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Synopsis Infants of a l l spe cies le ar n to move in t h e midst of trem en dous variab ili ty and rap id develop mental chan g e. Tradi- 
t iona l ly, r esear c her s con sider varia bility to be a problem for deve lopm ent an d s ki l l acquisit ion. Here, w e ar gue for a reconsid- 
eratio n o f variab ili ty in early life, taking a deve lopm enta l, e colog ica l, systems appro ach. Usin g the dev elop ment o f wa l king in 

huma n infa nts as a n exa mple, we a rgue t hat t he r ich, var iable exper ien ces of infan cy for m t h e foun datio n fo r flexible, adap- 
tive behavior in adultho o d . From their fir s t s teps, infan ts m u st cope with ch an g es in their b o dies, ski l ls, and environments. 
Rapid growth spurts and a con tin ually expanding enviro nment o f surfaces, elevatio ns, and o bs tac les alt er the b io me chanica l 
co nstraints o n b a la nce a n d locom otion from day to day and moment to mo ment. Mo reover, infants spo ntan eous ly gen erate a 
variable practice regimen for le ar ning to wa l k. Self-init iate d locomot ion during everyday activity co nsists o f immense amounts 
of variable, t ime-dist ribute d, error-fil le d pract ice. From infants’ first steps and con tin uin g una bated ov er th e n ext yea r, infa nts 
wa l k in s h ort bursts of activ it y (not con tin ual steps), follow curved (not straight) paths, and take steps in every direction (not 
o nly fo rward)—a l l the whi le, accomp anie d by fre quent fa l l s a s infants pu s h th eir limits (rath er t han a ste ady decre ase in er rors) 
and explore their environmen ts. Th us, developmen t ensur es tr emendous variab ili ty—so me imposed by physical gr owth, car e- 
giver s, and a c han gin g enviro nment ou tside infants’ co ntrol, and so me self-generated by infa nts’ sponta n eous be havior. Th e 
end result of such m a ssiv e varia b ili ty is a percep tual-mo t or syst em adept at c han g e. Th us, infan ts do not le ar n fixed facts about 
their b o dies o r enviro nments o r th eir leve l of wa l k ing sk i l l . Inst ead , th ey learn h ow to learn—how to gauge possib ili ties fo r 
actio n, modify o n g oin g mov ements, and g enerate new mov ements on the fly from step to step. Simp l y pu t, variab ili ty in early 
deve lopm ent is a feature, not a bug. It provides a natural training regimen for s ucces sfully navigating complex, ever-changing 
envir onments thr o ugho ut the lif espa n. Mo reover, observatio ns o f infan ts’ na tural behavior in natural , c l u tter ed envir onments—
rat her t han elici ting ad ul t-like behavio rs under art ificia l, cont rol le d condit ion s—yield v ery differ ent pictur es of wha t infan ts 
of any species do and le ar n. Over-re lian ce o n tradi tio n al ta sks th at art ificia l ly const ra in va riab ili ty therefo re risks distorting 
r esear c her s’ under standing of the origins of adaptive behavior. 
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nfants learn to move in a context of 
ariability 

e ar nin g to mov e is a movin g tar g et. Infants of a l l
o rts—human bab ies, rat pu ps, fawns, and c hic ks—
e ar n to move in a context of trem en dous vari abilit y.
o me variab ili ty arises fro m develop mental chan g es in
nim al s’ b o dies, so me fro m n ewly em er gin g ski l ls in
h eir be havio ral reperto ires, and so me fro m the natu-
a l variabi lity of the ev ery d ay physic al and soci al env i-
o nment. So me variab ili ty is s elf-impos ed, and s ome is
xterna l ly induce d. Al l the whi le, infants acros s s pecies
 dvance A ccess pu blication Jun e 24, 2023 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
ust acquire the lifelon g a bility to cope with a chang-
ng b o dy a nd cha n gin g skills in a chan gin g w or ld. Th ey

ust tailor their behavior to local co ndi tio ns. How do
hey do it? How do anim al s acquire th e be havioral flex-
b ili ty ne e de d for ev ery day fun ction an d survival as in-
ependent ad ul ts? 

We s ugges t tha t a reconsidera tio n o f variab ili ty p ro-
ides new t ract io n o n s uch ques tions, an d th e an-
wers are relevant for r esear c her s in movement sci-
nce, b io me chanics, physica l anthropology, organis-
al b iology, develop mental s cience, and s o o n—anyo ne
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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int erest ed in the whole organism function of anim al s
in their natural environments. To pre vie w: Variab ili ty
is n ot m ere l y a prob lem t o be surmount ed . Rather, in
ea rly lif e, va riab ili ty i s al so a crit ica l co mpo nent o f the
t raining reg imen fo r fu ture behavio r. Inde e d, infancy
may be desig ne d to t riv i alize perf orma nce errors, ac-
commod ate vari abilit y in per for ma nce, a nd cap i talize
o n variable inpu t to facili t ate le ar nin g. Moreov er, vari-
ab ili ty never goes a wa y. Thro ugho ut the lif espa n, b o d-
ies, ski l ls, and the natural environment can chan g e from
m om ent to m om ent. Here, we use the example of wa l k-
ing in human infants to i l lust rate how r ich, var ied expe-
r iences in e a rly lif e ma y la y th e foun datio n fo r flexible,
ad aptive behav io r in ad ul tho o d. More genera l ly, we sug-
gest t hat var iab ili ty in e arly exper ience is a feature, not
a bug. 

Traditional perspective on variability 

Tradi tio nally, r esear c her s con sider varia b ili ty to be a
p roblem fo r ski l l acquisit ion an d be havioral deve lop-
ment ( Har r is and Wolp ert 1998 ; To do rov and Jo rdan
2002 ). Variab ili ty in the b o dy and the environment are
viewed a s ch allen g es to be overcom e, an d variab ili ty in
per for m ance i s t reate d a s “noi se” th at reflects p o or mo-
to r co nt rol. Inde e d, infants’ m ovem ents—both cyclic
and b a l list ic—are no torio usl y variab le. With learning
an d deve lopm ent, variab ili ty decreases and movements
becom e m ore consistent ( Riach and Hayes 1987 ; Clark
et al . 1988 ; Butt erworth et al . 1997 ; Hausdorff et al . 1999 ;
Berthier and Keen 2006 ; Chang et al. 2006 ; Hong et al.
2008 ; Saavedra et al. 2012 ). 

Resear ch fr o m the tradi tio n al view a s s umes that in-
fa nts a re bo rn wi th species-typ ical b o dies a nd bra ins,
in cluding, simple n eur omuscular coor dinat ion p at-
terns. F or h uma n infa nts, the as s umed innate en-
dowm ent in cludes a n a natomy desig ne d for eventua l
b i pe da lism an d th e n eural arc hit ecture fo r al ternating
leg m ovem ents—so-ca l le d “loco moto r p rimi tives”—
th at presum ab l y lay th e foun datio n fo r in depen dent
wa l king ( Dominici et al. 2011 ). From t his view, t he sim-
ple loco moto r p rimi t ives be come lin ke d with percep-
tual input and elaborat ed t o ma inta in b a la nce a nd cope
with chan g es in the b o dy an d environm ent over tim e
( Fo rssberg 1985 ; Do minici et al. 2011 ; Lacquani ti et al.
2012 ; Sylos-Lab ini et al. 2022 ). Thus, fro m the tradi-
t iona l appro ach, the complexity r equir ed for functional
loco motio n in a sea of chan g e is con st ructe d from sim-
ple, modu lar bui lding blocks ( Sylos-Labini et al. 2022 ).
Alternatin g leg mov ements be come t ra nsf ormed into
varied loco moto r patt erns t o navigat e varied t errain.
Th at i s, “ga it” appea rs ea r lier in deve lopm ent tha n ga it
m odifications, an d simple a lternat in g leg mov ements
r emain the cor e essence o f loco motio n throughou t the
lif espa n. 
Acco rdingly, tradi tio nal m eth ods for studying loco-
m otion de li berate ly constra in va riab ili ty to reveal the
co re p roperties o f cyc lical , p erio dic ga it. Resea rc her s
r ecor d locomotion in infa nt a nd ad ul t anim al s under
high ly cont rol le d, art ificia l co ndi tio ns. In the case of hu-
ma n infa nts, resea rc her s observe babies taking contin-
ual, f orwa rd steps at a steady pace on a motorized tread-
mi l l or along a straight path over flat, rigid, uniform
ground (left side of Fig. 1 A, B). The primary agenda is
to as ses s t he matur i ty o f infa nts’ ga it pattern s ( McG raw
1945 ; Suth er lan d et a l. 1980 ; Bri l and Ledebt 1998 ;
Iva nenk o et al. 2004 ; Hallemans et al. 2005 ; Iva nenk o
et a l. 2005 ; Ha l lemans et a l. 2006 ). A century of re-
sear ch fr o m the tradi tio nal app roach yields consistent
findings (for re vie ws, s ee Ado lp h and Robinson 2015 ;
Ado lp h and Hoch 2019 ): In their first weeks of wa l k-
ing, huma n infa nts m ove s lowly an d in efficient ly wit h
s h ort, w ide, highly vari able, and ha lt in g steps. Ov er de-
ve lopm ent, spe e d an d efficien cy in crease, an d steps be-
co me lo n g er, narrow er, sm ooth er, an d m o re co nsistent,
eventua l ly reaching ad ul t-like levels o f p ro ficiency af-
ter mo nths o r years ( Su th er lan d et al. 1980 ; Suth er lan d
1997 ; Br enier e and Bril 1998 ). 

Bu t the tradi tio nal app roach can o nly as ses s the ma-
turity and efficiency of anim al s’ gait patterns under ar-
t ificia l co ndi tio n s. It cannot rev e al t h e deve lopm ental
pat hway to f unctio nal loco motio n in t he re al world,
wh ere m ovem en ts m ust be con tin u ally ad apt ed t o cope
with chan g es in local co ndi tio ns. A focus o n peri-
odic gait to the excl usio n o f natural loco motio n ig-
nores anim al s’ re al-world exper iences ( Gibb et al. 2022 ).
Thus, the t radit iona l p ersp e ct iv e on varia b ili ty leads
r esear c her s down the wrong path, or at best, yields a
bl urred, inco mplete p icture o f the o rigins o f ad ul t-like,
funct iona l behaviors and how they develop. 

An ecological, developmental, and systems 
perspective on variability 

We propose a re considerat ion of variabi lity from an eco-
log ica l, deve lopm ental, sys tems pers pe ct ive. This view
emb races variab ili ty and focuses on behavioral devel-
op ment in real-wo rld, co mplex co ntexts ( Adol ph 2019 ).
Variab ili ty is co nsidere d integ ra l to and crit ica l for be-
havio ral develop men t, such tha t chan g es in the b o dy,
ski l ls, and env ironment c an serve as bot h t h e foun da-
tion and impetus for deve lopm ent. Of cour se , vari abilit y
in per for man ce som etim es reflects noise and p o or mo-
to r co ntrol, bu t i t can so m etim es be a creati ve so l u tio n
fo r cop ing wi t h var iab ili ty in the b o dy and surrounds.
Rega rdless, va riab ili ty is always im portan t for, and in-
formativ e a bout, le ar ning. 

How then does this view consider a lternat ing
steppin g mov emen ts in h uma n infa nts? Although
a lternat in g leg mov emen ts may a ppea r simila r in f orm
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(A)

(B) (C)

Fig. 1 Traditional gait and natural gait. (A) Traditional method constrains gait variability by encouraging infants to take continual, forward 
steps over a mechanized gait carpet (left side); ecological method allows gait variability as infants spontaneously produce intermittent 
bouts of omnidirectional steps on winding paths in free play. Footprints from an actual infant in the traditional gait task; thick black line 
denotes walking path of one 13-month-old infant during 10 min of spontaneous free play. Drawing adapted with permission from Adolph 
KE, Cole WG, Komati M, Garciaguirre JS, Badaly D, Lingeman JM, Chan G, Sotsky RB. 2012. How do you learn to walk? Thousands of steps 
and dozens of falls per day. Psychological Science. 23:1387–1394. (B) Footprint paths showing improvements in gait patterns in novice and 
experienced infant walkers and adults obtained in the traditional straight-path task. (C) Footprint paths of the experienced infant walker in 
(B) during natural locomotion in free play. Data were obtained from bouts that spontaneously occurred on the gait carpet with infant 
walking in any direction or stepping in place. 
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o ad ul t-like p erio dic gait, they have no as s umed, pref-
rent ia l place in deve lopm en t. Ra t her t han pr ior itizing
d ul t-lik e f o rms o f m ovem ent or “hard-wir ing” t hem
nto the genet ic endowment, a lternat ing leg m ovem ents
r e consider ed to be mer ely o ne possib ili ty amo ng
any. Ev ery one ag re es that infants can move their

imbs lo ng befo re b irth, incl uding al t ernating “st eps”
nd kicks. How ev er, in utero a nd a f ter birt h, infants
xpress a variety of m ovem en t pa tterns ( Th e len 1979 ;
rechtl 1988 ; Cioni et al. 1989 ; Piek and Carman 1994 ;
adders-Algra 2007 ). Depending on the co ntext, so me
oo rdinatio n patterns are easier and mo re co mfo rtable
 han ot hers. F or exam ple, infan ts immedia t ely swit c h
rom sy mmetric al leg al ternatio n o n a moto rize d t read-

i l l to asy mmetric al leg m ovem ents o n a spli t-bel t
 readmi l l ( Th e len et a l. 1987 ; Yang et a l. 2004 ); in-
ants move both legs simu ltane ously when their legs
 re yok ed with a n elast ic b an d ( Th e len 1994 ); an d th ey
ove only one leg when it causes an overhead mobile to

iggle ( Rove e-Col lier an d Ge kos ki 1979 ). On this view,
h e imm edia te con text of the b o dy an d environm ent de-
 ermines whic h coo rdinatio n pattern s emer g e. Or put
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an oth er way, infants le ar n to move in the b o dy they
have in the environment they’re in ( Blumberg 2009 ).
Infants born without legs le ar n to wa l k on t heir ar ms;
infants bo rn wi th no limbs learn to move by rolling and
scoot c hin g. And ev ery infant le ar ns to move over varied
ter rain t hat r equir es per ceptu al guid a nce a nd ga it mod-
ific ations to nav igate o bs tacles a nd differ ent gr ound
surfaces. 

Accordingly, m eth ods for studying the deve lopm ent
of wa l king from this e colog ica l, deve lopm ental, systems
approach invo l ve exper iment a l ly inducin g varia bility
o r emb racing t he var iab ili ty inherent in natura l act iv-
ity (right side of Fig. 1 A and C). Researc her s record
infants’ m ovem ents in variable environmen ts tha t re-
quire gait m odifications an d navigation (for re vie ws,
see Ado lp h and Robinson 2015 ; Ado lp h et al. 2018 ;
Ado lp h and Hoch 2019 ). Studies from this approach re-
ve al t hat f unct iona l infant locomot ion is complex and
var iable from t he st art. From t heir first wa l king steps,
infan ts ada pt to variab ili ty: So me sources o f variab ili ty
are imposed by fact or s outside infants’ control (physical
gr owth, car egiver s’ c hildre ar ing practices, and the envi-
ro nment). Bu t much of it is se lf-gen erated by c arry ing
obj e cts and infants’ spontaneous walking paths. 

Using the deve lopm ent of wa l king in human infants
as an i l lust rat ion, w e ar gue t hat t he ra mpa nt va riabil-
i ty and rap id chan g es so c haract eristic of infancy are
not a noisy backdrop from which infants must struggle
to extract a signal. Rat her, var iab ili ty is an ideal train-
ing regim en, an d accordin gly, infant dev e lopm ent en-
sures variations in the b o dy and environmen t. Infan ts
cannot be le ar nin g fix ed facts about their b o dy or the
wo rld o r rig id act ion p atterns be cause their b o dies, en-
vironm ents, an d s ki l l s ch an g e from week to week, day
to day, and even moment to moment. Inst ead , infants
must be “le ar ning to le ar n.” They are le ar ning to per-
ceive w hich ac tions are possible and how to im plemen t
them as they make their way through the environment.
Be havioral flexi bi lity—bui lt into the system from in-
fants’ first steps—gives infants the ab ili ty to cope with a
chan gin g b o dy in a chan gin g w orld, a l l the whi le acquir-
ing more proficient wa l k ing sk i l l ( Ado lp h 2019 ; Ado lp h
and Young 2021 ). 

Infants learn to move in a variable body 

At the same time that infants are le ar ning to m ove, th ey
must cope with frequent chan g es in their b o dies and
adapt their movements accordingly. 

Endo g enous chang es in the body 

Physica l g rowth is a fact of deve lopm ent. As every par-
ent kno ws, gro wth is espe cia l ly rapid a nd dra matic in
infancy. Ba bies g et bigg er, stron g er, an d m or e matur ely
p ropo rtio n ed. Th e av erag e newborn is a bout 50 cm
lon g; a y e ar later, t he av erag e toddler is a bout 75 cm ta l l
(WH O Mul ticentr e Gr owth Refer ence Study Gr oup and
de Onis 2006 ). 

But few pe ople rea lize the rap idi ty o f chan g e from in-
fan ts’ viewpoin t. The con tin uous growth curves on the
charts in the pe diat ricia n’s office a r e the r esul t o f math-
emat ica l smo othing b etwe en infre quent m easurem ents
( Lampl et al. 1992 ; Lampl 1993 ; Lampl and Tho mpso n
2007 ). D aily me asur ements r eve al t hat infants grow in
s h ort bursts of 0.5–2 cm in a single day sep arate d by
lon g er p erio ds of no gro wth o ver 2–63 days. I n fact,
animal m ode ls in dica te tha t most growth occ urs w hen
infa nts a re ly ing dow n an d th eir limbs are un lo ade d
( Noonan et al. 2004 ). Th us, infan ts who were one size
f or weeks ca n go to sleep a nd wak e up to suddenly find
th emse lves in a bigger b o dy. Changes in b o dy size alter
the b io me chanica l const raints on m ovem ent. Wit h e ach
growth burst, infants must re ca librat e t o new forces act-
ing on their b o dies. 

Externally imposed changes in the body 

Moreover, infants’ b o dies chan g e dependin g on how
car egivers dr ess them. F or exam ple, s omething as s eem-
ingl y tri v i al as a di aper c a n cha n g e t he matur i ty o f
infants’ wa l king gait ( Cole et al. 2012 ). Compared
with wa l king na ke d, infants ta ke s h orter, wider—less
mature—steps while we ar ing a diaper. And the decre-
ment is not triv i al. On av erag e, wa l king in a thin dis-
p osable diap er is e quiva lent to losin g 5 w e eks of wa l k-
ing experience comp are d to wa l king na ke d; wa l king in
a bu l ky cloth diaper is e quiva lent to losin g 8 w eeks of
experience. In addi tio n, infants exhib i t mo re mis s teps
and fa l ls whi le we ar ing a diaper comp are d to wa l k-
ing na ke d . S imi larly, b a bies w e ar ing pants t ake s h orter,
slower steps comp are d to wa l king in only a diaper or
un derwear ( Th eveniau et al. 2014 ). And infa nts wea r-
ing s h oes take s lower, wider steps comp are d to wa l king
ba ref oot ( Cole et al. 2022 ). In deed, infants wh o com e
of age for rolling and crawling in winter achieve those
ski l ls at later ages comp are d to infants who come of
age in the summer—presumab l y be cause bu l ky win-
t er c lothin g impedes mov ement ( Hayashi 1992 ; Ben son
1993 ). 

Self-imposed changes in the body 

Not a l l funct iona l chan g es to the b o dy are externa l ly im-
posed by ca regivers. Infa n ts crea te their own moment-
to-m om ent chan g es by c arry ing and disc arding obj e cts.
Infant b o dies are sma l l, so c arry ing obj e cts chan g es the
locatio n o f their center o f m a ss and thu s ch an g es how
th ey m ove ( Ado lp h and Avo lio 2000 ; Gar ciaguirr e et
a l. 2007 ; Vereijken et a l. 2009 ). Car rying he avy obj e cts
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aises the center of mass an d pus h es it f orwa rd or to the
ide. Even c arry ing light obj e cts comes at a cost to in-
a nts’ ga it: Steps while ca rrying obj e cts are s h orter an d
lower than steps with h and s free ( Heim an et al. 2019 ).
on eth e less, during free play, infants carry obj e cts in a

hird of their wa l king bouts, and they do so from the
 nset o f wa l king ( Heiman et a l. 2019 ) . 

Th us, a t the same time that infants are le ar ning to
 ove, th ey must cope with frequent chan g es in their
 o dies and adapt their movements accordin gly. Ev ery

nfa nt a nimal under g oes physica l g rowth; ma ny infa nt
nim al s carry obj e cts; and human infants have care-
 ivers who a lter t heir clot hing and foot wear. R egard-
ess of the source, funct iona l chan g es in the b o dy al-
er the forces acting on the b o dy durin g mov ement.
or the dev elopin g infant, knowledg e a bout the size and
 hape of th e b o dy cannot b e presp e cifie d or ta k en f or
 rante d. As a resul t, develop ment p rod uces a system
ha t m ust be flexible in the face of chan g e in its physical
rc hit ecture . 

nfants generate variable input for 

earning to move 

on tin ual, f orwa rd steps on a t readmi l l or along a
t raight p ath is not how human infants—o r no nhu-

a n a nima ls—wa l k in rea l life. Rea l locomot ion oc-
urs in co mplex, cl u tter ed envir onments, ov er chan g-
ng surfaces and elevations, around o bs tacles and con-
 pecifics ( Fig. 1 ). Consis ten t, efficien t gait is insuffi-
ient for funct iona l navigat ion in the messy, real world
 Gibb et al. 2022 ). Ado p tin g an ecological, dev e lopm en-
al , syst ems approac h—observ ing real behav ioral devel-
pment in real-world envir onments—pr ovides lev erag e
n how such complex behavior can arise. 

In ev ery day lif e, infa n ts genera te their own input for
e ar ning to mo ve. I nfan ts’ na tura l t raining reg imen con-
ists of immense amounts of variable, t ime-dist ribute d
ractice. On av erag e, huma n infa nts tak e 2400 steps a n
o ur, ap proximat ely 14,000 st eps over the cour se of a
aking day ( Ado lp h et al. 2012 ). If y ou strin g their steps

ogeth er en d to en d , t oddler s wa l k the e quiva lent of 8
merica n f ootb a l l fields per hour, or 46 footb a l l fields
er day. 

ariability in natural infant walking r equir es 
erception 

atura l wa l king is not in stra ight, f orwa rd pat hs (r ight
ide of Fig. 1 A and C). Inst ead , dur ing spont aneous lo-
o motio n in free play, infants follow t w isting , turning
ath s, loopin g around to visit, and r evisit differ ent parts
f the room ( Ado lp h et a l. 2012 ; Le e et a l. 2018 ). Most
a l king bouts (73%) are curved—with gentle serpen-
ine curv es, a b ru pt zig-zags, o r s harp “h ooks” at th e be-
inning or end where infants ve er b ack the way they
 ame ( Fig . 2 A). Frequen tly, infan ts don’t f ollow a ny path
t a l l. Th ey dan ce a bout takin g steps in place ( Cole et
l . 2016 ; Hoc h et al. 2020 ). Mo reover, most bou ts are
ot co mp rised o nly o f fo rward steps; half of walking
ou ts co ntain a mixture o f fo rward, sideways, and back-
a rd steps, a nd a qua rter o f bou ts co nta in no f orwa rd

teps at a l l ( Fig. 2 B). Furt her mo re, infants do n’t accu-
 ula te immense step counts in lo ng, co ntinuous se-

uen ces. Rath er, locom otion i s di st ribute d over t ime in
ma l l bursts of activ it y; infa nts a re only in motion about
0% of the time ( Ado lp h et al. 2012 ). Most spontaneous
a l king bouts are s h ort—on av erag e, a bout 8 steps. And
 third to half of a l l wa l king bouts are only 1–3 steps long
 Fig. 2 C)—too s h ort to even ca lcu late gait p aramet er s
 Cole et a l. 2016 ; Le e et a l. 2018 ). Inde e d, 4 a lternat ing
teps is the minimum for a wa l king bout b ase d on t ra-
i tio nal m eth ods. 

The variab ili ty ind uce d by curve d p aths, omnidi-
e ct iona l steps, and frequent starts and stops is not a
yp rod uct o f immature gai t o r p o or wa l k ing sk i l l. As
 h ow n in Fig . 2 A–C, the p ropo rtio n o f wa l king bouts
ontainin g curv e d p aths, omnidire ct iona l steps, and 1–
 steps is co nstant fro m the first week of wa l king un-
 i l 9 mon ths la ter when wa l k ing sk i l l beg ins to asymp-
 ot e ( Lee et al. 2018 ). That is, sw ervin g path s, backward
teps, an d s h o rt bou ts are endemic in novice wa l kers
ith p o or b a lance cont rol, as expe cte d in the t radit iona l
ie w, but als o in experience d wa l k ers a fter b a lance is
 ell dev eloped. Varia b ili ty i s ch aracteri stic of n atural

nfant wa l king. 
Moreover, t he var iab ili ty in natural, ev ery day walk-

n g yields in sigh ts in to wha t infan ts are le ar ning. Wa l k-
ng must be perceptua l ly guide d from t he st a rt, a nd
ai t modificatio n s emer g e concur rent ly wit h gait, not
s add-ons or later elabo ratio ns as as s um ed by th e tra-
i tio nal app roach. Curv ed path s r equir e the two sides
f the b o dy to do different things, whereas an innate
oo rdinatio n pattern o f sy mmetric al , alt ernating st eps
ould p rod uce t he s ame t hing on bot h sides of t he
 o dy. Frequent sta rts a nd stops r equir e per ceptual in-
ut to init iate dise qui librium to start mov ing , an d th en
egain e qui lib ri um t o st op mov ing , whereas con tin ual
tepp ing o n a moto rize d t readmi l l can be p rod uced by
n en cephalic infants and decerebrate anim al s. Curved
aths and o mnidirectio nal steps mean that infants gain
xper ience wit h asymmetr ica l forces act ing on the b o dy,
ont rol ling b a lance durin g acy clic, no nunifo rm maneu-
 ers while g eneratin g disequilib ri um and stab ili ty in a l l
ire ct ions. 

Thus, from their first steps, infants are practic-
ng complex, perceptua l ly guide d beh avior th at al-
ows them to adapt to var ied ter ra in. The va riab ili ty
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(A) (B)

(C) (D)

Fig. 2 Characteristics of natural infant walking during free play observed in 69 infants aged 11–20 months, covering the period from 

infants’ first week of walking until 9 months later, when walking skill begins to asymptote. Blue and green symbols denote data that 
conform to the traditional perspective on variability; red and orange symbols denote data only revealed during natural infant walking. (A) 
Small % of spontaneous, natural walking bouts that are straight (as assumed by the traditional approach) versus curved. (B) Small % of 
spontaneous walking bouts that contain only forward steps (as assumed by the traditional approach) versus bouts with a mixture of 
forward and not-forward steps or containing no forward steps. (C) Frequency histogram: Number of bouts that contain continual steps (at 
least 4 alternating steps, as assumed by the traditional approach)—bouts with 4–29 steps and bouts with 30 or more steps—versus bouts 
that contain only 1–3 steps. Histogram is cut after 30 steps for convenience. Inset: P er cent of spontaneous walking bouts that contain 1–3 
steps, 4–29 steps, and ≥30 steps. (D) Fr equency histogram of “r ests” betw een walking bouts (interbout intervals). Data in (A)–(C) w er e 
originally published in Lee DK, Cole WG, Golenia L, Adolph KE. 2018. The cost of simplifying complex developmental phenomena: A new 

perspective on learning to walk. Developmental Science. 21: e12615. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in infants’ self-p rod uce d, natura l locomot ion ensures
t hat e ach bou t o f loco motio n is different with differ-
ent forces under different co ndi tio ns, p roviding var-
ied o p po rtuni ties fo r le ar ning to cont rol b a lan ce an d
pro p ulsion. 

Much of infant movement is not directed 

toward immediate goals 

Much of infants’ m ovem ent occurs with out a dis-
cerni ble, imm e diate go a l. D ur ing spont aneous loco-
motion in free play, infant walking is not pr imar ily
c haract erized by walking to reach a dest inat ion, then
sto p ping after ar r iving t here. Of course, infants can
wa l k from point A to point B, and they som etim es
do. But dest inat ion-dire cte d bouts do not co mp r ise t he
majo ri ty o f infants’ natural walking experience. Most
spontane ous wa l kin g bouts hav e no clear dest inat ion.
I nfants stop mo ving in the middle of the flo or b eyond
ar ms’ re ach of any re cog nizable person, pl ace, or thing .
Or they stop moving wit hin ar ms’ re ach of t he s ame
obj e cts and places wh ere th ey started ( Cole et al. 2016 ;
Hoc h et al . 2020 ). When infants do stop at a new obj e ct,
th ey rare ly v isu a l ly fixate d the obj e ct b efore they b egan
wa l king ( Hoch et al. 2020 ). F or infan ts, m ovem ent may
be its own r ewar d. Infants pl ay ing in an empt y room
with no toys or elevations wa l k just as much as infants
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l ay ing in a room fil le d with toys desig ne d to elicit lo-
o motio n ( Hoch et al. 2019 ). 

Acco rdingly, d uring spo ntaneous loco motio n in free
lay, bout length is n ot m ere l y variab le, i t is rando m.
n d th e ran domn ess is in depen dent of th e layou t o f

h e environm ent. Th e distri bu tio n o f infants’ wa l king
outs closel y fo l lows a negat ive exponent ia l funct ion
 Fig. 2 C), such that the p robab ili ty o f a bout ending is
ar g e ly in depen dent o f bou t length ( Cole et al. 2016 ).
ery s h o rt bou ts o f 1–3 steps occur a t eleva ted ra tes, but
 fter infa nts tak e three steps, the p robab ili ty o f sto p ping
emains a constant 10% for bouts of increasing length,
uch t hat t he distr ibu tio n is unifo r m. That is, t aking one
ore step is just as likely after 4 steps as after 40 steps.
h e distri bu tio n o f “rests” between walking bouts fol-

ows a similar n egative expon ential curve ( Fig. 2 D). A
onsta nt, unif orm prob abi lity of start ing and sto p ping
ndica tes tha t decisions to sta rt a nd stop wa l king are
enera l ly rando m. In p rinci ple, the rando m distribu tio n
f wa l king bo uts co u ld refle ct a random dist ribut ion of
otent ia l tar g ets. But ev en in an environm ent wh ere th e

ayou t o f potent ia l tar g ets is not unif orm (e.g., infa nts’
 om es, l ab pl ay rooms w ith c lust er s of t oys and f ur ni-

ur e), infants’ pr ob abi lity of sto p ping is uniform. Thus,
he fla t ra te of sta rting a nd sto p ping is inherent to in-
ant wa l kin g, not a respon se to a uniform lay ou t o f the
nvironment. 

Huma n infa nts a re not unique in g eneratin g mov e-
 ent with n o di scern able , immediat e go a l. Spontane ous

oco moto r movements a re cha racteristic of infant play
cros s s pecies, from the ga mboling f o a l to the pouncing
ion cub and t um bling p up py; even invert ebrat es suc h as
cto p uses and bumble bees en gag e in spontaneous mo-
or play ( Mather and Anderson 1999 ; Burghardt 2005 ;
ona et al. 2022 ). L o comotor pl ay c a n account f or

0% of anim al s’ tim e an d 10% of th eir en ergy expen-
iture ( Fagen 1981 ). Why infants expend so much en-
r gy runnin g around is a lon g-standin g puzzle amon g
eve lopm enta l biolog is ts ( Fa g en 1974 ; 1981 ; Bur ghardt
005 ). Regardless of the immedia te im petu s, all th at
unning a round ca n hav e lon g-term benefits. Fo r exam-
le, practice moving leads to im provemen ts in locomo-
o r p ro ficien cy an d va riable input lik ely provides expe-
 iences t hat su ppo rt functio nal , goal-direct ed locomo-
ion ( Hoch et al. 2019 ). 

rrors accompany variability, but most errors 
re trivial 

rro rs o ften acco mpa ny va riable perf orma nce. Fa l ling
s a clear case of errors in wa l king. Huma n infa nts fa l l
re quently, about 40 t im es per h our in m otion ( Ha n a nd
do lp h 2021 ). B ut un li ke fa l ling in adu lts, infant fa l ls

re genera l ly t riv i a l. Be cause b abies are sma l l , low t o
h e groun d, an d m ove s lowly, th e impact en er gy g en-
rated by an infant fa l l is 18 times less than if infants
ere ad ul t size d and wa l ke d at adu lt spe e ds. More over,

nfan ts spon tan eous ly p rod uce behavio rs that mitigate
he impact of falling: They t ake re active steps, flex their
n ees, brace th emse lves on n earby su ppo rts, and ou t-
tret c h their arms to arrest the fa l l. The imp act of in-
ants’ fa l l s i s ther efor e diffused acr oss mu lt iple b o dy
a rts a n d m ost fa l ls are onto sa f e, p adde d b o dy parts.
h en th e h ead an d t or so do impact the ground, it is

 ypic a l ly toward th e en d of a sequence of b o dy impacts,
 hen impac t f orces a re dissip ate d. 
Consequen tly, infan ts do not treat falling as an aver-

ive penalty to avoid ( Ha n a nd Ado lp h 2021 ). Infants
a rely fuss a fter fa l ling, and ca regivers ra re ly s h ow con-
ern. Fa l ling does not deter infants from wa l king, and
nfants do not avoid the obj e cts or elevations that were
m plica ted in a recent fall. In fact, fall fr equency r e-

ains high after months of wa l king experience: E xpe-
ience d wa l kers cont inue to fa l l desp i te dramatic im-
rovements in b a lance cont rol and wa l k ing sk i l l. Why?
eca use infan ts con tin ually ram p up th eir gam e ( Han
t al. 2021 ). New walkers fall because their legs collapse
r t hey tur ned t heir he ad or lif ted a n a rm. A few weeks

ater, they fa l l be caus e the y tr ip over t heir own feet or
ake a fast tur n. Mont hs later, t hey st i l l fa l l be caus e the y

re climb ing o n elevatio ns, sp inning, and jump ing. New
ct ivit ies int roduce new o p portunities for error. 

ariability in the input is a feature, not a bug 

ow does a variable practice regimen a ffect lea rning to
a l k? Is a l l t hat var iab ili ty actua l ly beneficia l for le ar n-

ng? Huma n infa nts ca nnot be ra ndom ly assig ne d to
 art icu lar ev ery day pract ice and fa l ling reg imens, but
obots can. And robots provide a formal, emb o died sys-
 em for t esting wh eth er variab ili ty is a feature, as we pro-
ose, or a bug, a s a s s um ed by th e t radit iona l appro ach.
poi ler a lert: Variabi lit y w ins. 

Sim ula te d robots t raine d to wa l k on actua l infant
at hs (wit h all t h e docum ente d variabi lity in infant path
 hape an d bo ut length) o u tperfo rm robots t raine d to
a l k in st raight lin es or oth er geom etr ic pat h shapes

cir cles, squar es) in repeated soccer matches ( Ossmy et
l. 2018 ). Why so ccer? Rob oticis ts tes t fun ctional m ove-
ent in “Rob o cu p,” a platfo r m t hat r equir es r obots to

exib l y adapt go a l-dire cte d movements to a chan gin g
nvironment fil le d wit h ot h er agents, wh o have th eir
wn go a ls. The resu l ts o f 1000 h ead-to-h ead mat c hes
etwe en each p air of t raining reg im ens s h ow a clear
dva ntage f or infa nts’ natural, sponta n eous ly gen erated
np ut. Robo ts t raine d on rea l infant p aths ou t-sco re
o mpeti to rs t raine d on ge omet ric p at hs and win t he
 ost gam es. 
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W hen co mp aring t raining reg imens b ase d on ly on
real infant data, robots t raine d on more variable in-
fan t pa t hs (in ter ms of pat h shape , st ep dire ct ion, p ath
length, and number of starts and stops) win more soccer
mat c hes than robots t raine d on less variable infant paths
( Ossmy et al. 2018 ). More over, t raining o n mo re vari-
a ble path s leads to better le ar ning on th e train ed path
(ro bots travel fas ter a nd fa rther) a nd better generaliza-
tion to untrained paths (Ossmy et al. under re vie w). 

In addi tio n, while training robots to walk, systematic
manipu lat ion of the penalty for fa l ling s h ows that n o
pena lty at a l l leads t o bett er per for mance on both
t raine d and unt raine d p aths (Ossmy et a l. under re-
view). Lik e huma n infa nts, simu late d robots do not
benefit fro m negative r ewar d for err o rs. Fo r infants,
discounting errors lik ely ma inta ins their mot ivat ion
to practice and to con tin ually pus h th e limi ts o f their
dev elopin g ski l ls. If newly wa l king infants were pe-
na lize d for fa l ling af ter tur ning t h eir h e ad, lif ting an
ar m, or t aking a step, t h ey would n ever m ove at a l l. A
ro bus t sys tem that is re lative ly impervious to errors—a
bouncy baby that falls wi thou t incur r ing injury or
cost—wi l l cont inue to push the limits and to accumu-
late immense amounts of variable, t ime-dist ribute d
practice that facili tates behavio ral flexib ili ty and
function. 

Infants learn to move in a variable world 

Moto r behavio r must be tailo red to local co ndi tio ns
( Ado lp h and Young 2021 ; Gibb et al. 2022 ). Variable in-
put while le ar nin g to mov e en sures tha t infan ts le ar n
to t ailor t h eir actions to n ove l chan g es in their b o dies,
environm ents, an d s ki l ls. Infan ts m ust le ar n to gat her
perceptua l informat ion and adjust their actions accord-
ingly. Th at i s, infants mu st le ar n to p erceive p ossi-
b ili ties fo r actio n—what Gibso n (1979) termed “a ffor-
dan ces.” Rath er tha n lea rnin g fix ed facts (e.g., “I’m a
p o or wa l k er,” “slopes a re risk y”) or s tatic sol u tio ns (e.g.,
slide down slopes in a si tting posi tio n), infa nts a re lea rn-
ing to le ar n ( Ado lp h 2019 ). They are acquir ing t he be-
havio ral flexib ili t y that w ill allow them to cope with
n ove l cha l lenges in the wider world. 

F or exam ple , in their fir st we eks of wa l king, infants
step right over the edge of impossib l y high drop offs
and steep slopes requiring rescue by an experimenter
( Fig. 3 ). Ov er w e eks of wa l king, infants’ judg ments be-
com e in creasing ly acc ura te un t i l experience d wa l kers
can perceive affordances within a few centimet er s of ac-
curacy o n ad justable drop-o ffs, b ridg es, and ledg es and
within a few deg re es of slant on adjustable slopes (for re-
vie ws, s ee Ado lp h et al. 2018 ; Ado lp h 2019 ; Ado lp h and
Hoch 2019 ). On in crem ents we ll within their ab ili ties,
experience d infants wa l k st raight over the o bs tac le . On
cha l leng ing in crem ents aroun d th e limi ts o f their ab ili-
ties, infants slo w do wn an d s h orten th eir step length as
they approach the o bs tac le . They explore the si tuatio n
by looking, t ouc hing, and t est ing different posit ions to
genera te perceptual informa tio n abou t th e re lations be-
tween their b o dy and the environment, and then mod-
ify their gait to navigate the o bs tac le . How ev er, on in-
crem ents beyon d th eir ab ili ties, infants use al ternative
st rateg ies such as backing fe et-first, scoot ing, or crawl-
ing, and in extreme cases, they avoid going entirely. 

Perceptio n o f a fforda nces must be accomplis h ed
anew on eac h encount er. From week to week, infants’
wa l k ing sk i l l im proves, such tha t a ris ky s lo pe or dro p-
off last week is sa f e the next. Infants update their judg-
ments acco rdingly. W hen infants’ wa l k ing sk i l l is ex-
per iment a l ly a ltere d from t ria l to t ria l by dressing them
in Teflon-soled s h oes or lead-weighted s h oulder packs,
experien ced infants imm ediate ly recali brate th eir judg-
ments to the curren t situa tion ( Ado lp h and Avolio 2000 ;
Ado lp h et al. 2010 ). They treat the same deg re e of slope
as sa f e, f or exa mple, whi le b a ref oot or while wea ring
fe at h er-weight s h ou lder p acks, but a s ri sky in Teflon-
soled s h oes or while we ar ing le ad-weighted s h oulder
pac ks. Suc h rapid adjustments t o c han gin g affordances
indica tes tha t infan ts are not le ar nin g simple, fix ed asso-
ciat ions. Li kely, coping with variab ili ty fro m their very
firs t s teps lays the foundation for le ar nin g a bout chan g-
ing a fforda nces. 

Infants do not ne e d to experience a l l possible chal-
len g es they wi l l face as adu lts to respond adapti vel y.
Over the course of varied experience in infancy, they are
inste ad le ar ning to le ar n—le ar ning to gat her t he req-
uisite perceptual information and use it accordingly to
adjust their actions. Such an ab ili t y is cruci al for func-
t iona l, adapt ive locomot ion. Rig id , innat e rules cannot
cov er ev ery si tuatio n. And infa nts ca nnot pract ice a l l
p ossible p er mut atio ns o f the problems they wi l l face in
ad ul tho o d. Fo r co mp lex, adapti ve behavior in the face
of unknown challen g es, anim al s need to acquire behav-
io ral flexib ili ty. 

What about animals that move from 

birth? 
Huma n infa nts a re a lt ricia l (n ot in depen dently m obile
at birth). L o com otor deve lopm ent is prot racte d in a lt ri-
cia l anima ls, ta kin g w ee ks (in rats), m onths (in monkeys
a nd lemurs), a nd yea rs (in humans). In co ntrast, p reco-
cia l anima ls such as deer and c hic ks can stand and take
steps soon after they are born (e.g., Muir 2000 ). Does
o ur pro p osal ab out t he cr it ica l role o f variab ili ty in ac-
quir ing f unct iona l locomot ion app l y onl y to altricial an-
im al s? 
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(A) (B)

Fig. 3 Examples of apparatuses to test infants’ perception of affordances for walking. (A) Continuously adjustable drop-off (0–90 cm). 
Car egiv er encourages infant from bottom of landing platform. Experimenter follows alongside infant to ensure their safety. Reused with 
permission from Kretch KS, Adolph KE. 2013. Cliff or step? Posture-specific learning at the edge of a drop-off. Child Development. 
84:226–240. (B) Contin uousl y adjustable slope (0–90 ◦). Car egiv er (not sho wn) encourages infant from bottom of landing platf orm. 
Experimenter (shown) follows alongside infant to ensure their safety. Reused with permission from Adolph KE, Joh AS, Eppler MA. 2010. 
Infants’ perception of affordances of slopes under high- and low-friction conditions. Journal of Experimental Psychology: Human 
Performance and Perception. 36:797–811. 
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To dat e , r esear ch wi th p re cocia l anima ls is limite d
o the t radit iona l appro ach and thus cannot speak to
he role o f variab ili ty o r the acquisi tio n o f behavio ral
exib ili ty. Rap id attainment o f ad ul t-like loco motio n is
 ase d on measures o f gai t maturi ty, as animals step on
otorize d t readmi l ls or ta ke cont inua l, f orwa rd steps

 long st raight p a ths on fla t, uniform ground surfaces.
ikely, c hic ks, fawns, kids, and so o n, p rod uce o mni-
ire ct iona l steps in s h ort bouts on curved paths dur-

n g spontaneous ev ery day loco motio n, ju st a s a lt ricia l
nfants do, but such descriptive data are not yet avail-
ble . S imilar ly, th e ext ent t o whic h pre cocia l anima ls
exib l y adapt their movements t o c han gin g co ndi tio ns
 h ort ly af ter birt h is a n open question. Rega rdless, both
re cocia l and a lt ricia l infants acquire locomotion in a
 o dy an d environm en t tha t is con tin ually in flux. The
ea l quest ion is wh eth er infants accomm odat e t o vari-
b ili t y by el abo rating o n p re-existing m ovem en t pa t-
erns o r inco rpo rate variab ili ty as part of the learning
rocess. 

onclusions 

e s ugges t that learning to move in the co ntext o f o n g o-
n g dev e lopm ental chan g es en sures a varia ble trainin g
egimen ( Fett er s 2010 ; Ado lp h et al. 2015 ). As infants’
 o dies grow and their motor ski l ls improve, the acces-
i ble environm ent expan d s. For hum a n infa nts lea rning
o wa l k, ev ery day childre ar ing p ractices ind uce variab il-
ty in the b o dy and enviro nment, and bab ies create their
wn training regimens to induce vari abilit y in the b o dy
n d environm ent. 

How ev er, varia ble b o dies, environm ents, an d be hav-
ors are not only a defining feature of human infancy
 nd a re not limited to le ar ning to wa l k. Every anima l
ust cope with a chan gin g b o dy an d environm ent an d

dapt th eir be havior t o c han g es in local co ndi tio ns.
hus, w e sugg est that an e colog ica l, deve lopm ental, sys-
 ems per spe ct iv e on varia bility may prove useful for un-
erst anding f unct iona l behavior in a ny a nimal in its
a tural environmen t. And o ur pro pos al t hat var iabil-
 ty in develop ment is a feature, not a bug, may facili-
at e under stan ding th e o rigins o f behavio ral flexib ili ty.
n cop ing wi t h var iab ili ty at every step of deve lopm ent,
e havioral flexi bilit y c an be built into the system from
h e groun d up. 
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