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Synopsis Insects exhib i t remarka ble adapta b ili ty in their locomotive strategies in diverse environments, a crucia l t ra it f or 
fora ging, s urviva l, and pre dato r avo idan ce. Mi crov eli a ameri cana , tiny 2–3 mm insects that adeptly wa l k on water surfaces, 
exemplify this adaptab ili ty by using the a lternat ing t rip o d gait in both aquatic and terrest ria l terrains. These insects co mmo nly 
inhab i t lo w-flo w pon ds an d streams cl u ttered wi th n atural de bri s like leaves, t w igs, and duckwe e d. Using high-spe e d imag ing 
and pose-est imat io n so ftwa re, we a nal yze M. am eric an a m ovem ent on water, sandpaper (simu lat ing la nd), a nd va rying duck- 
we e d densit ies (10%, 25%, and 50% covera ge). Our res ults reveal M. am eric an a ma inta in co nsistent jo int angles and strides of 
th eir upper an d hin d legs across a l l duckwe e d cov erag es, mir ror ing t hos e s een o n sand pa per. Micr o vel ia am eric an a adjust the 
str ide lengt h of t heir midd le legs b ase d on th e am ount o f d uckwe e d present, de cre asing wit h incre ase d duckwe e d cov erag e and 
at 50% duckwe e d cov erag e, their midd le legs’ st rides closely mimic t heir str ides on s andpaper. Not ab l y, M. am eric an a achieve 
spe e ds up to 56 body len gth s per second on the deformable surface of water, n ear ly dou ble th os e obs erved o n sand paper and 
duckwe e d, which are rough, h eterogen eou s surfaces. Thi s study hig hlig hts M. a merica na ’s e colog ica l adaptabi lity, sett ing the 
s ta ge for advan cem ents in amphibious robotics that emulate their unique trip o d gait for navigating complex terrains. 

I
I  

f  

f  

d  

t  

s  

e  

1  

2  

i  

T  

w  

p  

i  

S  

l  

s  

2  

P  

s  

t  

a  

a  

s  

o  

e  

w  

p  

2  

l  

2  

a  

2  

A
©
F

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icae078/7696348 by G

eorgia Institute of Technology user on 21 August 2024
ntroduction 

n na ture, wa ter surfaces are seldo m clear; a po nd’s sur-
ace is often littered wit h debr is li ke fa l len leaves, t w igs
rom over h ead t re es, and sma l l flo at ing plants such as
uckwe e d (fami ly Lemnaceae), which can cover an en-
ire pond’s surface ( Hillman 1961 ). This o bs t acle r idden
urface is where neustonic insects such as water strid-
rs main ly t rav erse, contendin g wi th p redato rs ( Mounts
989 ; Si h et a l. 1990 ), compet it or s ( Toubia na a nd Khila
019 ; Watanabe et al. 2023 ), and the cha l len g e of wa l k-
ng on water ( Crumière et a l. 2016 ; Krup a and Si h 1998 ).
he water striders (in the order Hemiptera) are a group
it h much var iety, con sistin g of species w ith vary ing
r efer ences for water or la nd a nd of leg spans rang-
ng from < 3mm to 30mm ( Tseng and Rowe 1999 ).
tudies have extensi vel y exp lore d the water st rider’s
oco motio n mech ani sms, which explo i t surface ten-
 dvance A ccess pu blication Jun e 19, 2024 
C Th e Auth or(s) 2024. 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 
ion using legs with dense hair coverage ( Bush et al.
007 ; Gao a nd Jia ng 2004 ; Hurcha l la an d Dre lich 2019 ;
erez Go o dwyn et al. 2008 ). How ev er, pr evious r e-
ea rch ma in ly invest iga tes wa ter striders on clear wa-
er ( Crumière et al. 2016 ; Hu and Bush 2010 ). To re-
 l ly un derstan d th e c haract eristics o f loco motio n in
 complex environment, we wi l l invest igate a water
tr ider t h at i s a ble to trav er se wat er, land , an d oth er
 bs tacles it may encounter. We wi l l look at Microv-
 lia a m eric an a , a water strider that can navigate both
ater and land using a single gait: the a lternat ing t ri-
 o d gait ( Fig. 1 C) ( Bus h an d Hu 2006 ; Hu and Bush
010 ). The trip o d gait is wel l studie d for inse cts on
 and, especi ally in ants and coc kroac hes ( Chun et al.
021 ; Humeau et al. 2019 ; Kram et a l. 1997 ; Rein hardt
nd B lic khan 2014 ; Wa h l et a l. 2015 ; Wei hmann et a l.
017 ). Most other water striders do not use the al-
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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2 O’Neil et al. 

Fig. 1 Micr o velia americana and its alternating tripod gait. (A) An M. americana standing on duckweed fronds. Image courtesy of Dr. Pankaj 
Rohilla. (B) High-resolution image of an M. americana . (C) Gait plot indicating the power stroke (filled rectangles) and recovery phase 
(blank rectangles) of the alternating tripod gait. The illustration below corresponds to the M. americana ’s gait cycle. 
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ternat ing t rip o d gait—striders like Ger r idae find land
t raversa l cha l leng ing (if not impossible) due to their
depen den ce on water contact for a l l legs using a spe-
cia lize d rowing gait ( Crumière et al . 2016 ). Suc h studies
on wat er strider s have look ed at la nd a nd water pref er-
ence, alo ng wi t h str ide lengt hs and spe e ds, but detai ls of
ho w M. a m eric an a adjusts its gait for different surfaces
is spar se . 

While Mi crov eli a are n ot th e only amphibious crit-
t er s ( Ander sen 1976 ; Crumière et al . 2016 ; Hu an d Bus h
2010 ), it is one of the few to use just the a lternat ing t ri-
p o d gai t o n every surface i t traverses, and o ne o f the
fas tes t fo r i ts b o dy size ( Crumière et a l. 2016 ). O ther
arthrop o d s, like the fishing sp iders (Dolo medes), can
move on both land and water but must swit c h between
two gaits ( Suter 2013 ; Suter et al. 1997 ). Some ter restr ial,
t ropica l ants adopt the a lternat ing t rip o d ga it f or emer-
gency wa ter esca pes bu t o nly fo r b r ief per iods and wit h
mixed s ucces s ( Bohn et al. 2012 ). Ca m pono tus sc h m itzi
ants, in symbiosis with pit c her pl ants, sw im in dig estiv e
fluids bu t o nly fo r s h o rt d uratio ns and in limi te d cap ac-
it y ( Yanov i a k and Fre derick 2014 ). Whi le each spe ci-
men is able to sufficiently traverse their specific envi-
ronments, few species c an nav igate across wat er, land ,
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n d oth er sur faces as t h e Mi crov eli a can ( Crumière et al.
016 ). 
How the miniscule M. am eric an a can accomp li sh thi s
u lt i t raversa l feat using just the a lternat ing t rip o d gait
 a s in triguing im plica tio ns fo r how we design machines
hic h traver se in co mplex enviro nments. Robotics re-
earch h a s applied the a lternat ing t rip o d gait on com-
lex sur faces, pr imar ily focusing on ter restr i al env iron-
ents ( Li et al. 2009 ). Uncov erin g how M. am eric an a
 an ages variou s s ubs t rates in its dai ly pond life, in-
luding rough s urfaces s uch as rocks, de bri s, sand, wa-
 er, and duc kwe e d ( Fig. 1 A), is key for un derstan ding
 he vers at i li ty o f the al ter nating tr ip o d gait that distin-
uis h es it from other wat er strider s and from other ter-
est ria l arthrop o ds. The M. amer ic an a ’s co nsistent gai t
n different terra in s open s potent ia l fo r micro robots de-
ig ne d for ro bus t travel across diverse l andsc apes in the
e ld ( Ch en et a l. 2018 ; Da l lmann et a l. 2023 ; Li et a l.
009 ; Song et al. 2024 ; Wo o dwa rd a nd Sitti 2018 ). 
This paper explores the mu lt ifacete d terrains M.

m eric an a frequentl y na vigates, offering new a venues
o r al ter nating tr ip o d gait r esear ch. We examine M.
m eric an a ’s c haract eristics o f loco motio n o n three
ifferent s ubs trat es: wat er, duc kwe e d-covere d water,
nd dry sandpaper to replicate loco motio n o n land.
 uckwe e d on water and rocky surfaces are co mmo n
m ongst M. ameri cana ’s environm ent ( Her r ing 1950 ;
cPh erson an d T aylor 2006 ; T aylor an d McPh erson
003 ). Ut i lizing high-spe e d vide o and pose est imat ion
oft ware, we w i l l ana lyze th e kin ematics—b o dy sp eed,
trok e a mplitude, a n d frequen cy—of M. ameri cana as
hey n avigate u sing t he alter nating tr ip o d gait on each
urface. 

aterials and methods 
etup 

e obtained M. am eric an a from ponds and creeks from
ennesaw, Ge org ia. The spe cimen s w ere kept in a 17.5
14.0 × 6.5-inch 

3 plastic container. The container held
a ter kept a t a constan t tem pera ture o f 20 ◦C and d uck-
e e d from the inse cts’ nat ive b o dies of water. The in-
ects wer e pr ov ided w ith circ adi an lighting 12 h out
f the day, from 8 A.M. to 8 P.M. Addit iona l ly, the
pecimen s w ere fed once each day with f r uit flies pro-
ur ed fr om Car o lina Bio log ica l Monday t hrough Fr i-
ay. We examin ed th e locom otion of th e specim ens
n three different sur faces: water, 1000-gr i t al uminum
xide sand paper fro m Uxce ll, an d water covered with
uckwe e d. Liv e duckw e e d, Lem na m inor , was obtained
r om Car o lina Bio log ica l. Th ese su bstrat es were c hosen
o r their p resence in the M. am eric an a ’s natural envi-
onm ent an d fo r a co mpariso n o f h ow gen eral rough-
 ess an d h eterogen ei ty o n a surface influences loco mo-
ion. To un derstan d specific m echanics on different sub-
 trates, the s ubs trates were tested as separated condi-
ions rather than a l l in one environment. We est imate d
he duckwe e d percent cov erag e v i a ima ge proces sing of
 picture of the duckwe e d-water surface with ImageJ
 Schin de lin et al. 2012 ). We first used color thres h old
 o det e ct g re en wit hin t h e image. Th e im age wa s then
onvert ed t o blac k and whit e , wh ere th e white pixels
ere the orig ina l g re en pixe ls an d a l l oth er pixe ls were
onvert ed t o blac k pixe ls. Th e image was t hen binar ized
nd we ca lcu late d the percent of white pixels within the
m age, u sing the analyze particle function within Im-
 geJ to meas ure the duck we e d cov erag e. If the calcu-
ate d va l ue was wi thin 2% o f t he t ar g et percent cov er-
g e, w e proce e de d wit h exper imen ts. Exam ples o f b i-
 arized im ages an d th eir ca lcu late d percent cov erag e
 re in Supplementa ry Figure S2 . In t otal , th e locom o-
io n o f thre e spe cimens fo r each type o f surface was
xamined. 

ecording 

 Photron FASTCAM MINI AX 2000 s et at a res ol u tio n
f 1024 by 1024 pixels with a frame rate of 2,000 frames
er second wa s u sed to r ecor d the locomotion of the M.
m eric an a on the different surfaces. A Nik on 70–200
m f/2.8G ED VR II AF-S NIKKOR Zo om L ens was
oun ted on to th e cam era. Th e cam era an d len s w ere at-

ac hed t o a vert ica l l y p laced Th or labs O pt ica l Rai l and
oin ted a t th e specim ens’ dorsal sides. We placed the in-
ects into 10.0 by 10.0 by 1.5-cm Th erm o Scient ific Pet ri
is h es, each dis h being eith er fil le d ha lfway with water,
overed with 1000-grit sand paper, o r filled halfway with
ater and covered with varying amounts of duckwe e d

 Fig. 2 ). These Petri dishes were raised slightly a bov e a
a ble, put again st a white b ackg roun d, an d placed di-
ectly under th e cam era’s lens. An LED light was also lit
bout 3 in ch es un dern eath th e Petri dis h es for en hance d
 ecor ding qu alit y. Each insect was r ecor ded individu-
 l ly and gently poked with a small stick for m ovem ent
o evoke an escape response on every s ubs trat e , follow-
n g existin g water-str ider rese arch met hods ( Crumière
t al. 2016 ; Hu and Bush 2010 ). A “t ria l” is a r ecor ding
f an insec t w here it moved at le ast t hree b o dy len gth s.
n sa ndpaper a nd on water, we teste d thre e spe cimens

 N = 3) and tota l t ria ls per s ubs trate was n = 21 (s e ven
 ria ls of each indiv idu a l). For duckwe e d, N = 3 and to-
a l t ria ls per different cov erag e was n = 15 (five t ria ls
f each indiv idu al). Indiv idu als were assig ne d random
 ubs trat e order s for t esting. 

racking, data acquisition, and analysis 

fter r ecor ding , the follow ing points on the specimen
ere t racke d for each r ecor ding: th e coxae, ti biofem oral

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data


4 O’Neil et al. 

Fig. 2 Experimental Setup Schematic of experimental setup. A 

high-speed camera is mounted above a container of water with 
duckweed on top. The container rests on a diffuser. A light source 
is set at a short distance below the diffuser to provide more even 
lighting. Micr o velia americana are recorded individually running on 
the water partially cov er ed with duckweed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icae078/7696348 by G

eorgia Institute of Technology user on 21 August 2024
j oints, t ibiot ars a l j oints, tarsi t ips, th e abdom en tip, an d
th e h ead. DeepLa bCut (DL C) pose estim ation m achine
le ar ning sof tware was ut i lize d ent ire ly for th e san dpa-
per and water surfaces when it came t o trac king of
a l l the a f o rementio ned po in ts ( Na th et a l. 2019 ) (se e
Supplementa ry Movies S1 a nd S2 ). How ev er, on the
wat er-duc kwe e d surface, DLC was used only to track
the tip of the abdom en, th e h ead, th e coxae, an d th e
tib io femo ra l j oints. We t racke d t he rest of t he points
manua l ly using PFV4 since DLC was unable to track
these p art icu l ar points w ith sufficient accuracy (see
Su pplementary Movie S3 ). Ul tim ately, we u sed t he dat a
gather ed fr om th e videos an d th e t racking (posit ion and
time of each point) to ca lcu late th e displacem ent, ve loc-
i ty, jo int a ngles, a nd step a mplitude f o r each reco rded
specim en. We did n ot ca lcu late b o dy sp e e d o n 10% o r
25% cov erag e because the or ganism w ou ld main ly t ra-
verse the duckwe e d or the water part and not both con-
sistent ly t hro ugho ut a t ria l, creat ing a bias of spe e d per
t ria l. Th e kin ematics of th e left an d r ight leg for e ach
pair were averaged together. 

Statistical analysis 

F or sta t ist ica l ana lysis, we use d a linear mixed effects
m ode l ( Bates et al. 2015 ) to find if the set of treat-
m ent effects yie lded differen ces am ongst th e m eans of
each grou p wi th p ost-ho c Tuk ey’s difference cr iter ion
to find which pairs of t reat ment effe cts were stat ist ica l ly
different (a l l p airwise comp ariso ns in Su pplemental
Info rmatio n ). We used linear mixed effects m ode l, sin ce
number of t ria ls va ry per surface a nd to account f or a ny
possi ble ran do m effects fro m individ ua l spe cimen. We
comp are d different m ode ls with an d with out t ria l num-
ber as a t reat ment effe ct and b o dy length as a random
effect a nd f ound t hat t h e m ode l wi th o nly s ubs trate type
as a t reat ment effe ct was either a better fit or s tatis tically
similar ( P > 0 . 05 ) to other models. Ther efor e, we used
th e m ode l wi th o nly s ubs trate type as a t reat ment ef-
fe ct. In a l l m ode ls, specim en number is t reate d as a ran-
dom effec t. A c ustom R (R version 4.4.0) script ( Bates
et al. 2015 ; Genz and Bretz 2009 ; Hot hor n et al. 2008 ; R
Core Team 2024 ; RStudio Team 2020 ) was used for sta-
t ist ica l ana lysis. We define d stat ist ica l sig nificance as ∗
P < 0 . 05 , ∗∗ P < 0 . 01 , ∗∗∗ P < 0 . 001 . 

Results 
Body and leg velocity 

We found that M. am eric an a is significantly faster on
wat er, ac hieving a maximum spe e d of 56 body len gth s
per second (bl/s) ( Fig. 3 A, P < 0 . 001 , N = 3, n = 21
with s e ven t ria ls per individua l). O ur va l ues fo r b o dy
spe e d are simi lar to what has been measured in p rio r
r esear ch ( Crumièr e et al. 2016 ; Hu an d Bus h 2010 ).
In co ntrast, i ts maximum b o dy sp e e ds o n sand paper
and with 50% duckwe e d coverage, at 26.5 bl/s and 28.7
bl/s, respe ct iv ely ( P > 0 . 05 ), are a bout h alf th at on wa-
t er (for eac h sa ndpaper a nd water, N = 3, n = 21).
Acros s s ubs trates, M. am eric an a ’s upper legs move at
similar maximum speeds ( Fig. 3 B). Yet, on water, M.
am eric an a ’s middle and hind legs moved faster than
o n sand paper and d uckwe e d at 51 bl/s ( P < 0 . 001 ) and
46 bl/s ( P < 0 . 001 ), respe ct ively. This t r end mirr ors
the b o dy sp e e d observat ions, w hich mig ht explain the
lower b o dy sp e e ds o n sand paper and 50% d uckwe e d,
wh ere th e middle an d hin d legs did n ot exce e d spe e ds
of 40 cm/s. 

Joint angles 

We me asured t he tibiot ars a l j oints and t ib io femo ral
j oints, a long with step a mplitudes f or a l l legs across the
thr ee differ ent s ubs trates ( Fig. 4 B). The ampl ti ude o f the
tibiot ars al joints ( θAJ,max ) s h owed an increasing trend
from water to sandpaper to duckwe e d for a l l legs ( P <
0 . 05 , Fig. 4 C). On both duckwe e d and san dpaper, th e
ampli tudes o f tib io femo ra l j o ints ( θEJ,max ) fo r the u p-
per an d hin d legs were high er t han t hose on water ( P <
0 . 001) . The middle leg presented an exception, as its
θEJ,max was lowest o n sand paper ( P < 0 . 001 ). In terms
o f tib io femo ra l j o ints, both u pper leg and hind legs ex-
hib i ted higher ampli tudes o n sand paper and d uckwe e d
comp are d to water ( P < 0 . 001 ). 

Step amplitudes and stride lengths 

F or wa t er, the st ep a mplitudes a nd str ide lengt hs are
lowest in the upper legs and highest in the middle and

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
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Fig. 3 Maximum velocities of body and of legs across substrates. 
Maximum velocities V max of M. americana on sandpaper and 
duckw eed ar e comparable, wher eas mov ement on pur ely water is 
distinct. Each dot r epr esents a trial (recording of insect moving). 
(A) Body velocity comparison on water , sandpaper , and 50% 

duckw eed cov erage. (B) Leg v elocity comparison on water, 
sandpaper, and 50% duckweed coverage for each leg location 
(upper legs, middle legs, and hind legs). White circles r epr esent the 
median. Bar r epr esents second and third quartiles. We defined 
statistical significance as ∗ P < 0 . 05 , ∗∗ P < 0 . 01 , ∗∗∗ P < 0 . 001 . 

h  

M  

l  

t  

d  

s  

M  

m  

O  

r  

d  

t  

p  

t

T
l

W  

m  

t  

F  

l  

f  

a  

w  

o  

s  

s  

s  

w  

l  

t  

S  

p  

N  

P  

d  

a  

a  

m  

s  

W  

(  

d

D
N  

g  

t  

o  

a  

n  

p  

s  

t  

d  

p
 

o  

f  

r  

p  

S  

f  

f  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icae078/7696348 by G

eorgia Institute of Technology user on 21 August 2024
ind legs ( Fig. 4 E and F, P < 0 . 001 , see Supplementary
ov ie S4 ). Fig . 4 (A) i l lust rates th e in crease in stride

ength for water comp are d to sandp a per. In terestingly,
he step amplitudes and str ide lengt hs for both mid-
le leg and hind legs decrease in the presence of solid
 urfaces (duck we e d a nd sa ndp aper, se e Supplementary
ovies S7 and S8 ), correlating with their re duce d maxi-
um veloci ties o n th ese h eterogen ous surfaces ( Fig. 3 ).
n water, while the hind leg’s tib io femo ral ampli tude
emains low, its stride lengths are hig her, w hereas on
uckwe e d, desp i te s h orter stride len gth s than on wa-
er, th e ti b io femo ral ampli tude increases. Fo r the up-
er legs, an increase in stride length accompanies rising
ib io femo ral ampli tude. 

he effect of duckweed covera g e on stride 

ength 

e compare the av erag e stride len gth s of the upper,
iddle, an d hin d legs across wa ter, sandpa per, and

hree levels o f d uckwe e d coverage (10%, 25%, and 50%,
ig. 5 A–C). We foun d n o s tatis tical difference in stride
en gth s amon g a l l duckwe e d cov erag es a nd sa ndpaper
o r u pper an d hin d legs ( P > 0 . 05 ), in dica ting tha t M.
m eric an a exhib i ts similar stepp ing behavio r o n d uck-
e e d and sandpaper, r egar dless of surface cov erag e by
 bs tacles. The s tride len gth s of both upper and hind legs
 h ow that M. am eric an a approaches all levels of solid
 ubs trates with a uniform st epping patt ern. When ob-
erving M. am eric an a wa l king o n 10% o r 25% d uck-
e e d coverage, we notice t hat t hey maint ain t heir str ide
ength and tib io femo ra l j oint angles for most of their
 raversa l wh eth er th ey are on water or duckwe e d (se e
upplem entary Movie S5 ). Th e str ide lengt h of t he up-
er legs is found to be the shortest on water (0.19 bl,
 = 3, n = 21) comp are d to other s ubs trates ( Fig. 5 A,
 < 0 . 001 ). In contras t, the s tr ide lengt hs of t he mid-
le and hind legs are higher on water than on duckwe e d
 nd sa ndpaper ( Fig. 5 B a nd C, P < 0 . 001 ), show casin g
n inverse t rend. Spe cifica l ly, the st ride len gth s of the
idd le legs de crea se a s t he fr ictio n o r h eterogen ei ty o f

 ubs trates (% duckwe e d) increases ( Fig. 5 B, P < 0 . 001 ).
ith M. am eric an a m oving s lower on solid s ubs trates

 Fig. 3 A and B), their upper legs became more active,
ispl ay ing higher joint angles ( Fig. 4 ). 

iscussion 

aviga ting com plex environmen ts necessita tes tha t or-
anisms adapt or modify their gait for survival. For
he tiny Micro vel ia , navigating a pond’s complex and
 bs tacle-l aden env ir onment r equir es adaptab ili ty over
 l l surfaces. O ur findin gs rev e al t hat M. am eric an a
ot only locomotes on wat er, duc kwe e d, a nd sa ndpa-
er but also adapts its gait to the variation of these
 urfaces. Acros s a l l s ubs tra te types—unim pe de d wa-
er an d h eterogen eous su bstrates of san dpaper an d
uckwe e d—M. am eric an a exhib i te d the a lternat ing t ri-
 o d gait ( Fig. 1 C). 
Pr evious r esear c h investigat es mo dified trip o d gaits

n ter restr ial sur faces. Blaber id coc kroac hes swit c h
rom the a lternat ing t rip o d gait to a metachronal gait,
educin g v ertical a mplitudes a nd enha ncing lateral a m-
litudes to spe e d u p o n la nd ( Weihma nn et al. 2017 ).
imilarly, wo o d ants ( Reinhardt and B lic khan 2014 ) and
 r uit flies ( Wosnitza et al. 2013 ) increase their stride
requencies to h a sten lan d m ovem ent. Nor th Af rican

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
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Fig. 4 Kinematics of M. americana locomotion on different substrates. (A) Micr o velia americana tarsi and tibiofemoral joint trajectories on 
sandpaper compared to on water. (B) Schematic demonstrating how each angle is calculated. From top to bottom: tibiotarsal joint (AJ), 
tibiofemoral joint (EJ), and stroke amplitude (SA). (C–E) Amplitudes of each leg, upper leg (UL), middle leg (ML), and hind leg (HL), 
according to the joint angles illustrated in (B), across substrates. (F) Stride length comparison across substrates. White circles r epr esent 
the median. Bar r epr esents second and third quartiles. We defined statistical significance as ∗ P < 0 . 05 , ∗∗ P < 0 . 01 , ∗∗∗ P < 0 . 001 . 
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Fig. 5 Stride length comparison across substrates and varied duckweed coverages (10%, 25%, 50%). (A) Average stride length of upper legs 
on each substrate shows that M. americana increases their upper leg’s stride at the presence of a solid substrate. (B) Average stride length 
of middle legs across substrates show that increase in duckweed coverage leads to a decrease in stride length. At 50% coverage the stride 
length of the middle leg is similar to the stride length on sandpaper. (C) Average stride length of hind legs reveals that M. americana 
decrease the stride of their hind lengths at the presence of a solid substrate. (D) Photos of each substrate with an individual M. americana . 
Each scale bar r epr esents 2 mm. Ar ro ws sho w where M. americana is located. From top to bottom, the substrates are clear water, water 
with 10% duckweed coverage, 25% duckweed coverage, 50% duckweed coverage, then sandpaper. Duckweed is sometimes found with 
submerged routes underneath the frond as seen in 25% coverage image. White circles r epr esent the median. Bar r epr esents second and 
third quartiles. We defined statistical significance as ∗ P < 0 . 05 , ∗∗ P < 0 . 01 , ∗∗∗ P < 0 . 001 . 
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desert ants s h orten th eir stan ce ph a se to b o ost their
b o dy sp e e d ( Wa h l et a l. 2015 ). The chan g es in gait found
in ter restr ial hexap o d s are di stinct from thos e us ed by
water-wa l kin g in sects d ue to different co nstraints. Ei-
ther insects must learn to swim to s h o re o r the water
wa l kin g in sect mu st m a inta in a ca refu l b a lance of sur-
face tension on the defor mable sur face of water in order
to not drown. 

Th ere exists som e explo ratio n o f tri p o d gaits in
water—t re e canopy ants, Pa chyc on dyla spp. and O.
b auri , use th eir cont ra latera l front legs and middle legs
to row on water surfaces in a modified alternating tri-
p o d ga it ( Ya nov i a k and Fre der ick 2014 ), using t heir
hind legs for roll stability to pr event fr om flipping over.
O ther t re e ca nopy a nts, such as C. am eric anus , use
their middle legs as rudders rather than for rowing
( Yanov i a k and Fre derick 2014 ). How ev er, these ex cur-
sions into fluids are temporary—with C. sch m itzi ants,
f or insta nce , whic h live sy mbiotic ally w it h t he p i t c her
pl ant, stay ing in fluid for < 45 s, un li ke the M. ameri-
c an a which spends most of its time on water ( Bohn et al.
2012 ; Crumière et a l. 2016 ). O th er n eusto nic o r ganism s,
if they want to traverse on lan d, eith er have to switch
to a new gait the fisher spider swit c hes from a rowing
gai t o n wat er t o an alt ernating t etrap o d gai t o n land)
or simp l y c annot traverse on l and at a l l (water st riders
such as Ger r idae, Rhag ov e lia, an d Ve lia cann ot use th eir
rowing gait on land) ( Andersen 1976 ; Crumière et al.
2016 ; Hu an d Bus h 2010 ; Sant os et al . 2017 ; Sut er 2013 ;
Suter and Wildman 1999 ). Thus, M. am eric an a serves
as a p rime su pplement to what is missing thus far as we
as k h ow thi s organi sm i s able t o locomot e on every sub-
strate with just one gait. 

Mi crov eli a ( Fig. 1 B) are known to traverse both land
an d water, th ough p rio r r esear ch pr imar i ly focuse d on
sm ooth su bstrates, n eg lec ting plant-surface substrates
(e .g. duc kwe e d Fig. 1 A), and lacked within-species
co mpariso ns ( Crumière et al. 2016 ). To address this,
we t est ed M. am eric an a on high fr iction s andpaper
to mimic the rough terrain (rocks) surrounding their
aquatic hab i tats and o n d uckwe e d-covere d water sur-
faces to as ses s loco motio n o n natural , het erogeneous
sur faces wit hin t h eir environm ent. Alo ng wi th notice-
able v isu al differen ces in th e gait ( Fig. 4 A), we identi-
fie d dist inct ive gai t p roperties fo r M. am eric an a across
t he t hr ee differ ent s ubs t rates, describe d in the next
se ct ions. 

Upper legs and hind legs contribute more on 

land vs. water 

Mi crov eli a ameri cana achieve significantly higher
spe e ds on water than on land or duckwe e d-covere d
area s ( Fig. 3 ), a s demonst rate d by their increased
step a mplitudes a nd spe e ds on water ( Fig. 4 E). The
middle legs display lon g er stride len gth s a nd la r g er
step a mplitudes tha n t he ot her legs when on water
(see Supplementary Movie S4 ), consistent with pre-
vious studies that assign pro p ulsion to the middle
legs ( Andersen 1976 ; Crumière et al. 2016 ). Acting
as oars, the water strider legs push against the water
( Gao and Feng 2011 ; Steinmann et al. 2021 ), with the
middle legs stroking at a higher amplitude to pro-
vide th e m ost pro p ul sion. Thi s action s ugges ts that
decre asing t h e ti b io femo ral jo in t am plitude in the
hind legs could lead to less power use, more energy
co nservatio n while pushin g again st the frict ion less
smoot h sur face of wat er ( Labbé et al . 2019 ). On sand-
paper and with 50% duckwe e d co verage, ho wever, M.
am eric an a incre ase t heir hind legs’ joint angles while
re ducing their st ride len gth s and step amplitudes (see
Supplementary Movies S7 and S8 ). They also heighten
the joint angles in their upper legs along with increasing
str ide lengt hs and step amplitudes ( Fig. 4 C–F). This
adjustment occurs because M. am eric an a bend their
legs m ore, possi b l y lif ting t h em high er t o navigat e the
topology of frict iona l rough surfaces. On such surfaces,
M. am eric an a face difficu lty swe eping and extending
their legs as easily as on water, due to o bs tacles o b-
st ruct ing their tar si , leading t o s h orter str ide lengt hs
and greater leg bending in the upper and hind legs.
F oot tra jecto ry co mpariso ns o n water versus more
frict iona l land surfaces further i l lust rate these differ-
ences ( Fig. 4 A). Ter restr ia l inse cts using the a lternat ing
trip o d ga it, lik e coc kroac h es, also s h ow high er hin d
tib io femo ra l j oin t am pli tudes o n frictio nal surfaces
( Kram et al. 1997 ; Ritzmann et al. 2004 ). 

Microvelia americana treat duckweed as a 

land-like surface 

Across a l l s ubs trates, M. am eric an a ’s middle legs
dem onstrate th e least va ria nce in stride len gth s, espe-
cia l ly when comp a ring water, va rious duckwe e d cover-
ages, a nd sa ndpaper ( Fig. 5 A–C). These legs al so m ain-
tain tib io femo ra l j oint angle va lues relat i vel y consis-
tent ( Fig. 4 D). This consistency sug gests t hat t he mid-
dle legs, known for being the main pro p ulsers on water
( Andersen 1976 ; O’Neil et al. 2024 ), ma inta in a simi-
lar function across different terrains. Our findings in-
dica te tha t M. am eric an a navigate duckwe e d coverages
similarly to how they would navigate sandp aper, t reat-
ing both as “land” co ndi tio ns. W hile adapting their gait
t o accommodat e s ubs t rates flo at ing on water, M. amer-
ic an a distribute more work to the other legs on land-
like surfaces as the middle leg str ide lengt hs decre ase
o n d uckwe e d a nd sa ndpaper. 

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae078#supplementary-data
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imitations 

hile aiming to r epr oduce the complex a nd va ried sys-
em of a pond during our M. am eric an a r ecor dings, the
an g e limi tatio ns o f our high-spe e d ca mera a nd abil-
t y to reli ab l y use DLC t o trac k j oints in this t iny in-
e ct const raine d t he are a ava ilable f or M. am eric an a lo-
o motio n. Our study also encompassed a small sample
ize and examined a preliminary sele ct io n o f s ubs trates
limited ran g e of duckw e e d cov erag es an d on e san d-
ap er typ e). Desp i te these co nstraints, our experimen-
al setup yielded consistent results across tests. Future
tudies cou ld exp an d th e numb er of sp ecimens, p ossib l y
ncluding different juvenile instars for deve lopm ental
o mpariso ns and explore addit iona l s ubs trates or duck-
e e d coverage densit ies. Fut ure st udies m ay al so aim to
apture the t ransit ion of leg kinematics between differ-
ng s ubs trates, as an M. am eric an a would navigate its
a tural environmen t. We observed a z-com ponen t in
he amplitude of leg and joint m ovem ents, which our
tudy did not ca pture. Accura tely tracking leg move-
 ents in th e z-dire ct ion wou ld o ffer a mo re co mplete
n derstan ding of leg behavior on h eterogen eo us, ro ugh
urfaces. 
We a lso note d that duckwe e d fron ds m ove wh en M.

m eric an a traverse them. Future studies could quan-
ify the movement of these fronds during M. ameri-
 an a tar si int eract ions. E xamining locomot ion on wet
ersus dry surfaces could provide addit iona l insights,
iven tha t Micr o vel ia inhab i t enviro nments where they
ay enco unter bo t h as t h e lan d surfaces a re lik ely to
 e wet b eing nearb y water. M. a m eric an a ’s primary
 ovem ents—t o pur sue p rey o r escape p redato rs—
e an t hat t heir cros s-s ubs t rate locomot ion is not al-
ays con tin uous. F or ins tance, on s ur faces wit h sparsely
catt ered duc kweed (10% and 25% duckweed), M.
m eric an a often move across larger water areas and halt
 po n reaching d uckwe e d. Thi s beh avior likely serves a s
n underwa ter-preda to r evasio n strategy, yet i t limi ted
ur observations of smooth t ransit ion s betw e en aquat ic
nd ter restr ial loco motio n. 

onclusions 
n our study, we determin ed h o w M. a m eric an a mod-
fies t he alter nating tr ip o d gait to traverse on differ-
nt sur faces t hroug h hig h-spe e d imag ing and pose-
st imat ion de ep-le ar ning sof twar e. Thr o ugh o ur re-
ults, w e discov er that M. am eric an a m ove th eir up-
er legs at a higher stride length on la nd tha n water,
 ugges ting that the upper legs provide more pro p ul-
io n o n la nd a n d may be n e e de d to faci litate wa l king
n rougher ter rain. Furt her more, w e discov er t hat t he
tr ide lengt hs of the upper legs and hind legs are s tatis ti-
a l ly simi lar across a l l duckwe e d coverages and sandpa-
er within this study. This s ugges ts that once M. amer-
c an a know that solid debris is p resent o n water, that
hey wi l l ad just their u pper an d hin d legs to m ove sim-
lar ly to th eir m ovem ent on lan d. M. ameri cana were
lso found to decre ase t heir step amplitude with in-
reasin g duckw e e d cov erag e . S in ce th e middle legs are
 sed a s the m a in mea ns o f p ro p ulsion, o ur dat a sug gest
 hat t h e M. ameri cana are adjusting the stride of their
iddle legs to m ove m ore quickly on more variable

errain. 
This unique a pplica tio n o f a co mmo n ter restr ial

ai t, the al ternat ing t rip o d ga it, f or aquatic running
 h owcases th e potent ia l fo r b io insp ire d desig ns in
ross-terra in a nd a mphibious micr o-r o bots. Ins pired by
. am eric an a , futur e r obot ic desig ns might on ly re-
uire a single adaptable gait fo r mul tifaceted enviro n-
en tal naviga tio n, o fferin g in sigh ts in t o mec hanosen-
ory a fforda nces f or mu lt i-environmenta l adaptabi lity
 Da l lmann et al. 2023 ; Li et a l. 2009 ; Sp ag na et al. 2007 ;
uter and Wildman 1999 ). For example, a b io-insp ired
obot b ase d on M. am eric an a , can ut i lize a six-legge d a l-
ernat ing t rip o d gait that s ens es chan g es in the environ-
ent b ase d on topolog ica l h eight differen ce, s lip, an d

rictio n, and ad just i ts gai t behavio r to acco mmodate
iffer ent envir onm ents. Th e adjustm ents in joint and
tep amplitudes wi l l a l low the robot to mimic M. ameri-
 an a a nd ma neuv er betw een la nd a n d water. Th ese fin d-
ngs hig hlig ht o p po rtuni ties fo r f urt her rese arch in gaits
djus tments acros s s ubs t rates, the biolog ica l actuat ion
e hin d t raversa l in diverse environm ents, an d th e im-
licatio ns fo r semi-aquat ic robot ics and b io-insp ired
esign in navigating complex media, such as sand, or
 ransit iona l environments ( Li et al . 2009 ; S nell-Ro o d
016 ). U ltimat e ly, th ese results can influen ce th e design
 f fu ture amphib io us microbo ts that can bett er traver se
ough an d un cert ain ter rain t h at m ay in clude ran dom
e bri s. 
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