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Abstract—Soft robots hold significant potential in legged loco-
motion due to their inherent deformability, enabling enhanced
adaptability to various environmental conditions and the gen-
eration of diverse locomotion gaits. While various soft robots
have been proposed for terrestrial locomotion, research on
dynamically-stable locomotion, such as trotting, with actu-
ated soft bending limbs remains limited. We introduce a
pneumatically-actuated soft quadruped featuring a soft body
capable of a variety of dynamically-stable trotting locomotion.
We utilize soft limb kinematics and parameterize fundamental
limb locomotion to obtain quadrupedal locomotion trajectories
for both linear and curvilinear motions. We also employ a
physics-enabled dynamic model to optimize and evaluate trot-
ting locomotion trajectories for dynamic stability. We further
validate the stable locomotion trajectories through empirical
experiments conducted on a soft quadruped prototype. The
results demonstrate that the quadruped trots at a peak speed
of 1.24 body lengths per second when traversing flat and uneven
terrains, including slopes, cluttered areas, and naturalistic irreg-
ular surfaces. Furthermore, we compare the energy efficiency
between trotting and crawling locomotion. The findings reveal
that trotting is significantly more energy-efficient than crawling,
with an average energy saving of up to 42%.

Note to Practitioners—This paper was motivated by the chal-
lenge of achieving dynamically stable and efficient locomotion in
soft quadrupeds. Many soft-legged robots are typically designed
for statically stable, albeit inefficient and slow, locomotion gaits
such as crawling. Our research aims to address this practi-
cal challenge of improving mobility in soft-legged robots. We
develop a novel soft quadruped with pneumatically-actuated
soft limbs that achieves efficient trotting that is 42% more
energy-efficient than crawling. This work is particularly relevant
for industries requiring adaptable and efficient navigation in
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environments, such as search and rescue, agricultural monitoring,
and exploration. The development and optimization of trotting
gaits through a physics-enabled dynamic model for dynamic
stability provide a foundational framework for enhancing the
adaptability and operational utility of soft robots. While our
findings mark a significant step forward, challenges remain in
deploying these locomotion strategies on autonomous untethered
robots with onboard sensor feedback. Future research will focus
on these areas, aiming to improve the practical deployment and
robustness of soft robotic locomotive systems.

Index Terms—Dynamically-stable locomotion, Kkinematics,

PyBullet, soft quadrupedal robot, trotting.

I. INTRODUCTION

ANY terrestrial vertebrates use legged locomotion as

a prevalent mode of mobility. Their compliant muscu-
loskeletal limbs can actively or passively strain and relieve
muscle tension to absorb impact and adapt to unstructured
terrains. Similar to biological creatures, soft-legged robots can
absorb ground impact using active or passive compliance of
soft legs. On the contrary, rigid-legged robots require separate
or additional mechanisms to regulate impact and adapt to the
environment. Soft robots are less likely to get damaged during
an accident (e.g., falling) than rigid robots due to their ability
to resile impulse forces using compliant structures [1]. In addi-
tion, these robots possess high levels of flexibility, agility, and
maneuverability compared to their rigid-legged counterparts.
Further, they are capable of deforming into smaller profiles
and traveling through narrow spaces [2]. Hence, there is a
strong prospect in employing soft-legged robots for activities,
including search-and-rescue operations, inspections, space and
underwater exploration, surveillance [3]. However, locomotion
of soft-legged robots remains an area that has not reached its
potential, hindered by various challenges such as inadequate
deformation range, degrees of freedom (DoF), stiffness range
(or strength), and control methods [4].

To date, most of the soft mobile robots utilize slow, statically
stable gaits such as crawling [5]. Low-speed and locomotion
inefficiency can be undesirable in certain field applications.
Soft-limbed robots that were experimented with high-speed,
dynamically stable locomotion gaits (e.g., trotting, galloping,
etc.) are limited [6]. Researchers have tried to maintain loco-
motion stability by adding more limbs, i.e., soft hexapods
use six limbs to bolster payload and attain statically stable
gaits. However, more limbs increase the design and actuation
complexity. Additionally, speedier gaits demand fewer limb-
ground contacts. Consequently, with fewer limbs (4 instead
of 6), there is a need for stronger legs to support the body
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weight. Nevertheless, most of the soft limbs proposed to date
are found to be excessively pliant [7].

Soft limb deformation can be active or passive. Passively
actuated soft limbs however reduce the effective DoF of
the robot resulting in low dexterity. Actively bending soft
limbs helps achieve dynamically-stable high-speed locomo-
tion. Further, it enables squeezing through narrow spaces and
obtain better locomotion maneuverability than passive limbs.
However, to date, active bending soft-limbed robots have
not resulted in meaningful dynamic gaits primarily due to
inadequate structural strength of limbs [8].

A. Related Work

Soft mobile robots with various locomotion capabilities
have been proposed [9]. This section categorizes the existing
work into different types of soft-limbed robots, highlighting
their achievements and limitations within the context of our
proposed system.

Soft-limbed hexapods have garnered attention due to their
statically stable locomotion. Suzumori et al. [10] pioneered
pneumatically-actuated hexapods capable of omnidirectional
mobility. Liu and Karydis [11] advanced this field by devel-
oping hexapods that could navigate rough and steep terrains.
Li et al. [12] introduced untethered meter-scale soft hexapodal
co-robots, and Hase et al. [13] utilized tetrahedral-shaped soft
limbs for locomotion, showcasing innovative design. These
studies highlight the versatility and adaptability of hexapods,
although achieving high speeds and efficient maneuverability
remains a challenge. Additionally, they suffer from design and
actuation complexity due to the higher number of limbs.

Soft-limbed tetrahedral robots such as those reported in [14],
[15], [16], and [17], achieved topple-free locomotion with
statically-stable crawling gaits. Despite their stability, these
robots were confined to low-speed gaits. The untethered soft
robotic dog developed by Li et al. [18], demonstrated high-
speed locomotion but struggled with turning maneuverability
due to its relatively large rigid body. The "HSABot" [19] auto-
mated gait generation but was limited to low-speed walking.
Similarly, soft bi-stable crawler [20] exhibited galloping but
had passive limbs, which resulted in low maneuverability.

Several approaches have focused on soft quadrupedal
robots. The cable-driven soft quadruped in [21] is capa-
ble of reaching targets while walking at low speed. The
tortoise-inspired soft-limbed robots in [22] and [23] and the
wheeler-leg soft-bodied robot in [24] were constrained to
crawling. Similarly, the soft quadruped in [25] can self-
amputate a limb when stuck but is limited to crawling.
Pneumatically actuated soft quadrupeds in [7] and [8] have
demonstrated multiple gait patterns, but the highly com-
pliant limbs often resulted in slow locomotion and low
efficiency. The untethered soft quadrupeds — "SQuad" [26]
and "Flexipod" [27] replicated multiple locomotion gaits but
lacked active bending and stiffness regulation capabilities due
to their passive soft limbs being actuated only at the body-limb
joints. The Gecko-inspired quadruped in [28] offered greater
flexibility in turning due to their soft bodies but was limited to
statically-stable gaits. Soft quadrupeds introduced in [29] and
[30] featured tendon-driven variable compliance limbs but had
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TABLE I
RECENT RESEARCH ON SOFT MULTI-LIMBED ROBOTS

Actuation Tethered? Limb  Dynamic Speed
method

Soft-limbed research compliance stability? [BL/s]

This quadruped, 2025 Pneumatic ~ Yes Active Yes 1.24

Tortoise-quadruped, 2025 [23]  Pneumatic  Yes Active No 0.41
Tumbling robot, 2024 [16] Pneumatic  Yes Active No 0.65
Modular quadruped, 2024 [33] Pneumatic Yes Active No 0.21
Honeycomb robot, 2024 [34] Pneumatic Yes Active No 0.19
"Turbot" quadruped, 2024 [32]  Electric No Active No 0.62
Self-amputating robot, 2024 [25] Pneumatic ~ Yes Active No 0.11
Origami Quadruped, 2024 [30]  Electric Yes Active No 0.28
Soft robotic dog, 2023 [18] Electric No Active Yes 0.97
"HSABot" quadruped, 2023 [19] Electric No Active No 0.04
Compliant crawler, 2023 [20] Electric No Passive Yes 1.56
Wheeler-legs robot, 2023 [24]  Pneumatic ~ Yes Passive No 0.42
"Tetraflex" robot, 2023 [17] Pneumatic  Yes Active No 0.15
TSA hexapod, 2022 [13] Pneumatic Yes Active No 0.20
"BASR" quadruped, 2022 [22] Pneumatic Yes Active No 0.97
Tendon quadruped, 2022 [40] Electric No Active No 0.44
"Flexipod" quadruped, 2021 [27] Electric No Passive Yes 2.50
"OPARO" quadruped, 2021 [31] Pneumatic No Active No 0.11
Electronic-free robot, 2021 [37] Pneumatic Yes Active No 0.09

limited workspace, affecting the variety of achievable gaits and
speed. Similarly, soft quadrupeds in [31], [32], [33], and [34]
have limited DoF limbs, resulting in statically-stable gaits at
lower speeds and reduced maneuverability.

The shape memory alloy (SMA) actuated multi-limbed soft
robot in [35] were constrained to low-speed crawling and
statically-stable walking. The soft lithography-based multi-gait
quadruped in [36] demonstrated crawling and undulation at
low speeds. Furthermore, the soft quadruped in [37] featured
limbs anchored to a central point on the body, leading to
diminished stability during locomotion, while the quadruped
in [38] showcased crawling and trotting locomotion, but its
rigid body led to poor turning maneuverability. Our previous
work [39] proposed a pneumatically actuated soft quadruped
which was limited to statically stable crawling gaits.

To address the above limitations of the state-of-the-art, we
extend the work [39] to investigate dynamically-stable trotting
locomotion of soft quadrupeds. Table I compares the proposed
work of this manuscript against most related soft-limbed
robots in terms of various design aspects and locomotion
capabilities. Note, to date, no soft-limbed robot that achieves
dynamically stable locomotion at a speed higher than 1 body
length per second (BL/s) using actively bending soft limbs
has been proposed.

B. Contributions

The major contribution of this work is demonstrating an
application of a physics-enabled modeling environment to
optimize the gait parameters for feasible trotting locomotion
in soft quadrupeds. A summary of our specific technical
contributions is listed below.

i. Parameterize a fundamental limb motion using soft limb
kinematics and derive jointspace trajectories for the
trotting gait of soft quadrupeds.

ii. Develop an accurate real-time dynamic model of the
soft quadruped in the PyBullet physics environment. The
primary goal is to ensure realistic dynamic simulations



14564

24 cm TOR

1. Front Right
Limb (FR)

2. FrontlLeft Y
Limb (FL)

5. Body (B) 4

4. Back Right
Limb (BR)

3. Back Left
Limb (BL)

Fig. 1. Quadruped prototype in (A) unactuated and (B) locomotion poses.

TABLE 11
QUADRUPED PROTOTYPE SPECIFICATIONS

Item Detail

Soft limb Initial length, L =24 c¢m

(Fig. 20) Radius, r =2 cm
Bending ceilings, ¢; = [0,180°]
Bending stiffness at 325 kPa, K, = 1.18 Nmrad™!
Damping coefficient at 325 kPa, K, = 730 Nm™!
Mass, m = 0.15 kg

Quadruped  Body length, Ly =32 cm

(Fig. 1A) Body width, Wy =54 cm

Body height, h =4 cm
Mass (without pressure supply tubes), M = 0.85 kg

under dynamic characteristics such as gravity, damping,
stiffness, friction, etc.

iii. Optimize and validate trotting locomotion trajectories on
the physics engine-based quadruped model. The opti-
mization occurs within the simulation model, demon-
strating the feasibility and effectiveness of dynamically
stable locomotion of the soft robotic quadruped with
actively bending soft limbs.

iv. Validate the locomotion trajectories on the quadruped
prototype based on optimized gait parameters of the
physics-based model. We compare the performance of
the robot prototype against the simulation model to
demonstrate how closely the behavior of the physical
robot aligns with the simulation model. To date, this is
among the fastest tethered/untethered soft-limbed robot
that demonstrates dynamically stable locomotion using
actively bending soft limbs (refer to Table I).

v. Evaluate and compare the energy efficiency of trotting
and crawling locomotion gaits. The energy consumption
data shows that trotting is an energy-efficient mode of
locomotion than previously reported crawling locomo-
tion of the same quadruped [39].

II. SYSTEM MODEL
A. Quadruped Design

The quadruped shown in Fig. 1 is assembled using five
identical soft modules, identified as Front Right (FR), Front
Left (FL), Body (B), Back Left (BL), and Back Right (BR)

IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL. 22, 2025
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Fig. 2. Soft limb and its design elements: (A) a cross-section of Pneumatic
Muscle Actuator (PMA), (B) PMA placement within the cable carrier (Igus
Triflex TRL-40), (C) 3D-printed units: I - limb coupler, II - mounting base,
III - PMA clamp, IV - connector cap, V - limb tip cap.

limbs. A soft module mainly consists of a rigid, chain-link
backbone and pneumatic muscle actuators (PMAs). PMAs
are made of silicone tubes, union fittings and cable sleeves
(Fig. 2A). To improve the actuation bandwidth a smaller-
diameter silicone tube (11 mm internal diameter) is chosen.
Three PMAs are placed inside an inextensible multi-axis cable
carrier (i.e., backbone — Fig. 2B). PMAs are firmly fixed to
either end of the backbone using 3D-printed parts highlighted
in Fig. 2C. Fabrication details of PMAs and soft modules are
given in [41]. This hybrid design, incorporating both stiff and
soft materials, enhances the achievable stiffness range while
decoupling stiffness and pose control, thus preserving inherent
compliance and improving structural strength [42], [43], [44],
[45]. This is essential for supporting the weight of the robot
when replicating dynamically-stable gaits. The assembling
details of the quadruped are given in [39]. We opted for a
symmetric planar limb arrangement (Fig. 1A) to utilize the
optimal workspace of soft limbs. Table II summarizes the
physical details of the unactuated robot.

B. Soft Limb Kinematics

Without loss of generality, consider any j-th soft module
or limb where j € {1,2,3,4,5}. The origin of the coordinate
frame, {O;} is fixed at the center of the base plate of j-th limb
and a PMA is overlapped with the +X;-axis as shown in Fig.
3A. The amount of pressure applied to any i-th PMA — i €
{1,2, 3} — during operation causes change of length /; € R (i.e.,
joint variable). Assuming constant curvature deformation, the
limb bending can be defined by curve parameters; orientation
angle, —m < 6; < m and the bending angle, 0 < ¢; < 7 [46].
Upon bending, the length of the i-th PMA can be expressed as
L+ 1j;, where L denotes the PMA’s length when unactuated.
Curve parameters and PMA lengths in Fig. 3A can be related
to each other as given in [47] as

Ltli={f-reos(¥i-D-0)} e (1)
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Base plate

Fig. 3. Schematics of: (A) j-th soft limb illustrating curve parameters and
pneumatic pressure forces exerted on the base plate, (B) quadruped.

The results in (1), can be utilized to obtain joint variable,
lj,', as
lji=—r¢pjcos (F(i—-1)-06;). 2)

The inextensible nature of the limb due to the backbone
results in the kinematic constraint, {j; + [jp + ;3 = 0 [41].
Applying this kinematic constraint to (1), curve parameters
can be derived in terms of two independent joint variables in
the simplified form as

¢ = 5 G + s + Ll (3a)
6; = arctan {(ljg —1p), \/g(lﬂ + lj3)} . (3b)

As detailed in [47], the complete homogeneous transforma-
tion matrix (HTM) of a j-th limb, T; € S E(3) is given by

T;(q.) = Rz (6) Px (£) Ry (é67) Px (—£ ) Rz (-6))

[R i(q.9p;(q, §)]

4
01x3 1 @)

where g = [0; ¢ j]T, and & € [0 1], determine a spatial point
along the centerline of the limb. R; and p; denote homoge-
neous rotation and position matrices, respectively. From p;,
the limb spatial location can be mapped to curve parameters
as

=)o @) (1-eon ). (5
yj=L¢; sm( ){l—cos(fqﬁj)}, (5b)
zj= L¢j sin (é¢;) . (50)

Utilizing (5), the inverse kinematics of the soft limb can be
obtained as presented in [39] as

6; = arctan (y;, x;) , (62)
o [1-cos(¢))] =1 /%] +7. (6b)
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C. Soft Limb Kinetostatics

Refer to the force, Fj;, exerted on the base plate due to the
distributed pneumatic pressure, Pj; of PMAs, as depicted in
Fig. 3B. An imbalance in pressure across PMAs generates a
force disparity, leading to a net torque at the tip relative to
{0}, inducing the bending of the limb. Following standard
sign convention, the X,Y,Z components of the torque M,
generated by each Fj;, can be written as

Mjilx = OF i + rFpsin (%) — rF3sin (%), (7Ta)
Mjly = —erl +rFpcos (%) +rFjcos (%),  (7b)
M;lz = (7¢)

Assuming a uniform cross-sectional area Aj exists in each
PMA, then Fj; = P;; Aj; and, (5) can be further deduced as

\F jil’
Mlx = 3?‘ (Pp—Pj), (8a)
Mjily = A#ir (=2Pji + P + Pj3). (8b)

Utilizing results in (8), the net bending torque which incor-
porates pneumatic actuation pressures, is expressed by (9),
where K, represents the bending stiffness.

2 2

M ilne: = \/(Mji|x) + (Mjily)" = Kp;. 9

The result in (9) is applied to actuate the soft limb simu-

lation model in Sec. IV-B and subsequently map its behavior
with the soft limb prototype.

D. Complete Kinematics of the Quadruped

The complete kinematic model of the quadruped (i.e., the
soft limbs) relative to the robot coordinate frame, {Og} is given
as in [39] as

Trimp, (g,6) = RX (2)Rz (<2) Tt (¢, 8), (10a)
TLimb, (4.€) = Ry (=5) Rz (§) Tini (4. 6) , (10b)
Trimbs (4, €) = Ry (=) Rz () Tinir (¢, ), (10c)
Trimbs (4, €) = Trimps Rx (%) Rz (%) Tinie (¢,6),  (10d)
Trimby (4, €) = Trimps Rx (2) Rz (%) Tinir (,6). (10e)

where T;,; (g, &) is the HTM of the initial limb given in (4).

When the robot is moving, {Og} is defined as a floating-base
frame relative to a global coordinate frame, {O} (refer Fig. 3B)
as shown in [39] as

Tb(Qb) _ |:RSI(:]3b) P» §Qb)i| ’ (11
Trimb, (@60 &) = T (@) Trims, (9)-€) - (12)

Here, g, = [a, B, v, Xp, Vb, 25] denotes global transformation
parameters with [, B, y] and [xp, yp, zp] are angle and
translation offsets between {O} and {Og} frames, respectively.
The complete kinematic model is used to obtain kinematic
and dynamic simulations of the proposed locomotion gaits in
subsequent sections.
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TABLE III
TERMINOLOGY FOR GENERATING LOCOMOTION TRAJECTORIES

Symbol Definition

p Trajectory stride radius

) Stance angle

{x0,50} Trajectory origin relative to the limb origin

X4 X distance to the trajectory origin from the limb origin
d Z distance to the trajectory origin from the limb origin
dy Z distance to the ground spread from the limb origin
s Ground spread

tg Stance time period

T Trajectory period

f Limb actuation frequency

U Swing angle at time, ¢

D Duty cycle

Wy Phase shift in diagonally opposite limb pairs

wrg,®F;  Phase shift of front right and left limbs

WpR, OpL, Phase shift of back right and left limbs

At Time shift between diagonal limb pairs

k Scalar that relates Az into 7 and

Po,PI Trajectory radii of outer and inner limbs while turning
Ao,Ap Outer and inner turn curve lengths

S0, SI Ground spreads of outer and inner limbs

PFL, PFR Trajectory radii of front left and right limbs

PBL, PBR Trajectory radii of back left and right limbs

OB Robot’s body bending while turning
do,d; Horizontal distance to ground spreads of outer and inner
limbs from the corresponding limb origin

{0j}e

Y;

Robot body

““““““ Swing
+ spread Swing phase
Trajectory X0, Yo
profile p_<3 Y,
/ 0
‘ t AL p
' Xi, Vi Stance
Ground i i phhse
wpp=0 spread
BR P Ground t=t, +—t=0
level ’ t=t1
Xo

Fig. 4. Definitions of fundamental limb trajectory.

III. GENERATE TROTTING LOCOMOTION TRAJECTORY

A. Parameterize Fundamental Limb Motion

Without loss of generality, we derive a fundamental limb
trajectory for one limb and, with appropriate phase shifts,
apply to other limbs to generate quadrupedal locomotion.
For clarity in the upcoming derivations, please refer to the
notations outlined in Table III.

Herein, we consider that the limb heel follows the funda-
mental trajectory profile shown in Fig. 4. It is formed by a
circular arc with a radius, p (swing phase) and a chord drawn
at an angular offset, £¢ € [0, =] from the +Xj axis of the
trajectory (stance phase). We position the trajectory origin,
{x0, yo} at {x4, 0, d} relative to the limb’s origin at O;. Referring
to notations in Fig. 4, the trajectory starts at time, r = 0 from
the angular offset, +¢ and follows a clockwise direction with
a period 7. The limb heel traces stance and swing phases at
a uniform angular speed at time intervals, 0 < ¢ < #; and
ty <t < 71, respectively. Herein, #; defines the time period of

IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL. 22, 2025

the stance. The X — Y projection of the taskspace of any j-th
limb at time, ¢ relative to {O;} can be obtained as

X0 + pcos(p), 0<t<t,
Xj = (13)
Xo+pcos(p+1), t;<t<Tt
+ (1 2t) in(p), 0<r<t
Yo - — | psm(yp), < s
V= Is (14)
Yo — psin(p + 1), L<t<Tt

where 9 is the swing angle at time,  measured from 7 = ¢, in
the clockwise direction during 7, <t < 7.

The Z — component of the trajectory taskspace, z; relative
to the coordinate frame of the limb is given by (5c). However,
given the limited kinematic DoFs of a soft limb, only the X, Y
— components can be solved [39]. Hence we disregard the Z —
component. The duty cycle, D, between the stance and swing
phases can be defined as

Iy

D=—.
T

15)
Considering uniform angular speed, ¥ can be deduced as
t
#=2r(2-D).
T

Further, ground spread, s can be related to the trajectory
stride radius, p as

(16)

s = 2psin(ep). (17

We discretize the limb taskspace trajectory, (x;,y;) into
uniformly distributed 100 points within [0, 7] corresponding
to the limb tip movement in Fig. 4. The taskspace is then
transformed to a 100-point trajectory of curve parameters, (6;,
¢;) utilizing the inverse kinematics given in (6). Subsequently,
we apply (1) to transform (6, ¢;) into joint variables, ;. We
use identical limb trajectories at each limb and actuate respec-
tive joint variables to achieve locomotion in the quadruped as
described in Sec. III-B.

B. Generate Straight Trotting Locomotion

Trotting is a fast two-beat gait where diagonal limb pairs
are lifted and struck the ground at 7 rad phase shift between
each beat [48]. We achieve straight trotting locomotion by
replicating the limb trajectory obtained in Sec. III-A with
phase shifts, wpg = wpr, = wg = m in FR, BL limbs and
wpr = wpg = 0 in FL, BR limbs (Fig. 4). Accordingly,
taskspaces of FR and BL limbs in (13) and (14) are modified
as

X0 + pcos(e + wy) 0<rt<ty,
13 = (18)
xXo+pcos(p+IF+wy) t;,<t<T,
2t
Yo+ (1——)psin(<,o+wd) 0<r<t,,
yi3 = N (19)

Yo — psin(ep + 7 + wy) L <t<T.

In order to maintain stability, we ensure that at least one
diagonal limb pair is always at the stance phase, i.e., on ground
during the stance-swing transition in a trajectory cycle. We
achieve this by introducing a time shift, Az such that t; = #,4At¢
letting a diagonal limb pair to initiate its limb trajectory with a
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><0.08
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3T[S]4
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Fig. 5. Trajectory outputs: (A) X —Y — Z taskspace, (B) curve parameters
and, (C) joint variables of four limbs relative to individual coordinate frames
of limbs, {O;} at Xy =10 cm, p=6 cm, D=0.2, 1 =4 5, and At = 1.34 s.

time delay relative to the other one. Note that, At depends on
the limb actuation frequency, f (or trajectory period, 7 = 1/f)
and stance period, #;. Accordingly, to satisfy above ground
contact requirement, we compute At as

At = 1(k - D). (20)

where k (> D) is a scalar that relates Ar into 7 and D based
on limb trajectories of diagonal limb pairs.

During straight locomotion, the robot body is maintained at
straight mode (i.e., 6g = ¢p = 0) all the time. Figure 5 shows
trajectory outputs (A — taskspace, B — curve parameters, and
C — joint variables) of limbs in relation to their origins with
X, =10cem, p=6cm D =02, =45 (f =025 Hy),
and Ar = 1.34 5. We verify the proposed locomotion trajectory
through kinematic simulations performed in MATLAB. Please
refer to Movie 01 of the accompanying multimedia file to see
them.

C. Generate Turning Locomotion

For a given turn radius and a turn direction, we assume
that the range of motion of a limb on the ground (i.e., ground
spread) follows a turn curve as depicted in the rightward turn
in Fig. 6A. The turning herein can be analogized to turning
a four-wheeled automobile. Therein, inner and outer wheels
follow turn curves with different radii. Since inner wheels
follow a smaller turn curve, they make a tighter turn than outer
wheels. We can replicate this phenomenon in the quadruped
by giving different ground spreads for left and right limbs
according to the desired turn direction and the turn radius.
Note that, the ground spread, s is proportional to the trajectory
stride radius, p as given in (17). Accordingly, in Fig. 6A, when
trajectory radii of outer (or left) limbs are larger than the
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Fig. 6. (A) Modelling turning locomotion (rightward turn), (B) quadruped
rightward turn with body bending and differential limb strides, (C) change in
horizontal limb heel distance relative to {O;} according to differential limb
strides.

inner (or right) limbs (i.e., po > p; with ppo = prL = ppL
and p; = prr = pBr), the robot moves in a rightward angular
trajectory. Conversely, when the inner limb radii are larger,
the robot turns leftward. When turning, we adjust the spatial
deformation of the robot body, ¢ and 65 = :I:’ET, to match the
turn angle. It prevents the robot from slipping sideways.

Figure 6B spatially visualizes the aforementioned turning
philosophy. The horizontal limb heel distance or distance to the
ground spread relative to the corresponding body coordinate
frame, {O;} (i.e., dp or d; in Figs. 6A and 6B) can be found
from the trajectory taskspace, z; (i.e., dg in Fig. 5A) during
the stance interval. For subsequent derivations, consider the
notations in Fig. 6A. For known dy,d; and the desired turn
radius, A(> do, d;), the ratio between outer and inner turn curve
lengths can be derived as

Ao A+do
Ay A-d;

2y

By accounting ground spreads of outer limbs, sy and inner
limbs, sy, the length ratio between P—Q and V—W turn curves
can be expressed as

Ao—so _A+do
A]—S[ a /l—d]'

Results in (17), (21), and (22) relate the robot turn curve
lengths to stride radii of two sides as

(22)

4o _ po

. 23
A pr (23)

Utilizing results in (21) and (23), we adjust the trajectory
stride radii of two sides as

_ A+do
po=\T1aq )P

(24)
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Additionally, the robot’s body bending, ¢ can be adjusted

L

¢B=I~

Figure 6C shows the variation of the horizontal limb heel
distance relative to {O;} based on different trajectory strides
(00, pr) of outer and inner limbs. We obtained those results
by applying a turning radius, 4 = 40 cm with X; = 10 cm,
D =02, p;=4cm,and 7 =4 s (f = 0.25 Hz). Utilizing
(24) and (25), we found pp = 6 cm and ¢p = 37.2°,
respectively.

as
(25)

IV. SOFT QUADRUPED DYNAMIC MODEL

In trotting, diagonal pairs of limbs touch the ground alter-
nately, which contributes to dynamic stability. Additionally,
there exists a brief moment when all four limbs may simultane-
ously contact the ground, especially at lower speeds, providing
a transition phase for increased stability. To facilitate the
described movements, the robot needs to generate adequate
momentum in the direction of motion [48]. This requirement
should be rigorously evaluated under dynamic conditions to
ensure optimal performance. The inherent hysteresis and non-
linearity of PMAs pose challenges in deriving gait trajectories
for generating the required momentum, particularly within the
constrained bandwidth of PMAs. Thus, an empirical approach
becomes necessary. Implementing such an empirical approach
directly on the physical robot is impractical due to the vast
search space resulting from numerous parameters influencing
its stability. In this context, we present the development of a
comprehensive, physics-based real-time quadruped simulation
model. This model allows us to optimize the parameterized
trajectories to identify viable trajectories for subsequent testing
on the actual robot proposed in Sec. III.

A. PyBullet Physics Engine

We employ PyBullet to develop a physics-enabled dynamic
simulation model for the quadruped [49]. Serving as a Python
wrapper for the popular Bullet physics engine [50], PyBullet
facilitates the efficient simulation of rigid body dynamics,
encompassing collisions, kinematic/dynamic constraints, fric-
tion, gravity, and other physics-based interactions. While
PyBullet includes soft body modeling, its support is limited
to simulations involving passive soft bodies, such as clothes,
rubber, and foam [51]. Consequently, the development of a
dynamic model for the quadruped with actively deforming
soft limbs is not yet supported. However, previous studies
have demonstrated that, with adequate discretization, lumped
mass approaches offer a viable means to approximate actively
deforming soft-bodied systems with sufficient accuracy [52],
[53], [54]. Observing the use of mass-spring-damper approach
in PyBullet to model soft bodies, we adopt a similar strategy
to approximate a soft limb using rigid bodies for enhanced
computational efficiency.

B. Soft Limb and Quadruped Dynamic Models

To model the soft limb, we adopt the discretization approach
described in [52], approximating the limb as a series of
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Fig. 7. A) Soft limb PyBullet model, B) quadruped PyBullet model.

8 identical, equispaced discrete discs connected by revolute
joints, as shown in Fig. 7A. The choice of 8 discs was
informed by iterative testing, demonstrating that this number
is sufficient to capture key characteristics of the physical
limb prototype, such as the maximum bending angle, while
balancing deformation fidelity and computational cost. The
simulation model’s physical and mechanical parameters such
as mass, moment of inertia, stiffness, and damping, were
tuned to match the behavior of the limb prototype. These
parameters, detailed in Table II, were experimentally identified
using a procedure outlined in our previous work [42]. We
generate the XML-based URDF (Unified Robot Description
Format) file for the discrete equivalent model which is then
replicated, assembled in the quadrupedal configuration, and
used within PyBullet dynamic simulation environment. We
use two fixed joints to anchor four limbs to the body and
assemble the quadruped PyBullet model shown in Fig. 7B.
The limb trajectories that were implemented in MATLAB in
Sec. III are imported to Python with the help of the MATLAB
Engine API for Python [55].

For given curve parameters (6;,¢; in Sec. II), the two
revolute joints are actuated via the position control mode in
a sequential manner to manipulate the limb. In calculating
¢;, the bending torque defined in (9) is uniformly distributed
across all revolute joints. In position control mode, PyBullet
automatically computes and applies the relevant directional
torque linked with 6; to the revolute joints.

C. Optimize and Validate Trotting Locomotion Trajectories
for Dynamic Stability

In this section, we iteratively test various locomotion param-
eters to identify dynamically stable trotting gaits. Note that
the optimization is aimed at achieving stability in locomotion
rather than efficiency.

We first characterized the PyButllet soft limb model to
match the dynamic response of the soft limb prototype for
the fundamental limb trajectory (Fig. 4) proposed in Sec. III.
The testing procedure is outlined in Sec. V-B. Actuating
pressure trajectories of the limb prototype are mapped to the
bending torques applied in the limb simulation model using
(9). We iteratively modified the bending stiffness and damping
coefficients of the PyBullet limb dynamic model to optimize
the dynamic trajectory tracking of the limb prototype. The
resulting trajectories are shown in Fig. 8D. Next, we apply
different combinations of stride radius (p), duty cycle (D),
position of the trajectory origin relative to limb base (x;), limb
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Fig. 8. (A) Block diagram and (B) components illustrating the actuation setup for the quadruped prototype. (C) Experimental setup for testing fundamental

limb trajectory. (D) Recorded trajectory profiles of a soft limb prototype.

TABLE IV
GAIT PARAMETER GRID FOR PYBULLET SIMULATIONS

pleml D x4[ecm] f[Hz Arls]
4.0 0.1 7.0 0.25 1.67
5.0 0.2 8.0 0.35 0.95
6.0 0.3 9.0 0.50 0.67
7.0 0.4 10.0 0.65 0.51
8.0 0.5 11.0 0.80 0.42
9.0 0.95
10.0 1.25

actuation frequency (f = 1/t Hz), and time delay between
diagonal limb pairs (Af) derived in Sec. III, to obtain stable
locomotion in the PyBullet quadruped dynamic model.

We set the friction coefficients of the simulation environ-
ment floor as, p, = u, = 0.6. They approximately match the
friction coefficients of the actual floor (experimentally found
in our previous work [56]), where the quadruped prototype
will be tested. Based on the characterization and operating
bandwidth of the soft limbs, we determined the testing range
of the gait parameters as, p € [4,10] cm, D € [0.1,0.5],
xq € [7,11] cm, and f € [0.25,1.25] Hz. For the above
parameters, from (20), the testing range of Ar was computed as
At € [0.42,1.67] s. We uniformly discretized each range and
built the parameter grid shown in Table IV. Subsequently, we
tested trotting performance via the quadruped dynamic model
developed in Sec. IV-B for each parameter combination. The
model started trotting approximately at p = 6 ¢cm, D = 0.1,
xg =8 cm, f =0.65 Hz, and Ar = 0.51 s. We observed that
the robot tends to slip at the specified friction. Hence, friction
coefficients were slightly (approximately 8%) increased to
improve the stability. A 8% increase in the friction coefficients
could be a reasoned choice based on the need for a slight

improvement in stability without significantly departing from
realistic conditions.

This simulation study revealed that low limb actuation
frequencies (0.25 < f < 0.65 Hz) led to unsuccessful trotting
locomotion attempts. However, stability was maintained at a
critical threshold of f = 0.65 Hz and beyond. The under-
lying cause for this behavior is the inadequacy of low limb
actuation rates in generating the requisite forward momentum
essential for sustaining dynamic stability during movement.
We also noted that higher values of x; (approximately 10 cm)
contributed to improved trotting stability. This improvement
stems from the effect of elevated x; values causing limbs to
pivot closer to the robot body, effectively redistributing mass
and lowering both angular momentum and resultant torque
generated by limb-ground reaction forces. This optimization
aids in accurately tracking the gait trajectory while adhering
to the assumption of constant curvature for limb bending. Con-
versely, lower values of x; prompt a transition from trotting
to crawling, as the limb tip extends farther from the robot
body, aligning the trajectory origin (xo,yo) horizontally with
the limb origin (O;). Notably, the success of quadruped trotting
was constrained within narrower margins of D (0.1 < D < 0.3)
and At (0.42 < At < 0.67 s) due to their significant distortions
of the original limb trajectory.

Top margins of p (> 10 ¢m) and x; (> 11 cm) failed the
trajectory generation (i.e., inverse kinematics failed) since they
try to actuate the limb beyond its workspace. Table V gives the
identified margins of each gait parameter that generated stable
locomotion. Utilizing those optimized parameter margins, we
tested the PyBullet dynamic model for turning trajectories
proposed in Sec. III-C. Figures 9A and 11A show successive
simulation frames of straight locomotion and turning, respec-
tively. The complete PyBullet simulations are included in our
multimedia file (Refer to Movie 02).
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Fig. 10. Testing the quadruped prototype on various terrains: (A) inclined surface, (B) cluttered terrain (fabric with underlying obstacles), and (C) naturalistic

uneven terrain (with sand, pebbles, and grass).

V. EXPERIMENTAL VALIDATION
A. Experimental Setup

The block diagram and hardware components of the experi-
mental setup configured for the quadruped actuation are shown
in Figs. 8A and 8B, respectively. A compressor with a constant
pressure output of 800 kPa serves as the pressure supplier.
Air pressure to each PMA of the soft limbs is controlled
through a digital pressure regulator (ITV3050-31F3N3, SMC
USA). The air inlet to the 15-unit pressure regulator assembly
— corresponding to 15 PMAs in 4 limbs and the body — is
monitored using serially coupled pressure and flow sensors.
Input pressure commands to regulators are provided as voltage
signals in the range 0 — 10 V via an analog output data acqui-
sition card (6703 PCI, NI USA) interfaced with a MATLAB
Simulink Desktop Real-Time model. To actuate soft limbs and
enable locomotion, joint variables (i.e., length trajectories such
as those appeared in Fig. 5C) were converted into pressure
trajectories and input via the pressure regulators in Fig. 8B.
We employed the length-pressure mapping described in [39]
to obtain pressure trajectories.

B. Test Fundamental Trajectory on a Limb Prototype

The limb trajectory introduced in Fig. 4 underwent exper-
imental testing using the setup depicted in Fig. 8C. Initially,
curve parameters (6;, ¢;) and joint variables (/;;) were com-
puted in accordance with the desired fundamental trajectory
parameters (o = 8 cm, D = 0.2, and x; = 10 c¢m), following
the methodology outlined in Section III. Subsequently, the

TABLE V
OPTIMIZED GAIT PARAMETERS THROUGH PYBULLET SIMULATIONS

Gait parameter Optimized region

Trajectory stride radius, p 4—-8cm
Duty cycle, D 0.1-0.3
Distance to the trajectory origin, x4 8—10 cm
Limb actuation frequency, f =1/t 0.65—-1.0 Hz
Time delay between diagonal limb pairs, Az 0.42—-0.67 s

kinematic model in (4) was employed with 6; and ¢; inputs to
numerically derive the desired limb tip position {x;,y;}. This
calculated trajectory was then transformed into pressure trajec-
tories at the pressure ceiling of 300 kPa. The limb prototype
shown in Fig. 8C was cyclically actuated at low, mid, and high
frequency ranges (f = {0.25,0.75,1.25} Hz) independently
over a duration of 20 s. During each actuation cycle, a motion
tracker (6-DoF electromagnetic tracker, Polhemus G4 USA)
recorded the spatial position of the limb tip {x;,y;} relative to
the limb’ s origin. Fig. 8D showcases a comparison between
numerically obtained and experimentally recorded limb tip
positions. The observations indicate that the recorded limb
trajectory closely aligns with the desired trajectory at low
frequencies (f < 0.25 Hz), undergoes contraction into smaller
profiles at mid frequencies (0.25 Hz < f < 1.00 Hz), and
experiences distortion at high frequencies (f > 1.00 Hz). This
distortion arises due to the phenomenon where rapid pressure
changes lead to incomplete limb deformation. Additionally, it



ARACHCHIGE et al.: EFFICIENT TROTTING OF SOFT ROBOTIC QUADRUPEDS

Os 3s

(A)

14571

6s 10s

TR

Fig. 11. Rightward turn at p;,po = 4,6 cm, and body bending, ¢ = 37.2° in (A) PyBullet simulation model, (B) quadruped prototype. Herein, trajectory

parameters; D, x4, f, and At unchanged from straight motion.

is worth noting that the employed kinematic model does not
encompass factors such as deadzones, hysteresis, and gravity,
which are associated with the behavior of the limb prototype.
Consequently, the irregularities observed in the trajectory
within Fig. 8D are to be expected across all instances.

C. Validate Straight Locomotion on the Quadruped
Prototype

We used the optimized trajectory parameters in Table V
as the baseline for the quadruped prototype testing. The
quadruped was actuated for 10 s on a carpeted floor (see
Fig. 9B). We initiated the locomotion in an unactuated pose
where the quadruped is hanging at a certain distance above
the ground. We used pressure supply tubes — bundled at the
geometric center of the quadruped — to lift and keep the
quadruped off the ground at the beginning. This pose ensures
that the quadruped gained the initial stance force before
locomoting, thereby facilitating stable and consistent ground
contact across all limbs. It aids in stabilizing the quadruped’
s initial posture, minimizing the risk of undesired slipping or
misalignment during the transition to active movement. We
estimated the desired hanging distance with the help of the
limb trajectory given in Fig. 4. Therein, the hanging distance
equals to the ground distance, x; = x4 + p cos(¢) measured
along the +X; axis relative to the limb’ s origin at O;.
During locomotion, the pressure supply tube bundle is released
and freely guided without impeding the robot movement (see
experimental videos—Movie 03).

The testing was initiated at the lower ceiling of parameters
listed in Table V and the pressure ceiling of p = 300 kPa.
Different combinations of trajectory parameters within their
optimized regions and pressure ceilings were applied until
the quadruped attained its steady locomotion. During straight
movements, the quadruped body is kept at straight by sup-
plying identical pressure ceilings onto its 3 PMAs. The best
stable trotting locomotion was observed at p = 6 cm, D = 0.2,
xg =10 em, f = 0.80 Hz, At = 042 5 and p = 325 kPa.
Figure 9B shows its progression. Complete videos of several
experimental trials are included in the multimedia file (Refer
to Movies 03). The selection of the pressure ceiling relies
on factors such as the characteristics of individually tailored
PMAs, the entirety of the quadruped structure including the
length of air supply tubes, limb actuating frequency, and so

TABLE VI
PERFORMANCE OF STRAIGHT LOCOMOTION

Model Speed [cm/s]
Quadruped PyBullet model 44.4
Quadruped prototype 39.8
Error [%] 10.3

forth. We found that a low-pressure ceiling (< 300 kPa)
onto PMAs cannot provide adequate limb stiffness that can
make the quadruped move while bearing its own weight. On
the contrary, a high-pressure ceiling (> 350 kPa) generated
unexpected jerks due to over-stiffed limbs resulting in unsteady
locomotion. The quadruped could not produce stable locomo-
tion at the limb actuation frequency, 0.65 Hz recommended by
PyBullet dynamic model due to inadequate forward momen-
tum. Additionally, actuation frequencies above 1 Hz (i.e.,
during high-speed maneuvers) led to unstable movements,
such as wobbling, due to the creation of incomplete limb
trajectories. This instability arises because such frequencies
surpass the operational bandwidth of PMAs. Refer to Movie
05 of the multimedia file to witness the above failure scenarios.

Table VI shows the recorded locomotion speeds of the
PyBullet model and the quadruped prototype for straight
motion under identical trajectory parameters. We utilized video
feedback from front and overhead cameras, along with floor
geometry, to estimate the robot’s displacement on the X-
Y plane. This estimation was achieved by employing an
image projection method akin to the one described in [57].
According to the results in Table VI, the speed error between
the two models is less than 11 %. Overall, quadruped models
demonstrated fast locomotion gaits well.

Additionally, we expanded the robot prototype testing into
uneven and irregular terrains, as depicted by Fig. 10, including
slopes (inclination =40°), cluttered terrain (fabric with under-
lying obstacles), and naturalistic uneven terrain with obstacles
such as sand, pebbles, and grass by applying optimized gait
parameters from the PyBullet simulations. Our experimental
results (See Movie 04) confirm the robot’ s ability to locomote
under these varied uneven conditions.

D. Validate Turning

We tested the quadruped turning by applying proposed
turning trajectories in Sec. III-C within the optimized range
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TABLE VII
PERFORMANCE OF TURNING LOCOMOTION

Rightward turn Leftward turn
Turn radius [cm] Turn radius [cm]
40{50[60 40{50[60

Angular speed per turn radius [rad/ms]

Model

Quadruped PyBullet model | 2.36 | 1.64 | 1.16 | 2.27 | 1.57 | 1.11
Quadruped prototype 199 | 140 | 1.02 | 1.92 | 1.36 | 0.99
Error [%] 157 | 149 | 125 | 154 | 133 | 10.5

of trajectory parameters given in Table V. We initiated the
testing at the pressure ceiling, 325 kPa, and the actuating
frequency, 0.80 Hz since those gave stable locomotion for
the straight motion (Sec. V-C). The testing was repeated for
three amplitudes of turn radius (1 = {40,50,60} c¢m) and
leftward/rightward turn directions. During turning, we bend the
robot body to accommodate differential turn radii on inward
and outward limbs (Sec. III-C). It causes to increase in the
active DoF of the quadruped from 12 (straight motion) to 15
(turning). Because of that, the quadruped turning showed rel-
atively unsteady locomotion compared to its straight motion.
Figure 10B visualizes the progression of the rightward turning
at a turn radius, 40 cm and Table VII provides turning
performances. For every gait, the robot’ s angular speed in
relation to its turn radius was estimated using the method
described for straight motion in Sec. V-C. The results show
that the quadruped leverages its body bending to effectively
turn while moving similar to its counterpart, PyBullet model.
When the turn radius is low, the quadruped efficiently turned
recording a higher angular speed per turn radius.

E. Discussion and Limitations

Note that, even though the quadruped PyBullet model
showed locomotion stability within specific regions of trajec-
tory parameters at all times, the quadruped prototype did not
perform similarly due to its operational limitations and unac-
counted characteristics. Limb characteristics such as deadzone,
hysteresis of PMAs, etc. were not included in the soft limb
PyBullet model, but were inherently included in the soft limb
prototype. Additionally, pressure arrival onto PMAs is not
consistent since long pressure supply tubes cannot transmit
fast pressure changes in real-time.

There exists slight discrepancies between the dynamic
responses of the PyBullet dynamic model and the experimental
results of the robot prototype. For instance, the heel contact of
the PyBullet model appears as a point contact whereas, in the
robot prototype, it appears as distributed contact even though
the results closely agree with each other. This is owing to the
fact that soft robots (such as the soft limbs herein) can conform
to the environment to find stability. Further, soft robots have a
higher stability margin or error tolerance than the continuum
limbs modeled through rigid body approximations in PyBullet.
Because of such reasons, the robot prototype showed a slightly
higher oscillatory behavior in each trotting cycle than the
PyBullet model. These discrepancies are reflected by the error
margins recorded in Tables VI and VIIL.
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Testing on uneven terrains revealed that the quadruped’
s locomotion was less stable than on flat terrains. This
can be attributed to the application of optimized trajectory
parameters derived from flat terrain simulations to unstruc-
tured environments. PyBullet’ s limitations in simulating such
environments further compounded this issue. Such variations
in robot morphology or operational conditions necessitate pre-
cise parameter tuning to maintain stability and performance.
Implementing a closed-loop control system was identified as
a critical step for improving the maneuverability of model
parameters and preserving desired limb morphology under
dynamic conditions.

Prolonged actuator use revealed signs of fatigue, with soft
limbs detaching from the body due to fatigue failure at 3D-
printed joints. Furthermore, PMAs tend to develop air leaks
at the wrappings after extended operation. These failure cases
emphasize the need for designing more robust actuators. Addi-
tionally, preparing the quadruped framework for real-world
deployment requires achieving untethered operation through
onboard power and sensing, integrated with a feedback con-
trol system. This effort involves optimizing computational
pipelines, utilizing lightweight control algorithms, and improv-
ing sensor fusion techniques to ensure efficient and reliable
performance.

F. Estimate Energy Consumption

We examined the energy consumption during prototype
testing of the trotting locomotion and contrasted it with the
conventional crawling gait of the robot presented in our pre-
vious work [39] (refer to Movie 06 in the supplementary file).
When the robot is powered by pneumatic pressure, P;, [Nm™2],
and its volumetric air flow rate, V [m3s~!], the power output
of the pneumatic system can be computed as P;,V [W].
Consequently, the energy expended by the pneumatic system
(or the energy input to the robot), denoted as E, is determined
by (26), with ¢ representing the duration of robot actuation.

t
E = / P;,Vdt.
0

To gauge the input air pressure and volumetric flow rate, a
pressure sensor (PSE530-R07-L, SMC USA) and a flow sensor
(PEM711-C6-E-M, SMC USA) are connected in series at the
shared air inlet of pressure regulators as shown in Figs. 8A
and 8B. An analog input DAQ card (PCI-6255, NI USA) is
linked to the MATLAB Simulink desktop real-time model for
obtaining sensor data, which manifests as voltage signals.

First, we actuated the robot to trot over a fixed straight
distance of 3.0 m on flat terrain on flat terrain using the
optimized trajectory parameters, recording the pressure input,
air flow rate, and traverse time. Next, we repeated this proce-
dure on sloped and naturalistic irregular terrains. Subsequently,
we conducted the same experiment for trotting under vari-
ous combinations of non-optimized trajectory parameters, as
listed in column 2 of Table VIII, to investigate the effect of
trajectory optimization on energy consumption. Therein, we
isolated actuation frequency, f, and duty cycle, D, as vari-
able non-optimized trajectory parameters since their impact

(26)
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Fig. 12. Power output of the pneumatic system at phase gaits; (A) wg = 0, (B) wg = 7 and, (C) wy = 7 rad under different actuation frequencies for
crawling and optimized trotting gaits. (D) Power output of optimized and non-optimized trotting gaits on flat, sloped, and naturalistic irregular terrains. Here
“optimized” refers to the one that gives the most stable locomotion and “Non-optimized” refers to the ones that give unstable locomotion.

TABLE VIII
ENERGY ESTIMATION IN TROTTING GAITS

. Optimized/ Non-optimized Ener;
Trotting type b gait parametle):rs consumptiﬁi [KJ]
Trotting; [O] f=0.8 Hz, D=10.20 2.14
Trottingy [NO] f=08 Hz, D=0.15 2.23
Trottingz [NO] f=08 Hz, D=0.25 2.19
Trotting [NO] =09 Hz, D=0.20 2.49
Trottings [NO] f=0.7Hz, D=0.20 2.57
Trottingg [SL] f=08 Hz, D=0.20 2.89
Trotting; [IR] f=08 Hz, D=0.20 2.73

O - Optimized, NO - Non-optimized, SL - Sloped, IR - Irregular

TABLE IX
ENERGY ESTIMATION IN CRAWLING GAITS

Actuating Phase shift in crawling gait [rad]
frequency =0 [o=72] as=n
[Hz] Energy consumption [KJ]
0.50 3.89 4.40 5.70
0.75 3.46 3.80 4.75
1.00 3.85 4.34 5.47

was significant for stability based on simulation results in
Sec. IV-C.

Finally, we repeated the same step for crawling under iden-
tical conditions. The prior work in [39] demonstrated crawling
under 9 phase shifts (wq € {0,%,%,%,2, % 3% 3 7} rad)
between diagonal limb pairs and 3 actuation frequencies
(f €1{0.5,0.75, 1.0} Hz). In this work, for estimating the energy
consumption during crawling, we opted for lower, middle,
and upper bounds of w,; € {0,%Z,7} rad along with the
same actuation frequencies as representative boundary points.
Table IX gives the computed energy output under each crawl-
ing gait.

Figures 12A, 12B, and 12C depict the power outputs of
the pneumatic system (equivalent to the power input to the
robot) based on (26) for crawling and optimized trotting
gaits. Figure 12D compares the power output of optimized
(most stable) and non-optimized (unstable) trotting gaits on
flat, sloped, and naturalistic irregular terrains. When these

results are combined with the estimated energy consumption
in Table VIII, it is evident that both higher (f = 0.9 Hz) and
lower (f = 0.7 Hz) actuation frequencies cause higher energy
consumption compared to the optimized actuation frequency
(f = 0.8 Hz). The reason for this is that at lower actuation
rates, the robot spends more time covering a fixed distance,
resulting in prolonged operation of the pneumatic system.
Conversely, at higher rates, the trajectory becomes distorted,
making it difficult for the robot to cover the distance efficiently.

G. Analyze Locomotion Energy Efficiency

Figure 12 indicates that the robot dedicates a considerably
lower duration to covering the specified fixed distance via
trotting compared to crawling, regardless of the actuation
frequency or limb phase shift of the crawling. Consequently,
the data presented in Tables VIII and IX demonstrates that
trotting consistently records a reduced energy input to the
robot compared to crawling. The trotting has a smaller duty
cycle than crawling, hence its floor contacts are minimal.
Conversely, owing to the increased number of distributed floor
contacts, crawling demands a significant amount of energy
to overcome friction. We computed the energy efficiency of
trotting relative to crawling as

Ecrawling - Errotling

Emving[%] = x 100. 27

Ecrawling

Table X provides a summary of the energy efficiencies for
both optimized and non-optimized gaits across flat, sloped,
and naturalistic irregular terrains. The results demonstrate that
optimized trotting consistently saves the maximum percent-
age of energy compared to non-optimized conditions at all
times. Accordingly, the optimized-trotting approximately saves
energy, on average, 42 %, 48 %, and 59 % under phase
shifts, 0, m/2, and m, respectively. The data aligns with the
observation that the energy consumption of crawling increases
as the phase shift, wy rises from 0 to 7. The crawling reported
in [39] demonstrated that higher w, values lead to lower speeds
(see crawling videos in Movie 06). Therefore, because of the
prolonged operating time of the pneumatic system, higher
wg s have resulted in increased energy expenditure, thereby
contributing to higher energy savings in trotting. Additionally,
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TABLE X
ENERGY SAVING OF TROTTING AGAINST CRAWLING

Phase shift in crawling gait [rad]

w; =0 (J)d:ﬂ/z Wy =T

Trotting type Freq. [Hz] Freq. [Hz] Freq. [Hz]

0.50 [ 0.75 [ 1.00 | 0.50 [ 0.75 [ 1.00 | 0.50 [ 0.75 [ 1.00

Energy saving - Esaving [%J

Trotting; [O] [45.0|38.2|44.4|51.4|43.7]50.7|62.5|54.9 | 60.9
Trotting, [NO]J | 42.7 | 35.5 | 42.1 | 49.3 | 41.3 | 48.6 | 60.9 | 53.1 | 59.2
Trottingz [NOJ | 43.7 | 36.7 | 43.1 | 50.2 | 42.4 | 49.5 | 61.6 | 53.9 | 59.8
Trottingg [NOJ | 36.0 | 28.0 | 35.3 | 43.4 | 34.5 | 42.6 | 56.3 | 47.6 | 54.5
Trottings [NOJ | 33.9 | 25.7 | 33.2 | 41.6 | 32.4 | 40.8 | 54.9 | 45.9 | 53.0
Trottinge [SL] | 25.7 | 16.5 | 24.9 | 34.3 [ 23.9 | 33.4|49.3|39.2 |47.2
Trottingy [IR] |29.8 | 21.1 | 29.1 | 38.0 | 28.2 | 37.1 | 52.1 | 42.5 | 50.1

the quadruped consumes slightly more energy while trotting
on sloped and naturalistic irregular terrains compared to flat
terrain. This is because negotiating sloped or irregular surfaces
takes more time to cover the fixed distance, as evidenced by
the power consumption recorded in Fig. 12D.

We also conducted a comparative analysis of the energy effi-
ciencies of state-of-the-art quadrupedal locomotion approaches
using the mechanical Cost of Transportation (CoT) metric, as
described in [58]. Under optimal conditions, our quadruped
achieved a CoT of 0.38 in unstructured terrain, demonstrating
CoT reductions of 86.0 %, 84.6 %, and 13.5 % compared
to the modern quadrupedal robots reported in [59], [60], and
[61], respectively.

VI. CONCLUSION

We proposed dynamically-stable locomotion on a soft
quadruped robot made of five identical soft modules (four
limbs and a body). We detailed the soft limb design and
the quadruped topology. Curve parametric limb kinematics
were employed to parameterize a primitive trajectory profile
and obtain quadrupedal locomotion trajectories for straight
and turning motions. We developed a quadruped simulation
model in the Bullet physics engine and optimized trajectory
parameters to obtain fast walking (i.e., trotting) gaits. Next, the
quadruped prototype was experimentally tested by applying
optimized trajectory parameters. We compared the experi-
mental results with the simulation results and evaluated the
model performance. Both quadruped models showed similar
locomotion performance. The quadruped achieved trotting at a
peak speed of 1.24 body lengths per second and a peak angular
speed of 1.99 rad per turn radius per second when traversing
flat and uneven terrains, including slopes, cluttered areas, and
naturalistic irregular surfaces. Our work demonstrated that a
virtual environment that supports physics-based interactions
can be employed to realize dynamically-stable locomotion in
soft robots. In the end, our energy cost analysis revealed
that trotting is a more energy-efficient mode of locomotion,
yielding an average energy saving of up to 42% compared to
traditional quadrupedal locomotion modes such as crawling.

Our future research will focus on enhancing autonomy
through onboard power and sensing, closed-loop control, and
advanced path planning. We aim to achieve untethered oper-
ation by transitioning to electromechanical actuation, which
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will involve redesigning hybrid soft modules. We will also
explore new locomotion modes, such as discontinuous gaits,
to expand the quadruped’ s capabilities.
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