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Synopsis Wh eth er wa l kin g, runnin g, s lith ering , or fly ing , organi sms di splay a rem arka ble a b ili ty to move through co mplex 
an d un certain environm ents. In p art icu lar, anima ls have evo l ved to cope with a host of uncert ainties—bot h of inter nal and 

exter nal or igin—to maint ain adequate per for mance in an ev er-chan gin g w orld. In this re vie w, we pres en t ma thema t ica l meth- 
ods in eng ine ering to high light emerg ing p rinci ples o f ro bus t and ada ptive con trol o f o rgani sm a l locomot ion. Spe cifica l ly, by 
drawing on the m athem at ica l framewo rk o f co nt rol the ory, we de compose the ro bus t a nd adaptive hiera rchica l st ructure of 
loco moto r co ntrol. We s h ow h ow this deco mposi tio n alo ng the ro bus t–ad aptive axis prov ides test able hypot heses t o c lassify 
behavio ral ou tco mes to perturb at io ns. Wi th a focus on studies in non-human anim al s, we contextualize recent findings along 
the ro bus t–adaptive axis by emph a sizin g tw o b road classes o f behavio rs: (1) co m pensa tion to a ppenda ge los s and (2) ima ge 
stabi lizat ion and fixat ion. Next, we a ttem pt to ma p ro bus t and ada ptive con trol o f loco motio n across so me anima l g roups and 

existin g bio-in spir ed r obots. Fina l ly, we high light excit ing futur e dir e ct ions and interdi sciplin ary col laborat ions that are ne e de d 

to unravel p rinci ples o f ro bus t an d adaptive locom otion. 
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ntroduction 

 o co motio n is the crucial enabler of mul ti ple life-
isto ry p rocesses in many grou ps o f anim al s th at move
cross air , water , a nd la nd. A nim al s move to r epr oduce,
e e d, escape pre dat ion, and s us t ain many ot her pro-
esses. Wi thou t the evol u tio n o f movement and its as-
ocia ted con trol, lif e on Ea rth as we know it would look
t ri kingly different. Yet it is humbling how p o orly we
n derstan d m oto r co ntrol and loco motio n. One might

ook at art ificia l intel ligence (AI) as an an alogy th at h a s
 riumphe d over the top human Go and chess players
 Schritt w ieser et al. 2020 )—yet current robots cannot
a l k to the board or pick up a piece a s dexterou sly a s
 toddler. Al though i t h a s be en argue d th at m achines
re g ettin g c lose t o passing t he Tur ing test, t hey do
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o by taking advantage of our innate socia l abi lity to
infer” inte lligen ce ( Sejn ows ki 2023 ; Zador et al. 2023 ),
n d th ese inte lligen ces st i l l fai l to usefu l ly ext ra pola te
o an uncert ain f uture ( Silva et al. 2023 ). So, while ma-
 hine int elligence may appear to mimic many human-
evel aspects of cogni tio n and reaso ning, i t i s al so in-
uiti vel y obvious that, desp i te requiring TWh of energy
 In terna t iona l Energy Agency ) and petabytes of data
 Kumar 2017 ), current approac hes t o AI reve al litt le if
ny insigh t in to the na tural in te lligen ce t hat t hey super-
cia l ly mimic and, as such, may provide little insight

nto m ovem ent an d i ts co ntrol—ot her t han its imme-
iate use in parsing l arge d ata sets and en a blin g track-

ng o f co mplex m ovem en t (e.g., Ma this et al. 2018 ). In-
e e d, app l yin g bio-in spire d art ificia l neura l n etwor ks to
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Table 1 Glossary of key terms. We make a distinction for terms 
with different definition in engineering ( e ) and biology ( b ). 

Term Definition 

adaptive ( b ) A heritable trait that improves a specific 
function relevant for a given environment, 
ther efor e incr easing the survival and 
reproduction of organisms of a given species. 

adaptive ( e ) A system, such as a control system, which can 
update itself “on the fly,” e.g., by changing 
parameters, to compensate for changes in (or 
a pr ior i unknown) system dynamics such as 
changes in weight. 

block diagram Formal visualization of a dynamical system 

constructed by connecting subsystems 
(blocks) via signals (ar ro ws). 

closed-loop Property of a system with feedback , often used 
in engineering to maintain a desired output 
(e.g., cruise control system). 

control autonomy Property of a hierarchical control system 

wher e low er lev el lay ers can generate outputs 
(e.g., behavior) without inputs from higher 
levels, and thus can operate autonomously or 
semi-autonomously ( Merel et al. 2019 ). 

delay ( b ) Usually related to latency, or the transmission 
delay for neural spikes to travel along axons, 
or a synapse to transmit information to a 
postsynaptic cell ( More and Donelan 2018 ). 

delay ( e ) Refers to a physical delay in transmission, 
which causes a pure phase lag. 

linear time 
invariant (LTI) 

Property of a system which obeys scaling and 
superposition (linearity) and for which the 
dynamics do not change with time 
(time-invariance). No such system exists, but 
many systems (including biological ones) can 
be well approximated as LTI over biologically 
r elevant r egimes. 

mechanical 
feedback 

Sensor-less feedback through 
environment-body interactions which can 
ra pidl y stabilize locomotion. 

phase lag Difference in phase between input and output, 
which can be caused by a time delay, 
integration, inertia, etc. Note: time delay 
causes phase lag, but not all phase lag is caused 
by delay. 

robust ( e ) A control system designed to maintain 
adequate performance despite (typically 
bounded) uncertainty and variation in 
parameters. 
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un derstan d biolog ica l neura l n etwor ks runs th e ris k of
being circular. Thus, to achieve the g rand cha l len g e of
passing an “emb o died Turing test” ( Zador et al. 2023 ),
we s h ould aspir e towar d a sy nthetic v iew of emb o d-
ie d intel ligence ( Ko ditschek 2021 ), p erhaps b eginning
at least in part with a systematic un derstan ding of the
rules an d m ech ani sms th at un der lie th e physical, em-
b o die d intel ligence of anima ls ( C hiel et a l. 2009 ; Wang
et al. 2023 ). 

Unrav elin g motor contr ol r emains a grand challen g e
in biology. As the brain functions within the b o dy,
one cha l len g e i s th at th e n ervous system an d th e b o dy
a re dyna mica l l y coup le d ( Dickinson et a l. 2000 ). This
me ans t hat studying t h e n ervous system or b o dy me-
ch anics in i solation i s often not sufficient: we must be
able to capture their interaction s. G iv en that these two
systems are complex on their ow n, study ing their in-
teract ions re quires the oret ica l fram ewor ks that m ode l
these interactions and provide testable hypotheses. Sec-
on d, m ovem ent is closed-loop ( Cowan et al. 2014 ; Roth
et al. 2014 ): every action generates s ens ory fe e db ack
that acts loca l ly or at the level of the cent ra l nervous
system. Sensory fe e db ack is p art ia l ly what ma kes mo-
to r co nt rol in anima ls ro bus t, ther efor e closed-loop
s ens ory fe e db ac k must be inc luded in a m athem ati-
cal fram ewor k of m oto r co nt rol ( Mad hav a nd Cowa n
2020 ). Third, m ovem ent is flexible and adaptable. Ani-
m al s can le ar n n ew m ovem ents an d ad apt to env iron-
m ental un certain ties. Th us, the ca paci ty fo r le ar ning
must be inco rpo ra ted in to m ode ls of motor control.
Fo urth, mo to r co ntrol is constrained by delays. Trans-
mis sion s pe e d , whic h is const raine d by n erve con duc-
tion delays, is only one of many constraints on the to-
tal s ens o rimoto r delay: s ens ory trans d uctio n, synap-
tic, m otor n erve, n euromuscular jun ction, e lectrom e-
c hanical , and force generation delays must also be con-
sider ed ( Mor e an d Don e lan 2018 ). Fif t h, m ovem ent is
const raine d by physics, meaning that it conforms to
Newton’s laws ( Cowan an d Fortun e 2007 ; Madhav and
Cowan 2020 ; Tytell et al. 2011 ). For insta nce, in la r g er
anim al s, in ertia creates “de lay-like” ph a se lag, owing to
Newto n’s laws. In co ntra st, sm aller anim al s mu st con-
tend with relati vel y hig h fric tio n fo rces to m ove th eir
appendag es ( Dickin s on et al. 2000 ). Further, mus cles
act o n jo in ts tha t h ave h a rd constra ints in their axes
o f rotatio n (o r t ranslat io n), thus limi tin g the ran g e of
motion. Th us, m usculos ke letal constraints must be in-
co rpo rat ed t o under stand how movement is generated
and cont rol le d . Lastly, mot o r co ntrol is organized hi-
erarchica l ly ( Fu l l an d Koditsch e k 1999 ; Holm es et al.
2006 ; Merel et al. 2019 ). At the bottom are low-level re-
flexes that act rapidly and semi-au to no mously. At the
top are slower bu t mo re flexible task-level cont rol lers
t hat dr iv e g o a l-dire cte d behavior. Col le ct i vel y, these six
cha l len g es make the moto r co ntrol p roblem extrem e ly
hard to so l ve. 

F ortuna tely, con t rol the ory, a branch of applied math-
ematics, can serve as a valuable theoretical fram ewor k
to unravel these cha l leng ing problems ( Madhav and
Cowan 2020 ). It provides a m athem at ica l “tool kit”—
v isu a lize d through block diagrams—that m ode ls th e
com plex in teraction s betw een sen sin g, control, actua-
tion, delays, a nd f e e db ack p athways (se e Table 1 for
a glossary of key terms used thro ugho u t). Further, i t
ca n mak e exper iment al p redictio ns t hrough mat hemat-
ica l manipu lat io n o f co ntro l topo logies (e.g., opening or
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losin g sen sory fe e db ac k loops by t et her ing a n a nimal)
 Roth et al. 2014 ). Of pa rticula r releva nce to this re vie w
s the analogy of ro bus t and adaptive control, two estab-
is h ed bran ch es of control theory ( ̊A ström and Murray
010 ). A ro bus t control sys tem is one that can ma inta in
er for mance t ypic a l ly in th e presen ce of kn own un cer-
a inty a nd va riations in system pa ra met er s. Ro bus t sys-
ems do not update in rea l-t im e (e.g., th eir cont rol ler
a ins a re fixed). As such, they do not deal well with lar g e
r unexpe cte d un certainty. Th ey are design ed with sta-
 ili ty a nd perf orma nce ma r gin s to hand le expe cte d un-
ertaint y, e.g ., inaccuracies in s ens o r o r actuato r mathe-
at ica l m ode ls that are not exact represen ta tio ns o f the

eal world. In contrast, an adapt ive cont rol system can
a inta in perf orma n ce in th e presen ce of un certainty by

uning control pa ra met er s in real-time. 
A defining feature is that an adapt ive cont rol sys-

em con tin uously upda tes con t rol ler p a ra met er s as
he dyn amics ch an g e ( ̊A ström an d Wittenmar k 2008 ).
hrough gain sche du ling , an ad a ptive con trol system
an com pensa t e for c han g es in process dynamics by
djusting the gain of the cont rol ler (as a ma thema ti-
a l funct io n o r looku p table), e.g., a irpla nes cha n g e au-
o pilo t control pa ra met er s as mass decreases due to fuel
o nsumptio n. Al ternati vel y, model r efer ence adaptive
ont rol lers le ar n from t h e system’s be havior by reading
 he er ror between t he o utp ut of the actual system and
 r efer en ce m ode l (an alogou s t o an int ernal m ode l in
oto r co ntr ol) ( Nar endra and A nn a swamy 2012 ). Of

our se , ro bus tnes s and ada pta t ion ne e d not be mutu-
 l l y exclusi ve, but co l le ct i vel y they can serve as useful
na log ies to unravel p rinci ples o f loco motio n in ani-
 al s. It can al so infor m t h e deve lopm ent of bio-inspired

a ult-toleran t stra tegies, in tegra ting in telligen t con trol
nd ro bus t me chanica l desig n. 

In pract ice, eng ine ering systems are often desig ne d
o be both ro bus t and ad aptive, prov iding flexib ili ty
hile en surin g sta b ili ty. As un certainties aboun d in na-

ure, loco moting o rga nisms simila rly ca n benefit by be-
ng both ro bus t and adaptive to ma inta in adequate per-
 orma nce in an ev er-chan gin g w orld. Ro bus tnes s and
da ptive con trol arise from both physical (i .e ., body de-
ign) and co mpu tatio nal (i .e ., n eural n etwor k) inte lli-
en ce, an d can be organized hierarchica l ly b ase d on
exib ili ty/co mplexi ty and response spe e d ( Fig. 1 A). 

At the lowest level is s ens or less m e chanica l fe e db ack
 Fu l l et a l. 2002 ; Holmes et a l . 2006 ), whic h can con-
er stab ili t y through physic al env ironment-b o dy inter-
ctions [e.g ., flap ping co unt er-t orque in flight ( Hedrick
t a l. 2009 ), mutua l ly o p posing forces ( Sefat i et a l. 2013 ;
yani k et a l. 2020 ), or leg impe dan ce wh en running
n th e groun d ( Holm es et al. 2006 )]. A defining fea-
ure is t hat t his type of fe e db ack is purely me chanica l
n d th er efor e neura l ly op en-lo op. While such mechan-
ca l fe e db ack is a crit ica l com ponen t of the locomotion
ystem, i t is limi ted in what it can ac hieve . For exam-
le, in the simplified setting depicted in Fig. 1 A, devia-
io ns fro m the r efer ence (fly ing straight) w ill inev itab l y
ccum ula te unless the me chanica l system works along-
ide neura l fe e db ack loops that can s ens e thes e de vi-
t ions and ma ke corre ct ions. Th us, a t an in termedia te
evel, ro bus t, goal-d i re cte d loco motio n can be achieved
y we ll-tun ed s ens ory feedback a nd sma rt mecha ni-
a l desig n. In thi s ca s e, s ens ory fe e db ack of mu lt iple
rigins is in tegra t ed t o ma inta in a ref erence state (e.g.,
ying straight by m aintaining vi sua l e qui lib ri um) in the

ace of perturb at ions. At the highest level of neural orga-
iza tion, ada p tive locomo tion r equir es online le ar ning,
uch as through an internal m ode l ( Fig. 1 A). 

Te asing out t h e re la tive con tribu tio ns o f feedback
n this hierarc hy—mec ha nical f eed back, n eural con-
rol, a nd lea rning—is of gr eat r e levan ce to under-
t anding t he flexib ili ty o f animal loco motio n. How-
ver, thi s i s ch a l leng ing as these distinct st rateg ies are
ayere d and couple d in or ganism s. F ortuna te ly, th eir
ndiv idu a l cont ribut ion can be revea le d by comp ar-
n g task-lev el compen sato ry respo nse spe e d and tem-
oral features during perturb at ion re covery p erio ds
 Fig. 1 B). Con siderin g the case of sudden appendage
ama ge (s uch as leg , w ing , or fin loss), for a ro bus t
ontrol system we would expect a ne ar-inst ant aneous
esponse me diate d by p assive me cha nics a nd reflex-
ve fe e db ack. Spe cifica l ly, p assive me chanics wou ld
rovide the fas tes t res po nse (limi ted by physics),
h ereas local an d m ore cent ra l reflexive fe e db ack cou ld

ct on the order of mi l lise conds (e.g., pro priocep tive)
 r tens o f mi l lise conds (v isu a l, ele ct ros ens e, or audi-
io n). As co ntroller gains are fixed, this system may not
ecover o p timal per for mance espe cia l ly if appendage
oss is significan t. F or an adaptive control system, we
ou ld expe ct a t im e-depen dent recovery o f perfo r-
ance through error-b ase d learning ( Van der Koo i j

t a l. 2018 ; Kra kauer et a l . 2019 ; S hadm e hr et al. 2010 ;
seng et a l. 2007 ). Canonica l ly, t ask per for m ance m ay

mp rove expo nent ia l ly over time as an animal cali-
rat es mot or o utp ut b ase d on s ens o ry p re dict ion er-
or ( Fig. 1 B). A defining feature o f erro r-b ase d le ar n-
ng is the presence of a fter-effects ( Ya ng et al. 2021 ).
ina l ly, a n a nimal may lea rn a new cont rol ler ent irely
hr ough de no vo or r einfor cement le ar ning ( Fig. 1 B)
 Krakauer et al . 2019 ; St ernad 2018 ; Telgen et al. 2014 ;
ang et al. 2021 ). This strategy is thought to be much
lower t han er ror-b ase d le ar ning as a n a nim al m ay
ry out different limb m ovem en t stra tegies during a
e ar ning ep o c h t o ac hiev e accepta ble task-lev el perfor-

an ce. Furth erm ore , this strat egy may result in in-
fficient loco moto r states d ur ing st a te explora tion as
nim al s m ay try ou t limb-coo rdinat ing st rateg ies that
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(A) (B)

Fig. 1 (A) Hierarchy of locomotion control strategies using analogies from robust and adaptive control theory. Control strategies are 
classified according to flexibility , complexity , and response speed. (B) Time-domain signatures of mechanical feedback, robust, and adaptive 
compensation strategies. Following a perturbation (red line; e.g., appendage damage), an animal may r ecov er via distinct control strategies 
that have distinct evolution in time. Such signatures can help identify feedback mechanisms of animal locomotion. 
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a re ineffe ct iv e. How ev er, t his strategy provides t he
m ost flexi b ili ty. Co llecti vel y, ro bus t and adaptive con-
t rol the o ry p rovide testable hypotheses to study anima
l loco motio n. 

In this re vie w, w e focus on emer gin g p rinci ples o f ro-
b ust and adap t ive cont rol of locomot ion. To i l lust rate
this, w e or ganize this re vie w into two broad and dis-
tinct (but far from exh au stive) cla sses of p aradig ms that
can reve al pr inciples of ro bus t and adaptive loco motio n:
(1) com pensa tion to appendage injury or loss (leg and
wing) and (2) image stabi lizat ion and fixat ion. Inter-
na l perturb at ions s uch as appenda ge injury a re pa rticu-
lar ly we l l suite d to revea l where or ganism s are situated
along the ro bus t–adaptive axis because they are per-
sisten t perturba tions tha t of ten dest abi lize locomot ion.
Further, v isu a l ly act ive anima ls rely on image stabiliza-
tion and fixation to stabilize a scene and identify fea-
tur es, r espe ct i vel y. Becaus e thes e process es are thought
t o operat e hierarc hica l ly a nd map to different motor
prog rams ( Cel lini and Mon g e au 2020 ; Hardcast le and
Krapp 2016 )—with image stabi lizat ion at a low level and
fixa tion a t a high er leve l—studying th eir interactions
using v irtu a l or aug mente d rea lity p aradig ms can re-
veal how ro bus t and ada ptive con trol emer g es from a
putative hierarchy in the nervous system. We empha-
size re cent me ch ani st ic descript ions of locomot ion that
em ploy ma thema t ica l fram ewor ks combin ed with be-
havioral, p hysio logical , mec hanical , and/or robophysi-
c al d ata. We specific ally focus our re vie w on recent find-
ings in non-human anim al s (verte brates and inverte-
brat es), whic h may provide compact and com puta tion-
a l ly efficient ways to control loco motio n [advances in
motor le ar ning in pr ima tes and h um ans h ave been re-
vie wed pre viousl y (e.g., K ra kauer et a l. 2019 )]. In ad-
di tio n, sm all anim al s can benefit from their relati vel y
sma l l kinet ic energy to a ssi st in me chanica l ly me di-
a ted con trol wi thou t s e v ere injury, providin g unique
o p po rtuni ties when moving in complex environments
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 Jaya ra m et al. 2018b ). Furt her more, sma l l anima ls
ave to deal with unique cha l len g es/o p po rtuni ties as
hey may operate in a regim e wh ere g ravitat iona l, in-
rt ia l, elast ic, and vi scou s damping forces are impor-
ant ( Dickinson et al. 2000 ; Su tto n et al. 2023 ). Fi-
a l ly, we co ncl ude by hig hlig htin g ex citin g future di-
e ct ions and interdi sciplin ary col laborat ions that are
e e de d to ident ify p rinci ples o f moto r co ntrol in b iol-
gy. 

ompensation to appenda g e injury 

 nim al s often h ave to cope with injury to appendages
legs, fin s, or win gs) whic h impair s mob ili ty and have
ire consequences for survival and fitn ess. Appen dage

mperfe ct ions cou ld resu l t fro m b irth defects ( An g elini
 nd Kaufma n 2005 ), i l lness or di sea se ( Hackn ey an d
 herb a s 2014 ), dam age fr om r epeate d use ( Parle et a l.
017 ), injury d uring p r ey captur e ( R ov ner 1980 ), pred a-
o r evasio n ( Edwa rds a nd Reddy 1986 ) fights f or a mate
 Emberts et a l. 2019 ), regenerat io n limi tatio ns ( Tanaka
t al. 1992 ), or aut ot omy ( Bat ema n a nd Fleming 2009 ;
aginni s 2006 ). It i s estim ated th a t volun tary a uto-

omy as an effe ct iv e defen siv e strategy h a s ev olv ed at
east nin e tim es in th e evol u tio n ary hi sto ry o f the an-
mal kin g dom ( Emberts et al. 2019 ). Consequent ly, t he
evels of appenda ge los s are high in anim al s. For in-
t ance, t he incidence of b o dily injury and the pro-
o rtio n o f species able to per for m aut ot omy ar e fr e-
uently a bov e 50% in phyla suc h as Ec hinoder mat a
nd Arthrop o da ( Jobson et al . 2024 ). In the arac h-
id o rder o f Op ilio n es, m ore than half of individu-
ls (51%) across 19 species are found missing legs
 Esc al a nte a nd O’ Br ien 2024 ), an d in on e species of
rickets ( G ryll us bi m a culatus ) 40% of indiv idu als are
issing at least one whole appendage ( Fleming and
atema n 2007 ). Theref ore, f o r so me anim al s, injury and
ppenda ge los s ar e pr evailin g. Con sequently, w e ex-
 ect that lo co moting o rgani sms h ave evo l ved a suite
f mech ani sms to be ro bus t and adaptive to such a
han g e and main tain con textua l ly ap pro priate behav-
o r. Therefo re, st udying inj ury com pensa t ion can revea l
h e extent an d th e tim escales for such cont rol st rate-
ies. 

ompensation to leg injury in invertebrates 

 rich b o dy o f li terature spanning the last five decades
 l lust ra tes tha t s ens or less m e chanica l fe e db ack ( Fig. 1 A;
owest co mplexi ty, fastest respo n se) g enerated through
omplex b o dy/limb-environmen t in teract ions resu lts in
apid, tun ed viscoe las tic res pon ses capa ble of reject-
ng externa l perturb at ions ( Fu l l an d Koditsch e k 1999 ;

olmes et al. 2006 ) ena blin g anim al s to run on a va-
iety o f co mplex s urfaces. These s tudies have s purred
h e deve lopm ent of bio-inspired robots with carefu l ly
un ed m ec hanics (e .g., Raibert 1986 ) and con tin ue to
e driven by recen t innova tions in m u lt isca le fabrica-
ion such as tunable met amater ia ls ( McC lint oc k et al .
021 ; McCracken et al. 2020 ). 

As appendages are the primary means of interfac-
ng wit h t h e environm ent, it would be natural to hy-
ot hesize t hat t heir sudden loss s h ou ld det r iment a l ly
 ffect perf orma nce a nd theref ore, appenda ge los s of-
 ers a n idea l p aradig m for un derstan ding th e hierar-
hy of motor control. How ev er, observation s that not
 l l of an arthrop o d’s legs are used equally for locomo-
o r tasks acco mp anie d by their fre quen t loss in na tu-
al hab i ta ts ( Fleming and Ba tem an 2007 ) h ave led some
o propose a spare leg hypothesis ( Guffey 1998 , 1999 ),
hic h consider s legs as redun dant m odules s ugges ting a

o bus t fram ewor k fo r co ntrol o f loco motio n. W hile lo-
o motio n following leg loss h a s be en studie d in s e veral
rthrop o ds, incl uding centi pedes ( Min e lli et al. 2000 ),
ra bs ( B rown et al . 2018 ), spider s ( Wi lshin et a l. 2018 ),
co rp io n s ( Bow erman 1975 ), stick in sects ( Bässler et al.
007 ; Sc hmitz et al . 2015 ), et c., in this se ct ion, we de-
cribe recent progress in two specific or ganism s, cock-
oach es an d Op ilio n es (kn own a s h arvestm en), wh ere
 more compre h en siv e un derstan ding of th eir kin emat-
cs, ener g et ics, and neurome chanics prov ides ev idence
f lar g ely ro bus t co ntrol o f loco motio n ( Fig. 1 A; inter-
e diate spe e d, flexibi lit y, and complexit y) using both

hysical and co mpu tatio nal inte lligen ce. 
Coc kroac h es are kn own for their high-spe e d perfor-
ance running on leve l groun d ( Full and Tu 1991 ),

ocomoting acr oss r ough surfaces ( Sp onb erg and Fu l l
008 ), climb ing u p vert ica l terrains ( Goldman et al.
006 ), sque e zing through tight gaps ( Jaya ra m a nd Fu l l
016 ), a nd perf o rming rap id maneuver s t o dis appe ar
nder ledg es ( Mon g eau et al. 2012 ) or t ransit ion onto
a l ls ( Jaya ra m et a l. 2018b ). D ur ing t h ese rapid be hav-

o rs (typ ica l ly induce d by an escap e resp onse), studies
ave s h own that Bl ab eru s di scoi d alis do n ot seem to sig-
ifica ntly cha n g e their spe e d, kinemat ics, or leg p atterns
a lternat ing t rip o d) despite the loss of one or two mid-
le legs ( Jaya ra m 2015 ) hin ting a t a ro bus t control sys-

em. How ev er, wit h t he loss of bot h middle legs, a sig-
ificant increase in rol l osci l lat ions was observed ac-
omp anie d by a sig nificant de crease in lateral ground
eactio n fo rces hin ting a t the poten t ia l loss o f loco mo-
io n stab ili ty. Addi tio nally, desp i te limi ted chan g es in
in ematics, differen ces in en er g etic costs w ere associ-
ted with losing different pairs of legs, s ugges ting that
heir legs are not redunda nt ( Sa intsing 2022 ). Simila rly,
e duct ions in en duran ce were re corde d after middle
n d hin d leg loss, but n ot after fro nt leg loss. Wi th in-
reased leg loss resu lt ing in a three- (a single trip o d)
r tw o-legg ed (tw o midd le legs on ly) configurat ions,
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running spe e d de crease d but was st i l l impressi vel y over
50% of its intact condition indicating a loss of perfor-
m ance a ssoci ated w ith ro bus t control ( Fig. 1 B). How-
ev er, at slow er loco motio n speeds (such as during wa l k-
ing), s e veral wave gaits have been observed ( Delcomyn
1971 ), but coc kroac h es usually re ly on an a lternat ing
trip o d gait at higher running spe e ds. Th e ear lies t s tudies
on single-leg am puta t ion during wa l king demonst rate d
ma rk ed cha n g es in posture and rhythm of movement
( Hughes 1952 , 1957 ; Wilson 1966 ). These chan g es w ere
oft en immediat e so t hat t he role of a missing leg was
taken o ver b y the remaining legs on the side of the lost
leg. W hen o ne leg on each side was am puta t ed , variable
gait patterns were observed ( Wilson 1966 ). 

Similar ly, Pri o nos t emma sp.1 and Nel i m a pa essleri ,
two s low-m oving species of Op ilio n es, exhi b i t de-
creasing spe e d an d en duran ce an d in creasing oxy-
g en con sumption wit h incre asing loss of legs (one
to three) imm ediate ly after ablation ( Escalante et al.
2020 , 2021 ). Not w it hst anding t hese decre ases in per-
f orma nce, O pi liones with two missing legs (six remain-
ing legs) s ucces sfu l ly locomot e , demonst rat ing com-
pensat ory mec h ani sms such a s a ch an g e o f gai t coo r-
din ation. These ch an g es in coo rdinatio n post-ablatio n
resemble an a lternat ing t rip o d gait, s ugges ting an em-
ph a si s toward recov erin g sta b ili ty, as described in spi-
ders ( Wilshin et al. 2018 ) and crabs ( Pfeiffenber g er
an d Hsie h 2021 ). Interestingly, wit h t he uni latera l loss
of the second (s ens ory) or third legs, perf orma nce re-
cov ery approachin g tha t of in tact or ganism s was ob-
serv ed a b out 24 h p ost-abla tion hin ting a t ada ptive con-
t rol me ch ani sms ( Esc al ante et al. 2020 ). Desp i te the
high p revalence o f leg loss in mul ti ple species o f Op il-
iones ( Esc al a nte a nd O’ Br ien 2024 ), t hese arachnids
have n ot s h own n egat ive fit ness conse quences of this
defen siv e strategy. With field and lab experiments, re-
searc her s have found no effect of leg loss on two inde-
pen dent fitn ess compon ents. As for survival, in Opil-
io nes o f Prio nos t emma sp. 5, th e like lih o o d of b eing
r ecaptur ed over s e vera l we eks—a p roxy fo r survival—
did not differ between intact and ablated individu-
a ls ( Esca la nte a nd Elias 2021 ). In a n oth er arac hnid ,
Pard osa v al ens wolf sp iders, individ ual s mi ssing one
leg s h o wed lo wer survival than intac t eig ht-legged ones
( Brown et a l. 2018 ). Addit iona l ly, spiders experimen-
ta l ly induce d to lose one leg p aire d with a p redato r in
the lab showed lower survival rates than intact individ-
uals. As fo r rep rod uctio n, the mating s ucces s of Prionos-
temma sp. 5 male Op ilio nes th at h ad lost legs wa s sim-
ilar to intact males ( Esc al a nte a n d Elias 2022 ). Th ese
findin gs sugg est that leg loss h a s a minim a l effe ct o n fit-
ness. 

Neura l plast icity (and more bro ad ly, com puta t iona l
inte lligen ce m ech ani sms) can aid in the recovery of lo-
co moto r perfo rma nce a fter leg loss. Studies in cock-
r oaches have r evea le d that locomot ion per for mance
similar to p re-ablatio n can be rea lize d by manipulat-
ing t he t horacic ganglia ( No a h et a l. 2004 ), high light-
ing the co ntribu tio n o f local s ens ory fe e db ac k t o the
coo rdinatio n o f leg m ovem ent af ter leg loss ( D elcomyn
1988 ). Addi tio nally, ampu tatio n ca n a ffect bot h t he fre-
quen cy an d timing of mo tor b urs ts during leg s tepping
cycles in the remaining stump of the amputated leg and
i ts neighbo rs (Delco myn 1991a , b ). How ev er, these ef-
f ects a r e r educed at faster spe e ds resu lt in g in mov e-
m ent m o re similar to that o f wa l king in intact anima ls
( Beren des et al. 2016 ; De lco myn 1971 ). Explo ratio n o f
the effects of leg loss on the neural anatomy of arach-
nids ( Barth 2002 , 2021 ) have informed the neurophys-
iolog ica l effe cts of thi s beh av ior. R ecent advances have
descr ibed t he anato my o f b rain regio ns o f the cent ra l
nervous system in a rachnids a n d corre lated chan g es in
gang lia struc ture ov er ontog enet ic processes ( Stein hoff
et al. 2018 , 2020 , 2023 ). For instance, in the og re-face d
spider Deino pis s pinosa , ga nglia associated with visual
in put (the m ushro om b o dies and o p tic nerves) de-
crease in volume when juvenile males molt to adultho o d
( Stafst rom et a l . 2017 ). These c han g es correl ate w ith a
re duct ion in the size of the anterior median eyes and a
decrease in foraging activ it y as these males mature. In
Marp is s a mus cos a jumping spiders, different ia l enrich-
ment during growth a ffects th e volum e of high er-order
brain cent er s ( St einhoff et al. 2018 ). Thi s wa s found in
the arcuate b o dy, a brain center invo l ved in loco moto r
co ntrol, bu t not in the mushroom body, which is in-
vo l ved in le ar ning and memo ry. Addi tio n ally, the hi s-
tolog ica l proces ses as soci ated w ith tis s ue regeneration
aft er aut ot omy have been explored in echinoderms. In
t he se a st ar C os cinas t er ias mur i cata , th e radial n erve
co rd exhib i ts rap id reo rganizatio n ( B yrne 2020 ; B yrne
et al. 2019 ), as the r ecently r egenerated arm needs to be
inn ervated an d f ully f unctio nal. Al toget her, t hese find-
in gs sugg est th e presen ce o f ou tstan ding n eural plas-
tici ty in inverteb rate grou ps t hat exper ience volunt ary
b o dily damage. Future work can then shed light on the
role of cent ra lize d versus de cent ra lize d cont rol when
anim al s under g o v oluntary limb loss. 

In summary, recent work has p rovided cri tical in-
sigh ts in to how anim al s de al wit h t he potent ia l negat ive
co nsequences o f b o dily damage. While studies have fo-
cused on decrements in fitness in cra bs ( B rueseke et al.
2001 ) and spiders ( Brown et al . 2018 ) aft er ablation, few
have examined the effect on the dynamics of locomo-
tion ( B lic khan et al . 2013 ; Car r ier et al. 2001 ), sug gest-
ing this as an area for future wor k. Similar ly, while s e v-
era l invest igat ions have detai le d chan g es to inter-leg co-
o rdinatio n ( Cruse 1976 ; Schi l ling et al. 2013 ) and un-
der lying n eural m odu lat ion me ch ani sm s ( B iday e et al.
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Fig. 2 Proposed control diagram for compensation to appendage 
injury in invertebrate locomotion. Robust control arises from the 
integration of neural and mechanical feedback. In the case of a fly 
with wing damage (orange ar ro w), nested visual and proprioceptive 
feedback could correct for changes in retinal image and body 
v elocity, r espectiv ely, as a result of a torque imbalance between the 
left and right wing. Through a mechanism analogous to gain 
scheduling in adaptive control, flies actively increase damping to 
maintain stability f ollo wing wing damage (Salem et al. 2022 ) . 
Diagram adapted from Salem et al. (2022 ) and ( 2023 ). 
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018 ; Ritzma nn a nd Büsch g es 2007 ) durin g slow wa l k-
ng in am puta ted or ganism s s uch as in s t ick inse cts
 Graha m 1977 ), crick ets ( Shimizu a nd Masaki 1993 ),
co rp io n s ( Bow erma n 1975 ), a nd ta ra ntu las ( Gorb et a l.
006 ), we foun d n o strong eviden ce o f erro r-b ase d mo-
or le ar ning dur ing leg ge d locomot ion. Inst ead , com-
 ensatory b eh aviors th at inc lude recovery aft er abla-
ion appea r ma inl y dri ven by hierarchical m echan osen-
ory reflex loops and thus appear lar g ely ro bus t ( Fig. 2 )
 Da l lmann et a l. 2023 ; Tuthi l l and Wi lson 2016 ). Ad-
i tio nal wo rk is r equir ed to explor e evidence for r ein-
 orcement lea rnin g in inv ert ebrat es, as they have proven
o be effe ct iv e compen sa tory stra tegies in robots ( Cully
t al. 2015 ). 

ompensatory mechanisms to wing dama g e in 

ying insects 

he response of flying insects to wing damage can
rov ide fund amen tal insigh ts in to ro bus t and adaptive
igh t con t rol me ch ani sms a s ch an g es in aerodynamic
urface translate to the a lterat io n o f fo rces an d m o-
ents about the center of m a ss. Wing dam age can arise

rom wear or pre dat ion and dire ctly influen ces m ortal-
ty, there by insects h ave likely evo l ved a host o f co ntrol

ech ani sms to ma inta in fitness ( Rajabi et al. 2017 ). Im-
ort ant ly, insects, unlik e birds a nd b ats ( He denst röm
023 ), ca nnot repa ir wing da mage a n d th er efor e r equir e
 eurom e chanica l cont rol st rateg ies. In the case o f b ilat-
ral w ing d amage, wh ere th e extent o f damage o f t he lef t
nd right wing is ident ica l, inse cts can com pensa te for
he loss in lift by increasing wingbea t am plitude, fla p-
ing frequen cy, an d/or th e rotatio n (p i t c h) angle of both
 ings sy mmetric ally ( Combes et al. 2010 ; Fernandez

t al. 2012 ). 
How ev er, when a single wing is damaged, the sit-

atio n is mo re cha l leng ing a s a sy mmetric al aerody-
a mic f orces ca n rap idly destab ilize the b o dy. In a
ag net ic t ether syst em a l lowing fre e rotat io n abou t

aw, Dr osophila com pensa te for unila teral damage, th us
eeping them from spinning ( Bender and Dickinson
006 ), bu t i t remained unclear how flies adjust 3D wing
inematics on a s troke-by-s troke ba si s. Mor e r ecent
or k s h owed that unil ateral w ing d amage c auses freely
ying flies to incre ase t heir overa l l wingbeat fre quency,
hic h appear s sufficient for weight su ppo rt bu t creates
 net roll to rque ( Mui jres et al. 2017 ). To com pensa te for
his perturb at ion, flies in crease th e strok e a ngle a mpli-
ude (and ther efor e veloci ty) o f the damaged wing. To
 urt her compens ate for roll torque, flies advance wing
otatio n fo r the damaged wing, delay rotatio n o f the in-
act w ing , an d gen erate m o re u pward drag o n the dam-
g ed win g at t he st art of t he upstroke, f urt her reduc-
ng r oll tor q ue. These adj ustments in intact and dam-
g ed win gs resul t in net sideways fo rces, which flies ap-
 ear to comp ensate for by rolling their b o dy toward the
 amaged w ing ( Muijres et al. 2017 ). Using a dynam-

ca l ly sca le d robot m ode l s h owed th at adju stments of
hre e kinemat ic p a ra met er s (strok e a mpli tude o f both
 ings and w ingbeat fre quency) cou ld be sufficient to

om pensa te for wing damage and insp ire co nt rol st rate-
ies for flapping-w ing robots. Col le ct ively, this study
 h owed that flies compensate for uni latera l wing dam-
 ge through adjus tm ents in both wing an d b o dy kine-
atics. 
Using a control th eoretic fram ewor k, a recent study

 h owed that gaze stabi lizat ion per for mance in flies was
 odestly influen ce d by uni latera l wing area loss o f u p

o 60% ( Salem et al. 2022 ). By co mb ining an aerome-
hanical m ode l, an in sect-in spir ed r esona nt system, a nd
nimal exper iments, t he aut hors showed t hat bot h vi-
ua l fe e db ack and p assive me cha nics appea r to modu-
 ate w ing strok e a ngle a n d wingbeat frequen cy. Furth er,
hey ident ifie d a s hift in abdom en posi tio n driven by a
 echan os ens ory-bas ed reflex loop between the wings

n d abdom en, whic h may serve t o b a l ance aerody namic
orces. Fina l ly, using cont rol the ory, th ey dem onst rate d
hat flies acti vel y increase damping in response to uni-
 ateral w ing d amage , whic h in t urn enables inj ured flies
o be as stable as intact-wing flies, i .e ., similar c losed-
o op p ole lo cat ions ( Sa lem et a l. 2022 ). Col le ct ively,
hese s tudies s ugges t that flies are ro bus t to wing dam-
ge , whic h emerges from p assive me cha nics a nd reflex-
ve fe e db ack. A n increa se in damping (active damp-
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ing) m ay ari se from a ch an g e in p rop riocept ive fe e d-
back gain (e.g., ha lteres) ( Cel lini and Mon g eau 2022 ;
Elzinga et a l. 2012 ; Fu l ler et a l. 2014 ; Rimniceanu et a l.
2023 ; Sa lem et a l. 2023 ) thr ough a pr o cess p erhaps akin
t o gain sc he du ling in adapt ive cont r ol, wher eby the
p rop riocept ive (ha l tere) gain is mod u late d for dist inct
"op erating p oints" (e.g. distinct wing damage levels or
f orwa rd flight spe e d)( Elzinga et a l. 2014, Sa lem et a l.,
2023 ). How ev er to our knowledge the exact p hysio logi-
ca l me ch ani sm rem ains elu sive. 

In the hawk moth Man duc a s exta , asy mmetric al w ing
d amage c aus es an increas e in the wingbea t am pli tude o f
the damaged wing, whic h appear s sufficient to r estor e
symmetry in lift p rod uctio n ( Fernandez et al. 2012 ).
Interestin gly, in moth s, th e in crease in wingbeat fre-
quency as a resul t o f w ing d am age m ay ari se pa ssi vel y
fr om neur o-me chanica l coupling with the thorax be-
low 12% asymmetry in the wing seco nd mo ment o f
are a ( Fer nande z et a l. 2012 ). For damag e ov er 12%,
mo ths ap pear to r equir e active neural con trol. In ter-
estin gly, flow er trackin g per for m ance in h awkmoths i s
not co mp ro mised by w ing d amage ( Ki h lst röm et a l.
2021 ). Thus moths appear to be me chanica l ly ro bus t
to sma l l w ing d amage, but higher d a mage lik ely re-
lies on s ens ory fe e db ack that modu lates neura l con-
trol. 

Taken together, studies in flies and hawk moths sug-
gest that flying insects are ro bus t and adaptive to wing
d amage, rely ing on passive m echanics, n eural feed-
back and gain modu lat ion ( Fig . 2 ). Fly in g in sects can
com pensa te for wing damage by im plemen t ing dist inct
st rateg ies, which may differ across taxa due to different
b o dy m a ss, wing-th orax m echanics, flight m ode (asyn-
c hronous ver sus sync hronou s mu scle-t horax dr ive), etc.
Desp i te th ese advan ces, th e st rateg ies that flying insects
im plemen t for com pensa tory con tr ol r emain p o orly un-
der st o o d. F or exam ple, do insects ada pt t o c han g es in
wing surface over time on a s troke-by-s troke ba si s, or
is com pensa tion mostl y reflexi ve and faci litate d by p as-
sive mech anics? Wh at i s the interpl ay bet we en p assive
mecha nics a nd act ive neura l cont rol? An sw er s t o these
quest ions cou ld provide unique insigh ts in to how ro-
bus tnes s arises from the hierarchica l cont rol organiza-
tio n o f anim al s. 

Ima g e stabilization and fixation 

To per for m complex visuomotor tasks such as chas-
ing p rey, loco mot ing anima ls must sta bilize imag es of
th e wor ld onto th eir retin a. Im a ge s tabi lizat ion is faci l-
itate d by opkinet ic and vest ibu lo-ocu lar reflexes. Visu-
a l ly guide d ta sks such a s driving a j oyst ick have be en
th e su bj e ct of many studies in the human moto r co ntrol
literatur e (r e vie we d in Kra kauer et a l. 2019 ), an d th ese
t asks appe ar to exhib i t co n sidera b le p l asticit y through
error-b ase d learning. Error-b ase d learning is primar-
il y dri ven by cerebellar co mpu tatio ns that compare pre-
dictive a nd f eedback sign al s. Such p redictio ns can also
h e lp to com pensa te for s ens orim otor de lays ( More an d
Don e lan 2018 ). While there is s ubs tant ia l evidence for
motor le ar nin g in v ert ebrat es, it remains unclear to
wha t exten t anim al s wi thou t a cerebell um (e.g., arthro-
p o ds) can do error-b ase d motor le ar nin g. Here, w e re-
view image stabi lizat ion and fixat ion behavior in non-
huma n a nima ls, from inse cts to fish during vi sua l ly
guide d locomot ion. 

Ima g e stabilization and fixation in flies 

Amon g flyin g in s ects, flies us e a sui te o f reflexes to keep
t heir gaze st a ble and lev el durin g flight. The o p tokinetic
reflex, a.k.a. the o p tomo to r respo nse, h a s been stud-
ied exten siv ely in in se cts. C lassic wo rk fro m the 1950s
s h owed that a rotating drum elicits a co-directional
turnin g respon se of a tethere d be etle ( Has sens tein and
Reichardt 1956 ). These studies formed the ba si s of the
high ly influent ia l E lement ary Motion D et ect or m ode l
o f visio n, which p rovides a simp le p h en om en ologi-
cal m ode l for dire ct iona l ly sele ct ive mot ion dete ct ion
across an array of pho torecep t or s ( Has sens tein and
Reicha rdt 1956 ) a nd h a s provided test able hypot heses
to probe motion vision com puta tions in the brain ( Borst
an d Groschn er 2023 ). Su bsequent wor k s h owed that
flies Musc a dom estic a could di scrimin a te and fixa te a
“stripe” (a small-field v isu al feature) ( Reichardt 1973 ).
Cl assic ally, ima ge s tabi lizat ion and fixation in flies have
be en t reate d a s di st inct cont rol system s, containin g
posi tio n- an d ve locity-depen dent t erms ( Reic ha rdt a nd
Poggio 1976 ). Mor e r ecent behavioral and p hysio log-
ic al ev idence su ppo rts th e n otion t hat t he o p tomo tor
response and fixation r esponse ar e p ara l lel cont rol sys-
tems th at m ap onto different moto r p rogra ms ( Apteka r
et al . 2012 ; Frighett o and Fry e 2023 ; Mon g eau and Fry e
2017 ; Sa lem et a l . 2020 ). In t erms o f co ntrol hierar-
chy, it h a s been s ugges ted that the o p tomo to r respo nse
sits at a lower level than go a l-dire cte d obj e ct fixat ion
( Ha rdcastle a nd Krapp 2016 ). Within this fram ewor k,
the o p tomo to r respo nse is an inner-loop stabi lizat ion
reflex (and a p rerequisi te fo r a s table ima ge), whereas
st ripe fixat ion is an o uter-loo p, go a l-dire cte d behavior.
Thi s di st inct ion s ugges ts that o p tomo tor reflex is au-
to no mou s and th a t it m ust be modified by o uter-loo p
go a l-dire cte d behavior to prevent mal ad ap tive o p tomo-
to r respo nses. 

Over the last fe w decades, s e v eral groups hav e pro-
vided s ome e vidence that flying insects have the abil-
ity to le ar n and adapt dur ing visuo moto r tasks. Wo rk
by Reichardt in the 1970s showed that Musc a dom es-
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ica flies could fixate a stripe with a variety of different
ouplin g gain s, demon st rat ing the robust n ess of th e fly
e e db ac k syst em ( Reic hard t 1973 ). Subsequent wo rk by

olf and Heisenberg s ugges ted that Drosophila could
e ar n to fixate a vert ica l st ri pe wi th a positive feed-
ack gain in closed-loop v irtu al realit y (i .e ., wh en th e
y turns c loc k wise the s t imu lus a lso turns c loc kwise),
 feat that r equir es about 20–30 min ( Heisenberg and
olf 1986 ). The same group showed that flies could

dapt to different couplin g gain s betw een yaw torque
n d m ovem ent of th e st imu lu s in a s little a s 200 ms
 Wolf and Heisenberg 1990 ). In a fol low-up p aper t i-
led “Can a fly ride a bicycle?”, Wolf and Heisenberg
 h owed tha t Dr osophi la could s ta bilize a v ertical stripe
y pushing a platform side-to-side with their legs, even
nder posit ive fe e db ack ( Wolf et al. 1992 ). From their
 ork, Heisenber g and Wolf argued that flies have a
ighl y flexib le contro l arc hit ecture ena blin g the activa-
io n o f a ran g e o f moto r p rog rams unt i l one achieves
 desired state (e.g., zero ret ina l slip in a visuo moto r
 ask) t hro ugh o pera nt or reinf orcement lea rning. Col-
e ct i vel y, t here appe ar s t o be s ome e vidence t hat str ipe
xation h a s som e flexi bility, but th e m ech ani sms rem ain
nclea r a nd to our knowledge these results have not
een r epr oduced in other invert ebrat es. 

Error-b ase d motor le ar nin g w ould presuma b l y re-
uire an internal pre dict ion ( Fig. 1 A), such that gains
 an be rec ali brated over tim e. Recent studies s h owed
 hat s acc ades are associ ated w i th moto r -related effer -
n ce copies, wh erea s vi sua l l y evo ked sm ooth m ove-
ent sta bilizin g turn s (o p tomo to r respo nse) are not

 Fen k et a l. 2021 ; Kim et a l . 2015 ). As an int ernal
re dict ion cou ld b e asso ci ated w i th moto r le ar ning in

nvert ebrat es—a lthough policy-b ase d motor le ar ning
o uld occur witho ut a m ode l ( Had jiosif et al. 2021 )— i t
o uld ap pe ar t hat t he o p tomo to r respo nse is less flexi-
le, as it is pr imar ily dr iven by smoot h m ovem ent ( Lan d
973 ; La nd a nd Collett 1974 ). Using an a ugmen ted real-
ty yaw-free t ether—whic h ca used a constan t v isu al er-
or between expe cte d and actual visual f eedback—a nd
ont rol the ory, re cent wor k s h owed t hat t he o p tomo tor
espo nse is au to no mous fo r flight bou ts o f u p to 30 min
nd resembles a linea r, time-inva ria nt system ( Cellini
t al. 2024 ). Even under positive v isu al feed back, th e op-
 omot or response was auton om ous, s h owing little flex-
b ili ty. Co llecti vel y, these results sug gest t hat t he lower-
evel o p tomo to r respo nse in flies is inflexible co mp are d
o stripe fixation behavior. 

Alt hough t hese res ults s upport th e n otion t hat t he
 p tomo to r respo nse in flies is inflexible with respect
 o c han g es in v isu a l fe e db ack, o p tomo tor ga ins ca n be

odu late d by non-v isu a l cues. Inde e d, different s ens es
an act a t differen t levels in the s ens o rimoto r hierar-
hy ( Merel et al. 2019 ) and over different sp at iotem-
ora l sca les ( Mon g ea u et al. 2021 ). F or inst ance, bot h
do r and p rop rioceptio n appear t o modulat e o p tomo-
or gains. In flies, pro priocep t ive fe e db ac k (e .g ., v i a hal-
eres) can directly modulate o p tomo tor gains v i a ac-
iv e dampin g ( Ce llini an d Mon g e au 2022 ; E lzinga et al.
012 ; Fu l ler et a l. 2014 ; Rimniceanu et a l. 2023 ) and
dor can modulate gains at both be havioral an d physi-
log ica l levels ( Chow and Frye 2008 ; Chow et al. 2011 ;
a sserm an et al. 2015 ). How ev er, gain modu lat ion of

isuo moto r reflexes via olfactory or pro priocep tive in-
uts may emer g e fr om r eflexive loops, an d th er efor e
ay be part of a ro bus t rather than adaptive control ar-

 hit ecture . 

ma g e stabilization in weakly electric fish 

ma ge s tabi lizat ion is a lso integ ra l to postura l and gaze
ontrol in vert ebrat es. For instance , the weakly electric
la ss knifefish E igenma nnia vir escens na tura l ly main-
ains its position and moves back and forth to track
 lo ngi tudinally movin g refug e ( Cowa n a n d Fortun e
007 ; Roth et al. 2011 ). Such behavior is akin to stripe
xation in Drosophil a , sin ce fis h tracks a cert ain t ar g et
i .e ., the wa l ls and edges of the refuge) in th e tas k, re ly-
ng o n visio n an d th eir e le ct ros ens e ( Stamper et al. 2012 ;
u tto n et al. 2016 ) under fe e db ack cont rol ( Cowan et a l.
014 ; Cowa n a n d Fortun e 2007 ; Roth et al. 2011 ; Uyanik
t al. 2020 ). 

Yang et a l. examine d ho w E igenma nnia le ar ned novel
ynamics dur ing ref uge tracking under an a ugmen ted

e e db ack p aradig m ( Yang et al. 2024 ) ( Fig. 3 ). More
pe cifica l ly, they studie d wh eth er fis h could le ar n to
om pensa te for the destabi lizat ion of t he ref uge track-
n g system ( Yan g et al. 2024 ). Inste ad of direct ly revers-
ng the gain in the fe e db ac k syst em like v isu al inversion
 Yang et al. 2021 ) o r “backward b ikes” [wi th a set o f
 ears makin g h andle bars turn the front wheel in o p po-
ite dire ct ions, a ls o s e e vide o in ( Sand lin 2015 )], Yang
t a l. desig ne d a high-p ass filter in the aug mente d fe e d-
ack loop. The key crucial innovation of the high-pass
l ter app roach is that it d o es n ot alter th e l ow-frequ ency
ynamics (i .e ., below the high-p ass-fil ter’s cu t-o ff fre-
uency), yet st i l l can re vers e the sign of the high-
re quency fe e db ac k (i .e ., a bov e the filter cut-off fre-
uency). Wit h t his unique exper iment a l desig n, the sys-
em was g racefu l ly (not ab ru pt ly) dest abi lize d as the
ain wa s increa sed. In t heir exper iments, Yang et al.
n crem enta l ly tune d up the a ugmen te d fe e db ack gain
 Yang et al. 2024 ). The y dis co vered that E igenma nnia
etuned its cont rol ler to adapt to the desta bilizin g dy-
amics during a single exper iment al session of about 30
in; the chan g es in th e fis h’s con trol system im proved

racking per for m ance a s well a s cont rol-the oret ic mea-
ur es of r obustn ess, in cl uding red uced sensi tivi ty to
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(A) (B)

Fig. 3 Adaptation in weakly electric fish refuge tracking. Experimental feedback is indicated with a dashed line, whereas solid lines indicate 
“normal” (i.e., veridical) signals. (A) Schematic of refuge tracking system with augmented feedback. A fish tracks a longitudinal moving 
refuge in different luminance conditions ( Biswas et al. 2018 , 2023 ; Uyanik et al. 2019 ); electrical jamming ( Chen et al. 2020 ) or changes in 
conductivity ( Stamper et al. 2012 ) can also be used modulate sensory conditions. The fish position y(t) is captured by a video camera, fed 
through augmented feedback in real-time, and added to the external input r(t) to control refuge motion s (t) . Various categories of 
augmented feedback (constant value gains, high-pass filter, etc.) can be used to garner insights into active sensing in an uncertain world 
( Biswas et al. 2018 ; Zerefa et al. 2023 ) and sensorimotor control adaptation to novel destabilizing dynamics ( Yang et al. 2024 ). (B) Block 
diagram of refuge tracking system with augmented feedback. As in A), refuge motion s (t) is the summation of external reference stimulus 
r(t) and augmented fish motion y f (t) . The fish sense the difference e (t) between refuge position s (t) and the veridical self-movement 
feedback y(t) . Such difference, named as “sensory slip,” is passed through the neural controller and swimming mechanics, thereby adjusting 
the fish position, y(t) . The neural controller must continually balance the need for achieving a goal—using the task control for refuge 
tracking—with the r equir ements for gaining sensory information via active sensing ( Biswas et al. 2023 ). The neural controller exhibits 
plasticity in response to the augmented feedback ( Biswas et al. 2018 ; Yang et al. 2024 ; Zerefa et al. 2023 ) and changes in illumination 
( Biswas et al. 2018 ; Zerefa et al. 2023 ; Yeh et al. 2023 ) and conductivity ( Stamper et al. 2012 ). 
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low freq uency dist urba nces a nd improved ph a se m ar-
gin s. These chan g es in th e fis h’s n eura l cont rol system
wer e temporarily r eta ined a nd fina l ly was h ed ou t wi thin
about 10 min after the removal of a ugmen ted destabi-
lizing fe e db ack ( Yang et a l. 2024 ). These results imp l y
t hat we a kly ele ct ric fish adapt i vel y retune their control
system under a ugmen te d fe e db ack f or ma inta ining ro-
bu st ta s k-leve l co ntrol perfo rmance . Suc h s ens orimo-
tor ada pta t ion observe d in E igenma nnia may be medi-
ated by cerebell um o r cerebell um-like circui ts ( Bastian
1975 , 1996 ; Bel l et a l. 1997 ; Huang et a l. 2019 ). Fur-
th er n europ hysio log ica l studies cou ld revea l how re-
tunin g of sen so rimoto r gain in neural circuits of fish
brains. 

These studies with E igenma nnia are exper iment a l ly
similar to those by Cellini et al. ( 2024 ) in Drosophila ,
but un li ke in the f r uit fly, Eigenm an n i a exhi b i ted sen-
so rimoto r ada pta tio n. A possible reaso n fo r this dif-
ference i s th at obj e ct t racking or st ripe fixat ion (as
in Yang et al. 2024 ) and the wide-field o p tomo tor re-
sponse (as in ( Cellini et al. 2024 )) are im plemen ted
by dist inct, p ara l lel neura l p at hways ( Hardcast le and
Krapp 2016 ; Frighetto and Frye 2023 ; Mongeau and
Frye 2017 ). An oth er possi b ili ty i s th at s ens o rimoto r
gain ada pta tion under a ugmen t ed feedbac k may re-
quire an internal pre dict io n o r internal m ode l, thus
may r equir e a cer ebell um o r cerebell um-like struc-
ture ( Mia l l et a l . 1993 ; Sawt e ll an d Be ll 2008 ; Wolpert
et al. 1998 ) so that a mismat c h betwe en pre dicte d and
actual s ens ory f eedback ca n be corre cte d over t ime. In-
terest ingly, in cont rast to the findings in weakly elec-
tr ic fish, Sper ry found t hat Tr itur us vir i d es cens (sal a-
ma nder) a nd Sph a eroi d es sp engl eri (puffer fish) did
no t adap t their o p tomo to r respo nse to a 180 

◦ rotation
of the ret ina l field ( Sper ry 1943 , 1950 ), t he effect of
which is e quiva lent to rev ersin g the s ens ory fe e db ack
gain directly from −1 to 1 v i a a ugmen te d fe e db ack. It
might be the case that directly rev ersin g a v isu al gain
can brin g a bout dramatic and ab ru pt chan g es in the
stab ili ty o f th e system, an d may r equir e quite differ-
ent le ar ning mech ani sm s. In studies with w ea kly ele c-
tr ic fish, t he highest a ugmen te d fe e db ack gain applied
in pre liminary experim ents wit h a st atic gain ( Zerefa
et al. 2023 ) was still insufficient to re vers e the sen-
so ry perceptio n, while the gain manipu lat ion of high-
p asse d aug mente d fe e db ack in Yang et al. ( 2024 ) grad-
ua l ly re vers e d the sig n of high-fre quency error fe e d-
b ack whi le leaving low-fre quency fe e db ac k unc han g ed.
As a co mpariso n, huma ns appea r to have more plas-
ticity in adapting to gain reversal in their o p tomo tor
respon se. Human s are a ble to p art ia l ly adapt to visual
inversio n wi thin we eks ( Koh ler 1963 ; Li l licrap et a l.
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Fig. 4 Proposed mapping of motor flexibility along the 
robust–adaptive axis. 
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013 ), s ugges ting a greater flexib ili t y to ad ap t than o ther
ert ebrat es. 

One cha l len g e in un derstan din g imag e sta bi lizat ion
nvo l ves unraveling the t rade-off anima ls face between

oving in order to gain s ens o ry info rmatio n (“explo re”)
ersu s m aking sm a l l com pensa tory (“exploit”) move-
ents to achieve the go a l of image stabi lizat ion in un-

ertain environmen ts. F or exam p le, Eigenm an n ia gen-
rate active sensing m ovem ents to gather info rmatio n
s t hey per for med t he ref ug e trackin g task, p art icu-
arly in lower light intensity environments which results
n higher s ens ory uncertainties for their ele ct ros ens e
 Bi swa s et a l. 2018 , 2023 ; C hen et a l. 2020 ; Stamper
t a l. 2012 ; Uyani k et a l. 2019 ). To examin e wh eth er ani-
 al s can dynamica l ly tun e th eir activ e sen sin g behavior,

i swa s et a l. int roduce d an aug mente d rea lity syst em t o
anipulate s ens ory fe e db ack dur ing t hi s im a ge s tabi-

ization task ( Fig. 3 ) ( Biswas et al. 2018 ). Th ey foun d
sh robu stly regu late d the “s ens o ry sli p,” i .e ., the dy-
a mic differen ce between th e posi tio n o f t he ref uge and

h e fis h, thro ugh closed-loo p control of active sensing.
hat drives the details of the temporal dynamics of ac-

iv e sen sin g mov ements? One theory is tha t explora tory
ctiv e sen sin g mov ements are tuned to the p hysio logi-
al dem and s of s ens o ry recepto rs ( Stamper et al. 2012 ).
 or exam ple, many s ens o ry recepto rs are “ada pting ” or
ph a sic” in the s ens e that they respond more strongly
 o rapidly c han gin g stimuli than to static, or persis-
en t stim uli ( Chen et al. 2020 ). A simplified m ode l of
uch adaptin g sen sors rev e als a f un dam ental r equir e-

ent to per for m sen sin g mov ements durin g imag e sta-
i lizat ion be c ause, w it hout t h ose m ovem ents, th e state
f the system would become “unobservable” to the fish
 Kunap are ddy and Cowan 2018 ; Sontag et al. 2022 ). In
ther words, if an animal were to fail to acti vel y s ens e

ts surroundings in an uncertain wo rld, p roperties o f
 ens o ry recepto rs would cause an ev er-increasin g un-
ert ainty about t h e animal’s re lat ive posit ion wit h t he
nvironm ent. In de e d, Bi swa s et al. di scovered a state-
ncertainty-b ase d mode-swit c hing strat egy that seems

o predic t ac tiv e sen sin g mov ements of a taxonomica l ly
iv erse ran g e o f behavio r ( Bi swa s et al. 2023 ). 

iscussion 

apping robust and adaptive control of 
ocomotion across animal groups 

ow do ro bus t a nd adaptive f eatures o f loco motio n
on trol ma p across animal gr oups? Her e, we pr o-
ose a mapping of motor flexibility along the ro bus t–
d aptive axis ( Fig . 4 ). At on e extrem e en d in this
implified fram ewor k would lie pur ely r o bus t sys tems,
hich are defined as reactive, more genet ica l ly deter-
in ed, an d putative ly lower (and certainly far less well
ocumen ted) ca paci ty fo r moto r le ar ning. These ani-
 al s tend to be sma l l and have a de cent ra lize d ner-

ous system wi thou t a cerebell um [al t hough t here may
 e cereb el lar-li ke st ructures, e.g., th e mus hro om b o dy
 Far r is 2011 )]. At t he ot h er en d of th e axis are (dem on-
trab l y) highl y adapti v e system s—o r, mo re p recisely,
o th rob ust and adap tive—which are de li berative an d
os ses s highl y flexib le motor le ar ning su ppo rted by the
erebell um, bu t face lo n g er neura l t ransmission delays.

hile there is une quivoca l evidence for motor le ar ning
n anim al s with a cerebe llum, eviden ce for m otor le ar n-
ng in invert ebrat es r emains contr oversi al [w it h t he pos-
ible exceptio n o f cephalop o ds ( Shigeno et al. 2018 )]. In
 art icu lar, to our knowledge, it is unknown if/how ani-
 al s wi thou t a cerebell um im plemen t error-b ase d mo-

or le ar ning as t his p rocess would p resumab l y require a
re dict ion of the s ens ory cons equence of motor actions
e .g., int ernal m ode l), alth ough an internal m ode l is not
tr ict ly necess ary ( Hadjiosif et al. 2021 ). While the pres-
nce of efferent copies or corollary di sch ar g es is well es-
ablis h ed in invert ebrat es ( Crapse an d Somm er 2008 ), it
s unknown if/how these sig na ls as sis t in motor le ar n-
ng. Genera l ly, behaviora l evidence in su ppo rt o f mo-
or le ar nin g in inv ert ebrat es is spar se , wh ereas eviden ce
o r rich behavio ral reperto ires and associative le ar ning
n invert ebrat es is w ell esta blishe d ( C hittka and Niven
009 ). 

B y takin g a com para tive a pp roach, an exci ting area
 f fu tur e r esear ch wi l l be t o det ermin e wh ere or-
a nisms across a nima l g r oups ar e situate d a long the
o bus t–adaptive axis ( Fig. 4 ). Such com para ti ve anal ysis
f adaptiv e–v ers us–ro bus t loco moto r behaviour could
ield im portan t insigh ts in to b rain evol u tio n an d th e
eura l cont rol of m ovem en t. F or in stance, giv en the g e-
et ic t ractabi lity of invert ebrat e m ode l systems (e.g., D.
e la nogas t er an d C. el egans ), we can fun ct iona l ly char-

cterize indiv idu a l neura l networks at the cel lu lar lev-
ls ( Venken et al. 2011 ). Bu t first, i t wi l l b e imp ortant to
eve al whet her anim al s like f r uit flies can une quivoca l ly
m plemen t error-b ase d motor le ar ning, or whet her t hey
av e emer g ent ro bus tnes s by rel ying on p hysica l intel li-
en ce an d a layer ed r eflexive ar c hit ecture tha t in tegra tes
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mu lt i-moda l s ens ory fe e db ack ( Merel et al. 2019 ). This
effort wi l l re quire n ove l be h avioral a ss ays t hat track be-
hav ior (e.g ., response to append age d amage or across
molting s ta ges) over long p erio ds of time. 

The ro bus t–ad aptive axis c a n also be inf ormative
t o situat e the “ph ylogen y” of ro bots over the las t few
de cades. Using terrest ria l robots as a n exa mple, some
of t he e arlies t s ucces sfu l wa l kin g robots [e.g., Gen ghis
( Angle 1989 ), Robot II ( Espenschied et al. 1996 ),
ASIM O ( Sakaga mi et al . 2002 ), et c.] relied on reac-
t ive cont rol lers using a simple arc hit ecture of nested
fe e db ack ( Brooks 1986 ) inspired by invert ebrat es t o en-
sur e r obu st kinem at ics. These were fol lowe d by me-
chanica l ly tune d robots [e.g ., RHex ( A l tendo rfer et al.
2001 ), Whegs ( Quinn et al. 2022 ), BigDog ( Raibert
et al. 2008 ), DASH ( Bir km eyer et al. 2009 ), HAMR
( Goldberg et a l. 2017 ), ANYMa l ( Hutter et al. 2016 ),
CLARI ( K abu tz a nd Jaya ra m 2023 ), etc.] across size
scales [from meter ( Raibert et al. 2008 ) to centime-
ter ( Jaya ra m et al. 2020 ; K abu tz et al. 2023 ) len gth s]
tha t em ula ted th e low-dim ensional (tem pla te) dynam-
ics ( Fu l l an d Koditsch e k 1999 ) of anima l locomot ion
( Dickinson et al. 2000 ; Holmes et al. 2006 ) to also re-
alize ro bus t running ( Doshi et a l. 2019 ; Kim et a l. 2006 )
and climbin g ( B irkmey er et al. 2012 ; De Rivaz et al.
2018 ) and in some cases wi thou t s ens or-bas ed feed-
b ack. With g r owing pr ogr ess in co mpu tatio n (machine
le ar ning) and AI, recent v ersion s of these robots use a
co mb inatio n o f physica l ( McC lint oc k et al . 2021 ) and
co mpu tatio nal inte lligen ce to realize ro bus t loco motio n
desp i te a variety of perturb at ions ( Doshi et al. 2019 ;
Hutt er et al . 2017 ; Jaya ra m et al. 2018a ). As they be-
com e m ore capable , suc h robots c an serve as pl atforms
t o syst emat ica l l y exp lore an d test hypoth eses about dif-
ferent neural arc hit ectures co mmo nly found in b iologi-
cal or ganism s ( Ijspeert 2014 , 2008 ; Ramdya and Ijspeert
2023 ). Mor e r ecently, r o botic sys tem s are beginnin g to
demonstrate an impressive c apacit y for motor le ar ning
th at en ables ag i le maneuv ers ov er ha rsh ( Hwa ngbo et al.
2019 ; Lee et al. 2020 ) and deform able n atural terrains
( Choi et al. 2023 ; Guizzo 2019 ) and even com pensa te
for leg loss ( Cu l ly et a l. 2015 ; Yang et a l. 2020 ). The
lessons le ar ned from t he DARPA L o co motio n Grand
C ha l len g es ( John son et al. 2015 ; Krotkov et al. 2018 ;
Tranzatto et al. 2022 ) s h ow both the excitement and
p ro mise fo r robots to im prove significan tly and achieve
anima l-li ke per for mance in the near future. 

Conclusion 

In this re vie w, we hig hlig h ted recen t pr ogr ess in under-
st anding t he pr inci ples o f ro bus t and ada ptive con trol
of animal locomotion, with a p art icu lar focus on non-
huma n a nimals (invert ebrat es and vert ebrat es). We pro-
vide d definit ions of ro bus t and adaptive control drawn
fro m co nt rol the ory to classify how animals cope with
uncertainty, such as the loss of an appendage. We high-
ligh ted tha t th ese distin ct control sch em es link to dis-
tin ct be havio ral ou tco mes, thus p rovidin g testa ble hy-
potheses for unrav elin g p rinci ples o f animal loco mo-
tio n co n trol. F ollowing a ppenda ge los s, our re vie w sug-
gests that invert ebrat es rely pr imar ily on ro bus t con-
tr ol fr om r eflexive fe e db ack, and that st rong evidence
fo r adaptive co ntrol , e .g., error-b ase d learning, is lack-
in g; how ev er a chan g e in activ e dampin g in respon se
to w ing d am age m ay be an alogou s t o gain sc he du ling
in ada ptive con trol. Th u s, inverte b rates could co mpen-
sa te for in j ury through gain adj ustment v i a p rop riocep-
tion rat her t han t hrough c anonic a l error-b ase d le ar n-
ing. With respect to image stabi lizat ion behavior, inver-
t ebrat es and vert ebrat es (wit h t he exception of humans)
appear unable to co rrect fo r a ugmen t ed feedbac k dur-
ing o p tomo to r respo nses bu t appear to adapt to aug-
mente d obj e ct t racking or st ripe fixat ion behavior us-
ing error-b ase d le ar ning. Thi s lend s su ppo rt to an ex-
i sting hypothesi s ( Hardca stle and Krapp 2016 ) that the
o p tomo to r respo nse and fixatio n may operate at differ-
ent levels in the fe e db ack cont r ol hierar chy. 

Unrav elin g deep p rinci ples o f ro bus t and adaptive
cont rol wi l l cont inue to re quire interdi sciplin a ry tea ms
wi th b ro ad expert ise bridg ing th e disciplin es of evo-
l u tio na ry a nd orga ni sm al biology, beh aviora l e cology,
com para ti ve p hysio logy, genetics, b io mecha nics, a nd
n euroscien ce with control theory, robotics, material sci-
en ce, an d co mpu ter scien ce. Un dou bte d ly, such teams
wi l l a lso be re quire d to take on the “emb o died Turing
test” ( Zador et al. 2023 ). 
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