Integrative and Comparative Biology

Integrative and Comparative Biology, volume 64, number 3, pp. 674-693
https://doi.org/10.1093/icb/icae124

Society for Integrative and Comparative Biology

SYMPOSIUM

Recent Progress in the Physical Principles of Dynamic Ground
Self—Righting
Chen Li ®'

Department of Mechanical Engineering, Johns Hopkins University , Baltimore, Maryland 21218, USA

From the symposium “Computational and Physical Models in Research and Teaching to Explore Form-Function
Relationships” presented at the annual meeting of the Society for Integrative and Comparative Biology, January 2-6, 2024.

'E-mail: chen.li@jhu.edu

Synopsis  Animals and robots must self-right on the ground after overturning. Biology research has described various strate-
gies and motor patterns in many species. Robotics research has devised many strategies. However, we do not well understand
the physical principles of how the need to generate mechanical energy to overcome the potential energy barrier governs behav-
ioral strategies and 3D body rotations given the morphology. Here, I review progress on this which I led studying cockroaches
self-righting on level, flat, solid, low-friction ground, by integrating biology experiments, robotic modeling, and physics mod-
eling. Animal experiments using three species (Madagascar hissing, American, and discoid cockroaches) found that ground
self-righting is strenuous and often requires multiple attempts to succeed. Two species (American and discoid cockroaches) of-
ten self-right dynamically, using kinetic energy to overcome the barrier. All three species use and often stochastically transition
across diverse strategies. In these strategies, propelling motions are often accompanied by perturbing motions. All three species
often display complex yet stereotyped body rotation. They all roll more in successful attempts than in failed ones, which lowers
the barrier, as revealed by a simplistic 3D potential energy landscape of a rigid body self-righting. Experiments of an initial
robot self-righting via rotation about a fixed axis revealed that the longer and faster appendages push, the more mechanical
energy can be gained to overcome the barrier. However, the cockroaches rarely achieve this. To further understand the physical
principles of strenuous ground self-righting, we focused on the discoid cockroach’s leg-assisted winged self-righting. In this
strategy, wings propel against the ground to pitch the body up but are unable to overcome the highest pitch barrier. Meanwhile,
legs flail in the air to perturb the body sideways to self-right via rolling. Experiments using a refined robot and an evolving
3D potential energy landscape revealed that, although wing propelling cannot generate sufficient kinetic energy to overcome
the highest pitch barrier, it reduces the barrier to allow small kinetic energy from the perturbing legs to probabilistically over-
come the barrier to self-right via rolling. Thus, only by combining propelling and perturbing can self-righting be achieved
when it is so strenuous; this physical constraint leads to the stereotyped body rotation. Finally, multi-body dynamics simula-
tion and template modeling revealed that the animal’s substantial randomness in wing and leg motions helps it, by chance, to
find good coordination, which accumulates more mechanical energy to overcome the barrier, thus increasing the likelihood of
self-righting.

Introduction ing, climbing, or flying, as well as fighting (Mann et

Righting oneself from being upside down on the ground  al. 2006) and courtship (Willemsen and Hailey 2003),
is a prevalent locomotor maneuver that animals must  can also lead to overturning. Once overturned, animals
make to survive. Even on level, flat, solid ground with  must self-right promptly to avoid predation, starvation,

high friction, locomotion can result in overturning. On
uneven (Clifton et al. 2023), sloped, or slippery surfaces,
overturning is even more likely. Falling during jump-
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and dehydration. Many animals need to self-right even
simply after sleep. Similarly, mobile robots can flip over
during a diversity of locomotor tasks (Li et al. 2016,
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Physical principles of dynamic ground self-righting

2017). How likely and quickly animals and robots can
self-right on the ground is important for their survival
or continued and timely operation.

Ground self-righting behavior and motor patterns
have been extensively studied in insects, such as cock-
roaches (Camhi 1977; Reingold and Cambhi 1977;
Sherman et al. 1977; Zill 1986; Full et al. 1995), bee-
tles (Evans 1972; Frantsevich and Mokrushov 1980;
Frantsevich 2004; Sasaki and Nonaka 2016; Bolmin
et al. 2017; Zhang et al. 2021), stick insects (Graham
1979), locusts (Faisal and Matheson 2001), stink bugs
(Pace and Harris 2021), lanternflies (Bien et al. 2024),
and springtails (Brackenbury 1990), as well as in other
animals such as crustaceans (Silvey and Silvey 1973;
Young et al. 2006), mollusks (Weldon and Hoffman
1979; Hoffman 1980; Zhang et al. 2020), toads (Robins
et al. 1998), lizards (Caporale et al. 2019), turtles (Ashe
1970; Stancher et al. 2006; Domokos and Varkonyi
2008; Golubovic et al. 2015; Malashichev 2016; Rubin
et al. 2018; Ewart et al. 2022), birds (Koppanyi and
Kleitman 1927), and mammals (Vince 1986; Pellis et
al. 1991). Many biological ground self-righting strate-
gies have been described, including (1) using ap-
pendages (e.g., legs, wings, tail, antennae, and ven-
tral tube) and neck/head to grasp, pivot, push, pull,
or shake (Koppanyi and Kleitman 1927; Ashe 1970;
Silvey and Silvey 1973; Weldon and Hoffman 1979;
Frantsevich and Mokrushov 1980; Hoffman 1980; Vince
1986; Brackenbury 1990; Pellis et al. 1991; Full et al.
1995; Robins et al. 1998; Faisal and Matheson 2001;
Frantsevich 2004; Stancher et al. 2006; Young et al.
2006; Domokos and Varkonyi 2008; Golubovic¢ et al.
2015; Malashichev 2016; Sasaki and Nonaka 2016;
Rubin et al. 2018; Zhang et al. 2020, 2021; Pace and
Harris 2021; Ewart et al. 2022; Bien et al. 2024), (2)
deforming the body (Camhi 1977; Pellis et al. 1991;
Young et al. 2006; Caporale et al. 2019), (3) having
a body shape and center of mass (CoM) that makes
an upside-down orientation unstable (Varkonyi and
Domokos 2006; Domokos and Varkonyi 2008), and (4)
jumping with elastic energy storage and release then
falling into an upright orientation by chance (Evans
1972; Frantsevich 2004; Bolmin et al. 2017). Differ-
ent types of appendages and body deformation are
often used together (Koppanyi and Kleitman 1927;
Ashe 1970; Hoffman 1980; Vince 1986; Brackenbury
1990; Pellis et al. 1991; Faisal and Matheson 2001;
Stancher et al. 2006; Young et al. 2006; Domokos and
Varkonyi 2008; Malashichev 2016; Zhang et al. 2021).
These diverse strategies lead to self-righting via diverse
body rotations, including pitching, rolling, and diag-
onal rotations with both pitching and rolling (Silvey
and Silvey 1973; Camhi 1977; Weldon and Hoffman
1979; Frantsevich and Mokrushov 1980; Brackenbury
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1990; Pellis et al. 1991; Full et al. 1995; Robins et
al. 1998; Faisal and Matheson 2001; Frantsevich 2004;
Stancher et al. 2006; Young et al. 2006; Domokos and
Varkonyi 2008; Malashichev 2016; Sasaki and Nonaka
2016; Rubin etal. 2018; Zhang et al. 2020, 2021; Pace and
Harris 2021; Ewart et al. 2022; Bien et al. 2024). Many
species use multiple strategies and transition among
them to self-right (Ashe 1970; Camhi 1977; Pellis et al.
1991; Frantsevich 2004; Sasaki and Nonaka 2016; Pace
and Harris 2021; Zhang et al. 2021; Bien et al. 2024). For
robots, a diversity of terrestrial self-righting strategies
have also been developed, including all four categories
above, as well as having a symmetric body design with-
out an upright orientation (for a brief review, see Li et
al. 2016, 2017).

Given these rich descriptions of biological strategies
and motor patterns as well as plentiful development of
robot strategies, we know relatively little about the phys-
ical principles of how the fundamental need to gener-
ate mechanical energy (kinetic energy and potential en-
ergy) to overcome the potential energy barrier to self-
right on the ground governs behavioral strategies and
body rotations given the morphology.

Here, I review the major findings from recent stud-
ies (Li et al. 2016, 2017, 2019; Xuan and Li 2020a,
2020b; Othayoth and Li 2021) that I led to begin to
fill this knowledge gap, focusing on cockroaches and
their robophysical models (Aguilar et al. 2016). Our
inquiries began with developing a cockroach-inspired
robot, which relies on opening its wings to self-right dy-
namically (Fig. 1) (Li et al. 2016, 2017). Inspired by a
2D potential energy landscape model for turtle ground
self-righting (Fig. 2), we tested this initial robot to reveal
the physical principles of dynamic ground self-righting
via a fixed-axis body rotation to overcome the poten-
tial energy barrier (Fig. 3) (Li et al. 2016, 2017). To
test whether cockroaches use such simple rotations, we
performed animal experiments to quantify how three
species of cockroaches use and transition across vari-
ous self-righting strategies (Figs. 4-6) (Li et al. 2019).
We developed a simplistic 3D potential energy land-
scape model and measured the animals’ often complex
yet stereotyped 3D body rotations (Figs. 7 and 8) to ex-
plain why each species rolls more during successful at-
tempts than failed ones (Li et al. 2019). More interest-
ing questions arose from our animal observations—that
ground self-righting is often dynamic (using kinetic en-
ergy to overcome the potential energy barrier) yet stren-
uous, the body rotation is stereotyped, propelling mo-
tions are accompanied by perturbing motions, and there
is substantial randomness in these motions. To better
understand the physical principles governing these, we
then focused on the discoid cockroach’s strenuous, leg-
assisted winged self-righting as a model system (Fig. 9).
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By combining robophysical modeling and evolving po-
tential energy landscape modeling with a refined robot
(Figs. 10 and 11) (Othayoth and Li 2021), multi-body
dynamics simulation (Fig. 12) (Xuan and Li 2020b), and
template modeling (Fig. 13) (Xuan and Li 2020a), we
elucidated the physical constraints that lead to stereo-
typed body rotation, and how and why the coopera-
tion, coordination, and substantial randomness in the
motions of propelling wings and perturbing legs con-
tribute to successful self-righting. This brief review fo-
cuses on threading together the major approaches and
findings of these studies. For a deeper dive into the
focus, motivation, methods, results, implications, and
limitations of each study, please refer to the original re-
search papers.

Before reviewing our work, we note that the phys-
ical principles of ground self-righting dominated by
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ground reaction forces differ from aerial and underwa-
ter self-righting dominated by different forces. When
aerodynamic forces are negligible, aerial self-righting
is governed by the conservation of angular momen-
tum, and animals can rotate their appendages to in-
duce counter-rotations of the body to self-right (e.g.,
Jusufi et al. 2008). When aerodynamic forces domi-
nate, animals can control their aerodynamic surfaces to
generate rotating torques to self-right in the air (e.g.,
Zeng et al. 2017). The physical principles of aerial self-
righting have been well understood; for a comprehen-
sive review, see Ortega-Jimenez et al. (2023). Simi-
larly, underwater self-righting that predominantly uses
hydrodynamic forces, with little substrate interaction
(e.g., Davis 1968), should have physical principles
more similar to aerial self-righting in the limit when
aerodynamic forces dominate (e.g., Zeng et al. 2017).

Bodypitch

Fig. | Study of cockroach and robot traversing cluttered obstacles led to study of cockroach and robot ground self-righting. Adapted from
Li et al. (2017). (A) A discoid cockroach traverses cluttered, grass-like beam obstacles, during which its wings are folded against the body as
a rounded ellipsoidal “shell” to facilitate body rolling into obstacle gaps. It flips over upon exiting the obstacles and quickly rights itself. (B)
A small six-legged robot uses a cockroach-inspired rounded shell to traverse cluttered obstacles. However, when it over-rolls and flips
over, it cannot self-right. (C) The cockroach self-rights by opening and pushing its wings against the ground to pitch and roll its body. (D)
The robot with the rounded shell cut into two wings, which open to push against the ground, to self-right via pure body pitching. Change in
body pitch is shown by yellow dashed lines. White dashed curve shows that CoM height increases by Azcom (defined by arrows) from an
upside-down orientation (leftmost) to the highest CoM orientation (middle), then decreases. Potential energy barrier is

AEqotential = MgAZcom, Where m is total body mass and g is gravitational acceleration. Adapted from Li et al. (2017).
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However, underwater ground self-righting that largely
relies on interaction with the bottom substrates (Silvey
and Silvey 1973; Weldon and Hoffman 1979; Hoffman
1980; Young et al. 2006; Zhang et al. 2020) should be
governed by similar principles as ground self-righting,
except that the larger hydrostatic and hydrodynamic
forces need to be taken into account (whereas the buoy-
ant and drag forces in the air are negligible during
ground self-righting).

How it all started

In an earlier study of how insects traverse clut-
tered, grass-like beam obstacles, we discovered that the
discoid cockroach’s rounded body shape helps it roll
into narrow gaps between obstacles to traverse (Fig. 1A)
(Lietal. 2015). A cockroach-inspired rounded shell en-
abled alegged robot to roll its body into obstacle gaps to
traverse similar cluttered obstacles (Fig. 1B). However,
the robot sometimes over rolls and flips over, and it gets
stuck (Fig. 1B), whereas the cockroach sometimes flips
over, too, but can recover (Fig. 1A) by using its wings
to push against the ground (Fig. 1C). This led us to de-
velop the robot’s rounded shell into two actuated wings
that push against the ground to self-right via body pitch-
ing (Fig. 1D) (Li et al. 2016, 2017). In this process, I be-
came interested in understanding the physical princi-
ples of ground self-righting.

Inspiration from modeling of turtle ground
self-righting

To self-right on the ground, an animal or robot must
change its body orientation from upside down to up-
right (e.g., change body pitch from ~0° to 180°, Fig.
1D, bottom; change body roll from 0° to 180°, Fig. 2A,

[(A) Front view

Front view

Body roll Body roll
=0° =180°
stable unstable stable
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bottom), which requires overcoming a gravitational po-
tential energy barrier (Figs. 1D and 2A). A previous
study used a 2D potential energy landscape to model
turtles self-righting via body rolling in the transverse
plane (Fig. 2) (Domokos and Varkonyi 2008). It well ex-
plained why turtles of highly domed shells with a low (or
even diminished) barrier can simply use passive body
rolling complemented by leg and neck motions to self-
right (Fig. 2B), whereas turtles with flatter shells lead-
ing to a higher barrier must more vigorously use their
legs and neck to push against the ground to self-right
(Fig. 2A). A similar potential energy landscape frame-
work has also been established for motion planning of
robots using an appendage to self-right quasi-statically
on sloped planar surfaces in the sagittal plane (Kessens
etal. 2012).

Principles of ground self-righting with
single-axis body rotations

To understand the physical principles of ground self-
righting, we first systematically studied our initial
cockroach-inspired robot (Fig. 1D) (Li et al. 2016,
2017). Because its body is longest in the longitudinal
direction, when the robot self-rights via body pitch-
ing, it has to overcome the largest potential energy bar-
rier. We varied the wing opening amplitude ©,, and
speed wying (how much and how fast the wings open) to
test how they affect the robot’s ability to overcome this
largest barrier (Fig. 3). The more and faster the wings
open, the more likely the robot is to self-right (Fig. 3A
and B), and the shorter the time it takes (Fig. 3A and C).

This initial robot experiment revealed intuitive phys-
ical principles of ground self-righting using appendages
to generate a simple body rotation about a fixed axis:

Front view i I
-

unstable stable

Fig. 2 Potential energy landscape for turtle ground self-righting in 2D via body rolling. (A) Potential energy barrier, AEyotential = MgAZcoM,
is high for turtles with a flatter shell. Black dashed curve shows that CoM height increases by Azcom (defined by black arrows) from an
upside-down orientation (leftmost) to the highest CoM orientation (middle), then decreases. Potential energy barrier is

AEgotential = MgAzcom, where m is total body mass and g is gravitational acceleration. Change in body roll is shown by yellow dashed lines.
(B) Potential energy barrier to self-right diminishes for turtles with a highly domed shell and low CoM when upright. Adapted from

Domokos and Varkonyi (2008).
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Fig. 3 How appendage pushing magnitude and speed affect self-righting via a simple rotation about a fixed axis, from experiments using the
initial robot (Fig. ID). (A) Body pitch as a function of time for a wide range of wing opening amplitude ®ing and speed wying. Each curve of
the same color shows one of the three trials that uses the same w.,ing (value in legend) but a different ®,,ing. Solid and dashed curves show
successful and failed trials, respectively. (B and C) Righting probability and average righting time as a function of ©ying and wying. Adapted

from Li et al. (2017).

The longer and faster the appendages propel against
the ground, the more mechanical energy can be gained
to overcome the barrier to self-right on the ground
(Li et al. 2016, 2017). However, do animals always use
such simple body rotations to self-right? If not, what
are the physical principles that govern more complex
self-righting via 3D body rotations? Can we understand
these principles using a potential energy landscape ap-
proach?
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Ground self-righting may require multiple
attempts

To explore these questions, we studied the Madagas-
car hissing, American, and discoid cockroaches self-
righting on a level, flat, solid, low-friction surface (Li
et al. 2019). All three species always self-right if given
sufficient time (near 100% probability within 30 s, Fig.
4A, white). However, although in some trials the ani-
mals can self-right upon the first attempt, in other trials

—Mean
—Median

o

No. of attempts to succeed @
o IS o

\ !

Madagascar American

Discoid

Fig. 4 Self-righting performance. (A) Self-righting probability within 30 s (white) and on the first attempt (gray). Error bars represent 95%
confidence interval. (B) Violin plots of the number of attempts required to achieve self-righting. Width of graph shows the relative
frequency of the data along the y-axis. Black and red lines show mean and median for each species. Adapted from Li et al. (2019).
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they struggle, requiring multiple attempts to self-right
(Figs. 4B; Fig. 4A, gray). Although they can self-right
within a short time (~1 s) if the first attempt is success-
ful, when multiple attempts are needed, self-righting
can take much longer (up to ~10s).

Cockroaches use and transition across diverse
strategies and often self-right dynamically

All three species attempt to use more than one strat-
egy to self-right (e.g., Fig. 5) and often transition
across them (Fig. 6) (Li et al. 2019). The Madagas-
car hissing cockroach often hyperextends its body into
an arch to roll onto one side, followed by leg scrub-
bing against the ground (Fig. 5A), which almost al-
ways leads to successful self-righting eventually (Fig.
6A, yellow). Occasionally, it twists the body in an
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attempt to find objects the legs can grasp onto, but
this never leads to successful self-righting (Fig. 6A,
green). Both the American and discoid cockroaches
can use two strategies (Fig. 6B and C) that can lead
to successful self-righting, with wings (Fig. 5B and D)
or legs (Fig. 5C and E) as the main propelling ap-
pendages to push against the ground, respectively. No-
tably, both the American and discoid cockroaches of-
ten self-right dynamically, by gaining sufficient pitch
and roll kinetic energy from wings or legs pushing
against the ground to overcome the potential energy
barrier. The American cockroach also very occasion-
ally flaps its wings, which always fails in righting it-
self (Fig. 6B, cyan). All species sometimes enter qui-
escence without apparent movement (Fig. 6A-C, white
oval).

0.11s

0.14s 0.29s

0.14 s

Fig. 5 Self-righting strategies that lead to success. (A) Madagascar hissing cockroach using body arching to self-right. (B and C) American
cockroach using wings or legs to self-right. (D and E) Discoid cockroach using wings or legs to self-right. Adapted from Li et al. (2019).
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Fig. 6 Self-righting locomotor transition ethograms. (A) Madagascar hissing cockroach. (B) American cockroach. (C) Discoid cockroach.
Arrow widths are proportional to transition relative frequencies, with values shown by numbers. Relative frequency is defined as the ratio
of the number of occurrences of each transition to the total number of trials for each species. The sum of relative frequencies out of each
node equals that into the node, except for start with a sum of | going out,and success and final failure with a sum of | into both together.
(Final failure occurs in some trials, when the animal is able to self-right before the trial concludes at 30 s;in other trials, the animal can fail
multiple attempts but eventually succeeds in self-righting.) Red arrows and numbers show probabilities of self-transitions (into the same
node) and represent the average number of times of continuing the same strategy during each trial. A self-transition probability greater
than one means that, on average, it occurred more than once for each trial. Only the strategies that can lead to successful self-righting on
the level, flat, solid, low-friction ground are shown in Fig. 5. Adapted from Li et al. (2019).

Propelling motions are accompanied by
perturbing motions with substantial
randomness

The winged and legged strategies (Fig. 5C-E) often
involve using more than a single type of appendage
or even deforming the body (Li et al. 2019). Dur-
ing winged self-righting, the discoid cockroach also
flexes and twists the abdomen, flails the legs, and/or
scrapes the legs against the ground (Fig. 5D). During
legged self-righting, both the American and discoid
cockroaches also flex and/or twist the abdomen (Fig.
5C and E). In other words, the primary propelling ap-
pendages (wings in the winged strategy; legs in the
legged strategy) are accompanied by assisting motions
by other appendages or body deformation, which pro-
vides additional perturbations.

In addition, both the propelling and perturbing mo-
tions are quite erratic, with large variations in the di-
rection, magnitude, frequency, and coordination (phase

offset between various motions) from attempt to at-
tempt (Li et al. 2019). The randomness in these motions
is much larger than that in the highly rhythmic leg os-
cillations during walking (Watson and Ritzmann 1997)
and running (Full and Tu 1990). Previous neurophysi-
ological studies also showed that leg activation patterns
during ground self-righting are more random than dur-
ing walking (Sherman et al. 1977; Zill 1986).

Stochasticity and stereotypy of use of
self-righting strategy

In any single trial, it is stochastic which strategy an an-
imal will use or transition to, or if it will continue us-
ing the same strategy, over each attempt. However, av-
eraging over large numbers of trials (see sample size
in Fig. 6), the behavioral pattern of each species using
strategies is stereotyped (Fig. 6) (Li et al. 2019). Here,
behavioral stereotypy means that the actual observed
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Fig. 7 Simplistic 3D potential energy landscape of an ellipsoidal rigid body. (A, C,and D) An ellipsoid approximating the animal body in
contact with the ground, either pitching (A), rolling (D), or rotating diagonally, with simultaneous pitching and rolling (C). (A-C) all show
simple rotations about a fixed axis (dashed line) within the horizontal ground plane. Actual rotation of the animal body may be about a
time-varying axis. Red, blue, and yellow arrows on each ellipsoidal body show its three major axes to illustrate body rotation. Vector g
shows the direction of gravity. (B) Potential energy landscape, shown as CoM height as a function of body pitch and roll, using Euler angles
with yaw-pitch-roll convention. We use absolute values of body pitch and roll, considering symmetry of the ellipsoid. Downward and
upward white arrows indicate upside-down and upright body orientations, respectively. Cyan, green, yellow, and magenta curves with
arrows are representative trajectories for pure pitching, two different diagonal rotations, and pure rolling, each about its own fixed axis in
the horizontal plane, to illustrate the decrease of potential energy barrier with more body rolling. White curves on the landscape are
iso-height contours. Small yellow arrows on the landscape are gradients. Model results shown are using the discoid cockroach’s body

dimensions as an example. Adapted from Li et al. (2019).

behavior is a small fraction of a large number of pos-
sibilities (see Berman 2018; Brown and de Bivort 2018).
Specifically, both the Madagascar hissing and Ameri-
can cockroaches predominantly rely on a single strategy
(body arching and legged strategy, respectively) to self-
right (Fig. 6A and B). By contrast, the discoid cockroach
has a more balanced use of two strategies (winged and
legged) (Fig. 6C).

Simplistic 3D potential energy landscape
reveals that more body rolling is advantageous

We observed that the cockroaches’ body rotations dur-
ing ground self-righting are rarely about a fixed axis in
the pitch-roll space, but often complex and non-planar
(e.g., Fig. 5B-E). Thus, to understand the physical prin-
ciples, we needed to expand the potential energy land-
scape approach into three dimensions. As a first step,
we developed a simplistic 3D potential energy land-
scape (Li et al. 2019) (Fig. 7). By approximating each
cockroach species’ body shape with an ellipsoid of sim-

ilar dimensions, we calculated its potential energy as
a function of body pitch and roll using Euler angles
(Fig. 7B). These animals’ body length is greater than
their body width, which is greater than body height.
Thus, self-righting by pure body pitching overcomes the
highest potential energy barrier (Fig. 7A and B, cyan),
and self-righting by pure body rolling overcomes the
lowest barrier (Fig. 7B and D, magenta). Self-righting
using body rotations with simultaneous pitching and
rolling overcomes an intermediate barrier (e.g., Fig. 7B
and C, green, yellow), and the more it rolls, the lower
the barrier becomes (Fig. 7B, green vs. yellow). Pure
body yawing without pitching or rolling cannot raise the
CoM.

Self-righting body rotations can be complex
and are stereotyped

We then examined each species” body pitch and roll
at three stages of each attempt (start, highest CoM
orientation, and end) on the simplistic 3D potential
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energy landscape to assess how it rotates and how this
affects the potential energy barrier (Fig. 8) (Li et al.
2019). For the Madagascar hissing cockroach using
body arching, body rotation is mainly rolling (Figs. 8A
and 5A), which overcomes the lowest potential energy
barrier when successful. For the American cockroach
using wings, body rotation is mainly pitching (Figs. 8B
and 5B), which overcomes the highest barrier when suc-
cessful. For the American cockroach using legs, body
rotation is mainly rolling with a small amount of pitch-
ing (Figs. 8C and 5C), which overcomes nearly the low-
est potential energy barrier when successful. By con-
trast, for the discoid cockroach using both wings and
legs, body rotation has both large pitching and large
rolling (Figs. 8D and E and 5D and E), which overcomes
an intermediate potential energy barrier if successful.
In addition, each species’ body rotation is stereotyped,
reaching a similar orientation when CoM is highest,
whether the attempt is successful or not (Fig. 8A-E,
small variation of state 2 orientation). This stereotypy
suggests that physical constraints strongly confine the
body rotation (Berman 2018). All three species also of-
ten have large body translation and yawing in the hori-
zontal plane from appendage interaction with the level,
flat, solid, low friction ground, but this does not con-
tribute to self-righting as it cannot raise the CoM.

Cockroaches roll more in successful attempts

All three species roll their bodies more during success-
tul self-righting attempts than in failed ones (Fig. 8, left
vs. right) (Li et al. 2019). The higher body rolling in suc-
cessful attempts lowers the potential energy barrier (Fig.
7B and C), making it easier to be overcome to achieve
self-righting, given the mechanical energy that can be
generated. Consistent with this finding, in our experi-
ments using the initial robot (Fig. 1D), we also tested
opening the two wings asymmetrically, where we found
that with the more the body rolls the more likely the
robot is to self-right (Li et al. 2016, 2017).

Ground self-righting is strenuous for
cockroaches

However, for all three species using the strategies that
lead to success, the increase in CoM height from the
start to the highest CoM orientation (Fig. 8, from state
1 to state 2) is only slightly larger during successful at-
tempts than in failed ones (Fig. 8, left vs. right) (Li et
al. 2019). In other words, only a small difference in how
much an animal can raise its CoM determines whether
it succeeds or fails in overcoming the potential energy
barrier. This, together with the observation that they of-
ten require multiple attempts to succeed (Fig. 4B), pro-
vides evidence that ground self-righting is strenuous for
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these cockroaches: They can barely do enough work
during each attempt to overcome the potential energy
barrier (Othayoth et al. 2021). Previous force measure-
ments also support this notion: for the discoid cock-
roach to self-right using legs, a single hind leg needs to
generate a ground reaction force as large as eight times
that during high-speed running (Full et al. 1995).

Strenuous, leg-assisted winged self-righting as a
model system to study new questions

Our animal observations quantified stochastic yet
stereotyped behavioral transitions and often complex
yet stereotyped 3D body rotations, and our simplistic
model explained why successful attempts have more
body rolling. However, some new questions arose. First,
why are the body rotations stereotyped, even though
any arbitrary 3D rotations in the body pitch and roll
space are in principle possible? Second, are the perturb-
ing motions that accompany the motions of propelling
appendages useful? Third, is the substantial random-
ness in the motions beneficial?

To further understand these, we performed three ad-
ditional studies (Xuan and Li 2020a, 2020b; Othayoth
and Li 2021), focusing on a model system—the discoid
cockroach’s strenuous, leg-assisted winged self-righting
(Li et al. 2019) (Fig. 9). In this strategy, the overturned
animal always first opens and pushes its wings against
the ground to pitch up the body (Fig. 9A and B, blue).
Because the two wings open together, the CoM falls
within a triangular base of support formed by the two
opened wings and head (Fig. 10A, black dashed trian-
gle) (Othayoth and Li 2021). This intermediate state is
metastable (i.e., stable provided that it is subjected to
only small perturbations [Bovier and Den Hollander
2016]). However, wing pushing rarely pitches the ani-
mal sufficiently to complete a full somersault (Fig. 9A
and B, dashed blue arrow), and the animal often contin-
ually attempts wing pushing but fails to self-right (Fig.
9A and B, solid blue arrows). When it eventually suc-
ceeds, the animal almost always rolls sideways over one
of the wings from the metastable state (Fig. 9A and B,
red arrow). Throughout this process, the animal often
vigorously flails its legs in the air (Fig. 10A, red dashed
curves). The legs also sometimes scrape the ground, the
abdomen flexes and twists, and the wings often deform
passively under load. All these motions, which have
substantial randomness, may result in perturbations in
the roll direction.

Specifically, for this model system, we need to an-
swer the following three questions. First, why is the
discoid cockroachs body rotation not mainly rolling,
which has the lowest potential energy barrier, but
instead first pitching then rolling when successful?
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Fig. 9 Strenuous leg-assisted, winged self-righting of discoid cockroach as a model system. (A) Representative snapshots of the animal,
illustrating body rotations during failed pitching attempts (thick blue arrows), a successful attempt by pure pitching (thin dashed blue
arrow), and a successful attempt by pitching up first then rolling (red arrow). Adapted from Othayoth and Li (2021). (B) Stereotyped body
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flipped to show the three stages’ trajectory in a similar view as in Fig. 9A. See Fig. 8 for definition of elements.

Second, is the leg flailing motion that accompanies the
wing opening motion useful? Third, is the substantial
randomness in the coordination of the wing and leg mo-
tions beneficial?

Refined robophysical model of strenuous
leg-assisted winged self-righting

To address these questions, we first created a refined
robot as a robophysical model of strenuous, leg-assisted
winged self-righting, following biological observations
(Fig. 10A and B) (Othayoth and Li 2021). This robot is
not aimed to achieve self-righting; that has already been
done by the previous robot (Fig. 1D). Instead, we de-
liberately designed and controlled this robot to achieve
similar strenuous self-righting behavior as the discoid
cockroach’s (Fig. 9A). Like the discoid cockroach (Fig.
10A), the refined robot has a head protruding forward
from the body, creating the triangular metastable state
(Fig. 10B, black dashed triangle), which the initial robot
lacks. In addition, we limited the refined robots wing
opening amplitude so that it cannot self-right via pure
body pitching. These make it a biologically relevant
robophysical model for studying this strenuous strategy.

Robophysical modeling allows systematic parame-
ter variation to discover physical principles of loco-
motion involving complex motions and locomotor-
environment interactions (Aguilar et al. 2016). For leg-
assisted winged self-righting, we need to systemati-
cally vary propelling wing motion and perturbing leg
motion. To generate wing motion similar to that of
the discoid cockroach, the refined robot opens both
wings symmetrically, rolling and pitching them about
the body by the same angle 6, (Fig. 10C and D, blue

arrows) to propel against the ground. Because the an-
imal’s perturbing motions are highly complex, to sim-
plify parameter variation in the robot, we focused on the
more frequent leg flailing. We chose to use a one degree-
of-freedom, pendulum-like “leg,” which oscillates lat-
erally by the same amplitude to both sides, to gener-
ate perturbation (Fig. 10B, red arrow). Besides having
similar geometric proportions to the animal (Fig. 10B
vs. A), we also verified that the robot’s leg actuation gen-
erated dynamically similar motion as that of the animal
(Othayoth and Li 2021).

By opening and closing its wings repeatedly while
oscillating the leg, the refined robot generates similar
strenuous self-righting attempts, with similar motions
as observed in the animal, not being able to self-right
by pure body pitching, and often requiring multiple at-
tempts to self-right via body rolling after first pitching
up to the metastable state (e.g., Fig. 10E).

Propelling and perturbing appendages
together enable barrier-crossing to self-right

In our experiments, we used the refined robot to mea-
sure the full 3D body rotation and wing motion during
entire self-righting trials, which is challenging to mea-
sure for the animals due to the frequent occlusions (Li
et al. 2019). This enabled us to reconstruct an accurate,
“evolving” potential energy landscape, which changes
with wing opening and closing, rather than the simplis-
tic, fixed landscape from a rigid body (Figs. 7-9). We
used this evolving potential energy landscape to under-
stand how the propelling motion of the wings and per-
turbing motion of the leg together allow overcoming the
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Fig. 10 Robophysical modeling of strenuous leg-assisted, winged self-righting. (A) Schematic of animal in metastable state. Blue arrows
show wing opening (and closing) to propel against the ground. Red dashed curves show vigorous leg flailing. x— y— z is lab frame. (B)
Refined robot in metastable state. In (A) and (B), dashed black triangle shows base of support, formed by ground contacts of head and two
wing wedges. (C and D) Front and side view schematics of robot in metastable state to define leg angle 6} (red) and wing angle 6 ing
(blue). Both wings rotate simultaneously. Each wing pitches away from the body (D) as well as rolls (E) to open. At any moment during
wing opening and closing, wing pitching and rolling always reach the same angle 6. (E) Representative snapshots of robot self-righting
after two attempts. (A—D) are adapted from Othayoth and Li (2021). (E) is adapted from Xuan and Li (2020b).

potential energy barrier to self-right (Fig. 11) (Othayoth
and Li 2021).

The potential energy landscape changes with wing
angle 0y as the wings open and close (Fig. 11A and B).
To self-right, the system has to escape from a metastable
stability basin on the evolving potential energy land-
scape (Fig. 11B, ii, iii, white dot) and cross a poten-
tial energy barrier to reach one of several possible up-
right basins (Fig. 11B, upward white arrows). When the
wings are closed (Fig. 11A, i), the robot is trapped in
an upside-down basin (Fig. 11B, i, downward white ar-
row). As the wings open (Fig. 11A, ii), the upside-down
basin shrinks to a metastable basin (Fig. 11B, ii, black
arrow), which corresponds to the metastable state with
a triangular base of support (Fig. 10B, black dashed tri-
angle). As the wings continue to open (Fig. 114, iii), the
metastable basin becomes higher and moves closer (Fig.
11B, iii, black arrow) to the maximal potential energy
barrier (Fig. 11B, black dashed line), which occurs for
pure body pitching.

The increasing height of the metastable basin effec-
tively reduces the pitch barrier (Fig. 11C, solid blue;
pitch barrier is measured using the blue translucent
planes in Fig. 11B) that can be overcome probabilisti-

cally by kinetic energy gained along the pitch direction
when wing opening stops. However, because the refined
robot’s self-righting is strenuous by design, even at the
maximal wing opening tested, the robot cannot gain
enough kinetic energy along the pitch direction to cross
the pitch barrier (Fig. 11C, blue, dashed vs. solid in the
gray band) to reach the pitch upright basin (Fig. 11B,
upward white arrow labeled by blue circle 3), i.e., it can-
not self-right by pure pitching (Fig. 11A, top leftmost).
Thus, it is trapped in metastable basin, when there are
no leg oscillations to inject kinetic energy along the roll
direction (Fig. 11D, black, failure trajectories).
However, wing opening also reduces the barrier
along the roll direction (Fig. 11C, solid red; roll bar-
rier is measured using the red translucent planes in Fig.
11B). This allows the small kinetic energy along the roll
direction from perturbing leg oscillations to overcome
the roll barrier probabilistically (Fig. 11C, red, dashed
vs. solid in the gray band). Thus, the robot can reach
the upright roll basin (Fig. 11B, iii, red arrow, reach-
ing the upward white arrow labeled by red circle 3), i.e.,
it self-rights by rolling after pitching (Fig. 11A, bottom
leftmost), when there are sufficient leg oscillations (Fig.
11D, white, success trajectories). As a result, the larger
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the robot leg oscillation makes self-righting more prob-
able and reduces the number of attempts required.

Besides flailing legs that we modeled, other perturb-
ing motions observed in the animal likely also con-
tribute to self-righting. For example, small forces from
legs scraping the ground (Li et al. 2019) may also in-
ject roll kinetic energy. Abdominal flexion and twisting
and passive wing deformation under load (Li et al. 2019)
should tilt the potential energy landscape toward one
side and lower the roll barrier on that side. Both these
effects should make self-righting easier.

Stereotyped body rotation results from
physical constraints

When the reconstructed robot rotation trajectories are
visualized on the landscape, it is clear that the physi-
cal interaction with the ground, which is modeled by
a stochastic, self-propelled system with kinetic energy
moving on the potential energy landscape, strongly
constrains the stochastic system’s behavior, resulting in
a stereotyped ensemble of trajectories for both suc-
cessful and failed attempts (Fig. 11D) (Othayoth and
Li 2021). This suggested that the discoid cockroach’s
stereotyped body rotation is largely a result of the phys-
ical constraint, consistent with previous findings that
physical constraints lead to stereotyped legged locomo-
tion on level, flat, solid ground (Berman 2018).

Robot simulation to study effect of substantial
randomness in appendage coordination

Next, we studied the third question—whether the sub-
stantial randomness in the coordination of the wing and
leg motions is beneficial. To do so, we first created a
multi-body dynamics simulation of the refined robot
(Fig. 12A) (Xuan and Li 2020b). After being validated
against the physical robot experiments (Fig. 10E, see
more detail in Xuan and Li 2020b), the robot simula-
tion allowed us to control and vary the level of motion
randomness systematically and collect a large number
of trials required to understand its impact, which is less
practical in the physical robot and impossible in the an-
imal.

Substantial randomness in appendage
coordination increases self-righting probability

Our simulation study revealed that a substantial level
of randomness in the motions allows the system to find
good coordination between propelling and perturbing
appendages, which is more likely to lead to successful
self-righting (Xuan and Li 2020b). We measured the lev-
els of randomness in the discoid cockroach’s wing open-
ing/closing and leg oscillation periods (Fig. 12B). They
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are substantially higher than that of the highly rhythmic
leg oscillations during walking (Watson and Ritzmann
1997) and running (Full and Tu 1990). This substan-
tial level of randomness in both wing and leg oscilla-
tion periods results in substantial level of randomness
in the phase offset between these two oscillations. Thus,
to study the effect of randomness, in the robot simu-
lation, we added Gaussian noise to the time delay be-
tween wing and leg oscillations (see definition in Fig.
12C), which injects a similar level of randomness to
the coordination (phase offset) between them. When
wing opening magnitude ©, and leg oscillation mag-
nitude ®|, are small (representing an animal that is too
tired), self-righting always fails, whether there is sub-
stantial randomness or not (Fig. 12D and E, top left
regions). When ®ing and ®jeq are large (representing
an animal that is very energetic), self-righting always
succeeds, whether there is substantial randomness or
not (Fig. 12D and E, bottom right regions). However,
for intermediate ®ying and Oy, when the robot can
nearly overcome the potential energy barrier, the sub-
stantial randomness increases self-righting probability
from 0 to >40% (Fig. 12D vs. E, critical regime). Be-
cause ground self-righting is so strenuous that the ani-
mal often barely overcomes the barrier, this finding sug-
gests that the substantial randomness observed in the
animals is beneficial to them.

Substantial randomness helps find good
coordination that leads to success

Further simulation revealed why substantial random-
ness in the coordination between propelling wings
and perturbing legs increases self-righting probability
(Xuan and Li 2020b). The leg-wing phase offset has
a direct impact on self-righting outcome: good phase
offsets almost always lead to success (Fig. 12F and G,
white), whereas bad phase offsets almost always lead
to failure (Fig. 12F and G, black). Thus, a substan-
tial level of randomness in phase offset allows the sys-
tem to explore various phase offsets, thereby increas-
ing the chance of finding a good coordination be-
tween them that leads to successful self-righting (Fig.
12G, yellow arrows), whereas strictly periodic mo-
tions with no randomness traps the system in bad
phase offsets always resulting in failure (Fig. 12F, yellow
arrows).

Template to understand why appendage
coordination affects self-righting outcome

Finally, to understand why a substantial level of ran-
domness is useful, we created a template model of
strenuous, leg-assisted winged self-righting (Fig. 13B)
(Xuan and Li 2020a). A template is the simplest
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Fig. 12 Robot simulation reveals benefit of substantial randomness in appendage coordination. (A) Representative snapshots of simulation
robot self-righting after two attempts. Note the resemblance to the refined robot experiments in Fig. |OE. (B) Violin plots of wing
opening/closing and leg oscillation periods for three discoid cockroach individuals. Inner rectangle shows mean =+ | standard deviation. The
level of randomness is measured by coefficient of variation, C, = standard deviation/mean. (C) Actuation profiles of wings (blue) and leg
(red) angles (see definition in Fig. I0C and D) of simulation robot. ®,,in; and O are wing opening amplitude and leg oscillation amplitude,
respectively. At is the time delay, defined as the time interval between the start of wing opening and the start of the preceding leg
oscillation. Gaussian noise 4t is added to At in simulation to introduce randomness in phase offset between wing and leg oscillations for
each cycle, which can be varied to change the overall randomness level (measured by C,). (D and E) Self-righting probability of the
simulated robot as a function of ®,iny and )¢, comparing without (C, = 0) and with substantial (C, = 25%) randomness in wing-leg
coordination (phase offset). (F and G) Evolution of phase offset ¢ over consecutive attempts (yellow points connected by arrows),
overlaid on phase offset map (white: good phase offsets resulting in successful self-righting, black: bad phase offsets leading to failure),
comparing without (C, = 0) and with substantial (C, = 25%) randomness. Green box shows initial phase offset at the first attempt. Red
circle shows the first good phase offset reached with substantial randomness, resulting in success. Adapted from Xuan and Li (2020b).

analytical model, comprised of the fewest compo-
nents and degrees of freedom, that captures funda-
mental dynamics of this self-righting behavior (Full
and Koditschek 1999). Because successful winged self-
righting almost always occurs eventually via rolling in
both the discoid cockroach (Fig. 9B) and the refined

robot (Figs. 10E, 11D, and 12A), our 2D template mod-
els the planar rolling dynamics of self-righting and trims
away the complexity of the system (from Fig. 13A to
B). This allowed writing down closed-form equations of
motion that can be solved numerically to calculate the
dynamics of the system.
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Fig. 13 Template model reveals why appendage coordination is important. (A) Front view of simulation robot in metastable state. (B)
Template model capturing planar dynamics of the refined robot. Two point masses represent body (orange) and leg pendulum mass (red).
Three massless links represent wings (blue segments) and leg linkage (red segment). In (A and B), blue and red arrows show wing

opening/closing and leg oscillation, respectively. (C) Example snapshots

of system cumulative mechanical energy (red dot) evolution (red

trajectory) during a modeling trial, overlaid on evolving potential energy landscape over body roll (blue curve), calculated from the
template model. Black bracket defines cumulative energy, the extra mechanical energy above that of the local minimum of the basin that
the system is in. Left: as the wings open. Middle: As one wing collides with the ground. Right: as the leg starts, rotates, and stops. Small
upward and downward arrows show cumulative energy increase and reduction in these processes. (D and E) Mechanical energy budget as
a function of Oying and Ojeg, calculated from the template, comparing without (C, = 0) and with substantial (C, = 25%) randomness in
wing-leg coordination (phase offset). Mechanical energy budget is cumulative energy minus the potential energy barrier: Epdgec =
Ecumulative—Ebarrier- The black boundaries separate two regions. The surplus region is where cumulative mechanical energy exceeds the
potential energy barrier, leading to successful self-righting. The deficit region is where cumulative mechanical energy is insufficient to
overcome the potential energy barrier, resulting in failure. Adapted from Xuan and Li (2020a).

Good appendage coordination accumulates
more energy to overcome barrier

Successful self-righting requires cumulating sufficient
mechanical energy (potential energy and kinetic en-
ergy) to overcome the potential energy barrier (which

is not always fixed but can be lowered). Thus, to fur-
ther understand why phase offset affects self-righting
outcomes, we used the template model to calcu-
late the system’s cumulative energy and barrier, com-
pare whether there is sufficient cumulative energy to
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overcome the barrier (i.e., mechanical energy budget),
and assess how phase offset affects this mechanical en-
ergy budget (Xuan and Li 2020a).

We calculated the evolving potential energy land-
scape (potential energy as a function of body roll) of the
template model (e.g., Fig. 13C, blue) to obtain the po-
tential energy barrier Epqyrier. We calculated how the sys-
tem’s mechanical energy changes during self-righting
attempts (e.g., Fig. 13C, red dot and trajectory) to ob-
tain cumulative energy Ecymulative> defined as the sys-
tem’s extra mechanical energy above the potential en-
ergy of the local minimum of the basin that the system
is in (Fig. 13C, left, black bracket). Cumulative energy
changes over each actuation phase or collision event: it
increases or decreases as the wings open or close (e.g.,
Fig. 13C, left), increases or decreases as the legs oscillate
(e.g., Fig. 13C, right), and always decreases as the robot
collides with the ground (e.g., Fig. 13C, middle).

We then used the template model to assess mechani-
cal energy budget, Ecymulative — Ebarrier» 1.€., Whether cu-
mulative energy exceeds the potential energy barrier,
over a broad range of wing opening and leg oscillation
amplitudes, comparing between good and bad phase
offsets (e.g., Fig. 13D vs. E) (Xuan and Li 2020a). For
both good and bad phase offsets, there is an increas-
ing energy budget surplus as ®ing and Oy increase
(Fig. 13D and E, red regions), and there is an increas-
ing energy deficit as ®j,; and Oy decrease (Fig. 13D
and E, blue regions). However, phase offset strongly
affects self-righting outcomes by changing mechanical
energy budget. Well-coordinated appendage motions
with good phase offsets accumulate more mechanical
energy than poorly-coordinated ones with bad phase
offsets, thereby more effectively overcoming the po-
tential energy barrier (i.e., having a larger energy sur-
plus) and thus self-righting more successfully. Together
with the insight that substantial randomness helps find
good phase offsets (Fig. 12F and G), this explains why
higher randomness increases self-righting probability
(Fig. 12D vs. E).

Summary

We performed the first studies of biological ground
self-righting in three dimensions, using three species of
cockroaches. For all three species, ground self-righting
is strenuous and may require multiple attempts to suc-
ceed (Fig. 4). Two of the three species often self-right
dynamically, by generating substantial pitch and/or roll
kinetic energy to overcome the potential energy bar-
rier. Each species uses multiple strategies and displays
stochastic yet stereotyped transitions across them (Figs.
5 and 6). The propelling motion from primary ap-
pendages is often accompanied by perturbing motions
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from other appendages, and all these motions have sub-
stantial randomness. Body rotations are complex yet
stereotyped (Fig. 8). Compared to failed attempts, in
successful attempts their body rolls more, which lowers
the potential energy barrier (Fig. 8).

We combined robophysical, simulation, and tem-
plate modeling to understand the physical principles of
ground self-righting. Our experiments using an initial
robot as a robophysical model revealed that, when pro-
pelling against the ground to generate simple planar ro-
tation, the longer and faster appendages push, the more
mechanical energy can be gained to overcome the bar-
rier, and thus the more likely and faster self-righting is
(Fig. 3). However, the animals can rarely achieve this,
because of how strenuous self-righting is for them. To
understand the physical principles of strenuous self-
righting, we further studied the discoid cockroach’s leg-
assisted winged self-righting as a model system (Fig. 9).
Our robophysical modeling using a refined robot (Fig.
10) revealed that propelling (e.g., wings) or perturbing
(e.g.,legs) appendages alone cannot gain enough kinetic
energy to overcome the high potential energy barrier
(Fig. 11). However, when used together, the propelling
motion reduces the barrier sufficiently so that it can
be overcome probabilistically by the small kinetic en-
ergy from perturbing motion (Fig. 11). Thus, only by
combining propelling and perturbing motions can self-
righting be achieved, when it is so strenuous; this phys-
ical constraint (Fig. 11D) leads to the stereotyped body
rotation (Fig. 9B). Our robot simulation and template
modeling revealed that the substantial randomness ob-
served in the propelling and perturbing motions helps
find good coordination between them (Fig. 12), which
accumulates more mechanical energy to overcome the
potential energy barrier (Fig. 13), thus increasing the
likelihood of self-righting.

Future work

Further experiments using more species and more elab-
orate (“anchor”-level [Full and Koditschek 1999]) mod-
els that better capture the biological detail are needed
to generalize the physical principles to diverse biologi-
cal morphologies and behavior (as well as diverse robot
design and actuation). In particular, how limbless and
elongate animals (Hu and Shelley 2012) self-right on the
ground (and even in the air), and how similar robots
should do so, remain to be explored. The use of dis-
tributed force plates (Dai et al. 2011) to measure ground
reaction forces generated by multiple appendages and
body deformation will facilitate this progress. In addi-
tion, our findings suggest that animals may use sen-
sory feedback to actively adjust their strategy and ap-
pendage motions and body deformation to better self-
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right, which should be tested by future neurophysiolog-
ical studies.

Given our progress, the physical principles of ground
self-righting in complex terrains remain poorly under-
stood. Natural terrains are rarely perfectly level, flat,
solid, and with low friction throughout, can be flow-
able (Li et al. 2013), and can have random objects to
grasp onto. Recent animal studies have begun to observe
and quantify ground self-righting behavior on surfaces
of various roughness (Sasaki and Nonaka 2016; Pace
and Harris 2021; Zhang et al. 2021; Bien et al. 2024)
and unevenness (Sasaki and Nonaka 2016; Zhang et al.
2021), that are flowable (Pace and Harris 2021), or with
objects nearby (Sasaki and Nonaka 2016). Rougher or
uneven surfaces and random nearby objects facilitate
self-righting, and animals adjust their use of diverse
strategies correspondingly (Sasaki and Nonaka 2016;
Pace and Harris 2021; Zhang et al. 2021; Bien et al.
2024). In light of these studies, the level, flat, solid, low
friction ground used in our studies is likely among the
challenging surfaces to self-right on. (It is noteworthy
that, despite how strenuous ground self-righting is as
our modeling revealed, all three species studied can al-
most always self-right with 30 s [Fig. 4A, white], un-
derscoring the notion that ground self-righting is a cru-
cial locomotor ability that almost all terrestrial animals
must possess to survive.) Rougher surfaces likely al-
low animals to generate larger forces to pitch and/or
roll the body to self-right. Similarly, uneven terrain may
have asperities of the right sizes (Clifton et al. 2023)
for appendages to interlock or even grasp onto to gen-
erate large self-righting forces and torques (Sasaki and
Nonaka 2016). A sloped surface is presumably easier
to self-right on, as animals may rotate on it to gain ki-
netic energy or slide down to encounter more favor-
able terrain features. Furthermore, the largely unsuc-
cessful strategies or motions found here may be useful
in complex terrains. For example, body twisting may
allow legs to reach and grasp onto nearby objects, leg
scraping may help engage asperities, and body yawing
and sliding may help reach rougher and uneven parts
of the terrain, all contributing to self-righting. However,
due to their complex mechanics, it is unclear whether
flowable substrates make self-righting more or less dif-
ficult without modeling the substrate forces (Li et al.
2013). Similarly, for marine animals on the bottom sub-
strates (Silvey and Silvey 1973; Weldon and Hoffman
1979; Hoffman 1980; Young et al. 2006; Zhang et al.
2020), how hydrostatic and hydrodynamic forces work
together with substrate forces to achieve underwater
ground self-righting is unknown. Future work should
measure and model ground self-righting in more com-
plex terrains in three dimensions to elucidate broader
physical principles. Our quantitative experimental and
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modeling approaches demonstrated here will facilitate
this progress.
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