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Probabilistic Approach to Feedback Control
Enhances Multilegged Locomotion on
Rugged Landscapes

Juntao He
Jianfeng Lin
Hosain Bagheri

Abstract—Achieving robust legged locomotion on complex
terrains poses challenges due to the high uncertainty in robot—
environment interactions. Recent advances in bipedal and
quadrupedal robots demonstrate good mobility on rugged terrains
but rely heavily on sensors for stability due to low static stability
from a high center of mass and a narrow base of support (Ijspeert
and Daley, 2023).We hypothesize that a multilegged robotic system
can leverage morphological redundancy from additional legs to
minimize sensing requirements when traversing challenging ter-
rains. Studies suggest (Chong et al., 2023), (Chong et al., 2023) that
a multilegged system with sufficient legs can reliably navigate noisy
landscapes without sensing and control, albeit at a low speed of up
to 0.1 body lengths per cycle (BLC). However, the feedback control
framework to enhance speed of multilegged robots on challenging
terrains remains underexplored due to diverse environmental in-
teractions. Such complexity makes it difficult to identify the key
parameters to control in these high-degree-of-freedom systems.
Here, using laboratory and field experiments, we demonstrate
that a vertical body undulation wave helps mitigate environmental
disturbances that affect robot speed. These findings are supported
by probabilistic models. Using such insights, we introduce a con-
trol framework, which monitors foot-ground contact patterns on
rugose landscapes using binary foot—ground contact sensors to
estimate terrain rugosity. The controller adjusts the vertical body
wave based on the deviation of the limb’s averaged actual-to-ideal
foot—ground contact ratio, achieving a significant enhancement of
up to 0.235 BL.C on rugose laboratory terrain. We observed a 50 %
to 60% increase in speed and a 30% to 50% reduction in speed
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variance compared to the open-loop controller. In addition, the
controller operates in complex terrains outside the lab, including
pine straw, robot-sized rocks, mud, and leaves.

Index Terms—Feedback control, legged locomotion, multilegged
robot.

NOMENCLATURE

Summary of the Main Variables Used in the Gait Formulation
and Modeling Sections

Symbol  Description
Oleg Amplitude of the shoulder angle.
Obody Amplitude of lateral body undulation.

A, Amplitude of vertical body undulation wave.

Oteg Leg shoulder angle.

Bpody Lateral body joint angle.

0, Vertical body joint angle.

Te Contact phase of gait cycle.

Ty Phase of lateral body undulation.

13 Number of spatial waves on legs.

I Number of spatial waves on body.

Rg Terrain rugosity.

AH Height difference between adjacent terrain blocks.

T Gait cycle duration.

c Binary leg contact state.

5y Effective foot-ground contact ratio.

Yo Desired contact ratio in controller.

Vs Sensed contact ratio from binary sensors.

K, Proportional gain of feedback controller.

v Actual average robot speed over gait cycle.

Uopen Average robot speed on flat ground over gait cycle.

Fy Ground supporting force on foot.

1 Friction coefficient.

10) Leg tip slipping angle.

Bi Discretized slipping angle bin.

w; Proportion of undisturbed contact for slipping direc-
tion f3;.

oF Disturbance in average friction.

6v Disturbance in robot speed.
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1. INTRODUCTION

EGGED robots offer a compelling alternative to wheeled
L robots, particularly when navigating unstructured terrain.
Recent advances in few-legged robots demonstrate their adapt-
ability to diverse and unstructured terrains. Bipedal robots excel
at obstacle avoidance and stair climbing [4], [5], [6], but their
static instability necessitates substantial effort to maintain bal-
ance in an upright posture. Disruptions in body or leg trajectories
can lead to instability [7], [8], limiting mobility on highly
uneven terrains. Quadruped robots, known for greater stability,
perform well on challenging terrains like snow, wet moss, mud,
and rocky surfaces [9], [10], [11]. However, many advanced
robotic systems rely on force sensors, accelerometers [12],
[13], [14], [15], cameras, and LiDAR [16], [17], [18], [19],
[20] for analyzing foot—environment interactions and estimating
terrain geometry. That said, not all legged robots require these
systems. Systems with high static stability and morphological
redundancy, such as hexapods [21], [22] or robots with more
legs [2], [3], [23], often traverse rugged terrain effectively with
simpler sensing and control frameworks. These simpler sys-
tems minimize sensory complexity while still achieving reliable
locomotion.

Recent studies [2], [3] indicate that a serially connected
multilegged robotic system with high static stability and mor-
phological redundancy can reliably traverse noisy landscapes
without requiring sensing and control. These systems success-
fully transport between two points on rough terrain without
feedback control. However, their speed on such terrain with an
open-loop controller is relatively low and depends on multiple
legs to maintain it.

To address these limitations and improve the effectiveness of
multilegged locomotion in complex environments, designing a
feedback control framework is essential. Specifically, designing
an simple feedback controller to enhance the robot’s perfor-
mance with minimal sensing is a challenging yet fascinating
problem. To the best of our knowledge, feedback control for
such multilegged robotic systems remains a challenging research
area, particularly due to their high degrees of freedom (DoF)
(over 25), complex environmental interactions, and the difficulty
of identifying key parameters requiring control. While several
studies [24], [25] have proposed different approaches, these
efforts are often limited by computational complexity, energy
efficiency concerns, and poor adaptability to highly unstructured
terrains.

Empirical evidence [2] suggests that multilegged robots can
benefit from vertical body motion modulation when navigating
rugged terrains with uneven surfaces and various obstacles.
However, a notable gap exists in the literature regarding a
systematic investigation of how vertical body undulation affects
a robot’s motion on rough terrain. Furthermore, the integration
of vertical body undulation into a feedback control framework
remains underexplored.

This article systematically investigates the benefits of vertical
body undulation in enhancing the speed of multilegged robots
using stochastic analysis, a widely adopted method for address-
ing uncertainties in robot—environment interactions [26], [27],
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[28], [29], [30], [31], [32], [33]. Specifically, we develop two
probabilistic models to analyze how the amplitude of vertical
body waves affects the robot’s speed on rough terrain and
integrate this modulation into a feedback controller to improve
robot’s performance on rugged landscapes.

To summarize our contribution, we first introduce a robotic
system capable of generating coordinated body undulation and
leg-stepping waves to enable forward motion. Next, we develop a
binary contact sensing system to detect foot—ground contact. We
then propose two probabilistic models to quantify the benefits of
vertical wave modulation for multilegged locomotion on rugged
terrains. The first model predicts the robot’s forward speed based
on the actual-to-ideal foot-ground contact ratio, while the second
model estimates this contact ratio given the terrain distribution
and vertical wave amplitude. By combining these models, we
demonstrate that: 1) a higher contact ratio generally leads to
increased speeds, and 2) appropriately adjusting the vertical
wave amplitude can effectively achieve this higher contact
ratio. Utilizing these models, we design a feedback controller
that allows the robot to optimize its vertical amplitude based on
terrain roughness, estimated in real-time through contact ratio
measurements. While our models and experiments primarily fo-
cus on terrains with varying height differences — one of the key
causes of contact loss — the proposed framework is designed to
address a broader class of rugged landscapes, where such vertical
irregularities are prevalent. We discuss the generalizability and
limitations of this approach in Section VIII. Finally, we validate
the controller’s effectiveness through laboratory and outdoor
experiments (Fig. 1).

II. ROBOT HARDWARE DESIGN

In this section, we explore the key design elements of our
robotic model. Our approach builds on recent advancements in
centipede-inspired robotics [2], [3], [23], [34], [35]. As shown
in Fig. 2, our robophysical model combines coordinated body
undulation with limb movement to achieve forward motion. We
incorporate compliant legs into the multilegged robotic system
to enhance the robot’s navigation on challenging terrain [35].
This design philosophy aims to create a versatile platform adapt-
able to a wide range of environments.

Our robotic system’s thrust primarily originates from foot—
ground interaction, in contrast to body-driven propulsion, which
is more typical in robots operating continuously in environments
like fluids or granular media [36], [37], [38]. When a leg contacts
the ground and slips backward, it generates Coulomb friction
with a forward-directed force. Terrain heterogeneity can dis-
rupt the planned foot—ground contact, potentially reducing the
robot’s forward speed. Therefore, tracking the contact state to
mitigate perturbations with a controller is an effective approach
to enhance the robot’s body forward velocity.

To further improve the robot’s capabilities with feedback
control, binary contact sensors are installed on each leg, as
depicted in Fig. 3. These sensors play a significant role in
detecting foot—ground contact states, providing feedback signals
crucial for the system’s operation.
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Fig. 1.

Multilegged robots navigating rugged landscapes. To demonstrate the effectiveness of the proposed probabilistic model and feedback controller, we tested

the robot in laboratory-based rough terrains (shown in the bottom right corner) and outdoor environments. Details of the lab-based terrain construction can be
found in Section IV-A. The outdoor tests were conducted on rugged landscapes with a mixture of random tree debris, grass, boulders, mud, leaves, and rocks.
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Robophysical model description. (a) Design of a single module of the robophysical model, includes four active DoF: leg up and down, leg swing, and

body lateral and vertical rotation. (b) The compliant leg feature is achieved by a connected rubber band in 1, enabling the robot to overcome obstacles like those
in 2. (c) (1) Overhead view of the robotic system. Snapshots of the forward gait illustrate the coordination between horizontal body undulation and leg stepping.
(2) Side view of the robotic system. Snapshots depicts variations in the vertical body undulation wave with different amplitudes (Ay).

A. Robophysical Model

Our robophysical model features a modular design with re-
peating segments, each containing three motors that control
pitch and yaw of the body and leg assembly, resulting in four
active DoF per module (see Fig. 2). Each module has two legs
on opposing sides, with the front and back serving as connec-
tion points for subsequent modules. All modules components

and connectors were 3-D printed from polylite polylactic acid
(PLA).

We incorporated compliant legs inspired by the passive mor-
phology of centipedes observed during their interactions with
its surroundings [35], enhancing the robots’ ability to traverse
rough terrain. Each leg consists of a two-bar linkage with a
unidirectional hinge (knee joint) that bends opposite to the
direction of forward motion. An elastic rubber band (Alliance
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Fig. 3.

Binary contact foot sensor system. (a) Design of a binary contact sensor for each foot, based on capacitive sensing. (b) Contact state of the leg: 0 indicates

no contact, while 1 indicates contact. (c) Experimental and predicted foot-ground contact states of an 8-legged robot during one cycle of forward gait.

Rubber 26324 Advantage Rubber Bands Size 32) restores the
linkage to a neutral position after the leg encounters obstacles,
aligning the links. This design ensures sufficient thrust during
retraction, which is crucial for navigating uneven surfaces. The
directional compliance facilitates a more evenly distributed con-
tact area [39], improving the robot’s ability to traverse obstacles
without significantly disrupting its gait. Experiments comparing
the performance of rigid and compliant legs on rough terrain can
be found in the Appendix A.

Each leg connects at a pivot joint, allowing it to pitch up
to a maximum angle of 60 (7 cm above the ground). A motor
(AX-12A, DYNAMIXEL) cable-driven system alternates lifting
opposing legs: rotating counterclockwise raises the left leg,
while the right remains grounded, and rotating clockwise raises
the right leg while the left remains grounded. When cable tension
decreases, another rubber band restores the leg to its original
pitch angle. A second motor (AX-12A, DYNAMIXEL) controls
the yaw (6, ) of the leg assembly, facilitating leg swing. The yaw
angle (i) is defined as the shoulder angle for corresponding
segment. Last, a 2-DoF motor (2XL430-W250, DYNAMIXEL)
controls the yaw [fpoqy, Fig. 2(c.1)] and pitch [0, Fig. 2(c.2)] of
the module, and connecting multiple modules facilitates lateral
and vertical undulation [see Fig. 2(c.1) and (C.2)].

Through the assembly of multiple units, our robophysical
model achieves locomotion via leg stepping, lateral, and vertical
body undulation. Inspired by centipedes [2], [3], the synchro-
nized motion of leg stepping and lateral body undulation gen-
erates propulsive force necessary for forward movement [see
Fig. 2(c.1)]. In addition, the control over the vertical wave, as
depicted in Fig. 2(c.2), provides valuable insights for future
controller design endeavors.

B. Binary Contact Sensing System Design

We implemented a low-bandwidth binary contact sensor sys-
tem [see Fig. 3(a)] to monitor foot—ground interaction for each
leg, allowing us to assess terrain heterogeneity and using this
information as a feedback into our control system. Contact
capacitive sensors (MPR121) embedded at the tip [highlighted
in yellow in Fig. 3(a)] of each leg detect capacitance variance.

The toe [highlighted in pink in Fig. 3(a)] has a slight range of
linear motion, resulting in minimal capacitance when the leg
is suspended and maximal capacitance when it is grounded.
The analog value shows a significant difference between the
suspended state (greater than 200) and the grounded state (less
than 5). Therefore, we classify any analog value below 50 as in-
dicating contact. Fig. 3(c) illustrates experimental and predicted
contact states during the forward gait on level ground for an
8-leg robot, demonstrating strong alignment between the two.

III. ROBOT GAIT DESIGN

Building on the previously developed gait framework [2],
[3], [23] for generating forward motion through coordinated leg
movement and horizontal body undulation, we enhance multi-
legged locomotion across intricate landscapes by incorporating
vertical body undulation. Empirical results [2] demonstrate that
integrating vertical body undulation in multilegged robots with
more than six legs plays a central role in feedback control strate-
gies [2], enabling effective adaptation to varying terrains and
mitigating environmental disturbances that impact the robot’s
speed.

A. Leg and Body Wave Coordination

We employ a binary variable c to represent the leg’s contact
state, with ¢ = 1 denotes the stance phase and ¢ = 0 denotes the
swing phase. In accordance with the methodology presented
in [23], the contact pattern for a multilegged robot can be
expressed as follows:

1, if mod(r.,27) < 27D

c(te, 1) =
1(7e 1) 0, otherwise
L ¢,
(Teyi)=¢ 71 2m=>( 1),1
n
cr(Tca Z) = cl(Tc + T, Z) (1)

where ¢ represents the number of spatial waves on legs, D the
duty factor, and ¢;(7¢, %) (¢, (7¢, %)) denotes the contact state of
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the 7th leg on the left (right) at gait phase 7., with ¢
for a 2n-legged systems (see Fig. 2).

Legs generate self-propulsion by retracting from anterior to
posterior during the stance phase to engage with the environment
and protracting from posterior to anterior during the swing
phase to disengage. Considering this, we employ a piecewise
sinusoidal function to define the anterior/posterior excursion
angles (6jc¢) for a given contact phase (7..), as previously defined

{1,...n}

Oleg €08 (55), if mod(r., 2m) < 2w D

O 1) = \
et (7 1) Ojeg COS (gc(f}ﬁ ), otherwise,
N é )
Hleg,l(Tm Z) =0, 7. 27rn (Z 1)’ 1
91eg,r(7c7 Z) = 9[(7'5 + m, 2) )

where O, represents the amplitude of the shoulder angle, while
Oreg,1(Te, 1) and byeg - (Te, 1) denote the shoulder angles of the ith
left and right legs, respectively, at the contact phase 7.. The
shoulder angle reaches its maximum (6 = ©1¢,) at the swing-
to-stance phase transition and its minimum (i, = ©¢,) at the
stance-to-swing phase transition. In addition, we set D = 0.5
[2], [3], [23], unless stated otherwise.

We then introduce lateral body undulation by propagating a
wave from head to tail

b
abody(Tb, Z) = @bodyCOS Th 271'%(2' 1) (3)
where Oyoay (T3, 1) represents the angle of the ith body joint at
phase 73, and £° indicates the number of spatial waves on the
body. For simplicity, we assume equal spatial waves in both body
undulation and leg movement, denoted as £° = &, allowing us
to prescribe lateral body undulation based on its phase 7;.

Consequently, the gaits of multilegged locomotors, achieved
through the superposition of body wave and leg waves, are
characterized by the phases of contact, 7., and lateral body undu-
lation, 73,. As outlined in [23], the optimal body-leg coordination,
which phases body undulation to facilitate leg retraction, is
givenby 7. =1, (&/N + 1/2)m. We fixed both Opoqy and Oee
at 30 for all the experiments, as this coordination effectively
mitigate environmental disturbances that impacted the robot’s
speed [2].

B. Vertical Body Undulation Wave

Here, we introduce vertical body undulation by propagating
a wave along the body from head to tail

b
0y (1p,1) = Aycos 27, 47r%(i 1) “
where 0, (73, 7) represents the vertical angle of the ith body joint
at phase 7, with an amplitude A,,. The vertical wave has a spatial
frequency twice that of the lateral wave. This choice enables each
body segment to oscillate vertically during the retraction phase,
aiding the robot maintain foot—ground contact on rough terrain
with varying elevations. More details can be found in Section V.

IEEE TRANSACTIONS ON ROBOTICS, VOL. 41, 2025

IV. CORRELATION BETWEEN ROBOT SPEED AND
FOOT-GROUND CONTACT STATE

In a dissipation-dominated multilegged system, thrust gener-
ation heavily depends on foot—ground contact states [2], [3]. In
this section, we introduce a parameter, -y, which represents the
fraction of robot contact with the ground during the retraction
phase on rough terrain and characterizes the similarity between
actual and flat ground contact states. Higher values of « indicate
greater similarity to the flat ground contact state, suggesting im-
proved locomotion efficiency and higher robot speed. However,
no quantitative model currently exists to describe this correla-
tion. To address this gap, we propose a probabilistic model to
quantify the relationship between robot speed and . To aid the
reader, we include all notation and symbols in Nomenclature.

A. Rugose Terrain Construction

We constructed two terrains [see Fig. 4(a)] with different
levels of rugosity for the lab-based experiments. Each terrain is
made of multiple 10 cm 10 cm blocks with different heights.
The height difference H between adjacent blocks follows a
normal distribution, denotedas H  N(0,0(Ry)), where the
standard deviation of the height difference, O'(Rg ),is determined
by the terrain rugosity R, and is calculated as follows:

o = 15R, (cm). &)

For the R, = 0.17 terrain [see Fig. 4(a)], the terrain dimen-
sions are (W, H) = (80, 160) cm, while for the Ry = 0.32
terrain, (W, H) = (50, 300) cm. More details regarding terrain
construction can be found in the Supplementary Information (SI)
of [2].

B. Contact State Contamination

When locomoting on rough terrain, irregularities perturb the
robot’s foot—ground contact state from the flat contact state,
causing what we call contact state contamination. Fig. 4(b)
illustrates examples of contact states contaminated affected by
terrain rugosity. Since thrust generation in our robotic system
heavily depends on the foot—ground contact state, contact state
contamination may negatively impact the robot’s speed. Fig. 4(c)
illustrates how the robot’s forward speed varies with different
levels of contact state contamination.

C. Contact Ratio vy

Section ITI-A suggests that legs generate self-propulsion by
retracting during the stance phase to establish contact with the
environment and protracting during the swing phase to dis-
engage. Thus, the proportion of foot—ground contact retained
during the retraction period directly influences robot’s final
thrust.

To quantify the likelihood between the actual and ideal contact
state, we introduce a parameter -, the effective contact ratio. We
define the duration of the retraction period as 7}, corresponding
to the duration of the black region in the ideal contact state
map shown in Fig. 5(a.1). We then discretize this period into K
independent time steps, dented as t;. At each time step, ¢, ()

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 13,2025 at 23:48:41 UTC from IEEE Xplore. Restrictions apply.
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(a) (b) M Contact [ No Contact

0 0.5T T

Fig. 4. Laboratory models of rugose terrain to study how rugosity affects locomotion dynamics and performance of the robot. (a) Two laboratory-based rugose
terrains with varying levels of rugosity. Here, Rg denotes the level of rugosity, while ~ H represents the height difference between two adjacent blocks along the
longitudinal direction. The red arrow indicates the direction of the robot’s movement during testing on these terrains. (b) Depicting the contact states of the left
half of a 12-legged robot on terrain with varying rugosity. A comparison between the flat terrain (Rg = 0) and rough terrain (Rg > 0) highlights examples of
contact contamination (foot-ground contact state deviate from expected patterns due to terrain heterogeneity). (c) The forward displacement of the 12-legged robot
is measured across terrains of varying rugosity, showing the mean and standard deviation from 10 trials in each plot. Here, D represents the forward travel distance,
while T represents one gait cycle, corresponding to 6 s in real time.

1
@) ) B Contact [ ] No Contact MM Contact loss
Y Ideal
&y )
& [ ]
4 4
..”_.14{7,, 6 0l
@y 3
10
4 5 12
615
o) Actual

. Rg= 80@
R =0.17
9
R =0.32
9

0.2 0.4 0.6 0.8 1

Y

Fig. 5. Definition of the contact ratio and experimental data correlating speed with  in the absence of vertical undulation. (a) (1) Comparison between
the ideal and actual foot—ground contact states is illustrated. In the ideal contact map, transitions from contact to no contact is categorized as “contact loss” and
highlighted in red in the actual contact map. (2) The contact ratio, , represents the likelihood of the ideal and actual contact states matching, calculated as the
average proportion of contacts that remain unchanged (areas not transitioning from black to red). (b) A sketch depicting thrust generation by each leg of the robot.
During the retraction or stance phase, the robot’s leg contacts the ground and moves backward (Vy|;p), generating Coulomb friction that contributes to the forward
velocity (V). (c) Experimental data reveal a correlation between the robot’s speed and its contact ratio . Here, V represents the robot’s average forward speed over
a gait cycle, and Vopen denotes its forward speed in open space or on flat ground.

represents the actual contact state, where ¢, (i) = 1 indicates As depicted in Fig. 5(a), contact loss is defined as the tran-
contact, and ¢, (¢) = 0 signifies no contact. Thus, mathemati- sition from contact to no contact compared to the ideal contact
cally, the contact ratio y can be expressed as state map. The contact ratio is then computed as the average

iK: L calts) proportion of contact maintained during the retraction period

T = - K (6)  across all legs over a cycle of motion. We disregard the impact
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Probabilistic model for correlation between robot speed and . (a.1) The slipping trajectory of a leg during the retraction period is depicted. The slipping
is defined as the angle between the robot’s forward speed direction and leg’s slipping direction. (a.2) Illustrated is the probability distribution of the slipping

, as well as the

correlation between forward speed V and actual average friction F,. (b.3) The prediction (purple shaded area) of the probabilistic model for the speed- correlation

is shown, along with experimental data (scatter plots) for validation.

of contact during the protraction period on reducing thrust, as
the flexible leg can minimize contact forces during this phase.
Specifically, when the leg makes contact with the ground during
the protraction period, it undergoes deformation as it moves from
the posterior to the anterior end. This deformation causes the
supporting force to decrease, as its origin shifts from supporting
body weight to the torque from a soft rubber band.

D. Probabilistic Model for Relation Between Robot Speed
and

Thus far, we have defined a parameter ~y that directly influ-
ences the thrust generation of the robot. As shown in Fig. 5(b),
during the retraction period or stance phase, the robot’s leg
makes contact with the ground and swings backward (vyp),
resulting in Coulomb friction components in the direction of for-
ward speed (v). The contact loss could decrease v and potentially
reduce the forward speed of the robot. The subsequent objective
is to elucidate the relationship between the velocity of the robot
and 7. Our experimental results in Fig. 5(c) demonstrate a
positive correlation between the robot’s speed and ~y. Next, we
derive a probabilistic model to describe the correlation between
the robot’s speed v and +y in sequential order:

1) Correlation between friction and ~.

2) Correlation between friction and v.

3) Correlation between v and +.

1) Correlation Between Friction and ~y: Fig. 6(a.1) shows the
typical trajectory of a foot of a 12-legged robot during retraction
period or stance phase. We quantify the slipping direction,
denoted by ¢, as the angle between the direction of motion of a tip
and the forward movement direction of the robot. We discretize
the continuous slipping trajectory into K discrete points. Thus,
the average friction of the mth leg over a cycle of motion can be
computed as

R
" K

where 1 is the friction coefficient and F, [see Fig. 5(b)] denotes
the average ground supporting force on the foot when the robot’s
weight is evenly distributed across each landing foot. It is
noteworthy that F,, = 0 signifies the robot reaching a steady
state, where the thrust and drag nullify each other over a cycle
of motion. [37], [40], [41]

Fig. 6(a.2) shows the probability distribution of the slipping
angle ¢ for the first leg (Fig. 4) of a 12-legged robot. To derive
this distribution, we conducted three cycles of motion with the

)
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robot on flat ground, each repeated for 10 trials. The trajectory
of the leg was meticulously tracked using our motion tracking
system (OptiTrack; see Appendix). By computing the tangential
direction of the nearest point on the trajectories, we obtained the
distribution of slipping angles.

Note that the probability distribution of ¢ is invariant to
the choice of leg because each leg repeats the cyclical motion
with a phase lag according to Section III-A. We represent the
probability for a specific slipping angle 5, [ 180 ,180 ] as
Pr(8) = Pr(¢ = (). Thus, we can formulate  as follows:

n
Pr(B:) » w; ®)
i=1
where w; [0, 1] denotes the proportion of contact remaining
undisturbed by terrain rugosity for a specific slipping angle j3;.
For instance, w; equals 1 on an ideal terrain. However, when
the robot traverses rough terrain, the foot may lose some contact
proportion, leading to a probable decrease in w;. n denotes the
number of bins used to partition the probability distribution.
Given a contact ratio  and the empirical distribution of Pr(/3),
we did perform numerical search to obtain all possible numerical
solution for w;.
Similarly, the average friction F can be rewritten in a proba-
bilistic way
n
Fp = ply  cos(¢ = Bi) Pr(f;). 9
i=1
To simplify our calculations, we assume that when contact
loss occurs, the support force exerted by the affected landing leg
is transferred to the belly of the robot and acts as a frictional
drag against the robot’s moving direction. The actual averaged
friction for the mth leg is then computed as

n

F, = pFywiecos(¢ = B;)Pr(B;)

i=1

wFy, (1 w;).

(10)
As defined previously, w; represents a weighting factor indi-
cating the extent of disturbance on a particular slipping direction,
withw; 1.Ifw; = 1foralli [1,n], where n is the number
of slipping direction bins, then F},, = F),. If w; < 1, the force
disturbance can be computed as 6F = F,, F,, . Given that
F,, = 0, it follows that §F' = F, . By tracking the variation
of Fm due to contact state contamination, we could compute
how the force disturbance (6F") changes with disturbances in
the contact state.
Since Fm is determined by w; and w; can be determined
by ~, we establish the relationship between Fm and ~. Here,

we normalize Fm by uF,, denoted as ime This correlation is
illustrated in Fig. 6(b.1).

A recent study by Chong et al. [3] established a linear rela-
tionship between the actual speed of a robot and its disturbed
averaged friction OF). Leveraging these findings, we now in-
vestigate the correlation between velocity and friction within the
context of our specific scenarios.

2) Correlation Between Friction and v: The models pre-
sented in [2], [3] offer insights into predicting a robot’s speed v
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based on its averaged friction F'. Specifically, they propose an
effective force-velocity relationship expressed as follows:

SF = CO6v. (11)

Here, 6F represents the disturbance to the average fric-
tion, while 6U =7 wepen denotes the disturbance to the
speed. The constant C' is determined by the robot’s dimen-
sions and its ideal steady-state speed vopen. Specifically, C' =

o 1Fu /Vopen sin(tan * (vopen v (7))d7. Here, v, (7) is the lat-
eral speed of the leg tip over time and can be obtained by
analyzing robot’s geometry [3].

In the previous section, we discussed how disturbances to
the contact state result in a change in friction. Specifically, we
can observe dF by considering the ratio 5me Eq. (11) allows
us to anticipate the relationship between friction and velocity.
Fig. 6(b.2) illustrates our prediction of the correlation between

5Tm and U’D using this model. For the robotic system under
w open
consideration, we approximate this relationship as follows:
v F,
Y1065 Smog1 (12)
Vopen ik,

3) Correlation Between v and ~y: In the previous sections,
we introduced a model to predict average friction based on the
contact ratio . By analyzing the friction disturbance using the
dimensionless ratio mew we can calculate the force disturbance

§ I as a function of +y. Since (12) establishes a linear relationship
between robot’s speed and the actual friction, this enables us to
link the robot’s speed to the contact ratio ~.

We assume that the linear force—velocity relationship in (12)
remains valid even on rough terrain. Experimental data presented
in the following sections support this assumption. Consequently,
we can determine the relationship between v and 7y by integrating
the correlations derived in the previous subections. Fig. 6(b.3)
illustrates our predicted correlations between v and -, alongside
experimental results for comparison.

V. VERTICAL BODY MOTION MITIGATES ENVIRONMENTAL
DISTURBANCE

In Section IV, we demonstrated that the robot’s velocity
is approximately proportional to the effective contact ratio .
Therefore, mitigating environmental disturbance on ~y effec-
tively reduces disturbance on velocity. As shown in Fig. 7(a),
contact loss can occur in two scenarios due to the terrain level
shifts. First, when the leg length is insufficient to reach the
ground. Second, when the leg deforms, leading to a reduction in
support force. In the latter case, the supporting force shifts from
the body weights to the elastic force generated by the rubber
band attached to each flexible leg joint. To quantify the terrain
level shift, We define the height difference as follows:

H=H@t") H(@) (13)

where H (t) and H (™) represent the terrain height at the current
and next time steps, respectively.

We observe that implementing vertical motion in each body
joint enhances the robot’s ability to maintain contact on chal-
lenging and uneven terrain. As shown in Fig. 7, the robot can
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Retraction stroke Z©-~____

_C_omplaince joint

Vertical body undulation serves as a mechanism to alleviate foot-ground contact state distortion. (a) Examples of contact loss on rough terrain. (left)

Contact loss occurs when the leg’s length is insufficient to reach the ground. (right) Contact loss occurs when the flexible leg is deformed by shifts in terrain level.
In this scenario, the supporting force Fy diminishes as it transitions from supporting the body weight to generating torque on the rubber band. (b) Vertical body
undulation reduces the contact contamination. (left) By lowering the leg deeper, contact contamination is minimized. (right) Conversely, lifting the leg facilitates its
return to its initial undeformed state, thereby reducing contact contamination. (c) Sketch for deriving probabilistic models: An illustration depicting the geometric
relationship between the robotic structure and variations in terrain height. (left) This sketch illustrates the maximum depth (hy) that the leg can reach with the
vertical joint pitch motion. (right) This sketch demonstrates how leg retraction restores the leg from deformation to its straight state. Given the retraction distance
Ds, the compliance (knee) joint is lifted by h . Circles without fill on the dashed line represent the pivot joint for leg lifting, while solid circles indicate the knee
joint for leg compliance. hy 1 is distance between the pivot joint and knee joint while hj » is the distance between the knee joint and leg tip. Squares represent the

stroke for leg retraction, showing the range of leg swing from anterior to posterior during the stance phase of one motion cycle.

recover its contact state by pitching the body segment downward,
bringing the leg into contact with the ground, or pitching it
upward to correct any deformation in the leg. Unlike the discrete
foothold planning used in bipedal or quadrupedal robots, our
approach models the vertical body undulation of a multilegged
robot using sinusoidal traveling waves.

A. Probabilistic Model Predicts v on Rough Terrain

1) Gait Without Vertical Wave: We begin our analysis by
considering the simplest scenario: the robot’s gait without ver-
tical body undulation waves. To address the variations in height
difference, we categorize them into two cases: H > 0 and

H 0. Todynamically control the sign of H, we introduce
a switch denoted as S

1 Pr f H
g T p1 or 0 (14)
2 Pr:1 p; for H>O0.

This switch enables us to control the sign of H according to
the specified probabilities.

If H 0,itindicates that the terrain at the next time step is
lower than the current one. Contact loss occurs when the robot
leg is not long enough to touch the ground [see Fig. 7(a)]. In
probability terms

Pos1 = Pr( H> RS =1) (15)

where h; [see Fig. 7(b)] is the maximum depth the robot can
reach without utilizing any vertical body movement.

If H > 0, itindicates that the terrain at the next time step
is higher than the current one. In this case, the situation is more
complex because the leg can still make contact with the ground.
Our robot’s flexible legs can bend when encountering higher
terrain. We assume a contact loss occurs if the robot leg deforms
upon encountering higher terrain [see Fig. 7(b), right].

The contact is then restored by the leg’s retraction movement,
represented by the retraction distance D (t). During the retrac-
tion process, we assume the leg remains fixed at the foot—ground
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contact point [see Fig. 7(c), right]. Then, we discretize the
retraction period over a motion cycle into m time steps. For a
given time step ¢; during the retraction period of the robot’s leg,
we define the maximum height difference that can be recovered
by retraction as 0h(t;) , which is computed as

Ds(t;)

1,2

Oh(t;) =hi2 1 cos(arcsin(

) - 316)

The probability for contact loss could be expressed as

L Pr( H > 0h(t;) ]S =2)
- .

]Dloss,2 = (17)

The cumulative probability of contact loss, P, arising from
two distinct sources can be expressed as the sum of the products
of the probability of encountering each source (p; and 1 p;)
and the corresponding probability of contact error (FPess,1 and
Ploss,2). This relationship is given by the equation

]Dloss = plploss,l + (]— pl)Ploss,2~ (18)

Note that in Section IV, Fig. 5(a), we define contact loss as
regions where contact is lost—specifically, transitions from con-
tact (on flat ground) to no contact (on rugged terrain)—relative to
the ideal contact pattern. In Section V, we extend the definition
of contact loss to include both

1) Contact  No contact: This results in a missed step, as
shown in Fig. 7 (left).

2) Contact  Contact, but with leg deformation: Although
the foot maintains contact with the ground, the leg fails
to maintain its intended shape or posture. In the stance
phase, where ground contact is planned, such deformation
is considered a form of contact loss, as illustrated in Fig. 7
(right).

2) Gait With Vertical Wave: We introduce an additional body
undulation wave, the vertical wave, to mitigate contact loss.
Intuitively, the vertical wave helps the leg reach deeper areas
when H 0, and it can lift the robot leg to avoid or reduce
bending when H > 0. The amplitude of these vertical waves
is defined as A,,.

It H 0, the maximum depth that the leg can reach is
defined as h,.(t) [see Fig. 7(c), left]. This depth, k., is computed
as

hy(t) = d; sin(0,(t)) + hy cos(0,(t)). (19)

Thus, the new probability of contact loss, considering the
vertical wave modulation, can be expressed as
i Pr( H > he(t;)|S =1)

Ploss,l = m .

(20)

If H > 0, the vertical wave introduces an offset to H
by lifting the robot leg [see Fig. 7(c), right]. The new height
difference with the offset can be expressed as

H = H-+h() 1)
where h(t) represents the offset controlled by the vertical wave

amplitude A, and time . The probability of contact error due to
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this offset can be expressed as

T Pr( H >6h(t;)|S=2)
- .

PIOSS,Q = (22)

3) Contact Ratio vy Prediction: As a reminder, the contact
ratio, denoted as 7, is defined as the likelihood between the actual
contact state and the ideal contact state during the retraction
period. The computation of the contact ratio is expressed by the
formula

=1 Pogs- (23)

In Fig. 7(a), we define contact error as contact flipped by

terrain noise compared to the contact state on flat ground. Thus,
we can calculate the probability of contact error

(24)

where «y is the contact ratio over one gait cycle on ideal terrain.
~ is controlled by the vertical wave amplitude, A,. As A,
increases, v decreases when locomoting on ideal terrain. This
happens because the vertical body undulation can cause the leg
to lift off the ground during the retraction period or stance phase,
leading to a reduced contact ratio, with v being less than 1.

4) Experiment Validation: As defined in Section IV-A, we
assume that the height difference ~ H follows a normal distri-
bution (0, o), where the variance o is regulated by the terrain
noise level R,. Specifically, we define 0 = 15R,,. Thus, we can
write

H N(0,0(R,)). (25)

Note that H exhibits an equal likelihood of being positive or
negative when it follows a normal distribution. Consequently, p;
in (14) equals 0.5. By substituting the dimensions of the robot
into the probabilistic models, we obtain predictions for P, and ~y
on terrains of different rugosity, as shown in Fig. 8(b). To validate
our model, we conducted laboratory experiments using our
12-legged robot on terrains with rugosities 12, = 0,0.17,0.32
and different vertical wave amplitudes. The experimental results,
presented in Fig. 8(c), closely match our theoretical predictions.

B. Vertical Motion Reduces Environmental Disturbance

Contact loss, shown in Fig. 7(a), occurs due to terrain level
shifts in two scenarios: insufficient leg length preventing ground
contact and leg deformation. Vertical body undulation helps the
robot restore contact by either increasing leg placement depth
for ground contact or lifting the leg to correct deformation.
Similar to leg stepping and horizontal body undulation, we
program vertical body undulation as a traveling sinusoidal
wave, but with twice the spatial frequency of the horizontal
wave. This design allows each robot segment to move both
upward and downward during the retraction phase. Since rugose
terrain often exhibits alternating level shifts, encoding vertical
body motion helps the robot address both types of contact loss
caused by these terrain variations.

As defined in Section IV-A, terrain rugosity (R,) is deter-
mined by the variance in height difference between two adja-
cent blocks. A higher vertical body undulation amplitude (A,)
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Fig. 8.  Theoretical predictions and experimental validation of probabilistic
models for the Ay correlation. (a) Definition of contact error: the probability

of contact error, denoted as Pe, is the portion of contacts that deviate from
their corresponding flat terrain contact states. (b) Probabilistic predictions of
Pe and  for various vertical amplitudes (Ay) across terrains with different
rugosity. (c) Experimental validation of the probabilistic models. We conducted
10 experimental trials for each parameters. The error bars represent the standard
deviation.

enables the robot to maintain contact even when there are sig-
nificant height differences between blocks. However, increasing
A, reduces the contact ratio -y on flat or less rough terrain, as the
vertical body wave lifts the leg during the retraction phase. Intu-
itively, a higher A, increases the probability of contact error (P,)
more gradually as terrain rugosity increases. In addition, while
higher A, causes the contact ratio -y to start at a lower value, it
decreases more slowly as terrain rugosity increases. Therefore,
increasing the vertical amplitude can reduce environmental dis-
turbances, improving both the robot’s contact state and its speed.

We first verify this assumption using probabilistic model from
Section V-A. As depicted in Fig. 8(b), with a high vertical
amplitude A,, the probability of contact error P, increases more
gradually as terrain rugosity increases, and the contact ratio 7y is
less sensitive to terrain noise shifts.

To verify our hypothesis through laboratory experiments, we
tested our 12-legged robot on terrain with varying rugosity using
different vertical amplitudes A,. A motion tracking system and
binary contact sensors were used to monitor the robot’s speed
and contact ratio v, respectively. The results see Fig. 9(a)] show
as A, increases, both the robot’s speed and contact ratio -y tend to
concentrate around the central area near (0.5, 0.5). Specifically,
on terrain with R, = 0.17, the optimal vertical amplitude A,
increases the average contact ratio y by 25% and speed by 30%,
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Fig. 9. Experimental data and probabilistic model predictions for speed-
correlations. (a) Experimental data were collected by testing the robot on
terrains with varying rugosity while adjusting the vertical amplitude Ay. (b)
The experimental results validate the accuracy of the probabilistic model in
predicting the relationship between the robot’s forward speed V and the contact
ratio

compared to the gait without vertical wave (A4, = 0). On terrain
with R, = 0.32, the optimal A, increases the average y by 18%
and speed by 20% . These findings suggest that vertical body
undulation effectively helps the robot mitigate environmental
disturbances, improving both its speed and contact state.

VI. ENHANCE ROBOT PERFORMANCE ON RUGGED
LANDSCAPES THROUGH FEEDBACK CONTROL

In Section V, we show how vertical body motion effectively
mitigates environmental disturbances on the robot’s speed. Our
experimental findings, depicted in Fig. 10, highlight the impor-
tance of adapting vertical motion to optimize speed in response
to changes in terrain rugosity. Specifically, the empirical data
suggests that robot’s speed v is reduced by increasing vertical
amplitude A, on flat ground (R, = 0). However, on rough
terrain (R, = 0.17 or 0.32), increasing A,, canincrease v. These
findings indicate that implementing feedback control of A,
based on terrain rugosity could be beneficial for maximizing the
robot’s forward speed. The sensitivity of the robot’s performance
to temporal frequency is discussed in the Appendix. B.

In this section, we develop a feedback control framework
that adapts vertical body motion by monitoring the foot—ground
contact state and approximating terrain rugosity. To demonstrate
the effectiveness of our feedback controller, we test both our
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Fig. 10.  Empirical evidence supporting the necessity of vertical motion mod-
ulation. (a) Empirical results demonstrate the relationship between the robot’s
speed V and the vertical amplitude Ay. Here, N represents the number of leg
pairs on the robot. For example, if N = 4, the robot has 8 legs. We conducted
10 experimental trials for each data point. Error bars represent the standard
deviation. (b) Snapshots show the differences in speed for a 12-legged robot
with varying vertical amplitudes Ay, .

8-legged and 12-legged robots on lab-based and outdoor terrains.
We compare the performance of an open-loop controller with
the feedback controller to asses how the implementation of the
feedback control improves the robot’s speed.

A. Vertical Motion Adaptation Based Feedback Controller

Based on the predictive analysis illustrated in Fig. 8(b),
optimizing - necessitates modulation of vertical motion. The
findings in Fig. 9(b) reveal a correlation between the robot’s
velocity and the contact ratio v, indicating higher contact ratios
lead to increased speed. Consequently, adapting vertical motion
becomes crucial for optimizing the robot’s traversal speed on
rough terrains.

Following this framework, we developed a linear controller
[illustrated in Fig. 11(a.1)] to autonomously adjust the robot’s
vertical wave amplitude (A,) when traversing rugged terrain.
The onboard controller calculates the real-time contact ratio, s,
using data from binary contact sensors and compares 7 to the
predetermined set contact ratio, yy. This comparison determine
the appropriate vertical motion adjustment for the next cycle.
The vertical wave amplitude is then computed as follows:

7s(T))

where in K, signifies the proportional gain for the linear con-
troller, and 7" and 7+ denote the current and next motion cycles,
respectively. In this feedback controller, the parameter -y serves
as an approximation of terrain rugosity. Since the contact ratio
v quantifies the likelihood of the actual foot—ground contact
state compared to the ideal state, rugged terrain expected to

Ay(TT) = Kp(70 (26)
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exhibit lower values of 7, where flatter terrains expected to
yield higher values. Based on this relationship, the controller
adjusts the vertical wave amplitude A, accordingly, increasing
it when ~y, is low to improve contact and reducing it when 4 is
high.

B. Lab-Based Experiment

The feedback controller’s efficacy was assessed through
experimentation conducted on laboratory-based rough ter-
rain, specifically focusing on terrain with higher rugosity
(24 = 0.32). Over seven motion cycles, the contact state of each
leg and robot’s forward displacement were recorded. Fig. 11(a)
shows the temporal evolution of the measured v, alongside
the corresponding A, for a representative trial of the feedback
control experiments. We tuned K, from 0 to 180 to obtain
the optimal performance for the feedback controller. We set
K, as 90 for the lab-based experiments. We also conducted
experiments for K, sensitivity analysis and the results can be
found in Appendix C.

Comparing the contact states obtained using the feedback
controller to those under an open-loop controller [see Fig. 11(b)]
reveals significant improvements. The feedback controller ef-
fectively mitigates the discrepancy between the actual contact
state and the ideal counterpart. Fig. 12(a) illustrates the disparity
in the robot’s speed between the two controllers. Remarkably,
for both the 8-legged and 12-legged robot configurations, the
feedback controller not only enhances the robot’s speed but
also reduces speed variance. These observations highlight the
effectiveness and consistency of the feedback control mecha-
nism in optimizing locomotion performance across various robot
configurations.

To evaluate the real-time performance of the feedback con-
troller, we tested the robot on a composite terrain combining
sections of R, = 0.17 and Ry, = 0.32 (see Fig. 13). The rapid
transition in terrain rugosity at the junction of these two surfaces
presents additional challenges for the controller. We ran the robot
for eight motion cycles on this composite terrain using both
open-loop and feedback controllers, conducting five trials for
each condition. As shown in Fig. 13, the feedback controller im-
proved the robot’s speed by approximately 50%, demonstrating
its effectiveness even under rapidly changing terrain conditions.

In previous feedback experiments, the robot adjusted its
vertical amplitude on a per-cycle basis. To determine if its
modulation frequency was optimal, we conducted additional
tests on both 8-legged and 12-legged configurations with varying
modulation frequencies. Our empirical findings (see Fig. 14)
suggest that cycle-wise vertical motion modulation emerges as
the optimal approach. This method not only enhances the robot’s
performance on rough terrain, but also ensures computational
efficiency.

C. Outdoor Experiments

We tested the feedback controller’s performance on five out-
door terrains with varied obstacles, including tree debris, grass,
boulders, mud and rocks (see Fig. 15). Terrain a consists of
a mixture of robot-sized boulders, leaves, and mud. Terrain
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Fig. 11.
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Block diagram for the feedback controller and corresponding experimental results. (a) (Left) The block diagram illustrates the feedback controller,

where o represents the expected contact ratio and s is the actual contact ratio measured by the binary contact sensors. Kp is the proportional gain for the

linear controller. The vertical amplitude (Ay/) for the next motion cycle is computed as Ay = Kp( o

s)- (Right) The history of s and Ay is shown for a

representative trial in the feedback control experiments. (b) (Left) Snapshots compare the performance of open-loop control and feedback control on rough terrain
in terms of the average forward speed. (Right) The corresponding histories of the contact state of the left half of the robot’s legs.

Fig. 12.  Controller comparison in laboratory experiments. Experiments were
conducted on 12-legged (N = 6) and 8-legged (N = 4) robots to compare
the performance of open-loop and feedback controllers. Here, D represents the
forward displacement of the robots. Each condition was tested in 10 trials, and
the shaded region represents the standard deviation.

b combines robot-sized boulders with tree debris. Terrain ¢
includes leaves, robot-sized boulders, and weeds. Terrain d fea-
tures a mix of robot-sized boulders, rocks, grass, and pine straw.
Terrain e contains a dense combination of highly entangled
weeds and robot-sized boulders. In these highly unpredictable
environments, the feedback controller increased the robot’s
speed by 30% —60%, reaching up to 60% of its maximum
velocity in open areas. Additional details and visual demon-
strations of the outdoor experiments can be accessed in the SI
videos.

Fig. 13.  Controller comparison in composite terrain. The left plot shows the
forward displacement over time for both open-loop and feedback controllers
as the robot traverses a composite terrain consisting of two roughness levels
(Rg = 0.17 and Ry = 0.32). Shaded regions represent the standard deviation
over five trials. The right image shows the 12-legged robot navigating the
composite terrain, which features abrupt transitions in elevation and surface
characteristics.

VII. CONCLUSION

This article presents a framework to enhance multilegged
robot locomotion. We developed a binary contact sensing system
to detect foot—ground contact, forming the basis for feedback
control mechanisms. Building on this, we devised probabilistic
models based on stochastic leg contact states, derived from
testing various vertical body wave amplitudes on terrains with
different rugosities. By averaging the likelihood between actual
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Fig. 14.  Robot performance across vertical wave modulation frequencies.
Experimental results offer empirical insights into how the frequency of vertical
wave modulation affects the performance of the feedback controller.

and ideal contact states, we predict the robot’s speed on these
terrains, revealing how environmental disturbance impact loco-
motion dynamics.

Our theoretical analysis and experimental validation demon-
strate the critical role of vertical body wave modulation in opti-
mizing robot speed on rough terrain. This led to the development
of a feedback control framework for automatic vertical motion
modulation, which, when extensively tested in both laboratory
and outdoor environments, significant improved performance
performance. In laboratory trials, we observed a 50% —60%
increase in robot speed and a 30% —50% reduction in speed
variance compared to open-loop control. Similarly, outdoor ex-
periments, conducted on terrains with rugosity regimes different
from those in the laboratory trails, showed a 30% —60% increase
in speed, with the robot reaching up to 60% of its maximum
velocity in open terrain.

VIII. DISCUSSION AND LIMITATIONS
A. Model Limitations

In this work, we developed two probabilistic models: one
capturing the correlation between the robot’s speed and contact
ratio, and another predicting the contact ratio based on terrain
rugosity and vertical amplitude. However, there are several
limitations to these models that are worth noting and addressing
in future work.

Our analysis in Section I'V for the first model contained errors
due to two key assumptions, along with other factors. First, we
assumed that when a leg loses contact, the support force is lost
rather than redistributed to other legs, based on the hypothesis
that the force transfers to the robot’s belly. Second, we assumed
the probability distribution of the slipping angle on flat terrain
remains constant, though it may change on rough terrain. In
addition, sensor noise introduces errors in measuring the contact
ratio, . To simplify calculations, we neglected the impact of
collisions between the robot and the environment, despite their
effect on thrust generation. These factors contributed to approx-
imately 15% of the data points falling outside our predictions
[see Fig. 9(b)].

Further, We also assume that two models can be applied
to robots with different numbers of legs. However, results in
Fig. 10(a) indicate that robots with fewer legs are more sensitive
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to terrain rugosity. This is primarily because our model assumes
negligible yaw motion—an assumption that becomes less valid
as the number of legs decreases. Observations show that when
the head segment collides with an obstacle, yaw motion is in-
duced, particularly in robots with fewer segments. For example,
in the four-segment (eight-legged) configuration, yaw motion
becomes significant, leading to lateral deviations and a more
rapid reduction in forward speed as terrain rugosity increases
from 0.17 to 0.32 (see Fig. 10).

To improve predictive accuracy across different robot mor-
phologies, future work could introduce an additional term to
account for leg number, modifying the speed function from
= f(y) to v = f() + g(n;), where n; represents the num-
ber of legs. This refinement would enhance the model’s ap-
plicability to robots with different configurations and improve
its ability to predict locomotion performance across varied
terrains.

In addition, two models in the article rely on the contact ratio
v, without explicitly accounting for the quality of contact. In
particular, the model does not differentiate between stable (firm
ground) and unstable (e.g., slippery or loose) contacts, which
can influence thrust generation.

For terrains with low friction coefficients, the gait framework
used in this article is designed to accommodate slipping during
locomotion. In our previous work [3], we showed that thrust
is governed by rate-independent Coulomb friction. During lo-
comotion, the foot periodically slips forward and backward,
balancing thrust and drag. Experimental results demonstrated
that the robot’s speed (displacement per cycle) was relatively
insensitive to terrain friction variations, provided there are no
significant local shifts in friction. In this article, all laboratory
based experiments were conducted on surfaces with constant
friction conditions. Nonetheless, we acknowledge that rapid
changes in friction—such as alternating patches of mud, ice,
or sand—may challenge this assumption [42], and we plan to
explore these conditions in future work.

Importantly, even with friction variability, our feedback con-
troller is expected to enhance performance by maintaining a
higher contact ratio -, resulting in greater thrust and forward
speed compared to open-loop control. This is supported by our
outdoor experiments (see Fig. 15), where terrains (a, b, and
e) included both mud and slippery boulders, and the feedback
controller still achieved up to a 50% improvement in speed.

For loose granular media such as sand, where the leg—ground
interaction exhibits both solid- and fluid-like behavior, we rec-
ognize that a new modeling framework will be necessary, as
Coulomb-based assumptions may no longer hold. Exploring this
direction is part of our ongoing and future work.

In Section III, we set the phase lag between the horizontal
body wave and the limb stepping wave to (§/N + 1/2)m, which
was previously identified as optimal through numerical simula-
tions [23]. However, certain types of “contact contamination”
may effectively shift the phase lag in practice, potentially bring-
ing it closer to a more optimal value than the one currently
prescribed. Investigating how such unintentional terrain-induced
phase adjustments might enhance performance is an intriguing
direction for future work.
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Fig. 15.
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Outdoor experiments testing feedback control vs. open loop in a six-segment, 12 leg robot. (a) Images depict the terrestrial features of five outdoor

terrains. (b) Snapshots capture representative trials of open-loop and feedback control in terrain b. (c) Forward speed data from experiments conducted across all
five outdoor terrains. V represents the average speed over a cycle of motion, while Vopen denotes the speed in open space.

B. Control Framework Limitations

In this article, we developed a linear controller to improve the
robot’s speed on rugged terrain; however, this simple approach
has certain limitations, and there remains room for further per-
formance enhancement.

To support our hypothesis that vertical body undulation en-
hances robot performance, we assume that the heights of rough
terrain follow a normal distribution — a condition that aligns
with our lab-based experimental setup. However, real-world
terrain is typically more diverse and complex. While we demon-
strated the effectiveness of our controller in more challenging
outdoor tests, future work will focus on evaluating the model
across a broader range of terrain types to better capture real-
world variability.

We employed a sinusoidal traveling wave model to drive the
robot’s vertical body undulation. While effective in mitigating
environmental disturbances through amplitude adjustments, this
approach cannot generate more complex vertical body shapes.
Future research will investigate the impact of more discrete ver-
tical body shape on robot performance, focusing on how subtle
variations can optimize locomotion efficiency and adaptability
on complex terrains. Our recent work has produced promising
results [43].

While this study utilized a basic linear controller to enhance
performance on rugged terrain, we propose that integrating the
two probabilistic models with a more advanced control strategy,
such as a learning-based algorithm, could significantly enhance
the robot’s ability to navigate complex environments. We are
actively exploring this approach [44].

C. Applicability to General Platforms

Although the control framework is demonstrated to be ef-
fective in this article, it remains an open question whether it

is applicable to legged robots with different morphologies and
dimensions.

Following this study, our group has developed additional
multilegged robots with varying numbers of legs [43], body
dimensions, and leg-to-body length ratios. Across these plat-
forms, we consistently observe that vertical body undulation
enhances locomotion speed, suggesting that the benefits of
this mechanism are not limited to a specific morphology. For
quadrupedal and hexapod robots, we posit that introducing ver-
tical body undulation could similarly improve performance—
particularly by increasing stability on uneven or bumpy terrain.
While the exact parameters may need to be tuned based on each
platform’s kinematics, the underlying principle of using body
undulation to mitigate environmental disturbances is expected
to be broadly applicable.

APPENDIX A
MOTION TRACKING FOR EXPERIMENTS

Reflective markers were affixed to each robot module to track
its position and orientation over time. The OptiTrack motion
capture system, consisting of four Prime 17 W cameras record-
ing at 360 frames per second and Motive software, tracked the
markers positions within the workspace. The collected data was
then analyzed using MATLAB.

APPENDIX B
ADDITIONAL EXPERIMENTS

A. Complaint Leg Test

In Section II-A, we introduced the compliant leg design,
inspired by the design in [35], to increase robot’s obstacle ne-
gotiation capability. We also conducted experiments to compare
the performance of rigid leg and complaint leg on rough terrain
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Fig. 16.  Robot performance with and without compliant legs. The robot com-
pleted three motion cycles on rough terrain (Rg = 0.32) using both compliant
and rigid leg configurations. Across all tested vertical amplitudes, the robot
equipped with compliant legs achieved more than a 200% increase in speed
compared to the rigid-legged configuration.

Fig. 17.  Gait performance at higher temporal frequencies. The plot shows the
average forward displacement per cycle V as a function of vertical body wave
amplitude Ay, evaluated at three temporal frequencies: 1/6 Hz (6 seconds per
cycle), 1/3 Hz (3 s per cycle), and 1 Hz (1 s per cycle), on rough terrain with
Rg = 0.17. Each data point represents the average over five trials, with error
bars indicating standard deviation. Results show that gait performance remains
stable when increasing frequency from 1/6 to 1/3 Hz. At 1 Hz, performance drops
significantly at low amplitudes but remains relatively high when larger vertical
amplitudes are used, suggesting that greater body undulation helps maintain
stability and efficiency at higher speeds.

(g = 0.32). We varied the vertical amplitude from 0 to 40 ,
with 10 increment. For each condition, we performed five trials,
and in each trial, the robot completed three motion cycles. The
plot below presents the results of these experiments. As Fig. 16
shows, the complaint leg increases the forward speed of the robot
by around 200% .

B. Gait Stability at Higher Speeds

In the lab-based and outdoor experiments presented in this
article, the robot operated at a temporal frequency of 1/6 Hz
(6 s per motion cycle). To further investigate the effect of
higher speeds, we conducted additional experiments at increased
frequencies: 1/3 Hz (3 s per cycle) and 1 Hz (1 s per cycle), on
rough terrain with R, = 0.17. We tested three different vertical
amplitudes: 10 , 20 , and 30 . For each condition, we conducted
five trials, with the robot completing three motion cycles per
trial.

The results (see Fig. 17) show that gait performance remains
consistent when the temporal frequency increases from 1/6 to

4791

Fig. 18.  Sensitivity analysis of Kp. The plot shows the average forward speed
per cycle V as a function of Kp, which determines the vertical body undulation
amplitude according to Ay = Kp( o s). Each data point represents the
mean speed over five trials, with each trial consisting of three motion cycles.
Error bars indicate the standard deviation across trials. The results show that
performance improves with increasing Kp, peaking around Kp = 90 , after
which the speed slightly declines. This trend highlights the importance of
appropriate gain tuning in the feedback controller.

1/3 Hz. However, at 1 Hz, the robot’s displacement per cycle
decreases to approximately 50% of the 1/6 Hz value for the
smallest vertical amplitude (10 ), and to about 85% for the
highest vertical amplitude (30 ). These findings suggest that
larger vertical amplitudes help maintain gait performance at
higher speeds. We plan to further investigate this phenomenon
in future work.

C. K, Sensitivity Analysis

To evaluate the impact of the proportional gain parameter k,,
in our feedback controller, we conducted a series of sensitivity
experiments. Recall that the vertical body wave amplitude is
computed as follows

Ay =Fkp(v0  s)

where 7y is the nominal contact ratio and -y is the sensed contact
ratio.

We varied k, from 0 to 180 in 30 increments. For each
value, the robot completed five motion cycles per trial, and
each condition was tested across five repeated trials to ensure
robustness.

When £k, is small, the resulting vertical amplitude A, remains
near zero, and the robot’s behavior closely resembles a gait
without vertical undulation. Conversely, at higher &, values
(approaching 180 ), even a small difference between ~y and
~s produces a large A,. Since we cap the vertical amplitude
at 50 to prevent self-collision, setting %, near 180 effectively
causes the robot to operate at its maximum vertical amplitude
throughout the motion cycle.

Fig. 18 illustrates how the average forward speed per cycle
varies with k,. As shown, speed increases with k,, reaching a
peak around k, = 90 , after which it slightly declines. These
results underscore the importance of gain selection and demon-
strate the sensitivity of the controller to the k, parameter.

ACKNOWLEDGMENT

The authors would like to thank Daniel Irvine and Jeff Aguilar
for helpful discussions. We used GPT to refine our writing.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 13,2025 at 23:48:41 UTC from IEEE Xplore. Restrictions apply.



4792

(1]

(2]

[3]

[4]

(5]

(6]

(7]
(8]

(9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

REFERENCES

A.J. Ijspeert and M. A. Daley, “Integration of feedforward and feedback
control in the neuromechanics of vertebrate locomotion: A review of
experimental, simulation and robotic studies,” J. Exp. Biol., vol. 226,
no. 15, 2023, Art. no. jeb245784.

B. Chong et al., “Multilegged matter transport: A framework for loco-
motion on noisy landscapes,” Science, vol. 380, no. 6644, pp. 509-515,
2023.

B. Chong et al., “Self-propulsion via slipping: Frictional swimming in
multilegged locomotors,” Proc. Nat. Acad. Sci., vol. 120, no. 11, 2023,
Art. no. €2213698120.

A. Shamsah, Z. Gu, J. Warnke, S. Hutchinson, and Y. Zhao, “Integrated
task and motion planning for safe legged navigation in partially observ-
able environments,” IEEE Trans. Robot., vol. 39, no. 6, pp. 4913-4934,
Dec. 2023.

M. Yagi and V. Lumelsky, “Biped robot locomotion in scenes with un-
known obstacles,” in Proc. IEEE Int. Conf. Robot. Automat. (Cat. No
99CH36288C), 1999, pp. 375-380.

J. Siekmann, K. Green, J. Warila, A. Fern, and J. Hurst, “Blind bipedal
stair traversal via sim-to-real reinforcement learning,” Robot.: Sci. Syst.,
2021.

O. Hohn and W. Gerth, “Probabilistic balance monitoring for bipedal
robots,” Int. J. Robot. Res., vol. 28, no. 2, pp. 245-256, 2009.

D. L. Wight, E. G. Kubica, and D. W. Wang, “Introduction of the foot
placement estimator: A dynamic measure of balance for bipedal robotics,”
J. Comput. Nonlinear Dyn., vol. 3, 2008, Art. no. 011009.

S. Choi et al., “Learning quadrupedal locomotion on deformable terrain,”
Sci. Robot., vol. 8, no. 74, 2023, Art. no. eade2256.

J. Lee, J. Hwangbo, L. Wellhausen, V. Koltun, and M. Hutter, “Learning
quadrupedal locomotion over challenging terrain,” Sci. Robot., vol. 5,
no. 47, 2020, Art. no. eabc5986.

T. Miki, J. Lee, J. Hwangbo, L. Wellhausen, V. Koltun, and M. Hutter,
“Learning robust perceptive locomotion for quadrupedal robots in the
wild,” Sci. Robot., vol. 7, no. 62, 2022, Art. no. eabk2822.

M. Bloesch et al., State Estimation for Legged Robots: Consistent Fu-
sion of Leg Kinematics and IMU. Cambridge, MA, USA: MIT Press,
2013.

T. Boaventura, C. Semini, J. Buchli, M. Frigerio, M. Focchi, and D. G.
Caldwell, “Dynamic torque control of a hydraulic quadruped robot,” in
Proc. IEEE Int. Conf. Robot. Automat., 2012, pp. 1889-1894.

Y. H. Lee et al., “Development of a quadruped robot system with torque-
controllable modular actuator unit,” JEEE Trans. Ind. Electron., vol. 68,
no. 8, pp. 7263-7273, Aug. 2021.

M. Hutter et al., “Anymal-a highly mobile and dynamic quadrupedal
robot,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2016,
pp. 38—44.

A. Agarwal, A. Kumar, J. Malik, and D. Pathak, “Legged locomotion in
challenging terrains using egocentric vision,” in Proc. Conf. Robot Learn.,
2023, pp. 403-415.

A. Agrawal, S. Chen, A. Rai, and K. Sreenath, “Vision-aided dynamic
quadrupedal locomotion on discrete terrain using motion libraries,” in
Proc. IEEE Int. Conf. Robot. Automat., 2022, pp. 4708-4714.

D. Wisth, M. Camurri, and M. Fallon, “VILENS: Visual, inertial, Lidar, and
leg odometry for all-terrain legged robots,” IEEE Trans. Robot., vol. 39,
no. 1, pp. 309-326, Feb. 2022.

C. D. Bellicoso et al., “Advances in real-world applications for legged
robots,” J. Field Robot., vol. 35, no. 8, pp. 1311-1326, 2018.

T. Dang, M. Tranzatto, S. Khattak, F. Mascarich, K. Alexis, and M. Hutter,
“Graph-based subterranean exploration path planning using aerial and
legged robots,” J. Field Robot., vol. 37, no. 8, pp. 1363-1388, 2020.

K. C. Galloway et al., “X-RHex: A highly mobile hexapedal robot for
sensorimotor tasks,” University of Pennsylvania, Tech. Rep, 2010.

U. Saranli, M. Buehler, and D. E. Koditschek, “Rhex: A simple and highly
mobile hexapod robot,” Int. J. Robot. Res., vol. 20, no. 7, pp. 616631,
2001.

B. Chong et al., “A general locomotion control framework for multi-
legged locomotors,” Bioinspiration Biomimetics, vol. 17, no. 4, 2022,
Art. no. 046015.

S. Aoi et al., “Advanced turning maneuver of a many-legged robot using
pitchfork bifurcation,” IEEE Trans. Robot., vol. 38, no. 5, pp. 3015-3026,
Oct. 2022.

S. Aoi et al., “Maneuverable and efficient locomotion of a myriapod robot
with variable body-axis flexibility via instability and bifurcation,” Soft
Robot., vol. 10, no. 5, pp. 1028-1040, 2023.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

IEEE TRANSACTIONS ON ROBOTICS, VOL. 41, 2025

S. Prentice and N. Roy, “The belief roadmap: Efficient planning in belief
space by factoring the covariance,” Int. J. Robot. Res., vol. 28, no. 11-12,
pp. 1448-1465, 2009.

A. Majumdar and R. Tedrake, “Funnel libraries for real-time robust feed-
back motion planning,” Int. J. Robot. Res., vol. 36, no. 8, pp. 947-982,
2017.

M. Mukadam, J. Dong, X. Yan, F. Dellaert, and B. Boots, “Continuous-
time Gaussian process motion planning via probabilistic inference,” Int.
J. Robot. Res., vol. 37, no. 11, pp. 1319-1340, 2018.

H. Yu and Y. Chen, “Stochastic motion planning as gaussian variational
inference: Theory and algorithms,” 2023, arXiv:2308.14985.

F. Farshidian, M. Neunert, A. W. Winkler, G. Rey, and J. Buchli, “An
efficient optimal planning and control framework for quadrupedal loco-
motion,” in Proc. IEEE Int. Conf. Robot. Automat., 2017, pp. 93-100.

M. Neunert et al., “Whole-body nonlinear model predictive control through
contacts for quadrupeds,” IEEE Robot. Automat. Lett., vol. 3, no. 3,
pp. 1458-1465, Jul. 2018.

S. Gangapurwala, A. Mitchell, and I. Havoutis, “Guided constrained policy
optimization for dynamic quadrupedal robot locomotion,” IEEE Robot.
Automat. Lett., vol. 5, no. 2, pp. 3642-3649, Feb. 2020.

H. Osumi, S. Kamiya, H. Kato, K. Umeda, R. Ueda, and T. Arai, “Time
optimal control for quadruped walking robots,” in Proc. IEEE Int. Conf.
Robot. Automat., 2006, pp. 1102-1108.

Y. Ozkan-Aydin and D. I. Goldman, “Self-reconfigurable multilegged
robot swarms collectively accomplish challenging terradynamic tasks,”
Sci. Robot., vol. 6, no. 56, 2021, Art. no. eabf1628.

Y. Ozkan-Aydin, B. Chong, E. Aydin, and D. I. Goldman, “A systematic
approach to creating terrain-capable hybrid soft/hard myriapod robots,” in
Proc. 3rd IEEE Int. Conf. Soft Robot., 2020, pp. 156-163.

R. L. Hatton and H. Choset, “Generating gaits for snake robots: Annealed
chain fitting and keyframe wave extraction,” Auton. Robots, vol. 28,
pp. 271-281, 2010.

R.D. Maladen, Y. Ding, C. Li, and D. I. Goldman, “Undulatory swimming
in sand: Subsurface locomotion of the sandfish lizard,” Science, vol. 325,
no. 5938, pp. 314-318, 20009.

H. Marvi and D. L. Hu, “Friction enhancement in concertina locomotion
of snakes,” J. Roy. Soc. Interface, vol. 9, no. 76, pp. 3067-3080, 2012.

J. C. Spagna, D. I. Goldman, P.-C. Lin, D. E. Koditschek, and R. J. Full,
“Distributed mechanical feedback in arthropods and robots simplifies con-
trol of rapid running on challenging terrain,” Bioinspiration biomimetics,
vol. 2, no. 1, 2007, Art. no. 9.

R.D. Maladen, Y. Ding, P. B. Umbanhowar, A. Kamor, and D. I. Goldman,
“Mechanical models of sandfish locomotion reveal principles of high
performance subsurface sand-swimming,” J. Roy. Soc. Interface, vol. 8,
no. 62, pp. 1332-1345, 2011.

R. D. Maladen, Y. Ding, P. B. Umbanhowar, and D. I. Goldman, “Undula-
tory swimming in sand: Experimental and simulation studies of a robotic
sandfish,” Int. J. Robot. Res., vol. 30, no. 7, pp. 793-805, 2011.

M. Gazzola, M. Argentina, and L. Mahadevan, “Gait and speed selection
in slender inertial swimmers,” Proc. Nat. Acad. Sci., vol. 112, no. 13,
pp. 3874-3879, 2015.

J. He, B. Chong, M. Iaschi, V. R. Nienhusser, S. Ha, and D. I. Goldman,
“Tactile sensing enables vertical obstacle negotiation for elongate many-
legged robots,” in Proc. Robots: Sci. Syst., 2025, pp. 8-10.

J. He, B. Chong, Z. Xu, S. Ha, and D. I. Goldman, “Learning to enhance
multi-legged robot on rugged landscapes,” 2024, arXiv:2409.09473>.

Juntao He (Graduate Student Member, IEEE) re-
ceived the B.E. degree in naval architecture and ocean
engineering from Huazhong University of Science
and Technology, Wuhan, China, in 2019, and the M..S.
degree in mechanical engineering from Northwestern
University, Evanston, IL, USA, in 2021. He is cur-
rently working toward the Ph.D. degree in robotics
with the Georgia Institute of Technology, Atlanta,
GA, USA, where he also received the M.S. degree
in computer science.

His research interests include robotics, locomotion,

tactile sensing, dexterous manipulation, and reinforcement learning.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 13,2025 at 23:48:41 UTC from IEEE Xplore. Restrictions apply.



HE et al.: PROBABILISTIC APPROACH TO FEEDBACK CONTROL ENHANCES MULTILEGGED LOCOMOTION

Baxi Chong (Student Member, IEEE) received the
B.S. degree in biomedical engineering and materi-
als engineering from the University of Hong Kong,
Hong Kong, in 2016, the M.S. degree in biomedical
engineering from Carnegie Mellon University, Pitts-
burgh, PA, USA, in 2016, and the Ph.D. degree in
quantitative biosciences from the Georgia Institute of
Technology, Atlanta, GA, USA, in 2022, under the
supervision of Prof. Daniel I. Goldman.
He is currently an Assistant Professor with the
Department of Mechanical Engineering, The Penn-
sylvania State University. His research interests include locomotion, geometric
mechanics, multilegged robots, and evolutionary robotics.
Dr. Chong is a Member of the Society for Integrative and Comparative Biology
and the American Physical Society.

Jianfeng Lin (Graduate Student Member, IEEE) re-
ceived the B.Eng. degree in mechanical engineer-
ing from Wuhan University, Wuhan, China, in 2023.
He is currently working toward the Ph.D. degree in
quantitative biosciences with the Georgia Institute of
Technology, Atlanta, GA, USA.

He was a Research Intern with the Dynamic Lo-
comotion Group of the Max Planck Institute for In-
telligent Systems (MPI-IS), Stuttgart, Germany, in
2022. His research interests include biomechanics
and biorobotics.

Zhaochen Xu (Graduate Student Member, IEEE)
received the B.Eng. degree in electrical and electronic
engineering with a minor in biomedical engineering
from University College London, London, U.K., in
2022, and the M.S. degree in biomedical engineering
from Columbia University, New York, NY, USA,
in 2024. He is currently working toward the Ph.D.
degree in quantitative biosciences with the School
of Physics, Georgia Institute of Technology, Atlanta,
GA, USA.

His research focuses on robophysics and robotic
locomotion. He has worked on robotic systems including compliant snake robots
and multilegged robots. His research investigates undulatory locomotion and
terrain interaction using experimental robotic platforms to explore biological
principles and validate theoretical models.

4793

Hosain Bagheri received the Ph.D. degree in me-
chanical engineering from Arizona State University,
Tempe, AZ, USA, in 2020.

His research focused on animal and robotic inter-
actions with complex granular terrains and media. He
has prior industry experience in medical devices. He
is currently a Postdoctoral Fellow with the Georgia
Institute of Technology, Atlanta, GA, USA, where he
studies collective behavior across biological scales,
from cells to ants.

Esteban Flores was born in El Paso, TX, USA, in
2003. He received the bachelor of Science in me-
chanical engineering from the Georgia Institute of
Technology in Atlanta, GA, USA, in 2024.

During his undergraduate studies, he held intern-
ships with Forterra (Engineering Intern), Zipline In-
ternational Inc. (Ground Systems Test Intern), and
Ground Control Robotics (Robotics Intern). He cur-
rently works in Atlanta, Georgia, as a Robotics Engi-
neer at Ground Control Robotics. His research inter-
ests include autonomy, multilegged locomotion, and
sensing.

Daniel I. Goldman received the S.B. degree in
physics from the Massachusetts Institute of Technol-
ogy, Cambridge, MA, USA, in 1994. He received the
Ph.D. degree in physics from the University of Texas
at Austin, studying nonlinear dynamics and granular
media, in 2002.
He is currently a Professor with the School of
Physics, Georgia Institute of Technology. He became
a Faculty Member with Georgia Tech in January
2007. He is an Adjunct Member of the School of
Biology. He is also the Co-Founder of Ground Control
Robotics, Inc, a startup commercializing multilegged elongate robots for use in
precision agriculture. His research program broadly investigates the interaction
of biological and physical systems with complex materials like granular media.
In particular, he integrates laboratory experiments, computer simulation, and
physical and mathematical models to discover principles of movement of a
diversity of animals and robots in controlled laboratory substrates. From 2003
to 2007 he did postdoctoral work with the Department of Integrative Biology,
UC Berkeley studying locomotion biomechanics.

Dr. Goldman is a Fellow of the American Association for the Advancement of
Science (AAAS), a Fellow of the American Physical Society (APS), was a Dunn
Family Professor at Georgia Tech, a Georgia Power Professor of Excellence,
and has received an NSF CAREER/PECASE award, a DARPA Young Faculty
Award, a Burroughs Wellcome Fund Career Award at the Scientific Interface,
and the UT Austin Outstanding Dissertation in Physics (2002-2003). He is a
member of the Advisory Board of the journal Science Robotics.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 13,2025 at 23:48:41 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


