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Abstract

When locomoting bipedally at higher speeds, macaques preferred unilateral skipping

(galloping). The same skipping pattern was maintained while hurdling across two low

obstacles at the distance of a stride within our experimental track. The present study

investigated leg and trunk joint rotations and leg joint moments, with the aim of

clarifying the differential leg and trunk operation during skipping in bipedal

macaques. Especially at the hip, the range of joint rotation and extension at lift

off was larger in the leading than in the trailing leg. The flexing knee absorbed

energy and the extending ankle generated work during each step. The trunk showed

only minor deviations from symmetry. Hurdling amplified the differences and

notably resulted in a quasi‐elastic use of the leading knee and in an asymmetric

operation of the trunk.
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1 | INTRODUCTION

Macaques in traditional saru‐mawashi shows are trained in bipedal

posture and locomotion. This offers a vanishing chance to investigate

the possibilities and limits of bipedal locomotion in nonhuman

primates. The macaques were easily motivated by the caregivers to

walk bipedally. However, despite spectacular jumps, the caregivers

never observed bipedal running. In previous studies, we found that a

variety of running gaits could be provoked (Ogihara et al., 2018).

These entail symmetrical gaits (Hildebrand, 1977) such as aerial

running and grounded running, a gait classified dynamically as a

running gait without aerial phases. However, the macaques also

preferred skipping during fast locomotion. Skipping is a bipedal

running gait characterized by deviations from symmetrical, out‐of‐

phase operation of the two legs resulting in a double support and

flight phase during one stride (Figure 1a; Minetti, 1998). The trailing

leg absorbs the impact from the aerial phase. The leading leg touches

the ground before the lift off of the trailing leg, generating a short

double support period, and then pushes the skipper to the next aerial

phase. In human skipping, two modes are distinguished: (i) bilateral

skipping (high knee skips) and (ii) unilateral skipping (bipedal gallop). In

bilateral skipping, the roles of the left and right legs switch with each
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stride. In the aerial phase, the leading leg is pulled forward and

transformed into the trailing leg in the subsequent stride. In unilateral

skipping, the legs maintain their alternating movement during each

stride, and their roles remain consistent, that is, a left trailing leg will

continue to be the left trailing leg in the next stride. We anticipated

that the differential use of the leading and trailing legs, as identified

at the global level (Blickhan et al., 2023), could also be observed at

the local level concerning joint kinematics and dynamics.

Skipping is common in birds (Alexander, 2004; Hayes &

Alexander, 1983), and for many species, it merges into hopping

(e.g., Verstappen et al., 2000). Humans learn bilateral skipping after

walking and running at the age of about five with high pleasure
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F IGURE 1 Gait, markers, angles, coordinate system, and rebound. (a) The stepping pattern during unilateral skipping and unilateral skipping
across hurdles entails both a double support period and an aerial phase, defining the leading and trailing leg. The gait cycle starts with the touch
down (dashed vertical line) of the trailing leg, followed by the touch down of the leading leg with a double support until lift off (dashed vertical
lines) of the trailing leg. The aerial period starts with the lift off of the leading leg. The stride ends with the touch down of the trailing leg after the
flight phase. (b) Location of markers and coordinate systems. Marker location: left and right acromion; T10; sternum xiphoid; left and right
anterior superior iliac spine (ASIS); sacrum; greater trochanter; lateral epicondyle; lateral malleolus; 5th metatarsal head. Markers on the
contralateral leg not depicted. Black lines: HAT (dash‐dotted), thigh, shank, foot (solid lines). Coordinate systems at thorax, pelvis, hip, knee, and
ankle: yellow, origin; blue, ex⃗; green, ey⃗; red, ez⃗. Pelvis: dashed, initial system using the markers; solid, system after touch down with ez⃗ parallel to
HAT. Knee: ey⃗ , hinge joint assumed. (c) Stick‐figures for a skipping stride across hurdles. 1: touch down trailing leg; 2: midstance trailing phase; 3:
touch down leading leg; 4: lift off trailing leg; 5: midstance leading phase; 6: lift off leading leg. Red: Ground‐reaction forces. Green: Hurdles.
Hatched: force plates (FP1,2). (d) Enclosed joint angles at hip θhip, knee θkne, and ankle θank . (e) Rotation sequence: The distal system (solid arrows)
is rotated to the proximal system (dashed arrows) by the first rotation (1), β (no prime, dotted) around ey⃗ , the second (2), α (‘, dash dotted) around
the new e

→
′x , and the third (3), γ (“, dashed) around the new e

→
″z. (f) Rebound (reb) and rebound gap (gap) for examples of the macaque skipping

across hurdles (knee left; ankle right). θTD: maximum after touch down; θmin: local minimum; θLO′: local maximum before lift off.
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(Roncesvalles et al., 2001). During locomotion on the ground, sifakas

selected skipping or hopping (Snyder & Schmitt, 2018; Wunderlich &

Schaum, 2007). As in the wild, our macaques preferred quadrupedal

transverse galloping both within and outside the shows (Kimura,

1992; Nakatsukasa et al., 2004, 2006). The shifted trot‐gallop

transition speeds for the front and hind limbs (Vilensky, 1983) point

toward a weak coupling and may preadapt for the bipedal galloping

preferred as bipedal gait in the high‐speed range during our

experiments.

The macaques employed a highly convenient method for

skipping, characterized by short double supports, minor aerial phase,

and minor vertical movement of the center of mass (CoM; Blickhan

et al., 2023). Due to the adaptation to quadrupedal locomotion, hip

extension is restricted (Ogihara et al., 2007) enforcing a rather

compliant leg operation (Blickhan et al., 2018; Blickhan et al., 2023).

Knowing that the macaques were capable of spectacular jumps, we

questioned whether their upright posture, leg compliance, and

stepping pattern at high speed limited their ability to engage in more

dynamic skipping. To investigate this, we positioned small hurdles at

the distance of a stride along our experimental track. This enforced

seemingly effortless bipedal skipping marked by accentuated double

support, elevated reaction forces, and notable differences in the

global properties between the trailing and the leading legs (Blickhan

et al., 2023; Ogihara et al., 2018).

During skipping, peak ground reaction forces and impulses did

not differ between the leading and trailing legs (Blickhan et al., 2023).

The impulse absorbed by the trailing leg equals the impulse generated

by the leading leg to generate the aerial phase, with a crucial double

support phase necessary for achieving sufficient speed during take‐

off. Also, stiffness of the leg telescope was not different. However,

differences were noted at the global level regarding force compo-

nents perpendicular to the leg axis (tangential forces) resulting in

differences of the contribution of a damper assumed to be parallel to

the leg spring and in a shift of the virtual pivot point (VPP). The latter

indicates a point in the vicinity of the location of the CoM where the

vectors of the ground‐reaction forces cross (Maus et al., 2010;

Vielemeyer et al., 2019). These differences, in conjunction with

differences concerning leg rotation, are expected to lead to

discrepancies in joint rotation and joint moments.

The similarity of peak ground‐reaction forces and impulses has

been documented for human skipping (Fiers et al., 2013). However,

during bipedal grounded and aerial running, macaques utilize a more

compliant leg compared to humans (Blickhan et al., 2018, 2023;

Müller & Andrada, 2018; Pequera et al., 2021). The compliant legs

along with their consequences were accentuated as being typical for

nonhuman primates in general, and possibly advantageous also for

our ancestors (Schmitt, 2003). In fact, we found that the vertical

oscillations of the CoM were reduced as compared to human skippers

(Blickhan et al., 2023). The enhanced leg compliance in the macaque

may be largely due to a restricted hip joint extension (Ogihara

et al., 2007) and to an adaptation to quadrupedal locomotion and may

enforce a crouched leg posture (Blickhan et al., 2021). As compared

to human skippers, the increased compliance of the legs should lead

to increased joint rotation. However, aerial running, compared to

grounded running, was feasible with enhanced hip extension, but this

extension was still far below human values (Blickhan et al., 2021). Hip

extension could be increased in the leading phase and during

hurdling, where higher aerial phases are necessary. Leg retraction

was strongly supported by knee flexion, which in turn prevented

human‐like elastic rebound in the knee during aerial running. The

quasi‐elastic rebound at the leg level does not imply an elastic

rebound at the joint level (Blickhan et al., 2021). The latter is crucial

for human running economy. Does the differential use of the

macaque leg foster a quasi‐elastic rebound?

In symmetrical gaits such as walking, grounded running, and

aerial running, the symmetrical operation of the legs is driven by a

symmetrical operation of the trunk (Blickhan et al., 2021). Ignoring

preferences, distractions, and changes in direction, trunk movement

during a step with the right leg should mirror trunk movement during

a step with the left leg. In human locomotion, with increasing speed,

the movement of trunk segments decreases. This reduction may be

partly due to the counter‐movement of the arms (Prins et al., 2019)

and partly due to trunk stiffening. Macaques, with a trunk mass of

61% body weight (Ogihara et al., 2009), exhibit limited arm

movements and a “stiffening,” that is, reduced movement has been

observed with higher running speed (Blickhan et al., 2021). Trunk

pitch and leg rotation differ between the leading and trailing phases

(Blickhan et al., 2023). The asymmetrical movement pattern of the

legs predefined by the footfall pattern may also enforce a lateral bias

and reduction of the mobility of the trunk segments.

The present study aims to clarify the differential leg and trunk

operation during skipping in bipedal macaques by analyzing the

rotations of the leg and trunk joints, and the leg joint moments.

2 | METHODS

2.1 | Subjects

The macaques were performed at the Suo Monkey Performance

Association. The three adult male macaques (Ku| Po| Fu; age:

15|13|12 years; mass: 8.64|8.81|8.79 kg) had been trained for bipedal

walking and performances since the age of about 1 year. The

grand means (number of steps: 34|2|42) of leg lengths in the

stance phases observed during grounded running and running

was 0.399, 0.339, 0.405 m for the effective leg (l0) and

0.529, 0.465, 0.520 m for the virtual leg (lc0) respectively.

2.2 | Setup

The macaques were guided across a wooden track (length:5 m) with two

force plates embedded (0.4 m × 0.6 m). Skipping was induced with

hurdles (height: 0.1 m) placed at the beginning and the end of the two

force plates (0.81 m apart; Figure 1c). Kinematics and ground‐reaction

forces were captured with an eight‐camera infrared motion capture
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system (Oqus 3+, Qualisys) and the force plates (EPF‐S‐1.5KNSA13;

Kyowa Dengyo), respectively, at a rate of 200Hz.

2.3 | Procedure

The macaques were guided with a slack leash by an individual coach

(caregiver). Reflective markers (Figure 1b; 14mm diameter, Vicon) were

attached to Velcro straps with double‐sided tape. Macaques did not

tolerate markers on their arms and head. A total of 15 markers were

placed at the acromion (2), sternum xiphoid (1), tenth thoracic vertebra (1),

anterior superior iliac spine (2), sacrum (1), greater trochanter (2), lateral

epicondyle (2), lateral malleolus (2), and fifth metatarsal head (2). Joint

centers of the knee, the ankle, and the metatarsals were calculated as half

distance between medial markers placed in addition to the lateral markers

during posing on the animal and during the trials by projecting from the

lateral markers perpendicular to the main plane of movement of the knee.

The location of the trochanter head was estimated by a similar projection

from the greater trochanter‐marker with a distance between the marker

and trochanter head obtained from cadaver measurement (Ogihara

et al., 2009).

2.4 | Ethical statement

The experiments were approved by the Animal Welfare and Animal

Care Committee, Primate Research Institute, Kyoto University. All

institutional guidelines were followed for this study. By rewards, the

macaques were easily motivated to walk bipedally. They were used to

jump across high hurdles. Speed was freely selected and experiments

were stopped as soon as signs of unwillingness surfaced.

2.5 | Data evaluation

The joint centers of the knee, the ankle, and the metatarsals were

calculated by projecting the half distance of the medial and lateral markers

from the lateral markers perpendicular to the main plane of movement of

the knee. The location of the hip was estimated as a projection

perpendicular to the main plane of movement of the knee from the

greater trochanter marker using a distance obtained from cadaver

measurement (Ogihara et al., 2009). From this, the position of the

segmental center of mass could be obtained using morphometric data

(Ogihara et al., 2011). The center of mass of the trunk has been located on

the line connecting mid hip joint (midpoint of the left and right joint

centers) and mid shoulder. The CoP was registered by the force platform

in combination with the markers at the lateral malleolus and fifth

metatarsal head.

In compatibility with Blickhan et al. (2021), local co‐ordinates

were oriented as ez⃗: vertical or along the long axis of segments, ey⃗:

medial, perpendicular to the plane defined by the adjacent segments,

and e e e= ×x y x⃗ ⃗ ⃗ anterior (Figure 1b). For convenience and compati-

bility with literature, we described leg angles θankle knee hip, , enclosed by

adjacent distal and proximal vectors ( e e− ,z dist z prox⃗ ⃗ ) where the hip

angle was with respect to the HAT segment (Figure 1c,d). In addition,

the Cardan angles (β,α,γ; rotation sequence y x z′ ′′; Figure 1e) were

calculated and termed extension or flexion, adduction or abduction,

and lateral‐medial rotation, respectively. At the hip, β was calculated

with respect to the pelvis. Lumbar (lum) rotations between the pelvis

and the thorax β were termed flexion (β decreasing) or extension

(β increasing), α lateral flexion, and γ torsion. β = 0deglum if the

thorax and pelvis were aligned. β < 0deglum indicated the thorax was

bent anteriorly with respect to the pelvis. For the movements of the

pelvis and thorax with respect to the laboratory system of

coordinates, β, α, and γ were termed pitch (forward tilt), yaw (lateral

lean), and roll (axial rotation), respectively. βpel tho, = 0deg indicates

alignment. β > 0degpel tho, indicated the anterior pitch of the segment.

For relationships with respect to ISB definitions, see Blickhan et al.

(2021).

Rebound of knee and ankle (Figure 1f) was calculated based on

three quantities: θTD: maximum after touch down within 10% of stride

period, T; θmin: local minimum after touchdown; θLO: maximum after

minimum or value at lift off. Rebound, referring to range of values

repeated during stance: reb θ θ θ θ= min( − , − )degTD LOmin min , rebound

gap, gap θ θ= ( − )degLO TD , relative rebound gap, with rgap = −1 or +1

for reb = 0 and rgap = 0 for θ θ=LO TD.

Planar (xz − plane) inverse dynamics was used to assess the

proximo‐distad joint torques (M), angular impulse ( ∫L Mdt=rot
t

0

c ), and

rotational work ( ∫W M β dt= ∙rot
t

0

c ̇ ) at the hip, knee ( β− )̇, and ankle joint,

where tc is contact time (contribution of segment inertia ≤1.3%;

moments of inertia scaled from Ogihara et al., 2011).

To facilitate statistics as well as the analysis of the motion of the

trunk segments, only sequences where a full data set was available for

both steps were selected for further analysis (Blickhan et al., 2023).

This selection resulted in a sample of 18 (Ku:2; Fu : 8; Po : 8) strides

for skipping and 31 (Ku:4; Fu : 22; Po : 5) strides for hurdling. Joint

parameters and leg angles were investigated during stance. The

description of trunk angles included the flight phase.

Froude speed was defined as Fr v gl= / 0 , g gravitational

acceleration.

The combined influence of leg (trailing vs. leading), Froude speed as a

covariant, and the individuals was tested with a general linear model

(hierarchic‐type I with repetitions; Bonferroni correction f=336,

IBM®SPSS®). The repetition refers to the steps of the leading and the

trailing leg within the same stride (Tables 1–3, Supporting Information:

Tables S1–S3). This was complemented by univariate comparisons

between skipping and hurdling considering the covariant Froude speed

and the factor subject (Supporting Information: Tables S4–S6).

Custom software was written in MATLAB 14 (MathWorks).

3 | RESULTS

3.1 | Leg joint angles

During skipping the kinematics of the leading and trailing leg hardly

differed from each other. During hurdling, a strong rebound was

observed in the knee of the leading leg.

528 | BLICKHAN ET AL.
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TABLE 1 Comparison of leg joint angles including rebound properties of the leading and trailing leg as well as skipping and hurdling.

Var

Trailing Leading pSK HU tr− ,

Mean ± Std Mean ± Std ptr−le pSK HU le− ,

θhip TD (deg) SK 101.5 ± 7.5 100.0 ± 7.2 n.s. 4.7E−03

HU 95.8 ± 8.9 85.2 ± 11.3 6.6E−07 7.9E−13

LO (deg) SK 121.1 ± 7.4 128.6 ± 6.5 1.3E−03 2.6E−05

HU 113.1 ± 13.1 123.5 ± 7.1 2.7E−11 6.2E−05

rg (deg) SK 27.7 ± 6.7 34.0 ± 2.9 7.4E−03 n.s.

HU 24.3 ± 5.8 41.0 ± 5.5 3.8E−17 2.1E−06

ωmax SK 255 ± 40 299 ± 60 n.s. 2.1E−02

HU 218 ± 63 377 ± 60 1.4E−18 2.5E−10

θkne TD (deg) SK 121.1 ± 7.7 121.7 ± 4.8 n.s. 4.1E−02

HU 115.2 ± 5.8 121.0 ± 5.2 n.s. 1.7E+02

LO (deg) SK 83.4 ± 4.4 90.8 ± 7.5 1.0E−03 n.s.

HU 83.8 ± 5.6 105.3 ± 4.9 8.6E−14 5.8E−16

rg (deg) SK 38.1 ± 6.1 31.6 ± 8.6 1.6E−04 n.s.

HU 37.6 ± 5.6 21.2 ± 3.8 3.3E−13 6.8E−14

SK 74 ± 52 98 ± 34 n.s. 3.4E−04

HU 162 ± 78 229 ± 45 6.7E−04 3.8E−17

reb (deg) SK 2.60±2.39 3.22 ± 1.76 n.s. 1.6E−02

HU 7.18±4.78 11.39 ± 2.85 1.5E−02 4.3E−16

nreb () SK 0.10 ± 0.09 0.18 ± 0.09 n.s. 7.9E−02

HU 0.20 ± 0.13 0.69 ± 0.16 1.1E−12 9.6E−17

gap (deg) SK −22.72 ± 6.76 −15.43 ± 6.73 n.s. 2.4E−02

HU −29.42 ± 7.04 2.37 ± 5.75 3.9E−24 9.7E−21

ngap () SK −0.90 ± 0.09 −0.82 ± 0.09 n.s. n.s.

HU −0.80 ± 0.13 0.14±0.32 1.5E−23 1.1E−24

θank TD (deg) SK 98.5 ± 6.6 97.5 ± 10.7 n.s. n.s.

HU 96.4 ± 8.2 100.6 ± 5.3 n.s. n.s.

LO (deg) SK 132.5 ± 9.1 139.4 ± 8.7 n.s. n.s.

HU 127.6 ± 12.8 138.9 ± 4.9 n.s. n.s.

rg (deg) SK 62.4 ± 7.0 64.3 ± 13.8 n.s. n.s.

HU 66.0 ± 8.5 61.6 ± 6.8 n.s. n.s.

SK 849 ± 214 896 ± 250 n.s. n.s.

HU 822 ± 117 1124 ± 219 7.9E−13 4.6E−12

reb (deg) SK 11.38 ± 4.94 9.65 ± 4.17 n.s. n.s.

HU 11.65 ± 4.45 10.12 ± 3.14 n.s. n.s.

nreb () SK 0.18 ± 0.07 0.15 ± 0.06 n.s. n.s.

HU 0.18 ± 0.07 0.16 ± 0.04 n.s. n.s.

gap (deg) SK 51.00 ± 6.30 54.66 ± 12.08 n.s. n.s.

HU 54.35 ± 7.94 51.48 ± 5.33 n.s. n.s.

ngap () SK 0.82 ± 0.07 0.85 ± 0.06 n.s. n.s.

HU 0.82 ± 0.07 0.84 ± 0.04 n.s. n.s.

(Continues)
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TABLE 1 (Continued)

Var

Trailing Leading pSK HU tr− ,

Mean ± Std Mean ± Std ptr−le pSK HU le− ,

αhip TD (deg) SK −5.1 ± 4.0 −17.0 ± 9.4 5.3E−07 3.1E−10

HU −10.6 ± 5.4 −12.3 ± 7.7 n.s. 1.3E−04

LO (deg) SK −15.2 ± 4.4 −19.1 ± 5.4 n.s. 9.1E−05

HU −10.2 ± 3.2 −14.2 ± 3.5 1.3E−03 1.7E−07

rg (deg) SK 12.3 ± 5.2 7.1 ± 2.8 n.s. n.s.

HU 11.6 ± 2.4 7.2 ± 1.8 8.0E−08 n.s.

SK 70 ± 61 58 ± 41 n.s. 7.6E−13

HU 179 ± 51 19 ± 62 1.2E−14 n.s.

βhip TD (deg) SK −84.6 ± 12.9 −82.3 ± 14.8 n.s. 1.7E−08

HU −100.4 ± 18.3 −106.5 ± 19.9 n.s. 9.8E−14

LO (deg) SK −68.3 ± 12.7 −57.4 ± 15.2 2.0E−02 7.3E−13

HU −92.7 ± 21.9 −75.0 ± 20.5 5.6E−11 9.7E−11

rg (deg) SK 22.3 ± 7.9 29.4 ± 4.0 6.0E−03 1.8E−04

HU 16.2 ± 4.7 32.3 ± 5.0 5.6E−20 n.s.

SK 178 ± 57 258 ± 79 3.0E−03 n.s.

HU 183 ± 50 294 ± 64 4.7E−15 8.7E−03

γhip TD (deg) SK −4.9 ± 6.5 −8.7 ± 10.3 n.s. 2.8E−02

HU 0.8 ± 4.5 −12.3 ± 4.6 5.9E−07 n.s.

LO (deg) SK 9.0 ± 8.5 −3.9 ± 8.0 1.1E−04 n.s.

HU 11.7 ± 3.0 −7.9 ± 4.4 1.7E−18 1.3E−03

rg (deg) SK 19.2 ± 7.4 12.7 ± 4.4 3.2E−05 n.s.

HU 16.3 ± 2.5 9.2 ± 2.4 4.0E−09 4.7E−03

SK 270 ± 110 235 ± 65 n.s. n.s.

HU 246 ± 38 141 ± 60 3.3E−11 1.2E−09

αank TD (deg) SK 22.0 ± 16.8 3.5 ± 5.1 n.s. 4.1E−10

HU 6.8 ± 6.8 5.4 ± 5.2 n.s. n.s.

LO (deg) SK 10.9 ± 7.8 15.6 ± 4.2 n.s. 4.9E−06

HU 16.8 ± 3.1 18.4 ± 5.5 n.s. 3.0E−02

rg (deg) SK 25.8 ± 16.1 16.9 ± 3.5 4.2E−02 1.4E−04

HU 16.7 ± 4.1 15.0 ± 4.7 n.s. n.s.

SK 202 ± 71 293 ± 101 n.s. n.s.

HU 270 ± 73 248 ± 136 n.s. n.s.

βank TD (deg) SK −80.4 ± 7.3 −82.5 ± 10.9 n.s. n.s.

HU −83.6 ± 8.3 −79.3 ± 5.3 n.s. n.s.

LO (deg) SK −44.8 ± 11.6 −35.7 ± 12.1 n.s. n.s.

HU −48.9 ± 15.8 −35.6 ± 6.2 n.s. n.s.

rg (deg) SK 76.6 ± 20.7 72.4 ± 14.6 n.s. n.s.

HU 72.9 ± 9.2 68.1 ± 9.2 5.8E+00 n.s.
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Hip enclosed angle, θhip, and extension,βhip (Figures 2a,b and 3a,

Supporting Information: Figure S1a,b,d,e): The thigh was retracted

until about 80% tc. During hurdling, the hip of the leading leg was

strongly extended from ca. 80 deg at touch down to 120 deg at lift

off. In contrast, the movement range was reduced in the trailing leg as

compared to the leading leg (θ β, hip rg− ; Figure 3a; Table 1). Maximum

extension velocity (ωθ β hip, , −max) was higher in the leading than in the

trailing leg (Table 1). The more experienced macaque (Ku) used a

more extended hip in the trailing leg (Supporting Information:

Figure S1a,d).

Hip adduction, αhip (Figures 2b and 3d, Supporting Information:

Figure S1b): Hip abduction tended to increase during stance. During

skipping, αhip at touch down was lower in the leading than in the

trailing leg (α ;hip TD− Table 1). While hurdling, the range of αhip and the

value at lift off in the trailing leg was higher than in the leading leg

(αhip rg LO− , ; Table 1). Maximum abduction and adduction velocities

were higher in the trailing than in the leading leg (ωα hip, −max; Table 1).

Po used more adducted postures in the trailing leg and more

abducted postures in the leading leg. Fu generated different time

courses in the leading and trailing leg, with a minimum in the trailing

leg, despite using different (left, right) legs as trailing legs.

Hip medial rotation, γhip (Figures 2b and 3e, Supporting Informa-

tion: Figure S1b,e): The thigh rotated medially (ca. 12 deg) for the

trailing leg, whereas for the leading leg, a lateral rotation was

followed by a medial rotation. During skipping, this tendency could

only be substantiated at lift off (γhip LO− ; Table 1). During hurdling, the

hip operates in a medially oriented posture in the trailing leg and

laterally in the leading leg (γhip TD LO− , ; Table 1). The range of rotations

during stance is slightly higher in the trailing leg (γhip rg− ; Figure 3e;

Table 1). Rotational velocity was reduced in the leading leg during

hurdling (ωγ hip, −max; Table 1).

Enclosed knee angle, θknee (Figures 2a and 3, Supporting Infor-

mation: Figure S1a,d): The range of knee movement was lower in the

leading leg during both skipping and hurdling (Table 1). At lift off,

the knee angle in the leading led was higher in the leading than in the

trailing leg both in skipping and hurdling (θknee LO− ; Table 1). During

skipping, the retractive flexion including a minor rebound was more

pronounced in the trailing leg. The rebound reached quasi‐elastic

values during hurdling in the leading leg (θknee reb nreb gap ngap− , , , ;

Figures 2a and 3, Supporting Information: Figure S1a,d; Table 1).

θ β, ank , αank , γank (Figures 2 and 3, Supporting Information:

Figure S1): The ankle joint showed a strong extension (plantar

flexion, ca. 80 deg) after about 20% tc during skipping. This was

slightly reduced while hurdling (θank rg− ). The maximum extension

velocities for the leading leg exceeded the values of the trailing leg

(ωβ ank, −max; Table 1). Macaque Po frequently landed in the trailing leg

with fisted toes resulting in an instable ankle flipping from strong

flexion to dramatic extension within the first 30% tc and a strongly

adducted foot (αank , Figure 3f, Supporting Information: Figure S1c,f)

at touch down. During push off after 70% tc, the ankle rotated

medially (γank , Figure 1c, Supporting Information: Figure S1c,f).

Only minor quasi‐elastic rebound was observed at the ankle

(θank reb nreb gap ngap− , , , ; Table 1).

3.2 | Joint torques, rotational impulses, and work

The knee absorbed energy in both legs during skipping but only the

trailing leg during hurdling.

During skipping, the moments, M, with respect to the hip,

meandered around zero (Figure 4a, Supporting Information:

Figure S2). This resulted in low rotational impulse, L, which for

TABLE 1 (Continued)

Var

Trailing Leading pSK HU tr− ,

Mean ± Std Mean ± Std ptr−le pSK HU le− ,

SK 935 ± 203 1005 ± 267 n.s. n.s.

HU 936 ± 128 1219 ± 251 1.2E−09 2.5E−09

γank TD (deg) SK 2.0 ± 3.4 −1.1 ± 1.1 n.s. 3.7E−03

HU −0.7 ± 0.9 −0.7 ± 1.4 n.s. 4.3E+01

LO (deg) SK 6.6 ± 8.7 14.0 ± 9.4 n.s. n.s.

HU 10.2 ± 7.6 15.6 ± 8.1 n.s. n.s.

rg (deg) SK 25.1 ± 14.0 25.4 ± 5.0 n.s. n.s.

HU 22.5 ± 5.9 22.1 ± 7.1 n.s. n.s.

SK 395 ± 119 502 ± 112 n.s. n.s.

HU 441 ± 131 617 ± 203 3.4E−04 n.s.

Note: θ, enclosed joint angles; α, β, γ , cardan angles adduction, extension, lateral‐medial rotation; hip, kne, ank , leg joints; TD, touch down; LO, lift off; rg,

range; ω, angular velocity; reb, rebound; nreb, relative rebound; gap, gap; ngap, relative gap; SK, skipping; HU, hurdling; ptr le− , comparison between trailing
leading leg; pSK HU tr le− , , , comparison between skipping and hurdling for the trailing (row SK) and the leading leg (row HU), respectively. Comparisons based
on GLM with repetitions (Supporting Information: Table S1) and univariate GLM (Supporting Information: Table S4) Bonferroni f = 336; n.s., p > 0.05.
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TABLE 2 Comparison of leg joint moments between the leading and trailing leg as well as skipping and hurdling.

Trailing Leading

ptr−le

pSK−HU,tr

Mean ± Std Mean ± Std pSK−HU,le

hip M mg l[ ]min 0 SK −0.149 ± 0.046 −0.134 ± 0.030 n.s. 1.2E−02

HU −0.103 ± 0.043 −0.053 ± 0.038 3.5E−05 4.5E−09

M mg l[ ]max 0 SK 0.162 ± 0.106 0.170 ± 0.069 n.s. 6.5E−06

HU 0.259 ± 0.062 0.342 ± 0.118 1.1E−04 2.1E−11

M mg l[ ]rg 0 SK 0.311 ± 0.085 0.304 ± 0.072 n.s. n.s.

HU 0.362 ± 0.050 0.396 ± 0.097 n.s. 6.7E−04

L mgl l g[ / ]rot 0 0 SK −0.020 ± 0.054 0.001 ± 0.031 n.s. 1.3E−03

HU 0.028 ± 0.051 0.208 ± 0.094 8.5E−20 1.0E−19

W mg l[ ]rot 0 SK 0.011 ± 0.023 0.019 ± 0.019 n.s. n.s.

HU 0.014 ± 0.021 0.181 ± 0.077 2.9E−22 8.3E−21

kne M mg l[ ]min 0 SK −0.335 ± 0.061 −0.327 ± 0.061 n.s. 5.4E−06

HU −0.428 ± 0.059 −0.239 ± 0.040 5.4E−14 5.8E−08

M mg l[ ]max 0 SK 0.000 ± 0.002 0.004 ± 0.005 n.s. n.s.

HU 0.001 ± 0.002 0.012 ± 0.008 2.7E−06 n.s.

M mg l[ ]rg 0 SK 0.335 ± 0.061 0.331 ± 0.063 n.s. 3.2E−06

HU 0.430 ± 0.058 0.251 ± 0.039 4.0E−14 1.3E−07

L mgl l g[ / ]rot 0 0 SK −0.252 ± 0.032 −0.238 ± 0.026 n.s. 1.1E−08

HU −0.321 ± 0.031 −0.146 ± 0.031 3.1E−18 1.5E−15

W mg l[ ]rot 0 SK −0.108 ± 0.027 −0.077 ± 0.029 1.8E−02 n.s.

HU −0.129 ± 0.037 0.013 ± 0.018 6.7E−19 3.1E−22

ank M mg l[ ]min 0 SK −0.037 ± 0.014 −0.023 ± 0.010 2.9E−04 n.s.

HU −0.033 ± 0.007 −0.002 ± 0.004 2.4E−17 2.8E−13

M mg l[ ]max 0 SK 0.154 ± 0.041 0.126 ± 0.037 n.s. 6.6E−07

HU 0.220 ± 0.040 0.196 ± 0.028 n.s. 3.0E−08

M mg l[ ]rg 0 SK 0.191 ± 0.045 0.150 ± 0.034 n.s. 1.2E−05

HU 0.253 ± 0.041 0.199 ± 0.029 1.0E−06 9.3E−05

L mgl l g[ / ]rot 0 0 SK 0.061 ± 0.032 0.059 ± 0.029 n.s. 2.3E−09

HU 0.108 ± 0.034 0.115 ± 0.019 n.s. 1.1E−10

W mg l[ ]rot 0 SK 0.057 ± 0.022 0.071 ± 0.044 n.s. n.s.

HU 0.048 ± 0.018 0.134 ± 0.027 4.9E−14 3.3E−10

Note: hip, kne, ank , leg joints; M rgmin,max, , minimum, maximum, and range of joint moment (torque); Lrot, rotational impulse; Wrot, rotational work; SK,
skipping; HU, hurdling; ptr le− , comparison between trailing leading leg; pSK HU tr le− , , , comparison between skipping and hurdling for the trailing (row SK) and
the leading (row HU) leg. Comparisons based on GLM with repetitions (Supporting Information: Table S2) and univariate GLM (Supporting Information:
Table S5) Bonferroni f = 336; n.s., p > 0.05.

hurdling differed between the leading and trailing leg (Table 2). Net

rotational work extended the hip in both legs. The highest moments

were generated at the knee. The rotational impulses did not differ

between the two legs (Table 2). The high moments resulted in a high

amount of work done at the knee while it was flexing. The ankle

moments reached intermediate values (Figure 4a, Supporting

Information: Figure S2; Table 2), as did the rotational impulses.

During hurdling, the impulses at hip and ankle were higher than during

skipping. As compared to skipping, the work done in all joints of the

leading leg was enhanced (Table 2). During hurdling, the work for

ankle extension done in the leading leg exceeded the work at the

trailing leg and the knee reached positive values (Figure 4c).
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TABLE 3 Comparison of trunk segment angles between leading and trailing, as well as skipping and hurdling.

Trailing/stride Leading pSK HU tr− ,

Mean Std Mean Std ptr−le pSK HU le− ,

lum αTD (deg) SK −4.7 ±6.4 −8.0 ±5.4 n.s. n.s.

HU −1.4 ±4.5 −9.3 ±3.8 2.3E−07 n.s.

αLO (deg) SK 5.8 ±6.0 9.4 ±5.3 n.s. n.s.

HU 2.7 ±3.8 10.3 ±3.5 3.5E−15 n.s.

αrg (deg) SK 17.5 ±8.9 18.9 ±8.5 n.s. n.s.

HU 16.2 ±5.6 20.3 ±4.9 3.0E−06 n.s.

αst (deg) SK −0.7 ±3.2 n.s.

HU −.1 ±4.4

βTD (deg) SK −3.2 ±8.2 0.3 ±2.5 n.s. n.s.

HU −9.9 ±4.8 −0.2 ±3.7 2.6E−10 n.s.

βLO (deg) SK −0.3 ±3.7 2.6 ±4.7 n.s. 8.5E−10

HU 7.9 ±0.2 6.4 ±6.7 1.1E−12 n.s.

βrg (deg) SK 11.9 ±5.3 8.5 ±3.6 n.s. 1.6E−06

HU 20.3 ±5.1 16.0 ±3.7 1.7E−03 1.1E−06

βst (deg) SK −4.8 ±7.4 n.s.

HU −10.3 ±4.0

γTD (deg) SK 6.9 ±5.2 9.3 ±6.4 n.s. n.s.

HU 5.0 ±4.0 0.3 ±5.3 1.5E−05 3.5E−06

γLO (deg) SK −5.0 ±3.8 −11.4 ±2.8 3.4E−04 n.s.

HU −0.8 ±4.9 −1.4 ±4.5 n.s. 1.5E−11

γrg (deg) SK 21.9 ±6.7 22.7 ±6.6 n.s. 3.2E−06

HU 13.3 ±5.4 10.0 ±5.6 2.4E−05 3.5E−11

γst (deg) SK −0.3 ±3.8 n.s.

HU −0.9 ±2.3

tho αTD (deg) SK 2.4 ±2.8 3.2 ±2.1 n.s. 3.2E−10

HU −3.8 ±3.1 2.6 ±2.2 7.0E−09 n.s.

αLO (deg) SK −2.1 ±1.7 −2.8 ±2.7 n.s. 1.7E−03

HU −0.2 ±1.3 −6.7 ±3.3 1.4E−17 1.2E−07

αrg (deg) SK 7.1 ±4.7 7.1 ±4.0 n.s. n.s.

HU 8.1 ±2.7 10.0 ±4.3 n.s. 3.6E−02

αst (deg) SK −0.4 ±4.0 n.s.

HU 0.2 ±5.6

βTD (deg) SK 2.3 ±3.8 −0.7 ±2.2 n.s. n.s.

HU 4.4 ±2.6 2.7 ±3.4 5.8E−09 3.0E−03

βLO (deg) SK −0.3 ±2.0 −2.8 ±3.5 n.s. n.s.

HU −1.7 ±2.2 −3.3 ±3.8 1.1E−05 n.s.

βrg (deg) SK 7.4 ±3.0 6.2 ±2.3 n.s. n.s.

HU 9.0 ±2.3 9.5 ±3.9 n.s. n.s.

(Continues)
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TABLE 3 (Continued)

Trailing/stride Leading pSK HU tr− ,

Mean Std Mean Std ptr−le pSK HU le− ,

βst (deg) SK −33.2 ±11.9 3.9E−08

HU −45.2 ±14.4

γTD (deg) SK 2.3 ±3.6 0.4 ±3.5 n.s. n.s.

HU 6.9 ±6.6 3.6 ±3.6 n.s. n.s.

γLO (deg) SK −2.4 ±1.7 2.5 ±4.0 4.4E−03 n.s.

HU −5.6 ±3.4 5.8 ±4.0 1.9E−16 n.s.

γrg (deg) SK 10.1 ±2.7 7.7 ±3.7 6.7E−03 3.3E−04

HU 17.0 ±5.2 7.9 ±4.1 4.6E−17 n.s.

γst (deg) SK 4.7 ±14.6 n.s.

HU 0.7 ±12.2

pel αTD (deg) SK −4.0 ±3.3 −4.7 ±3.4 n.s. n.s.

HU −6.0 ±5.0 −6.4 ±2.6 n.s. n.s.

αLO (deg) SK 4.2 ±3.1 6.2 ±2.7 n.s. n.s.

HU 4.0 ±3.0 2.5 ±3.9 n.s. 3.8E−02

αrg (deg) SK 11.3 ±5.0 11.2 ±5.5 n.s. n.s.

HU 14.4 ±5.6 9.6 ±4.7 7.9E−08 n.s.

αst (deg) SK −2.0 ±6.3 n.s.

HU −0.7 ±9.0

βTD (deg) SK −0.8 ±5.9 −1.3 ±3.1 n.s. 3.7E−03

HU −6.4 ±1.8 1.3 ±2.1 4.8E−14 n.s.

βLO (deg) SK −1.6 ±3.2 0.8 ±3.9 n.s. 3.7E−12

HU 5.6 ±2.4 3.4 ±3.9 1.7E−12 n.s.

βrg (deg) SK 8.4 ±4.8 7.4 ±3.2 n.s. 2.2E−06

HU 12.9 ±3.0 9.4 ±2.1 2.6E−08 n.s.

βst (deg) SK −37.5 ±10.9 1.1E−12

HU −55.3 ±17.4

γTD (deg) SK 8.6 ±4.1 10.1 ±4.5 n.s. n.s.

HU 10.7 ±3.6 5.5 ±3.6 8.4E−07 1.0E−03

γLO (deg) SK −7.6 ±3.7 −9.5 ±3.1 n.s. n.s.

HU −6.5 ±2.9 1.9 ±4.3 3.6E−13 4.9E−15

γrg (deg) SK 20.7 ±6.7 20.0 ±6.2 n.s. n.s.

HU 18.3 ±5.6 9.0 ±5.4 1.3E−10 1.7E−07

γst (deg) SK 4.3 ±11.0 n.s.

HU −0.4 ±10.6

Note: lum, rotation between thorax and pelvis; tho, pel, rotation between thorax or pelvis and laboratory co‐ordinates; α, β, γ , cardan rotation angles, for
lumbar: α, lateral flexion, β, extension, γ , torsion; for thorax and pelvis: α, yaw, β, pitch, γ , roll. TD, touch down; LO, lift off; rg, range; st, mean during stride;
SK, skipping; HU, hurdling; ptr le− , comparison between trailing leading leg; pSK HU tr le− , , , comparison between skipping and hurdling for the trailing (row SK)
and the leading leg (row HU). Comparisons based on GLM with repetitions (Supporting Information: Table S3) and univariate GLM (Supporting

Information: Table S6) Bonferroni f = 336; n.s., p > 0.05.
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3.3 | Rotations within the trunk

Hurdling was accompanied by asymmetric trunk movements. With

respect to skipping, the trunk torsion and pelvic roll were reduced.

There was an individual postural bias.

Skipping: The trunk extended laterally (αlum) at the side of the

supporting leg (Figure 5a). This was largely caused by a lateral lean

(yaw) of the pelvis (α ;pel Figure 5c) and a counter‐movement of the

thorax (αtho; Figure 5b). The increase in dorsal flexion during the stride

(βlum, Figure 5a) was related to a postural adjustment of the thorax

while crossing the track (βtho; Figure 5b). Torsion (γlum) of the trunk

(Figure 5a) induced a considerable pelvic roll (γpel; Figure 5c). In the

macaque Po, the thoracic (γtho) and pelvic (γpel) roll were biased to the

left (Figure 6f,i). Asymmetry is expressed in the thoracic roll (γtho LO− )

and the resulting torsion (γlum LO− ) at lift off (Table 3).

Hurdling: Trunk motion was modified for hurdling. The motion

was not symmetric with respect to the contacts with the trailing and

leading legs. This is expressed in thoracic values at touch down and

lift off, that is, lateral lean (α α,tho TD tho LO− − ), tilt (βtho TD− ), roll (γtho TD− ), as

well as in the pelvis (βpel TD− , γpel TD− , γpel LO− ; Table 3). Lateral lean of the

thorax started early in the trailing phase and was more in synchrony

with the pelvic motion (Figure 5b,c). In contrast, in the leading phase,

there was a countermovement between thorax and pelvis resulting in

a strong lateral extension at the side of the leading leg (αlum TD LO− , ,

αlum rg− ; Table 3). Forward tilt (pitch) of the pelvis (βpel) steadily

increased until the beginning of the aerial phase. There was a strong

dorsal extension (β ;lum Figure 5a) from the early stance of the trailing

leg to the late stance of the leading leg (β ;lum TD rg− , Table 3). Flexion

was enhanced during the leading phase. The posture during hurdling

is more lumbar extended as compared to skipping (βlum; Figure 6b,

Table 3) and movement range was in most cases increased (Figure 5;

Table 3). During the trailing phase, pelvic roll (γpel) supported

retraction (Figure 5c). Roll was then prolonged to almost the end of

the support of the leading leg. A strong countermovement occurred

in the aerial phase (Figure 5c). This was also the case for pelvic roll in

the leading leg (γpel; Figure 5i). Thoracic roll, γtho, was increased in the

trailing phase. The thorax largely followed pelvic movement with a

delay of about 10% T. Large torsions were observed during the aerial

phase. Trunk movements largely differed between individuals

(Figure 6, Supporting Information: Figure S3). The individual differ-

ences were related to differences in the duration of the aerial phase

and the duration of the double support phase (Supporting Informa-

tion: Figure S3C).

4 | DISCUSSION

4.1 | Skipping

Differences in global leg kinematics (Blickhan et al., 2023) suggested

differential kinematics and dynamics in the leg joints. This assumption

holds true especially for the hip joint. Hip extension was larger, and

reached a higher speed in the leading as compared to the trailing leg

(β θ, hip rg− ; β θ, hip ω− max; Table 1). The leading leg was also more

(a) (d)

(b)

(c)

F IGURE 2 Time course of leg angles during skipping and hurdling for the trailing and the leading leg. (a–c) Angles. (a) Enclosed angles, θ, of the
hip (dashed), knee (solid), and ankle (dotted). (b) Hip: rotation of thigh with respect to the pelvis. (c) Ankle: rotation of the foot with respect to the
thigh. Rotation angles: blue, adduction α; green, extension, β; red, medial rotation‐means, γ . Bold lines are the means, thin lines are s.d. Subtracted
means in β β β β: ̅ = −71.8deg; ̅ = −64.8deg; ̅ = −91.1deg;hip skip trail hip skip lead hip hurd trail, , , , , , β β̅ = −87.6deg; ̅ = −59.8deg;hip hurd lead ank skip trail, , , ,

β̅ = −60.6deg;ank skip lead, , β̅ = −67.9deg;ank hurd trail, , β̅ = −63.7degank hip hurd lead, , , . ISB‐definitions (Wu et al., 2002): ankleflexion θ= − 90deg =ISB ankle

β flexion plantarflexion flexion dorsiflexion+ 90deg; ≥ 0 : ; < 0 :ankle ISB ISB . Mean contact times: t SD s t̅ = (0.225 ± 0.036 ) ; ̅ = (0.214±c skip trail c skip lead, , , ,

SD s t SD s t SD s0.039 ) ; ̅ = (0.240 ± 0.033 ) ; ̅ = (0.210 ± 0.016 )c hurd trail c hurd lead, , , , . d) Rotations (comp. Blickhan et al., 2021).
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F IGURE 3 Leg angles at touch down, and lift off, and their range during the contact in skipping and hurdling in dependence on Froude speed.
Red: skipping; blue: hurdling; open: trailing leg; filled: leading leg. (a–c) Enclosed angles: (a) between thigh and HAT, θhip; (b) shank and thigh, θknee;
(c) foot and thigh, θankle. (d–g) Rotation angles: (d) hip adduction, αhip; (e) hip medial rotation, γhip; (f) ankle adduction, αankle; (g) ankle medial
rotation, γankle. Red: skipping; blue: hurdling; open: trailing leg; filled: leading leg. Circle: Ku; square: Fu; triangle: Po.
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retracted at lift off, β θ, hip LO− . In contrast, the range of knee

movement, θkne rg− , was diminished and there was no difference in

the range of ankle movement in the mainplane (β θ, ). In both steps,

leg movement was dominated by hip extension and hip flexion; the

stronger hip extension in the leading leg seemed to be compensated

by the reduced knee flexion. The lift of the CoM (Blickhan et al., 2023)

of the leg correlated with hip movement (extension supported by

eversion). Hip abduction and lateral rotation, α ,hip TD− γhip rg LO− , ,

supported the increased hip extension in the leading leg. The

kinematics of the ankle joint had only a minor influence. Only

the range of foot adduction differed strongly (αank rg− ; Table 1). The

macaques had problems with the placement of the foot after the

leap. The rebound behavior especially of the trailing leg (Blickhan

et al., 2023) was hardly reflected in the rebound of any joint. The
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F IGURE 4 Moments (a), rotational impulses (b), and work (c) at hip, knee, and ankle for skipping, hurdling the trailing and the leading leg,
respectively. (a) Time course of joint moments 2D, from proximal to distal. Hip (dashed), knee (solid), and ankle (dotted). Bold lines are the means,
thin lines are s.d. The counterclockwise momentum in the ankle is <0. (b) Rotational impulse, Lrot, at the hip. knee, and ankle in dependence of the
Froude speed. (c) Joint work. Red: skipping; blue: hurdling; open: trailing leg; filled: leading leg. Circle: Ku; square: Fu; triangle: Po.
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rebound at the knee was small in both legs. It was slightly higher in

the ankle, but not with respect to the rebound gap. In general, the

rebound of the effective leg was organized by bending of the knee

and subsequent extension of the ankle joint (Figure 2).

The range of joint moments showed only slight differences in

the ankle joint between the leading and trailing leg (Mank,min) and the

transferred rotational impulses did not differ (Table 2). The similarity

of the generated leg impulses (Blickhan et al., 2023) was

confounded at the joint level. The knee must generate the highest

momenta. In human bipedal locomotion, this is avoided by an

extended knee. In the macaques, the high momenta at the knee

were accompanied by a decrease in the enclosed knee angle.

Correspondingly, there was consistent work on the knee extensors

with higher values in the trailing leg (Table 2). Damping and energy

absorption occurred at the knee.

The rotations of the trunk segments were largely symmetric

during the stride in skipping. The different movements within the

hip joint were supported by an insignificant enhancement of pelvic

yaw at lift off, αpel Lo− , which in turn was expressed in lumbar lateral

flexion at touch down and extension at lift off, (αlum TD LO− , ). The

preparation to leaping was accompanied by enhanced lumbar

torsion, γlum Lo− , as well as roll of the thorax, γtho rg LO− , , at lift off

(Table 3). The lumbar extension, βlum LO− , and reduced thoracic tilt,

βtho LO− , also noticeable in the erection, βtru LO− , of the trunk, was

only minor.

The minor deviations from symmetric gates, as expressed in a

short double support and a short flight phase, were not accompanied

by major changes in trunk kinematics. The slight reduction in hip

extension in the leading step did not enforce major pelvic adjust-

ments. However, coping with the reduced contact time in this step,

(a) (d)

(b)

(c)

F IGURE 5 Time course of rotations of mean angles within the trunk during skipping and hurdling. (a) Rotation of the pelvis with respect to
the thorax. (b) Rotation of the thorax with respect to laboratory coordinates. (c) Rotation of the pelvis with respect to laboratory coordinates.
Rotation angles: (A) blue, lateral extension α; green, extension β; red, torsion γ ; (b, c) blue, yaw (lateral lean) α; green, pitch (forward tilt) β; red roll
(axial rotation) γ . Bold lines: means – bias subtracted; thin lines: SD. The stride (mean period T) starts with the touch down of the right trailing leg
t T( = 0% ). The dark gray strip below 50% T marks the mean double support, that is, the mean touch down of the left leading leg and the mean
lift off of the right trailing leg. The light gray field at the end of the stride marks the mean aerial time starting with the lift off of the leading leg
and ending with the touch down of the trailing leg. For this graph: skipping n = 13, four trials starting with the trailing leg, ignored in this graph,
hurdling n = 32. βlumbar decreasing: flexion; βlumbar increasing: extension; βlumbar = 0 deg: thorax and pelvis aligned; β < 0lumbar deg: thorax bent
anteriorly with respect to the pelvis; β = 0pelvis thorax, deg alignment; β > 0pelvis thorax, deg anterior pitch of the segment. Gray shading: mean double
support phase; blue shading: mean aerial phase. (d) Coordinate systems (comp. Figure 1 and Blickhan et al., 2021).
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F IGURE 6 Trunk angles at touch down, and liftoff, their step range, and the subtracted stride means during skipping and hurdling in
dependence on Froude speed. Red: skipping; blue: hurdling; open: trailing leg; filled: leading leg. (a–c) Rotation between pelvis and thorax: (a)
lateral flexion, αlum; (b) extension, βlum; (c) foot and thigh, γlum. (d–i) Rotation of thorax (d–f) and the pelvis (g–i) with respect to laboratory
coordinates: (d, g) yaw (lateral lean), αtho pel, ; (e, h) pitch (forward tilt), βtho pel, ; (f, i) roll (axial rotation), γtho pel, . βlum decreasing: right flexion; βlum

increasing: right extension; β = 0lum deg: thorax and pelvis aligned; β < 0lum deg: thorax bent anteriorly with respect to the pelvis; β = 0pel tho, deg
alignment; β > 0pel tho, deg anterior pitch of the segment. Red: skipping; blue: hurdling; open: trailing leg; filled: leading leg. Circle: Ku; square: Fu;
triangle: Po.
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this was accompanied by a reduction of the rebound gap at the knee

and a slightly enhanced leg stiffness (Blickhan et al., 2023). Despite

quasi‐elastic operation of the effective leg, the operation of the leg

joints prevented a major use of elastic storage or a stretch‐shortening

cycle. However, the combined knee flexion in the early support phase

and the extension of the ankle in the late stance may follow the

minimization of leg work (Rode et al., 2016), as larger rotations are

shifted to a joint with lower torque.

4.2 | The legs during hurdling and differences to
skipping

In terms of global properties (Blickhan et al., 2023), hurdling

accentuated the differences between the trailing and leading steps.

During hurdling, there was a vast difference between the legs in

the range of hip extension (θ β, hip rg− ; Table 1). The extension of the

hip of the leading leg was even higher than during skipping (Table 3).

As the more flexed hip at touch down indicates, this was

accompanied by the more pitched posture during hurdling (Blickhan

et al., 2023). The extension at lift off was not enhanced indicating

anatomical limitations. The difference of the hip extension does

reflect the changes of the angles of the effective global leg (Blickhan

et al., 2023), and was accompanied by the different operations of the

knee (θ β, kne; Table 1). The latter had a reduced operation range in the

leading leg as compared to the trailing leg. The seemingly adverse

strategy helped to produce considerable resilience (θkne nreb ngap− , ) in

the knee of the leading leg (Table 1). The knee extensors may take

advantage of the stretch‐shortening cycle, facilitating the generation

of sufficient force for the leap (Bobbert et al., 1996; Cavagna

et al., 1986; Tomalka et al., 2020). This quasi‐elastic operation of the

knee came at the cost of strong hip extension. The stronger

retraction of the hip combined with the rebound in the knee

enforced a stronger amortization in the ankle and a faster extension.

During skipping, the differences in extension were supported and

accentuated by minor differences in hip abduction and large

differences in lateral rotation (α ;hip rg TD LO− , , γhip rg TD LO− , , ; Table 1).

Three‐dimensional hip rotations played a substantial role. In the

trailing leg lateral‐medial rotation was close to zero, but lateral

rotations were observed in the leading leg (Table 1).

The macaques generated higher joint moments, M, during

hurdling than during skipping. During hurdling, differences between

the leading and trailing legs were more pronounced (Figure 4;

Table 2). Corresponding to the leg's rotational impulse and tangential

work, the rotational work at the hip was high especially for Fu. This

individual used to locomote with a strongly pitched trunk. The

pitched posture seemed to foster the generation of torques at the hip

joint. The rotational impulses, Lrot, and the rotational work, W ,rot at the

knee strongly differed between the trailing and leading leg (Table 2).

In the knee of the trailing leg, high counterclockwise rotational

impulses were generated and they were reduced in the leading leg. In

combination with the bending knee, the rotational impulses in the

trailing leg resulted in strong absorption of energy (Figure 4; Table 2).

After landing from the flight, the knee is responsible for damping.

However, in the leading leg, the combination with the rebound

behavior resulted in slight extensional work done at the knee

supporting the action of hip and ankle. The increased moments at the

hip and the ankle seemed to enforce the eccentric loading of the

knee joint. Eccentric loading in general facilitates force generation by

muscles.

During hurdling, the macaques have a more pitched posture as

signaled by the mean pitch of the pelvis and thorax (βpel tho st, − ;

Table 3). In addition, the mean roll of the thorax is reduced (γtho st− ).

The trunk as a motor of leg movement (Fischer & Witte, 2007;

Gracovetsky, 1985) showed strong internal asymmetries between the

trailing and leading steps. This was reflected by increased pelvic yaw,

αpel rg− , its reduced roll, γpel rg TD LO− , , , and its reduced pitch, βpel rg LO− , , in

the leading as compared to the trailing leg. The pelvis seemed to be

stiffened. The differences at lift off indicated that roll supported leg

extension in the leading leg, γpel LO− , but pitch, βpel LO− , was

reduced. As a consequence of the enhanced double support,

the tracings lost symmetry between the trailing and leading

phases (Figure 5). This was still visible in the thoracic movement

(γtho rg− ; α β, tho TD− ; α β γ, , tho LO− ) and was accompanied by differences

in lumbar lateral‐flexion, flexion, and torsion (α β γ ;, , lum rg−

α β γ, , lum TD− ; α β, lum LO− ; Table 3). Lumbar flexion lost almost com-

pletely its double periodicity typical for walking and running, where

both legs operated in symmetry. This points toward a modified role of

lumbar flexors and extensors. As compared to skipping, the amplitude

of pelvic movement was amplified only with respect to pitch. This

was accompanied by increased lumbar extension. The role of the

thorax increased. Nevertheless, the range of lumbar torsion

decreased pointing toward stiffening of the trunk.

Both the kinematic and kinetic properties of the legs and their

joints, as well as the role of the trunk strongly supported the

differential function of the trailing and leading leg. Two subjects had a

preferred side (trailing leg for each individual: left|right, Ku:6|0; Fu:

11|19; Po: 0|14). The macaque Po skipped with a rotated posture as

indicated by the left bias with respect to the thoracic and pelvic roll

(γtho pel, ; Figure 6f,i). While landing from the aerial phase, subject (Po)

showed skipping adjustment instabilities in the right ankle joint

resulting in fast and strong changes in ankle angles (α β γ, , ank;

Supporting Information: Figure S1). Inspection of the video films

taken revealed that in these trials, Po touched down with an inverted

foot and fisted toes. This was not observed while skipping across the

hurdles. As compared to the leading leg, the moments at the ankle

joint were, with exceptions during early stance, during hurdling

reduced in the trailing leg (Supporting Information: Figure S2). A

slightly reduced impact peak indicates a more compliant touch down

(Blickhan et al., 2023), which was also observed in the leading leg.

However, the peak vertical forces at around midstance were elevated

compared to the other subjects for both legs. Distal deviations have

only minor influence on the operation of proximal joints and global

dynamics. Po also pulled inside with both hind legs during skipping

(Blickhan et al., 2023). As the subject enjoyed the experimental

sessions and skipped with full dynamics, the differences point
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toward an instable habit during bipedal locomotion. The subjects Po

and Fu were both less experienced in bipedal locomotion than Ku.

Inside pulling and a more supinated foot posture at touch down could

indicate quadrupedal locomotion (Hirasaki et al., 2010). Individual

differences in deviations in joint and leg anatomy, as well as

adaptations to grasping (Gebo, 1985) cannot be excluded.

4.3 | Skipping in humans, macaques, and sifakas

Hip and knee of human bipedal gallopers were much more extended

but the ankle only slightly more extended than those of the macaques

(from Fiers et al., 2013), values at TD | LO| range during contact:

θ = 120 | 169| 49deghip lead, ; θ = 159| 157| 22degkne lead, ; θ =ank lead,

115 | 142| 36deg; from Whitall & Caldwell, 1992: θ =hip trail,

161| 187| 30deg; θ = 158|143| 20degkne trail, ; θ = 115| 132| 41degank trail, ;

θ = 133 | 173| 40deghip lead, ; θ = 106| 136| 21degkne lead, ; θ = 106ank lead,

| 136| 32deg). The range of operation is rather similar in the hip of

the trailing leg and the knee of the leading leg during hurdling.

All other values appear to be higher in the macaque. The higher leg

compliance of the macaque was expressed in an enhanced

movement range of the leg joints. The observed rebound during

human unilateral skipping underlined quasi‐elastic operation of

the trailing ankle as well as of the leading knee joint

(θ θ θ θ| | |kne trail ank trail kne lead ank lead, , , , , relative rebound, nreb: after Fiers

et al., 2013: 0.51 |0.85 |0.89 |0.25; after Whitall & Caldwell, 1992:

0.60|0.58 |0.66 |0.30; and relative rebound gap, ngap: after Fiers

et al., 2013: −0.64 |0.15 |−0.11 |0.75, after Whitall & Caldwell, 1992:

−0.40|0.42 |−0.34 |0.70). In the macaque, only the knee of the

leading leg during hurdling approached human values (Table 1). In

contrast to human bipedal gallopers, the macaques were not able to

take advantage of quasi‐elastic rebounds. Wunderlich and Schaum

(2007) studied the kinematics of a lemur during unilateral skipping

approaching hopping with a substantial contact time overlap of 73%

tc. The indrid displayed highly quasi‐elastic movement patterns in the

leg joints (after Wunderlich & Schaum, 2007: TD | LO| range

during contact: θ = 91| 167| 90deghip ; θ = 121| 123| 55degkne ; θank

= 174| 159| 38deg; nreb: θ = 0.977kne ; θ ; θ= 0.601 ngap :ank kne

θ= 0.024; = −0.399ank ). The hopping style demanded a high range

of hip movement (speed not given, Fr ≅ 1). The hip of the trailing leg

was strongly abducted resulting in a sideward positioning and an

almost vertical position of the effective leg in the sagittal plane. In the

macaque Po an enhanced abduction was observed at touch down of

the leading leg. The range of knee movement in the sifaka was higher

than in humans and macaques and the flexed knees even exceeded

human rebound values. Flexed knees do not prevent rebound. The

ankle approaches human elastic rebound too. From vertical displace-

ment (Wunderlich & Schaum, 2007), a peak vertical leg force,

F mg1.8[ ]z ≅ , and a leg stiffness, k mg l4[ / ]0≅ , can be estimated. The

white sifaka skipped with legs even more compliant than those

observed in the macaque (k mg l10[ / ]0≅ ; Blickhan et al., 2023).

Similarly, in the macaque, hurdling was enabled by increased double

support, slightly enhanced leg compliance, and increased aerial

phases. By parallel operation of the legs, the stiffnesses sum up,

and sufficiently short contact times were allowed by more compliant

legs. This also enhanced the quasi‐elastic rebound in the knee. On the

other hand, the more running‐like movement pattern with less double

support and short aerial phases during skipping suppressed quasi‐

elastic rebound in the joints, but not at the level of the effective leg

(Blickhan et al., 2023).

In the human subjects, the moments at the ankle of the leading

leg were reduced as compared to the trailing leg and the knee

moments did not differ. However, as in the hurdling macaque, the hip

moments in the leading leg were enhanced (Fiers et al., 2013,

Figures 1 and 5). During bilateral skipping (McDonnell et al., 2017),

human subjects generated in the trailing step high rotational impulses

(at Fr = 0.86; our sign convention) in the hip and the knee

(L L L mgl l g| | = 0.135| − 0.109|0.086[ / ]hip trail kne trail ank trail, , , 0 0 ) and in the

leading step high rotational impulses in the ankle (Lhip lead, | Lkne lead, |

| Lank lead, =0.08 |−0.054 | mgl l g0.127[ / ]0 0 ). The rotational impulses

in the macaque's hip were lower, in the knee higher and in the ankle

lower (Table 2). The extended human knee reduces joint torques. In

human unilateral skipping, hip and knee of the trailing leg and the

knee of the leading leg absorbed net energy during a stride whereas it

produced work in the ankle of both the trailing and the leading leg as

well as in its hip (W W W mgl| | = −0.029| − 0.041|0.010[ ];hip trail kne trail ank trail, , , 0

W W W mgl| | = 0.090| − 0.023|0.045[ ]hip lead kne lead ank lead, , , 0 ; Fiers et al.,

2013). In the macaque, hip, and ankle produced work both in the

trailing and leading leg and during hurdling in the knee of the leading

leg. The knee absorbed energy during skipping in both legs and in the

trailing leg during hurdling (Table 2). Under the assumption that the

majority of mechanical work is generated during stance, the human

subjects, with the exception of the leading hip, absorbed or produced

in their leg joints less work during skipping than the macaque. In the

hurdling macaque, especially the absorption in the trailing knee and

the work in the joints of the leading leg was higher. The latter was

necessary to negotiate the hurdles. The human knee operated quasi‐

elastically in both legs with a slight shift to absorption in the trailing

leg (figures 4, 8 in Fiers et al., 2013), whereas only in the leading knee

of the hurdling macaque a substantial rebound was observed

(Figure 2a, Supporting Information: Figure S1a; Table 2). The flexion

following the extension after about 75% tc (Figure 2) does not

substantially contribute to joint work.) In the human ankle joint the

leading leg operated very similar to both leading and trailing ankle

joints in the macaque. However, in the trailing leg, the human ankle

showed large quasi‐elastic contributions. This points toward the toe

landing in the trailing leg and a rolling foot in the leading leg. In the

human trailing leg, the muscles crossing the ankle and knee can take

advantage of a stretch‐shortening cycle. This was only possible in the

knee of the hurdling macaque. An extended double support as used

during hopping would probably enhance the quasi‐elastic rebound.

As compared to humans, the legs of macaques operate in all

running gaits including skipping more compliant (Blickhan et al.,

2018, 2023) and with less rebound at the joint level (Blickhan

et al., 2021). The external cost of transport calculated from the

fluctuations of the mechanical energy of the CoM during unilateral
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skipping was found to be of similar magnitude or higher in humans as

compared to macaques (Blickhan et al., 2023). The point of operation

of the musculature involved, as well as the necessary recruitment,

could contribute to differences in metabolic cost. Despite unilateral

skipping being the preferred fast bipedal gait for macaques in our

experiments, their compliant leg and only minor rebound indicate

lower efficiency in macaques compared to humans. It is worth noting

that the macaques were not trained for long‐distance running.
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