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Abstract— This paper presents the design and preliminary
validation of a compliant continuum-legged biped robot equipped
with a kangaroo-inspired tail for enhanced stability and
adaptability. In contrast to using legs based on traditional rigid
link ‘“vertebrate” designs, the tendon-actuated compliant legs
mimic octopus behavior for “invertebrate’” bipedal locomotion, in
coordination with the tail. The robot uses a hierarchical hybrid
control framework to achieve level-ground walking (on different
terrain conditions), obstacle avoidance, and push recovery under
perturbations. Experimental results demonstrate stable walking
with rhythmic tail load transfer over different terrain conditions,
effective turning and object avoidance, and recovery from
external force perturbations. Three sets of experiments were
conducted to validate the prototype’s performance. These results
demonstrate the potential of combining continuum limbs with
an actively controlled tail to enhance balance robustness and
locomotion versatility in hybrid soft-rigid robots.

I. INTRODUCTION

Achieving both stability and versatility in legged robotic lo-
comotion remains challenging [1]-[3]. Biomechanics-inspired
compliance can improve both by attenuating impacts, shaping
stance dynamics, and enabling energy storage/return [4]. This
has motivated designs that incorporate elasticity in the leg or
actuation chain (e.g., series elastic actuation) to achieve low-
impedance interaction and robustness to impulsive loads [5],
as well as passive-dynamic and hybrid walkers where tuned
compliance reduces feedback burden while preserving gait
robustness [6]. However, most prior platforms rely on rigid-
link legs with compliance localized at joints (e.g., ankle). Here,
we instead consider continuum legs and evaluate whether
distributed elasticity can enable task-adaptive locomotion for
relatively high-mass, high-inertia platforms [7], [8].

We take inspiration from behaviors observed in octopus and
kangaroo locomotion. Several species of octopus have been
known to exhibit a bipedal gait while moving across the ocean
floor. Rather than swimming or using all eight appendages for
crawling, amphioctopus marginatus and abdopus aculeatus
[9], [10], and (most recently discovered) octopus vulgaris
[11] were observed to propel themselves forward by using
their (inherently compliant) posterior arms functionally as
legs in bipedal locomotion, thus keeping their remaining arms
free for camouflage or defense. This behavior represents an
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interesting “‘existence proof” of bipedal locomotion using
compliant continuous backbone “continuum” limbs.

Bipedal octopus locomotion is inherently supported in
part by the animal’s neutral or semi-neutral buoyancy, which
under the water aids in counteracting gravity. For out of water
locomotion, the focus of this paper, counteracting gravity is a
greater challenge for continuum legs, particularly for robots
with relatively large and/or massive bodies.

To address this issue, our work is further inspired by the
locomotion of kangaroos. When walking in low-ceilinged or
confined spaces, kangaroos will initiate a pentapedal walking
gait whereas their tails are used as a fifth point of contact
as shown in Fig. [I] [12]. This strategic placement of the
tail stabilizes the kangaroo and propels it forward. In [13]
the authors provide evidence that during slow gait kangaroo
walking there is a tail repositioning phase in which the tail
is repositioned before the kangaroo lifts its hind legs. This
repositioning is what affords the kangaroo its stability and
propulsion. Dawson et al. [14] detail the muscular anatomy
of the Macropus fuliginosus and show how its tail forms a
triped between the tail and forelimbs as it is swinging its
hindlimbs forward in a pentapedal gait.
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Fig. 1. This figure observes a montage of a kangaroo exhibiting pentapedal
motion (a-f) during confined space movement, where the kangaroo’s tail
propels and powers pentapedal locomotion. The forces in motion are
illustrated. Reproduced from O’Connor et al. [12], Biology Letters, 10(7):
20140381. © The Royal Society.

Bipedal octopus locomotion provides inspiration for compli-
ant legs, while kangaroo behavior demonstrates how an active
tail can function as a dynamic load bearing limb. Combining
these strategically advantageous features, the robot introduced
in this paper aims to achieve both terrain adaptability and
stability during stepping using a continuum legged biped
equipped with an active tail.

There has been some previous work in terrestrial
continuum-legged locomotion. Godage et al. introduced a



quadruped with continuum legs capable of crawling and
rejecting disturbances [15]. Later work introduced was a
triped continuum legged underwater robot [16]. Subsequent
related works expanded versatility through reinforcement
learning [17], regulating deformation of quadruped continuum
legs with closed-loop control [18], and negotiating steep
inclines with soft pneumatic continuum hexapod gaits [19].
Advancing fabrication methods and control allowed for
navigating unstructured terrain [20] and the development
of electronics-free pneumatic circuits generating gaits in soft
legged quadrupeds [21]. Other continuum based locomotion
strategies include a vacuum-actuated tube capable of climbing
[22], a dual spring vacuum tube capable of turning direction
while crawling [23], a fully 3D-printed inchworm [24], and
omnidirectional capability inspired by caterpillars [25].

The use of tail appendages has been widely investigated as
a means of enhancing locomotor stability. Prior studies have
demonstrated that actively controlled tails can significantly
improve balance and dynamic performance in legged systems.
For example, Liu et al. developed a bio-inspired kangaroo
robot that leverages an active tail to enhance dynamic stability
and locomotion efficiency [26]. Likewise, An et al. proposed a
bipedal hopping robot with a maneuverable tail that modulates
its moment of inertia in real time to achieve improved
balance control [27]. Related work has also explored the
use of continuum tail structures to support stability during
locomotion [28].

The objective of this research is to investigate the potential
and advantages of combining continuum legs with an active
tail for locomotion. The following section details the design
and control architecture of the robot. Section III describes
experiments conducted with the prototype, with the results
and analysis of the experiments presented in Section IV.
Conclusions are given in Section V.

II. DESIGN AND PROTOTYPING OF THE BIPED

In this section, we describe the major components and the
control system of the biped.

A. Continuum Limbs and Actuators

A view of the biped prototype and its corresponding 3D
model are shown in Fig. 2| Each leg is actuated by a lateral
roll servo motor at the hip joint, followed by a sagittal-plane
pitch servo (hereafter referred to as the leg servo). The leg
servo connects to a compliant continuum base that forms
the lower limb structure. Each continuum base integrates
two tendon-driven servo motors that regulate its deformation
(side view in Fig. [3). Specifically, a side servo motor and
a frontal servo independently control bending in the frontal
and sagittal planes, respectively. By coordinating these two
inputs, the continuum leg can achieve smooth bending in
any intermediate plane within its workspace. Distally, each
continuum leg terminates in an ankle joint that provides
frontal-plane motion.

In addition to the legs, the biped is equipped with a tail
actuated by a linear actuator, enabling vertical motion in the
sagittal plane (Fig. @). The actuation system comprises four
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Fig. 2. 3D kinematic model (left) and labeled components of the biped
(right). The components are: A) tail linear actuator, B) micro-controller
stack, C) tendon-drive servos for the continuum legs, D) continuum legs,
E) foot-mounted FSR sensors, F) MPU/Inertial Measurement Unit (IMU)
sensor module, and G) ultrasonic distance sensors.
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Fig. 3. Labeled components of the continuum leg.

Smraza 45KG servo motors (two assigned to the hip joints
and two to the side continuum actuation), two HobbyPark
12KG HD1223MG micro servos for the leg joints, two Betu
70KG TBETU-B70KG-180 servos for the frontal continuum
actuation, and two DS3235 35KG high-torque RC servos for
the ankle joints.
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Fig. 4. Schematic and components of the designed tail.

B. Onboard Sensors

The biped is equipped with a suite of onboard sensors
to support task-dependent walking gaits. A primary sensing
component is the MPU-6050 motion tracking unit, which
integrates a three-axis accelerometer and a three-axis gy-
roscope. Accelerometer measurements are used to detect
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body motion, while gyroscope outputs, expressed in Euler
angles, provide estimates of the biped’s orientation. Electrical
power consumption is monitored using an ACS712 Hall-effect
current sensor and a voltage sensor module, which measure
the supplied current and voltage, respectively. To quantify
ground interaction forces, two force-sensitive resistors (FSRs)
are mounted at the front and rear of the tail to measure
reaction forces between the tail and the ground. In addition,
the biped is outfitted with three ultrasonic distance sensors
(UDSs) that emit ultrasonic pulses and measure the time-of-
flight of the reflected signals to estimate distances to nearby
objects. For validation and additional experimental evaluation,
a BNOO080 9-axis IMU is mounted near the biped’s center of
mass (CoM) to provide independent measurements of body
motion and displacement.

C. Control Architecture

A diagram of the overall control diagram is shown in
Fig. [5] We have designed and implemented four different
controllers for the biped: 1) straight walking with yaw hold, 2)
CoM correction, 3) vaulting reflex, and 4) object avoidance.
The overall control system is governed by a hierarchical
logic realized through a graphical user interface. Each of
the biped’s servo motors is controlled with internally closed-
loop controllers. Each onboard servo uses an internal closed-
loop position controller driven by pulse width modulation
commands and feedback from an integrated potentiometer.
Once a control mode is enabled, an Arduino-based finite-state
machine [29] governs system behaviors. Guard conditions are
implemented as inequality checks on sensor signals, while
hysteresis bands, debounce counters, and refractory timers are
employed to suppress noise-induced false state transitions.

The straight-walking controller with yaw hold regulates the
biped’s heading to maintain a straight trajectory. When the
yaw error exceeds predefined hysteresis bounds, a corrective
step is executed on the opposing leg to restore forward
alignment. This behavior is governed by a relay (bang-
bang) control law. The CoM correction controller is a
disturbance-triggered push-recovery reflex that monitors linear
acceleration and IMU roll and pitch. Lateral disturbances elicit
a counteracting continuum lean and ankle response, while
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FSM controller, this diagram showcases how the FSM selects the controller needed and then receives feedback from all sensors.

pitch disturbances trigger a forward recovery step to maintain
balance. The vaulting reflex is an event-triggered controller
[30] that monitors IMU roll during walking. Upon detecting
obstacle contact, a vaulting primitive shifts weight, elevates
the swing leg, and replants the foot until roll returns to a safe
band and the obstacle is cleared. Finally, object avoidance is
supervised by a rule-based finite-state machine that monitors
three forward-facing UDS. If an obstacle is detected within
a threshold distance, the controller initiates repeated left or
right turning steps. Turning terminates once a safe distance
is restored or a maximum step count is reached, with yaw
monitored as a safety guard to prevent excessive rotation.

III. EXPERIMENTAL TRIALS

Once the prototyping and initial testing was complete, we
conducted a series of testing on the prototype, including
level-ground walking with different terrain conditions, nav-
igating obstacles, and maintaining balance under external
perturbations.

A. Straight-Line Walking Trials

The initial walking trial was conducted on level-ground,
where the biped was tasked to walk a distance of 30.5 cm
in 60 seconds. The screenshots of the initial walking trials
are shown in Fig. [6] To further evaluate the biped’s ability
to overcome unknown and varying terrain, we conducted
walking trials with two other terrain conditions: 1) walking
with one foot of the biped on faux grass to introduce an
uneven surface, and 2) walking with an obstacle placed
along the path. The obstacle on the path required the biped
to step on and overcome the perturbation. Screenshots of
the walking trials are shown in Fig. [/l When walking on
the faux grass, the yaw hold controller was initiated. This
ensured the biped compensated for the uneven terrain with
a stutter step, as needed, to keep the biped moving straight.
During obstacle trials, the vaulting reflex controller monitored
MPU measurements to detect obstacle contact and initiate
the vaulting maneuver.

B. Navigation and Obstacle Avoidance Trials

The next experiment was conducted for the biped to detect
and plan its trajectories to navigate in a confined environment



Fig. 7. Montage of straight-line walking trials: bare ground (top), faux
grass (middle), and a plastic obstacle (bottom).

using the onboard UDS. We set up two inland barriers and a
box as the course for the biped to detect and avoid. Overall,
seven trials were conducted, where screenshots of sample
trials are shown in Fig. [8] The biped was able to successfully
navigate all seven trials without hitting any obstacles.

Fig. 8. Screenshots of the biped navigating the course. The biped started at
the bottom, and a trial was marked complete with the biped crossing either
side of the white finish line (at the top) without hitting the obstacle box.

C. Push Recovery under External Perturbations

Push recovery experiments were conducted to evaluate the
biped’s ability to withstand external disturbances applied to
the chassis. The experimental protocol follows established
methods in [31]. A pendulum-based disturbance apparatus
was constructed to deliver controlled impacts under two test
conditions. In the first condition, a lateral disturbance was
applied by striking the side of the biped with a pendulum
mass equal to one quarter of the biped’s body weight. In
the second condition, the biped was struck from the rear.
For each condition, three trials were performed: 1) baseline
walking without disturbance, 2) impact without push-recovery
control, and 3) impact with push-recovery enabled. The
biped’s displacement was measured using a BNO0O80O IMU.
During lateral disturbance trials, push-recovery was achieved
by activating the side continuum and ankle servos in response
to MPU-based disturbance detection. During rear-impact trials,
recovery was executed via a forward recovery step triggered
by the onboard MPU.
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Fig. 9. Illustration of perturbation setup: rear (left) and side (right).

IV. RESULTS AND DISCUSSIONS
A. Straight-Line Walking Trials

During straight-walking trials, the biped’s FSR sensors
and Roll/Pitch/Yaw angles revealed a periodic load transfer
between the anterior and posterior sections of the tail (Figs. [T0]
and [TI). This pattern indicates that the tail functions as
an active stabilizing limb rather than a passive appendage,
consistent with the tail repositioning phase observed in
kangaroo pentapedal locomotion [13]. The FSR measurements
show that the tail effectively converts the system into a
tripedal support configuration, enabling stable locomotion
on flat terrain. During experiments, the compliant continuum
legs were only able to support the robot’s weight when
sharing the load, highlighting the tail’s essential role in
maintaining balance and enabling forward motion. These
observations provide direct evidence that the active tail
contributes dynamically to locomotor stability as a load-
bearing limb, and the FSR and IMU feedback are shown
in Figs. [I0] and [T1] respectively

Continuum structures inherently exhibit limited load-
bearing capacity under compression and are susceptible to
deformation and buckling. Prior studies have shown that
elastic instability and buckling arise in continuum robots
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moving average window.
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Fig. 11. Mean and & 1 standard deviation of roll, pitch, and yaw over
multiple trials of 60 seconds straight-line walking.

subjected to axial loads [32]. While previous work has
emphasized compliance in continuum-legged systems, the
present results demonstrate that reducing the number of
supporting legs increases the likelihood of structural buckling.
The active tail mitigates this failure mode by providing a
critical third point of support, supporting the hypothesis
that compliant continuum bipeds benefit from auxiliary load-
bearing structures.

TABLE 1
WORK DONE AND TILT ANGLES ACROSS TERRAINS (MEAN & STANDARD
DEVIATION).
Terrain Work (J) Lateral (°)  Forward (°)
Flat 509.83 & 152.11 7.02+£4.91 8.53+4.51
Grass 367.15 - 4.64 4.89 +£3.02 4.65+2.49
Obstacle 351.08 +110.68 6.23 £4.07 4.99 £+ 2.99

Uneven-terrain trials further illustrate the tradeoff between
stability and locomotion speed. As summarized in Table[l] flat
ground walking produced the highest mechanical work and
disturbance levels, as the biped maintained continuous forward
motion without interrupting its gait. In contrast, grass and
obstacle trials required intermittent activation of vaulting and
yaw controllers, reducing forward progress and overall work.
This may be due to the increased friction forces between

the biped’s foot and the environment that facilitate easier
clearance. These behaviors also limited vertical body motion,
resulting in reduced forward tilt (i.e., pitch) as shown in
Fig. [I2] While reflexive gait modulation improves stability
on uneven terrain, it comes at the cost of reduced locomotion
speed, highlighting a fundamental tradeoff in continuum-
based legged robot design.
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Fig. 12. Averaged pitch (top) and roll (bottom) angles of the biped traversing
through different terrains.

B. Navigation and Obstacles Avoidance Trials

The average power consumption of 7 trials of obstacle
avoidance is shown in Fig. [T3] The average time it took for
a trial to be completed was 276.8 seconds, and the average
energy usage was 2173.4 joules and 0.6 watt-hours. The
average power used across all seven trials was 7.85 Watts.

1 Ensemble-Averaged Power Profile — 7 Trials
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Fig. 13. Ensemble-averaged and 41 - standard deviation power across all
seven trials of obstacle avoidance.



C. Push Recovery under External Perturbations

Following data collection for both back and lateral collision
trials, the signals were refined for analysis. A 0.5 Hz high-
pass filter and a 6 Hz low-pass filter were applied to mitigate
drift and sensor noise from the BNOO80 IMU, followed
by a 200 ms Savitzky-Golay filter for additional smoothing.
To isolate the primary perturbation response, analysis was
restricted to a 10-14 second time window. The displacement
trajectory was treated as a spatial curve, and its arc length was
computed to quantify total motion during the perturbation.
Orientation data were transformed from body to world frames
to compute the sensor’s vertical axis relative to gravity.
Together, the arc-length and orientation-based metrics provide
quantitative measures of push-recovery performance, which
are summarized in Tables [[I] to [V]

TABLE II
SIDE PERTURBATION DISPLACEMENT BASED ON ACCELERATION

Acceleration-based [m]

Trial Steady No Recovery  With Recovery
1 0.007 0.255 0.180
2 0.010 0.286 0.257
3 0.014 0.270 0.208
4 0.009 0.321 0.216
5 0.010 0.426 0.240

Average 0.010 £ 0.003 0.312+£0.069 0.220 £ 0.030

TABLE III
BACK PERTURBATION DISPLACEMENT BASED ON ACCELERATION

Acceleration-based [m]

Trial Steady No Recovery ~ With Recovery
1 0.013 0.333 0.280
2 0.013 0.306 0.243
3 0.012 0.462 0.222
4 0.014 0.357 0.237
5 0.010 0.347 0.204
Average 0.012+0.001 0.361 £0.059 0.237 £ 0.028

TABLE IV
BACK PERTURBATION DISPLACEMENT BASED ON ORIENTATION. PEAK
ARC IS COMPUTED FROM TILT WITH SENSOR RADIUS R = 0.175 m.

Orientation-based [m]

Trial Steady No Recovery  With Recovery
1 0.000 0.218 0.032
2 0.000 0.214 0.056
3 0.000 0.221 0.057
4 0.000 0.221 0.062
5 0.000 0.222 0.049

Average 0.000 £ 0.000 0.219+£0.003 0.051 £ 0.012

The pendulum experiments demonstrate the continuum
leg’s ability to tolerate and reject external disturbances. In

side-collision trials, the mean acceleration-based displace-
ment decreased by 29.5%, from 0.312 m during collision
without recovery to 0.220 m with active recovery enabled.
Similar trends were observed in back-push experiments, with
displacement reductions of 76% for orientation-based metrics
and 34% for acceleration-based metrics. In all cases, the
recovery condition exhibited substantially lower displacement
amplitudes than the no-recovery impact trials. The theoretical
arc length corresponding to a complete tip-over is 0.275
m; comparison with both acceleration- and orientation-based
estimates provides insight into the accuracy and conservatism
of the displacement metrics.

TABLE V
SPEED COMPARISON OF TAILED, AQUATIC, AND MULTILEGGED ROBOTS

Category Robot Speed (mm/s) Legs Actuation
Tailed Mudskipper [33] 69.0 2+Tail Electric
Our prototype 5.08 2+Tail Electric
Buckley [34] 50.0 4+Tail Electric
Aquatic Wu [35] 64.8 2 Electric
Hexapus [36] 3.4 Electric
Multilegged Liang [17] 100.0 4 Electric
Drotman [21] 15.57 4 Pneumatic
Liu [19] 101.0 6 Pneumatic

Finally, Table [V| summarizes the locomotion speed, leg
count, tail configuration, and actuation method for similar
robots. Pneumatic actuation can generate high force and
payload capacity, as demonstrated by Drotman et al. in [20],
but typically requires offboard air supply or heavy onboard
regulation hardware. Fully onboard pneumatic systems, such
as the second-generation continuum robot in [21], integrate
a COg canister but remain limited in maneuverability,
exhibiting primarily straight-line locomotion and simple
obstacle avoidance. Moreover, pneumatic continuum legs are
susceptible to buckling under increased loads, which becomes
more pronounced as onboard air storage and regulation
hardware add mass.

In contrast, our prototype employs fully onboard electric ac-
tuation, enabling all sensing, control, and power components
to be integrated on a local microcontroller without tethers,
thereby avoiding constraints on the operational workspace.
Although quadrupedal and hexapedal robots generally achieve
higher speeds than the proposed prototype, which is a trend
consistent with biological locomotion-electric actuation pro-
vides improved robustness and autonomy. Aquatic bipeds [35],
[37] benefit from buoyancy and hydrodynamic effects that
enable higher speeds and enhanced stability. Notably, the
proposed prototype achieves higher locomotion speed than
the Hexapus platform while maintaining full onboard au-
tonomy. Overall, this comparison highlights the trade-offs
among actuation strategies and demonstrates the prototype’s
competitive performance within its design constraints.

V. CONCLUSIONS

This paper explores the capabilities of a continuum-legged
biped equipped with an active, kangaroo-inspired tail. Exper-



iments demonstrate straight-line walking, obstacle avoidance,
locomotion over uneven terrain, and pendulum-induced push
recovery. Across all scenarios, the robot maintained balance
and directional control, and FSR measurements confirm
that the tail provides load-bearing stabilization during gait.
Future work will increase gait speed and dynamic range
through upgraded side-actuation hardware and will investigate
reinforcement learning to improve gait adaptation to more
complex terrain conditions.
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