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Abstract

Suction cups are commonly used to attach biologging tags

to cetaceans, and interact mechanically with compliant

integument, an organ primarily composed of skin and blub-

ber. However, the impact of compliance on suction cup per-

formance is difficult to predict because knowledge about

in vivo integument mechanics is lacking. Here, an experi-

mental approach is used to investigate the mechanical prop-

erties of common bottlenose dolphin (Tursiops truncatus)

integument using a custom instrument, the static suction

cup (SSCup), to collect data from both trained dolphins and

wild individuals (n = 17) during a static pose. Three loading

profiles were applied at three sites to quantify nonlinear

stiffness, hysteresis, and creep. The site at the dorsal fin

insertion exhibited the highest stiffness, while sites poste-

rior to the blowhole and above the pectoral fin showed

greater energy dissipation during cyclic loading. Viscoelastic

behavior was observed across all sites. Suction cup perfor-

mance on a surrogate material with broadly similar compli-

ance showed reduced performance compared to cups on

rigid acrylic: the maximum applied force at detachment on

acrylic (50 N) was twice as large as the compliant substrate

(25 N). Site-dependent compliance of integument may lead
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to varying performance of suction cups as an attachment

method for tags.
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biologging, dolphin integument, dolphin skin, in vivo, suction cup,
viscoelasticity

1 | INTRODUCTION

For animals, like cetaceans, that spend most of their lives underwater, body-attached instruments (biologging

tags) are essential for monitoring the behavior, movement, and surrounding environment during daily-life.

These devices can be broadly divided into two categories: (1) low-power tags that make measurements (GPS,

temperature, salinity, depth) over periods that range from weeks to months at relatively low sampling rates and

(2) higher-power tags that make high resolution measurements (kinematics, acoustics, video) over the hour to

day range. Attachment methods used to secure these tags vary accordingly (Horning et al., 2019). Devices

deployed for weeks to months are typically attached using skin-penetrating barbs or bolts, typically transmit

sparse dive and movement data via telemetry, and tend not to be recovered. For devices that combine a wider

range of sensors (e.g., sound or video) sampled at higher resolution, telemetry is seldom an option and data

must be stored in on-board memory necessitating physical recovery of the tag to obtain the data. The increased

memory and battery consumption of high-resolution multisensor tags generally constrain operating duration to

a few days. For such short durations skin-penetrating attachment is ethically difficult and suction cups have

been the preferred method to attach short-term tags, taking advantage of the smoothness of cetacean skin

(Hanson & Baird, 1998; Hooker & Baird, 2001). Suction cup tags can be applied by hand to restrained animals,

and to free-swimming animals using hand-held poles, UAVs, or a ballistic delivery, and can be released at a pro-

grammable time using corrosive wire links, leaving no equipment on the animal (Johnson & Tyack, 2003;

Kleivane et al., 2022; Wiley et al., 2023). However, the vacuum force in the cups inevitably weakens as fluid

leaks into the sealed volume over time, making the cups increasingly vulnerable to dislodgement due to exter-

nal forces from high-speed swimming, twisting, and turning, acrobatics, contact with other animals or with the

sea floor.

Leakage rates are variable and may be exacerbated by poor skin condition, e.g., due to sloughing, scarring

or biofilm growth. The resulting unpredictable longevity of tags complicates experiment design and is particu-

larly problematic for controlled exposure experiments that require set durations of preexposure, exposure, and

postexposure conditions (Isojunno et al., 2018). Several types and sizes of suction cups have been used on

cetaceans, from large stiff rubber cups designed to attach roof-racks to cars (Schneider et al., 1998), through to

small soft silicone cups (Johnson & Tyack, 2003), raising the question of whether the material and shape of

cups influence their attachment tenacity. An analysis of in vivo cup performance on cetaceans is not available,

but cup mechanics have been explored for applications in the packaging industry (Mantriota & Messina, 2011)

and for robots designed for climbing on engineered surfaces (Aslam & Dangi, 2005; Bahr et al., 1996; Liu

et al., 2006; Miyake et al., 2007, 2009; Rutkowski et al., 2009). These experimental studies have been comple-

mented by models used to estimate adhesion and friction force of a deformed cup (Ge et al., 2015; Liu

et al., 2006). However, these studies focus on systems that actively create attachment forces using pumps. For

cetaceans, the weight, power consumption and complexity of a vacuum pump are difficult to accommodate

leading almost exclusively to the use of passive suction cups in biologging tags.

Passive suction cups attach to a surface by creating a pressure differential (ΔP) between the ambient environ-

ment (with pressure po) and the interior volume of the cup (with pressure pv), Figure 1. During attachment, an
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external force deforms the cup, flattening the lip onto the surface and expelling most of the air within the interior

volume. The shape deformation of the elastomeric material of the cup stores energy during attachment, and after

the external force is relaxed, work to restore the cup to its undeformed configuration. As the cup attempts to return

to its original shape, the lip acts as a check valve preventing ingress of the surrounding fluid. The seal at the lip, and

the increasing internal volume (Vint) resulting from cup relaxation, create a pressure differential (ΔP) and

corresponding attachment force (FA). The internal volume (Vint) of the cup continues to expand until a balance is

reached between the attachment force (FA) and the other forces acting on the cup, Figure 1(a). This analysis assumes

that the substrate under the cup is perfectly rigid, which is a realistic assumption for the surfaces typically used in

engineering applications of cups. But the outer surface (integument) of cetaceans is compliant, leading to a more

complex mechanical interaction between the cup and the skin (Figure 1b). In this case, the attachment force (FA) in

the cup pulls the skin surface into the cup, deforming the substrate and reducing the internal volume (Vint) of the

cup. This reduces the force generated by the cup potentially making the attachment weaker and more liable to be

dislodged. Strong deformation of the skin surface can also cause edema that may discomfort the animal and change

the local material properties. Thus, the mechanical properties of the integument may have an important impact on

the attachment duration of a suction-cup tag.

With cetaceans, cups are attached to the animal's integument, an organ comprising primarily skin, blubber, blood

vessels, nerves, and connective tissue (Fish & Rohr, 1999; Fitzgerald & Fitzgerald, 1995; Pavlov, 2006). This system

provides protection, thermoregulation, buoyancy, and drag reduction for the animal (Kovacs et al., 2018). Cetacean

integument is arranged in epidermal, dermal, and subdermal layers that possess both viscous and elastic (viscoelastic)

properties (Pabst, 1996a,b), and may exhibit a nonlinear stress–strain relationship during loading (Ratner

et al., 2004). The elements of the integument are nonuniformly distributed and highly integrated, Figure 2(a). While

imaging (e.g., CT scan in Figure 2a) has been used to characterize this organ system, there is scant information on the

mechanical properties of this material directly relevant to suction cup design, in particular the in vivo deformation of

the organ system under vacuum loading. Studies of cetacean integument mechanics have instead relied on material

properties measured from ex vivo samples of the composite tissues collected from cadavers (Fitzgerald &

Fitzgerald, 1995). Removing the sample from the body inevitably compromises the structural integrity of the com-

posite tissue and ex vivo measurements likely provide a biased representation of the behavior of living integument.

To date, in vivo methods to characterize cetacean integument have been lacking. For human integument,

researchers have used a variety of meters (indenter, Pailler-Mattei et al., 2008; and twistometer, Escoffier

F IGURE 1 An illustration of suction cup mechanics on a (a) rigid and (b) compliant substrate. The material
properties of the cup and substrate both contribute to the initial configuration and forces generated by the cup. In
the diagrams, po is the environmental pressure acting on the cup, pv and Vint are the internal pressure and the
internal volume of the cup, respectively. f r is the resistive force tangential to the contact surface between the cup
and substrate. Changes to the internal volume (Vint) influence the internal pressure (pv) and the pressure differential
(ΔP), which in turn determines the magnitude of the attachment force (FA) and the normal stress (σN), i.e., normal
force (N) between the lip of the cup and the attachment surface.

YANG ET AL. 3 of 22



et al., 1989; Sanders, 1973), ultrasound (Bercoff et al., 2004; Diridollou et al., 2000; Nightingale et al., 2002; Sandrin

et al., 2003), and multiple optical instruments (light intensity; Cua et al., 1990; Elsner et al., 1990; Weickenmeier

et al., 2015), optical coherence topography (OCT; Hendriks et al., 2006), and digital image correlation (DIC; Evans &

Holt et al., 2009; Solav et al., 2018) to capture mechanical responses under various loading conditions. Loading has

included indentation (Evans & Holt, 2009; Pailler-Mattei et al., 2008; Solav et al., 2018), torsion (Escoffier

et al., 1989; Sanders, 1973), acoustic inputs (Bercoff et al., 2004; Nightingale et al., 2002; Sandrin et al., 2003), and

suction (Cua et al., 1990; Diridollou et al., 2000; Elsner et al., 1990; Hendriks et al., 2006; Weickenmeier

et al., 2015;). Using data from these in vivo experiments, different models have been established (Pailler-Mattei

et al., 2008; Takema et al., 1994) to estimate bulk material properties for human integument, such as extensibility

and Young's modulus (Escoffier et al., 1989; Sanders, 1973).

Here we build on results in the literature by first characterizing the in vivo compliance of cetacean integument,

and then investigating passive suction cup performance on comparable compliant substrates. We seek to answer the

following questions: (1) How do the bulk mechanical properties of cetacean integument vary at potential tagging

locations on the body? and (2) How is the performance of a suction cup affected by a compliant substrate? To enable

our investigation, we developed a system to measure in vivo dolphin integument mechanics and then used the

resulting characterizations to interpret suction cup performance on engineered substrates with, and without, compli-

ance. The results indicate ways in which a suction cup can be engineered to improve performance on cetacean integ-

ument, potentially leading to increased attachment durations with a lower impact on the animal.

F IGURE 2 (a) Cross sectional CT images from a common dolphin (Delphinus delphis) cadaver at the three sites
measured with the SSCup. (Site 1) Posterior to the blowhole, a location with significant subcutaneous fat; (Site 2)
above the pectoral flipper, which overlies muscle on the blade of the scapula; and (Site 3) near the dorsal fin
insertion, which has increased blubber fiber content as part of the dorsal fin saddle. (b) The SScup is shown secured
to Site 1 on a representative animal stationing for data collection.
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2 | METHODS

We quantified the in vivo response of bottlenose dolphin (Tursiops truncatus) integument under vacuum loading

using a custom-designed measurement device, the static suction cup (SSCup). This portable system was used to

make measurements on animals in human care that were trained to station for data collection (Figure 2b) and on wild

dolphins briefly restrained for health assessments. The SSCup was used to mimic suction cup forces by loading integ-

ument with a partial vacuum. Viscoelastic properties were quantified using deformation measurements. Suction cup

performance as a function of substrate compliance was also investigated using a uniaxial extension machine to load

cups to failure when secured to surrogate surfaces. The study protocol for the work with animals was approved by

the Woods Hole Oceanographic Institutional Animal Care and Use Committee. Research with wild dolphins in

Sarasota Bay was performed under National Marine Fisheries Service Scientific Research Permit No. 20455.

2.1 | Integument characterization

The static suction cup, SSCup, comprises a rigid acrylic half-dome body with a molded silicone lip that creates a

sealed volume for vacuum loading. A linear variable differential transformer (LVDT, LT0617; Active Sensors,

Indianapolis, IN) measures peak integument displacement during loading. A peristaltic pump (200 series; Williamson

Manufacturing, Brighton, UK) creates the controllable vacuum loading inside the chamber via flexible tubing to the

SSCup. A pressure transducer (US300; Measurement Specialties, Hampton, VA) measures the differential pressure

(ΔP) inside versus outside the chamber, and two thermistors (192-102DEW-A01; Honeywell, Charlotte, NC), one

located near the tip of the displacement sensor and the other in the lip of the cup, measure integument temperature

during loading. All data were sampled at 10 Hz and were logged using a notebook computer and a USB analog to dig-

ital converter (U6; LabJack, Lakewood, CO). The system is battery-powered and enclosed in a splash-proof case for

portability.

Experiments were conducted with common bottlenose dolphins (Tursiops truncatus; n = 5) at Dolphin Quest

Oahu (Honolulu, HI) and during catch-and-release dolphin health assessments (n = 12) conducted by the Chicago

Zoological Society's Sarasota Dolphin Research Program (Sarasota, FL; Wells, 2009; Wells et al., 2004). The mean

body mass, length (from the tip of rostrum to the notch of fluke), and girth (at the dorsal fin insertion, where the

trunk is the widest) of the animals were 198.8 kg (SD = 54.2), 2.54 m (SD = 0.17), and 1.39 m (SD = 0.14), respec-

tively (Table S1). At Dolphin Quest, animals were trained to station in the water, and maintain a static posture during

data collection (Figure 2b). Dolphins in the Sarasota Bay health assessments were resting on a shaded and padded

boat deck for veterinary examinations. Displacement measurements were made at three sites on the animals: Site 1:

posterior to the blowhole; Site 2: above the pectoral fin; and Site 3: at the dorsal fin insertion, Figure 3(a). Biologging

tags are often placed at or near these three sites and have distinct anatomical substructures with varying amounts of

subdermal fat, bone, and muscle, Figure 2(a).

Three loading profiles were applied at each site: static step, cyclic, and creep-recovery loading, Figure 3(b). Dur-

ing the static step loading, pressure differential (ΔP) was increased to 30 kPa and then decreased to 0 kPa incremen-

tally: 0, 5, 10, 20, 30, 20, 10, 5, 0 kPa. The pressure differential (ΔP) at each step was held for 45 s to allow the

deformation response to reach steady state. This duration was long enough for the measured deformation to reach

more than 95% of the measured deformation of longer trials conducted during a preliminary round of analysis. Three

levels of cyclic loading were used to dynamically load the integument: low (5–10 kPa), medium (5–20 kPa), and high

(5–30 kPa). Twenty-five cycles of each loading level were conducted at each site, starting with the low-level and

finishing with the high-level loading. The constant loading rate of the pump (1.2 kPa/s) determined the period of the

cyclic loading: low (10 ± 1 s), medium (32 ± 3 s), and high (55 ± 3 s). A creep-recovery loading profile was also used

to characterize the time-dependent response of the integument, where pressure was first increased from 0 to 30 kPa

at a constant loading rate (1.2 kPa/s), then held at 30 kPa for 95 s before the pressure was released. Results from
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the three loading profiles at the three sites were then used to quantify the viscoelastic behavior of the integument

(Özkaya et al., 2016).

2.2 | Suction cup testing

Suction cup mechanics during normal loading were measured using a uniaxial extension testing machine (4301;

Instron, Norwood, MA). Cups were attached to both a rigid acrylic sheet and a compliant integument phantom and

loaded until failure (i.e., cups were no longer attached to the substrate). In both cases, the surface was cleaned

and wetted with water before cup attachment. The cylindrical integument phantom had a diameter of 95.3 mm and

thickness of 44.5 mm and was made from platinum-cured silicone rubber with shore hardness as 00–10 (Ecoflex 00–

10; Smooth-On, Inc., Macungie, PA), Figure 4(a). The constant displacement rate of 60 mm/min was used to load the

cups, with the resulting applied normal force (FP) recorded for each trial. A fixed camera (HERO 5; GoPro, San Mateo,

CA) recorded cup deformation during the experiment at 25 fps, and a pressure transducer (PX3 Series; Honeywell,

Charlotte, NC) measured the differential (ΔP) between ambient environment and the internal cup pressure. Data

were logged using a USB microcontroller (Arduino Uno Rev3; Arduino, Italy) and a notebook computer. Ten silicone

rubber cups (45 mm diameter, 10.4 mm internal height, custom design manufactured by Da/Pro Rubber, Inc., Broken

Arrow, OK) were tested 10 times each on both substrates.

2.3 | Data analysis

2.3.1 | Integument characterization

The magnitude of the loading force (F) created by the SSCup during the trials was calculated using the measured

pressure differential (ΔP) and the area at the interface between the instrument and the animal (AS = 45.6 cm2) for

the static step, cyclic, and creep-recovery loading trials.

F IGURE 3 (a) Static Suction cup (SSCup) was used to create vacuum loading on the integument during the
experiment. Integument deformation was measured with a linear variable differential transformer (LVDT). Three
sites on the animals with varying substructure were examined during each trial. (b) Three loading profiles were used
with the SSCup during each assessment: (1) A static step loading and unloading profile where each load was held for
45 s; (2) a cyclic loading profile over three pressure ranges; and (3) a creep-recovery loading where the load was
applied and then held for 95 s before release.
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F¼ΔP �AS ð1Þ

Steady state displacement (Dss) and the corresponding pressure differential (ΔP) were taken as the average of

the measurements during the final 25% of each time step during the static step loading trials. For each trial, force

versus displacement (F vs. Dss) data set of each time step during loading and unloading were calculated. 1st-order lin-

ear regression was then executed to estimate the stiffness of the integument (kL and kU N/m) during loading and

unloading, respectively (Figure 5a,b):

bFL ¼ kLbDssþ c1 where bDss � Do,Dp½ � ð2Þ

bFu ¼ kUbDssþcuwhere bDss � Dp,Df½ � ð3Þ

bFL � bDss and bFu � bDss are the modeled force versus displacement correlation from the 1st-order linear regres-

sion. Where Do, Dp, Df correspond to the initial, peak, and final steady state displacement (Dss) calculated per the

measurements during each trial. kL, kU, and cl, cu are the coefficients of the 1st-order term and the intercepts for

the modeled deformation during loading and unloading, respectively. Figure 5(a,b) showcases the loading and

F IGURE 4 (a) A schematic of the experimental setup used to evaluate suction cup performance under normal
loading. A universal tester (4301; Instron, Norwood, MA) was used to load the cup at a constant displacement rate
(60 mm/min) until failure. Applied force (Fp), system displacement (suction cup and substate), and the pressure
differential (ΔP) between the cup and the ambient were measured during the experiment. (b) A suction cup is
composed of a neck and a bell, with its projected area divided into vacuum (Av) and contact (Ac) areas. Dlip is the
outer diameter of the cup. Contact angle (θc) was defined as the angle between the bottom edge of the lip and the
tangential line of the bell, and the height of the suction cup (Hsc) was measured from the lip to the top of the cup.
Peak displacement of the substrate (Dp) was defined as the maximum distance between the loaded substrate profile
(Hs) and the initial setup height.
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unloading force versus displacement (F�Dss) data set from a representative animal (TT01), along with the

corresponding 1st-order linear regression models on the three test sites.

The equivalent compliance (Ceq,i) for each trial (i as trial index) was estimated by calculating the reciprocal of the

average stiffness (Si) of the loading and unloading curves:

Si ¼1
2

kLþkUð Þ ð4Þ

Ceq,i ¼1

S
¼ 2
kLþkU

ð5Þ

Equivalent compliance (Ceq) of each test site represents the overall steady state response of the integument

at the spot during the static step loading experiment, with smaller values corresponding to a stiffer response.

F IGURE 5 Data from each animal were used to fit a 1st-order linear regression model during the steady state
loading and unloading. Data and fit for a representative animal (TT01) are presented for (a) loading and (b) unloading
sections. The fit was used to calculate the corresponding average stiffness (Si; Equation 4) and the equivalent
compliance (Ceq,i; Equation 5). (c) Average steady state force versus displacement curves for the three loading sites.
Sites 1 and 2 showed more compliance and hysteresis than Site 3. (d) Average steady state displacement under the
nine loading steps, along with standard deviation. The deformations at Sites 1 and 2 were larger than those
measured at Site 3 under all loading conditions. (e) t-test results indicate the equivalent compliance (Ceq) at Site
3 exists at a very highly significant (***) difference compared to Site 1 and 2 (p< .001; Table 1.

8 of 22 YANG ET AL.



The average and standard deviation of equivalent compliance (Ceq) for the three test sites was calculated by taking

all the trials at the same test site across all the animals.

For the cyclic loading trials, tissue displacement (D) along with the corresponding measured pressure differentials

(ΔP) were recorded and segmented into individual cycles for the three peak pressure conditions. Data for each cycle

(loading and unloading) were then normalized to 100 points representing equal intervals from 0% to 100% using the

spline function in MATLAB (Natick, MA). Initial (Do), peak (Dp), and final (Df) deformation were identified for each

cycle, along with the corresponding pressure differentials (ΔP). Mean displacement (D) and mean pressure differential

(ΔP) at each test site were calculated by averaging across all the normalized trials from all the animals. Average force

versus displacement (F � D) curves were then established accordingly using the normalized data as well (Figure 6a).

Energy loss (Ecycle,i) by the integument during each cyclic loading trial was estimated by calculating the area of

the corresponding hysteresis loop present in the force versus displacement (F � D) curve via MATLAB trapz

function:

Ecycle,i ¼
ðDp

Do

FLdD�
ðDp

Df

FUdD ð6Þ

where i represents trial index, FL and FU are the forces during loading and unloading, and D is the corresponding dis-

placement of the integument. Do, Dp, and Df correspond to the initial, peak, and final displacement measured during

the trial. Force and displacement data for loading and unloading of each cycle were evaluated separately and the

enclosed area by the two curves was then used to calculate the energy loss (Ecycle,i) during the cycle (Nordin &

Frankel, 2001). Mean and standard deviation of energy loss (Ecycle) were then calculated for each test site (Figure 6c).

Creep and recovery are time-dependent behaviors of viscoelastic material characterized by progressive material

deformation under constant stress (Lakes, 2009). Integument response during the creep-recovery loading was

modeled as exponential function and parameterized using the settling time required to reach 95% of the steady state

displacement value during both loading (tc) and unloading (tr):

D¼ aþbe�ct ð7Þ

tc ¼ tr ¼� ln 0:05ð Þ=c ð8Þ

where D represents integument displacement, a, b, and c are the coefficients of the modeled exponential creep and

recovery response.

To statistically compare the viscoelastic material properties among the three test sites, we performed the two-

sample t test to quantify the statistical difference of equivalent compliance (Ceq), energy loss (Ecycle), and settling time

(tc, tr) from static step, cyclic, and creep-recovery experiments, respectively. The significance level was set at 0.05,

with p > .05 indicating lack of statistical significance, while p � [.01, .05], p � [.001, .01], and p < .001 identified as

significant (*), highly significant (**), and very highly significant (***). The t-test results are presented in Table 1 and

Figures 5(e), 6(c), and 7(c).

2.3.2 | Suction cup analysis

Suction cup shape (contact angle [θc], height [Hsc]) and attachment force (FA) were used to characterize performance

on both rigid and compliant substrates. Cup geometry was divided into two parts (Figure 4b): (1) Bell: from the lip at

the substrate to the concave notch of the profile and (2) Neck: from the concave notch to the top of the suction cup

which is enclosed inside the connection with the testing machine. Video data were used to parameterize deforma-

tion of the cup via extracting contact angle (θc) and suction cup height (Hsc) at each configuration during loading.
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F IGURE 6 (a) Average force vs. displacement curves for the three sites during low, medium, and high-level cyclic
loading. (b) The average cyclic force (black line) applied during the loading/unloading cycle are shown with one
standard deviation around the average (gray shading). The average displacement (blue, red, and black dot-dashed
lines) for each site and loading condition are also plotted with one standard deviation around the average. (c) Mean
and standard deviation of the energy dissipation (Ecycle) at the three sites calculated using the area of the hysteresis
loop for each loading condition and site. The results of t tests indicate either a highly significant (**) difference or a
significant difference (*) between Site 3 and the other two sites while there is a lack of statistical significance
between Sites 1 and 2 (Table 1).
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Contact angle (θc) was defined as the angle between the bottom edge of the lip and the tangential line of the bell,

and the height of the suction cup (Hsc) was measured from the lip to the top of the cup, Figure 4(b).

In addition to geometry, attachment force (FA) is another critical parameter to evaluate suction cup performance.

The projected area under the cup was divided into two parts, the central circular area exposed to vacuum (vacuum

area, Av) and the area of the ring of material in contact with the substrate (contact area, Ac) (Ge et al., 2015;

Figure 4b). In this study, limited by the ability to distinguish the two in camera footage, vacuum area:

AV ¼
π �D2

lip

4
ð9Þ

was estimated using the measured cup diameter (Dlip, Figure 4b) from images taken during loading.

At initial setup, the normal components (bj direction) of the attachment force (FA), the normal force (N), and the

resistive force (f r) tangent to the contact between the cup lip and the substrate are balanced as shown in Figure 1.

The force due to the resistive force (f r) and atmospheric pressure (po) acting on the lip of the cup are both assumed

to be negligible. As such, the attachment force (FA) is equivalent to the vacuum force (FV) created by the cup:

FA ¼ FV ¼ΔP �Av ð10Þ

Followed by the loading with a constant translational rate of 60 mm/min, the applied force (Fp) was assumed to

equal the difference between the attachment force (FA) and the normal force (N).

FP ¼ FA�N ð11Þ

where Fp is the magnitude of the applied load from the universal tester. The vertical component (bj direction) of the
normal force (N) was then estimated as:

TABLE 1 Statistical test results for viscoelastic material properties. The two-sample t test was performed to
quantify difference between test sites for equivalent compliance (Ceq), energy loss (Ecycle), and settling time (tc, tr).

Static step loading Ceq

Site 1–Site 2 0.371 NS

Site 1–Site 3 <0.001***

Site 2–Site 3 <0.001***

Ecycle

Cyclic loading Low Medium High

Site 1–Site 2 0.782 NS 0.562 NS 0.219 NS

Site 1–Site 3 0.001** 0.005** 0.02*

Site 2–Site 3 0.002** 0.007** 0.0002**

Creep-recovery loading tc (s) tr (s)

Site 1–Site 2 0.04* 0.140 NS

Site 1–Site 3 0.754 NS 0.731 NS

Site 2–Site 3 0.03* 0.400 NS

NS p > .05.

*p � [.01, .05].

**p � [.001, .01].

***p < .001.
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N¼ΔP �Av�Fp ð12Þ

In our experiments, ΔP, Av, and Fp were all measured. Via studying how the applied force (Fp), attachment force

(FA = FV), and the normal force (N) fluctuate during trials, we evaluated suction cup performance on two substrates:

a rigid acrylic sheet and the 00–10 silicone integument phantom. Force, pressure, and image data, collected during

trials with the rigid and compliant substrates, were used to characterize cup performance starting at initial setup and

F IGURE 7 (a) Mean and standard deviation of absolute differential pressure (jΔPj, bar = 100 kPa) for creep
and recovery loading at the three sites. (b) Mean and standard deviation of the resulting displacement at the
three sites. The stars identify the average settling time, i.e., when the displacement attains 95% of the steady
state value for each site during the loading and unloading phases. (c) Settling time compared across the three
sites during loading (creep, tc, left) and unloading (recovery, tr, right), with the corresponding standard deviation
bars. T-test results indicate a significant (*) difference between Site 2 and the other two sites for settling time
during creep (tc), Table 1.
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continuing to failure under normal loading. Data were then normalized to percentage of the trial (%Trial) using the

time the loading was initiated (0%) to the time at failure (100%).

In addition to suction cup kinetics (Fp vs. FA = FV vs. N), we conducted analysis to gain further insight into cup

performance on a compliant substrate. First, the stiffness of the compliant substrate was calculated using experimen-

tal data and compared to the measured dolphin integument stiffness. Peak displacement of the substrate (Dp,

Figure 4b) was defined as the maximum distance between the loaded substrate profile (Hs) and the initial setup

height, which was calculated from video data. Measurements of displacement (Dp) and the applied load (Fp) were

used to calculate substrate stiffness. Second, how the pressure differential (ΔP) and vacuum area (Av) evolve during

the loading was investigated. To do so, the normalized vacuum area (AV) was calculated by dividing the vacuum area

estimated during the trial (Av) by the area of the undeformed cup (AVneutral
) and correlated with the corresponding

absolute pressure differential (jΔPj). The AV versus jΔPj relationship was then used to compare how suction cup per-

formance (attachment force [FA], which equals to vacuum force [Fv]) was related to the deformation of the cup bell

(internal volume Vint in Figure 1).

3 | RESULTS

3.1 | Integument testing results

3.1.1 | Static step loading

Figure 5 presents representative and group results from force versus displacement (F vs. Dss) data collected

from 11 animals. 1st-order linear regression was used to model the integument responses during loading and

unloading at the three test sites. Representative data for an individual animal are presented in Figure 5(a) (load-

ing) and (b) (unloading). Take Site 1 for example, the coefficients of the 1st-order term from the fit to these data

(k1
L¼78:1, k 1

U¼100:00) were used to calculate the equivalent compliance (Ceq,i = 0.112mm/N) for this specific trial

(i as trial index) using Equations 4 and 5. Average equivalent compliance for the three sites were 0.117, 0.108, and

0.060mm/N at Sites 1, 2, and 3, respectively (Table 2, Figure 5e). Equivalent compliance at Site 3 was very highly

statistically different than at Sites 1 and 2 (p< .001), while there is lack of statistical significance between Sites 1 and

2. Figure 5(c) presents the average force versus displacement curves (F vs. Dss) for the static step loading trials. A

nonlinear stiffness response was observed at all three sites, with Site 3 having the stiffest response and the least hys-

teresis. At the highest loading condition (136N) the integument displacement was twice as large at Sites 1 and 2 than

at Site 3 (�1.5 cm vs. �0.75 cm; Figure 5d). Statistical significance is reported in Table 1.

3.1.2 | Cyclic Loading

Figure 6(b) presents the average loading force and average integument displacement during the cyclic loading

trials. Average force and displacement (F vs. D) were used to plot hysteresis loops during the cyclic loading at the

three levels, Figure 6(a). Once again, the integument at Site 3 was found to have the stiffest response with maximum

displacement of around 0.7 cm at a peak load of �135N. The hysteresis loops at Sites 1 and 2 were comparable and

had approximated maximum displacement of around 1.4 cm at peak loading. Nonlinear stiffening was present at all

three sites during the loading phase of the cycle indicating that the stiffness of the integument increases at larger

deformations. The energy loss (Ecycle) during the cyclic loading was comparable at Site 1 and 2, and much larger than

the values calculated at Site 3, Table 2. For example, at the low-level loading condition, energy loss (Ecycle) at Site

1 (0.015 J) and 2 (0.016 J) are roughly four times of Site 3 (0.004 J).
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3.1.3 | Creep-recovery loading

Results from the creep-recovery trials were used to characterize the temporal response of the integument

under loading (Figure 7, Tables 1 and 2). During creep section, the maximum pressure differential

(0.3 bar = 30 kPa) was reached 40 s after the initiation of the trial, and the integument at Site 3 had the fastest

response with a creep settling time of 50.69 ± 9.68 s, Figure 7 (b, left). During recovery section, pressure was

released from the chamber in <1 s. Sites 1, 2, and 3 had comparable recovery times of 1.11 ± 0.15 s, 1.25

± 0.22 s, and 1.15 ± 0.27 s (Figure 7 (b, right), without significant difference based on statistical analysis results,

Figure 7(c).

3.2 | Suction cup testing results

3.2.1 | Suction cup kinematics

The deformation of the suction cups on the two substrates was visibly different. Figure 8 presents image

data from 0%, 25%, 50%, 75%, and 100% of a representative trial with the (A) rigid and (B) compliant sub-

strates. On the rigid substrate, the cup exhibited a two-stage deformation, with initial deformation at the

neck followed by an elongation and expansion of the bell. Initially, cups on the rigid substrate had a flatter

setup profile (θc = 30.45�; Hsc = 20.46 mm) compared to cups on the compliant substrate (θc = 48.92�;

Hsc = 23.13 mm) (the 1st column of Figure 8). This was characterized by a smaller contact angle (θc) and a

lower suction cup height (Hsc). During initial loading on the compliant substrate, there was little visible

deformation of the neck. As loading increased the bell and substrate deformed together until failure. Defor-

mation of the compliant substrate resulted in a smaller cup diameter (Dlip) with a more pronounced concave

shape when first attached. During loading the cup and substrate deformation were coupled. The substrate

deformed into the cup and reduced the internal volume (Vint) throughout the loading, leading to a lower

internal pressure (pv) and smaller pressure differential (ΔP). Just before failure, cups on both substrates had

similar vacuum areas:

AV ffi
π �D2

lip

4
, ð13Þ

Figure 8 (5th column) and Figure 9(b). But the cup on the rigid substrate had a larger contact angle (θc = 68.78�)

and a higher suction cup height (Hsc = 26.87), leading to a larger internal volume (Vint) compared to cups on the

TABLE 2 SSCup in vivo measurement results. The equivalent compliance (Ceq) represents the displacement (mm)
of the substrate per unit loading (N), a larger Ceq means the integument at the site deforms more under the same
loading. Energy loss (Ecycle [J]) is the magnitude of energy dissipated by the integument during the cyclic loading. A
larger Ecycle results from a larger hysteresis loop (energy difference) between the loading and unloading curve.
Settling time for creep (tc [s]) and recovery (tr [s]) indicates the time taken by the integument at the three sites to
reach 95% of steady state displacement during loading and unloading.

Static step loading Cyclic loading Ecycle (J) Creep-recovery loading

Test site Ceq (mm/N) Low Medium High tc (s) tr (s)

Site 1 0.117 ± 0.021 0.015 ± 0.006 0.051 ± 0.016 0.087 ± 0.042 52.21 ± 9.83 1.11 ± 0.15

Site 2 0.108 ± 0/021 0.016 ± 0.007 0.061 ± 0.022 0.102 ± 0.042 65.73 ± 15.45 1.25 ± 0.22

Site 3 0.060 ± 0.019 0.004 ± 0.002 0.024 ± 0.010 0.039 ± 0.011 50.69 ± 9.68 1.15 ± 0.27
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compliant substrate (θc = 64.37�, Hsc = 25.03). These changes in geometry result in a larger internal volume (Vint), a

lower internal pressure (pv), and therefore larger vacuum force (FV = FA) for cups on a rigid substrate. The stiffness

of the compliant substrate compares well to the measured integument compliance at Sites 1 and 2 from the SSCup

dolphin experiment (Figure 9a).

3.2.2 | Suction cup kinetics

When first attached, the magnitude of the vacuum force (FV) generated by the cup and the normal force (N) are equal

and opposite (Equation 9). At this point the cup is in compression and the normal force created by the deformation

of the cup is acting to restore the cup to its initial shape. The average initial vacuum force (FV) was slightly larger for

cups attached to the rigid substrate (�25 N vs. 23 N; Figure 10). As the applied load (Fp) increases, the magnitude of

the vacuum force (FV) also increases, while the normal force (N) decreases as the shape of the cup approaches its

undeformed state. Figure 10 (top) presents the silhouettes that capture the deformation of the cups at 0%, 25%,

50%, 75%, and 100% of the trial, along with a vector estimating the magnitude and direction of the corresponding

normal force (N).

The cups on both substrates were loaded with a constant displacement of 60 mm/min, but the average

applied force (Fp,avg) at failure was twice as large for cups tested on the rigid substrate (50 N vs. 25 N). On

the rigid substrate, the cups had two distinct regions of roughly linear stiffness: a lower stiffness from 0%

to 20% of the trial, and then a higher stiffness up to failure (Figure 10a). The stiffness response of the cups

tested on the compliant substrate was closer to linear throughout the entire trial (Figure 10b). On the rigid

substrate, the cup deformed more than that on the compliant substrate, transitioning from compression to

tension at �86% of the trial. On the compliant substrate, the suction cup and the substrate both deform

during loading but fail before the transition from compression to tension. In both cases, cup deformation

created by the applied force (Fp) increases the cup internal volume (Vint), decreases the pressure differential

(ΔP), while increases the absolute value (jΔPj), and increases the vacuum force (FV). This continues until a

leakage pathway at the lip of the cup results in attachment failure. Cups tested on the rigid substrate

deformed more and failed at larger applied forces (Fp).

F IGURE 8 Suction cup deformation during normal loading on (a) a rigid (acrylic) substrate and (b) a compliant
(00–10) substrate. There are noticeable differences in the overall cup deformation (contact angle [θc], height [Hsc])
between the two cases, which in turn influences cavity expansion (internal volume [Vint], vacuum area [Av]) and cups
performances (FA = FV).
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4 | DISCUSSION

Despite the widespread use of suction cups to attach biologging tags to cetaceans, little is known about the factors

that control the tenacity of this attachment method. Compared to the rigid substrates on which suction cups are typ-

ically used, cetacean integument is viscoelastic, raising the questions of how integument compliance affects cup

mechanics and whether cups can be designed to improve performance on a compliant substrate. This study makes a

first step to address these questions. Specifically, we used an experimental approach to (1) characterize dolphin

integument mechanics at typical tag attachment sites and (2) compare cup performance on compliant and rigid sub-

strates. Measurements of integument deformation under vacuum loading were made at three sites on common

bottlenose dolphins using a novel in vivo measurement system, SSCup. Integument deformation at all three sites

F IGURE 9 (a) Force (Fp) versus peak displacement (Dp) during the SSCup static step loading (gray lines and
points) is compared to data collected from the substrates during the suction cup testing. The stiffness of the
compliant (00–10) substrate compares well to the values measured at Sites 1 and 2. (b) Correlation between the
normalized vacuum area (AV ¼AV=AVneutral ) and the absolute pressure differential (jΔPj).

F IGURE 10 A comparison of the average cup performance during normal loading on (a) rigid and (b) compliant
substrates. The average pulling force (FP), normal force (Navg), and vacuum force (FV,avg = FA,avg) are shown for each
substrate, with the shaded area represents one standard deviation from the average value. The direction and
magnitude of the average normal force (Navg) is illustrated with arrows in the silhouettes of the cups on the top of
each plot.
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demonstrated a viscoelastic response, but the fibrous tissue around the dorsal fin (Site 3) differed greatly from the

other two sites on the trunk. Site 3 had roughly half the equivalent compliance (Ceq), less than half the energy loss

(Ecycle) when vacuum loading was cycled and approximately half the average peak displacement (Dp) compared to the

sites on the trunk (Site 1 and 2; Table 2, Figures 5D and 6B).

The same pressure loading range (5–30 kPa) was applied to dolphin integument with different frequencies dur-

ing the static step and high-level cyclic loading trials (Figure 3b). The three test sites responded similarly under the

two loading profiles, with average peak displacements (Dp) around 0.7 cm for Site 3, and 1.5 cm for Sites 1 and

2. Nevertheless, it is also found that the peak displacement (Dp) at the site with highest stiffness (Site 3) was less sen-

sitive to loading frequency. While the more compliant sites (Site 1 and 2), each with a time-dependent viscoelastic

response, had slightly larger average peak displacements (Dp ≥ 1.5mm; Figure 5c) during the static step trials com-

pared to the cyclic loading trials (Dp ≥1.5mm; Figure 6a,b, 3rd column). These results indicate that the frequency of

hydrodynamic loading created by drag forces acting on a tag could impact the response of the integument at the

attachment site.

Differences in viscoelastic response demonstrate the inhomogeneity of cetacean integument created by distinct

anatomical substructures, including varying amounts of subdermal fat, bone, and muscle underneath each test site.

CT scans (Figure 2a) show how suction cups deform integument at the three sites examined in this work. However,

because these images are from a cadaver, they will not reflect the same magnitude of deformation expected from liv-

ing swimming animals. Suction cup shape (contact angle [θc] and height [Hsc]) and attachment force (FA) were used

to characterize performance on both rigid and compliant substrates. The deformation observed on compliant sub-

strate reduces the internal volume (Vint) of the cup, leading to smaller pressure differentials (ΔP) when compared to

measurements made with the same cups on a rigid substrate (Figure 1).

To investigate the impact of substrate compliance on cup performance, silicone suction cups were attached to

both rigid (acrylic) and compliant (Shore A 00–10 silicone rubber) surfaces and loaded to failure (detachment). The

load-deformation response of these two engineered materials brackets measured compliances at the three test sites

on the dolphins (Figure 9a). As such, suction cup performance on a dolphin might be expected to fall between the

results measured on these two substrates. Material response is dependent on strain rate (Lakes, 2009), and the low

displacement rate (60 mm/min) used for the tests is more likely to represent relatively slow hydrodynamic force

changes experienced by a suction cup attached to a marine animal traveling at a steady speed. The cup and substrate

act as a coupled system affecting both the initial setup pressure and the cup's response to loading. When unloaded,

the deformation of the compliant surface merges into the cup leads to a lower vacuum force (FV) and different

mechanics at the lip-substrate interface as compared to a cup on a rigid substrate (Figures 1 and 8). During loading

on the compliant substrate, both the cup and substrate deform together until a leakage path is created at the lip,

resulting in failure (Figure 8).

Our experimental results demonstrate that cup performance is significantly impacted by a compliant substrate.

Peak applied force (Fp) at failure on the compliant substrate (�25 N) was half of the value on the rigid substrate

(�50 N). Prior to failure, suction cups attached to the rigid substrate generated absolute pressure differentials (jΔPj)
that were more than twice as large as cups attached to the compliant one even though the projected cup area at fail-

ure was comparable (Figure 9b). Thus, the tenacity of suction cups may depend strongly on the stiffness of the integ-

ument at the attachment site. This, in turn, depends on the anatomy of the underlying tissues at the site: areas of

the body such as cranial to the dorsal fin anterior insertion, where there is more fibrous tissue and less blubber or

muscle, tend to have lower compliance, which may result in improved cup performance during hydrodynamic load-

ing. Furthermore, the level of physical activity and associated musculoskeletal movement, as well as the skin tension

during locomotion may also contribute to the material properties of the integument and the overall attachment per-

formance of suction cups as well.

During a deployment, the forces that a cup needs to resist for tag attachment are directly related to the move-

ment kinematics of the animal. Animals swim at a range of speeds creating hydrodynamic loads on the tag in both

normal (lift force) and shear (drag force) directions. Loading magnitude will depend on the speed of the animal.
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Steady state dolphin swimming speeds ranging from 1 to 5 m/s measured with tags (Gabaldon et al., 2022) can cre-

ate drag forces ranging from 1 to 15 N and lift forces ranging from 1 to 60 N on a tag 150 mm long with a maximum

frontal cross-sectional area of 2,200 mm2 (Shorter et al., 2014). The experimentally measured lift force at 5 m/s from

this example tag exceeds the failure force of a single cup on a compliant substrate (60 N vs. 25 N), but biologging

tags tend to be secured to an animal using an array of four cups. If the performances of the cups scale linearly, an

array of four cups would require an applied normal load greater than �100 N before failure. Forces of these magni-

tudes could be generated by the flow around the tags during high-speed swimming (>6 m/s), during large accelera-

tions/decelerations while the animals swim and maneuver, or from impacts between the tag and the environment or

other animals. In the event that one or more cups fail, smaller hydrodynamic forces would result in tag detachment.

In addition to having the stiffest response to the loading among the three test sites, Site 3 is located near the COM

(center of mass), which could potentially reduce the effect of body motion that occurs during locomotion.

The high-pressure differentials generated by a suction cup during fast swimming impose local stresses on the

integument. Figure 9(b) shows that the cup absolute pressure differential (jΔPj) on the compliant substrate reached

�20 kPa at failure. Understanding if the stress generated by peak loading of this magnitude is large enough to dam-

age integument at the attachment site is an important consideration for cup design. Cupping, a form of myofascial

massage therapy where local suction is used to draw fluid from tissue and muscle to the skin surface, loads human

integument in a comparable manner to the SSCup. In a numerical study of cupping mechanics, Tham et al. (2006)

illustrated that normal stress generated using a rigid dome result in both tensile and compressive stress on the integ-

ument. In the simulations, compressive stress was highest directly below the cup rim, and the largest tensile forces

were generated just inside the rim and at the center of the cup. These tensile stresses cause capillary dilation

resulting in the movement of interstitial fluid to the integument surface, and if the tensile stress is large enough, the

capillaries could rupture. Pressure differentials (ΔP) of up to 30 kPa (0.3 bar) were used to load the dolphin integu-

ment with the SSCup. Following the testing the tissue was observed to be raised, and the surface temperature had

increased at the attachment site (Figure 11) but no discoloration was observed. A portable ultrasound unit was used

opportunistically to image the integument after loading, and no fluid pooling was visible in the images. The peak

absolute pressure differentials (jΔPj) measured during cup failure testing (�40 kPa on the rigid substrate

and � 20 kPa on the compliant substrate, Figure 9b) and during the experimental investigation of integument

mechanics with the SSCup (30 kPa) are comparable, but the resulting force applied to the integument by the SSCup

(�140 N) was significantly higher than the cup on either substrate (�50 N on the rigid substrate and � 25 N on the

compliant substrate) due to the larger area (AS = 45.6 cm2) of the SScup compared to the suction cups

(Aneutral = 15.9 cm2). Importantly, the tensile stresses that can lead to capillary rupture will be reduced for smaller

projected areas at the same relative pressure differential (po � pv). In simulation, Tham et al. (2006) predicted that

peak stress would decrease from �32 kPa to �18 kPa when the diameter of the cup was decreased from 65 to

35 mm for the same 30 kPa pressure differential (ΔP). These results indicate that the stress acting on the integument

can be modulated by controlling the size of the cup and the magnitude of the pressure differential (ΔP) generated

during attachment.

Diving behavior will also result in cyclic changes to the pressure differential (ΔP) between the cup and envi-

ronment, and therefore the attachment force (FA). Cups are placed on the animals at the surface in atmospheric

pressure (patm). During a dive, the environmental pressure (po) surrounding the cup and animal will grow,

resulting in a larger relative pressure differential (po � pv) than at the surface. The forces created by these pres-

sure differentials (ΔP) will deform the cup, modifying the internal volume (Vint) and the projected area (Av, Ac).

This results in coupled dynamics that affect the suction cup attachment force (FA): specifically, the pressure dif-

ferential (ΔP) will increase, but the projected area of the cup (Av, Ac) is expected to decrease as the animal

dives. These dynamics will also affect the stress on the integument with the larger stresses created by the

increased pressure differential being offset by a smaller effective cup area. However, the tissue loading induced

by suction cups as a function of dive depth has yet to be measured in situ and it remains uncertain whether the

risk of damage to the integument increases as animals dive.
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Although the potential for suction cups to cause harmful levels of stress in the integument under normal loading

conditions is unclear, there are several practical ways to reduce the skin load and therefore the risk of harm. The

attachment force (FA = AV) generated by a cup is determined by the projected vacuum area (Av) and the pressure dif-

ferential (ΔP) between the cup volume (pv) and the environment (po). The compliance of a suction cup influences

both the pressure differential (ΔP) and the interaction with the substrate. Cup compliance depends on both shape

and material: compliance can be increased be selecting a softer material for a given cup geometry, or by reducing the

thickness of the cup walls. For a given cup geometry, e.g., the same projected vacuum area (Av), a more compliant

cup will generate a lower pressure differential (ΔP), resulting in lower tissue stress but also a lower attachment force

(FA). The magnitude of the attachment force (FA) could be maintained by increasing the size of the cup to grow the

projected cup area. However, the pressure differential (ΔP) at cup failure would need to be quantified, because integ-

ument stress scales with the size of the projected area (Av, Ac) of the cup for a given pressure differential (ΔP) (Tham

et al., 2006). Additionally, a softer cup may have an increased risk of detachment by other mechanisms, e.g., buckling

of the cup or folding of the lip during attachment. Further, if cups are used to attach movement sensors to an animal,

compliant cups will deform more under cyclic hydrodynamic loading increasing noise in the sensor measurements.

Future cup designs should also address leakage to improve performance. Leakage created by imperfections at the

interface between the cup and animal will result in a reduction in the attachment force (FA) during a deployment. Pre-

liminary work is currently being conducted to investigate the performance of hybrid cups with a stiffer bell and a

compliant lip. The use of materials with variable compliance could result in a more robust seal while still generating

a desired pressure differential (ΔP).

In this study, we only investigated cup performance during normal loading, i.e., perpendicular to the integument

surface, but the hydrodynamic forces acting on a biologging tag will generate both normal (lift) and shear (drag)

forces. Additional testing to characterize performance during shear loading is needed to understand failure modes

and improve tag/cup designs. The main force resisting shear loading can be approximated using friction models like

Coulomb's law. For this model, the resistive force (fr) is dependent on both the normal force (N) and the friction coef-

ficient on the contact surface. For our case, the normal force (N) is positively related to the vacuum force (FV) per

Equation (12). A compliant integument reduces the vacuum force (FV) but tends to increase the contact surface area

(Ac) as the substrate deforms into the cup, Figure 1(b). The net impact of integument compliance on shear force resis-

tance is therefore complex and will require improved integument surrogates for lab testing.

Biologging tags are attached with suction cups on an ever-increasing range of species. Our results suggest that

animals with thicker, less fibrous blubber will tend to have more compliant integument leading to greater deforma-

tions at the skin surface for a given cup stiffness. To minimize tissue strain, larger cups with lower pressure differen-

tial (i.e., softer cups) should be selected for use on animals with more compliant integument. As integument

properties can vary with ontogeny, body condition, and habitat even within a species, measurements from more ani-

mals and from multiple locations will be important to inform the design and selection of cups for biologging tags.

F IGURE 11 Thermal images of Test Site 1 before, during, and after a static step loading trial. After the trial was
completed, there was a visible impression corresponding to the footprint of the SSCup with an elevated local

temperature, but there was no visual damage or discoloration to the integument following the testing.
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However, in vivo measurements of animals in good condition are seldom possible for many species, especially larger

whales. In these situations, using ex vivo samples and simplified proxies for integument mechanics, e.g., indentation

hardness tests or tensile tests (Grear et al., 2018) could provide initial context and perspective about the attachment

surface.
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