mean joint angle and (b) normalized GRF and VFM profiles during walking with (blue) and
without (red) arm swing. Corresponding dashed lines represent standard deviations. Asterisks indicate statistical
differences of the maximum or minimum values (*: p<0.05. **: p<0.01).

of the total magnitude of segmental angular momentum, its component that cancelled each other owing to
segment-to-segment cancellation, and the rest of the net moment generated by the GRFs and VFMs (Fig. 6b-d)
also demonstrate that the WBAM was regulated by segment-to-segment cancellation in the sagittal plane, but
not in the frontal plane. The largest magnitude of angular momentum by the external moments was generated
in the sagittal plane, even though the contribution of segment-to-segment cancellation of angular momentum
was the largest in it.

Figure 7a,b display the net external moments applied to the body COM due to GRFs and VFMs, and the
breakdowns of the net external moments, respectively, in the frontal, sagittal, and transverse planes. The fluc-
tuation of the net external moment was the largest in the sagittal plane. It sharply decreased soon after heel
contact owing to the moment in a backward-leaning direction by the vertical GRF of the leading leg (Fg,) and
the propulsive GRF of the trailing leg (Fy,). Subsequently, it gradually increased to generate the moment in the
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Figure 3. Mean normalized WBAM profiles about the body COM during walking with (blue) and without
(red) arm swing in the frontal, sagittal, and transverse planes (Lx, Ly and Lz, respectively). Corresponding
dashed lines represent standard deviations. Asterisks indicate statistical differences of the maximum or
minimum values (*: p <0.05. **: p<0.01).

forward-leaning direction until the heel contact of the contralateral leg (Fig. 7a). The waveforms and amplitudes
of the external moments generated by two components of the GRF (F, and F,) were almost equal, but opposite,
indicating that the external moments generated by the two components of the GRF cancelled each other (Fig. 7b).
Therefore, the amplitudes of the breakdowns (Fig. 7b) were much larger than that of the corresponding net
external moment (Fig. 7a). The net external moments in the frontal and transverse planes were comparatively
small in amplitude. However, relatively large moments were generated during the double-support phase (Fig. 7a),
owing to the laterally-directed GRF (E,) applied to the feet in the early stance (double-support) phase. Again, the
waveforms and amplitudes of the external moments generated by two components of the GRFs (F, and F, and
F, and F, in the frontal and sagittal planes, respectively) were roughly identical but only the sign was opposite,
thus indicating that they cancelled out each other in all three planes (Fig. 7b).

The amplitude of the VEM (17, Tr) was much smaller than the vertical external moments due to the GRF
(rp x Fr,rr x Fgr) (Fig. 7b). The peak magnitudes of the external moment in the transverse plane were signifi-
cantly larger in gait without arm swing (Fig. 7a; Supplementary Table S1) because significantly larger VFMs were
applied to the feet in this condition (Fig. 7b; Supplementary Table S1).

Figure 8 compares L, M, and e to assess the reliability of the quantification of the WBAM and external
moments, considering possible errors associated with the estimation of the masses, inertia tensors, and COM
positions of the body segments. The waveforms of L and M resembled each other, and in the stance phase, € was
found to be maintained near zero in all planes. However, relatively large residuals were observed in the double
support phase, particularly in the sagittal plane.

Discussion

This study demonstrated that segment-to-segment cancellation does not necessarily regulate the WBAM about
the body COM to a small range during human walking. This is contrary to the conventional understanding
that the WBAM is well-regulated and maintained in a small range in all planes due to segment-to-segment
cancellation of angular momentum'2. In the sagittal plane, the WBAM was found to be primarily minimized
by segment-to-segment cancellation; this was also true in the transverse plane when walking with normal arm
swing, as observed in previous studies**””. However, in the frontal plane, the contribution of segment-to-segment
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Figure 4. Segmental breakdowns of the mean normalized WBAM profiles in the frontal plane (Lx, about the
anteroposterior axis, (a), sagittal plane (Ly, about the mediolateral axis, (b), and horizontal plane (Lz, about

the vertical axis, (¢) during walking with (blue) and without (red) arm swing. The angular momenta of the
upper arm, forearm, and hand are consolidated for simplicity. Corresponding dashed lines represent standard
deviations. Asterisks indicate statistical differences of the maximum or minimum values (*: p<0.05. **: p<0.01).
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Figure 5. Mean coefficients of the first three angular momentum principal components in the frontal, sagittal,
and horizontal planes during walking with (blue) and without (red) arm swing. The number corresponds to
the following segments: (1, 2) left and right foot, (3, 4) left and right shank, (5, 6) left and right thigh, (7, 8) left
and right upper arm, (9, 11) left and right forearm, (10, 12) left and right hand, (13) head, (14) thorax, and (15)
pelvis.

cancellation remained minimal. This is also true in the transverse plane when the arm swing is restrained. If a
perfect cancellation of angular momentum had been achieved in a gait cycle due to intersegmental cancellation,
the WBAM would have been zero. However, this and previous studies*'>* demonstrated that the WBAM was
not zero and varied with time, thus indicating that segmental angular momenta were not perfectly cancelled
due to segment-to-segment cancellation.

Although the segment-to-segment cancellation of angular momentum had the highest coeflicient of cancel-
lation (indicating the ratio of cancellation) in the sagittal plane, the absolute magnitude of the external moment
that should have been explicitly generated was also the largest in this plane (Fig. 6d). This is because the mag-
nitude of the WBAM was relatively larger in the sagittal plane than in the other two planes (Fig. 3). Therefore,
for generating stable bipedal locomotion, the WBAM should be regulated in all three planes by the external
moments applied from the ground due to GRFs and VFMs. However, we also confirmed that the WBAM was
partly regulated by segment-to-segment cancellation, as suggested previously*!%

In the frontal, sagittal, and transverse planes, the waveforms and amplitudes of the external moment gener-
ated by the two components of the GRF vector (i.e., Fy and Fz, Fx and Fz, and Fx and Fy) were roughly identi-
cal. However, the signs were opposite (Fig. 7b). Hence, they naturally cancelled each other out, which was why
relatively small external moments were applied around the whole-body COM. The GRF vectors did not pass
exactly on the whole-body COM in the sagittal plane. Instead, they systematically passed above it to generate
the moment to balance the WBAM, as reported previously®*-*%. Hence, the WBAM largely deviated from zero
(Fig. 3). In the frontal plane, the GRF vectors should have passed considerably close to the COM because the net
external moments applied to the whole-body COM were almost zero. In the transverse plane, the GRF vectors
should also have passed considerably close to the COM, particularly in the single-support phase, because the net
external moments applied to the whole-body COM were almost zero during the single-support phase (Fig. 7a).
However, in the double support phase, comparatively large moments were applied owing to the laterally-directed
GRE vectors applied in the early stance phase. Essentially, the WBAM around the vertical axis was not regulated
in the single-support phase, and it was regulated intermittently in the double-support phase by the relatively small
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rate of the change of the WBAM L, and (c) the residuals between the external moments about the body COM
applied from the ground and the rate of the change of the WBAM e during walking with (blue) and without
(red) arm swing, in the frontal, sagittal, and transverse planes. Corresponding dashed lines represent standard
deviations. Asterisks indicate statistical differences of the maximum or minimum values (*: p<0.05. **: p<0.01).

and brief generation of peak lateral GRFs during the early stance phase (Fig. 2b). This explains why the WBAM
around the vertical axis fluctuated roughly as a rectangular wave (Fig. 3). Therefore, this study indicated that the
small lateral peak of the mediolateral GRF in the early stance phase might play a crucial role in the regulation
of the vertical WBAM during walking.

Moreover, the angular momenta of the thorax and pelvis segments fluctuated out-of-phase (Fig. 4c), report-
edly contributing to reducing the vertical WBAM'>%3-3>. However, this study found that their magnitudes were
much smaller than those of other segments (Fig. 4c). The intersegmental cancellation of angular momentum
between the thorax and pelvis has been suggested as significant for the generation of efficient bipedal walking.
However, this study found that the main components of the vertical WBAM were the angular momenta of the
arms and legs but not the thorax and pelvis, as also suggested by previous studies®'>*.

In addition, in this study, the magnitude of the VFM was much smaller than the external moments generated
by the GRFs in the transverse plane. This indicated that the relative contribution of the VFM on the regulation
of the WBAM during human walking was minor, particularly during normal gait with arm swing (Fig. 7b).
However, this moment is essential to prevent the foot from rotating around the vertical axis. The VFM is the
frictional moment generated between the plantar surface of the foot and the ground; therefore, the VFM can
compensate for changes in vertical WBAM that might have occurred due to external perturbations or changes
in arm and trunk movements. This is true unless the vertical WBAM does not exceed the limiting condition
of static friction. This compensation is demonstrated by the larger VFM in gait without arm swing (Fig. 2b).
Therefore, the larger the limit of static friction, the larger the ability to regulate the vertical WBAM during gait.
The human foot possesses a plantigrade foot with an enlarged calcaneus, the tuberosity of which points postero-
inferiorly, thereby allowing prominent heel-strike*-?®. In addition, the human foot lost prehensile capability,
and hence, the phalanges were relatively shorter than those of other non-human primates®**’. Furthermore, the
nonopposable hallux was aligned in parallel with the other four digits*"*2. These morphological characteristics
enlarge the area of the plantar surface and potentially increase the ability to generate a large VFM. If the plantar
surface of the foot is larger, the moment arm of the horizontal GRF with respect to the COP is larger, and the
limiting condition of static friction should be larger*’. The surface to walk on could be very small as people can
walk on stilts, but generating a large VFM is difficult on small surfaces because the moment arm is very small*.
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Therefore, we hypothesize that the plantigrade foot with a large plantar surface was beneficial for stabilization of
bipedal locomotion and might have evolved as an adaptation to rotationally stabilize bipedal locomotion around
the vertical axis over the course of human evolution. However, this possibility must be verified in future studies.

This study had several limitations. First, the accuracy of estimation of the segment mass, COM position, and
moments of inertia necessary for calculating the WBAM could improve with medical imaging. Herein, these
inertial parameters were calculated based on the average values of the corresponding cadaver samples. However,
they vary among people?, thus resulting in large residuals € in this study (Fig. 8c). For a more rigorous estima-
tion of the inertial parameters, subject-specific inertial parameters could be obtained using medical imaging,
such as magnetic resonance imaging and computed tomography*. Although we believe that this inaccuracy
does not affect the main conclusions of this study, the current findings should be confirmed based on subject-
specific inertial parameters. Second, the participants of this study were all adult males, although statistically,
significant sex differences have been reported to exist in whole-body kinematics during walking®®. Therefore,
the current findings should also be confirmed with female participants. However, the absolute differences in the
joint angles between the two were negligible. Therefore, we believe this is not a major limitation of this study.
Third, the target walking speed was relatively low in the present study. Fourth, the order of the two conditions
was not randomized. Although we do not believe these affect the results of this study, future studies should
dispel such concerns.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Code availability

The computer code used for this study is available from the corresponding author upon reasonable request.

Received: 23 January 2023; Accepted: 9 May 2023
Published online: 17 May 2023

References

1. Simoneau, G. G. & Krebs, D. E. Whole body momentum during gait: A preliminary study of non-fallers and frequent fallers. J.
Appl. Biomech. 16, 1-13 (2000).

2. Pijnappels, M., Bobbert, M. F. & van Dieén, J. H. Contribution of the support limb in control of angular momentum after tripping.
J. Biomech. 37, 1811-1818 (2004).

3. Pijnappels, M., Bobbert, M. E. & van Dieén, J. H. Push-off reactions in recovery after tripping discriminate young subjects, older
non-fallers and older fallers. Gait Posture 21, 388-394 (2005).

4. Bennett, B. C,, Russell, S. D., Sheth, P. & Abel, M. E. Angular momentum of walking at different speeds. Hum. Mov. Sci. 29, 114-124
(2010).

5. Silverman, A. K., Wilken, J. M, Sinitski, E. H. & Neptune, R. R. Whole-body angular momentum in incline and decline walking.
J. Biomech. 45, 965-971 (2012).

6. Silverman, A. K., Neptune, R. R,, Sinitski, E. H. & Wilken, J. M. Whole-body angular momentum during stair ascent and descent.
Gait Posture 39, 1109-1114 (2014).

7. Martelli, D., Monaco, V., Bassi Luciani, L. & Micera, S. Angular momentum during unexpected multidirectional perturbations
delivered while walking. IEEE Trans. Biomed. Eng. 60, 1785-1795 (2013).

8. Nott, C. R., Neptune, R. R. & Kautz, S. A. Relationships between frontal-plane angular momentum and clinical balance measures
during post-stroke hemiparetic walking. Gait Posture 39, 129-134 (2014).

9. Neptune, R. & Vistamehr, A. Dynamic balance during human movement: Measurement and control mechanisms. J. Biomech. Eng.
141, 0708011-07080110 (2018).

10. Honda, K., Sekiguchi, Y., Muraki, T. & Izumi, S.-I. The differences in sagittal plane whole-body angular momentum during gait
between patients with hemiparesis and healthy people. J. Biomech. 86, 204-209 (2019).

11. van Mierlo, M., Ambrosius, J. I, Vlutters, M., van Asseldonk, E. H. F. & van der Kooij, H. Recovery from sagittal-plane whole body
angular momentum perturbations during walking. J. Biomech. 141, 111169 (2022).

12. Herr, H. & Popovic, M. Angular momentum in human walking. J. Exp. Biol. 211, 467-481 (2008).

13. Holden, J. P. & Cavanagh, P. R. The free moment of ground reaction in distance running and its changes with pronation. J. Biomech.
24, 887-897 (1991).

14. Li, Y., Wang, W,, Crompton, R. H. & Gunther, M. M. Free vertical moments and transverse forces in human walking and their role
in relation to arm-swing. J. Exp. Biol. 204, 47-58 (2001).

15. Milner, C. E., Davis, I. S. & Hamill, J. Free moment as a predictor of tibial stress fracture in distance runners. J. Biomech. 39,
2819-2825 (2006).

16. Umberger, B. R. Effects of suppressing arm swing on kinematics, kinetics, and energetics of human walking. J. Biomech. 41,
2575-2580 (2008).

17. Almosnino, S., Kajaks, T. & Costigan, P. A. The free moment in walking and its change with foot rotation angle. Sports Med.
Arthrosc. Rehabil. Ther. Technol. 1, 19 (2009).

18. Collins, S. H., Adamczyk, P. G. & Kuo, A. D. Dynamic arm swinging in human walking. Proc. R. Soc. B. 276, 3679-3688 (2009).

19. de Graaf, M. L., Hubert, J., Houdijk, H. & Bruijn, S. M. Influence of arm swing on cost of transport during walking. Biol. Open 8,
bi0039263 (2019).

20. Popovic, M. B., Goswami, A. & Herr, H. Ground reference points in legged locomotion: Definitions, biological trajectories and
control implications. Int. J. Rob. Res. 24, 1013-1032 (2005).

21. Owaki, D., Sekiguchi, Y., Honda, K. & Izumi, S.-I. Two-week rehabilitation with auditory biofeedback prosthesis reduces whole
body angular momentum range during walking in stroke patients with hemiplegia: A randomized controlled trial. Brain Sci 11,
1461 (2021).

22. Carrier, D. R. & Cunningham, C. The effect of foot posture on capacity to apply free moments to the ground: Implications for
fighting performance in great apes. Biol. Open 6, 269-277 (2017).

23. Kadaba, M. P, Ramakrishnan, H. K. & Wootten, M. E. Measurement of lower extremity kinematics during level walking. J. Orthop.
Res. 8, 383-392 (1990).

Scientific Reports |

(2023) 13:8000 | https://doi.org/10.1038/s41598-023-34910-5 nature portfolio



www.nature.com/scientificreports/

24. Winter, D. A., Sidwall, H. G. & Hobson, D. A. Measurement and reduction of noise in kinematics of locomotion. J. Biomech. 7,
157-159 (1974).

25. de Leva, P. Adjustments to Zatsiorsky-Seluyanov’s segment inertia parameters. J. Biomech. 29, 1223-1230 (1996).

26. Zatsiorsky, V. M. Kinetics of Human Motion (Human Kinetics, 2002).

27. Park, S. & Finley, . M. Manual stabilization reveals a transient role for balance control during locomotor adaptation. J. Neurophysiol.
128, 808-818 (2022).

28. R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2021).

29. Kim, D., Lewis, C. L. & Gill, S. V. The effect of obesity on whole-body angular momentum during steady-state walking. Gait Posture
94, 93-101 (2022).

30. Maus, H.-M,, Lipfert, S. W, Gross, M., Rummel, . & Seyfarth, A. Upright human gait did not provide a major mechanical challenge
for our ancestors. Nat. Commun. 1, 70 (2010).

31. Gruben, K. G. & Boehm, W. L. Force direction pattern stabilizes sagittal plane mechanics of human walking. Hum. Mov. Sci. 31,
649-659 (2012).

32. Vielemeyer, J., Griefibach, E. & Miiller, R. Ground reaction forces intersect above the center of mass even when walking down
visible and camouflaged curbs. J. Exp. Biol. 222, jeb204305 (2019).

33. Stokes, V. P, Andersson, C. & Forssberg, H. Rotational and translational movement features of the pelvis and thorax during adult
human locomotion. J. Biomech. 22, 43-50 (1989).

34. Crosbie, ]., Vachalathiti, R. & Smith, R. Patterns of spinal motion during walking. Gait Posture 5, 6-12 (1997).

35. Bruijn, S. M., Meijer, O. G., van Dieén, J. H., Kingma, I. & Lamoth, C. J. C. Coordination of leg swing, thorax rotations, and pelvis
rotations during gait: The organisation of total body angular momentum. Gait Posture 27, 455-462 (2008).

36. Latimer, B. & Lovejoy, C. O. The calcaneus of Australopithecus afarensis and its implications for the evolution of bipedality. Am.
J. Phys. Anthropol. 78, 369-386 (1989).

37. Gebo, D. L. Plantigrady and foot adaptation in African apes: Implications for hominid origins. Am. J. Phys. Anthropol. 89, 29-58
(1992).

38. Oku, H,, Ide, N. & Ogihara, N. Forward dynamic simulation of Japanese macaque bipedal locomotion demonstrates better energetic
economy in a virtualised plantigrade posture. Commun. Biol. 4, 308 (2021).

39. Schultz, A. H. Relations between the lengths of the main parts of the foot skeleton in primates. Folia Primatol. 1, 150-171 (1963).

40. Rolian, C., Lieberman, D. E., Hamill, J., Scott, ]. W. & Werbel, W. Walking, running and the evolution of short toes in humans. J.
Exp. Biol. 212, 713-721 (2009).

41. Morton, D. J. Evolution of the human foot. Am. J. Phys. Anthropol. 5, 305-336 (1922).

42. Elftman, H. & Manter, J. Chimpanzee and human feet in bipedal walking. Am. J. Phys. Anthropol. 20, 69-79 (1935).

43. Tto, K. et al. Comparative functional morphology of human and chimpanzee feet based on three-dimensional finite element analysis.
Front. Bioeng. Biotechnol. 9, 760486 (2022).

44. Negishi, T. et al. Comparative radiographic analysis of three-dimensional innate mobility of the foot bones under axial loading of
humans and African great apes. R. Soc. Open Sci. 8, 211344 (2021).

45. Modenese, L. et al. Investigation of the dependence of joint contact forces on musculotendon parameters using a codified workflow
for image-based modelling. J. Biomech. 73, 108-118 (2018).

46. Bruening, D. A, Frimenko, R. E., Goodyear, C. D., Bowden, D. R. & Fullenkamp, A. M. Sex differences in whole body gait kinemat-
ics at preferred speeds. Gait Posture 41, 540-545 (2015).

Acknowledgements
This study was supported in part by Grants-in-Aid for Scientific Research from JSPS (20H03331, 20H00229,
22H04769) and JST SPRING (JPMJSP2108).

Author contributions
T.N. and N.O. conceived and designed the study. T.N. conducted data collection, calculation, and the analysis.
TN. and N.O. drafted the manuscript which was reviewed and edited by all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-34910-5.

Correspondence and requests for materials should be addressed to N.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:8000 | https://doi.org/10.1038/s41598-023-34910-5 nature portfolio


https://doi.org/10.1038/s41598-023-34910-5
https://doi.org/10.1038/s41598-023-34910-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Regulation of whole-body angular momentum during human walking
	Materials and methods
	Results
	Discussion
	References
	Acknowledgements


