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Synopsis  Many teleost fish, such as gobies, have fused their paired pelvic fins into an adhesive disc. Gobies can use their pelvic
suckers to generate passive adhesive forces (as in engineered suction cups), and different species exhibit a range of adhesive
performance, with some even able to climb waterfalls. Previous studies have documented that, in the Hawaiian Islands, species
capable of climbing higher waterfalls produce the highest passive pull-oft forces, and species found at higher elevation sites are
likely to have more rounded suction discs than those found in the lowest stream segments. Morphology of the pelvic girdle also
varies between species, with more robust skeletons in taxa with superior passive adhesion. To investigate what factors impact the
passive adhesive performance of waterfall climbing gobies, we tested biomimetic suction cups designed with a range of shapes
and embedded bioinspired “skeletons” based on micro-CT scans of goby pelvic girdles. We found that while the presence of an
internal skeleton may provide some support against failure, the performance of suction cups may be more strongly affected by
their external shape. Nonetheless, factors besides external shape and skeletal morphology may still have a stronger influence on
sucker tenacity. Our results suggest that the relationship between suction disc morphology and adhesive performance may be
influenced by a variety of physical factors, and live animal performance likely is further complicated by muscle activation and
climbing behavior. These results have implications for the evolution of suction disc shape in adhesive fish and for improving
the design of biomimetic suction cups.

Introduction

The pelvic fins and girdles of fishes show tremendous
diversity in form and function (Yamanoue et al. 2010).
In many species, these fins can play important roles
in stabilization and/or facilitating maneuvers during
swimming (Standen 2008, 2010). However, the full di-
versity of pelvic fin structure and function spans from
taxa that have greatly reduced or completely lost their
pelvic fins (Bell et al. 1993), to lineages in which the
pelvic fins have evolved additional, or alternative, spe-
cialized functions. For example, a variety of batoids
and other elasmobranchs (Lucifora and Vassallo 2002;
Macesic and Kajiura 2010; Macesic et al. 2013) use their
pelvic fins to propel themselves across a benthic floor
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(Pridmore 1994; Goto et al. 1999; Macesic and Kajiura
2010; Macesic et al. 2013). Propulsive roles for the pelvic
fins can be found in a variety of other lineages, rang-
ing from lungfish (King et al. 2011; Aiello et al. 2014;
King and Hale 2014) to loaches (Flammang et al. 2016).
Among teleosts, however, a common specialization of
pelvic fin function is their evolution as adhesive struc-
tures (Budney and Hall 2010). The adhesive behaviors
used by such fishes vary greatly, as do the morphol-
ogy and attachment strength of their pectoral fins. Some
species exhibit combined adhesive structures formed
from the pelvic and pectoral girdles, which may either
work independently as in loaches (Wang et al. 2019),
or are fused together as in clingfishes (Ditsche et al.
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2014, 2017). Other groups, such as gobies, snailfishes,
and lumpfishes (Budney and Hall 2010), have modified
only the pelvic girdle and fused pelvic fins for adhesion.
With adhesive capacity evolving independently in mul-
tiple teleost lineages, studies of the structure and func-
tion of adhesive pelvic fins have the potential to provide
insight into a common, and possibly convergent, evolu-
tionary transition in function.

The gobies provide an outstanding group for ex-
amining transitions in the role of the pelvic fins as
adhesive structures. In all gobies, the pelvic fins are
fused to form an adhesive disc (Thacker and Roje
2011) that attaches to surfaces via suction (Maie et al.
2012,2013; Maie and Blob 2021). However, species vary
in the ways that they use their discs. While marine
and intertidal species may use the disc to adhere to
substrates in reefs, tidepools, or estuaries, some am-
phidromous species use these discs to breach the sur-
face of the water and climb structures such as water-
falls (Schoenfuss and Blob 2003; Greenfield and Randall
2004). In streams of the Hawaiian Islands in particular,
four species of amphidromous gobies exhibit a range of
climbing and adhesive abilities that result in elevation-
dependent species stratification, where more proficient
climbing species are found at higher elevations (Maie
et al. 2013). These species include the non-climbing
Stenogobius hawaiiensis mostly found in estuarine habi-
tats, followed by the climbing species Awaous stamineus
found in low-elevation streams, and Sicyopterus stimp-
soni and Lentipes concolor achieving respectively higher
elevations (Nishimoto and Fitzsimons 1999). Passive
pull-oft adhesive forces in these species follow the trend
of their differences in elevation, with better climbers re-
quiring higher forces to become dislodged (Palecek et
al. 2021a). Sicyopterus stimpsoni also uses a distinctive
mode of climbing. Whereas most climbing gobies use a
mode called “powerburst climbing,” in which the pelvic
sucker is sequentially attached and detached from the
substrate while upward movement is achieved via axial
undulations, S. stimpsoni use a mode called “inching,”
in which there is little axial movement and the body is
advanced through sequential attachment and detach-
ment of the pelvic sucker and a second, oral sucker
(Schoenfuss and Blob 2003).

Variation in adhesive performance between species
can relate to a multitude of factors (Schoenfuss and Blob
2003; Blob et al. 2006, 2008; Maie et al. 2011, 2012;
Schoenfuss et al. 2013). For example, performance of
a sucker depends on the contraction of pelvic eleva-
tor muscles once the sucker has contacted the substrate.
Thus, adhesive performance can depend on factors such
as sucker attachment kinematics (Griner et al. 2021),
leverage, and fiber types of pelvic muscles (Maie et al.
2013; Schoenfuss et al. 2013). However, factors such as
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differences in the material properties and relative size
and shape of the hard and soft tissue comprising the
pelvic fins may also affect adhesive performance (Taft
et al. 2017). One way to test the effects of tissue shape
while controlling for differences in material properties
is through physical modelling (Wainwright et al. 2013;
Ditsche and Summers 2019; Sandoval et al. 2019). By
fabricating biomimetic suction cups that vary in struc-
tural design, it may be possible to gain insight into the
functional morphology of goby suction discs and, po-
tentially, provide a foundation for designing bioinspired
suction devices with the capability for enhanced perfor-
mance on rough substrates or substrates under water.
All engineered and organismal suction discs work
similarly, wherein the disc is pressed against a substrate
to form a seal, after which it is pulled away from the sub-
strate while remaining attached (Kier and Smith 1990).
This reduces pressure within the disc to below the at-
mospheric pressure outside of it, producing a pressure
differential that keeps the disc stuck to the substrate.
Failure of suction in a disc may happen in multiple
ways. Often, air or water leaking into the disc (from a
gap at the disc-substrate interface) will prevent a pres-
sure differential from forming. A soft disc wall may
prevent a gap between the disc and substrate, as con-
formability of the disc margins could fill any gaps in
a rough or irregular contact surface. However, buck-
ling can occur when the walls of the disc are too soft,
causing the disc to detach. Previous studies have found
that a disc with a strong, rigid wall and a soft, compli-
ant edge can outperform traditionally engineered ho-
mogenous soft suction cups, as well as the suction discs
of fish that inspired the novel cup design (Ditsche and
Summers 2019). Moreover, the suction discs of fishes
often perform better than human manufactured suc-
tion cups on rough or irregular substrates, and main-
tain strong attachments under water (Wainwright et al.
2013; Ditsche and Summers 2014; Ditsche et al. 2014;
Ditsche and Summers 2019). Thus, bioinspired suction
cups based on designs from fishes could have wide ap-
plications. Mimicking the mechanical properties, tex-
tures, and shapes of teleost suckers may improve the
performance of manufactured suction cups, especially
on challenging substrates. Biological suction discs are
not only capable of generating suction, but often have
the remarkable ability to form a strong seal against sur-
faces that are rough, wet, or fouled (Wainwright et al.
2013; Ditsche and Summers 2019; Palecek et al. 2021a).
Human manufactured suction cups are typically
circular, but biological suction cups can exhibit a range
of shapes. Circular adhesive discs can be found in taxa
like octopuses (Tramacere et al. 2013, 2014), sea urchins
(Santos and Flammang 2006), and sea stars (McCurley
and Kier 1995), whereas oval discs are used by
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Fig. | Hawaiian waterfall climbing goby pelvic sucker shape diversity. (A) Stenogobious hawaiiensis. (B) Awaous stamineus. (C) Sicyopterus
stimpsoni. (D) Lentipes concolor. Individuals from each species were CT scanned to obtain pelvic girdle morphology for 3D printing. Climbing
performance is greatest in species found towards the right-hand side of the figure. Values in the lower right portion of each species panel
indicate average width divided by average length values (n = 5 per species), with values closer to | indicating a more circular sucker. Some

images modified from (Palecek et al. 202 1a).

lineages such as bats (Riskin and Fenton 2001;
Schliemann and Goodman 2011), and remoras (Beckert
et al. 2015; Gamel et al. 2019; Su et al. 2020). Suction
disc shapes also vary across the species of Hawaiian
stream gobies (Taft et al. 2017). Nonclimbing Stenogob-
ius possess an oval shaped disc, whereas discs are more
circular among climbing species that reach higher ele-
vations, with the most circular discs among the highest
climbers, L. concolor (Fig. 1). Although both circu-
lar and oval shapes may be successful in nature, the
prevalence of circular shapes among waterfall-climbing
species may indicate that circular discs provide an
advantage for generating ample suction and superior
adhesive performance. In addition, variation in the
internal pressure generated among discs with different
morphologies could impact their ability to produce
the pressure differentials responsible for adhesion. For
example, if the internal volume of a suction cup is
larger, it is possible that it may produce greater pull-off
forces; however, if the greater volume also leads to
a greater surface area contacting the substrate, then
greater pull-off forces might be accompanied by lower
tenacity (i.e., force normalized by contact area) due to
the increased surface area. Previous studies on adhesive
fish typically measure the length, width, and area of
the suction disc, but volume is often more difficult to
measure, so it is of interest to discover how this variable
might affect adhesion.

In addition to overall disc shape, in teleost fishes
the internal skeletal elements of the pelvic fins might
also enhance adhesive performance by providing a rigid
frame that may prevent buckling of the cup walls,
yet allow flexibility while being compressed against

a substrate (Ditsche and Summers 2019). For exam-
ple, shorter lepidotrichia (bony rays comprising the fin
skeleton) with greater degrees of branching, like those
found in better climbing species, may increase adhesive
performance (Lundberg and Marsh 1976; Taft and Taft
2012; Taft et al. 2017). Thus, sucker models with an in-
ternal skeleton modeled after proficient climbers would
be expected to outperform the pelvic girdles based on
nonclimbing species, or species that are found at lower
elevations.

In this study, we compare adhesive performance
across physical models of goby suckers that vary in in-
ternal and external structural design to address two ma-
jor questions. First, we test how overall disc shape af-
fects adhesive performance. These data can improve un-
derstanding of how diversity in disc shape can be used
to predict how adhesive discs are used in nature. Sec-
ond, we test how the internal skeletal configurations of
species that differ in climbing ability contribute to the
adhesive performance of suction discs. These data can
provide insight into how internal structure, indepen-
dent of external shape, might contribute to successful
adhesive performance in gobies and in biomimetic de-
signs.

Materials and methods

We explored how internal skeletal pelvic girdle mor-
phology, external soft tissue cup shape, and internal
cup volume affected adhesive performance using 3D
printed pelvic girdle skeletons embedded in silicone
suction cups. To study the effect of these aspects of
disc morphology, we used three different suction cup
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Fig. 2 Biomimetic suction cup shapes and 3D pelvic girdles used in tenacity tests. (A) Silicone suction cups embedded with 3D pelvic
skeletal girdles. Yellow dashed lines indicate approximate area that skeletal girdles end from within the cups. I: Long edge view of the oval
suction cup. ll: Short edge view of the oval suction cup. lll: Low volume circular suction cup. IV: High volume circular suction cup. V: Top
view of oval suction cup. VI: Top view of low volume circular suction cup. VII: Top view of high volume circular suction cup. (B) CT scans of
pelvic skeletal girdles. I: Stenogobious hawaiianensis. |I: Awaous stamineus. lI1: Sicyopterus stimpsoni. IV: Lentipes concolor. V: Control.

shapes—an oval cup, a low-volume circular cup, and a
high-volume circular cup—to test effects of both shape
and internal volume on adhesive performance. Exam-
ples of each shape were embedded with internal skele-
tons representing the morphology of each of the four
Hawaiian goby taxa. We produced replicates of each
configuration, as well as of each cup shape without em-
bedded internal skeletons to serve as controls, allowing
us to assess variation potentially related to our manu-
facturing or testing processes. Our sample ultimately in-
cluded 42 cups from which performance data were suc-
cessfully collected.

Specimen collection

Adult specimens from each of the four species (S.
hawaiiensis, A. stamineus, S. stimpsoni, and L. concolor)
were collected from their native streams in March 2020
on the Island of Hawai’i, using o’pae (prawn) nets (Fig.
1A-D). Stenogobius hawaiiensis and A. stamineus were
collected from Waiakea Pond using nets attached to
long-handled poles. Sicyopterus stimpsoni and L. con-
color were collected from Hakalau and Nanue Streams
while snorkeling. Specimens from the latter two species,
therefore, were individuals that had successfully scaled
a waterfall to reach adult breeding habitats. Consis-
tent with prior studies, fish were maintained in aerated
stream water with feeding rocks and housed at the Fish-

eries Research Station of the Hawai’i Division of Aquatic
Resources in Hilo, Hawai’i, until euthanized and pre-
served. Collections were conducted under Hawai’i Spe-
cial Activity Permit 2021-07, and all animal collection
and care procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at Clemson
University (AUP 2017-085).

Micro-CT data processing and adhesive force
data collection

A representative adult specimen from each species was
selected (out of five total specimens scanned of each
species) to generate skeletal reconstructions. Scans were
performed on a Bruker SkyScan 1173 micro-CT scan-
ner (Bruker Corp., Billerica, MA, USA) at a resolu-
tion of 24 um (Fig. 2). Skeletal reconstructions of the
pelvic girdles were segmented in 3D Slicer (Buser et
al. 2020) and processed as files for 3D printing in Au-
todesk CAD software MeshMixer. Skeletal pelvic gir-
dles included the basipterygium and all skeletal ele-
ments distal to it. Due to the light skeletal density of
the finest rays toward the distal end of the fins, we
were unable to distinguish the most distal portions of
the fins. Skeletal pelvic girdle models were printed in a
high-resolution, clear resin (Formlabs Inc., Somerville,
MA, USA) at 50 um resolution and embedded in a
silicone suction cup (Ecoflex 00-30 silicone, Smooth-
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Table | Size and shape measurements of biomimetic suction cup designs used in pull-off tests

Area (m?) Volume Diameter
Shape while adhered (m?) (m) Taper angle
Oval 0.0054 0.0767 0.1027 (long edge) 49° (long edge)
0.0636 (short edge) 63° (short edge)
Low volume circular 0.0050 0.0737 0.7940 5I°
High volume circular 0.0060 0.1029 0.0885 66°

On, Inc., Macungie, PA, USA) in one of three shapes
(Fig. 2). Skeletal girdles were printed to be embedded
in larger suction cups (approximately 100x area) than
equivalent live animal suction discs for ease of han-
dling and to properly collect appropriately scaled
forces on our available Instron mechanical testing
system (Instron Corp., Norwood, MA, USA).

Models of pelvic girdle skeletons were embedded
into the suction cups according to previously pub-
lished methods (Palecek et al. 2021b; Huie and Sum-
mers 2022). 3D-printed pelvic girdle models were sus-
pended within 3D-printed overmolds based on three
suction cup shapes. A flexible silicone was poured into
the overmolds and cured for four hours before being re-
moved. The cup shapes included an oval cup (0.0054 m?
area while engaged, 0.0767 m? volume) and circular cup
(0.0050 m? area while engaged, 0.0737 m? volume) with
similar inner volume values, and a high-volume circular
cup (0.0060 m? area while engaged, 0.1029 m? volume).
Surface area was similar between the circular suction
cups while not engaged with a substrate, but we used the
engaged surface area in our calculations of sucker per-
formance (see below). Full details of suction cup sizing
are provided in Table 1.

For each of the four species-specific skeletal mod-
els, three examples of each of our three test shapes
were produced (n = 12 per shape). However, one oval
(modeled after Stenogobius) and one high-volume cir-
cular cup (modeled after Awaous) were ultimately ex-
cluded from analyses because their resin grips that con-
nected to our testing apparatus fractured during test-
ing. In addition to cups with embedded skeletons, suc-
tion cups without embedded skeletons were also pro-
duced to serve as controls that could give insight into
how cup shape, independent of the supporting skele-
ton, could influence adhesion (n = 2 per shape, for a
total of 8 control cups). Without rays extending into the
cup walls, the configuration of the resin grip for con-
trol cups needed to be more robust than those for cups
with embedded skeletons. This precluded formal com-
parisons of performance between control and skeleton-
embedded cups, but still allowed comparisons of the
impact of sucker shape on adhesion among the control
specimens, independent of potential interactions with
embedded skeletons.

Fig. 3 Suction cup performance testing. Bioinspired suction cups
were placed on a Plexiglass substrate and maximum pull-off forces
were measured using an Instron Model 5944.

Suction cups were tied to an Instron Model 5944
(Instron Corp., Norwood, MA, USA) for tensile test-
ing on a 500N load cell using zero stretch braided
fishing line (Calamus Bastion store on Amazon, Seat-
tle, WA, USA). Data were collected using Bluehill 2
Material Testing Software (Instron Corp., Norwood,
MA, USA). Adhesive force of each suction cup was
measured from the pull-off force at a constant speed
(1 m/min) while stuck to smooth Plexiglas (Fig. 3). Each
cup was tested once, and the maximum pull-off forces
of the suction cups were used for analysis. To main-
tain consistency in preloading suction cups, cups were
pressed so that the center of the suction cup touched the
substrate.

Statistical analysis

To account for differences in size, adhesive performance
of each cup was normalized by calculating the tenac-
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Fig. 4 Average tenacity plotted across suction cup shapes by species. From left to right: average tenacity in oval, low volume circular; and
high volume circular suction cups embedded with 3D printed S. hawadiiensis pelvic girdles, average tenacity in oval, low volume circular, and
high volume circular suction cups embedded with 3D printed A. stamineus pelvic girdles, average tenacity in oval, low volume circular, and
high volume circular suction cups embedded with 3D printed S. stimpsoni pelvic girdles, average tenacity in oval, low volume circular, and
high volume circular suction cups embedded with 3D printed L. concolor pelvic girdles, and average tenacity in oval, low volume circular, and
high volume circular suction cups embedded with 3D printed controls. Error bars are + | S.EM.
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ity of each pull. Tenacity values were generated by di-
viding the raw pull-off forces (measured in N) by the
area of the suction cup while adhering. We used R
version 4.0.5 (http://www.R-project.org/) to evaluate
the impact of suction cup configuration (oval, low-
volume circular, high-volume circular) and embedded
pelvic girdle shape on adhesive performance. Model se-
lection using linear models was conducted with Akaike’s
information criterion corrected for small sample sizes
(AICc) through the R package “MuMIn” (v.1.43.17, ht
tps://CRAN.R-project.org/package = MuMIn). Mod-
elling to evaluate the factors that best explained suction
cup tenacity considered embedded skeletal structure,
suction cup shape, and the interactive effects between
these variables. Models were selected based on which
model had the greatest weight (Table 3). We also cal-
culated r? values for our linear models to provide addi-
tional context for understanding factors that influenced
tenacity. In our control suction cups, without an em-
bedded skeleton, we measured the effects of suction cup
shape on tenacity using a one way ANOVA. All R statis-

tical analysis files are available in Supplementary Infor-
mation.

Results

For almost all combinations of sucker shape and embed-
ded skeleton, the average tenacity of each group of sam-
ples showed a modest range of variation, between 8 and
12kPa (Figs. 4 and 5, Table 2). The only exception was
the low-volume circular suckers embedded with Sicy-
opterus girdles (the closest replication of natural design
in this species), for which average tenacity was just un-
der 6 kPa. For cups with embedded biomimetic skele-
tal pelvic girdles, the model that provided the best ex-
planation of variation in tenacity (i.e., lowest AICc) in-
cluded only cup shape as an explanatory factor. Mod-
els that included pelvic skeleton design as the only fac-
tor provided poorer explanations of the variance in the
data, and models that included both cup shape and em-
bedded species-inspired pelvic skeletons, or the interac-
tion between these variables, provided even worse ex-
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Table 2 Average (£ S.E.M.) surface area measurements and tenacity values from fish specimens and biomimetic suction cups.

Fish tenacity

High-volume

Low-volume

Low-volume High-volume specimen on

Fish sucker
surface area (cm?)

circular cup
tenacity on
Plexiglas (kPa)

circular cup
tenacity on

Plexiglas (kPa)

Oval cup
tenacity on
Plexiglas (kPa)

glass (Pa)
(Palecek et al.

circular cup circular cup
surface area

surface area

Oval cup
surface area

(Palecek et al.

(cm?) (cm?) 2021a)

(cm?)

2021a)

60.1 0+0 9.8498 + 2.9139 8.9343 + 2.4428 8.6914 £ 1.5121

50.3

53.6

0.6582 + 0.0660

Stenogobius hawaiiensis

TL 55-70 mm 3D print

dimensions: 55 x 35 mm

Awaous stamineus

0.0859 £ 0.04345 9.7918 £ 2.4295 11.4722 + 1.6741 11.0551 + 1.7763

50.3 60.1

53.6

0.7762 £ 0.1044

TL 60-75 mm 3D print

dimensions: 60 x 40 mm

Sicyopterus stimpsoni

60.1 0.4440 £ 0.1197 9.8673 £+ 1.9239 5.8530 + 2.0672 10.4692 +2.7112

50.3

53.6

0.5304 £ 0.0348

TL 50-65 mm 3D print

dimensions: 55 x 35 mm

Lentipes concolor

11.7115 4+ 3.4449

11.5107 + 3.4027 10.1635 + 3.8561

0.4264 + 0.1685

50.3 60.1

53.6

0.5298 + 0.0439

TL 60-70 mm 3D print

dimensions: 50 x 40 mm

3 for all suction cup groups except oval Stenogobius and high-volume Awaous (N = 2).

N =

A.M. Palecek et al.

planations of variance in tenacity (Table 3). In this con-
text, there was not consistent evidence that sucker de-
signs closest to those found in a species (e.g., circular
suckers in Sicyopterus) conveyed the best adhesive per-
formance. Moreover, although shape by itself may have
provided the best explanation of variance in tenacity, the
AICc value for this model was still quite high (Table 3),
indicating that the explanation it provided was weak.
This point is reinforced by comparisons of tenacity in
control suction cup models without embedded skele-
tons. Our ANOVA did not indicate a significant effect
of suction cup shape on tenacity among control samples
(P=0.5083, F=0.8552,and R? < 0.0001), for which av-
erage values across the three shapes showed a range of
only 2.4 kPa.

Discussion

Gobies show considerable variation in the structure of
their pelvic skeletons (Maie et al. 2013; Taft et al. 2017).
However, the impact of these structural differences on
the adhesive performance of live fish remains uncer-
tain after our trials with biomimetic suckers. The em-
bedded skeletal designs that we employed, which were
based on species-specific CT scans, were not clearly cor-
related with differences in sucker tenacity. It is possible
that the impacts of different skeletal designs across goby
taxa may be related primarily to changes in muscle at-
tachment areas or leverage and, thus, are only likely to
be observed through their effects on active suction me-
diated by muscle contraction (Maie et al. 2012, 2013;
Schoenfuss et al. 2013; Maie and Blob 2021). A possible
exception to this conclusion, potentially contributing to
the explanatory weight that our statistical models at-
tributed to skeletal design, is the generally lower tenac-
ity found among suction cups embedded with skele-
tal girdles based on Sicyopterus compared to cups with
girdles based on other taxa (Fig. 5B). It is notewor-
thy that this taxon is the only one of our models that
was based on a species that climbs by “inching,” mean-
ing that they alternate attachment to substrates between
the pelvic sucker and an oral sucker (Schoenfuss and
Blob 2003; Cullen et al. 2013). This might reduce the
demands placed on pelvic sucker morphology in Sicy-
opterus, though pull-off tests showed the suckers of this
species were generating high adhesive tenacity (Palecek
et al. 2021a). Viewed in a different context, our results
also indicate that the nonclimbing species, Stenogobius,
possesses a pelvic girdle morphology that does not neg-
atively affect the ability to adhere, with a design that
produced tenacity values comparable to those of Sicy-
opterus in particular (Fig. 5B). Instead, some other fac-
tor may be contributing to the poor performance of
Stenogobius suckers in live animals, such as the me-
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Table 3 Model selection results to determine the effects of suction cup shape and embedded species-inspired pelvic skeletons on suction

cup tenacity.

Model df AlCc Delta Weight P and adj R?
Shape 4 666.6 0.00 0.726 0.4171
< 0.0001
Pelvic skeleton 5 668.8 2.19 0.243 0.5253
< 0.0001
Shape + Pelvic skeleton 7 673.0 6.32 0.031 0.5603
< 0.0001
ShapesPelvic skeleton 13 697.3 30.70 0.000 0.9464
< 0.0001

chanical properties of the skeletal supports (Taft et al.
2017), the muscular structure within the pelvic sucker
(Maie et al. 2013), or even differences in their epidermal
morphology or mucus production. Even greater differ-
ences in skeletal structure than those across our sam-
ples might be necessary to affect passive adhesion per-
formance; if so, then testing bioinspired suction cups
that mimic more distantly related groups (i.e., cling-
fishes vs gobies) might provide better insight into the
role of pelvic girdle shape on passive adhesion (Palecek
et al. 2021b). Alternatively, it is also possible that the
specific morphology of embedded support structures
is of little importance to the adhesive performance of
suction discs in fish. Previous studies have emphasized
the importance of having some kind of rigid support
to enhance suction cup tenacity (Ditsche and Summers
2019), but additional research appears necessary to clar-
ify which sizes and shapes of rigid embedded support
structure provide the best improvements in tenacity for
suction discs.

With respect to external cup shape, high-volume
cups did not trend towards greater tenacity values de-
spite having greater average pull-off forces (Fig. 5A).
This pattern likely results because tenacity depends on
the area of a surface contacted by a cup; when pressed
against a surface, the steeper walls that generated higher
volumes for the circular cups that we tested also pro-
duced increases in the area contacting the substrate.
Because increased forces were paralleled by increasing
contact areas, tenacity changed little between low- and
high-volume cups.

Contrary to our original hypothesis, for many species
configurations oval shaped suction cups had slightly
greater average tenacity values than circular suction
cups of similar area and volume (Fig. 5A). Part of this
trend may be due to differences in tapering angles (i.e.,
the angle between the cup wall and the substrate that the
cup is pressed against) across the cups. In soft gripping
structures, tapered grippers (based on octopus suckers)
performed better than cylindrical grippers (Xie et al.

2020). While circular suction cups will have the same
angles along the entirety of the cup, oval suction cups
will likely have a gradation of angles when comparing
from the center to the edge across the major and mi-
nor axes, with angles toward the edges of the major axis
smaller than those toward the minor axis. Greater taper
angles have been shown to produce greater forces, at the
cost of the ability to bend to curved surfaces (Xie et al.
2020). Thus, differences in taper angle for oval shapes
may promote increased tenacity.

Previous studies show performance differences in
passive pull-off forces among Hawaiian waterfall climb-
ing gobies (Palecek et al. 2021a), where better climb-
ing species require higher pull-off forces to become dis-
lodged. But if circular suckers do not have clearly higher
pull-off forces than other shapes, then why do Hawai-
ian goby species with the best climbing ability (e.g., L.
concolor) have the most circular suckers? It is possible
that other factors not considered in our models play
roles in the adhesive performance of live fish that com-
plicate seemingly straightforward predictions. For ex-
ample, mucus or surfactants on the sucker surface, tis-
sue material properties specific to live fish (e.g., Young’s
modulus), and microscopic structures on the surface
of the suction disc could contribute to friction or seal
retention. Also, as noted earlier, muscle activation of
the pelvic suction disc and behavioral modifications are
also likely to affect adhesive performance, such that pas-
sive adhesion might not completely reflect the demon-
strated abilities of live animals. It is also worth not-
ing that our comparisons were only made in the con-
text of pull-off forces applied in tension. Gobies in na-
ture might be exposed to forces from a variety of di-
rections (Palecek et al. 2021a), for which circular discs
might provide advantageous versatility. Such versatil-
ity might be of greater importance among species that
climb higher and are exposed to more intense flow. Ad-
hesion must also be quickly reversed in live fish while
climbing or moving from a fixed position, so a disc
that is capable of these quick changes may be advanta-
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geous over one that is able to adhere strongly, but un-
able to quickly detach. Oval shaped suction cups, even if
they had higher peak capacity than circular cups, could
carry a cost if they are slower to unstick. Goby suck-
ers already appear to have a high safety against fail-
ure, being able to produce suction forces >2.5x body
mass (Maie and Blob 2021). The overbuilt nature of suc-
tion discs in all species may allow for sufficient adhe-
sive performance while climbing or adhering to chal-
lenging surfaces. Moreover, live fish may rarely (if ever)
use their maximum abilities in nature as this may risk
costly damage to their tissues (Husak 2006). Thus, as-
pects of performance such as detachment speed may
actually be more critical for living fish than maximum
tenacity.

Some further qualifications of our biomimetic ap-
proach are important to acknowledge. Models derived
from CT scans of specimens present some limitations,
as the scans are unable to capture morphological config-
urations during live adhesion, and artifacts from dry-
ing in the CT scanner may cause the fins to move
away from a neutral position. Additional limitations in-
clude the centering of the base on the skeletal girdle
prints—centering had to be modified as the proportions
of each species were different. Nonetheless, the vari-
ety of sucker configurations exhibited by fish provide
a diverse range of models for bioinspired designs. Rec-
ognizing that goby suckers do not provide optimized
performance highlights several important issues. As ex-
pressed through the principle of many-to-one map-
ping of structure to function, many structural designs
can achieve comparable performance (Wainwright et
al. 2005). In this context, although attention in com-
parisons of structural design often focuses on maxi-
mal performance, a wider range of alternative designs
might be capable of achieving adequate performance,
particularly when large margins of safety against fail-
ure are present (Maie et al. 2012; Blob et al. 2014). It is
also possible that alternative aspects of performance be-
sides those typically considered (e.g., detachment speed
versus tenacity) may contribute to potential discrep-
ancies between designs exhibited by natural systems
and the designs implemented in engineered structures.
For example, trade-offs have been noted in aspects of
goby performance (e.g., escape from predation versus
climbing) that could relate to such aspects of sucker de-
sign (Blob et al. 2010). Nonetheless, approaches such as
bioinspired physical modeling have outstanding poten-
tial for generating insights for both biology and engi-
neering, highlighting unresolved questions that require
further examination. Through these efforts, we aim for
a deepened understanding of the diverse underpin-
nings of organismal performance and its evolutionary
transitions.
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