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Synopsis Mechanos ens o ry info rmatio n is a crit ica l com ponen t of organi sm al m ovem en t con trol syst ems. Under st anding t he 
role m echan osensation plays in modu lat in g or gani sm al beh avior r equir es inher en tly m u lt idi sciplin a ry resea rch progra ms that 
r each acr oss biolog ica l sca les. Re cent ly, t here have been rapid advances in discerning how mechanos ens ory mech ani sms are in- 
t egrat ed int o neural control systems and the impact mechanos ens o ry info rmatio n has o n behavio r. Th us, the Sym posium “The 
Role of Me chanosensat ion in Ro bus t L o co motio n” at the 2023 Annual Meeting of the Society for In tegra tive and Com para tive 
Biology was convened to di scu ss these recent adva nces, compa re a nd contrast different systems, share exper iment al advice, 
and in spire colla borativ e approaches to expand and synthesize knowledg e. The div ers e s et o f speakers p resented o n a variety o f 
vert ebrat e , invert ebrat e , and robotic systems. Di scu ssion at the symposium resu lte d in a series of m anu s cripts pres ented in this 
is s ue that addres s is s ues facing the bro ader field, me ch ani sms of mech anosensatio n, o rgani sm a l funct ion and b io mechanics, 
and sen sin g in e colog ica l and socia l contexts. 
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Ma ny a nim al s exhib i t extrao r dinarily r o bus t behaviors
in the face of ext reme externa l disturb ances. This Sym-
posium, “The Role of Me chanosensat ion in Ro bus t Lo-
co motio n” at the 2023 Annual Meeting of the Society for
In tegra tive and Com para tiv e B iology (S I CB) focused o n
h ow m echan os ens ors, in p art icu lar, ena ble con sistent,
and ro bus t moto r co ntrol. The 2023 S I CB Me et ing was
an o p portun e tim e t o bring t og ether or gani sm al sci-
entis ts s tudying m echan osensation, as m echan os ens ory
r esear ch h a s rap idly p r ogr essed in recent years, espe-
cia l ly in the realm of n euroeth ology, with studies that
consider m echan os ens ory mech ani sms in the context of
organi sm beh avior. 

Mechanos ens ors trans duce mecha nical inf o rmatio n
(li ke t is s ue defo rmatio n o r ciliary ben ding) into e le ct ro-
ch emical n eural sign al s, an d th e term “m echan osensa-
tio n” b r oadly r efer s t o this p hysio log ica l process at a l l
levels of biolog ica l organizat ion. F or exam p le, a Go lgi
tendo n o rgan i s a mech anos ens or in ter restr ial ver-
t ebrat es found at the end of a s ens ory a fferent nerve
A dvance A ccess publicat ion Ju ly 18, 2023 
C © Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
embe dde d in the myo tendino us junctio n. Co ntractio n
of the muscle causes tension in the Golgi tendon or-
gan, which then co mp resses me chanica l ly sensit ive ion
chann e ls in th e s ens ory a fferen t, ca using them to depo-
lar ize. Thus, t h e m e chanica l informat ion of the mus-
cle cont ract ion is t ransduce d into neura l informat ion
by the Golgi tendon organ m echan os ens or. This neu-
ra l informat ion is then in tegra ted in to a motor control
fe e db ack loop ( Jami 1992 ; Miln eus lic an d L o eb 2006 ;
Granatosky et al. 2020 ). 
A va riety of mecha nosen sin g system s are known

across or ganism s. The v est ibu la r orga ns in vert ebrat es
an d th e lateral lin e spe cifica l ly in fis h es as sis t with
b o dy p osi tio ning and o r ient ation, as do a variety of
p rop riocepto rs (incl udin g the v ertebrate Golgi ten-
do n o rgan) across vert ebrat es and invert ebrat es (e .g.,
Tuthi l l and Wi lson 2016 ; Tuthi l l and Azim 2018 ; Hale
2021 ). In ter restr ial vert ebrat es, pro priocep tion regu-
lat es gait mec hanics (e .g., Maas et al . 2007 ; Go rdo n et
al. 2020 ). Pro priocep tors also co ntribu t e t o locomot or
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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o bus tnes s (re vie wed in Santuz and Akay 2023 ). Pro-
riocep tive mo tor control n etwor ks can also in tegra te
nfo rmatio n fro m enterocept ive me chanos ens or s (e .g.,
n Ca en orh ab ditis el ega ns , Kreig et al. 2022 ). I n addi tio n
o p rop riocept ive cel ls at t he per i phery, verteb rates have
 echan osen sin g cells in the central nervous system that
re invo l ved in loco motio n (e.g., Grillner et al. 1991 ;
ohm et a l. 2016 ; Massarel li et al. 2017 ; Katz et al. 2021 ;
icton et al. 2021 ; Wu et al. 2021 ). Me chanosensat ion
 s al so m a nif est in tact i le-sen sin g system s crit ica l for
avigation a nd f oraging, a m ong oth er complex be hav-
ors [summarized in Prescott et al. 2011 ]. For instance,
act i le me chanosen sin g is crit ica l for behaviors related
o fo o d acquisi tio n (e.g ., Catani a 2012 ; Sc hneider et al .
014 ; A mich ai et al. 2023 ), r epr oduction ( Ya ma nouchi
t a l. 2023 ), and g roomin g ( Zhan g et a l. 2020 ; Ravb ar et
l. 2021 ). 
Th e m ech ani sm of mech a notra nsd uctio n occurs

hrough s e vera l types of me chanica l ly act ivate d ion
hann e ls (summarized in Kefauver et al. 2020 ). The
hann e l(s) im plica te d in me chanot ransduct ion varies
cross m echan os ens ory systems, and re v ealin g this
ech ani sm i s a n active a r ea of r esear ch in many sys-

ems. Be cause me chanos ens o rs mod ulate moto r co n-
rol and thus behaviora l mot ions, the im plica tio ns o f
 echan os ens o ry ab ili ties reach beyo n d th e m ole cu lar-
ca le me ch ani sms a l l t he way to t he or ganism-lev e l an d
v en inter-or gani sm a l interact ions. Inde e d, a fu l l un-
erstanding of the function of mole cu l ar-sc a le me ch-
nisms r equir es studying the higher levels o f b iolog-
ca l organizat ion, whi le the mech ani sms of higher-
cale ph en om ena r equir e study of the mole cu lar-
n d ce l lu lar-level s. Thu s, a fu l l un derstan ding of
 echan os ens o ry co ntr ol r equir es cr ossing biological
c ales, which c an be accomplis h ed thr ough inter dis-
iplina ry tra ining , coll abo ratio n, and through interac-
io ns amo ng the scien tific comm unity in gat her ings
uch as this symposium. 
The speakers in this symposi um (ou tlin ed be low)

xem plify this in tegra tiv e or gani sm al p ersp ective on
 echan os ens ory res earc h, whic h was a major th em e of

 he symposium. Ot her ex citin g, cuttin g-edg e r esear ch
rea s in mech an osensation an d organi sm al biology in-
lude building an un derstan ding of h ow m echan osen-
a tion sha pes and is shaped by organismal devel-
pment (e .g., St ernberg et al . 2018 ; Willia ms a nd
ibera 2020 ; Ag rawa l and Tuthi l l 2022 ), the integ ra-
io n o f m echan osen sation in reg eneratin g system s (e.g.,
onroe et a l. 2015 ; Ham let et a l. 2023b ; Katz and
amlet 2023 , this is s ue), an d h ow m echan os ens ory spe-
ia lizat ion s hav e ev o l ve d (e.g., tune d to the b io mechan-
cs of or ganism s, Aiello et al. 2017 ). 
Future advances in the field wi l l be enable d by form-

ng a co hesi ve and com para tive un derstan ding of h ow
ifferent mecha nos ens o ry o rga ns a nd systems func-
ion across or ganism s. Thus, S I CB 2023 was an ex-
el lent t ime to bring together r esear c her s t o compare
n d contrast th eir differen t systems (a t cel lu la r, orga n,
 nd orga ni sm al-level s); sh are exper iment al advice and
 eth ods; an d in spire colla borativ e, cros s-s pecies ap-
roac hes t o under st anding t he role of mechanosen-
ation in m ovem ent cont rol systems. Go a ls for the
ymposi um incl ude d (1) encourag ing a comp arat ive
pproac h t o under standing how mechanos ens ors are
nco rpo rated in o rgani sm al control syst ems, inc lud-
ng how robotic systems can h e lp us le ar n biolog ica l
 rinci ples and vice versa; and (2) dev elopin g an evo-
 u tio nary app roac h t o under st anding t he basic biol-
gy of m echan os ens ors, con siderin g the potent ia l for
n alogou s (o r ho molog ous) sen sor structure and func-
ion across taxa. By assembling r esear c her s who study
 echan osensation in different or ganism s and at differ-
nt biolog ica l sca les, an d by en courag ing a comp arat ive
pproac h t o mec hanos ens ory res earc h, we hoped t o en-
ble br eak thr oughs in un derstan ding th e gen eral prin-
i ples o f m echan os ens o ry co ntrol o f behavio r. 

he symposium 

e assembled a diverse group of speakers who pre-
 ented their res earch on a variety of m echan osen sin g
ech ani sms in both a main symposium session as well
s in a com plemen tary s ession. Thes e pres en ta tions
overed a wide range of t opics, inc luding pro priocep tive
nd tact i le sen sin g system s; sen sors at the periph ery an d
n the cent ra l nerv ous system; in sect, v ertebrate, and
ob otic mo dels; and the in tegra tio n o f m echan osensa-
io n, b io mecha nics, a n d be havior. 
The symp osium b egan wi th p resen ta tio ns o n how
 echan os ens ory fe e db ac k is int egrat ed int o locomo-

 or syst ems, inc luding s e veral examples. Brad Dicker-
 on dis cuss ed how a co mmo n co ntr ol system ar chi-
ectur e fr om en gineerin g control theory can be used
o study s ens ory system dyna mics a nd a nim al beh av-
or ( Dic ker son et al. 2023 ; f urt her re ading: Dickerson
t al . 2014 ; Dic ker son et al . 2019 ; Dic ker son 2020 ; and
ic ker son et al . 2021 ). Kaushik Jaya ra m described how
he study of dist ribute d me chanos ens ors across anim al s
a n inf or m t he design o f b io insp ir ed r obots with dis-
 ribute d me chanos ens o ry capab ili ties the imp rove lo-
o moto r functio n ( Jaya ra m et al. 2023 ; f urt her re ading:
aya ra m a nd Fu l l 2016 ; Jaya ra m et al. 2018a a nd 2018b ;
 abu tz a nd Jaya ra m 2021 ; Ha ri P rasad a nd Jaya ra m
022 ; McDonn e ll an d Jaya ra m 2022 ). 
Th e Drosophil a mel anogas t er (f r uit fly) m ode l system

 a s be en re cently use d to revea l th e complex m echa-
ism s inv o l ve d in me chanos ens o ry loco moto r co ntrol,
aci litate d by the avai labi lity of tar g eted g enetic tools
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and very high-resol u tio n anato mic al d ata (e.g ., Ph e lps et
a l. 2021 ). Severa l spea kers di scu ssed their cuttin g-edg e
r esear ch on m echan os ensation in Dros ophila. Chris
Da l lm ann di scu ssed how sensory information from
fly p rop riocepto rs—nam e ly, from th e p rop rioceptive
fem oral ch ordoton al organ—i s modu late d depending
o n behavio ral co ntext ( Da l lma nn a nd Tuthi l l 2023 ; fur-
t her re ading: D a l lmann et a l. 2016 , 2017 , 2021 ). Sweta
Ag rawa l cont inue d t he convers atio n o n fly p rop rio-
cept or s by presenting a re const ruct ion of the fly leg
m echan os ens o ry circui ts ( Ag rawa l et a l. 2023 ; f urt her
r eading: A g rawa l et a l. 2020 ; C hen et al. 2021 ). Julie
Simps on re vea le d h ow n euron s that sen se de bri s sh ape
gro oming b ehaviors in flies and outlined current efforts
to map a nd cha racter ize t h ese be havioral-m odu lat ing
m echan os ens o ry circui ts ( Simpso n 2023 ; f urt her re ad-
ing: Hampel et al., 2011 , 2015 , 2017 ; Zhang et al. 2020 ;
Ravbar et al. 2021 ; Guo et al. 2022 ; Mueller et al., 2021 ).

Mechanos ens o ry neuro ns wi t hin t he cent ra l nervous
systems (as o p posed to at the periphery) were an-
ot her t heme of the sy mposium. Cl a ire Wya rt di scu ssed
her exten siv e line of w o rk o n th e m echan os ens ory
(an d ch em os ens o ry) cereb rosp inal fluid-co ntacting
n eurons, which m odu late spina l posture and loco-
motion ( Wyart et al. 2023 ; f urt her re ading: Wyart et
a l. 2009 ; Bohm et a l. 2016 ; Orts-del’Immag ine and
Wyart 2017 ; Sternberg et al. 2018 ; Can ta ut-Belarif et
a l. 2020 ; Orts-del’Immag ine et al. 2020 ; Wu et al.
2021 ). Kat ie Stancha k describe d current wo rk o n the
av i an lumbosacral organ, a putati vel y mechanosen-
so ry o rgan in the lower spinal cord of birds, includ-
ing efforts to test a set of mech ani st ic funct iona l hy-
pot heses ( St ancha k et a l. 2023a , 2023b ; St a f urt her
re ading: St ancha k et a l. 2020 a nd 2022 ; Sta nchak et
al., 2023b , thi s i s s ue). Hila ry Katz cha racter ized t he
m echan os ens o ry Roho n-Bear d neur ons in the larval
ze brafish, which s ens e at t he per i phery bu t have cell
b o dies within the spinal cord ( Katz et al. 2021 ; Katz
2023 ). Dr. Katz then conne cte d this s ens ory syst em t o
funct iona l regenerat io n o f sp inal co rd in lamp rey ( K atz
et al. 2020 ; f urt her re ading: Katz a nd Ha mlet 2023 ,
thi s i s s ue). 

C hrist ina Ham let addresse d injury re covery and re-
generatio n fro m a neuro me chanica l p ersp e ct ive and
presented a com puta t iona l m ode l of a n a ngui l liform
swimmer in fluid wi th p rop riocept ive fe e db ack ( Ham let
et al. 2023a ; f urt her re ading: Ham let et a l. 2018 ; Ham let
et al. 2023b ; Katz a nd Ha mlet 2023 , this is s ue). Eric
Tyte ll th en e labo rated o n this top ic by co mparing co m-
pu tatio nal sim ula tio ns wi t h new exper iment a l resu lts
o f lamp rey swimming in fluids o f different viscosi ties
( Tytel l et a l. 2023 ; f urt her re ading: Tytel l et a l. 2010 ;
Tytell et al. 2011 ; Massarelli et al. 2017 ; Hamlet et al.
2018 ; Tytel l et a l. 2018 ; Ham let et a l. 2023b ). Other
s peakers addres sed m echan os ens o ry systems fo r loco-
mo ting thro ugh a different fluid: a ir. Jasmin Wo ng p re-
s ented ne w vib ratio n an alysi s results to characterize the
me chanica l fil tering p roperties o f b ird fe at hers ( Wong
et al., 2023 ). Brooke Quinn s h owed n ew experim ental
da ta demonstra ting tha t the hair s ens o rs o n bat wings
h e lp regulate flight in turbulent co ndi tio ns ( Quinn et al.
2023 ; f urt her re ading: A mich ai et al. 2023 ; Rumm e l et
al. 2023 ). 
The symposium extended beyond the biologi-

cal level of the indiv idu al organism and explored
h ow m echan osensatio n can influence anima l e col-
ogy and soci alit y. Eve Schneider expl ained how the
m echan osen sitiv e bills o f do mesticated d ucks h e lp
them di stingui sh fo o d items ( West et al. 2023 ; f urt her
reading: 2014 ; 2017 ; Sc hneider et al . 2019 ; West et al .
2022 ). Mic hael S mit h t hen p resented o n the sensi tivi ty
of cham e leons to vi brations an d th eir ab ili ty to p rod uce
th ese trem ors in th e presen ce of oth er in div idu als
( D enny et al. 2023 ; f urt her re ading: Huskey et al., 2020 ;
Teg ge et al. 2020 ; D enny et al. 2023a and 2023b , this
is s ue). 

Associated manuscripts 
Thi s i s s ue of In tegra tive and Com para tiv e B iology in-
cludes a series of paper s st emming from the symposium
sessio n, incl udin g colla borativ e pieces among speakers
that w ere in spired by the di scu ssio n d ur ing t he Annual
Me et ing. The first piece is a col laborat ive p ersp e ct ive
from s e vera l spea k ers that a rgues th at mech anosensa-
tion is crit ica l for ro bus t locomotion and di scu sses how
col laborat ion betwe en exper iment a l biolog ists and en-
g ine ers can infor m t h e implem entatio n o f m echan osen-
sory fe e db ack cont rol systems in robotics ( Dallmann
et al., 2023 , thi s i s s ue). Th e secon d is an oth er collab-
o rative p iece th at focu ses on advances in m athem at ica l
m ode ls of angui l lifo rm loco motio n an d h ow th ese m ore
complex m ode ls with in tegra ted s ens ory f eedback ca n
su ppo rt b iolog ica l invest igat io n ( K atz a nd Ha mlet 2023 ,
thi s i s s ue). F ollowing tha t is an outline of hypotheses
on how the av i an l umbosacral o rgan might s ens e or-
gani sm al m ovem ent, which provides a fram ewor k for
f urt her rese arch o n pu tat ive me chanos ens ory mecha-
nisms of the LSO ( Stanchak et al., 2023b , this is s ue).
Fina l ly is a set of exper iment al studies on how vei le d
cham e leo ns co mm unica te thro ugh bio tremors ( Denny
et al. 2023a and 2023b , this is s ue). Col le ct ive ly, th ese
papers cover a wide range o f top ics in m echan osensa-
tion at different conceptual and biolog ica l sca les: is s ues
facing the broader field, cel lu lar-level me ch ani sms of
sensatio n, o rgani sm a l funct io n and b io mecha nics, a nd
sen sin g in e colog ica l and socia l contexts. O ur hope is
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 hat t hese p apers wi l l insp ire mo re in tegra tive and in-
erdi sciplin a ry resea rch on m echan osensation. 

cknowledgments 
e would like to thank all of t he spe akers who took
art in this symposium, as well as Thom San g er, Ulrike
ül ler, a nd Suza nne Mi l ler f or their guida nce a nd or-
anization. 

unding 

undin g was g ener ously pr o vided b y the Nat iona l Sci-
n ce Foun d ation Div ision of In tegra tiv e Or gani sm al
ystems [gran t n umber 2233350] awarded to H.R.K.,
 Scientific Meeting Grant from The Company of Bi-
logists, an d th e Society for In tegra tive and Compara-
iv e B iology Division s of N eurobiology, N euroethology,
 Sensory Biology; Com para tiv e B iomec hanics; Vert e-
 rate Mo rp ho logy; A nim al Beh avior; and Phylogenet-
cs and Com para tiv e B iology. 

onflicts of interest 
h e auth ors have no conflicts of interest to declare. 

eferences 
g rawa l S , Da l lmann C, Lee S-Y, Tuthi l l J. 2023. Neural archi-
tecture of leg m echan os ens o ry circui ts in Drosophila. In: S I CB
2023 Annual Meeting Abstracts, In tegra tive and Com para tive
Biology 63: Is s ue Supplement_1, p.S3–4. 
g rawa l S , Dickinson ES, Sustar A, Gurung P, Sh eph erd D, Tru-
man JW, Tuthi l l JC. 2020. Cent ra l processing of leg proprio-
ception in Drosophila. Elife 9:e60299. 
g rawa l S , Tuthi l l JC. 2022. The two-b o d y prob lem: propriocep-
tion and moto r co ntr ol acr oss th e m etam orp hic di vide. Curr
Op in Neurob iol 74:102546. 
ie llo B R , Westn eat MW, Hale ME. 2017. Mechanosensation is
evol u tio narily tuned to loco moto r mecha nics. P roc N atl A cad
Sci USA. 114(17):4459–64. 
 mich ai E , Boerma DB, Page RA, Swartz SM, Ter Hofstede HM
2023. By a whis ker: th e s ens ory role of vibr iss ae in hov erin g
flig ht in nec t ar ivor ous bats. Pr o c R So c B 290(1992):20222085.
öhm UL , Prendergast A, D j enoune L, Nunes Figueiredo S,
Gomez J, Stokes C, Wyart C. 2016. CS F-co ntacting neuro ns
regu late locomot ion by rel ay ing mechanic al stimuli to spinal
circuits. Nat Commun 7(1):10866. 
an ta ut-Belarif Y , Orts De l’Immagin e A, Penru M, Pézeron G,
Wya rt C, Ba r det PL. 2020. Adr energ ic act ivat io n mod ulates the
sig na l from the Reissner fiber to cer ebr ospina l fluid-contact ing
neuro ns d uring develop ment. Elife 9:e59469. 
atania KC . 2012. Tact i le sen sin g in spe cia lize d pre dat or s–from
behavior to the brain. Curr Opin Neurobiol 22(2):251–8. 
hen C , Agrawal S, Mark B, Mamiya A, Sustar A, Ph e lps JS,
Lee WCA, Dickson BJ, Card GM, Tuthi l l JC. 2021. Func-
t iona l arc hit e cture of neura l circuits for leg pro priocep tion in
Drosophila. Curr Biol 31(23):5163–5175.e7. 
a l lmann C , Tuthi l l J. 2023. Con text-dependen t modula tio n o f
leg p rop rioceptio n in Drosophila. In: S I CB 2023 Annua l Me et-
ing Abst racts, Integ rat ive and Comp arat iv e B iology, 63:Is s ue
Supplement_1, p.S101. 
a l lmann CJ , Dic ker son BH, S impson JH, Wyart C, Jayaram K.
2023. Mechanos ens o ry co ntrol o f loco motio n in anim al s and
machin es: m oving f orwa rd. In tegr Com p Biol, thi s i s s ue, https:
//doi.org/10.1093/icb/icad057 . 
a l lmann CJ , Dürr V, Schmitz J. 2016. Joint torques in a
fre ely wa l kin g in s ect re vea l dist in ct fun ctio ns o f leg jo ints
in pro p ulsion and posture contr ol. Pr o c R So c B 283(1823):
20151708. 
a l lmann CJ , Hoinvi l le T, Dürr V, Schmitz J. 2017. A lo ad-b ase d
mech ani sm for inter-leg coordination in insects. Proc R Soc B
284(1868):20171755. 
a l lma nn CJ , Ka ras h chuk P, Brunton BW, Tuthi l l JC. 2021. A
leg to stand o n: co mpu tatio nal m ode ls o f p rop rioceptio n. Curr
Opin Phys 22:100426. 
enny K , Anderson C, Smith M, 2023a. Comm unica tion v i a
b iotremo rs in the vei le d chamele on (C h am aele o ca lypt ratus):
p art I- biot r emor pr oduction and r es ponse to s ubs trate-borne
vib ratio ns. Integr Comp Biol, this is s ue , https://doi .org/10.109
3/icb/icad085 . 
enny K , Anderson C, Smith M, 2023b. Comm unica tion v i a
b iotremo rs in the vei le d chamele on (C h am aele o ca lypt ratus):
p art II- socia l con texts. In tegr Com p Biol, thi s i s s ue, https:
//doi.org/10.1093/icb/icad084 . 
enny K , Huskey S, Anderson C, Smith M. 2023. Communi-
c ation v i a b iotremo rs in the vei le d cham e le on (C h am aeleo
ca lypt ratus). In: S I CB 2023 Annua l Me et ing Abst racts, In-
teg rat ive and Comp arat iv e B iology 63: Is s ue Supplement_1,
p.S112. 
ic ker son B , Cowan N, Gaede A, Ijspeert A. 2023. Feedfor-
wa rd a nd f e e db ack cont r ol ar c hit ectures for locomotion us-
ing m echan os ens o ry inpu t. In: S I CB 2023 Annua l Me et ing Ab-
st racts, Integ rat ive and Comp arat iv e B iology, 63:Is s ue Supple-
ment_1, p.S117. 
ic ker son BH . 2020. Timing precision in fly flight con trol: in te-
g rat ing me chanos ens o ry inpu t wi th muscle p hysio logy. Proc.
R . S oc. B. 287(1941):20201774. 
ic ker son BH , Aldworth ZN, Daniel TL. 2014. Control of moth
flight posture is me diate d by wing m echan os ens ory fe e db ack.
J Exp Biol 217(13):2301–8. 
ic ker son BH , de Souza AM, Huda A, Dickinson MH. 2019. Flies
regul ate w ing motion v i a act ive cont rol of a dua l-funct ion gy-
roscope. Curr Biol 29(20):3517–3524.e3. 
ic ker son BH , Fox JL, Sp onb erg S. 2021. Funct iona l diversity
from generic encoding in insect ca mpa nif orm sensilla. Cur-
rent Op inio n in Physiology 19:194–203. 
o rdo n JC , Holt NC, B iew ener A, Daley MA. 2020. Tuning of
fe e dfo rward co ntro l enab les stab le muscle force-length d y-
na mics a fter loss o f au togenic p rop riocept ive fe e db ack. Elife
9, p.e53908. 
ra natosky M C , McElroy EJ, Lem e lin P, Rei l ly SM, Nya katura
JA, Andrada E, Kilbourne BM, Allen VR, But c her MT, Blob
RW et al. 2020. Variation in limb loading magnitude and tim-
ing in tetrap o ds. J Exp Biol 223(2):jeb201525. 
ri l lner S , Wa l len P, B rodin L, Lan sn er A. 1991. Neuronal n et-
w ork g eneratin g loco moto r behavio r in lampr ey: cir cuitry,
transmitt er s, m embran e properties, an d sim ula tion. Ann u Rev
Neurosci 14(1):169–99. 

https://doi.org/10.1093/icb/icad057
https://doi.org/10.1093/icb/icad085
https://doi.org/10.1093/icb/icad084


448 K. E. Stanchak and H. R. Katz 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/2/444/7225938 by C

opyright C
learance C

enter user on 29 January 2024
Guo L , Zhang N, Simpson JH. 2022. Descen ding n euro ns coo r-
dina te an terio r groo ming behavio r in Drosophila. Curr Biol
32(4), pp.823–833.e4. 

Hale ME . 2021. Evol u tio n o f t ouc h and p rop rioceptio n o f the
limbs: insights from fish and humans. Curr Opin Neurobiol
71:37–43. 

Hamlet C , Fauci L, Morgan JR, Tytell ED. 2023. Pro priocep tive
fe e db ack am plifica tio n resto res effe ct ive locomot ion in a neu-
rome chanica l model o f lamp reys wi th sp inal in juries. Proc Na tl
Acad Sci USA. 120(11):e2213302120. 

Hamlet C , Fauci L, Tytell ED. 2023a. Neuromechanical mod-
eling of pro priocep t ive fe e db ack effe cts o n sp inal injury re-
covery in lampreys. In: S I CB 2023 Annual Meeting Abstracts,
In tegra tive and Com para tiv e B iology, 63:Is s ue Supplement_1,
p.S185. 

Ha mlet CL , Hoffma n KA, Tytell ED, Fauci LJ. 2018. The role
of curvature fe e db ack in the ener g etics and dynamics of lam-
prey swimming: a closed-loop m ode l. PLoS Co mpu t Biol
14(8):e1006324. 

Ham pel S , Ch ung P, McK ellar C, H a l l D, L o oger LL, Simpson
JH. 2011. Drosophila Brainbow: a reco mb in a se-ba sed fluo res-
cen ce labe ling t ec hnique t o su bdivide n eural exp ressio n pat-
terns. Nat Methods 8:253–9. 

Hampel S , Franconvi l le R, Simpson JH, and Se e ds AM 2015. A
n eural comman d circuit for grooming m ovem en t con trol. elife
4. 

Hampel S , McKellar CE, Simpson JH, Seeds AM. 2017.
Simu ltane ous act ivat io n o f p ara l lel s ens ory pathways
p ro motes a groo ming sequence in Drosophila. Elife 6,
p.e28804. 

Ha ri P rasad HK , Jaya ra m K. 2022. L o co motio n planning and
co ntrol fo r dis cretely-s oft b o die d legge d r obots. APS Mar ch
Me et ing Abst racts 2022:K03–003. 

Huskey S , Tegge SM, Anderson CV, Smith ME, Barnett K.
2020. Gular pouch diversity in the Ch am aeleonidae. A n at Rec
303(8):2248–61. 

Jami L . 1992. Golgi tendo n o r gan s in m amm alian s ke letal mus-
cle: funct iona l propert ies and cent ra l act ions. Physiol Rev
72(2):623–66. 

Jaya ra m K , Fu l l RJ. 2016. Cockro aches t ravers e cre vices, crawl
rapidly in confine d sp aces, and inspire a sof t, leg ged robot.
Proc Natl Acad Sci USA. 113(8):E950–7. 

Jaya ra m K , Ja ffer is NT, D os hi N, Gold b erg B, Wo o d RJ. 2018.
Co nco mi tant sen sin g and actuation fo r p ie zoele ct ric micro-
robots. Smart Mater Struct 27(6):065028. 

Jaya ra m K , McDonn e l l W, Gi li l land W, K abu tz H, Ha ri-P rasad
HK. 2023. In tegra te d and dist ribute d me chanosen sin g for ro-
b ust locomo tion. In: SICB 2023 Annual Meeting Abstracts, In-
teg rat ive and Comp arat iv e B iology 63: Is s ue Supplement_1,
p.S220. 

Jaya ra m K , Mon g eau JM, Moha pa tra A, Bir km eyer P, Fe ar ing RS,
Fu l l RJ. 2018. Transi tio n by head-o n collisio n: mechanically
me diate d manoeuvres in coc kroac h es an d small robots. J R Soc
Int erface . 15(139):20170664. 

K abu tz H , Jaya ra m K. 2021. Morp ho log ica l comp liance enab les
rob ot lo co motio n through cl u ttered terra in. APS Ma rch Meet-
ing Abstracts 2021:S14–004. 

Katz H . 2023. Rohon-Beard neurons and p ersp e ct ives on s ens ori-
mot or int eg rat ion after spinal cord regeneration. In: SICB 2023
Annua l Me et ing Abst racts, Integ rat ive and Comp arat iv e B iol-
ogy 63: Is s ue Supplement_1, p.S232–3. 
Ka tz HR , F ouke KE, Losurdo NA, Morgan JR. 2020. Recovery of
burrow ing behav io r after sp inal co rd injur y in the lar val sea
lamprey. Biol Bu l l 239(3):174–82. 

Katz HR , Hamlet CL, 2023. Mechanos ens ory fe e db ack in lam-
prey swimming m ode ls an d a pplica tions in th e fie ld o f sp inal
cor d r egenera tion. In tegr Com p Biol, this is s ue , https://doi .or
g/10.1093/icb/icad079 . 

Katz HR , Men e laou E, Hale ME. 2021. Morp ho log ica l and phys-
iolog ica l propert ies o f Roho n-Bear d neur o ns alo ng the ze-
b rafish sp inal co rd. J Co mp Neurol 529(7):1499–515. 

Kefauver JM , Ward AB, Patapoutian A. 2020. Discoveries in
structure and p hysio logy of me chanica l ly act ivate d ion chan-
n e ls. Nature 587(7835):567–76. 

Krieg M , Pidde A, Das R. 2022. Me chanosensit ive b o dy–brain
interactio ns in caeno rhabdi tis elegans. Curr Opin Neurobiol
75:102574. 

Maas H , Pril u ts ky B I, Nich ols TR, G reg or RJ. 2007. The effects
of se lf-reinn erva tion of ca t me dia l and latera l gast rocnemius
muscles on hindlimb kinematics in slope wa l king. E xp Brain
Res 181, pp.377–93. 

Massarelli N , Yau AL, Hoffman KA, Kiem e l T, Tyte ll ED. 2017.
C haracterizat io n o f th e en co ding prop ert ies of int ra spin al
m echan os ens o ry neuro ns in the lamp rey. J Co mp Physiol A
203:831–41. 

McDonn e ll W , Jaya ra m K. 2022. Ena blin g pow er and control
au to no my fo r ins ect s c ale robo-physic al m ode ls. APS March
Me et ing Abst racts 2022:W03–010. 

Mileusnic MP , L o eb GE. 2006. Ma thema t ica l m ode ls of proprio-
cept or s. II. Structure and function of the Golgi tendon organ.
J Neurop hysio l 96(4):1789–802. 

Monroe JD , Rajadinaka ra n G, Smith ME. 2015. Sensory hair
cell de at h and regeneration in fishes. Front Cell Neurosci 
9:131. 

Mueller JM , Zhang N, Carlson JM, Simpson JH. 2021. Variation
a nd va riab ili ty in Drosophi la g ro oming b ehavio r. Fro nt Behav
Neurosci 15:349. 

Orts-D el’ Immagine A , Can ta ut-Belarif Y, Thouvenin O, Roussel
J, Baska ra n A, La n gui D, Koëth F, B ivas P, L ejeune FX, B ardet
PL et al. 2020. Sensory neuron s contactin g the cer ebr ospinal
fluid r equir e the r eissn er fiber t o det e ct spina l curvature in
vivo. Curr Biol 30(5), pp.827–839.e4. 

Orts-D el’ Immagine A , Wyart C. 2017. Cer ebr ospinal-fluid-
co ntacting neuro ns. Curr Biol 27(22), pp.R1198–200. 

Ph e lps JS , Hildebrand DGC, Graham BJ, Kuan AT, Thom a s LA,
Ngu yen T M, B u hmann J, Azeve do AW, Sustar A, Ag rawa l
S et al. 2021. Reco nstructio n o f moto r co ntr ol cir cuits in
ad ul t drosophila using au to mate d t ransmission ele ct ron mi-
croscopy. Cell 184(3):759–774.e18. 

Picton LD , Bertuzzi M, Pa l l ucchi I, Fo ntan e l P, Da h lberg E,
Björnfo rs ER, Iacoviello F, She ar ing PR, E l Manira A. 2021.
A sp inal o rgan o f p rop rioceptio n fo r in tegra t ed mot o r actio n
fe e db ack. Neuron 109(7):1188–1201.e7. 

Prescott TJ , Diam on d ME, Wing AM. 2011. Active t ouc h sensing.
Phil. Trans. R. Soc. B 366(1581):2989–95. 

Quinn B , Breuer K, Bo rto ni A, Swartz S. 2023. Sen sin g on the fly:
s ens ory hairs h e lp b ats b at tle t urbulence. In: S I CB 2023 Annual
Me et ing Abst racts, Integ rat ive and Comp arat iv e B iology 63:
Is s ue Supplement_1, p.S372. 

Ravba r P , Zha ng N, Simpso n JH. 2021. Behavio ral evidence fo r
neste d cent ra l p a ttern genera to r co ntrol o f Drosophi la g room-
ing. Elife 10:e71508. 

https://doi.org/10.1093/icb/icad079


Introduction to the symposium 449 

R  

 

S  

S  

 

 

 

S  

 

 

S  

 

 

S  

 

 

S  

 

 

S  

 

 

S  

 

 

S  

 

 

S  

 

 

 

T  

 

T

T  

T  

 

 

 

T  

 

 

T  

 

T  

 

 

W  

 

 

W  

 

 

W  

W  

 

 

W  

 

 

W
 

W  

 

 

 

 

Y  

 

 

Z  

 

©
F

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/2/444/7225938 by C

opyright C
learance C

enter user on 29 January 20
umm e l AD , Sierra MM, Quinn BL, Swartz SM. 2023. Hair, there
an d everywh ere: a co mpariso n o f bat win g sen sory h air di stri-
bu tio n. A n a t Rec. h ttps://doi.org/10.1002/ar.25176 . 

antuz A , Akay T. 2023. Muscle spindles and their role in main-
taining ro bus t loco motio n. J Physiol 601(2):275–85. 

chneider ER , Anderson EO, Feketa VV, Mastrotto M, Nikolaev
YA, Gracheva EO, Bagriantsev SN. 2019. A cros s-s pe cies ana l-
ysi s reveal s a general role f or P ie zo2 in me chanos ens ory spe-
cia lizat io n o f t rigemina l gang lia from tac t i le spe cia li st bird s.
Cell Rep 26(8):1979–1987.e3. 

chneider ER , Anderson EO, Mastrotto M, Matson JD, Schulz
VP, Ga l lagher PG, LaMott e RH, Grac he va EO, Bagriants e v
SN. 2017. Mole cu lar b a si s of tact i le spe cia lizat io n in the d uck
bi l l. Proc Natl Acad Sci USA 114(49):13036–41. 

c hneider ER , Mastrott o M, Laur sen WJ, Sc hulz VP, Go o dman
JB, Funk OH, Bagriants e v SN. 2014. Neurona l me cha nism f or
acut e mec hanosensi tivi ty in tact i le-forag ing waterf owl. P roc.
N atl. A cad. Sci. U.S.A. 111(41):14941–6. 

impson J . 2023. Mechanos ens ory cues contribut e t o the fly
g rooming se quence. In: SICB 2023 Annua l Me et ing Abst racts,
In tegra tive and Com para tiv e B iology 63: Is s ue Supplement_1,
p.S427. 

tanchak K , Perkel D, Brunton B. 2023a. The av i an lumbosacral
o rgan: a sp ina l me chanos ens o r fo r b ird b a lance?In: S I CB 2023
Annua l Me et ing Abst racts, Integ rat ive and Comp arat iv e B iol-
ogy 63: Is s ue Supplement_1, p.S438. 

tanchak KE , French C, Perkel DJ, Brunton BW. 2020. The
b a lan ce hypoth esis for th e av i an l umbosacral o rga n a nd a n
explo ratio n o f i ts mo rp ho log ica l variat ion. Integ r Or g B iol
2(1):obaa024. 

tancha k KE , Mi l ler KE, Lumsden EW, Shi ki ar D, Dav is C, Brun-
ton BW, Per ke l DJ. 2022. Mole cu lar markers of m echan osen-
sation in gly ciner gic neuron s in the av i an l umbosacral sp inal
cor d. Eneur o, 9(5):ENEURO.0100–22.2022. 

tanchak KE , Miller KE, Shikiar D, Brunton BW, Per ke l DJ,
2023b. Mech ani stic hypotheses for pro priocep tiv e sen sin g
wit hin t he av i an l umbosacral sp inal co rd. Integr Co mp Biol,
thi s i s s ue , https://doi .org/10.1093/icb/icad052 . 

ternberg JR , Prendergast AE, Brosse L, Can ta ut-Belarif Y, Thou-
venin O, Orts-D el’ Immagine A, Wyart C. 2018. Pkd2l1 is re-
quired for m echan oceptio n in cereb rosp inal fluid-co ntacting
n eurons an d m ainten ance o f sp ine curva ture. Na t Comm un
9(1):3804. 
egge S M , Anderso n CV, Smi th ME, Huskey S. 2020. The role of
hyoid muscles in biotr emor pr oduct ion in C h am aele o ca lyp-
tratus. J Exp Biol 223(22):jeb227603. 
uthi l l JC , Azim E. 2018. Pro priocep tion. Curr Biol 28(5):R194–
203. 
uthi l l JC , Wi lson RI. 2016. Me chanosensat ion and adapt ive mo-
to r co nt rol in inse cts. Curr Biol 26(20):R1022–38. 
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 
ytell E , Co op er L, Lin L, Reis P. 2023. Regu lat io n o f the swim-
ming kinematics of lampr eys Petr omyzon m arinu s when vi s-
cosi ty increases. In: S I CB 2023 Annua l Me et ing Abst racts, In-
teg rat ive and Comp arat iv e B iology 63: Is s ue Supplement_1,
p.S492. 
ytell ED , Carr JA, Danos N, Wagenbach C, Sullivan CM, Kiem e l
T, Cowan NJ, An kara li MM. 2018. Body s tiffnes s and damp-
ing depend sensiti vel y on the timing of muscle activation in
lam preys. In tegr Com p Biol 58(5):860–73. 
ytell ED , Holmes P, Cohen AH. 2011. Spikes alone do not
beh avior m a ke: why neuroscience ne e ds b io mechanics. Curr
Op in Neurob iol 21(5):816–22. 
ytell ED , Hsu CY, Williams TL, Cohen AH, Fauci LJ. 2010. In-
teraction s betw een internal forces, b o dy s tiffnes s, and fluid en-
vironment in a neurome chanica l model of lamprey sw imming .
Proc Natl Acad Sci USA 107(46):19832–7. 
est A , Hart T, Schneider E. 2023. Tact i le spe cia lizat ion in do-
m estic an d m uscovy ducks: in tegra ting behavior and p hysio l-
ogy. In: S I CB 2023 Annua l Me et ing Abst racts, Integ rat ive and
Com para tiv e B iology 63: Is s ue Supplement_1, p.S492. 
est A , Xu EM, Nelson MD, Hart TR, Stricker EM, Cones AG,
Schneider ER. 2022. Q uant itat ive eva luat io n o f tact i le forag-
ing behavior in Pekin and Muscovy d ucks. Fro nt Physiol 13,
p.921657. 
i l liams K , Ribera AB. 2020. Lon g-liv ed ze brafis h Roh on-Beard
cells. Dev Biol 464(1), pp.45–52. 
ong J , Windsor S. 2023. Fligh t fea thers as st ructura l fil ters fo r
aerodynamic s ens ory sig na ls. In: S I CB 2023 Annua l Me et ing
Abst racts, Integ rat ive and Comp arat iv e B iology 63: Is s ue Sup-
plement_1, p.S506. 
u MY , C arb o-Tano M, Mirat O, Lejeune FX, Roussel J, Quan
FB, Fidelin K, Wyart C. 2021. Spinal s ens ory neurons proj e ct
onto the hindbrain to s tabilize pos ture and enhance loco moto r
spe e d. Curr Biol 31(15):3315–3329.e5. 
yart C , Bene FD, Warp E, Scott EK, Trauner D, Baier H, Isacoff
E Y. 2009. Op togenetic dissection of a behavioural module in
the vert ebrat e sp inal co r d. Natur e 461(7262):407–10. 
yart C , Böhm U, Bardet P-L, Can ta ut-Belarif Y, C arb o-Tano
M, Desban L, Djen oun e L, Fidelin K, Hubbard J, Marn a s H
et al. 2023. An axial s ens ory syst em det e ct ing spina l curvature
imp acts locomot ion, posture & m orph ogen esis. In: SICB 2023
Annua l Me et ing Abst racts, Integ rat ive and Comp arat iv e B iol-
ogy 63: Is s ue Supplement_1, p.S3–4. 
a ma nouchi HM , Tanaka R, Ka mik ouchi A. 2023. Piezo-
me diate d me chanosensat io n co ntribu t es t o sta bilizin g co p u-
lation posture and rep rod uctive s ucces s in Drosophi la ma les.
Iscience 26:106617, 
hang N , Guo L, Simpson JH. 2020. Sp at ia l comp ariso ns o f
m echan os ens o ry info rmatio n g ov ern the groomin g sequence
in Drosophila. Curr Biol 30(6):988–1001.e4. 
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 

24

http://dx.doi.org/10.1002/ar.25176
https:\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax \begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax doi.org\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax 10.1093\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax icb\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax icad052
mailto:journals.permissions@oup.com

	The symposium
	Associated manuscripts
	Acknowledgments
	Funding
	Conflicts of interest
	References

