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Certain lizards are known to run bipedally. Modelling studies suggest
bipedalism in lizards may be a consequence of a caudal shift in the body
centre of mass, combined with quick bursts of acceleration, causing a
torque moment at the hip lifting the front of the body. However, some
lizards appear to run bipedally sooner and for longer than expected from
these models, suggesting positive selection for bipedal locomotion. While
differences in morphology may contribute to bipedal locomotion, changes
in kinematic variables may also contribute to extended bipedal sequences,
such as changes to the body orientation, tail lifting and changes to the
ground reaction force profile. We examined these mechanisms among
eight Australian agamid lizards. Our analysis revealed that angular accelera-
tion of the trunk about the hip, and of the tail about the hip were both
important predictors of extended bipedal running, along with increased
temporal asymmetry of the ground reaction force profile. These results
highlight important dynamic movements during locomotion, which may
not only stabilize bipedal strides, but also to de-stabilize quadrupedal
strides in agamid lizards, in order to temporarily switch to, and extend a
bipedal sequence.

1. Introduction

Lizards are an important study system for understanding locomotory tran-
sitions, as some lizard species can begin strides on four limbs but transition
onto their hindlimbs during a sprinting bout [1-3]. Why they do this is unclear,
but suggestions that bipedalism increases speed or endurance have been unsup-
ported [4]. Instead, forward dynamic modelling, proposed the pitching rotation
that lifts the head and trunk is a mechanical consequence of a rearward shift in
the body centre of mass (BCOM), combined with the lizard’s forward accelera-
tion [5]. This model suggested that above a threshold acceleration, the nose up
pitching moment about the hip would become so great, that the front limbs
would lose contact with the ground passively. Thus bipedalism need not
have been selected for per se, but could have evolved as a consequence of a
high acceleration and a posterior shift in the BCOM. This model was
supported by Clemente & Withers [4] who showed that acceleration during
strides better separates bipedal against quadrupedal strides, than variation in
speed. Further, Clemente [6] showed a rearward shift in the BCOM is associated
with bipedalism among 124 species of lizards.

This passive model suggests that acceleration is important for bipedal run-
ning [5], yet some lizards appear able to run bipedally at low accelerations,
deviating from mathematical models of rigid bodied lizards [4,7,8]. These
deviations from the model were predicted to be an exaptation; an exploitation
of accidental bipedalism [5,9]. Such exploitations were supported by Clemente
[6] who showed a continuous increase between predicted acceleration
thresholds and actual acceleration thresholds over evolutionary time; lizards
were beginning to run bipedally at lower than expected accelerations.

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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Other modelling studies suggested that several kinematic
parameters may act to reduce the acceleration threshold, and
therefore, allow bipedalism to be achievable at these low
accelerations. For example, changing the angle of the body
or tail relative to the ground would aid in bipedalism through
changes in the BCOM [10]. Rearward trunk rotation will cause
the BCOM to shift posteriorly reducing the nose-down pitch-
ing effect of gravity, and extending a bipedal sequence [11].
Similarly, increases in the height of the hip throughout the
stance phase, will increase the proportion of the stride where
the BCOM lies above the hindlimb ground reaction force
(GRF) vector, which would further contribute to a nose-up
pitching moment about the hip [11]. Active tail lifting
during the acceleration phase would act to destabilize the
trunk, causing it to rotate posteriorly (upwards and back-
wards), through the high angular moment of the tail,
making bipedalism possible at lower accelerations [1,5,12].
This mechanism has previously been demonstrated, where it
was used to stabilize the pitch of the body during jumping
in lizards [13,14]. Spatial and temporal footfall patterns may
also be an important factor extending bipedal stretches.
Placing the foot further forward during the stride, or modify-
ing the GRF profile such that a greater proportion of the
vertical impulse is applied shortly after initial foot contact,
would increase the duration in which the ground-reaction
force vector is anterior to the BCOM, further increasing the
nose-up pitching moment [11].

To understand which mechanisms are most important for
the exploitation of bipedalism in Australian agamids we exam-
ined kinematics and GRF profiles among Australian agamids
and compared these to acceleration thresholds. Since bipedal
running is a dynamic movement, we included not only esti-
mates of the average position of body segments relative to
one another throughout the stride, but also attempted to
include estimates of the inertial forces which can act in a free
body by including estimates which relate the angular speed
and acceleration about body joints.

The mechanisms associated with bipedalism were
explored in two ways. Firstly, we hypothesized that there
were distinct kinematic or kinetic variables that distinguish
quadrupedal, bipedal and transitional strides. Second, we
hypothesized that the kinetic variables distinct for bipedal
strides that best correlated with differences between the pre-
dicted passive threshold [5] and the actual (empirically
measured) thresholds [6] will contribute most to extending
bipedal sequences among lizards. These variables may be
the inspiration for robotic vehicles which will benefit from
both bipedal and quadrupedal modes of locomotion.

2. Methods
(a) Study species

Lizards were collected using hand foraging techniques from var-
ious non-protected sites in Queensland and Western Australia
permitted by the Queensland Department of Environment and
Heritage Protection (WISP11435612) and the Department of
Conservation and Land Management (SF0003846). In total, we
measured 342 strides from 31 individuals from eight agamid species
(table 1). All animal care, handling, and experimental procedures in
this study were carried out in accordance with The University of
Queensland’s Animal Ethics act (SBS/195/12/ARC), and that of
the University of Western Australia ethics (AEC/00/100/151).

(b) Morphometrics

The horizontal BCOM (BCOMj,,i) was measured using the reac-
tion board method [6], which was shown to be highly reliable in
comparison to other methods [15]. Each specimen was placed
along the beam, in a neutral posture, suspended between two
scales (+£0.01g; SF-718; SouFei Electronic Co. Ltd; Jiangsu,
China). The length of the BCOMy,,; from the snout tip was
calculated using equation (2.1):

H’IQ.L

BCOMhor = 1+ 1y 7

(2.1)

where, L = length of the beam, m; was the mass recorded at the
snout tip, and m, on the distal scale. BCOM forward of the hip
was calculated using equation (2.2):

BCOM forward of hip = SVL — BCOMy,: — VH, (2.2)

where, SVL = snout-vent length and VH = vent-hip (VH) length.

(c) Experimental set-up

A horizontal racetrack (3.6 m x 0.6 m x 0.6 m) was composed of
hardwood, with sandpaper adhered to the floor to provide trac-
tion, with one side composed a clear Perspex sheet. A HiSpecl
(Fastec Imaging Inc., San Diego, USA; 120, 240 or 250 fps) posi-
tioned laterally to the racetrack filmed side views. A second
camera, a Fastec IL3-100 (Fastec Imaging Inc., San Diego,
USA; 250 fps) or a Casio FX200 (Casio, Japan; 120 or 240 fps)
was positioned dorsally above the racetrack to provide top
views. Both cameras were synchronized using either internal
triggers, or a light pulse from a battery powered LED mounted
on the racetrack. Prior to recording, nine landmarks (top of
head, shoulder joint, elbow joint, hip joint, knee joint, ankle
joint, metatarsal joint, tip of the fourth toe (excluding claw)
and tail (1/4 of tail length from the base) were painted on
each lizard, using Liquid Paper™ to facilitate digitizing video
images (electronic supplementary material, figure S1A,B). We
wished to film the acceleration phase of the lizards’ run, but
excluded the first three steps, as kinematics during these show
considerable variation [16], but attempted to use strides shortly
following this.

Each stride began at footfall (FF) of a hindlimb, and ended
with the subsequent footfall of the same limb, thus each stride
consists of two hindlimb steps, and the touchdown of the
third. Since lizards typically used a quadrupedal trotting gait
[17], the lateral camera was used to classify steps as being bipedal
or quadrupedal, by the presence or absence of a touch of the con-
tralateral forelimb. The stride was then classified as being
quadrupedal or bipedal gait if all three steps were classified simi-
larly, or a transitional stride if steps changed from quadrupedal
to bipedal, or bipedal to quadrupedal.

(d) Kinematics
3D coordinates of each body marker during stance phase were
calculated using Direct Linear Transformation (DLTdv5.m) soft-
ware [18] in Matlab (v. R2012b, Mathworks, Inc., Natick, MA,
USA). The calibration object used was a custom-built array of
21 markers, of which the exact position of each marker was
known relative to an axis origin point. The x-axis described
anterior—posterior direction, the y-axis described medio-lateral
direction, and the z-axis described dorsoventral direction perpen-
dicular to the x-y plane (electronic supplementary material,
figure S1A,B). Marker positions over time were smoothed
using the mean square error algorithm, implemented via
spaps.m, as this approach was least error prone [19].

Markers were used to define segments of the body, and from
these, segment angles were calculated (electronic supplementary
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Table 1. Australian agamid species investigated in this study. N denotes number of individuals
trials for each species.

species

(tenophorus cristatus 4 287 +2
(tenophorus;solep:s e . 187i w
 Ctenophorus nuchalis 7 N8 +54
. (tenophorusornatus e . 281i R
B (tenophorusret/culatus e e
Ctenophorussmtulatus e . 223i S
B Lophognathusgl/bem e 587i o
lntellagamalesueum B . 46Si 5

®Mean =+ s.e. % bipedal strides from Clemente & Withers [4].

% bipedal strides® acceleration®
30 526 + 17 -
.......... e 1667—_HO8 + R

®Positive (++) indicates bipedalism only when during acceleratory strides, and negative (—) indicates bipedal strides with accelerations below zero [6].

‘Indicates results from this study.

material, figure S1C and table S1). The trunk segment was
defined between the hip and the shoulder marker, and the
trunk angle (BS) was calculated by the tangent of the trunk seg-
ment relative to the global horizontal plane, such that positive
values indicated an elevated trunk, while negative values indi-
cated a declined trunk. The tail segment was defined from the
hip to the tail marker, and tail angle (TA) was similarly defined
relative to the horizontal global coordinate system, such that
positive values indicated elevation from horizontal. The follow-
ing 3D angles were calculated using law of cosines: head-body
angle (HB) was the angle between the head segment (between
the head and shoulder marker) and the body segment-body
tail angle (BT) angle between body segment and the tail seg-
ment, upper forelimb angle (UFL) was the angle between the
forelimb segment (between the shoulder and elbow) with the
body segment. For each angle we calculated the mean angle,
as well as the mean angular velocity (° s 1), and acceleration
(°s~?) throughout the stance phase. We also determined the
horizontal distance of the toe and metatarsal marker relative
to the hip (toehip, metahip) at FF, at end of stance (ES), and
the mean value throughout the stance phase. Similarly we calcu-
lated the vertical position of the hip (HH) relative to the
y coordinates of the toe at FF, ES and the mean value throughout
the stance phase.

(e) Ground reaction forces

The GRF was collected for both the fore- and hindlimbs
though only the latter could be measured during bipedal strides.
GRF was measured with either an ATI force plate (Nano 17,
ATI Technologies, Ontario Canada), or a custom built force
plate based on Clemente et al. [20]. Force data were collected
at 10000 Hz and synchronized to the high-speed cameras by
an external trigger. The resulting force—time profiles for each
trial were converted to newtons (N), and smoothed using
the smoothing spline function spaps.m in a custom built
Matlab GUI. GRF curves were analysed with respect to two
measures of temporal asymmetry which indicated the distri-
bution of vertical impulse throughout the stance [20];
(electronic supplementary material, table S1). Force 1 was the
percentage of the stance phase at which half of the total vertical
impulse had been produced; values below 50% indicate early
skew, values above 50% indicate late skew. Force 2 was the per-
centage of the total vertical impulse that was produced before
temporal mid-stance; values above 50% indicate early skew,
values below 50% indicate late skew (electronic supplementary
material, table S1).

(f) Acceleration threshold experiments on
running lizards

Acceleration was calculated for each stride as the mean accelera-
tion throughout the entire stride, measured using the hip marker.
Five different methods were used to estimate the empirical accel-
eration transitional threshold; the acceleration at which lizards
change from quadrupedal to bipedal running (ACCy.ns elec-
tronic supplementary material, table S1). The first estimate
(Estimate 1) used the average acceleration of all transitionary
strides as the estimate of empirical transitional threshold. The
second estimate (Estimate 2) used only transitionary strides in
which the gait changed from quadrupedal to bipedal (i.e. the
start of a bipedal bout). The third estimate (Estimate 3) used
only transitionary strides where the gait changed from bipedal
to quadrupedal (i.e. at the end of a bipedal bout). The fourth esti-
mate (Estimate 4) used the highest recorded quadrupedal
acceleration, with the assumption that higher acceleration leads
to bipedal strides. The last estimate (Estimate 5) used the inflec-
tion point of a binomial logistic regression between quadrupedal
and bipedal acceleration to estimate the 50% probability for
ACCans from quadrupedal to bipedal strides [6].

We compared the empirically measured acceleration
thresholds above to the passive acceleratory threshold (ACCpyeq)
based upon the 2D model presented by Aerts et al. [5]. From this
model the vertical force supported by the forelimbs reaches zero
at an acceleration given by equation (2.3).

(az—g) (BCOMpri —xfh)

ax = BCOM,.( . (2.3)

Ax was then used to represent the predicted acceleration
threshold for each species (ACCpreq). BCOMyo; was used for
each individual and vertical acceleration over the stride was
assumed to be negligible (Az = 0). If BCOM,,.,; was not available
for an individual than the species mean was used. The hip height
at midstance was assumed to approximate BCOM,. The origin
of the GRF vector (xfh) was assumed to be halfway between the
toe tip and the metatarsal, and the mean position of these for-
ward of the hip throughout the stance was used. We then
calculated the difference between estimated thresholds with
predicted thresholds (ACCirans — ACCpreq = Diff.T), resulting in
five different Diff. T estimates.

(g) Statistical analysis
All analyses were performed in RStudio v. 1.0.136 [21]. Data are
either presented as means + standard error (s.e.), or individual
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data points depending on the nature of the data, and « was set at
0.05 for all statistical tests. Data that were not normally distribu-
ted were log-transformed prior to appropriate analysis. Details of
statistical analyses and assumptions for each dataset were pre-
sented in the electronic supplementary material. In summary, a
linear discriminant analysis (LDA) and Wilks lambda (A) was
used to calculate a set of weightings for each kinematic variable
(electronic supplementary material, table S1) between gaits, and
determine which variables were strongly loaded between
gaits. A linear mixed effects model was used to examine the
significance of each load between gaits with Tukey contrasts
performed for multiple comparisons of means between gaits.
Kinematic variables were the response variables, gait as fixed
effect, and individual identity and species as random effects
to account for repeated measurement among gaits for each
species. For each analysis, the mean of trials for each stride
type (quad, bi, trans) of each individual animal of each species
was used. The relative importance of kinematic parameters
with the difference between the estimated and actual threshold
(Diff.T) was determined using partial least-squares regression,
after each variable was scaled between 0 and 1, to remove
magnitude bias.

3. Results
(a) Kinematic differences between gaits

Linear discriminant analysis (LDA) revealed a distinct
separation of kinematic variables between quadrupedal, tran-
sitional and bipedal gaits, and Wilks A revealed 10 variables
that were significantly different between gaits (F,g5= 2.75,
p < 0.0001; Wilks A = 0.117). The first discriminant function
(LD1) explained 83.4% of total variance and appeared to sep-
arate bipedal and quadrupedal strides (figure 1a; electronic
supplementary material, table S2). Bipedal strides loaded
negatively revealing greater trunk rotation (meanBS) and
head-to-body angle (meanHB), and a higher hip height at
end stance (HHES; figure 1b—d). Conversely quadrupedal
strides loaded higher for the mean angular speed of the
trunk (meanspeedBS) and at the shoulder (meanspeedUFL),
and a greater difference in forearm displacement (difUFL;
figure le—g). Therefore, lizards during bipedal strides exhib-
ited a more upright body posture, were higher during
endstance, better aligned the head with the body, and reduced
upper forelimb movement compared to quadrupedal strides.
The second discriminant function (LD2) accounted for 16.6%
of the total variation and separated transitional strides from
bipedal and quadrupedal strides (figure 1a). Transitional
strides loaded positively for the difference in trunk angle
(difBS), the difference in the head-to-body angle (difHB),
and the angular rotation speed of the tail (meanspeedTA;
electronic supplementary material, table S2).

Of the 10 kinematic variables that were significantly differ-
ent between gaits (electronic supplementary material, table
S3), four kinematic variables showed significant correlation
with stride acceleration during bipedal gaits (electronic sup-
plementary material, table S4). Mean and difference in trunk
angle (meanBS, and difBS) increased as acceleration decreased,
while mean angular speed of the forearm displacement (mean-
speedUFL and difUFL) decreased as acceleration decreased
(figure 2a—c), suggesting an uplift of the body and stabilization
of the forelimb and head as the animal reduces acceleration.
The remaining six kinematic variables (meanHB, mean-
speedBS, HHES, difHB, meanspeedTA, meanBT) showed no

significant correlation with stride acceleration (electronic n

supplementary material, table S4).

During transitional strides there were five kinematic
variables that were significantly correlated with stride accel-
eration (electronic supplementary material, table S5).
MeanBS, difBS, and mean speed TA angle significantly
increased as acceleration decreased. MeanHB angle, and
meanBT angle decreased as acceleration decreased, suggesting
that animals with transitional strides at lower acceleration
have greater uplift of body, and tail posture above hip
height, and uplift of head relative to body compared to
higher acceleration strides (figure 2d—f). The remaining four
kinematic variables (HHES, meanspeedUFL, difUFL, difHB)
showed no significant correlation with stride acceleration
(electronic supplementary material, table S5), suggesting
no change.

(b) Asymmetry in ground reaction force between gaits
We tested variation in GRF among gaits and between the
limbs. There was a significant difference in percentage of
stance phase when 50% of force is produced (Force 1)
among gaits, but not among limbs. A post hoc test revealed
that during the transitional strides, there was a dispropor-
tional larger force produced early during the stride, when
compared to both bipedal and quadrupedal strides
(figure 3a), however, there was no significant difference in
asymmetry between bipedal and quadrupedal strides (elec-
tronic supplementary material, table S6). There was also no
significant difference in percentage of force produced at mid-
stance (force 2) between gaits nor between the limbs
(electronic supplementary material, table S6). However, like
the results above transitional strides produced over 60% of
the force by midstance, while quadrupedal and bipedal
strides had a much wider distribution of asymmetry profiles
(figure 3b).

(c) Acceleration threshold analysis

The passive threshold calculated from the Aerts et al. [5]
model were not significantly different among the different
gaits reported (F,65 = 2.77, p = 0.070), when using individual
mean estimates in a linear mixed effects model with species
included as a random factor. When comparing the passive
threshold with the empirically derived acceleration estimates,
the results appear mixed depending on which estimate is
used. The inflexion point of a binomial logistic regression
(Estimate 5) shows the strongest effect (electronic supplemen-
tary material, table S7), though this appears in most part to
be driven by the high quadrupedal acceleration measured
from a single individual. This results in a model showing a
low slope estimate of 0.118 (slope =1.0 suggests perfect
agreement). The second best performing estimate used the
mean of transitional strides moving from quadrupedal to
bipedal (Estimate 2). This showed a higher slope agreement
of 0.58 (electronic supplementary material, table S7). No
other estimates showed a significant relationship between
these estimates.

(d) Kinematics associated with threshold differences

The relative importance of kinematic variables for each of the
five threshold differences (diff.T) were shown in figure 4b.
The results indicate several kinematic variables were
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Figure 1. Linear discriminate (LD) loads between gaits, with boxplots of top three loads for positive (mean body — shoulder: meanBS, mean head —body: meanHB,
hip height at end stance: HHES), and negative (difference in upper forelimb angle: difUFL, mean angular speed of the forelimh: meanspeedUFL, mean angular speed
of the body —shoulder: meanspeedBS) loadings for LD1. (a—g) Data are presented as individual data points for bipedal (green dots, n = 26), transitional (purple
dots, n = 23), and quadrupedal (orange dots, n = 26) strides for each animal. Boxplots show 25th and 75th percentile, and the centreline is the 50th percentile,
lines represent the max/min values (within the 1.5 x IQR) and dots represent outliers (< Q1 — 1.5 X IQR || > Q3 + 1.5 x IQR). Letters represents significance
between gaits. (h) Schematic diagram of kinematic changes during bipedal strides with grey arrow representing direction of changes in angle during bipedal stride.
Full names of abbreviations and descriptions of direction of angle change provided in electronic supplementary material, table S1. Summary statistics in electronic

supplementary material, tables S2 and S3. (Online version in colour.)

associated with these threshold differences. The mean angle
between the head and body appeared to have the highest
weighting among all the variables studied. In each case
there was a negative relationship between diff.T and
meanHB suggesting that greater positive variation from the
model (i.e. going bipedal earlier than predicted) was associ-
ated with small head-body angles, likely indicating the
head is tilted more posteriorly (figure 4c). The mean accelera-
tion of the body-shoulder angle and the body-tail angle
(and to a lesser extent Tail angle) were positively associated
with diff.T, indicating that rapid changes in position of the
body and tail segments relative to the horizontal were
better associated with greater positive variation from the
model (i.e. earlier bipedal bouts) (figure 4c).

Several other variables showed a strong negative corre-
lation with diff.T indicating a reduction in these variables
was associated with transition to the bipedal gait at lower
than predicted accelerations (figure 4b). These include three
hip height estimates; hip height at the end of stance phase,
mean hip height, and the toe to hip height. Mean acceleration
of the forelimbs was also negatively related to diff.T,
suggesting movement of the forelimbs is reduced in species
which run bipedally sooner than model predictions.

4. Discussion

Among extant vertebrates, bipedalism appears to have
evolved multiple times, and fossil evidence suggests it may
have been used early on in the evolution of squamates [22].
Bipedalism in lizards, was suggested to have occurred
through an accidental consequence of changes to the
BCOM, however, it was clear that some lizards appear able
to run bipedally in the absence of acceleration [4,5] and
further biomechanical modelling suggested several kinematic
mechanisms through which this could be achieved [11].
These lizards were thought to be exploiting bipedal loco-
motion, by modifying biomechanics to extend the length of
bipedal sequences. We explored kinematic and kinetic
evidence for this hypothesis in the current study.

Previous studies which compared kinematics of bipedal
and quadrupedal strides among lizards, have showed sev-
eral key differences between these gaits [10] supporting the
findings of the current study. Trunk angle was highlighted
as an important predictor for bipedal locomotion, which
also support previous modelling efforts [5,11]. Positive
rotation of the trunk shifts the BCOM posteriorly and there-
fore reduces the nose-down pitching moment caused by

9[268[02 ‘:sll a)npalu/ )og 'y"/ ‘510'ﬁu!qs!|qnd‘/(19!305|é/(01';1sj H



~
()
~

3000 |

2000 1

1000 1

mean speed UFL (° s71)

(@) . b)
()
10.0 - ;
© £
acceleration m s>
% bipedal strides
0 25 50 75 100
(d)
160 4
155 4
é 150 <
<
g 145 o
140 1

acceleration m s2

160 1

mean BT (°)

150 1

140 1

acceleration m s2

% bipedal strides

0 25 50 75 100

0 10 20 30

acceleration m s~2

Figure 2. Summary of change in body kinematics during acceleration (m s~2) of bipedal (a—c) and transitional (d—f) strides. Data presented as individual data
points for bipedal (e, n = 25), and transitional (e, n = 23) strides for each animal. Gradient colours represent the percentage of bipedal strides from Clemente &
Withers [4] and this study for the individuals of each species. Regression lines presents model prediction, and vertical dash lines represents no acceleration. Summary
statistics in electronic supplementary material, tables S4 and S5. (Online version in colour.)

gravity, extending bipedal sequences [11]. This current study
had also shown other differences were evident too; the head
appears to be tilted forward during bipedal locomotion,
probably to compensate for the rearward tilting of the
trunk and to re-align the head with the direction of travel,
likely aiding the visual field. Movement of the forearms
was also reduced among bipedal strides. This seems reason-
able given the forearms are actively used to propel the body
forward during quadrupedal locomotion, but it also high-
lights that the forelimbs are actively tucked backwards
during bipedal locomotion (figure 1le). Tucking back of the
forelimbs may not only help reduce interference with
the hindlimbs, one of the early perceived benefits of
bipedal locomotion [1], but may also help contribute to the
overall shift of the body COM rearward, extending
bipedal sequences.

These measurable kinematic differences between bi-
pedal and quadrupedal strides, support previous studies
suggesting bipedal strides may be distinct from quadrupedal
strides in at least a few species of lizards [10], though these
differences are perhaps not as pronounced as gait changes
seen in other groups (e.g. mammals; [23-25]). For several
kinematic variables, bipedal strides appear to be at one end
of a continuum of variation from quadrupedal to transitional
to bipedal strides (figure 1b-g), highlighting the overall
similarity of leg mechanics between these gaits. Yet the LD
analysis revealed distinct differentiation in kinematics
during transitional strides, specifically relating to the uplift-
ing of the tail and head to allow bipedal locomotion.
These trends follow Van Wassenbergh & Aerts [11] predic-
tion for the requirements to transition towards bipedal
strides. Active tail lifting during the acceleratory phase was
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highlighted by Aerts et al. [5], to affect trunk angle positively,
via increased local and remote angular momentum to the tail,
which may become important for increasing the kinetic
energy available to rotate the body.

Transitional strides also differed from bipedal and quad-
rupedal strides in the shape of the GRF profiles. While all
gaits showed a characteristic early skew, transitional strides
had a significantly earlier skew than both bipedal and quad-
rupedal ones, suggesting that more force is applied early on
in the stance phase of the stride. The significance of this for
bipedalism was demonstrated mathematically by Van Was-
senberg & Aerts [11]. Asymmetrical GRFs will increase the
nose-up pitching moment during running by increasing the
proportion of the stride when the GRF vector is anterior to
the BCOM. Asymmetrical GRFs have been previously
shown during bipedal and quadrupedal running in agamids
[20], quadrupedal running in Tegus [26], and bipedal water-
running in basilisks [27], which suggested that some level
of asymmetry is common among all lizard species. However,
the exaggerated asymmetry reported here for transitional
strides may indicate that this kinetic characteristic may be
exploited by some species of lizards in order to transition to
the bipedal strides.

However, comparing variations in kinematics between
bipedal and quadrupedal strides cannot describe the mech-
anism behind the transition, and is complicated by a strong
link to acceleration [4]. We were interested in the extent to
which lizards were actively attempting bipedal locomotion,
thus we compared the acceleration threshold expected from
a purely passive lizard model Aerts et al. [5] to the empiri-
cally derived threshold estimates. Overall the agreement
between passive thresholds and empirical thresholds esti-
mates was weak. Yet, of the five empirical estimates tested,

Estimate 2, the transition acceleration from quadrupedal to
bipedal, best related to the passive model, suggesting the
start of bipedal locomotion may closely follow the model pro-
posed by Aerts et al. [5]. Alternative models show greater
variation, and a likely explanation for this is that they contain
strides where lizards are using kinematic or kinetic mechan-
isms to extend bipedal runs. Deviations from the passive
model appear to be greatest where strides return from biped-
ally running to quadrupedally running (Estimate 3), which
may indicate different mechanics in action between the quad-
rupedal to bipedal transition compared with the opposite
scenario. Yet all estimates show a slope below 1, suggesting
species are generally running bipedally at lower accelerations
than we might predict.

To understand which kinematic mechanisms lizards use
to run bipedal sooner, we compared kinematics to the differ-
ence between the passive model and each empirically derived
estimate. We reasoned that differences from the passive model
may be the result of active movements of the body, and the
greater these movements are at creating the nose-up pitching
moment then the more likely they will correlate with these
differences. Our analysis revealed that the more dynamic
movement of segments, for example, angular acceleration of
the trunk about the hip (meanaccelBS), and of the tail about
the hip (meanaccelBT) were critical in bipedal locomotion.
These are significant as the high angular acceleration of the
tail implies a large amount of torque is being applied to the
hip, which has the ability to impart large angular moments
to the body [14], meaning less explosive accelerations may
be required to produce nose-up rotational moments.

These dynamic changes to the position of segments
throughout a stride may give insight into the control strat-
egies underlying performance and may be based at
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different levels of organization. Changes in the muscular
skeletal systems, (e.g. small changes in the size, origins and
insertions of muscles, or limb segment lengths) may change
over evolutionary time among species and determine differ-
ences in dynamics (e.g. [28]). This may explain the result of
Clemente [6] who showed an evolutionary trend over time
towards greater differences between passive and empirical
estimated thresholds among 10 species of agamids. Alterna-
tively changes to the muscle activation patterns may be
under behavioural control and kinematics may be altered
within a species between quadrupedal and bipedal strides
to exploit bipedalism. There is further evidence for this
latter strategy among lizards. Experiments which have

varied the height of obstacles in a trackway down which
lizards are run, have recorded behavioural differences in
the frequency of bipedal strides [29].

This study highlights the importance of including not
only positional estimates of limbs during steady-state loco-
motory trials, but of the inclusion of variables which are
able to indicate the magnitude and rate of change between
segments throughout the stride. Numerous studies have
highlighted the importance of swinging appendages to aid
stabilization in human walking [30,31], arboreal jumping
and climbing in primates [32-34] as well as rodents [35]
and cats [19]. Further, in lizards, tails have been shown to
allow righting and turning in mid-air to aid stabilization
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while jumping [14] or gliding [36]. Here we show the lizard
tail may also be used to de-stabilize quadrupedal locomotion,
in order to temporarily switch to, and extend a bipedal
sequence while running. The functional purpose of these
bipedal stretches remains to be conclusively demonstrated,
but increased obstacle negotiation seem likely [7]. These find-
ings may have important implications for the design of
bioinspired robotic devices. Similar de-stabilization efforts
can be incorporated into robot devices, which may not only
aid jumping performance as has previously be shown
[13,14] but to benefit robots attempting to transverse
complicated or uneven environments.

Ethics. All animal care, handling, and experimental procedure in this
study were carried out in out in accordance with The University of

Queensland’s Animal Ethic act (SBS/195/12/ARC), and that of the
University of Western Australia ethics (AEC/00/100/151).

Data accessibility. Codes, data and electronic supplementary material
are available via (https://drive.google.com/open?id=1Z-ZjNYN6_
F8FyGr]syJjZenb5vZajitc).

Authors’ contributions. C.J.C. conceived the project, collected the data,
analysed the data and wrote the manuscript. N.C.W. collected the
data, analysed the data and co-wrote the manuscript.

Competing interests. We declare we have no competing interests.

Funding. This study was financially supported by an ARC DECRA
Fellowship to C.J.C. (DE120101503), and an ARC Discovery award
to C.J.C. (DE180100220).

Acknowledgements. We thank the logistical support from Skye Cameron
and Robbie Wilson from the Wilson lab (University of Queensland),
and Selvan Pather (University of Sunshine Coast) for advice and
discussion of the manuscript.

References
1. Snyder RC. 1962 Adaptations for bipedal locomotion theropod dinosaurs: clues from humans with 24. Hildebrand M. 1967 Symmetrical gaits of primates.
of lizards. Am. Zool. 2, 191-203. (doi:10.1093/icb/ increased rotational inertia. J. Exp. Biol. 204, Am. J. Phys. Anthrapol. 26, 119—130. (d0i:10.1002/
2.2.191) 3917-3926. ajpa.1330260203)
2. Snyder RC. 1954 The anatomy and function of the  13. Chang-Siu E, Libby T, Tomizuka M, Full RJ (ed.). 2011 25. Hildebrand M. 1977 Analysis of asymmetrical
pelvic girdle and hindlimb in lizard locomotion. A lizard-inspired active tail enables rapid maneuvers gaits. J. Mammal. 58, 131-156. (doi:10.2307/
Am. J. Anat. 95, 1—45. (doi:10.1002/aja. and dynamic stabilization in a terrestrial robot. In 1379571)
1000950102) Intelligent Robots and Systems (IR0S), 2011 IEEE/RSJ 26. Sheffield KM, Butcher MT, Shugart SK, Gander JC,
3. Full RJ, Tu MS. 1991 Mechanics of a rapid running International Conference on. Piscataway, NJ: IEEE. Blob RW. 2011 Locomotor loading mechanics in
insect: two-, four- and six-legged locomotion. 14. Libby T et al. 2012 Tail-assisted pitch control in the hindlimbs of tequ lizards (Tupinambis
J. Exp. Biol. 156, 215—231. lizards, robots and dinosaurs. Nature 481, 181. merianae): comparative and evolutionary
4. (lemente O, Withers PC, Thompson G, Lloyd D. (doi:10.1038/nature10710) implications. J. Exp. Biol. 214, 2616 —2630. (doi:10.
2008 Why go bipedal? Locomotion and morphology ~ 15. Macaulay S, Hutchinson JR, Bates KT. 2017 1242/jeb.048801)
in Australian agamid lizards. J. Exp. Biol. 211, A quantitative evaluation of physical and digital 27. Hsieh ST, Lauder GV. 2004 Running on water: three-
2058—2065. (doi:10.1242/jeb.018044) approaches to centre of mass estimation. J. Anat. dimensional force generation by basilisk lizards.
5. Aerts P, Van Damme R, D'Aoiit K, Van Hooydonck B. 231, 758-775. (doi:10.1111/joa.12667) Proc. Natl Acad. Sci. USA 101, 16 784—16 788.
2003 Bipedalism in lizards: whole-body modelling 16. McElroy EJ, McBrayer LD. 2010 Getting up to speed: (doi:10.1073/pnas.0405736101)
reveals a possible spandrel. Phil. Trans. R. Soc. Lond. acceleration strategies in the Florida scrub lizard, 28.  Persons WS, Currie PJ. 2017 The functional origin of
B 358, 1525—1533. (doi:10.1098/rsth.2003.1342) Sceloporus woodi. Physiol. Biochem. Zool. 83, dinosaur bipedalism: cumulative evidence from
6. Clemente (J. 2014 The evolution of bipedal running 643 —653. (doi:10.1086/653476) bipedally inclined reptiles and disinclined
in lizards suggests a consequential origin may be 17. Farley (T, Ko TC. 1997 Mechanics of locomotion in mammals. J. Theor. Biol. 420, 1-7. (doi:10.1016/
exploited in later lineages. Evolution 68, lizards. J. Exp. Biol. 200, 2177—2188. jjthi.2017.02.032)
2171-2183. (doi:10.1111/ev0.12447) 18.  Hedrick TL. 2008 Software techniques for two- and ~ 29. Tucker DB, McBrayer LD. 2012 Overcoming obstacles:
7. Olberding JP, McBrayer LD, Higham TE. 2012 three-dimensional kinematic measurements of the effect of obstacles on locomotor performance
Performance and three-dimensional kinematics of biological and hiomimetic systems. Bioinspir. and behaviour. Biol. J. Linn. Soc. 107, 813—823.
bipedal lizards during obstacle negotiation. J. Exp. Biomim. 3, 034001. (doi:10.1088/1748-3182/3/3/ (doi:10.1111/}.1095-8312.2012.01993.x)
Biol. 215, 247—255. (doi:10.1242/jeb.061135) 034001) 30. Pijnappels M, Kingma |, Wezenberg D, Reurink G,
8. Rocha-Barhosa 0, Loguercio MFC, Velloso ALR, 19.  Walker C, Vierck Jr CJ, Ritz LA. 1998 Balance in the van Dieén JH. 2010 Armed against falls: the
Bonates ACC. 2008 Bipedal locomotion in Tropidurus at: role of the tail and effects of sacrocaudal contribution of arm movements to balance recovery
torquatus (Wied, 1820) and Liolaemus lutzae transection. Behav. Brain Res. 91, 41—47. (doi:10. after tripping. Exp. Brain Res. 201, 689—699.
Mertens, 1938. Braz. J. Biol. 68, 649 —655. (doi:10. 1016/50166-4328(97)00101-0) (doi:10.1007/500221-009-2088-7)
1590/51519-69842008000300024) 20. Clemente C, Bishop P, Newman N, Hocknull S. 20177 31. Roos PE, McGuigan MP, Kerwin DG, Trewartha G.
9. Gould SJ, Vrba ES. 1982 Exaptation—a missing Steady bipedal locomotion with a forward situated 2008 The role of arm movement in early trip
term in the science of form. Paleobiology 8, 4—15. whole-body centre of mass: the potential recovery in younger and older adults. Gait
(doi:10.1017/50094837300004310) importance of temporally asymmetric ground Posture 27, 352—356. (doi:10.1016/j.gaitpost.
10. Irschick DJ, Jayne BC. 1999 Comparative three- reaction forces. J. Zool. 304, 193—201. (doi:10. 2007.05.001)
dimensional kinematics of the hindlimb for 1111/j20.12521) 32. Dunbar DC. 1988 Aerial maneuvers of leaping
high-speed bipedal and quadrupedal locomotion of ~ 21. RStudio Team. 2016 RStudio: integrated development lemurs: the physics of whole-body rotations while
lizards. J. Exp. Biol. 202, 1047 —1065. for R. 1.0.136 ed. Boston, MA: RStudio, Inc. airborne. Am. J. Primatol. 16, 291-303. (doi:10.
11. Van Wassenbergh S, Aerts P. 2013 In search of the ~ 22. Lee H-J, Lee Y-N, Fiorillo AR, Lii J. 2018 Lizards ran 1002/ajp.1350160402)
pitching momentum that enables some lizards to bipedally 110 million years ago. Sci. Rep. 8, 2617.  33. Larson SG, Stern JT. 2006 Maintenance of
sustain bipedal running at constant speeds. J. R. Soc. (doi:10.1038/s41598-018-20809-z) above-branch balance during primate arboreal
Interface 10, 20130241. (doi:10.1098/rsif.2013.0241) ~ 23. Hildebrand M. 1965 Symmetrical gaits of horses. quadrupedalism: coordinated use of forearm
12. Carrier DR, Walter RM, Lee DV. 2001 Influence of Science 150, 701-708. (doi:10.1126/science.150. rotators and tail motion. Am. J. Phys. Anthropol.

rotational inertia on turning performance of

3697.701)

129, 71-81. (doi:10.1002/ajpa.20236)

9[208[02 :si a;njjalu/ '505 YT ‘510'ﬁu!qs!|qnd‘/(19!305|é/(01';1sj H


https://drive.google.com/open?id=1Z-ZjNYN6_F8FyGrJsyJjZenb5vZajitc
https://drive.google.com/open?id=1Z-ZjNYN6_F8FyGrJsyJjZenb5vZajitc
https://drive.google.com/open?id=1Z-ZjNYN6_F8FyGrJsyJjZenb5vZajitc
http://dx.doi.org/10.1093/icb/2.2.191
http://dx.doi.org/10.1093/icb/2.2.191
http://dx.doi.org/10.1002/aja.1000950102
http://dx.doi.org/10.1002/aja.1000950102
http://dx.doi.org/10.1242/jeb.018044
http://dx.doi.org/10.1098/rstb.2003.1342
http://dx.doi.org/10.1111/evo.12447
http://dx.doi.org/10.1242/jeb.061135
http://dx.doi.org/10.1590/S1519-69842008000300024
http://dx.doi.org/10.1590/S1519-69842008000300024
http://dx.doi.org/10.1017/S0094837300004310
http://dx.doi.org/10.1098/rsif.2013.0241
http://dx.doi.org/10.1038/nature10710
http://dx.doi.org/10.1111/joa.12667
http://dx.doi.org/10.1086/653476
http://dx.doi.org/10.1088/1748-3182/3/3/034001
http://dx.doi.org/10.1088/1748-3182/3/3/034001
http://dx.doi.org/10.1016/S0166-4328(97)00101-0
http://dx.doi.org/10.1016/S0166-4328(97)00101-0
http://dx.doi.org/10.1111/jzo.12521
http://dx.doi.org/10.1111/jzo.12521
http://dx.doi.org/10.1038/s41598-018-20809-z
http://dx.doi.org/10.1126/science.150.3697.701
http://dx.doi.org/10.1126/science.150.3697.701
http://dx.doi.org/10.1002/ajpa.1330260203
http://dx.doi.org/10.1002/ajpa.1330260203
http://dx.doi.org/10.2307/1379571
http://dx.doi.org/10.2307/1379571
http://dx.doi.org/10.1242/jeb.048801
http://dx.doi.org/10.1242/jeb.048801
http://dx.doi.org/10.1073/pnas.0405736101
http://dx.doi.org/10.1016/j.jtbi.2017.02.032
http://dx.doi.org/10.1016/j.jtbi.2017.02.032
http://dx.doi.org/10.1111/j.1095-8312.2012.01993.x
http://dx.doi.org/10.1007/s00221-009-2088-7
http://dx.doi.org/10.1016/j.gaitpost.2007.05.001
http://dx.doi.org/10.1016/j.gaitpost.2007.05.001
http://dx.doi.org/10.1002/ajp.1350160402
http://dx.doi.org/10.1002/ajp.1350160402
http://dx.doi.org/10.1002/ajpa.20236

34.  Demes B, Jungers W, Fleagle J, Wunderlich R, Richmond ~ 35. Bartholomew GA, Caswell HH. 1951 Locomotion 36. Jusufi A, Goldman DI, Revzen S, Full RJ. 2008 Active m

B, Lemelin P. 1996 Body size and leaping kinematics in kangaroo rats and its adaptive significance. tails enhance arboreal acrobatics in geckos. Proc.
in Malagasy vertical clingers and leapers. J. Hum. J. Mammal. 32, 155-169. (doi:10.2307/ Natl Acad. Sci. USA 105, 4215—4219. (doi:10.1073/
Evol. 31, 367—388. (doi:10.1006/jhev.1996.0066) 1375371) pnas.0711944105)

92203[02 ‘:s‘1 a)‘npajt//“")dg. y r ‘.ﬁljol'ﬁu.!ljs!|qr‘1dKlap‘()s‘|é/(or;jsj


http://dx.doi.org/10.1006/jhev.1996.0066
http://dx.doi.org/10.2307/1375371
http://dx.doi.org/10.2307/1375371
http://dx.doi.org/10.1073/pnas.0711944105
http://dx.doi.org/10.1073/pnas.0711944105

	Body and tail-assisted pitch control facilitates bipedal locomotion in Australian agamid lizards
	Introduction
	Methods
	Study species
	Morphometrics
	Experimental set-up
	Kinematics
	Ground reaction forces
	Acceleration threshold experiments on running lizards
	Statistical analysis

	Results
	Kinematic differences between gaits
	Asymmetry in ground reaction force between gaits
	Acceleration threshold analysis
	Kinematics associated with threshold differences

	Discussion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


