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Synopsis St ructures spe cia lize d for ad h eren ce , suc h as suction cups, toe p ads, b a rbs, a n d h ooks, are abun dant in nature. 
Many of these struc tures func t ion wel l p assi vel y and are rever sible , making them potent insp iratio n fo r b io mimetic t ec hnology. 
How ev er, the biolog ica l aspe ct of how these structures are used by animals in nature is often ig nore d or abst racte d, even though 

active input by the animal often improves the structure’s adhesive per for man ce. Th e n orth ern clingfis h, Gobi esox m a ean dricus , 
is a co mmo n animal m ode l fo r b io-insp ire d suct io n cu ps because i t perfo rm s w e ll wh ere stan d ard cups c annot, such as dry, 
rough, a nd f ou le d surfaces. Here, we invest igate d wh eth er suctio n perfo rm ance i s acti vel y modu late d in response to increasing 
flow spe e d s u sing a dyn amic exper iment a l desig n. We comp are d maximum suct io n p res s ures, maximum s uctio n fo rces, and 

detachment spe e ds betwe en live and euthanize d cling fis h. We foun d t hat bot h living and eu thanized individ ual s increa se suction 

in response to faster flows, but that live anima ls increase d their suction to a great er ext ent, s ugges ting b oth b e havioral an d 

m orph olog ica l co mpo nents co ntribu t e t o suctio n perfo rmance. O ur resu lts indica te tha t act ive modu lat ion improves aspects 
o f suctio n perfo rm ance, m aking t hem import ant to consider for advancing bio-inspired design a pplica tions. 
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ntroduction 

da pta tio ns fo r adh ering to su bstrates are abundant
n nature ( Ditsche and Summers 2014 ). Adhesive
t rateg ies ran g e from per manent l y adhesi ve glues to
empora ry a n d reversi ble adh esion using structures
 uch as s uc tion c ups, fric t ion p ads, h ooks, an d barbs
 Dic kinson et al . 2009 ; B lob et al . 2010 ; Gu et al . 2016 ;
ohen et al . 2020 b; S mith 1991 ). A nim al s th at h ave

vo l ve d these st rateg ies of ten use t hem to aid in lo-
o motio n o r to stay pu t in their enviro nmen t. F or in-
tance , c laws and toe pads help climbing anim al s over-
o me gravi ty, while cements allow sessile marine in-
ert ebrat es t o wit hst an d cras hin g wav es ( Burden et al.
012 ). Adhesion can be generated through a variety of
ifferent mecha nism s, includin g ch emical bon ds, suc-
 ion, frict ion, capi l la ry f orces, a n d m e chanica l inter-
ocking ( Tian et al. 2006 ; Favi et al. 2014 ; Lan g owski
 dvance A ccess publicat ion Ju ly 1, 2025 
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t al. 2018 ). G iv en the div erse co mb inatio ns o f at-
achment structures and adhesive mech ani sms, the or-
anisms of the natural world provide endless inspi-
atio n fo r b io mimet ic te chn ology. Som e examples of
evices inspired by natural adhesive mech ani sms in-
lude synthetic adh esive nan ostruct ures ( Aut umn 2007 ;
iem et al. 2003 ), tapes ( Ge et a l. 2007 ), and suct ion

u ps ( Di tsch e an d Summ ers 2019 ; San dova l et a l. 2019 ;
ernandez et al. 2024 ). 
Biolog ica l ad hesive st ruct ures that out per for m cur-

ent t ec hnology provide f r uit fu l ar eas of r esear ch
 Pe attie 2009 ). Of ten, t he go a l o f b io mimetics is to repli-
ate and o p t imize natura l st ructures for a p art icu lar
unct ion ( Ven kata ra ma n et al. 2003 ; Fish and Beneski
013 ), yet structures shaped by millions of years of evo-
 u tio n rarely exhib i t idea lize d form-funct ion relat ion-
 hips ( Hen dry et al. 2011 ). A nim al adhesiv e a b ili ties
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(A) (B) (C)

(D)

Fig. 1 Ventral images of the northern clingfish ( G. maeandricus ) adhesive disc and examples of bioinspired suction cups. (A) Photograph of a 
live clingfish, with an inset showing the papillae and compliant disc rim. Volume renderings of a clingfish computed tomography scan 
( https://www.morphosource.org/media/000078707 ) showing (B) the whole body skeleton and (C) the skeletal elements that support the 
disc. (D) Commercial suction cups with (right) and without (left) an overmolded soft silicone disc rim inspired by clingfish anatomy 
(repr oduced fr om Huie and Summers 2022 ). 
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are often the result of complex interactions between
m orph olog ica l, behaviora l, p hysio log ica l, and e colog-
ica l t raits ( End lein et a l. 2013 ; Fe der le an d Labonte
2019 ). F or exam p le, the To kay g ecko ( Gek k o geck o )
can genera te a ttachmen t forces ∼27 times their b o dy
w eight, y et the perf orma n ce of th eir toe pads depends
on the dire ct ion they are applied ( Stark et al. 2013 ). As a
resu lt, ge ckos de li berate ly or ient t heir feet to en gag e the
surface in a way tha t im p roves adhesio n ( Au tumn 2000 ;
Zhua ng a nd Higha m 2016 ). Understa nding how the an-
imal lev erag es i ts mo rp ho logy in nature has h e lped im-
prov e a g ecko-in spir ed r obot that can climb on verti-
ca l and inverte d surfaces using a co mb inatio n o f passive
me chanica l inter locking an d active reposi tio ning o f the
f eet ( Ha n et al. 2022 ). Theref ore , a deeper under stand-
ing of animal adhesion under a ran g e of div erse condi-
t ions wi l l lead to improved and exp ande d u se ca ses in
b io-insp ire d desig ns. 

Manufac tured suc tion c ups a re inf erior to biologi-
ca l suct io n cu ps when cha l len g e d with st ic king t o sur-
faces that are n ot sm ooth. How ev er, numerou s fish
fami lies have suctoria l ad hesive di scs th at can stick
on rough or ir regular sur faces ( D elroisse et al. 2023 ).
Th e n orth ern clingfis h ( Gobi esox m a ean dricus ) h a s a

vent ra l ad hesive di sc th at it u ses to resi st the forces  
of crashing waves in the rocky intert ida l of the Pa-
cific North west ( Wain wright et al. 2013 ) ( Fig. 1 ). The
clingfish can stick on ro ugh, fo uled, com plian t, and
both wet and dry surfaces ( Ditsche et al. 2014 ; Ditsche
an d Summ ers 2019 ; San doval et al. 2019 ; Huie and
Summers 2022 ). Even when de cease d , the c lingfish
can generate adhesive forces up to 230 times its b o dy
weig ht ( Wainwrig ht et a l. 2013 ). C ling fish di scs are
su ppo rted by bo ny e lem ents from bot h t he pe ctora l
an d pe lvic g ird les ( Ar it a 1967 ; Kleint eic h et al . 2014 ).
E xterna l ly, the di sc h a s a com plian t m argin th at can
co nfo rm to surface irregu larit ies and faci litate ad he-
sio n o n rough surfaces ( Di tsch e an d Summ ers 2019 ;
Sandoval et al. 2019 ; Huie and Summers 2022 ). The
cont act sur face i s al so covered in a hierarchical array
o f microscop ic pap illae , whic h ost ensib l y im proves a t-
tachment v i a friction ( Wainw right et al . 2013 ; Ditsc he
an d Summ ers 2019 ; San dova l et a l. 2020 ; Hernande z
et al. 2025 ). Takin g in sp iratio n fro m the anato my
of the clingfish adhesive disc has yielded engineered
suc tion c ups that can outper for m t h e clingfis h on
rough surfaces ( Ditsche and Summers 2019 ; Sandoval
et al. 2019 ). 

Desp i te the b o dy of literature re lating th e adh esive
per for mance of G. m a ean dricus with disc morp ho logy,

https://www.morphosource.org/media/000078707
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here have been considerab l y fewer invest igat io ns o n
ehavio ral facto rs influen cing adh esion. Previous stud-

es have almost exclusi vel y examined the suction capa-
 ili ties o f G. m a ean dricus u sing euth anized indiv idu als
 Wainwright et al . 2013 ; Ditsc he et al . 2014 ; Huie and
ummers 2022 ). As a resul t, i t is not known whether
lingfish can modulate their adhesion in response to in-
r eased for ces acting to dislodge them from the sub-
trat e . Other families of fis h es that use suction to ad-
 ere to su bstrates, in cluding waterfa l l climbin g g obies
Gobiidae) and hi l lst ream lo aches (Ba li to ridae and Gas-
ro myzo ntid ae), have rel ati vel y large pel vic p rotracto r
nd retractor muscles t hat facilit ate active expansion of
 he se a le d volume under their adhesive discs ( Maie et
l. 2013 ; de Meyer an d Geerin c kx, 2014 ; Crawford et al .
020 ). E xp an ding th e volum e un der th e disc creates a
ar g er pres s ure different ia l betwe en the disc cavity and
he amb ient enviro nment, ther eby incr easing suction
orce ( Fulcher and Motta 2006 ). In addi tio n to using

usculos ke letal structures to modulate suctio n, remo ra
se th e e last ic soft t is s ues of the lip around their suction
isc to create a seal with the s ubs trat e , allowing them
 o generat e a great er sub-amb ient p res s ure ( Cohen et
l. 2020 ). It is likely that G. maeandricus uses a co mb i-
atio n o f the pap illae sur rounding t heir disc and their
 etwor k of adh esive disc muscles to behaviora l ly in-
rease suctio n fo rces in response t o c ha l leng ing con-
i tio ns ( Ari ta 1967 ; Kleint eic h et al . 2014 ), suc h as in-
reased wave actio n, bu t that has yet to be examined.
btaining a better un derstan ding of how live clingfish
 se their di scs to stick might inspire new ways to im-
rove the deve lopm ent of biomimetic suction cups. 
Here, w e inv est igate d the role of behavior on the suc-

io n perfo rmance o f G. m a ean dricus . To sim ula te a na t-
ral environment, we exposed live and euthanized indi-
 idu als of G. m a ean dricus to water flow of varying ve-
ocit ies whi le act i vel y r ecor din g their suction a b ili ties.

e had three specific aims: (1) examine suction in re-
ponse to increasing flow spe e ds, (2) comp are the max-
mum suctio n perfo rmance o f live and euthanized ani-
 al s, and (3) as ses s the interplay between b o dy size and

ehavior. As s uming that G. m a ean dricus acti vel y mod-
lates its adhesion with m uscle activa tio n, we p redicted
hat indiv idu a ls wou ld generate incr easingly mor e suc-
ion in response to faster flow. We also expected that live
ndiv idu a ls wou ld detach at fas ter flow s pe e ds and gen-
rate more suction than euthanized indiv idu al s. Fin ally,
in ce th e hydrodyna mic drag f orces acting to displace at
ny given speed are dependent on the size of the animal,
e a lso pre dicte d that lar g er indiv idu a ls wou ld generate
isp ropo rtio nate ly m o re suctio n th an sm a l ler individ-
als. Togeth er, our fin dings provide new insights into
he fact or s that det ermin e th e impres sive s uct ion abi l-
 ties o f th e n orth ern clingfis h an d emph a size the im-
o rtance o f study ing behav io r to enhance b io mimetic
 ec hnology. 

aterials and methods 

nimal sampling and husbandry 

i ve indi v idu als of G. m a ean dricus (3.9–7.3 cm stan-
ard length, 1.5–16.0 g) were col le cte d a round Sa n Jua n
s lan d, WA. Th e anim al s were fo und by flip ping rocks at
 e vera l locat io ns, incl uding Friday Harbor Labo rato ries,
a ttle Poin t, and D e adman Bay. Follow ing c apture, the
s h were h oused in a flow-t hrough se awater t a nk ma in-
ained at 12–14 

◦C and fed a diet of freeze-dried shrimp.
l l anima l ca re a n d experim ents were con ducted an d

pproved under the University of Washington’s IACUC
rotocol 4238-03. 

onstructing a pr essur e platform and water 
unnel setup 

o me asure t he suction pres s ure exerted by clin gfish, w e
onst ructe d a custom acrylic platform fitted with four
res s ure transducers ( Fig. 2 ). The pres s ure transduc-
rs (Mi l lar Mi krot i p-S P524) wer e thr eaded fr om under-
e at h t he platfor m and through separate 1 mm holes
uch t hat t he ti p o f the transd ucers were flush wi t h t he
op surface of the platform. We use d si licone aquar-
um sealant to fix the transducers in place and ensure a
 ight sea l aroun d th e h oles on th e vent ra l sur face of t he
la tform. F our commercia l suct ion cups were attached
o the vent ra l surface of the platform with cyanoacry-
at e glue t o adh ere th e platfor m to t he botto m o f the
ater tunn e l durin g testin g. The pr essur e transducer

a bles w ere conne cte d to two Mi l lar PCU 2000 pres-
ur e contr ol units (two pres s ure transducers per con-
ert er), whic h were then conne cte d to a Nat iona l In-
trumen ts da ta acquisi tio n system (NIDAQ US B 6212)
 ecor ding at 1000 Hz. We u sed cu sto m Pytho n code
 Supplement 1 ) to r ecor d and export the pres s ure data
n volts (V). 

ynamic testing of suction performance 

he suction pres s ure of live and euthanized clingfish
a s mea sur ed in r esponse to differ en t wa ter veloci-

ies using a high-speed r ecir culating flume ( Boller and
ar r ington 2006 ) ( Fig. 2 ). Th e wor king area of the flume
as 0.15 m × 0.15 m × 0.30 m (W × H × L). Flow
 elocities w ere ca lcu late d using a ca librat ion vide o,
hich captured neutrally buoyant particles circulating

 hrough t h e flum e a t differen t dia l sett ings. The spe e d
f the p art icles was ca lcu late d in Imag eJ v ersion 1.54 g
 Schneider et al. 2012 ) b ase d on the amount of time it
ook for the p art ic les t o trave l 10 cm. Th e cali b ratio n

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf120#supplementary-data
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Fig. 2 A schematic of the experimental design including the flume tunnel (top) and the plate embedded with pr essur e transducers. The 
transducers w er e attached to a v oltage conv erter bo x, which con v erted V to mmHg using a squar e wav e calibration. The v oltage conv erter 
box was attached to the NIDAQ, which communicated with the computer via Python code. 
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vide o was re corde d at 120 f ps wit h an iPh on e 15 Pro
(Apple, Inc.). 

The pres s ure platform was secured at the far end of
th e flum e, re lative to th e dire ct io n o f the o nco ming flow
( Fig. 2 ). Prior to each t ria l, the pres s ure transducers
were ca librate d with no flow using two square waves
r epr esenting 25 mmHg and 100 mmHg. After calibra-
t ion, a cling fish wa s int roduce d t o the wat er tunn e l. Th e
clingfish did not r equir e a ny ma n ual stim ula tion to at-
tac h t o the platfo rm, bu t they were encouraged to face
the dire ct io n o f flow an d adh ere a bov e o ne o f the four
pres s ure transducers by gently prodding t he t ail. A mir-
ro r posi tio n ed un dern eath th e flow tunn e l wa s u sed to
v isu a l ly confirm the fish’s adhesive disc was centered
over a pres s ure transducer. Once a ttachmen t was con-
fir med, t he clingfish were a l lowe d to acclimate with no
flow for 10 s before turning on the water tunn e l. We
incre ased t he flow in the tunnel by a pproxima tely 0.1
m/s in 10–15 s in tervals; th us, t ria ls laste d about 1–2
min from t he st art of flow. The flow rate increased un-
t i l the cling fish detache d from the pla tform. F or qu alit y
contr ol, we discar ded trials where the clingfish moved
o ff the p res s ure transducer without detaching from the
p latform. We co llected five s ucces sfu l t ria ls from each
indiv idu al for a total of 25 t ria ls. In betwe en t ria ls, in-
div idu als were housed in temporary holding containers
and w ere giv en at least 30 min of r est befor e th eir n ext
t ria ls. Al l t ria ls were co nd ucted o n t he s ame day. 

Following the co mpletio n o f the live t ria ls, the cling-
fish were eutha nized a nd t est ed again in the water
tunn e l. In div idu al s were euth anized with an overdose
of MS-222 (300 mg/L) and then weighed and pho-
tog raphe d to measure sta nda rd length a nd disc a rea us-
in g Imag eJ. Un li k e the live a nim al s, t he att achment of
t he eut hanize d cling fish h ad to be se cure d by lightly
p ressing o n th e fis h t o evacuat e wat er from un dern eath
t he disc. Ot herwise, t he s ame testing protocol described
a bov e wa s u sed to mea s ure the s uctio n p res s ure of the
euth anized fish; all data was collected within 3 h of the
fish being euthanized. 

Data processing 

We ext racte d pres s ure different ia ls generate d by the
clingfish u sing the pres s ure traces ( Fig. 3 ). Firs t, the
expo rted vol t age dat a was converted to mmHg using
the two-point ca librat ion from the square curve and
then convert ed t o kPa. Pres s ure different ia ls were ca l-
cu late d as the absol u te val ue o f th e n egative pres s ure
un der th e di sc minu s the amb ient p res s ure re corde d
with no flow. Maximum suction different ia ls were ex-
t racte d for each flow spe e d an d th e ent ire t ria l. To fur-
ther c haract erize suction perf orma nce, we also ana lyze d
the suctio n fo rce gen erated by th e clingfis h. We derived
suctio n fo rce by mul ti p l ying the pres s ure different ia l by
disc area, given that pres s ure is e qua l to force divided by
area ( Huie et al. 2022 ). Because suctio n fo rce is p ropo r-
t iona l to b o dy size, we size-corre cte d suct io n fo rce by
dividing it by each indiv idu al’s b o dy weigh t. The da ta
used for s tatis tical a nalyses a re ava ilable in Supplement
2 . 

Statistical analyses 

We used linear mixed-effect m ode ls (LMMs) to com-
pare the suction per for mance of live and euthanized
anim al s. First, we examined whether flow velocity, sta-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf120#supplementary-data
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Fig. 3 Repr esentativ e pr essur e traces (kPa) across flow speed 
(m/s) for a live and euthanized clingfish. The same clingfish is used 
for both pr essur e traces and was 5.8 cm standard length and had a 
mass of 8.5 g. Pr essur e traces w er e filter ed with a high pass 
Butterworth filter. The flow speed in which the individual detached 
was ∼1.9 m/s when alive and ∼2.5 m/s when dead. 
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us co ndi tio n (live o r eu tha nized), a n d th eir interac-
 ions had effe c ts on suc tion pres s ure and s uctio n fo rce
 er b o dy weight. L og-tra nsf ormed b o dy m a ss wa s al so

ncluded as a fixed effect since b o dy size may in-
uence suctio n respo nses. Individ ua l ident ity was in-
luded as a ra ndom effect to account for repeated mea-
ures [ y ∼ Flow Spe e d ∗ Co ndi tio n + log(Mass) +
1 | Indiv idu a l)]. We a lso comp are d maximum pres s ure
ifferent ia l (kPa), maximum suct io n fo rce p er b o dy
eight, an d detachm ent ve lo city (m/s) b etw een liv e and

utha nized a nimals. We perf orme d sep ara te LMMs tha t
ncluded status condition and log-t ransforme d b o dy
 a ss a s the fixe d effe cts an d in div idu al as th e ran dom

ffect [y ∼ Co ndi tio n + log(Mass) + (1 | Indiv idu al)].
ll LMMs were per for med wit h t h e “lm e” fun ction in

h e “nlm e” R packag e v ersion 3.1 ( Pin heiro et a l. 2025 ).
e as ses sed how much variation in t he dat a was ex-

lained by each LMM by ca lcu lat ing the coefficient of
etermination ( R 

2 ). The marg ina l R 

2 ( R 

2 
marg ) describes

h e am oun t of varia t ion explaine d by on ly the fixe d ef-
ec ts, w hile the co ndi tio nal R 

2 ( R 

2 
cond ) describes the

 mount of va ri ation expl ained by both the fixed and
a ndom effe cts. Both coefficients were ca lcu late d with
 he “r2_nakagawa” f unction in t he perf o rm an c e R pack-
g e v er sion 0.13 ( Lüdec ke et al . 2021 ). 

We ca lcu late d the est imate d marg ina l means
EMMs), sta nda r d err o r, and co nfidence intervals
f the detachment spe e d, maximum pres s ure differ-
nt ia l s, m aximum suction forces per body weight,
s well as suction forces with no flow (0 m/s). The
MMs were ca lcu late d as s uming a mass of 8.26 g,

he av erag e m a ss of th e in div idu a ls sample d, and
hen comp are d with a pairw ise test bet w een liv e and
uthanize d cling fish. We use d the emmeans R pack-
ge ( ht t ps://CRAN.R-proj e ct.org/p ackage=emmeans )
o ca lcu late the EMMs and per for m t he pairwise
ests. 

We a lso invest igate d how maximum suct io n p res s ure
kPa), maximum suctio n fo rce (N), an d adh esive disc
rea (cm 

2 ) sca le d with b o dy m a ss (g). Ordin ary lea st
quar e r egr ession s w ere per for me d on log-t ra nsf ormed
 orph om etric an d per for mance dat a using t he smatr R

ackag e v ersion 3.4 ( Warton et al. 2014 ). We comp are d
he r egr essio n slopes wi t h t heir pre dicte d slopes as s um-
ng isometric growth. G iv en that mass is a volumetric
 easurem ent, while a rea squa res, the pre dicte d isomet-

ic slope for force and disc area relative to m a ss wa s 0.66.
res s ure was expe cte d to exhib i t a no n-signific ant rel a-

io nshi p wi th b o dy m a ss (slope = 0). Sc aling rel ation-
hips were considered allometric if the pre dicte d slopes
o r iso m etry fe ll outside th e 95% confiden ce interval of
he ca lcu late d RMA reg ression slopes. Al l ana lyses in
his study were performed in R version 4.3.2 ( R Core
eam 2023 ) and can be found in Supplement 3 . 

esults 

ive and euthanize d cling fis h gen erated m ore suc-
 ion when expose d t o fast er flow ( Tables 1 , 2 ; Fig.
 ). How ev er, b o dy m a ss significa ntly a ffe cte d the suc-
io n p res s ure generated by live fish ( F -value = 27.42,
 = 0.014; Table 1 ), in that the two sma l lest indiv idu als
enerate d simi lar pres s ure different ia ls when a live and
uthanized ( Fig. 4 A). Body size did not have a signifi-
a nt effect on the force per body weight ( F -value = 3.30,
 = 0.167; Table 1 ). More over, suct io n p r essur es ap-
ear ed to incr ease mor e lin ear ly in euthanize d cling fish
n d m o re expo nent ia l l y in li v e clin g fish, with respe ct to
ow spe e d ( Fig. 4 ). 
On av erag e , c lin gfish g enerated lar g er pres s ure differ-

nt ia ls and p rod uced mo re fo rce per body weight when
live t han eut hanized ( Tables 1 , 2 ; Figs. 4 , 5 ). With no
ow, liv e clin gfish g enerate d sig nific antly l ar g er pres-
ur e differ ent ia ls (10.27 ± 0.55 kPa) t han eut hanized

https://CRAN.R-project.org/package=emmeans
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf120#supplementary-data
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Table 1 Results of the linear mixed-effects models showing which fixed effects had a significant effect on suction performance (bolded). 

Variable Fixed effect Df F -value P -value R 

2 
marg / R 

2 
cond 

Pr essur e differ ential (kPa) Flow speed 511 402.43 < 0.001 0.659/0.621 

Condition 511 220.29 < 0.001 

log(Mass) 3 27.42 0.014 

Flow 

speed ∗condition 
511 9.15 < 0.001 

Suction force (BW) Flow speed 511 483.73 < 0.001 0.622/0.552 

Condition 511 187.99 < 0.001 

log(Mass) 3 3.30 0.167 

Flow 

speed ∗condition 
511 15.64 < 0.001 

Max pr essur e differ ential (kPa) Status 44 45.03 < 0.001 0.697/0.529 

log(Mass) 3 6.26 0.0882 

Max suction force (BW) Status 44 35.95 < 0.001 0.593/0.368 

log(Mass) 3 1.28 0.3404 

Detachment speed (m/s) Status 44 1.51 0.2253 0.239/0.052 

log(Mass) 3 0.54 0.5155 

Table 2 Comparison of the pr essur e differ entials and suction force with no flow and the maximum values per trial, as well as detachment 
speed. 

Live ( n = 25) Euthanized ( n = 25) Tukey test 

FE ± s.e. 95% CI FE ± s.e. 95% CI t -ratio P -value 

Pr essur e differ ential (kPa) 

No flow 10.27 ± 0.549 8.52, 12.02 7.65 ± 0.553 5.89, 9.41 −5.828 < 0.001 

Max 14.29 ± 0.483 12.76, 15.83 10.59 ± 0.484 9.05, 12.13 −14.785 < 0.001 

Suction force (BW) 

No flow 43.9 ± 2.97 34.5, 53.4 35.2 ± 2.98 25.7, 44.7 −4.34 < 0.001 

Max 94.7 ± 7.07 72.2,117.2 65.4 ± 7.07 42.9, 87.9 −5.996 < 0.001 

Detachment speed (m/s) 

2.09 ± 0.127 1.68, 2.49 1.95 ± 0.127 1.54, 2.35 −1.23 0.2253 
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clingfish (7.65 ± 0.55 kPa) ( P < 0.001; Ta ble 2 ). Clin g-
fish al so generated more suction force p er b o dy weight
when alive (43.9 ± 3.0) than euthanized (35.2 ± 3.0)
( P < 0.001; Table 2 ). Comp are d to the suction gener-
ated with no flow, maximum pres s ure a nd f o rce val ues
were ∼2x higher for live fish and ∼1.85x higher for eu-
th anized fish ( Table 2 ). Desp i te t he var iat ion in suct ion,
live and euthanized fis h es all detached at similar flow
spe e ds ∼2 m/s ( Table 2 ; Fig. 5 C). 

Maximum pres s ure different ia l and force sca le d with
posit ive a l lomet ry in live a nd eutha nize d cling fish
( Tab le 3 , Fig. 6 ). Li ve clingfis h exhi b i t ed a st eeper rela-
tio nshi p between p res s ure and b o dy m a ss ( R 

2 = 0.50,
slope = 5.312) than euthanized fish ( R 

2 = 0.43,
slope = 1.705). Live fish also displayed a steeper
re lations hip between force and m a ss ( R 

2 = 0.91,
slope = 0.983) than euthanized fish ( R 

2 = 0.97,
slope = 0.815). Meanwhi le, ad hesive di sc area s were
p ropo rtio n al (i sometric) to b o dy m a ss ( R 

2 = 0.99,
slope = 0.677). 

Discussion 

Here, we used a dynamic testing environment to in-
vestigate wh eth er th e n orth ern clingfis h ( G. m a ean dri-
cus ) c an behav iora l ly modu late its suct ion per for mance.
We observed an increase in pres s ure in both live and
eu thanized individ uals in respo n se to increasin g flow
but, in general, live anim al s generate d g reater suct ion
pres s ure and forces t han eut hanized o nes. Addi tio n-
a l ly, we found that lar g er clin gfish (liv e a nd eutha nized)
generated disp ropo rtio nate ly m o re suctio n than sma l ler
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Fig. 4 Scatter plots illustrating the relationship between suction performance metrics and flow speed in live and euthanized clingfish. (A) 
Comparison of the pr essur e differ entials (kPa) generated by liv e and euthanized individuals at incr easing flow speeds (m/s). (B) A 

comparison of suction forces per body weight (BW) generated by living and euthanized clingfish at increasing flow speeds (m/s). Points are 
sized based on the mass of the individual (1.5–16 g). 
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lingfish ( Fig. 6 ). Toget her, t hese findings su ppo rt that
ling fish ad hesion incre ases t hroug h ac t ive and p assive
ech ani sms. In euth anized indiv idu als, hydrody namic

 orces lik e lift act to dislodge the anim al s, likely cau sing
h e volum e un der th e disc to exp and p assi vel y, thereby
ncre asing suction. Me a nwhile, we f oun d eviden ce that
iv e clin gfish di sp lay acti ve contro l over the deforma-
io n o f th eir adh esive di scs through mu scu lar cont rol.
s current b io insp ire d suct io n cu ps have mimicked the
assi ve morp ho log ica l features of th e clingfis h disc, fu-

ure i teratio ns could im plemen t active con t rol me cha-
i sms to increa se suctio n o r enable mo re co ntrol over

h e adh esion. 
While the myology of th e clingfis h disc has been de-

cr ibed, t he f unctio ns o f individ ual muscles as they per-
ain to adhesion have not been firmly establis h ed ( Ar it a
967 ; Green and B arb er, 1988 ; Kleint eic h et al. 2014 ).
n waterfa l l climbin g g obies, the pr otr act o r isc hii (o rigi-
ates from the pe ctora l g ird le an d inserts onto th e pe lvic
 ird le) is responsible for init iat in g and esta blishin g ad-
 esion, while th e r etr act o r isc hii (o riginates fro m the
rst anal spine and inserts on the pelvic g ird le), works

o expand the area under the disc and increase suction
 Maie et al . 2013 ; Sc hoenfuss et al. 2013 ; Palecek et al.
022 ). In co ntrast, fo r hillstream loaches, co ntractio n o f
he pr otr ac tor i schii is hypothesized to expand the cav-
ty under the disc ( de Meyer and Geer inckx 2014 ). Bot h
he pr otr ac tor i schii a nd ret ract o r ischii appear to play a
ma l l o r no n-existent role in the adhesio n o f G. m a e-
ndricus ( Ar it a 1967 ). Inste ad, t he complex network of
elvic add ucto r mu scles th a t con trol th e fin rays an d
pan t he lengt h of t h e clingfis h di sc m ay co ntribu t e t o
h eir adh esive perf orma n ce. In de e d, gobies and lo aches
h at u se their vent ra l ad hesive discs t o c limb or loco-
 ote exhi b i t lar g er pelvic g ird le mu scles th an th eir n on-

limbin g relativ es ( Ma ie a nd Blob, 2021 ; Crawf ord et al.
020 ). Addi tio nal myological inv estigation s are needed
o inform our un derstan ding of th e fun ct iona l role of
he muscles that un der lie th e adh esi ve disc in G. m a e-
ndricus . We also s ugges t tha t com paring disc m uscu-
atur e acr os s clingfish s pe cies may revea l that G. m a e-
ndricus h a s p ropo rtio nally lar g er di sc mu scles th an
pecies that hab i tua l ly experience slower flow regimes. 

We found that lar g er clin gfish g enerated disp ropo r-
ionate ly m ore suction than sma l ler cling fish, desp i te
aving p ropo rtio na l ly size d ad hesive di scs. Th at sug-
 ests lar g er clin gfish h ave more effe ct ive ad hesive discs
h an sm a l ler indiv idu a ls. Be cause this pattern was ob-
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Fig. 5 Boxplots depicting variation in the suction performance between live and euthanized G . maeandr icus . Comparisons of (A) maximum 

pr essur e differ ential (kPa) collected from each trial, (B) maxim um suction f orce generated per body weight (BW), and (C) the detachment 
speeds (m/s). 

Table 3 Scaling relationships between maximum pressure diff erential, maxim um suction force, and disc area relative to body mass. 

Variable Condition R 

2 Intercept Intercept 95% CI Slope Slope 95% CI 

Max differential (kPa) Live 0.50 10.029 5.449, 14.609 5.317 3.025, 7.609 

Euthanized 0.43 10.159 8.457, 11.861 1.705 0.853, 2.556 

Max force (N) Live 0.91 −0.052 −0.312, 0.209 0.983 0.852, 1.113 

Euthanized 0.97 −0.094 −0.218, 0.030 0.815 0.752, 0.877 

Disc area (cm 

2 ) − 0.99 −0.110 −0.128, -0.093 0.677 0.668, 0.686 
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serv ed for liv e a nd eutha nize d cling fish but mo re p ro-
n oun ced am on g liv e indiv idu al s, we propose th at cling-
fis h es un der g o a l lomet ric chan g es to the activ e and pas-
sive regulatory mech ani sms of th eir adh esio n. Fo r in-
sta nce, la r g er G. m a ean dri cus may exhi b i t mo rp ho log-
ical chan g es to th e s ke letal e lem ents of th eir di scs th at
increa se di sc s tiffnes s ( Huie et al. 2022 ). Lar g er individ-
ual s m ay al so grow di sp ropo rtio nately lar g er muscles or
differen t lever ra tios tha t in crease th e m e chanica l out-
pu t o f th eir discs ( Sch oenfuss et al. 2013 ). Such chan g es
in disc per for mance associ ated w ith body size likely
reflect a response to the increased drag forces experi-
enced by lar g er anim al s. How ev er, w e cannot discount
the potent ia l role o f behavio r in influencing our resul ts.
We found that sma l ler indiv idu a ls generate d simi lar—
or even sma l ler—pres s ure different ia ls when a live than
euthanized , whic h could be attr ibut able to fatigue; we
include d t ria l number as a covariat e , but we did not ob-
serve a significant effect (results not show n). A lterna-
ti vel y, the lower pres s ures o bserved in live anim al s com-
p are d to euthanize d ones may be attr ibut able to a lack of
mot ivat ion to increase suction perf orma n ce rath er than
a physica l limitat ion. Thi s i s supported by tw o liv e tri-
als of the sma l lest indiv idu al, when i t p rod uced p res s ure
different ia ls comp arable to that of the lar g est individu-
als in our sample ( ∼20 kPa). Neverth e less, th e re lative
increases in suctio n p res s ure and forces am ong th e eu-
tha nized a nima ls st i l l suggest subtle a l lomet ric chan g es
in m orph ology that in crease th e effe ct iv eness of lar g er
discs. 

Desp i te the variatio n in the suct ion generate d by live
a nd eutha nize d cling fis h, in div idu als did not vary sub-
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(A)

(B)

(C)

Fig. 6 (A and B) Scaling relationships between suction performance and morphology. (C) Dashed lines represent the theoretical slopes 
between traits, assuming an isometric relationship. See Table 3 for more details on the scaling results. 
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tant ia l ly in their detachment spe e ds. In our study, G.
 a ean dri cus detach e d at spe e ds (1.6–3.0 m/s) simi lar to

n intert ida l cling fis h ( Apl eto d on mi cro ce phalus ), snail-
s h es ( Lip a ris monta gui and L. lip aris ), an d a lump-
ucker ( Cy cl opterus l u mpus ); a l l of whic h detac hed with
ow spe e ds 1.7 m/s or high er ( Gi bson 1969 ). Addi-
 iona l ly, t he det achment spe e ds of G. m a ean dri cus fe ll
it hin t he ran g e of maximum flow v eloci ties emp iri-

a l ly measure d (1.6–5.0 m/s) a round Sa n Jua n Isla nd,
A ( Ditsc he et al . 2017 ), s ugges tin g that clin gfish are

ften exposed to currents and waves that would in-
uce maximum suction per for mance. Alt hough, in situ ,
. m a ean dricus often s h e lters be hin d an d un dern eath
oulders that likely protect them from the brunt of
 nco ming flow, wi th lar g er clin gfish g enera l ly hiding
e hin d lar g er rocks. This av oidance st rategy is p art ic-
la rly importa nt since in other parts of their ran g e,

ntert ida l velocit ies are expe cte d t o t o exce e d 5 m/s
 Ditsche et a l. 2017 ). Thus, cling fish are li kel y ab le to
urvive in faster flow regimes than our data would pre-
ict by behaviora l ly regu lat ing their posit ion in the

ntert ida l. 
O ur study high lights the implications of applied force

ire ct io n o n suctio n perfo rm ance in clingfish di scs. Pre-
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vious invest igat ions int o c ling fish ad hesion have t est ed
t he per for mance o f eu th anized anim al s when pulled
p erp endicular (in tension) to the surface ( Wainwright et
al . 2013 ; Ditsc he et al. 2014 ; Huie an d Summ ers 2021).
When t est ed in t ensio n o n a smoot h sur face, t he cling-
fis h adh esiv e disc g enerat ed t ensi le st ress va lues (math-
emat ica l ly e quiva lent to suction pres s ure) that ran g ed
between 23 and 44 kPa. In contras t, our s tudy found that
the pres s ure different ia ls o f eu tha nized a nimals t est ed
in s h e ar pe a ke d at 18 kPa. Altho ugh o ur study differs
fro m p revious o nes in a number o f ways, incl uding di-
r ect measur ements of suction pres s ure ins tead o f fo rce
an d th e use of a flume instead of a material testing sys-
tem, th e observed differen ces s ugges t that s uction per-
f orma n ce depen ds on th e dire ct io n o f t he exter na l lo ad-
ing regime. This is expe cte d g iven that s h ea r f orces im-
pose different dema nds, a n d th er efor e differ ent failur e
co ndi tio ns, o n the disc comp are d to tensile tests (see
Hernande z et a l. 2024 ). Ev en amon g she ar tests, t he
asy mmetric al shape of the clingfish discs might lead to
differences in per for man ce depen ding on th e dire ct ion
of the applied shear fo rce. Fu t ure st udies directly com-
par ing t h e s h ea r a nd tensi le st ress of the clingfish disc
in a sta nda rdize d way cou ld better inform our under-
standing of loading dire ct io n o n suctio n perfo rmance. 

By inco rpo rat ing live anima l experiments, we have
advanced our understanding of how the nort her n
c lingfish ac hieves i ts imp ressi ve adhesi ve per for mance.
Biomimet ic suct ion cups inspire d by the disc mor-
p ho logy of G. m a ean d ricus alr e ady outper for m t he
fis h itse lf on rough and com plian t surfaces ( Ditsche
an d Summ ers 2019 ; Huie an d Summ ers 2022 ). How-
ever, our res ults s ugges t that eng ine ere d suct io n cu ps
could be improved by studying clingfish behavior and
m uscula t ure. With a bet ter un derstan ding of h ow th e
clingfish u ses mu sc le t o initiat e , modulat e , and re-
lease its a ttachmen t, eng ine ers cou ld desig n cu ps wi th
se lf-actuating m ech ani sms. Thi s would be pa rticula rly
usefu l for bui lding au to no mo us robo ts equip ped with
suc tion devices. Ac ti ve contro l over cup deformation
wou ld a lso a l low for fin er m odu lat ion of suct ion forces,
which would be beneficial for adhering to fragile or fri-
able structures. In co ncl usio n, in tegra ting ana tomical
invest igat io ns wi th behavio ral studies h a s the potential
to f urt her t he advancement and develop ment o f b io-
inspire d te chnolog ies. 
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