
Abstract—Robots excel at avoiding obstacles but struggle to 
traverse complex 3-D terrain with cluttered large obstacles. By 
contrast, insects like cockroaches excel at doing so. Recent re-
search in our lab elucidated how locomotor transitions emerge 
from locomotor-environment interaction for diverse locomotor 
challenges abstracted from complex 3-D terrain and the strate-
gies to overcome them. Here we built on these fundamental in-
sights to develop a cockroach-inspired legged robot, Omni-
Roach, that integrated these strategies to achieve multi-modal 
locomotion and provide a robophysical model to study the trade-
off between multi-functionality and performance. The robot was 
based on the RHex design with six compliant legs and featured 
a rounded body with two wings that can open and a tail with 
pitch and yaw degrees of freedom. After two development and 
testing iterations, our robot was capable of overcoming all loco-
motor challenges with a high performance and success rate. It 
traversed cluttered rigid pillars only 1.1× robot body width 
apart, a 2.5× hip height bump, a 0.75× body length gap, densely 
cluttered flexible beams only 65% body width apart, and self-
righted within 4 seconds. Systematic beam traversal experi-
ments further revealed that a downward-pointing tail oscillating 
laterally helps roll the body into beam gaps and break frictional 
and interlocking contact to traverse. Our work highlights the 
usefulness of multi-functional appendages and exaptation for 
large obstacle traversal. 

Index Terms—terradynamics, locomotion, multi-functional, 
exaptation, bio-inspired robotics, biomimetics 

I. INTRODUCTION 

Robots excel at navigating environments with sparse ob-
stacles by creating a geometric map of the environment [1], 
[2] and planning and following a collision-free trajectory to 
avoid obstacles [3]–[6]. Yet robots are still poor at traversing 
complex 3-D terrain cluttered with large obstacles compara-
ble to body size, due to a lack of understanding of locomotor-
terrain physical interaction [7]. This has hindered critical ap-
plications such as earthquake search and rescue in rubble [8], 
environmental monitoring on a forest floor [9], and extrater-
restrial exploration through Martian rocks [10], [11]. By con-
trast, insects like the discoid cockroach are excellent at using 
physical interaction to traverse complex 3-D terrain, often 
transitioning across different locomotor modes [12]. 

An important advantage of animals over robots is their 
multi-functionality, often achieved via exaptation [13], i.e., 
the ability to co-opt morphology initially evolved for one pur-
pose for another. For example, the discoid cockroach can use 
the same body and legs to walk [14], run [15], climb [16], and 
traverse uneven [17] and cluttered [12] obstacles, as well as 
co-opt wings to self-right [18]. Ghost crabs creatively use the 
same set of legs in different ways to excavate, pass, and pack 
sand when burrowing [19]. Trap-jaw ants’ powerful mandi-
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bles for prey capture are co-opted for jumping [20]. Some ro-
bots are already capable of multi-functional locomotion, 
ranging from millimeter-scale soft-robots that walk, jump, 
climb, swim, crawl, and grip [21], [22] to large robots transi-
tioning across aerial, aquatic, and terrestrial locomotion [23]–
[25]. However, how to use body and appendages to generate 
multi-modal locomotion to traverse complex 3-D terrain re-
mains poorly understood. 

Recent studies in our lab using an interdisciplinary terra-
dynamics approach have begun to reveal how locomotor tran-
sitions of insects and legged robots in complex 3-D terrain 
emerge from physical interaction and how they can be con-
trolled by multi-functional use of body and appendages [7]. 
This was achieved by systematic animal, robot, and physics 
studies of model systems of distinct locomotor challenges 
(Fig. 1b) abstracted from locomotion in complex 3-D terrain 
(Fig. 1a). For each model system, locomotor-environment in-
teraction leads to stereotyped locomotor modes (Fig. 2, i). 
Our physics models validated against animal and robot ex-
periments revealed how a suite of design, actuation, and ac-
tion strategies (Fig. 2, ii) can increase performance for each 
locomotor challenge by enhancing the transition to desired 
modes or suppressing undesired ones. 

 
Fig. 1. Abstracting locomotor transitions in complex 3-D terrain with 
large obstacles. (a) Envisioned capability of robot traversing complex 3-D 
terrain. (b) Abstracted challenges from diverse large obstacles. Reproduced 
from [7] under terms of CC-BY license. 

Building on these foundations, here we take the next step 
towards robust robot traversal of complex 3-D terrain, by de-
veloping and testing a cockroach-inspired legged robot, 
Omni-Roach, capable of overcoming multiple locomotor 
challenges using one set of morphology. This robot also pro-
vides a robophysical model [26]–[30] for studying the trade-
off between multi-functionality and single task performance. 
Based on insights from each model system, we proposed how 
to integrate them in a single robot to achieve multi-function-
ality (Sec. II). We first developed and tested an initial proto-
type (Sec. III). Based on the limitations revealed, we refined 
the robot and improved its performance in overcoming mul-
tiple locomotor challenges (Sec. IV). We further conducted 
systematic experiments to understand how to exapted tail use 
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to facilitate traversal of cluttered beam obstacles (Sec. V). Fi-
nally, we reviewed our contribution and discussed future di-
rections (Sec. VI). Design files and control code can be found 
at https://github.com/TerradynamicsLab/Omni-Roach.  

 
Fig. 2. Fundamental principles of strategies to overcome abstracted 
challenges. (i) Stereotyped modes discovered for each locomotor challenge. 
(ii) Strategies to modulate locomotor transitions between modes to better 
overcome challenges. Adapted from [7] under terms of CC-BY license. 

II. DESIGN FOR MULTI-FUNCTIONALITY 

We first review strategies to overcome the distinct loco-
motor challenges revealed by our previous studies to inform 
how to design and control a single robot to overcome these 
challenges. The robot is based on the classic RHex platform 
[30], with six legs spinning in an alternating tripod gait. 

(i) To better traverse cluttered, rigid, large vertical obsta-
cles such as pillars (Fig. 2a) [31], a robot can adopt an ellip-
tical body shape that passively repels it from obstacles to 
maintain a desired turn mode. By contrast, the cuboidal body 
common in robots is attracted to obstacles during self-propul-
sion and leads to an undesired climb mode. 

(ii) To better traverse large horizontal obstacles with 
height increase like a bump (Fig. 2b) [32], a robot should 
move towards the bump rapidly, head-on, and pitch the body 
up to facilitate transitioning into a desired climb mode. An 
active tail with a pitch degree of freedom can pitch the body 
up using inertial effect. 

(iii) To better traverse large horizontal obstacles with 
height drop like a gap (Fig. 2c) [33], strategies similar to 
those for bump traversal facilitate transitioning to a desired 
cross mode, and an active tail is helpful in a similar fashion. 

 (iv) To better traverse densely cluttered large, flexible 
obstacles such as grass-like beams (Fig. 2d), a robot should 
roll into a gap and maneuver through. This can be facilitated 
by a rounded body [12], large body oscillations [34], and dif-
ferential leg use and body flexion [35]. A rounded body helps 
the robot align with and roll into the gap and reduce the po-
tential energy barrier to move through it [12]. Large body os-
cillations provide kinetic energy fluctuation to overcome the 
potential energy barrier [34]. Finally, differential leg use as-
sists body rolling while body flexion breaks resistive fric-
tional and interlocking contact between the body and edge of 
beams [35]. 

(v) To self-right after flipping over, a likely scenario when 
moving through large obstacles [12], [36] (Fig. 2e), simulta-

neous wing opening and lateral leg oscillations facilitate tran-
sitioning from an undesired metastable body orientation to a 
desired roll mode that results in an upright orientation [18], 
[37]–[39]. Wing opening lifts the center of mass and reduces 
the base of support formed by robot-ground contact points, 
reducing the potential energy barrier to self-right [37], [39], 
[40]. Lateral leg oscillations generate kinetic energy fluctua-
tion that perturbs the body to overcome the barrier [39], [40]. 

 
Fig. 3. Omni-Roach v1 CAD model. (1) Actuated wings that can open (left 
wing is not shown). (2) Fixed bottom shell. (3) Active 2-DOF tail. (4) Com-
pliant C-shaped legs. Arrows show rotational joints, red for leg joints, yellow 
for wing joints, and green and blue for tail pitch and yaw joints, respectively. 

Based on these insights, we identified three design fea-
tures that can be integrated into a single robot for overcoming  
these locomotor challenges (multimedia material, movie 1).  
(1) A rounded body to help passively deflect the robot from 
rigid vertical obstacles and roll into gaps to traverse cluttered 
flexible obstacles. (2) An active tail to pitch the body up for 
traversing large horizontal obstacles and to generate body os-
cillations for traversing cluttered flexible obstacles and self-
righting. (3) The ability to open its top shell as wings for self-
righting. 

III. INITIAL ROBOT DEVELOPMENT & TESTING 

A. Design 

The initial prototype, Omni-Roach v1 (Fig. 3), measures 
35 cm long (excluding the tail), 23 cm wide, 13 cm tall, and 
weighs 1.8 kg, with a 5 cm hip height. We designed the legs 
to be protected under the shell so that they do not get caught 
easily on obstacles, and the shell should be as compact as pos-
sible in width to reduce roll inertia, and then in length. The 
chassis plates were laser cut from acrylic. The six compliant 
C-shaped legs were 3D-printed from elastic thermoplastic 
polyurethane (TPU). Other custom components were 3D-
printed from polylactic acid (PLA). Besides six servo motors 
that spin the legs (Fig. 3, red arrows), two motors actuate a 
tail with both pitch and yaw degrees of freedom (Fig. 3, green 
and blue arrows). The tail weighs 0.17 kg (9% of total body 
mass) and measures 19 cm (54% body length) from the pitch 
pivot axis to the tip. It is defined to be at home position (pitch 
 yaw 0°) when the tail points straight backward (position 
shown in Fig. 3). The rounded body shell was divided into 
the top and bottom halves. The top is separated into the left 
and right halves, each capable of opening via rolling by a 
servo motor (Fig. 3, yellow arrows). We used DYNAMIXEL 
XL430-W250-T servo motors (no-load speed 0.95 rev/s, stall 
torque 1.4 Nꞏm) for all joints. The robot was controlled by a 
Python program. The motors are set to operate at their maxi-
mum speed.  

B. Testing 

We built simple testbeds to study the robot for each loco-
motor challenge (Fig. 4a-c). Each obstacle was mounted to a 
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pegboard as the ground. The pillar (Fig. 4a) was an aluminum 
bar vertically fixed to the ground. The bump obstacle (Fig. 
4b) was stacked square aluminum bars. Sandpaper (60 grit) 
on the ground was used to improve leg traction. The beams 
were acrylic plates (6 mm thick) mounted on the ground via 
a joint with torsional springs (Fig. 4c). We chose a high tor-
sional stiffness of K  0.78 Nꞏm/rad so that the robot could 
not simply push over the beams to traverse.  

The robot was manually controlled via keyboard in all ob-
stacle traversal experiments. Whenever the legs spun, they 
followed an alternating tripod gait. 

(i) For pillar traversal, the robot was driven straight to-
wards the pillar with no other control.  

(ii) For bump traversal, the robot initially lifted its tail up. 
When the head contacted the bump, the tail pitched down to 
the home position to pitch the body up using inertial effects. 
Once the head reached above the bump, the tail was further 
lowered to raise the rest of the body so the robot could use 
legs to climb onto the bump completely. 

(iii) For gap traversal, the robot initially lifted its tail up. 
When the head was near the gap edge (various distance was 
tested), the tail pitched down to the home position to pitch the 
body up using inertial effects.  

(iv) For beam traversal, the robot was driven straight to-
wards the beam gap. As the robot pitched up against the 
beams and oscillated within the gap, the tail pitched down, 
resulting in body rolling. Based on real-time observation of 
the body yaw direction, the robot was commanded (by expe-
rience) to oscillate the tail while keeping the legs spinning to 
align the head with the gap. 

For self-righting, the robot first opened the wings to raise 
the body, and the tail pitched downward relative to the body 
and yawed to one side (Fig. 5d, i). After the robot rolled onto 
its side, the wings closed, and the tail moved back to the home 
position (Fig. 5d, ii). The wing contacting the ground further 
pushed the robot upright (Fig. 5d, iii). 

 
Fig. 4. Simple terrain testbeds. (a) Pillar. (b) Bump. (c) Beams. Colored 
arrows show favored locomotor modes, with colors following Fig. 2. 

C. Performance 

1) Pillar traversal 
The rounded body enabled Omni-Roach v1 to deflect 

away and traverse pillars (Fig. 5a) 100% of the time (N  10) 
(multimedia material, movie 2). 

2) Bump traversal 
Without tail use, Omni-Roach v1 could not pitch its body 

sufficiently by simply pushing against the bump and was de-
flected away (Fig. 5b, iii). With tail use, the robot pitched up 
to climb over the bump (Fig. 5b, i-ii) before it deflected. By 
cutting the rear end of the shell (Fig. 5b, i, red circle) to re-
duce chassis-ground contact, the robot traversed a bump of 
up to 1.5× hip height 80% of the time (N  10) (multimedia 
material, movie 3). 

3) Gap traversal 
Omni-Roach v1 traversed a 17 cm gap (48% body length) 

without tail actuation. This was not improved with tail actua-
tion (N  10), because the slow spinning leg motors limited 

the robot speed to below the necessary speed for dynamic gap 
traversal. The slow tail motor also did not generate sufficient 
body pitching via inertial effects.  

4) Beam traversal 
The active tail was designed for two purposes: to pitch the 

body up using inertial effects for bump and gap traversal, and 
to generate lateral perturbation for self-righting. In beam tra-
versal testing we found that it can also be used to tap the 
ground to facilitate traversal. Without tail use, Omni-Roach 
v1 pitched up against the beams and became stuck during 
self-propulsion, unable to traverse (Fig. 5c, iii). By keeping 
the tail pitched downward and manually yawing it left and 
right at roughly 2 Hz, the tail pushed against the ground and 
helped the body roll, which, together with intermittent leg 
propulsion against the beams, enabled the robot to traverse 
(Fig. 5c, i-ii). Similar to how cockroaches adjust their legs 
and abdomen to traverse the beams [35] and a recent robot 
[41], the robot’s tail tapping and intermittent leg propulsion 
worked together to oscillate the robot and break the frictional 
and interlocking contact with the beams (multimedia mate-
rial, movie 4).  

By varying beam gap width, we found that Omni-Roach 
v1 could traverse beams with a gap 91% of the robot body 
width (or a 21 cm gap, Fig. 9c). To quantify how much the 
body rolled to achieve this, we estimated the approximate 
maximal body roll. Neglecting body thickness: 

body roll  cos
 

 
 (1) 

To traverse the 91% body width gap, the robot rolled by 
approximately 24°.  

5) Self-righting 
 Omni-Roach v1 can self-right robustly with a 90% suc-

cess rate and within 4 s on flat ground (N  10) (multimedia 
material, movie 5). 

 
Fig. 5. Snapshots of Omni-Roach v1 overcoming locomotor challenges. 
(a) Pillar. (b) Bump of 1.5× hip height. Red circle shows the clipped-off 
wings and bottom chassis. (c) Beams with a 91% body width gap. (d) Self-
righting. Blue and green arrows show tail yaw and pitch motions. Yellow 
arrows show wing motions. 
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D.  Limitations revealed 

Omni-Roach v1 was capable of completing the bump, pil-
lar, beam, and self-right challenges. However, the perfor-
mance of the robot on the bump, beam, and gap could be im-
proved. We speculated that further reducing the size and 
weight of the robot could make it more agile. Tail usage was 
important for bump and beam traversal, so improvements to 
the tail could be impactful. Improvements to the legs could 
also enable better forward propulsion. 

IV. REFINED ROBOT DEVELOPMENT & TESTING 

A. Design 

Learning from the results of Omni-Roach v1, we devel-
oped Omni-Roach v2 (Fig. 6a) to improve performance. 
Omni-Roach v2 measures 20 cm long (excluding the tail), 
18.5 cm wide, 10 cm tall, and weighs 0.75 kg. Its hip height 
is the same as Omni-Roach v1 at 5 cm. Overall, Omni-Roach 
v2 is about 2/3 the size of v1 (Fig. 6b) and less than half the 
weight, making it much more agile. Despite the shortened and 
flatter chassis, the leg length of v2 remains the same as v1, 
giving the legs more reach relative to body size. The tail 
weighs 0.1 kg (13% of total body mass) and measures 14.5 
cm (73% body length) from the pitch pivot axis to the tip. The 
tail home position is defined the same way as in v1 (position 
shown in Fig. 6a). The tail was lengthened relative to body 
length to reduce chassis-ground contact, which hindered 
bump traversal. We used the smaller, lighter, but faster 
DYNAMIXEL XL330-M288-T servo motors (no-load speed 
1.71 rev/s, stall torque 0.52 Nꞏm). The legs were also changed 
from C- to S-shape to double stride frequency. The motors 
operated at maximum speed in all experiments. 

 
Fig. 6. Omni-Roach v2. (a) CAD model. (1) Actuated wings that can open 
(left wing is not shown). (2) Fixed bottom shell. (3) Active 2-DOF tail. (4) 
Compliant S-shaped legs. Arrows show rotational joints, red for leg joints, 
yellow for wing joints, and green and blue for tail pitch and yaw joints, re-
spectively. (b) Size comparison between v1 (left) and v2 (right). 

B. Multi-obstacle testbed 

Besides testing for individual types of obstacles like for 
v1, to demonstrate Omni-Roach v2’s ability to traverse com-
plex terrain with multiple types of challenges, we created a 
multi-obstacle field (Fig. 7) consisting of four pillars spaced 
20 cm, a bump obstacle, and a pair of beams. The robot trav-
ersed all the obstacles, was manually flipped over, and self-
righted (multimedia material, movie 7). We used the same 
traversal strategy and control logic as v1. 

 
Fig. 7. Multi-obstacle field with four pillars, a bump, and two beams. 
Arrows show favored locomotor modes, with colors following Fig. 2. 

C. Performance  

1) Pillar traversal 
The rounded body enabled Omni-Roach v2 to deflect 

away from the pillar (Fig. 8a) 100% of the time (N  10) 
(multimedia material, movie 2). 

2) Bump traversal 
With tail use, Omni-Roach v2 pitched up to climb over a 

maximal bump height of 2.5× hip height (Fig. 8b, i-ii) with 
an 80% success rate (N  10) (multimedia material, movie 3). 

3) Gap traversal 
Omni-Roach v2 traversed a 13.5 cm gap (68% body 

length) with the tail stowed in the body (N  10) and a 15 cm 
gap (75% body length) with the tail in the home position to 
help bridge the gap (N  10). Despite Omni-Roach v2 being 
smaller, lighter, and faster, the performance was not im-
proved by involving a tail motion (N  10). The leg and tail 
motors are too slow to generate sufficient forward speed and 
sufficient body pitching to dynamically traverse as in [33]. 

4) Beam traversal 
Omni-Roach v2 utilizes the same techniques as Omni-

Roach v1 to traverse the beams. Omni-Roach v2 could trav-
erse beams (Fig. 8c, i-ii) with a gap of only 65% of the robot 
body width (or a 12 cm, Fig. 9d). This translates to approxi-
mately a 50° body roll (multimedia material, movie 4). Beam 
traversal of Omni-Roach v2 is further discussed in Sec. V.  

5) Self-right performance 
Omni-Roach v2 self-righted (Fig. 8d, i-iii) using the same 

motion sequence as Omni-Roach v1, taking only 4.0 s with a 
100% success rate on flat ground (N  10) (multimedia mate-
rial, movie 5). 

 
Fig. 8. Snapshots of Omni-Roach v2 overcoming locomotor challenges. 
(a) Pillar. (b) Bump of 2.5× hip height. Red circle shows the clipped-off 
wings and bottom chassis. (c) Beams with a 65% body width gap. (d) Self-
righting. Blue and green arrows show tail yaw and pitch motions. Yellow 
arrows show wing motions. 

D. Comparison to v1 

A comparison of size and performance between Omni-
Roach v1 and v2 is listed in Tab. 1. Omni-Roach v2 had a 
higher performance in bump and gap traversal, capable of 
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traversing a bump of 2.5× hip height compared to 1.5× for v1 
(Fig. 9a-b) and a gap of 75% body length compared to 48% 
for v1. It also had a better performance in beam traversal, ca-
pable of rolling into the beams by 50° to traverse a 65% body 
width gap, compared to rolling by 24° to traverse a 91% body 
width gap for v1 (Fig. 9c-d). It maintained the same level of 
performance in pillar traversal and self-righting. 

This performance increase was mainly due to the increase 
in the relative leg length (from 14% to 25% body length) and 
relative tail length (from 54% to 73% body length), while 
maintaining relative leg propulsion (single leg stall 
force/body weight only slightly reduced from 1.6 to 1.4). In 
addition, Omni-Roach v2 ran faster than v1 (0.30 vs. 0.26 
m/s) and had a stride frequency about three times that of v1 
(2.7 vs. 0.9 Hz), which generated more oscillations during 
beam interaction and better perturbed the body to break fric-
tional and interlocking contact. 

Omni-Roach v2 showed no worse performance than v1.  

 
Fig. 9. Performance comparison between v1 and v2. (a-b) Bump of max-
imal height traversed. (c-d) Beams of minimal beam gap width traversed, 
showing maximal body roll achieved. 

V. TAIL USE FOR BEAM TRAVERSAL 

Among these challenges, we observed that cluttered beam 
traversal required the most finesse of coordination between 
tail pitch and yaw, taking the longest to complete. In addition, 
a recent study of a RHex-class robot traversing uneven terrain 
discovered that, by introducing downward tail tapping to per-
turb the body, the robot could be freed from being stuck in 
uneven terrain [41]. We speculated that similar active tail tap-
ping can perturb our robot from being stuck when pushing 
against the beams by breaking frictional and interlocking con-
tact. Aside from tail use, during testing, we also noticed that 
the robot would become stuck in the beams at some approach 
angles but not others. Considering these, we further studied 

how tail use and approach angle affect beam traversal of 
Omni-Roach v2. 

A. Experimental setup and procedure 

In this experiment, we used a beam gap of 65% robot 
body width (or 12 cm). We tested four tail operation modes. 
(1) Home static: a static tail with 0° pitch and 0° yaw relative 
to the chassis (Fig. 10a). (2) Pitch down static: a static tail 
pointing downward, with 90° pitch and 0° yaw relative to the 
chassis (Fig. 10b). (3) Pitch down and yaw static: a static tail 
pointing downward and sideways, with 90° pitch and 15° yaw 
relative to the chassis (Fig. 10c). (4) Pitch down with yaw 
oscillation: a downward pointing, laterally oscillating tail, 
with 90° pitch relative to the chassis, and a manually con-
trolled yaw oscillation from 15° to 15° at 2 Hz (Fig. 10d). 
This mode was inspired by a beam traversal experiment with 
cockroaches [35]. When the animal first rolled into the gap, 
it flexed its abdomen down (abdomen pitched from 7° to 37° 
relative to the body) and oscillated the abdomen to propel it-
self forward. In (4) pitch down with yaw oscillation tail mode, 
the tail pitch resembled the abdomen pitch and the yaw oscil-
lation resembled the abdomen oscillation in the animal exper-
iment. The other modes were chosen to compare with (4). 

We varied approach angle, the angle between the midline 
of the two beams to the robot’s midline (Fig. 10e), from 0° to 
45° in increments of 15°. With other conditions kept the 
same, we collected 10 trials for each combination of tail mode 
and approach angle, resulting in a total of 160 trials 
(multimedia material, movie 6). 

 
Fig. 10. Experimental design to study the effects of tail use and approach 
angle for beam traversal. Four tail modes tested: (a) Home static. (b) Pitch 
down static. (c) Pitch down and yaw static. (d) Pitch down with yaw oscilla-
tion. Arrows show yaw oscillation. (e) Definition of approach angle. 

B.  Results 

 Traversal probability depended sensitively on tail opera-
tion mode (Fig. 11a). In the home static tail mode, Omni-
Roach v2 could not traverse at any approach angle because 
the small roll perturbation from leg propulsion was insuffi-
cient to roll the body into the gap. Instead, the robot pitched 
up and oscillated against the beams and became trapped.  

In the pitch down and yaw static tail mode, the robot was 
also unable to traverse at any approach angle. Although the 
statically yawed tail rolled the robot body, the resistance be-
tween the body and beams prevented the robot from fully en-
tering the gap. As a result, the robot was deflected away 75% 
of the time and trapped between the beams 25% of the time.  

In the pitch down static tail mode, the robot was unable to 
traverse at a 0° approach angle but did so with a high proba-
bility at the 15°, 30°, or 45° approach angles. At 0° approach 
angle, the robot head could not fully enter the gap, which 
caused it to become stuck or deflected away. At larger ap-
proach angles, the head entered the gap, which led to body 

TABLE I 
COMPARISON BETWEEN OMNI-ROACH V1 AND V2

 v1 v2
Length (cm) 35 20
Width (cm) 23 18.5
Height (cm) 13 10
Weight (kg) 1.8 0.75

Hip height (cm) 5 5
Pillar traversal probability 100% 100%

Maximum bump height (× hip height) 1.5 2.5
Maximum gap length (× body length) 48% 75%

Roll angle to traverse beams (deg) 24 50
Self-right time (sec) 4 4
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rolling that enabled traversal. 
In the pitch down with yaw oscillation tail mode, the robot 

was able to traverse at all four approach angles with a high  
probability. The oscillating tail tapped against the ground, 
which served two functions. First, it rolled the body substan-
tially and helped it enter the gap. Second, it generated pertur-
bations to break frictional and interlocking contact to free the 
body from being stuck when maneuvering through the gap. 
As a result, traversal time (Fig. 11a) of the pitch down with 
yaw oscillation tail mode was reduced by an average of 30% 
from that of the pitch down static tail mode at 15°, 30°, or 45° 
approach angles (P < 0.001, ANOVA). 

We further compared average traversal time between dif-
ferent tail modes where the robot traversed at a high proba-
bility, defined as the time from when the robot first touched 
the beams to when the robot fully left the beams after tra-
versal through the gap. (Fig. 11b). The robot traversed more 
quickly using the pitch down with yaw oscillation tail mode 
than the pitch down static tail mode at all approach angles (P 
0.001, repeated-measures ANOVA). Traversal time also 
reduced with approach angle (P  0.01, ANOVA).  

We noted that, without tail oscillation, a static tail that 
pitched downward to support the body could allow the robot 
to roll into the gap and traverse, but only when the approach 
angle is appropriate. Thus, we speculated that one function of 
tail oscillation is to adjust the approach angle. 

 
Fig. 11. Beam traversal performance of Omni-Roach v2. (a) Traversal 
probability. (b) Average traversal time of successful trials for different ap-
proach angles for pitch down static (left) and pitch down with yaw oscillation 
(right) tail modes. ***: P < 0.01, ****: P < 0.001, ANOVA. 

VI. SUMMARY & FUTURE WORK 

We developed and tested a small, multi-functional legged 
robot that can traverse multiple types of large obstacles and 
self-right, capabilities required for effective operation in 
complex 3-D terrain. Through two development and testing 
iterations, our robot can traverse a field of cluttered rigid pil-
lars with 1.08× body width gaps via passive interaction, trav-
erse a large bump of 2.5× its hip height, a large gap of 0.75× 
its body length gap, and densely cluttered beams with gaps of 
65% its body width with active tail use as an exaptation, and 
self-right within 4.0 s co-opting rounded shell as active wings 
along with tail exaptation. Systematic experiments showed 
that the robot traversed beams with a high probability with 
appropriate tail use. 

Many multi-legged robots can walk or run over modest ter-
rain with small height changes relative to leg length over each 
step by maintaining a stable upright body posture [42]–[45]. 

Our approach enabled robots to destabilize the body to gen-
erate dynamic locomotor transitions to traverse cluttered ob-
stacles comparable to body size. This significantly expands 
the accessible terrain and save payloads for applications like 
search and rescue and extraterrestrial exploration [11]. 

Our work opens opportunities for several further studies. 
First, we can improve the robot actuators and leg design to 
enable dynamic gap traversal and improve bump and beam 
traversal. With smaller and faster motors (as in [32], [33]) and 
improved leg geometry (like minitour [46] or GOAT [47] 
legs), we can let the robot generate a higher speed approach-
ing a gap or bump. Increasing the tail inertia relative to the 
robot driven by a sufficiently powerful motor can enhance 
body pitching. These will increase gap and bump traversal 
performance [32], [33]. Higher degree-of-freedom legs can 
also improve beam traversal by allowing adjustments to gen-
erate active rolling torque and reduce leg resistance against 
obstacles [35].  

In addition, we need to enable autonomous locomotor 
transitions for the robot. Feedback control [48] using the 
sensed information about terrain interaction is likely crucial 
for achieving this. For example, the discoid cockroach adjusts 
its legs and flex the head and abdomen to transition between 
locomotor modes to better maneuver through densely clut-
tered beam obstacles [35]. It is likely that this involves sen-
sory feedback using contact and force information gathered 
by mechanoreceptors, including exteroceptors like bristles 
that directly sense exterior forces  and proprioceptors like hair 
plates, campaniform sensilla, and chordotonal organs that 
sense internal displacements and force to infer external forces 
[49], [50]. Similarly, by closing the loop with contact force 
sensing [51]–[53] to detect physical properties of large obsta-
cles [40] to complement terrain geometry information from 
vision, we can develop algorithms to control the robot to 
change actuation patterns to switch modes autonomously. 

Finally, we can use our robot as a physical model to study 
the trade-off between single-task performance and multi-
functionality in animal locomotion. During evolution, as an 
appendage or a body part of an animal becomes more special-
ized for a specific task or goal, it loses multi-functionality in 
others [54], [55]. However, the trade-off between these two 
aspects is often difficult to study in animals due to difficulty 
in modifying traits without changing behavior [26]. Instead, 
robophysical models allow systematically variation of rele-
vant design parameters while controlling others to quantify 
and understand the trade-off and discover optimal solutions 
and insights on robot design [56]–[58]. 
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