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Synopsis A nim al s and robots must self-right on the ground after ov erturnin g. B iology r esear ch h a s descr ibed var ious strate- 
gies an d m ot or patt erns in many s pecies. Ro botics r esear ch h a s devi sed m any strategies. How ev er, w e do not well understand 

t he physical pr inci ples o f h ow th e n e e d t o generat e mec hanical energy t o overcom e th e potent ia l energy b ar r ier g ov ern s behav- 
iora l st rateg ies and 3D b o dy rotat ions g iven th e m orph ology. Her e, I r e vie w pr ogr es s on this which I led s tudying coc kroac hes 
self-righting on level, flat, solid, low-friction ground, by in tegra ting biology experiments, robotic m ode ling, an d physics m od- 
eling. A nim al experiments u sing three s pecies (Mada ga scar hi ssing, A merica n, a nd discoid coc kroac hes) found that ground 

self-right ing is st renuous and often r equir es mu lt iple a ttem pts to succe e d. Two spe cies (American and discoid coc kroac hes) of- 
ten self-right dy namic a l ly, using kinet ic energy to overcom e th e b arrier. Al l thre e spe cies use and oft en st oc h a st ica l ly t ransit ion 

acros s diverse s t rateg ies. In these st rateg ies, propel ling mot io ns are o ften acco mp anie d by perturbing mot ions. Al l thre e spe cies 
often display complex yet stere otype d body rotat ion. They a l l rol l more in s ucces sful a ttem pts than in fai le d ones, which lowers 
t he bar r ier, as reve aled by a sim plistic 3D poten ti al energy l andsc ape of a rigid body self-right ing. E xperiments of an init ia l 
robot self-righting v i a ro tation abo ut a fixed axis revea le d that the lon g er and faster ap pendages p u sh, the more mech anical 
energy can be gained to overcome the bar r ier. How ev er, the coc kroac hes rarely achieve this. To further underst and t he physical 
p rinci ples o f st renuous g roun d se lf-rightin g, w e focu sed on the di scoid coc kroac h’s leg-a ssi sted win g ed self-rightin g. In this 
s trategy, wings propel a gains t the ground to p i tch the b o dy up but are unable to overcome the highest p i t c h bar r ier. Me anwhile, 
legs flail in the air to perturb the body sideways to self-right v i a rolling . Experiments using a refined robot and an evo l ving 
3D potent ia l en ergy lan ds cape re vea le d that, a l though wing p rope lling cann ot gen era te sufficien t kin etic en er gy to ov ercome 
th e high est p i t c h bar r ier, i t red uces t he bar r ier to a l low sma l l kinet ic en ergy from th e perturbing legs to p robab ilistically over- 
com e th e barrier to self-right v i a rolling . Thus, o nly by co mb ining p rope lling an d perturbing can se lf-rightin g be achiev ed 

when it is so strenuou s; thi s physical constraint leads to the stere otype d body rotat ion. Fina l ly, mu lt i-b o dy dy namics simul a- 
tion and tem pla te m ode lin g rev ea le d t hat t h e animal’s su bstant ia l ran domn ess in wing and leg motions helps it, by c hance , t o 

find go o d co o rdinatio n, w hich acc umulates more me chanica l energy to overcome the bar r ier, t hus incre asing t he li keli ho o d of 
self-righting. 
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Introduction 

Righting on ese lf fro m being u pside down o n th e groun d
is a prevalent locom otor man euver that animals must
make t o survive . Even on le vel, flat, s olid ground with
hig h fric tio n, loco motio n can resul t in ov erturnin g. On
uneven ( Clifton et al . 2023 ), sloped , o r sli ppery surfaces,
ov erturnin g is ev en m ore like ly. Fallin g durin g jump-
A dvance A ccess publicat ion Ju ly 26, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
in g, climbin g, or flyin g, as w ell as fighting ( Mann et
al. 2006 ) an d courts hip ( Wi l lemsen a nd Ha iley 2003 ),
can also lead to ov erturnin g. Once ov erturne d, anima ls
m ust self-righ t p ro mptly to avo id p re dat ion, starvat ion,
an d de h ydration. Man y anim al s need to s elf-right e ven
simp l y aft er sleep. S imilar ly, m o bile ro bots can flip over
durin g a div ersity of locom otor tas ks ( Li et al. 2016 ,
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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017 ). How likely and quickly anim al s and robots can
elf-r ight on t he ground is im portan t for their survival
 r co n tin ued and tim e ly operation. 

Groun d se lf-righting be havior an d m ot or patt erns
ave been extensi vel y studied in insects, such as cock-
o aches ( Cam hi 1977 ; Rein g old a nd Ca mhi 1977 ;
herman et a l. 1977 ; Zi l l 1986 ; Fu l l et a l. 1995 ), be e-
les ( Eva ns 1972 ; Fra nts e vich an d Mokrus h ov 1980 ;
rants e vich 2004 ; Sasaki and Nonaka 2016 ; Bolmin
t al. 2017 ; Zhang et a l. 2021 ), st ick inse cts ( Gra ham
979 ), locu sts ( Fai s al and Mat heson 2001 ), st in k bugs
 Pace a nd Ha r r is 2021 ), lanter nflies ( Bien et al. 2024 ),
nd spr ingt ail s ( Brackenbury 1990 ), a s well a s in other
nim al s such a s cru st ace an s ( Silv ey and Silv ey 1973 ;
oung et a l. 2006 ), mol l usks ( Weldo n and Hoffman
979 ; Hoffm an 1980 ; Zh ang et al . 2020 ), t oads ( Robins
t al. 1998 ), lizards ( C ap orale et al. 2019 ), turtles ( As h e
970 ; Stan ch er et al. 2006 ; Domokos an d Vár konyi
008 ; Golubovi ́c et a l. 2015 ; Ma las hich ev 2016 ; Ru bin
t al. 2018 ; Ewart et al. 2022 ), birds ( Ko p pányi a nd
leitma n 1927 ), a nd ma mmals ( Vin ce 1986 ; Pe llis et
 l. 1991 ). Many biolog ica l g roun d se lf-right ing st rate-
ies have been descri bed, in cluding (1) using ap-
end ages (e.g ., legs, wings, tail, ant ennae , and ven-
 ra l tube) and neck/head to grasp, pivot, push, pu l l,
r shake ( Ko p pányi and Kleitman 1927 ; As h e 1970 ;
ilvey and Silvey 1973 ; Weldon and Hoffman 1979 ;
rants e vich an d Mokrus h ov 1980 ; Hoffman 1980 ; Vince
986 ; Brackenbury 1990 ; Pel lis et a l. 1991 ; Fu l l et a l.
995 ; Robins et a l. 1998 ; Faisa l an d Math eson 2001 ;
rants e vic h 2004 ; Stanc her et al . 2006 ; Young et al .
006 ; Domok os a nd Várk o nyi 2008 ; Gol ubovi ́c et al.
015 ; Malas hich ev 2016 ; Sasaki and Nonaka 2016 ;
ubin et al. 2018 ; Zhang et al. 2020 , 2021 ; Pace and
ar r is 2021 ; Ewart et al. 2022 ; Bien et al. 2024 ), (2)
efor ming t he b o dy ( C am hi 1977 ; Pel lis et a l. 1991 ;
oung et al. 2006 ; C ap orale et al. 2019 ), (3) having
 b o dy shap e and center of m a ss (CoM) th at m akes
n u pside-down o r ient ation unst able ( Várk onyi a nd
 omokos 2006 ; D omok os a nd Várk onyi 2008 ), a nd (4)

ump ing wi th e lastic en ergy s tora ge an d re le ase t hen
a l ling into an u p right o r ient ation by chance ( Evans
972 ; Frants e vich 2004 ; Bolmin et al. 2017 ). Differ-
nt types of appendages and b o dy defo rmatio n are
ften used together ( Ko p pányi a nd Kleitma n 1927 ;
s h e 1970 ; Hoffman 1980 ; Vince 1986 ; Brackenbury
990 ; Pellis et al. 1991 ; Faisal and Matheson 2001 ;
tan ch er et al. 2006 ; Young et al. 2006 ; Domokos and
árk ony i 2008 ; Mal a shichev 2016 ; Zh ang et al. 2021 ).
hes e divers e st rateg ies le ad to self-r ighting v i a diverse
 o dy rotatio ns, incl uding p i t c hing , rolling , and di ag-
na l rotat ions wit h bot h p i t c hin g and rollin g ( Silv ey
nd Silvey 1973 ; Camhi 1977 ; Weldon and Hoffman
979 ; Frants e vich an d Mokrus h ov 1980 ; Brackenbury
990 ; Pel lis et a l. 1991 ; Fu l l et a l. 1995 ; Robins et
 l. 1998 ; Faisa l and Matheson 2001 ; Frantsevich 2004 ;
tan ch er et al. 2006 ; Young et al. 2006 ; Domokos and
árk ony i 2008 ; Mal a shichev 2016 ; Sa saki and Non aka
016 ; Rubin et al. 2018 ; Zhang et al. 2020 , 2021 ; Pace and
ar r is 2021 ; Ewart et al. 2022 ; Bien et al. 2024 ). Many

pecies use mul ti ple strategies and transi tio n amo ng
h em to se lf-right ( As h e 1970 ; Camhi 1977 ; Pel lis et a l.
991 ; Frants e vich 2004 ; Sasaki and Nonaka 2016 ; Pace
 nd Ha r r i s 2021 ; Zh an g et al. 2021 ; B ien et al. 2024 ). For
obots, a diversi ty o f ter restr ial self-r igh ting stra tegies
 ave al s o been de ve loped, in cluding a l l four categories
 bov e, as w ell as havin g a symmetric b o dy design with-
ut an upright or ient atio n (fo r a b rief re vie w, s ee Li et
l. 2016 , 2017 ). 

G iv en these rich descri ptio ns o f b iolog ica l st rateg ies
n d m ot or patt ern s as w el l as plent ifu l deve lopm ent of
o bot s t rateg ies, we kn ow re lative ly little about the phys-
cal p rinci ples o f h ow th e fun dam ental n eed to gener-
t e mec hanical energy (kinetic energy and potent ia l en-
r gy) to ov ercom e th e potent ia l energy b ar r ier to self-
 ight on t h e groun d g ov ern s behaviora l st rateg ies and
 o dy rotations given the morp ho logy. 

Her e, I r e vie w the major findings from recent stud-
es ( Li et al. 2016 , 2017 , 2019 ; Xua n a nd Li 2020a ,
020b ; Ot hayot h and L i 2021 ) t hat I le d to beg in to
l l this knowle dg e gap, focusin g on coc kroac h es an d

h eir robophysical m ode ls ( Aguilar et al. 2016 ). Our
nquiries began wi th develop ing a coc kroac h-inspired
 obot, which r elies o n opening i ts wings to self-right dy-
amica l ly ( Fig. 1 ) ( Li et al. 2016 , 2017 ). I nspired b y a
D potent ia l energy lan dscape m ode l for turtle ground
elf-rightin g ( Fig. 2 ), w e t est e d this init ia l r obot to r eveal
 he physical pr inci ples o f dynamic ground self-righting
 i a a fixed-axis b o dy rotation to overcome the poten-
 ia l energy bar r ier ( Fig. 3 ) ( L i et al. 2016 , 2017 ). To
est wh eth er cockroach es use such simple rotation s, w e
er for me d anima l experiments to quantify how three
pecies of coc kroac h es use an d t ransit ion across vari-
us self-right ing st rateg ies ( Figs. 4 –6 ) ( Li et al. 2019 ).
e developed a simplistic 3D potential energy land-

cap e mo del and measured the anim al s’ o ften co mplex
et stere otype d 3D b o dy rotations ( Figs. 7 and 8 ) to ex-
lain why each spe cies rol ls mo re d uring s ucces sful at-
empts tha n fa i le d ones ( Li et al . 2019 ). More int erest-
n g question s ar ose fr om our anima l observat ions—that
roun d se lf-righting is often dynamic (using kinetic en-
rgy to overcome the potent ia l energy b ar r ier) yet stren-
ous, the b o dy rotation is st ereotyped , prope lling m o-
ions are accomp anie d by perturbing m otions, an d th ere
s s ubs tant ia l ran domn ess in th ese m otions. To better
n derstan d th e physical p rinci ples g ov ernin g these, w e
hen focused on the discoid coc kroac h’s strenuous, leg-
 ssi sted win g ed self-rightin g as a m ode l system ( Fig. 9 ).
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By co mb ining rob ophysical mo delin g and ev o l ving po-
tent ia l energy landscape m ode ling with a refined robot
( Figs. 10 and 11 ) ( Ot hayot h and L i 2021 ), mu lt i-b o dy
dy namics simul ation ( Fig . 12 ) ( Xu a n a nd Li 2020b ), a nd
tem pla te m ode ling ( Fig . 13 ) ( Xu a n a nd Li 2020a ), we
e lucidated th e physica l const rain ts tha t lead t o st ereo-
typ ed b o dy rotation, an d h ow an d why th e co op era-
tio n, coo rdinatio n, an d su bstant ia l ran domn ess in th e
motio ns o f p ropellin g win gs and perturbin g legs con-
tribut e t o s ucces sfu l self-right ing . This brief rev iew fo-
cuses on t hre adin g tog et her t he ma jor a pproach es an d
findings of these studies. For a deeper dive into the
focus, mot ivat ion, m eth ods, results, im plica tions, and
limi tatio ns o f each stud y, p le ase refer to t he or ig ina l re-
searc h paper s. 

Befor e r e vie win g our w ork, w e note that the phys-
ical p rinci ples o f groun d se lf-righ ting domina ted by
(A)

(B)

(D)

(C)

Fig. 1 Study of cockroach and robot traversing cluttered obstacles led t
Li et al. (2017) . ( A ) A discoid cockroach trav erses clutter ed, grass-like be
a rounded ellipsoidal “shell” to facilitate body rolling into obstacle gaps.
A small six-legged robot uses a cockroach-inspired rounded shell to tra
over, it cannot self-right. ( C ) The cockroach self-rights by opening and p
The robot with the rounded shell cut into two wings, which open to pus
body pitch is shown by yellow dashed lines. White dashed curve shows 
upside-down orientation (leftmost) to the highest CoM orientation (mi
�E potential = mg �z CoM 

, where m is total body mass and g is gravitationa
gr ound r eactio n fo rces differ from aerial and underwa-
ter self-righ ting domina ted by differen t fo rces. W hen
aerodyna mic f orces a re n egligi ble, aerial se lf-righting
is g ov er ned by t he co nservatio n o f a ngula r m om en-
tum, a nd a nim al s can rot ate t h eir appen dages to in-
duce co unter-ro tatio ns o f the b o dy to self-right (e.g.,
Jusufi et al. 2008 ). When aerodynamic forces domi-
nat e , a nimals ca n contr ol their aer odynamic surfaces to
genera te rota ting t orques t o self-r ight in t he air (e.g.,
Zeng et al. 2017 ). The physical p rinci ples o f aerial self-
rightin g hav e been w e ll un der st o o d; fo r a co mp re h en-
sive re vie w, s ee Ortega-Jim en e z et a l . (2023) . S imi-
lar ly, un derwater se lf-r ighting t hat p redo min antly u ses
hydrodyna mic f o rces, wi th li ttle s ubs tra te in teraction
(e.g ., Dav is 1968 ), s h ou ld have physica l p rinci ples
more similar to aerial self-righting in the limit when
aerodyna mic f o rces do minat e (e .g., Zeng et al . 2017 ).
o study of cockroach and robot ground self-righting. Adapted from 

am obstacles, during which its wings are folded against the body as 
 It flips over upon exiting the obstacles and quickly rights itself. ( B ) 
verse cluttered obstacles. However, when it over-rolls and flips 
ushing its wings against the ground to pitch and roll its body. ( D ) 
h against the ground, to self-right via pure body pitching. Change in 
that CoM height increases by �z CoM 

(defined by arrows) from an 
ddle), then decreases. Potential energy barrier is 
l acceleration. Adapted from Li et al. (2017) . 
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ow ev er, un derwater groun d se lf-r ighting t hat lar g ely
elies on interaction wit h t he bottom s ubs trat es ( S ilvey
n d Silvey 1973 ; We ldon an d H offman 1979 ; H offman
980 ; Youn g et al. 2006 ; Zhan g et al. 2020 ) s h ould be
 ov erned by similar p rinci ples as ground self-righting,
xcept t hat t he lar g er hy drostatic and hy drodynamic
orces ne e d to be taken into account (whereas the buoy-
 nt a nd drag f orces in the a ir a re n egligi ble during
roun d se lf-righting). 

ow it all started 

n a n ea r lier study of h ow inse cts t raver se c l u t-
 ered , grass-lik e bea m o bs tacles, w e discov ered t hat t he
iscoid coc kroac h’s rounded b o dy shap e h e l ps i t roll

nto narrow gaps between o bs tac les t o traver se ( Fig. 1 A)
 Li et al . 2015 ). A coc kroac h-inspir ed r oun ded s h e ll en-
bled a legged robot to roll its b o dy into o bs tacle gaps to
 raverse simi lar cl u ttered o bs tacles ( Fig. 1 B). How ev er,
h e robot som etim es over rolls an d flips over, an d it gets
tuck ( Fig. 1 B), where as t he coc kroac h so metimes fli ps
ver, too, but can recover ( Fig. 1 A) by using its wings
o push a gains t th e groun d ( Fig. 1 C). Thi s led u s to de-
e lop th e r obot’s r oun ded s h e ll into t wo actu ated w ings
h at pu sh a gains t th e groun d to se lf-right v i a b o dy p i t c h-
ng ( Fig. 1 D) ( Li et al. 2016 , 2017 ). In this pro cess, I b e-
ame int erest ed in under st anding t he physical pr inci-
les of ground self-righting. 

nspiration from modeling of turtle ground 

elf-righting 

o self-right on the ground, an animal or robot must
han g e its b o dy or ient atio n fro m u pside down to u p-
ight (e .g., c han g e b o dy p i t c h from ∼0 

◦ t o 180 

◦, Fig.
 D, bott om; c han g e b o d y ro ll from 0 

◦ to 180 

◦, Fig. 2 A,
(B(A)

ig. 2 Potential energy landscape for turtle ground self-righting in 2D vi
s high for turtles with a flatter shell. Black dashed curve shows that Co
pside-down orientation (leftmost) to the highest CoM orientation (mid
E potential = mg �z CoM 

, where m is total body mass and g is gravitationa
 B ) Potential energy barrier to self-right diminishes for turtles with a hi
omokos and Várkonyi (2008) . 
ott om), whic h r equir es over coming a g ravitat iona l po-
ent ia l energy b ar r ier ( Figs. 1 D and 2 A). A previous
tudy used a 2D potential energy l andsc ap e to mo del
urt les self-r ighting v i a b o d y ro l ling in the t ran sv erse
l ane ( Fig . 2 ) ( Domok os a nd Várk onyi 2008 ). It well ex-
lained why turtles of highly dom ed s h e lls with a low (or
ven diminis h e d) b ar r ier can simp l y u se pa ssive b o dy
o lling comp lemented by leg an d n eck m otions to se lf-
ight ( Fig. 2 B), whereas turtles with flatter s h e lls lead-
ng to a higher bar r ier must more vigorously use their
egs an d n ec k t o push a gains t th e groun d to se lf-right
 Fig . 2 A). A simil ar potenti al energy l andsc ape frame-
ork h a s al so been establi s h ed for m otio n planning o f

obots using an appendage to self-right qu asi-static ally
n sloped pla na r sur faces in t he s agitt al plane ( Kessens
t al. 2012 ). 

rinciples of ground self-righting with 

ingle-axis body rotations 

o un derstan d th e physical p rinci ples o f ground self-
ightin g, w e first systemat ica l ly studie d our init ia l
oc kroac h-ins pired ro bot ( Fig. 1 D) ( Li et al. 2016 ,
017 ). Because its b o dy is lon g est in the long itudina l
ire ct ion, wh en th e robot se lf-rights v i a b o dy p i t c h-

ng, it h a s to overcom e th e lar g est potent ia l energy b ar-
 ier. We var ied t he win g openin g a mplitude �wing a nd
pe e d ω wing (how much and how fast the wings open) to
est h ow th ey a ffe ct the robot’s abi lity to overcome this
ar g est bar r ier ( Fig. 3 ). Th e m ore an d faster th e wings
pen, th e m ore like ly th e robot is to self-right ( Fig. 3 A
 nd B), a nd the shorter the time it takes ( Fig. 3 A and C).

This init ia l rob ot exp er iment reve a le d intuit i ve p hys-
cal p rinci ples o f groun d se lf-rightin g usin g appendag es
 o generat e a simple b o dy rotation ab out a fixed axis:
)

a body rolling. ( A ) Potential energy barrier, �E potential = mg �z CoM 

, 
M height increases by �z CoM 

(defined by black arrows) from an 
dle), then decreases. Potential energy barrier is 

l acceleration. Change in body roll is shown by yellow dashed lines. 
ghly domed shell and low CoM when upright. Adapted from 

versity user on 27 Septem
ber 2024
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(A)

(B) (C)

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. 1 D). ( A ) Body pitch as a function of time for a wide range of wing opening amplitude �wing and speed ω wing . Each curve of 
the same color shows one of the three trials that uses the same ω wing (value in legend) but a different �wing . Solid and dashed curves show 

successful and failed trials, r espectiv ely. ( B and C ) Righting probability and average righting time as a function of �wing and ω wing . Adapted 
from Li et al. (2017) . 
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The lon g er an d faster th e appen dages prope l a gains t
th e groun d, th e m ore m e chanica l energy can be gained
to overcome t he bar r ier to self-right on the ground
( Li et al. 2016 , 2017 ). How ev er, do anim al s always u se
such simple b o dy rotations to self-right? If not, what
are the physical p rinci ples that g ov ern mo re co mplex
self-righting v i a 3D b o dy rotations? C a n we understa nd
t hese pr inciples using a potent ia l en ergy lan dsca pe a p-
proach? 
 

(A) (

Fig. 4 Self-righting performance. ( A ) Self-righting probability within 30 s
confidence interval. ( B ) Violin plots of the number of attempts r equir ed
frequency of the data along the y -axis. Black and red lines show mean an

e

Ground self-righting may r equir e multiple 

attempts 

To explore these question s, w e studied the Madagas-
c ar hissing , Americ a n, a nd discoid coc kroac hes self-
righting on a level, flat, solid, low-fr iction sur face ( L i
et al. 2019 ). All three species always self-right if given
sufficient time (near 100% p robab ili t y w ithin 30 s, Fig .
4 A, white). How ev er, although in some t ria ls the ani-
m al s can self-right u po n the first a ttem p t, in o t her tr ials
B)

 (white) and on the first attempt (gray). Error bars r epr esent 95% 

 to achieve self-righting. Width of graph shows the r elativ e 
d median for each species. Adapted from Li et al. (2019) . 
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 hey strug gle, requir ing mul ti ple a ttem pts to self-righ t
 Figs. 4 B; Fig. 4 A, gray). Alt hough t he y can s elf-right
ithin a s h ort tim e ( ∼1 s) if th e fir st att empt is s ucces s-

u l, when mu lt iple a ttem pts are ne e de d, self-right ing
a n tak e much lon g er (up to ∼10 s). 

ockroaches use and transition across diverse 

trategies and often self-right dynamically 

l l thre e spe cies a ttem pt to u se more th an one strat-
gy to self-right (e.g ., Fig . 5 ) and often t ransit ion
cross them ( Fig. 6 ) ( Li et al. 2019 ). The Madagas-
ar hissing coc kroac h oft en hyperext ends its b o dy into
 n a rc h t o roll ont o one side , fol lowe d by leg scrub-
in g again st th e groun d ( Fig. 5 A), which alm ost al-
ays leads to s ucces sfu l self-right in g ev entua l ly ( Fig.
 A, yellow). Occa sion ally, it t w ists the b o dy in an
(A)

(B)

(C)

(D)

(E)

ig. 5 Self-righting strategies that lead to success. ( A ) Madagascar hissin
ockroach using wings or legs to self-right. ( D and E ) Discoid cockroac
 ttem pt to find obj e cts the legs can grasp o nto, bu t
 his never le ads to s ucces sf ul self-r ighting ( Fig. 6 A,
 re en). Bot h t h e Am erica n a nd discoid coc kroac hes
 an use t wo st rateg ies ( Fig. 6 B and C) t hat can le ad
o s ucces sf ul self-r ighting , w ith w ings ( Fig . 5 B and D)
r legs ( Fig. 5 C and E) as the main propelling ap-
endages to push a gains t the gr ound, r espe ct i vel y. No-
ab l y, both th e Am erica n a nd discoid coc kroac hes of-
en self-right dy namic a l ly, by gaining sufficient p i t c h
nd roll kinetic energy from wings or legs pushing
 gains t th e groun d to overcom e th e potent ia l energy
ar r ier. Th e Am erican coc kroac h also very occasion-
 l ly flaps its wings, which always fails in righting it-
elf ( Fig. 6 B, cyan). All species som etim es enter qui-
scen ce with o ut ap parent m ovem ent ( Fig. 6 A–C, white
val). 
g cockroach using body arching to self-right. ( B and C ) American 
h using wings or legs to self-right. Adapted from Li et al. (2019) . 
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(A)

(B)

(C)

Fig. 6 Self-righting locomotor transition ethograms. ( A ) Madagascar hissing cockroach. ( B ) American cockroach. ( C ) Discoid cockroach. 
Ar ro w widths are proportional to transition r elativ e fr equencies, with values sho wn b y n umbers. Relativ e fr equency 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 r elativ e fr equencies out of each 
node equals that into the node, except for start with a sum of 1 going out, and success and final failure with a sum of 1 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 r epr esent 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, lo w-friction ground are sho wn in Fig. 5 . Ada pted from Li et al. (2019) . 
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Propelling motions are accompanied by 

perturbing motions with substantial 
randomness 

The win g ed and legg e d st rateg ies ( Fig. 5 C–E) often
invo l ve using more than a single type of appendage
or even deforming the b o dy ( Li et al. 2019 ). Dur-
in g win g e d self-right ing, the discoid coc kroac h also
flexes and t w ists the abdomen, flails the legs, and/or
scrapes the legs a gains t the ground ( Fig. 5 D). During
leg ged self-r ighting, bot h t h e Am erica n a nd discoid
coc kroac hes also flex and/or t w ist the abdomen ( Fig.
5 C and E). In other words, the primary propelling ap-
pend ages (w ings in the winged strategy; legs in the
legge d st ra tegy) are accom p anie d by a ssi st ing mot ions
by other appendages or body defo rmatio n, which p ro-
vides addi tio nal perturbatio ns. 

In addi tio n, bot h t h e prope lling an d perturbing m o-
tio ns are qui te erratic, wi th lar g e variation s in the di-
re ct ion, mag nitude, fre quen cy, an d coo rdinatio n (phase
offset between various motio ns) fro m a ttem pt to at-
tempt ( Li et al. 2019 ). The randomness in these motions
is much lar g er t han t hat in the highly rhythmic leg os-
ci l lat io ns d uring wa l king ( Watson a nd Ritzma nn 1997 )
and running ( Fu l l a nd Tu 1990 ). P r evious neur ophysi-
olog ica l studies a lso s h owe d that leg act ivat ion p atterns
during groun d se lf-righting are m ore ran do m than d ur-
ing wa l king ( Sherman et al. 1977 ; Zi l l 1986 ). 

Stochasticity and stereotypy of use of 
self-righting strategy 

In any single t ria l , it is st oc hastic whic h strat egy a n a n-
ima l wi l l use or t ransit ion to, or if it wi l l cont inue us-
ing t he s ame strategy, over e ach a ttem pt. How ev er, av-
eragin g ov er lar g e numbers of t ria ls (se e sample size
in Fig. 6 ), the behaviora l p attern of each species using
st rateg ies is stere otype d ( Fig. 6 ) ( Li et al . 2019 ). Here ,
behaviora l stere otypy me ans t hat t he actua l observe d
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(A) (B)

(C) (D)

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 diag onall y, with sim ultaneous pitching and rolling ( C ). ( A –C ) all sho w 

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 yello w ar ro ws on each ellipsoidal body sho w 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 ar ro ws indicate upside-down and upright body orientations, r espectiv ely. Cyan, green, yellow, and magenta curves with 
ar ro ws 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) . 
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eh avior i s a sm a l l fract io n o f a lar g e numb er of p os-
ib ili ties (see Berman 2018 ; Brown and de B iv ort 2018 ).
pe cifica l ly, bot h t he Mad agasc a r hissing a n d Am eri-
an coc kroac hes p redo minantl y rel y on a single strategy
b o dy a rching a nd legge d st rategy, respe ct i vel y) to self-
ight ( Fig. 6 A and B). By contrast, the discoid coc kroac h
 a s a more b a lance d use of two st rateg ies (win g ed and

egged) ( Fig. 6 C). 

implistic 3D potential energy landscape 

 ev eals that more body rolling is advanta g eous 

e observed that the coc kroac hes’ b o dy rotatio ns d ur-
ng groun d se lf-righting are rarely about a fixed axis in
he p i t c h-rol l sp ace, bu t o ften co mplex an d n on-pla na r
e.g ., Fig . 5 B–E). Thus, t o under st and t he physical pr in-
iples, we ne e de d to exp an d th e potent ia l en ergy lan d-
ca pe a pproach in to three dimen sion s. As a firs t s tep,
 e dev elope d a simplist ic 3D potent ia l en ergy lan d-

cape ( Li et al. 2019 ) ( Fig. 7 ). By a pproxima ting each
oc kroac h species’ body shape with an ellipsoid of sim-
lar dimen sion s, w e ca lcu late d its potent ia l energy as
 function of b o dy pit c h and roll using Euler angles
 Fig. 7 B). These anim al s’ b o dy length is greater than
heir b o dy width, which is greater than b o dy height.
h us, self-righ ting by pure b o dy p i t c hin g ov ercom es th e
ighest potent ia l energy b ar r ier ( Fig. 7 A a nd B, cya n),
n d se lf-righting by pure b o d y ro llin g ov ercom es th e
owest bar r ier ( Fig. 7 B and D, magent a). Self-r ighting
sing b o dy rotatio ns wi th simul taneous p i t c hing and
ollin g ov ercom es an interm e diate b ar r ier (e.g ., Fig . 7 B
nd C, g re en, yel low), and the more it rolls, the lower
 he bar r ier be comes ( Fig. 7 B, g re en vs. yel low). Pure
 o dy yaw ing w i thou t p i t c hin g or rollin g ca nnot ra ise the
oM. 

elf-righting body rotations can be complex 

nd are stereotyped 

e then examined each species’ b o dy p i t c h and roll
t three s ta ges of each a ttem pt (s tart, highes t CoM
r ient ation, an d en d) on th e sim plistic 3D poten t ia l
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(A)

(B)

(C)

(D)

(E)

Fig. 8 State of the body on the potential energy landscape at the start (1), highest CoM position (2), and end (3) of the attempt during 
successful vs. failed attempts. ( A ) Madagascar hissing cockroach using body arching. ( B and C ) American cockroach using wings or legs. 
( D ) Discoid cockroach using wings or legs. Potential energy landscape is defined in Fig. 5 . On each landscape, the ellipsoids show means 
(center of ellipsoid) ± 1 standard deviation (principal semi-axis lengths of ellipsoid) of body pitch, body roll, and CoM height at each stage 
of the attempt. For failed attempts (right), the end state (3) is not shown because it nearly overlaps with the start state (1). The number of 
attempts of each case is sho wn. Ada pted from Li et al. (2019) . 
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n ergy lan dscape to as ses s how it rotates and how this
 ffe cts the potent ia l energy b ar r ier ( Fig. 8 ) ( L i et al.
019 ). For the Mad agasc ar hissing coc kroac h using
 o dy arching, b o dy rotation i s m ainl y ro lling ( Figs. 8 A
nd 5 A), which overcomes the lowest potent ia l energy
ar r ier when s ucces sf ul. For t h e Am erican coc kroac h
sin g win gs, b o dy rotation i s m ainly p i t c hing ( Figs. 8 B
nd 5 B), which overcomes the highest bar r ier when suc-
essf ul. For t h e Am erican coc kroac h using legs, b o dy
otation i s m ainl y ro lling with a small amount of pit c h-
ng ( Figs. 8 C and 5 C), which overcomes ne arly t he low-
st potent ia l energy b ar r ier when s ucces sful. By con-
rast, for the discoid coc kroac h using both wings and
egs, b o dy rotation h a s both lar g e p i t c hing a nd la r g e
olling ( Figs. 8 D and E and 5 D and E), which overcomes
n in termedia te poten t ia l energy b ar r ier if s ucces sful.
n addi tio n, each sp ecies’ b o dy r otation is ster e otype d,
eaching a similar orien ta tion when CoM is highest,
h eth er th e a ttem pt is s ucces sful or not ( Fig. 8 A–E,

ma l l variat io n o f state 2 o r ient at ion). This stere otypy
 ugges ts that physical constraints strongly confine the
 o dy rot ation ( Ber man 2018 ). All t hre e spe cies a lso of-
en hav e lar g e b o dy t ranslat ion and yawing in the hori-
o ntal plane fro m a ppendage in teractio n wi t h t h e leve l,
at, solid, low frict ion g ro und, b ut this does not con-
ribut e t o se lf-righting as it cann ot raise th e CoM. 

ockr oaches r oll more in successful attempts 

l l thre e spe cies rol l their b o dies mo re d uring s ucces s-
 ul self-r igh ting a ttem pts than in fai le d ones ( Fig. 8 , left
s. r ight) ( L i et al. 2019 ). Th e high er b o d y ro lling in suc-
essful a ttem p ts lowers the po tent ia l energy b ar r ier ( Fig.
 B and C), making it easier to be overcome to achieve
elf-right ing, g iven the me chanica l energy that can be
enerat ed . Consist ent wit h t his finding, in our experi-
 ents using th e init ia l robot ( Fig. 1 D), we a lso t est ed

pening the two wings asy mmetric ally, where we found
 hat wit h t h e m ore th e b o d y ro lls th e m ore like ly th e
obot is to self-right ( Li et al. 2016 , 2017 ). 

round self-righting is strenuous for 
ockroaches 

ow ev er, for a l l thre e spe cies using the st rateg ies that
ead to s ucces s, th e in crease in CoM height from the
tart to the highest CoM or ient atio n ( Fig. 8 , fro m state
 t o stat e 2) is onl y slightl y lar g er durin g s ucces sful at-
empts than in fai le d ones ( Fig. 8 , left vs. right) ( Li et
l. 2019 ). In other wo rds, o nly a small difference in how
uch an animal can raise its CoM determines whether

t succe e ds or fai ls in ov ercomin g the potent ia l energy
ar r ier. This, toget her wit h t he observation t hat t hey of-
en r equir e mul ti ple a ttem pts to succe e d ( Fig. 4 B), pro-
 ides ev iden ce that groun d se lf-righting is strenuous for
hese coc kroac hes: They can barely do enough work
ur ing e ac h att empt t o overcom e th e potent ia l energy
ar r ier ( Ot hayot h et al. 2021 ). P revious f orce measure-
ents also su ppo rt this notio n: fo r the discoid cock-

oac h t o self-right usin g legs, a sin gle hin d leg n e e ds to
enerate a gr ound r eactio n fo rce as lar g e as eight times
 hat dur ing high-spe e d running ( Fu l l et a l. 1995 ). 

trenuous, leg-assisted winged self-righting as a
odel system to study new questions 

 ur anima l observat ions quant ifie d st oc h a stic yet
tere otype d behaviora l t ransit ions and often complex
et stere otype d 3D body rotat ions, and our simplist ic
 ode l explain ed why s ucces sful a ttem pts have more
 o d y ro llin g. How ev er, som e n ew questions arose . Fir st,
hy are the b o dy rotations stere otype d, even though
 ny a rb i t rary 3D rotat ions in the b o dy p i t c h and roll
pace are in p rinci p le possib le? Second, are the perturb-
n g motion s tha t accom pany th e m otio ns o f p ropelling
ppendages u seful? Third, i s th e su bstant ia l random-
ess in the motions beneficial? 

To f urt h er un derstan d th ese, we per for med t hree ad-
i tio nal studies ( Xuan and Li 2020a , 2020b ; Othayoth
 nd Li 2021 ), f ocusing on a m ode l system—th e discoid
oc kroac h’s strenuou s, leg-a ssi sted win g ed self-rightin g
 Li et al. 2019 ) ( Fig. 9 ). In this strategy, the overturned
nima l a lways first o pens and p us h es its win gs again st
h e groun d to p i t c h up the b o dy ( Fig. 9 A and B, blue).
ec ause the t wo w in gs open tog et her, t he CoM fa l ls
it hin a tr ia ngula r base of support formed by the two
pened wings and head ( Fig . 10 A, bl ack d ashe d t rian-
le) ( Ot hayot h and L i 2021 ). This inter mediate st ate is
et ast able (i .e ., stable provided that it is subj e cte d to

n ly sma l l perturb at ions [ Bovier and Den Hol lander
016 ]). How ev er, win g pushin g rarely p i t c h es th e ani-
al sufficiently to complete a fu l l somersau lt ( Fig. 9 A

nd B, dashed blue a rrow), a nd the animal often contin-
a l ly a ttem p ts wing p ushing b ut fails to self-right ( Fig.
 A and B, solid blue arrows). When it eventua l ly suc-
e e d s, the anim a l a lmost a l ways ro lls sideways over one
f the wings from the met ast able st ate ( Fig. 9 A and B,
 ed arr ow). Thr o ugho u t this p rocess, the animal often
 igorously flails its legs in the air ( Fig. 10 A, red das h ed
urves). The legs also som etim es scrape th e groun d, th e
 bdomen flex es and t w ists, and the w ings o ften defo rm
assi vel y under lo ad. Al l these motions, which have
 ubs tant ia l ran domn es s, may res u lt in perturb at ions in
he roll dire ct ion. 

Spe cifica l ly, for this m ode l system, we ne e d to an-
wer the fol lowing thre e quest ions. First, why is the
iscoid coc kroac h’s body rotation not mainly rolling,
hich h a s the lowest potent ia l energy b ar r ier, but

nst ead fir st p i t c hin g then rollin g when s ucces sful?
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(B)(A)

Fig. 9 Strenuous leg-assisted, winged self-righting of discoid cockroach as a model system. ( A ) Repr esentativ e snapshots of the animal, 
illustrating body rotations during failed pitching attempts (thick blue ar ro ws), a successful attempt by pure pitching (thin dashed blue 
ar ro w), and a successful attempt by pitching up first then rolling (red ar ro w). Ada pted from Othayoth and Li (2021) . ( B ) Stereotyped body 
rotation observed in successful (red) and failed (blue) attempts, overlaid on the potential energy landscape. In (A) and (B), 1, 2, and 3 show 

upside-down (1), metastable (2), and upright (3) states. This plot is the same as Fig. 8 D, left and right merged, except that the axes are 
flipped to show the three stages’ trajectory in a similar view as in Fig. 9 A. See Fig. 8 for definition of elements. 
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Secon d, is th e leg flailing m otio n that acco mpanies the
win g openin g mot ion usefu l? Third, is th e su bstant ia l
ran domn ess in the coordination of the wing and leg mo-
t ions beneficia l? 

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

To address these question s, w e first created a refined
robot as a rob ophysical mo del of strenuou s, leg-a ssi sted
win g e d self-right ing, fol lowing biolog ica l observat ions
( Fig. 10 A and B) ( Ot hayot h and L i 2021 ). Thi s robot i s
n ot aim ed t o ac hie ve s elf-r ighting; t h at h a s a lready be en
don e by th e pr evious r o bot ( Fig. 1 D). Ins t ead , we de-
li berate ly design ed an d controlled this robot to achieve
simila r st renu ous se lf-righting be h avior a s the di scoid
coc kroac h’s ( Fig. 9 A). Like the discoid coc kroac h ( Fig.
10 A), th e refin ed robot h a s a head protruding f orwa rd
from the b o dy, cre ating t he tr i angul ar met ast able st ate
( Fig . 10 B, bl ack d as h e d t riang le), w hich the init ia l robot
lacks. In addi tio n, we limi ted th e refin ed robot’s wing
opening amplitude so that it cannot self-right v i a pure
b o dy p i t c hing. These make it a biolog ica l ly relevant
rob ophysical mo del for studying thi s strenuou s strategy.

R obophysic al m ode ling a l lows systemat ic p a ra me-
t er variation t o discover physical p rinci ples o f loco-
motion invo l ving comp lex m otions an d locom otor–
environmen t in teract ions ( Agui lar et a l. 2016 ). For leg-
a ssi sted win g ed self-rightin g, w e need to systemati-
ca l ly vary propel lin g win g m otion an d perturbing leg
m otion. To gen erate wing m ot ion simi lar to that of
the discoid coc kroac h, th e refin ed robo t o p ens b oth
w ings sy mmetric all y, ro lling and p i t c hing them about
the b o dy by t he s a me a ngle θwing ( Fig. 10 C a nd D, blue
arrows) to propel a gains t the g round. Be cause the an-
imal’s perturbing motions are highly complex, to sim-
plify pa ra meter va r iation in t he rob ot, we fo cused on the
mor e fr e quent leg flai ling. We c hose t o use a one deg re e-
of-fre e dom, pendu lum-li ke “leg,” which osci l la tes la t-
era l ly by the sa me a mplitude to both sides, to gener-
a te perturba tion ( Fig. 10 B, red arrow). Besides having
simi lar ge omet ric proport ions to the animal ( Fig. 10 B
vs. A), we also verified that the robot’s leg actuation gen-
erated dy namic ally simil ar motion a s th at of the animal
( Ot hayot h and Li 2021 ). 

B y openin g and closin g its win gs repeate d ly whi le
osci l lat ing the leg, th e refin ed robot generates similar
stren uous self-righ ting a ttem pts, w ith simil ar motions
as observed in the animal, not being able to self-right
by pure b o dy p i t c hing, and oft en re quiring mu lt iple at-
t empts t o self-right v i a b o d y ro lling aft er fir st p i t c hing
up to the met ast able st at e (e .g ., Fig . 10 E). 

Propelling and perturbing appenda g es 
to g ether enable barrier-crossing to self-right 

In our experiments, we used the r efined r obot to mea-
sure the fu l l 3D b o dy rotation an d wing m otio n d uring
en tire self-righ ting trials, which is cha l leng ing to mea-
sure for the anim al s due to the frequent occl usio ns ( Li
et al. 2019 ). This enabled us to re const ruct an accurat e ,
“evo l ving ” poten t ia l en ergy lan dscape , whic h c han g es
w ith w in g openin g and closin g, rat her t han t he simplis-
t ic, fixe d l andsc ap e from a rigid b o dy ( Figs. 7 –9 ). We
u sed thi s evo l v ing potenti al energy l andsc ape to under-
stan d h ow th e prope lling m otio n o f th e wings an d per-
turb ing motio n o f t he leg toget her a l lo w o v ercomin g the
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(A) (B) (C) (D)

(E)

Fig. 10 Robophysical modeling of strenuous leg-assisted, winged self-righting. ( A ) Schematic of animal in metastable state. Blue ar ro ws 
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 θ leg (red) and wing angle θwing 

(blue). Both wings rotate sim ultaneousl y. 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 θwing . ( E ) Repr esentativ e 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) . 
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otent ia l energy bar r ier to self-r ight ( Fig. 11 ) ( Ot hayot h
nd Li 2021 ). 

The potent ia l energy l andsc ape chan g es w ith w ing
ngle θwing as the wings open and close ( Fig. 11 A and B).
o self-r ight, t he system h a s to escape from a meta stable
tab ili ty basin on the evo l v ing potenti al energy land-
c ape ( Fig . 11 B, ii , iii , whit e do t) and cross a po ten-
 ia l energy b ar r ier to re ach o ne o f s e veral possible up-
ight basins ( Fig. 11 B, upward whi te arrows). W h en th e
ings are closed ( Fig. 11 A, i), the robot is t rappe d in

n upside-down basin ( Fig. 11 B, i, downward white ar-
o w). A s the wings open ( Fig. 11 A, ii), the upside-down
 asin shrin ks to a met ast able basin ( Fig. 11 B, ii , blac k
r row), which cor responds to t he met ast able st ate wit h
 t riangu lar b ase o f su ppo rt ( Fig . 10 B, bl ack d as h e d t ri-
n gle). As the win gs con tin ue to open ( Fig. 11 A, iii), the
et ast able b asin be com es high er an d m oves closer ( Fig.

1 B, iii , blac k arrow) t o the m axim a l potent ia l energy
ar r ier ( Fig. 11 B, black das h ed lin e), w hich occ urs for
ure b o dy p i t c hing. 

Th e in creasing h eight of th e m et ast able b asin effe c-
i vel y reduces the pit c h bar r ier ( Fig. 11 C, solid blue;
 i t c h bar r ier is me a sured u sin g the blue tran slucent
l anes in Fig . 11 B) that c an be overco me p robab ilisti-
a l ly by kin etic en ergy gain ed along the pit c h dire ct ion
hen win g openin g stops. How ev er, because th e refin ed

obot’s self-righting is strenuous by design, even at the
 axim al wing opening t est ed , th e robot cann ot gain

n ough kin etic en er gy alon g the p i t c h dire ct ion to cross
he p i t c h barrier ( Fig. 11 C, blue, das h ed vs. solid in the
 ray b and) t o reac h the p i t c h u p right basin ( Fig. 11 B,
 pward whi te arrow labeled by blue circ le 3), i .e ., it can-
 ot se lf-right by pure p i t c hing ( Fig. 11 A, t op leftmost).
hu s, it i s t rappe d in met ast able basin, when t her e ar e
o leg osci l lat ions to inj e ct kinet ic energy a long the rol l
ire ct ion ( Fig. 11 D, black, failure trajectories). 

How ev er, win g openin g a lso re duces the b ar r ier
long the roll direction ( Fig. 11 C, solid r ed; r oll bar-
 ier is me asured using the red translucent planes in Fig.
1 B). This a l lows the sma l l kinet ic energy along the roll
ire ct io n fro m perturb ing leg osci l lat ion s to ov ercome
he rol l b arrier prob abi list ica l ly ( Fig. 11 C, red, das h ed
s. solid in the gray ban d). Thus, th e robot can reach
he u p right roll basin ( Fig. 11 B, iii, red arr ow, r each-
ng the upward white arrow labeled by red circle 3), i.e.,
t self-rights by rolling after p i tching ( Fig. 11 A, bottom
eftm ost), wh en th er e ar e sufficient leg osci l lat ions ( Fig.
1 D, whit e , s ucces s t raj e ctories). As a resu lt, the lar g er
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(A)

(B)

(C) (D)

Fig. 11 Refined robot’s self-righting motion and evolving potential energy landscape. ( A ) From right to left: schematic of robophysical 
model in (i) upside-down and (ii) metastable states, and (iii) self-righting by pure pitching (top) and pitching then rolling (bottom). The top 
and bottom cases correspond to the observed successful and failed attempts in Fig. 9 B. ( B ) Corresponding evolving potential energy 
landscape at different wing opening angles θwing . 1–3 show upside-down (1), metastable (2), and upright (3) states. Translucent blue and red 
cr oss-sectional cuts thr ough the upside-down or metastable local minimum along the pitch and roll axes are used to quantify pitch and roll 
potential energy barrier. ( C ) Pitch (blue) and roll (red) potential energy barrier as a function of wing opening angle θwing . Blue and red 
dashed lines show average maximal pitch and roll kinetic energy , respectively . Gray band shows range of wing opening amplitudes �wing 

tested for this robophysical model. ( D ) Ensemble of system state trajectories from all the trials with a given wing opening magnitude. Black: 
failure to self-right by pure pitching, but being attracted to and trapped in metastable basin. White: successfully self-righting by pitching, 
then rolling. Adapted from Othayoth and Li (2021) . 
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he robot leg osci l lat ion ma kes self-right ing mo re p rob-
ble and reduces the number of attempts r equir ed. 

Besides flailing legs that we m ode led, oth er perturb-
n g motion s observ e d in the anima l li kely a lso con-
ribut e t o self-righ ting. F or exam ple, sma l l for ces fr om
egs scraping the ground ( Li et al. 2019 ) m ay al so in-
 e ct rol l kinet ic energy. Abdomina l flexion and t w isting
nd passive wing defo rmatio n under load ( Li et al. 2019 )
 h ou ld t i lt the potent ia l en ergy lan dscape toward on e
ide and lower the roll bar r ier on t hat side. Bot h t hese
ffects s h ould make self-righting easier. 

tereotyped body rotation results from 

hysical constraints 

h en th e re const ructe d r obot r otat ion t raj e ctories are
 isu a lize d on th e lan dscape, it is cle ar t hat t he physi-
a l interact io n wi t h t h e groun d , whic h is m ode led by
 st oc h a stic, se lf-prope lled system with kin etic en ergy
oving on the potent ia l energy l andsc ape, strongly

on strain s the st oc h a stic system’s behavio r, resul ting in
 stere otype d ensemble of t raj e ctories for both suc-
essful a nd fa iled a ttem p ts ( Fig. 11 D) ( Othayo th and
i 2021 ). This s ugges ted that the discoid coc kroac h’s
tere otype d body rotat ion is lar g ely a result of the phys-
ca l const rain t, consisten t w ith prev iou s findings th at
hysica l const raints lead t o st ere otype d legge d locomo-
io n o n le vel, flat, s olid ground ( Berman 2018 ). 

obot simulation to study effect of substantial 
andomness in appenda g e coor dination 

ext, we studied t he t hird question—whet her t he sub-
tant ia l ran domn ess in th e coo rdinatio n o f th e wing an d
eg motions is beneficial. To do so, we first created a

u lt i-b o d y d y namics simul atio n o f th e refin ed robot
 Fig . 12 A) ( Xu a n a nd L i 2020b ). Af t er being validat ed
 gains t the physical robot experiments ( Fig. 10 E, see
ore detail in Xuan and Li 2020b ), the robot simula-

 ion a l lowe d us to control a nd va ry th e leve l of m otion
an domn es s sys temat ica l l y and co l le ct a lar g e number
f t ria ls re quire d to un derstan d its impac t, w hich is less
ract ica l in the physical robot and impossible in the an-

mal. 

ubstantial randomness in appenda g e 

oordination increases self-righting probability 

 ur simu lat ion study revea le d that a s ubs tant ia l level
 f rando mness in the mot ions a l lows the system to find
o o d co o rdinatio n between p rope lling an d perturbing
ppendages, which is more likely to lead to s ucces sful
elf-righting ( Xuan and Li 2020b ). We measured the lev-
 ls of ran domn ess in th e discoid coc kroac h’s wing open-
n g/closin g and leg osci l lat ion p erio ds ( Fig. 12 B). They
re s ubs tant ia l ly higher than that of the highly rhythmic
eg osci l lat io ns d uring wa l k ing ( Watson and R itzmann
997 ) and running ( Fu l l and Tu 1990 ). This s ubs tan-
 ia l level of randomness in both wing and leg osci l la-
ion p erio ds results in s ubs tantial level of randomness
n the ph a s e offs et between these two osci l lat ions. Thus,
o study the effect of ran domn ess, in th e robot simu-
at ion, we adde d Gau ssian noi se to th e tim e de lay be-
 ween w ing and leg osci l lat ions (se e definit ion in Fig.
2 C), which inj e cts a similar level o f rando mness to
he coo rdinatio n (ph a s e offs et) between th em. Wh en
in g openin g mag nitude �wing and leg osci l lat ion mag-
itude �leg are sma l l (represent ing a n a nim al th at i s too
 ire d), self-right ing a lways fai ls, wh eth er th ere is sub-
tant ia l ran domn ess or n ot ( Fig. 12 D an d E, top left
egio ns). W h en �wing an d �leg a re la r g e (r epr esenting
 n a nim al th at i s v ery ener g et ic), self-right ing a lways
ucce e ds, wh eth er th ere is su bstant ia l ran domn ess or
 ot ( Fig. 12 D an d E, botto m right regio n s). How ev er,

or in termedia te �wing an d �leg , wh en th e robot can
 ear ly overcom e th e potent ia l energy b ar r ier, t he sub-
tant ia l ran domn ess in creas es s elf-right ing prob abi lity
rom 0 to > 40% ( Fig. 12 D vs. E, crit ica l reg ime). Be-
aus e ground s elf-righting is so strenuou s th at the ani-
a l often b ar ely over com es th e bar r ier, t his finding sug-

ests that the s ubs tant ia l ran domn es s o bserved in the
nim al s i s ben eficial to th em. 

ubstantial randomness helps find good 

oordination that leads to success 

urther sim ula tion revealed why s ubs ta ntial ra ndom-
 ess in th e coo rdinatio n between p ropellin g win gs
nd perturbing legs increases self-righting p robab ili ty
 Xua n a n d Li 2020b ). Th e leg-wing ph a s e offs et h a s
 dire ct imp act on self-right ing ou tco me: go o d ph a se
ffsets a lmost a lways lead to s ucces s ( Fig. 12 F and G,
 hite), w herea s bad ph a s e offs ets a lmost a lways lead

o fa ilure ( Fig. 12 F a n d G, black). Thus, a su bstan-
 ia l level of randomness in ph a s e offs et a l lows the sys-
 em t o exp lore various p h a s e offs ets, th ereby in creas-
ng th e chan ce of fin din g a g o o d co o rdinatio n be-
ween them that leads to s ucces sfu l self-right ing ( Fig.
2 G, yello w arro ws), where as str ict ly per iodic mo-
io ns wi th n o ran domn ess traps th e system in bad
h a s e offs ets a lways resu lt ing in fai lure ( Fig. 12 F, yel low
rrows). 

emplate to understand why appenda g e 

oordination affects self-righting outcome 

ina l ly, t o under stand why a s ubs tant ia l level of ran-
omness is useful, we created a tem pla te m ode l of
trenuou s, leg-a ssi sted win g ed self-rightin g ( Fig. 13 B)
 Xua n a nd Li 2020a ). A tem pla te is the simplest
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(A)

(B)

(C)

(D) (E)

(F) (G)

Fig. 12 Robot simulation r ev eals benefit of substantial randomness in appendage coordination. ( A ) Repr esentativ e snapshots of simulation 
robot self-righting after two attempts. Note the resemblance to the refined robot experiments in Fig. 10 E. ( B ) Violin plots of wing 
opening/closing and leg oscillation periods for three discoid cockroach individuals. Inner rectangle shows mean ± 1 standard deviation. The 
level of randomness is measured by coefficient of variation, C v = standard deviation/mean. ( C ) Actuation profiles of wings (blue) and leg 
(red) angles (see definition in Fig. 10 C and D ) of simulation robot. �wing and �leg are wing opening amplitude and leg oscillation amplitude, 
r espectiv ely. �t 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 δt is added to �t 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 v ). ( D and E ) Self-righting probability of the 
simulated robot as a function of �wing and �leg , comparing without ( C v = 0) and with substantial ( C v = 25%) randomness in wing-leg 
coordination (phase offset). ( F and G ) Evolution of phase offset ϕ 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 v = 0) and with substantial ( C v = 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 ). 
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ana lyt ica l m ode l, co mp rised o f the fewest co mpo-
n ents an d deg re es of fre e dom, tha t ca ptures funda-
mental dynamics of this se lf-righting be havior ( Full
an d Koditsch e k 1999 ). Because s ucces sful win g ed self-
right ing a lmost a lways occurs eventua l ly v i a rolling in
bot h t he discoid coc kroac h ( Fig. 9 B) an d th e refin ed
robot ( Figs. 10 E, 11 D, and 12 A), our 2D tem pla te mod-
e ls th e pla na r ro lling d yna mics of self-righting a nd trims
a wa y the co mplexi ty o f the system (fro m Fig. 13 A to
B). This a l lowe d writ ing down close d-form e quat ions of
motion that can be so l ved numericall y to c alcul ate the
dynamics of the system. 
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(A) (B)

(C)

(D) (E)

Fig. 13 Template model r ev eals 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 ar ro ws sho w wing 
opening/closing and leg oscillation, r espectiv ely. ( 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 ar ro ws sho w cum ulativ e energy incr ease and r eduction in these processes. ( D and E ) Mechanical energy budget as 
a function of �wing and �leg , calculated from the template, comparing without ( C v = 0) and with substantial ( C v = 25%) randomness in 
wing-leg coordination (phase offset). Mechanical energy budget is cumulative energy minus the potential energy barrier: E budget = 

E cumulative —E barrier . 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 ). 
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ood appenda g e coor dination accumulates 
ore energy to overcome barrier 

uccessf ul self-r ighting r equir es cum ula ting sufficien t
e chanica l energy (potent ia l energy and kinetic en-

rgy) to overcome the potent ia l energy bar r ier (which
s not always fixed but can be lowered). Thus, to fur-
h er un derstan d why ph a s e offs et a ffec ts self-rig hting
u tco m es, we used th e tem pla te m ode l to calcu-

at e the syst em’s cum ula tiv e ener gy a nd ba r r ier, com-
are wh eth er th ere is sufficient cumu lat iv e ener gy to
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overcom e th e bar r ier (i .e ., mec hanical energy budget),
and as ses s how ph a s e offs et a ffe cts this me chanica l en-
er gy budg et ( Xua n a nd Li 2020a ). 

We ca lcu late d the evo l ving potent ia l en ergy lan d-
scap e (p otent ia l energy as a function of b o d y ro ll) of the
tem pla te m ode l (e.g ., Fig . 13 C, blue) to obt ain t he po-
tent ia l energy b ar r ier E bar r ier . We ca lcu late d h ow th e sys-
t em’s mec hanical energy changes during self-righting
a ttem pts (e.g ., Fig . 13 C, red dot and trajectory) to ob-
tain cum ula tiv e ener gy E cum ula tive , defin ed as th e sys-
tem’s ext ra me chanica l ener gy a bov e the potent ia l en-
ergy of the local minimum of the ba sin th at the system
is in ( Fig. 13 C, left, blac k brac ket). Cum ula tiv e ener gy
chan g es ov er each actuation ph a se or colli sio n event: i t
increases or decrea ses a s the wings open or close (e.g.,
Fig. 13 C, lef t), incre ases or decre a ses a s the legs osci l late
(e.g ., Fig . 13 C, right), and always decreases as the robot
collides with the ground (e.g., Fig. 13 C, middle). 

We then used the tem pla te m ode l to as ses s mechani-
cal ener gy budg et, E cum ula tive − E bar r ier , i .e ., wh eth er cu-
m ula tiv e ener gy ex ce e ds the potent ia l energy b ar r ier,
over a broad range of wing opening and leg osci l lat ion
ampli tudes, co mparin g betw een g o o d and bad ph a se
offsets (e.g ., Fig . 13 D vs. E) ( Xua n a nd Li 2020a ). For
b oth go o d and bad ph a s e offs ets, th ere is an in creas-
in g ener gy budg et surplu s a s �wing an d �leg in crease
( Fig. 13 D and E, r ed r egions), an d th ere is an in creas-
in g ener gy deficit as �wing and �leg decrease ( Fig. 13 D
and E, bl ue regio n s). How ev er, ph a s e offs et strongly
a ffec ts self-rig hting ou tco mes by chan gin g me chanica l
ener gy budg et. Wel l-coordinate d appendage motions
with go o d ph a s e offs ets accum ula te m ore m e chanica l
energy than p o orly-co o rdinated o nes wi th bad ph a se
offsets, th ereby m ore effe ct i vel y overcoming the po-
tent ia l energy b ar r ier (i .e ., hav ing a l ar g er ener gy sur-
plus) and t hus self-r ighting more s ucces sfu l ly. Together
wit h t he insight t hat s ubs tant ia l ran domn ess h e lps fin d
go o d ph a s e offs ets ( Fig . 12 F and G), this expl ains why
high er ran domn ess in creas es s elf-right ing prob abi lity
( Fig. 12 D vs. E). 

Summary 

We per for med t he firs t s tudies o f b iolog ica l g round
self-r ighting in t hree dimen sion s, usin g thre e spe cies of
coc kroac hes. For all three species, groun d se lf-righting
i s strenuou s and m ay r equir e mul ti ple a ttem pts to suc-
ce e d ( Fig. 4 ). Two of t he t hre e spe cies of ten self-r ight
dy namic a l ly, by generat ing s ubs tant ia l p i t c h and/or roll
kin etic en er gy to ov ercom e th e potent ia l energy b ar-
rier. Each species uses mul ti ple strategies and displays
st oc h a st ic yet stere otype d t ransit ions across them ( Figs.
5 an d 6 ). Th e prope lling m otio n fro m p rimary ap-
pendages is often accomp anie d by perturbing motions
from o ther ap pendages, and a l l these mot ion s hav e sub-
stant ia l ran domn ess. Body rotations are complex yet
stere otype d ( Fig. 8 ). Comp are d to fai le d a ttem pts, in
s ucces sful a ttem pts their b o d y ro lls more , whic h lower s
the potent ia l energy b ar r ier ( Fig. 8 ). 

We co mb ine d robophysica l, simu lat ion, and tem-
plate m ode ling to un derstan d th e physical prin ciples of
groun d se lf-r ighting. Our exper iments using an initial
robot as a robophysical m ode l revea le d that, when pro-
pellin g again st th e groun d to gen era te sim p le p la na r ro-
t ation, t he lon g er and faster ap pendages p ush, the more
me chanica l energy can be gained to overcome the bar-
r ier, and t hus t he more likely and faster self-righting is
( Fig. 3 ). How ev er, the anim al s can rarely achieve this,
because of how stren uous self-righ ting is for them. To
un derstan d th e physical prin ci ples o f strenuous self-
rightin g, w e further studied the discoid coc kroac h’s leg-
a ssi sted win g ed self-rightin g as a m ode l system ( Fig. 9 ).
O ur robophysica l m ode lin g usin g a refined robot ( Fig.
10 ) revea le d that propel ling (e.g ., w ings) o r perturb ing
(e.g ., legs) append ages alone c a nnot ga in enough kinetic
energy to overcome the high potent ia l energy bar r ier
( Fig. 11 ). How ev er, when used toget her, t he propelling
mot ion re duces the barrier sufficiently so that it can
be overco me p robab ilistically by the small kinetic en-
ergy from perturbing motion ( Fig. 11 ). Thus, only by
co mb ining p rope lling an d perturbing motions can self-
righting be ac hieved , when it is so strenuou s; thi s phys-
ica l const raint ( Fig. 11 D) le ads to t he stere otype d b o dy
rotation ( Fig. 9 B). Our robot sim ula tion and tem pla te
m ode lin g rev ea le d that the s ubs tant ia l ran domn es s o b-
served in the propelling and perturb ing motio ns hel ps
find go o d co o rdinatio n bet ween them ( Fig . 12 ), which
accum ula tes more me chanica l energy to overcome the
potent ia l energy bar r ier ( Fig. 13 ), t hus incre asing t he
li keli ho o d of self-righting. 

Futur e w ork 

Furt her exper iments using more species and more elab-
orat e (“anc hor”-level [ Fu l l and Koditschek 1999 ]) mod-
el s th a t better ca pture the biolog ica l detai l are ne e de d
to generalize the physical p rinci ples to diverse biologi-
cal m orph ologies an d be h avior (a s well a s diverse robot
desig n and actuat ion). In p art icu lar, h ow limbless an d
elongate anim al s ( Hu an d Sh e lle y 2012 ) s elf-r ight on t he
groun d (an d even in th e a ir), a n d h ow similar robots
s h ould do so, remain t o be explored . The u se of di s-
t ribute d force plates ( Dai et al. 2011 ) to measure ground
reactio n fo rces generated by mu lt iple appendages and
b o dy defo rmatio n wi l l faci lit ate t his pr ogr ess. In addi-
tion, our findings s ugges t that animals may use sen-
sory fe e db ac k t o acti vel y adjus t their s tra tegy and a p-
pen dage m otions an d b o dy defo rmatio n t o bett er self-
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ig ht, w hich s h ould be t est ed by future neurop hysio log-
cal studies. 

G iv en our pr ogr ess, t he physical pr in ciples of groun d
elf-righ ting in com plex terra ins rema in p o or ly un der-
to o d. Natural terrains are rarely per fect ly level, flat,
olid, and with low friction thro ugho ut, can be flow-
ble ( Li et al. 2013 ), and can have random obj e cts to
 rasp onto. Re cent anima l s tudies have begun to o bserve
 nd qua nt ify g round self-right ing behavio r o n surfaces
f various roughness ( Sasaki and Nonaka 2016 ; Pace
 nd Ha r r i s 2021 ; Zh an g et al. 2021 ; B ien et al. 2024 )
n d un evenn ess ( Sasaki an d Non aka 2016 ; Zh ang et al.
021 ), that are flowable ( Pace and Har r is 2021 ), or with
bj e cts ne arby ( Sas a ki and Nona ka 2016 ). Rougher or
neven surfaces and random nearby obj e cts faci litate
e lf-righting, an d anim al s adju st their u s e of divers e
t rateg ies co rrespo n dingly ( Sasaki an d Nonaka 2016 ;
ace and Har r i s 2021 ; Zh ang et al. 2021 ; Bien et al.
024 ). In light of t hese studies, t h e leve l , flat, solid , low
rict ion g round use d in our studies is lik ely a m ong th e
ha l leng ing surfaces to self-right on. (It is noteworthy
hat, desp i te how strenuous groun d se lf-righting is as
ur m ode lin g rev ea le d, a l l thre e spe cies studie d can a l-
 ost always se lf-r ight wit h 30 s [ Fig. 4 A, white], un-

erscor ing t h e n ot ion that g roun d se lf-righting is a cru-
ial loco moto r ab ili ty that almost all ter restr ial anim al s
us t pos ses s to s urv ive.) R ough er surfaces like ly al-

ow anim al s t o generat e lar g er fo rces to p i t c h and/or
oll the b o dy to se lf-right. Similar ly, un even terrain may
 ave a speri ties o f t he r ight sizes ( Clif t on et al . 2023 )

or appendages to int erloc k or even grasp ont o t o gen-
rate lar g e self-rightin g forces and torques ( Sasaki and
ona ka 2016 ). A slope d s urface is pres umab l y easier

o self-right on, as animals may rotate on it to gain ki-
 etic en ergy or s lide down to en counter m o re favo r-
ble terra in f eatures. Furth erm ore, th e lar g ely un suc-
es sful s trategies o r motio ns foun d h ere m ay be u seful
n complex terrains. For example, b o dy t w i sting m ay
 l low legs to reach and grasp onto nearby obj e cts, leg
craping may h e lp en gag e asp erities, and b o dy yawing
n d s liding may h e lp r each r ough er an d un even parts
f t he ter rain, a l l cont ribut ing to s elf-righting. Howe ver,
ue to their complex mech anics, it i s unclear whether
owable s ubs t rates ma ke self-right ing mo re o r less dif-
cul t wi thou t m ode ling th e su bstrate forces ( Li et al.
013 ). Simila rly, f or ma rine a nim al s o n the botto m sub-
trat es ( S ilvey and S ilvey 1973 ; We ldon an d Hoffman
979 ; Hoffman 1980 ; Young et al. 2006 ; Zhang et al.
020 ), h ow hydrostatic an d hydrodyna mic f o rces wo rk
oget her wit h s ubs trate forces to achieve underwater
roun d se lf-righting is unkn own. Fu ture wo r k s h ould
 easure an d m ode l groun d se lf-righting in m o re co m-

lex terrains in three dimen sion s to elucidate broader
hysical p rinci ples. O ur quant itat ive exper iment al and
 ode ling approach es dem onst rate d here wi l l faci litate
his pr ogr ess. 
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