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Synopsis Navigating complex terrains requires dynamic interactions between the substrate, musculoskeletal, and sensori-
motor systems. Current perturbation studies have mostly used visible terrain height perturbations, which do not allow us to
distinguish among the neuromechanical contributions of feedforward control, feedback-mediated, and mechanical perturba-
tion responses.Here, we use treadmill-belt speed perturbations to induce a targeted perturbation to foot speed only, andwithout
terrain-induced changes in joint posture and leg loading at stance onset. Based on previous studies suggesting a proximo-distal
gradient in neuromechanical control, we hypothesized that distal joints would exhibit larger changes in joint kinematics, com-
pared to proximal joints. Additionally, we expected birds to use feedforward strategies to increase the intrinsic stability of gait.
To test these hypotheses, seven adult guinea fowl were video recorded while walking on a motorized treadmill, during both
steady and perturbed trials. Perturbations consisted of repeated exposures to a deceleration and acceleration of the treadmill-
belt speed. Surprisingly, we found that joint angular trajectories and center of mass fluctuations remain very similar, despite
substantial perturbation of foot velocity by the treadmill belt. Hip joint angular trajectories exhibit the largest changes, with the
birds adopting a slightly more flexed position across all perturbed strides. Additionally, we observed increased stride duration
across all strides, consistent with feedforward changes in the control strategy. The speed perturbations mainly influenced the
timing of stance and swing, with the largest kinematic changes in the strides directly following a deceleration. Our findings
do not support the general hypothesis of a proximo-distal gradient in joint control, as distal joint kinematics remain largely
unchanged. Instead, we find that leg angular trajectory and the timing of stance and swing are most sensitive to this specific
perturbation, and leg length actuation remains largely unchanged. Our results are consistent with modular task-level control of
leg length and leg angle actuation, with different neuromechanical control and perturbation sensitivity in each actuation mode.
Distal joints appear to be sensitive to changes in vertical loading but not foot fore-aft velocity. Future directions should include
in vivo studies of muscle activation and force–length dynamics to provide more direct evidence of the sensorimotor control
strategies for stability in response to belt-speed perturbations.

Introduction
Ground birds such as guinea fowl are a useful com-
parative animal model for investigating fundamental
principles of locomotion because they are capable ath-
letes that use walking and running gaits that are dy-

namically similar to human gaits (Gatesy and Biewener
1991; Rubenson et al. 2004; Watson et al. 2010; Müller
et al. 2016; Daley 2018; Daley and Birn-Jeffery 2018;
Gatesy 1999b). Striding bipedal locomotion involves
alternating support on two hindlimbs, and typically
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includes two distinct gaits: walking at slower speeds and
running at faster speeds (Alexander 1984, 1991, 1992,
2004). The dynamics of both walking and running can
be modeled as a spring-loaded inverted pendulum, in
which the body is represented as a pointmass supported
by a compressive compliant leg spring during stance
(McGeer 1990a, 1990b; Alexander 1992; Lee and Farley
1998; Geyer et al. 2006). In walking, the leg is stiff rela-
tive to applied loads and the body follows an inverted-
pendulummotion, with the body highest at mid-stance
and a passive exchange between kinetic and gravita-
tional potential energy (Farley and Ferris 1998; Lee and
Farley 1998). In running, the body follows a bouncing
motion, with the lowest point at mid-stance, kinetic,
and gravitational potential energy fluctuating in-phase,
and elastic energy cycling in the musculoskeletal struc-
tures of the leg (Cavagna 1975; Cavagna and Kaneko
1977; Alexander 1992; Farley et al. 1993; Farley and
Gonzalez 1996; Lee and Farley 1998).
The motion of the body center of mass of the body

(CoM) during walking and running gaits is coordinated
through two specific modes of whole leg actuation (1)
leg angular cycling, with leg retraction associated with
forward progression during stance, and leg protraction
in the swing phase to reposition the leg, and (2) tele-
scoping leg length actuation (compression and exten-
sion of the leg length), which is associated with elas-
tic energy cycling, particularly in the distal joints of the
leg. As movement speed increases, animals typically in-
crease step length by oscillating the leg through a greater
angular excursion during stance (Farley et al. 1993;
Farley and Gonzalez 1996). These two basic modes of
leg movement: leg angular cycling and leg length actu-
ation, represent “task level” functional variables for ef-
fective bipedal locomotion. The “virtual leg” is repre-
sented by a line connecting the CoM to the toe, to sum-
marize the combined actuation effect across all joints.
The virtual leg representation enables us to relate joint-
level function to the task-level functional variables that
enable effective weight support and mechanical energy
fluctuation in locomotion (McMahon and Cheng 1990;
Farley et al. 1993; Blum et al. 2010, 2011, 2014; Müller
et al. 2016). Effective coordination of leg angular cycling
and leg-spring loading is critical for both speed control
and stability in uneven terrain (Farley et al. 1993; Daley
2018).However, it remains an ongoing question how the
individualmuscles and joints are coordinated to achieve
effective control of these task-level functional variables
in locomotion (Yen et al. 2009; Blum et al. 2014; Ting
et al. 2015).

Perturbation studies have been used to investigate
the mechanisms that enable muscle and joint coordi-
nation for task-level control of leg function (Ferris et
al. 1999a, 1999b; Moritz and Farley 2004; Daley and

Biewener 2006; Daley et al. 2006; Müller et al. 2010;
Birn-Jeffery et al. 2014; Blum et al. 2014; Gordon et
al. 2015; Voloshina and Ferris 2015). Studies using ter-
rain height perturbations have revealed that telescop-
ing leg actuation is highly sensitive to altered verti-
cal loading and foot-substrate interactions that occur
with altered timing of ground contact when navigat-
ing variations in terrain height (Daley and Biewener
2006; Daley et al. 2006; Birn-Jeffery and Daley 2012;
Birn-Jeffery et al. 2014; Blum et al. 2014; Müller et al.
2016). Leg length actuation occurs mainly at the an-
kle and tarsometatarso-phalangeal (TMP) joints, asso-
ciated with compliant, spring-mediated actuation at the
distal joints. When guinea fowl run over potholes and
obstacles, the largest and most rapid changes in joint
mechanics and neuromuscular control occur in the dis-
tal ankle andTMP joints (Daley et al. 2007;Gordon et al.
2015). These changes occur through a combination of
rapid intrinsic mechanical response and short-latency
reflex feedback (Daley et al. 2007; Daley and Voloshina
2009; Daley and Biewener 2011; Gordon et al. 2015). In
contrast, leg angular cycling exhibits mechanically ro-
bust feedforward control, which is adjusted over long
timescales to change speed or navigate visible obstacles
(Birn-Jeffery and Daley 2012; Blum et al. 2014). Leg an-
gular cycling is actuated mainly at the hip and knee in
guinea fowl (Gatesy 1999a, 1999b; Daley et al. 2007;
Rubenson and Marsh 2009). These findings suggest a
proximo-distal division of task-level control of the leg,
with the proximal joints regulating speed and anticipa-
tory changes in propulsion through feedforward con-
trol, and the distal joints exhibiting greater mechanical
sensitivity and sensorimotor responsiveness to rapidly
stabilize body mechanical energy in response to terrain
perturbations (Daley et al. 2007; Gordon et al. 2015;
Daley and Birn-Jeffery 2018).
In previous uneven terrain perturbation studies, vari-

ations in terrain height induced complex changes in
leg posture, leg loading, and velocity. For example, in
an obstacle or upward step, the ankle joint is more
flexed and the effective leg length at contact is decreased
(Daley and Biewener 2011; Birn-Jeffery andDaley 2012;
Gordon et al. 2015, 2020). Upward steps also result in
shorter aerial phases with earlier ground contact, re-
duced vertical velocity at contact, and shallower leg con-
tact angle, resulting in altered leg loading. Together,
these changes lead to different kinematics and muscle–
tendon dynamics in an early stance. Due to the complex
dynamics of the perturbation, it is difficult to determine
the individual effects of each factor on the mechanics
and control of the perturbation response. Visible terrain
height changes also add further complexity because it is
difficult to estimate the contribution of visual sensory
input in mediating anticipatory changes in leg control.
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Here, we investigate kinematic variability and strate-
gies for stability in response to perturbations in
treadmill-belt speed during walking. The belt-speed
perturbation contrasts previous studies of varying ter-
rain height in three important ways: (1) belt-speed per-
turbations are not readily visible based on terrain fea-
tures, and therefore, anticipatory strategies for negotiat-
ing the perturbation are limited; (2) the belt-speed per-
turbations alter only the foot speed during stance, with-
out a large change in joint posture and loading geom-
etry at the time of foot contact; and (3) belt-speed per-
turbations are likely to influence leg angular speedmore
than leg length actuation, unlike terrain height pertur-
bations. In uneven terrains, leg posture and muscle–
tendon length in distal muscles at the onset of foot
contact are the main factors in leg loading, muscle–
tendon force, and changes in body mechanical energy
during stance (Daley and Voloshina 2009; Blum et al.
2011).
The goal of the current study is to use treadmill-belt

speed perturbations to induce a targeted perturbation to
foot speed only, without mechanically induced changes
in joint posture and leg loading at the onset of stance.
If the proximo-distal gradient in joint neuromechani-
cal control generally holds regardless of the perturba-
tion type, we hypothesize that the distal joints will ex-
hibit greater changes in joint kinematics in response to
the belt-speed perturbations. An alternative hypothe-
sis is that, if joint control is coordinated through task-
level modules to regulate leg angular cycling and leg
length actuation separately, the foot-speed perturbation
might primarily influence leg cycling rate and proximal
joint kinematics. Finally, based on the unpredictability
in the perturbation, we expect birds to exhibit feedfor-
ward changes in control strategy and kinematics to in-
crease the intrinsic stability of gait. Such changes could
include longer stance duration and increased duty fac-
tor, slower leg retraction rate, and increased leg angular
excursion during stance (Daley and Usherwood 2010;
Daley and Birn-Jeffery 2018).

Methods
Animals

Seven adult guinea fowl (Numida meleagris) were used
for this study (four females, threemales, 1.83± 0.14 kg).
Animals were habituated to handling and trained on the
treadmill before data collection sessions. All procedures
were licensed and approved by the University of Cal-
ifornia Institutional Animal Care and Use Committee
(AUP 20–048). The kinematic data reported here were
collected as part of a larger experiment that included
recordings of in vivomuscle function and therefore the
animals were euthanized at the end of the experiments

by an injection of Euthasol (390mgml−1, pentobarbital
sodium) while under deep isoflurane anesthesia (5%)
delivered by mask.

Data collection

During an experiment, we recorded between 4 and 12
trials per individual (each 30 s long), divided over 1–3
days (2–6 trials per day). Birds moved on a motorized
treadmill (Woodway, Waukesha, WI, USA) while we
recorded videos at 200 Hz (Phantom VRI VEO, Ame-
tek, Vision Research Inc., Wayne, NJ, USA). We col-
lected data for steady-state locomotion at a speed of
0.67 m s–1, and one speed-perturbation protocol. This
speed was selected to reflect a typical comfortable walk-
ing speed.

Treadmill-belt speed perturbations

Belt-speed-perturbations were created by decelerating
and accelerating the treadmill belt, starting from the
steady-state speed (0.67 m s–1). We applied a random-
ized sequence of acceleration–deceleration perturba-
tions, in which the treadmill repeatedly decelerated by
∼0.25 m s–1, to a speed of ∼0.42 m s–1, followed by ac-
celeration back to the original steady-state speed (Fig.
1B). The treadmill was controlled through a serial-port
connection with a laptop and script written in MAT-
LAB (2021b; Mathworks, Woburn MA). There was no
sound or other cue associated with treadmill-belt speed
changes during the experiment. Each perturbation trial
started with at least 7 s of steady-speed locomotion.
During a 30-s trial, up to nine perturbations were pre-
sented to the bird. Due to differences in the timing
of strides relative to belt acceleration, birds encoun-
tered the perturbations stochastically. Considering this
variation in how individuals encountered perturbations
across strides and trials, we quantified the magnitude
of the perturbation based on the velocity of the bird’s
foot during stance. The foot is stationary relative to the
belt during midstance, so the foot fore-aft horizontal
speed during this time provides a good approximation
of treadmill-belt speed. For each stride, we calculated
the average velocity and acceleration of the foot dur-
ing the period of 30–60% stance, which was determined
from the steady-speed trials to be the time period when
the foot is consistently stationary relative to the belt. We
also estimated the average fore-aft foot/treadmill accel-
eration during this time to quantify the perturbation
magnitude.

Data digitizing and processing

The kinematic analysis and stride categories were both
based on the kinematics of the left leg, which faced
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Fig. 1 (A) Schematic of a guinea fowl hind leg in normal and fully extended (inset) positions.We calculated joint angles for the hip, knee,
ankle, and tarsometatarso-phalangeal (TMP) joints. The effective leg length and angle were calculated based on the line between the
estimated CoM location and TMP joint (dark green line), expressed as a percentage of total segment leg length (light green line in inset),
which is equal to the sum of all intrinsic limb segment lengths excluding the foot (after Rubenson and Marsh 2003). (B) Schematic of a
treadmill-belt speed perturbation trial. Each perturbed trial started with a steady speed for at least 6 s. Perturbations consisted of
deceleration followed by an acceleration back to the steady belt speed. Stride categories were assigned based on treadmill-belt
acceleration encountered by the bird’s foot. Colored line segments indicate a typical sequence of strides during a perturbation (see text
for further details).

the camera. Approximate locations of limb joint cen-
ters of rotation were marked using a combination of
permanent marker (black medium Sharpie, Newell-
RubbermaidOffice, Oak Brook, IL) and non-toxic paint
(Painters, Elmer’s Products Inc, Westerville, OH). We
used DeepLabCut (version 2.2.1) (Mathis et al. 2018;
Nath et al. 2019) to digitize the joint centers of rota-
tion and additional markers of interest: hip, knee, ankle,
tarsometatarso-phalangeal (TMP) joint, and the tip of
the middle toe, in addition to six body markers along
the chest and back. To train DeepLabCut, we labeled
∼40 frames taken from four videos, across the different
data collection days for each animal. We used a ResNet-
50 based neural network with default parameters for
at least 1,000,000 training iterations. This network was
used to analyze all videos from the same individual. Raw
marker location data were filtered using a Butterworth
filter with a cut-off frequency of 30 Hz.

To estimate the CoM location, we identified six body
markers, with three points along the back and three
points located ventrally along the sternum. We calcu-
lated the centroid position of the body markers and
then, calculated the CoM location as the mid-point of
the line connecting the tracked body centroid point and
the hip position because the tracked body point was

positioned relatively cranially. The hip angle was mea-
sured as the angle between the femur segment and a
segment between the hip location and the estimated lo-
cation of the CoM (Fig. 1A). Ankle angle was calcu-
lated based on the angle between the tibiotarsus and tar-
sometatarsus, and the TMP joint angle was calculated
as the angle between the tarsometatarsus and foot seg-
ment. Knee joint location was calculated based on the
intersection of femur and tibiotarsus segment lengths
because skin movement makes the knee marker lo-
cation inaccurate (Rubenson and Marsh 2009). Seg-
ment lengths were measured post-mortem for each
animal.

Effective leg length and leg angle
approximation

A line segment between the CoM location and the foot
markerwas used to approximate the effective length and
angle of the “virtual leg” (Fig. 1A). Leg angle was calcu-
lated based on the angle of the virtual leg relative to the
right hand horizontal. Effective leg length was normal-
ized to a percentage of total available leg length, calcu-
lated as the sum of the intrinsic leg segments, exclud-
ing the foot: the femur, tibiotarsus, and tarsometatar-
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sus (Fig. 1A). The average effective leg length during
stance represents the overall leg posture (e.g., crouched
versus extended) during locomotion, and the leg length
fluctuations reflect the effective telescoping leg actua-
tion across all limb joints. The leg angle represents the
effective retraction and protraction oscillations of the
leg through the stride cycle, which typically follows a
consistent sinusoidal pattern (Blum et al. 2014).We also
measured the fluctuations in vertical height of the CoM
and the change in CoM velocity during stance. Change
in CoM velocity was calculated based on the differ-
ence between the velocity of the CoM marker and the
treadmill-belt speed.

Stride categories

Trials were selected for analysis based on the bird’s abil-
ity to maintain a reasonably stationary location on the
treadmill in the middle of the video field of view. Data
for each trial were divided into strides starting and
ending midswing, identified based on minima in an-
kle joint angles. Treadmill contact (foot touchdown and
foot takeoff) timings were calculated based on the verti-
cal and horizontal velocity of the digitized foot marker.
The foot contact timings detected based on foot velocity
were spot-checked against the video recordings.
To quantify the treadmill-belt speed perturbation ex-

perienced at the bird’s foot, we created stride categories
based on the measured fore-aft acceleration of the foot
during stance. For each stride, we calculated the average
velocity and acceleration of the foot during the period of
30–60% stance. To categorize strides, we first calculated
the mean and standard deviation (SD) of foot veloc-
ity and acceleration across all recorded strides. Strides
were then categorized as decelerating (Dec) if foot ac-
celeration was <1 SD below zero, and as accelerating
(Acc) if >1 SD above zero. The first stride following
deceleration was categorized as Dec +1, and the first
stride following an acceleration as Acc +1. All remain-
ing strides collected during perturbed treadmill trials
occurred at the steady state belt speed and were catego-
rized as unperturbed (UnPert, see Fig. 1B). Strides from
trials with a consistently steady belt speed were catego-
rized as steady (S). The deceleration and re-acceleration
of the treadmill belt during the trial created a typical
perturbation sequence of Dec, Dec +1, Acc, Acc +1,
UnPert, with the Dec +1 occurring at the trough in
treadmill-belt speed (Fig. 1B). To account for the co-
variance of treadmill speed and acceleration associated
with the perturbation, we included average foot veloc-
ity for each stride as a covariate in the linear mixed-
effects model (see below). All analyses were performed
in MATLAB .

Statistical analysis

Linear mixed-effects ANOVA was used to test for the
effect of treadmill acceleration on limb and joint kine-
matics. Model 1 included only the intercept and In-
dividual as a random effect [Y ∼ 1 + (1|ind)], used
as a reference model and null hypothesis, which was
then compared to three alternative models: Model
2 with stride category (StrideCat) as a categori-
cal fixed effect [Y ∼ 1 + StrideCat∗X + (1|ind)],
Model 3 with StrideCat as a categorical fixed ef-
fect and foot speed (FtSpeed) as a continuous co-
varying factor [Y ∼ 1 + StrideCat∗X + FtSpeed∗X
+ (1|ind)], and, finally, Model 4 with per-individual
speed effects among the random coefficients [Y ∼
1 + StrideCat∗X + FtSpeed∗X + (FtSpeed|ind)]. Can-
didate models were compared based on AIC, total ad-
justed R-squared, and log-likelihood ratio tests, which
supported the selection of Model 4 as the best fit. For
each variable analyzed, we first calculated the ANOVA
test statistics, and if the StrideCat effect was found to be
statistically significant after False Discovery Rate cor-
rection, we then calculated 95% confidence intervals
(CIs) for the difference between steady and perturbed
stride categories, based on marginal means after ac-
counting for the random effects. Thus, the pairwise dif-
ferences represent the mean and 95% CI for effect of
StrideCat after accounting for the covariance effect of
foot speed both within and across individuals.

Results
Measurement of the perturbations

Birds experienced foot acceleration perturbations with
an average magnitude of −0.24 ± 0.02 m s–2 during
deceleration and +0.23 ± 0.02 m s–2 during accelera-
tion (mean ± 95% CI). Strides categorized as Dec +1
were characterized by the lowestmean foot velocity dur-
ing stance, occurring near the trough of the belt-speed
perturbation profiles (Fig. 2). Deceleration strides (Dec)
and acceleration strides (Acc) showed mean foot veloc-
ities of similar magnitudes, whereas Acc +1 strides ex-
hibited the highest mean foot velocity. In this experi-
ment, the perturbation was encountered stochastically
and therefore, the strideswere categorized based on foot
acceleration (Fig. 2B). Nonetheless, we do find a con-
sistent distribution of stride categories across individ-
uals (Table 1). We categorized a total of 2179 strides,
of which 844 were steady-speed strides (recorded from
steady treadmill trials) and 1334 were strides from belt-
speed perturbation trials. We categorized 241 decel-
erations (Dec), 151 “Dec +1” strides, 187 accelera-
tions (Acc), 172 “Acc +1” strides, and 583 unperturbed
strides (Table 1).
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6 M. J. Schwaner et al.

Fig. 2 Foot and treadmill fore-aft speed (top) and acceleration (bottom) during 30–60% stance across stride categories. Distributions and
data points are shown in different colors for each individual. Lines connect stride categories for each individual, to help highlight individual
variation in response.

Table 1 The sampling of stride categories across individuals

StrideCat Ind1 Ind2 Ind5 Ind6 Ind7 Ind12 Ind13 Mean St dev

Steady 124 119 126 104 121 140 111 121 11

Dec 50 36 46 20 37 39 13 34 13

Dec +1 25 24 29 15 22 30 6 22 8

Acc 46 27 38 17 24 25 10 27 12

Acc +1 39 24 34 19 20 26 10 25 10

Unperturbed 128 44 43 77 121 123 47 83 40

Strides per category are listed for each individual, with the mean and standard deviation for each stride category.

Changes in virtual leg kinematics and vertical
oscillation of body CoM height

Despite the treadmill-belt speed perturbation, leg an-
gle trajectories remained mostly within the 95% CI for
steady-speed locomotion during stance, except Dec +1
strides (Fig. 2). The leg angular trajectory for Dec +1
deviates from the steady-speed immediately upon foot
ground contact, with a lower rate of leg retraction, but

following a similar sinusoidal pattern as other stride
categories (Fig. 3). In perturbed strides, leg length was
slightly lower on average throughout stance until the
time of foot liftoff, compared to steady-speed trajec-
tories. Although these trajectories are outside the 95%
CI for steady-speed locomotion, the magnitudes of the
deviations from steady speed are small. The vertical
CoM height fluctuations show similar timing and mag-
nitude across steady and perturbed strides, except for
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Modular task-level control of leg angle and length in walking 7

Fig. 3 Leg angle (A), leg length (B), and CoM vertical height
trajectory (C) relative to the average value for steady locomotion.
Gray lines and shading represent the 95% CI for steady strides at a
constant treadmill speed. Colored lines show average trajectory
for stride categories in the perturbation trials. Steady-state speed
averages were subtracted from each trajectory, so that the
trajectories oscillate around zero. Down-pointing triangles indicate
foot touchdown, and upward pointing triangles correspond to foot
takeoff. Vertical height trajectory (C) shows the highest variation
across strides, relative to the typical magnitude of within stride
fluctuations. Leg angular trajectory (A) exhibits low variance
across strides, relative to within stride fluctuations.

the longer duration of the falling CoM phase in late
stance in Dec +1, associated with the slowing of leg re-
traction and leg extension (Fig. 3). The magnitude of
vertical displacement of CoM height was not signifi-
cantly different in most perturbed strides, except for
a slight increase in magnitude of CoM height excur-
sion in Acc +1 strides. Overall, the changes in vertical
CoM trajectory are small and mostly relate to changes
in timing (see also Supplementary Fig. 1), suggesting
consistent vertical loading across steady and perturbed
strides.
Despite consistent overall trajectories and vertical

CoMdisplacement, there were significant differences in
kinematic timing in response to the perturbations. In
Dec strides, the stride period increased significantly by

18± 14ms (Fig. 4, Table 2). Stance durationwas not sig-
nificantly different from steady state, indicating that the
change in timing occurs mainly in the swing period fol-
lowing the decelerated stance phase (Fig. 3). In Dec +1
strides, stance duration increased by 54 ± 19 ms, and
stride duration increased by 81 ± 17 ms, indicating
changes in both stance and swing periods. Despite these
changes in stance and stride durations, the net angu-
lar excursion during stance remained relatively consis-
tent, with a small decrease in Dec +1 strides (−3 ± 1
deg) and Acc strides (−2 ± 1 deg). This indicates that
the magnitude of the oscillations in leg length and leg
angle remained relatively consistent, although stance
and stride timing changed considerably. The body CoM
velocity relative to the foot decreases significantly in
Dec+1 steps, by 0.29± 0.07m s–1, representing a∼43%
decrease from the steady-state speed (Fig. 4), associated
with the slowed rate of leg retraction and extension, par-
ticularly in late stance (Fig. 3). This suggests an active
deceleration by the bird, separate from the direct effect
of the belt-speed perturbation.

Changes in joint kinematics

Like the leg length and leg angle trajectories, the
joint angular trajectories retained surprisingly consis-
tent kinematics across steady and perturbed trials, with
the perturbation in treadmill speed inducing relatively
subtle changes (Fig. 5). The hip joint typically extended
throughout stance, and exhibited lower rates of exten-
sion in perturbed strides, ending stance in a slightly
more flexed position. This resulted in a small but signif-
icant decrease in net hip extension during stance in the
perturbed strides (Fig. 6, Table 2). The Dec +1 strides,
with an extended stance period, showed the greatest de-
viation in hip trajectory and net hip extension during
stance. The knee joint typically flexed through most of
stance, with a small and variable period of extension
in late stance. In the perturbed strides, the knee trajec-
tory remained nearly identical, except for the Dec +1
strides, in which flexion occurred more slowly over the
prolonged stance duration, reaching a similar angle at
the end of stance. There were no significant changes in
net knee flexion during stance in the perturbed strides
(Fig. 6, Table 2). The ankle joint typically flexed followed
by extension during stance. In perturbed strides (Fig.
5), flexionmagnitude was slightly reduced (Fig. 6, Table
2), suggesting an increase in stiffness, assuming simi-
lar loading. The TMP joint flexed continuously (dorsi-
flexion) through most of stance, with rapid extension
(plantar-flexion) just before foot take-off. In perturbed
trials, the flexion trajectory remained nearly identical
but the timing of late-stance extension phase was de-
layed (Fig. 5). In Dec and Dec +1 strides, net joint
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8 M. J. Schwaner et al.

Fig. 4 Raincloud plot distributions and pairwise differences in perturbed stride categories compared to steady-speed walking for stride
period, stance period, leg angular excursion, and change in body CoM velocity during stance (mean ± 95% CI).

extension decreased due to altered timing of foot take-
off relative toTMPextension (Fig. 6, Table 2). Ankle and
TMP joints exhibited consistent trajectories with a nar-
row 95% CI, demonstrating particularly low variance
in the magnitude of joint angular fluctuations among
individuals (Supplementary Fig. 2). The hip and knee
joints exhibited slightly higher variance among individ-
uals relative to the typical magnitude of joint angular
changes.

Discussion
Here we showed that magnitudes of joint angle trajec-
tories and CoM fluctuations remain remarkably con-
sistent, despite a substantial perturbation of treadmill-
belt speed. The proximal hip joint exhibits the great-

est deviation in joint angular trajectory because the
birds adopt a slightly more flexed position on average
across all strides in the perturbed trials; nonetheless,
changes in the hip net angular excursion during stance
are small. The treadmill-belt speed perturbationmainly
influenced timing of stance and swing, with the largest
effect on the Dec+1 strides, after encountering belt de-
celeration. Our findings do not support the general hy-
pothesis for a proximo-distal gradient in which distal
joints always exhibit higher sensitivity to groundpertur-
bations. Instead, the results support an alternative hy-
pothesis for a functional, task-module based division of
labor among joints for leg control, in which the hip joint
actuates leg angular cycling for speed regulation and
control of stance and swing phase timing, and the dis-
tal joints actuate leg length changes and responsiveness
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Table 2 Linear mixed-effects ANOVA results with treadmill speed as a covariate (Model 4, see “Methods”)

ANOVA F-stat Stride category: pairwise difference from “Steady”

Speed StrideCat Variable name Dec Dec +1 Acc Acc +1 Unperturbed

7.30∗ 8.03∗ � Leg angle (deg) − 0.9 ± 0.9 − 2.9 ± 1.2∗ − 1.6 ± 1.0∗ − 0.4 ± 1.0 − 0.5 ± 0.7

0.93 5.63∗ Min LL (%) − 0.26 ± 1.18 1.24 ± 1.50 − 0.48 ± 1.30 − 0.83 ± 1.30 − 0.87 ± 0.85∗
0.60 2.34 � Leg length (%) 0.36 ± 0.99 − 0.73 ± 1.26 − 0.36 ± 1.09 0.38 ± 1.09 − 0.36 ± 0.72

0.31 13.83∗ LA_Fon (deg) − 0.1 ± 0.7 0.1 ± 0.9 2.1 ± 0.8∗ 0.4 ± 0.8 0.4 ± 0.5

2.18 7.19∗ Hip ext (deg) − 1.0 ± 1.8 − 4.7 ± 2.3∗ − 3.2 ± 2.0∗ − 0.9 ± 2.0 − 1.7 ± 1.3∗
0.04 1.24 Knee flex (deg) − 0.4 ± 1.5 − 1.2 ± 1.9 0.1 ± 1.6 − 0.5 ± 1.6 − 0.3 ± 1.1

0.97 4.61∗ Knee ext (deg) 0.5 ± 0.4∗ 0.2 ± 0.5 − 0.3 ± 0.4 − 0.1 ± 0.4 0.0 ± 0.3

0.39 27.51∗ Ankle flex (deg) − 1.5 ± 0.9∗ − 3.9 ± 1.1∗ − 3.4 ± 1.0∗ − 2.1 ± 1.0∗ − 1.6 ± 0.6∗
4.71 5.88∗ Ankle ext (deg) 0.6 ± 1.0 − 2.0 ± 1.3∗ 0.2 ± 1.1 0.4 ± 1.1 0.2 ± 0.7

0.71 8.77∗ TMP flex (deg) 0.3 ± 1.6 0.6 ± 2.0 − 3.3 ± 1.8∗ − 0.1 ± 1.8 − 1.5 ± 1.2∗
2.29 10.75∗ TMP ext (deg) − 5.8 ± 3.5∗ − 8.2 ± 4.5∗ 1.8 ± 3.9 0.8 ± 3.9 1.1 ± 2.5

13.80∗ 28.20∗ Stride period (ms) 18.4 ± 13.7∗ 81.0 ± 17.3∗ 12.6 ± 15.0 23.0 ± 15.0∗ 12.7 ± 9.9∗
2.16 13.28∗ Stance period (ms) − 0.3 ± 14.9 53.6 ± 18.8∗ 12.7 ± 16.3 20.2 ± 16.3∗ 9.2 ± 10.7

66.95∗ 22.44∗ � CoM vel (m s−1) − 0.01 ± 0.06 − 0.29 ± 0.07∗ − 0.05 ± 0.06 − 0.07 ± 0.06∗ − 0.03 ± 0.04

0.06 2.97∗ � CoM height (mm) 1.2 ± 1.6 − 0.2 ± 2.0 1.3 ± 1.7 1.7 ± 1.7∗ 0.5 ± 1.1

Stride category was a fixed effect based on treadmill-belt acceleration during stance, with (FtSpeed | Individual)) as random effects. Degrees of
freedom: speed = 1, StrideCat = 6, error = 2175. Asterisks indicate statistical significance.

to changes in ground-substrate interaction and vertical
loading (Daley 2018). We found that the hip joint ex-
hibits the largest changes in trajectory and timing in re-
sponse to belt-speed perturbations, consistent with evi-
dence that the hip regulates leg angular cycling for speed
control. Additionally, stance and swing transitions re-
tain consistent timing relative to hip angular trajectory
(see Fig. 5). We found that the knee, ankle, and TMP
joints exhibit nearly identical angular fluctuations dur-
ing belt-speed perturbations, with the changes relating
to timing in response to decelerated leg angular cycling
and prolonged stance duration in the Dec +1 strides.
Interestingly, we found the largest changes in the

kinematic timing of the recovery step following a de-
celeration, Dec +1. This suggests that the response
to a perturbation of foot velocity is mediated through
slower sensorimotor pathways, such as longer latency
reflexes, central pattern generators or higher level con-
trol (Pearson 2000; Yakovenko et al. 2005; Frigon and
Rossignol 2006). There is little change in vertical CoM
height oscillation and distal joint trajectories in per-
turbed strides, suggesting consistent vertical leg load-
ing. This might explain why there is little evidence
of a rapid, reflex mediated response. Neurophysiolog-
ical evidence suggests that leg angular cycling is regu-
lated through feedforward control via central pattern
generators, with position or velocity feedback at the
hip regulating stance and swing transitions (Grillner
and Rossignol 1978; Lam and Pearson 2002; McVea et
al. 2005; Yakovenko et al. 2005; Frigon and Rossignol
2006). In contrast, distal joints are regulated through

positive force feedback via short-latency reflexes, and
exhibit rapid changes in activity in response to altered
foot-substrate vertical loading (Andersson et al. 1978;
Grillner and Rossignol 1978; Prochazka et al. 1997;
Zehr and Stein 1999; Geyer et al. 2003; Donelan and
Pearson 2004; Moritz and Farley 2004; Gordon et al.
2015). The current findings suggest that the rapid reflex-
mediated responses observed in uneven terrain pertur-
bations (Daley and Biewener 2011; Gordon et al. 2015,
2020) are not elicited in response to perturbations in
foot velocity, at least under the conditions observed
here. Instead, we observe a longer latency response that
could reflect a behavioral change in response to the per-
ception of the change in belt speed.
In addition to sensorimotor-mediated control, in-

trinsicmechanical control throughmulti-articular link-
ages is likely to be particularly important in the dis-
tal hindlimb of birds (Daley and Biewener 2006; Daley
et al. 2006, 2007; Schaller et al. 2009; Backus et al.
2015; Daley 2018). Recently, the hypothesis for me-
chanical control of the distal limb was tested in a bird-
inspired robot, BirdBot (Badri-Spröwitz et al. 2022).
BirdBot uses elastically mediated actuation of the dis-
tal legs through a multi-articular tendon network, and
achieves efficient walking and running with only two
actuators in each leg, one at the hip and one at the knee.
The hip actuator regulates leg angular cycling through
a feedforward command, analogous to a central pat-
tern generator. The knee actuator flexes the knee for the
swing phase. Our current findings are consistent with
the hypothesis of mechanically mediated control of the
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Fig. 5 Average joint angular trajectories for the hip (A), knee (B),
ankle (C), and TMP (D). Mean joint angle for steady-speed strides
has been subtracted from each trajectory before averaging. Light
gray shading indicates a 95% CI across individuals for each stride
category. Downward triangles indicate foot touchdown, whereas
upward triangles indicate foot takeoff.

distal joints in the avian leg, with feedforward control
of leg angular cycling at the hip to modulate speed and
stance/swing transitions. The treadmill-belt perturba-
tion altered foot speed but not vertical loading of the
leg. We observed higher variance and greater changes
in the hip joint trajectories, with an extension of the du-
ration of leg retraction during stance (Figs. 5 and 6).
Although the distal joints exhibited statistically signif-
icant differences in joint excursions during stance, the
trajectories are nearly identical, and the changes occur
primarily due to a change in the timing of late-stance
extension relative to vertical foot velocity and take-off
at the end of stance.

Previous perturbation studies used obstacles, pot-
holes, and visible steps to investigate control mecha-
nisms for stability. While these terrain perturbations
are biologically relevant to navigation in real environ-

ments, they elicit complex changes in leg posture, verti-
cal CoM velocity, and leg loading geometry (Daley and
Biewener 2006; Daley et al. 2007; Birn-Jeffery and Da-
ley 2012; Blum et al. 2014). Consequently, it is diffi-
cult to tease apart individual effects of postural, geomet-
ric, and muscle–tendon factors on the neuromechan-
ics of the animals’ response to the perturbation. Ad-
ditionally, visible obstacle perturbations leave opportu-
nity for visual contributions and anticipatory changes,
making it difficult to parse out anticipatory versus reac-
tionary responses. Here, the perturbations in treadmill-
belt speed likely provide little visual signal, minimizing
the opportunity for anticipatory strategies in the Dec
strides, although the response to subsequent strides in
the perturbation sequence likely includes changes in de-
scending commands. We observe no evidence of rapid
changes that would be consistent with short-latency re-
flexes in the kinematic trajectories. This could be in
part due to the slow speed of the perturbation itself.
We did see some evidence of feedforward changes in
the hip angular trajectory because all strides in the per-
turbation trials show a slightly more flexed hip pos-
ture. These findings suggest some specific hypotheses
for changes in neuromuscular control, which could be
tested in future studies using in vivo measures of mus-
cle activation, length, and force. In particular, we ex-
pect to find the largest changes inmuscle recruitment in
the Dec +1 stride, particularly at the hip, where we see
substantial deceleration of hip angular trajectory. We
additionally expect to find changes in recruitment and
co-contraction of muscles at the ankle, because the de-
crease in ankle flexion suggests higher ankle stiffness,
assuming similar vertical loads.
Virtual leg measurements, represented by a line seg-

ment connecting the CoM and the foot, summarize co-
ordinated actuation of leg angle and leg length across
all leg joints. With increasing gait speed, leg angular
cycling rate increases, and legs undergo a larger angu-
lar excursion during stance (Farley et al. 1993; Farley
and Gonzalez 1996). Coordination of leg angular cy-
clingwith leg-spring loading, has been identified as crit-
ical for maintaining speed and stability in uneven ter-
rain navigation (Farley et al. 1993; Ferris et al. 1998,
1999a; Seyfarth et al. 2003; Daley and Biewener 2006;
Blum et al. 2014; Daley 2018). Here, we found that
CoM fluctuation magnitudes and trajectories are re-
markably similar across strides in response to belt-
speed perturbations. This suggests that the introduc-
tion of speed perturbations at the foot during walking
does not influence CoM fluctuation magnitudes and
vertical loading in guinea fowl. Additionally, we found
that leg angular and leg length telescoping trajectories
retain a very similar shape, with differences mainly in
the timing. This is consistent with a strong influence of
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Fig. 6 Raincloud plot distributions and pairwise differences in perturbed stride categories compared to steady-speed walking for hip
extension, knee flexion, ankle flexion, and TMP extension during stance (mean ± 5% CI).

feedforward central pattern generation in spinal net-
works. Stride period increased slightly across all strides
in the perturbation trials, even unperturbed strides,
suggesting a feedforward change in gait dynamics to in-
crease stability in the perturbed conditions. Since speed
is determined by the average belt speed, and speed is
equal to stride length times stride frequency, longer
stride period (lower stride frequency) is associated with
longer stride lengths. Longer stride lengths increase the
intrinsic mechanical stability of gait (Daley and Ush-
erwood 2010; Daley and Birn-Jeffery 2018). However,
the largest change in CoM velocity was observed in the
Dec +1 stride, suggesting that the primary response
to the perturbation was a longer latency behavioral re-

sponse, likely involving the brain and descending path-
ways.
Sensorimotor control of muscles for terrestrial gait

involves a combination of descending control based
on current task and conditions, spinal central pattern
generation, reflex-mediated feedback regulation and
intrinsic mechanical control. Sensorimotor feedback
response times are constrained by sensorimotor loop
delays, with substantial delays associated with nerve
conduction delay and excitation–contraction coupling
inherent to the physiological properties of nerves and
muscles (More et al. 2010; More and Donelan 2018). As
the current perturbation impacts substrate/foot speed
only, and is likely nearly invisible to the animal, we

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icac057/6591574 by N

orthern Arizona U
niversity user on 21 June 2022



12 M. J. Schwaner et al.

expected no anticipatory within-stride responses,
which is consistent with our findings. However, we are
also surprised to see little evidence of reflex-mediated
reactive responses to the speed perturbation. The con-
sistent joint trajectories observed here suggest that the
birds rely mainly on feedforward control of leg angular
cycling, potentially with position-based feedback at the
hip mediated swing/stance transitions. The findings
are consistent with modular task-level control of leg
angular cycling and leg length actuation (Auyang et
al. 2009; McKay and Ting 2012; Ting et al. 2015), with
different neuromechanical control of each task module.
Vertical leg loading was not altered substantially by the
speed perturbation; therefore, distal joint kinematics
and leg length actuation remained largely unchanged.
However, it is important to note that the current per-
turbation occurs over a longer period than the uneven
terrain perturbations previously studied. Consequently,
the differences may also relate to the different temporal
characteristics of the perturbation itself.

Conclusions
Here, we showed that joint angle trajectories and CoM
fluctuations remain remarkably similar in response to
treadmill-belt speed perturbations at the foot. Perturba-
tions mainly elicited changes in timing, especially dur-
ing the first recovery stride after a deceleration. Belt-
speed perturbations do not appear to elicit a rapid
reflex-mediated response, based on kinematic trajecto-
ries. However, further investigation of muscle activity
patterns is required to test whether or not there is a
reflex-mediated change in stiffness at the ankle, or, in-
stead, a feedforward increase in co-contraction across
all strides in the perturbed trials. We see some sug-
gestions of changes in feedforward control, through
changes in hip angle and slight increases in stride du-
ration across all strides in the perturbation trials. Our
study is consistent with the hypothesis of modular task-
level control of leg length and leg angular actuation,
with different neuromechanical control of each task
module. Our findings highlight the importance of con-
sidering specific mechanical effects of perturbations to
predict and understand the likely mechanical and sen-
sorimotor responses. Future studies of muscle activa-
tion and muscle force–length dynamics could shed fur-
ther light on neuromechanical control mechanisms for
stability in response to belt-speed perturbations and
provide more insight into how animals navigate com-
plex terrains.
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