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Abstract

Biological soft interfaces often exhibit complex microscale interlocking geometries to ensure sturdy
and flexible connections. If needed, the interlocking can rapidly be released on demand leading to
an abrupt decrease of interfacial adhesion. Here, inspired by lizard tail autotomy where such
apparently tunable interfacial fracture behavior can be observed, we hypothesized an interlocking
mechanism between the tail and body based on the muscle-actuated mushroom-shaped
microinterlocks along the fracture planes. To mimic the fracture behavior of the lizard tail, we
developed a soft bilayer patch that consisted of a dense array of soft hemispherical microstructures
in the upper layer acting as mechanical interlocks with the counter body part. The bottom control
layer contained a microchannel that allowed to deflect the upper layer when applying the negative
pressure, thus mimicking muscle contraction. In the microinterlocked condition, the biomimetic
tail demonstrated a 2.7-fold and a three-fold increase in adhesion strength and toughness,
respectively, compared to the pneumatically released microinterlocks. Furthermore, as per the
computational analysis, the subsurface microchannel in the control layer enabled augmented
adhesion by rendering the interface more compliant as a dissipative matrix, decreasing contact
opening and strain energy dissipation by 50%. The contrasting features between the
microinterlocked and released cases demonstrated a highly tunable adhesion of our biomimetic
soft patch. The potential applications of our study are expected in soft robotics and prosthetics.

1. Introduction

In nature, biological interfaces often exhibit complex
microscale sutured or form-based microinterlocked
geometries critical for ensuring sturdy but flexible
connectivity while providing multiple essential func-
tionalities [1-5] such as respiration, growth, and
locomotion of organisms. These microinterlocked
interfaces significantly increase the associated stiff-
ness and strength due to the related strengthening and
toughening mechanisms such as crack propagation
hindrance [2, 5, 6], mode-mixity [1, 6, 7], extended
energy dissipation zone [8], and friction interac-
tion [9]. Also, the extrinsic (behind crack tip) [10]

toughening mechanisms and intrinsic (ahead of the
crack tip) [10] toughening mechanisms such as crack
deflection or kinking [5, 7], stick-slip [11] response,
and microvoid coalescence [10] contribute signifi-
cantly towards the damage tolerance of the nature-
designed interfaces. These toughening strategies have
been well studied and exploited to increase interlayer
performance in composites [12] and biomimetic arti-
ficial interfaces for various technical applications [2,
6, 10]. Conversely, in situ, the interlayer adhesion
could significantly decrease when detaching these
interlocks by rapid actuation on-demand, enabling a
high-end tunable interlayer adhesion.
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Recent progress in the development of
application-oriented tunable adhesion has been
made using bioinspiration from gecko seta [13, 14],
creeper root [15], octopus [16], temperature-induced
[15, 17], shape-controlled caps [18], magnetically-
tuned micropillar rotation [19], subsurface pressure
modulation [20], dewetting modification [21], and
swellable hydrogel [22]. Despite the significant
progress made, there are still challenges to implement
mechanically interlocking structures that simulta-
neously allow for sturdy and flexible connection
and on-demand rapid detachment. In this paper,
we present a tunable adhesion approach bioinspired
from lizard tail autotomy.

Lizard tail autotomy (self-amputation) is a unique
survival strategy used by lizards for predator defense
where the mechanical release of the tail facilitates
escape [23, 24]. After the tail is released, it continues
to wiggle on its own to attract the predator’s atten-
tion while the lizard escapes. Interestingly, the lizard
tail is not a single entity; instead, it consists of sev-
eral segments that are assembled to each other, con-
stituting fracture planes [25]. Inspired by the tail’s
morphology and the highly dense mushroom-shaped
microstructures present on the fracture planes during
SEM analysis, we developed a biomimetic approach
to tunable adhesion between soft layers using pneu-
matically actuated microinterlocking structures via a
two-layer polydimethylsiloxane (PDMS) patch. The
top layer of the patch consisted of a square array
of ~12000 hemispherical microstructures (~50 pm
diameter and height) called the microbump layer.
These flexible microstructures acted as an array of
mechanical interlocks with the counter body part that
can be disconnected by pneumatic actuation via a
subsurface microfluidic channel in the bottom con-
trol layer. Fracture characterizations validated a sig-
nificant change in fracture strength and toughness
before and after actuation compared to the planar
reference [26].

2. Methods

2.1. Scanning electron microscopy of lizard tail
specimen

We studied the tails of three common lizard species
from Abu Dhabi, two from the Gekkonidae family
(Hemidactylus flaviviridis and Cyrtopodion scabrum)
as well as one from the Lacertidae family (Acan-
thodactylus schmidti). Animal care protocols were
approved by the Institutional Animal Care and Use
Committee (IACUC; Laboratory animal protocol 20-
0002), as well as a no-objection certificate (NOC),
was obtained by the Environment Agency Abu Dhabi
(EAD; No Objection Certificate Number 34867). The
tail fragments were immediately preserved in a 4%
formalin fixative after breakage, which was subse-
quently stored at 4 °C.
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For scanning electron microscopy (SEM), the 4%
formalin-fixed tail fragments were washed three times
(with a 10 min gap between the washes) with 0.1 M
sodium cacodylate buffer. Post washing, the speci-
mens were kept in 1% OsOy for 2 h. Then, the spec-
imens were washed with distilled water three times
(with 10 min gap between the washes). The speci-
mens were dehydrated by subjecting them to a graded
ascending ethanol series with concentrations of 50%,
70%, 95%, and 100%, all following the same scheme
of three washing steps with a 10 min gap in between.
The resulting specimen was critical point dried using
a Leica CPD apparatus (Leica EM CPD300, Leica
Inc.). The tail stump specimens were glued on a stub
and coated with a 20 nm gold layer using a sputterer
before performing the SEM.

2.2. Master mold fabrication

A 4" silicon wafer was baked at 150 °C using a lev-
eled hotplate for 5 min to remove the adsorbed layer
of water from the surface. Then, the adhesion pro-
moter TI PRIME was spin-coated at 2000 rpm for
30 s, followed by subsequent baking at 120 °C for
2 min to activate the adhesion promoter. The pho-
toresist AZ40XT was spin-coated at 1000 rpm for
30 s immediately after the wafer was cooled down
to room temperature. Once cooled down to room
temperature after 20 min, it was subjected to soft
baking on a hotplate for 7 min with ramp heat-
ing (50 °C-90 °C). It was transferred to a second
hotplate at 125 °C for 11 min and then cooled
down. Finally, the wafer was exposed to UV using
a mask aligner (MA8, SUSS). After exposure, post-
exposure baking was performed with ramp heat-
ing (50 °C-90 °C), and the master was then trans-
ferred to the second hotplate at 105 °C for 100 s.
It was then cooled down to room temperature for
10 min. After development in undiluted AZ326MIF
for 3 min and 25 s, the photoresist was thermally
reflown at 130 °C for 2 min to obtain the array
of hemispherical microstructures on the patch area.
The size of each microstructure was approximately
equal to 50 pum in diameter. The fabrication pro-
cess is schematically shown in supplementary figure 1
(https://stacks.iop.org/BB/17/036002/mmedia).

The microchannels of the control layer were fab-
ricated using soft lithography. Briefly, a negative pho-
toresist SU8-2050 was used to create a master mold
with a channel dimension of ~100 gm x 100 pm.
The PDMS microchannels were obtained from the
SU-8 master by molding. The microbump and con-
trol layers were plasma bonded together for a water-
tight connection to deflect the microbump layer using
pneumatic suction in the control layer.

2.3. Fabrication of tail and body part

For the tensile and torque experiments, we built
a rigid and soft tail, respectively. The biomimetic
tail and the body mount were modeled using
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Solidworks® 2017 and 3D printed using Formiga
P 100 Velocis 3D printer. The material used for 3D
printing was polyamide, PA 1102 (Young’s modulus
= 1600 MPa and density 990 kg m ).

Before connecting the body and tail, the two-layer
PDMS patches were first silanized using trichloro
(1H, 1H, 2H, 2H,—perfluoro—octyl) silane that
formed a self-assembled inert monolayer on the sur-
face. The silanized patches were then attached to
the V-shaped fracture planes of the tail using lig-
uid PDMS with a curing agent (10:1) that acted as
a glue post-curing at 70 °C for 30 min. After filling
the gap (5 mm) between the body and the silanized
PDMS patches with uncured PDMS and subsequent
curing, a layer with precisely aligned complemen-
tary microgrooves was formed on the soft body part
against the microbumps of the PDMS patches. Fur-
thermore, to enable a firm connection of the soft body
part (with the complementary microgrooves) to the
body mount, dumbbell-shaped pockets were addi-
tionally provided in the body mount. Supplemen-
tary text 1 schematically shows the above fabrication
process.

For the flexible tail (see supplementary figure 2,
EcoFlex® 00-20 tail was fabricated using a Teflon
mold, which was designed with Solidworks® 2017
and machined by computer numerical control
milling. A mixture of EcoFlex® 00-20 part A and
part B was poured into the mold and left to cure in
the oven at 70 °C for 30 min. Similar to the rigid
tail, the silanized PDMS patches were bonded to
the V-shaped fracture planes and connected to the
3D printed body mount by filling liquid EcoFlex®
00-20 plus curing agent into the gap (5 mm) between
the body part and the silanized PDMS patches and
subsequently curing them at 70 °C for 30 min. The
fabrication process of the rigid and flexible tail is
explained in supplementary text 1 in detail. Finally,
post-experiment SEM analysis was conducted along
the broken fracture planes to validate interfacial
fracture between the body and tail.

2.4. Experimental design and set-up

The test samples had three different topological fea-
tures on the fracture planes, namely plain (refer-
ence), non-actuated (with engaged microinterlocks),
and actuated samples (with released microinter-
locks). For comparison, all the test samples incor-
porated an embedded subsurface microchannel in
the control layer, including the plain (reference). The
control layer was subjected to a negative pressure
of —1000 mbar so as to deflect the microbump layer
and break the microinterlocks. As a pressure source,
a pressure pump (Elveflow®) [27] was connected to
the PDMS patch via soft tubing. Using a universal
testing machine (Instron® 5965, Instron Corp., Nor-
wood, MA, USA), the force required to break apart the
tail from the body was measured for different samples
at various displacement rates. To avoid any possible
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interference of wavy fingerlike debonding concern-
ing fracture characterization results, the interface was
monitored under an optical microscope during frac-
ture. The outcome recorded, no signs of wavy fin-
gerlike instabilities that would have confounded the
results if present (supplementary text 2. Next, frac-
ture characterizations were performed in tensile and
torque modes. The procedure and the details about
the tensile and torque mode of the fracture tests are
given below.

The sample tail’s body mount was fixed using the
bottom grip, and with the help of the top grip, the tail
was displaced at various displacement rates depend-
ing on the fracture mode of the test. Loads were mea-
sured with a 500 N Instron load cell (load accuracy
of +5%) at a displacement rate of 5 um s~! for the
tensile fracture experiment and 5 mm s~! for the
torque fracture experiment. The load cell was cali-
brated with the no-load mounted condition before
the tests were performed. Data acquisition was made
with Instron software (Bluehill 3.0). For the wiggling
mode, a stepper motor (two-phase Mercury motor
with 1.8-degree step angle, and a holding torque of
2.3 kg-cm) was used. Tail samples were mounted on
the stepper motor using the body mount and was
wiggled for 10 s at various sweep angles and wig-
gling frequencies. The sweep angle and frequency
were recorded at the event of full tail breakage for the
microinterlocked and released microinterlock cases,
which was later analyzed with the simulation results.

To demonstrate the tunable adhesion of the sam-
ple tail on a freely moving robot, we utilized the plat-
form provided by the OWI KINGII Dragon Robot
Kit, which included the leg movements as well as
the base of the robot body. On this base, the follow-
ing parts were integrated: a stepper motor, a stepper
motor driver, a controller (Arduino nano), a proxim-
ity sensor, and a top casing cover. The stepper motor
provided the wiggling motion of the tail with con-
trolled amplitude and frequency once the proximity
sensor was triggered. The pressure pump (Elveflow®)
was connected to the PDMS patches via soft tub-
ing to activate the releasing of the microinterlocks
pneumatically while crawling.

2.5. Cohesive zone modeling

A cohesive zone modeling study among the three
cases (planar, microinterlocked with and without
the subsurface microchannel) was performed using
Abaqus® Standard 6.16 [28-30]. The shapes and
sizes of microinterlocks were set according to the
experimental samples. To determine the cohesive and
damage behavior, our recent study [7] was used where
the penalty stiffness recorded was 0.025 N mm 2 in
both the normal and shear directions. Furthermore,
the damage criterion chosen was the maximum nom-
inal stress (0.000 24 N mm~2) in normal only and the
other two mutually perpendicular shear directions.
Moreover, the damage evolution criterion chosen was
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energy (0.00024 N mm™!) with exponential soften-
ing, including the Benzeggah-Kenane mode-mixity
criterion (0.01 mode-mixity ratio, normal to shear).
The material properties of PDMS (10:1 curing ratio),
with a density of 960 kg m~2, Young’s modulus of
1.16 MPa, and Poisson’s ratio of 0.49, were deter-
mined as per the tensile characterization using ASTM
D412 type C samples [7]. The same properties were
used for all modeling studies. The interfacial assembly
and surface to surface interaction properties consisted
of tangential behavior with a friction coefficient of
1.63 [7]. For the normal behavior contact interaction,
a hard contact pressure overclosure and a default con-
straint enforcement method were used while allowing
separation after contact.

The elements consisted of a four-node bilinear
plane strain quadrilateral hybrid constant pressure
(CPE4H). The global model’s boundary condition
comprised of the encastre condition on the top edge
of the body part. The bottom of the tail was displaced
5 mm longitudinally. For submodels 1 and 2, only
the relevant partitioned part was kept in the assembly
module while the rest of the partitions were deleted.
Finally, the boundary conditions were imparted to
the appropriate partitioned edges from the associ-
ated previous global model. This was done using the
submodel boundary conditions arrangement, where
global model boundary conditions can be translated
to the submodels concerning the relevant boundary
edges. No automatic contact controls and stabiliza-
tion were imparted for the contact interaction in the
global model due to the coarse mesh nature. However,
at the submodel level, the automatic contact controls
and stabilization were kept in operation for the con-
vergence [7], resulting in negligible interference of the
stabilization and dissipation energies with the total
strain energy.

3. Lizard tail model

As a single organ, the lizard (Hemidactylus flaviviridis,
HF) tail is found to be segmented and precut in
nature, where each tail segment is connected with the
other like a plug and socket joint [25]. The connec-
tions between these joints are made via wedge-shaped
muscle bundles and the complementary body cavi-
ties (lined with layers of connective tissue, myosepta).
The body cavities can be seen in the post-fracture
SEM image, figure 1(a). The wedge-shaped muscle
bundles, as shown in figure 1(b), were circumfer-
entially arranged (total eight wedges, in two ven-
tral, four lateral, and two dorsal directions). Due
to the form-based macrointerlocking between the
body cavities and the wedge-shaped muscle bun-
dles, the faces of these wedges constituted the frac-
ture planes. Furthermore, the SEM analysis of the
fracture planes showed highly dense mushroom-
shaped structures (bulged out distal ends of muscle
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fibers) ranging from 30-80 pm in diameter, seen in
zoomed-in views of figure 1(b). In other lizard
species, Cyrtopodion scabrum (CS, Gekkonidae) as
well as in Acanthodactylus schmidti (AS, Lacer-
tidae), we also observed similar mushroom-shaped
microstructures confirming the previous findings
[25, 31]. Since the faces of these wedge-shaped muscle
bundles constituted predetermined fracture regions
[25] in an intact tail, under the action of criti-
cal stress induced by the predator’s grasp, the tail
is susceptible to rupture along these regions where
a crack would initiate and propagate catastrophi-
cally, causing the total separation. Hence, tail auto-
tomy can be regarded as a subject of interfacial frac-
ture with predetermined fracture regions [32], as
schematically shown in figure 1(c). To attach the tail
as firmly as possible despite the presence of frac-
ture planes, we hypothesized that the mushroom-
shaped microstructures on the wedge-shaped muscle
would act as biological microinterlocks to the counter
body cavity, as shown schematically in figure 1(d).
However, if needed in case of a predator’s attack,
these microstructures (muscle fibers with dilated ter-
mini) would actuate in an orchestrated manner. This
can be realized via muscle contraction that would
break the microinterlocks with the body cavity. Sub-
sequently, tail autotomy process can be facilitated
by tail thrashing. Schematically single microinterlock
release using muscle contraction is illustrated in the
zoomed-in inset of figure 1(d) where the blue and
green dashed lines illustrate intermediate stages of
the release (see supplementary text 1 for detailed
schematic of the release). In reality, the biological pro-
cess of muscle contraction would involve a cascade
of complex chemical and mechanotransductive sig-
nals transmitted to muscle fibers [25] which poses
a formidable challenge for a biomimetic implemen-
tation. Thus, in this study, we focussed only on the
mechanical aspect of the fracture process and built
a simplified biomimetic tail model by using a tun-
able adhesion patch out of a soft elastomeric material
that can be pneumatically actuated mimicking muscle
contraction.

4. Experimental

The bioinspired tunable adhesion model was built
using a PDMS patch containing 12 000 microbumps
fabricated on an area of 14 x 16 mm? using
soft lithography and thermal reflow techniques (see
corresponding method section). The size of the
microbumps was determined based on the estimated
size of the ‘mushroom-shaped’ microstructures in
figure 1(b). Here, we chose a simple optimized design
for the microbumps where the angle with the hor-
izontal contacting surface was 90 degrees. However,
as per the lizard tail SEM findings, this angle might
differ, which in turn can have an undercut [7]. In
our recent work [7], we specifically studied this
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(a) (b)

Body cavities

N

Wedge-shaped
muscle

Wedge-shaped muscles

Figure 1. Lizard tail morphology, surface microstructures, and the hypothesized model: (a) and (b) tail stumps from the HF

individual showing the body cavities and the wedge-shaped muscle bundle belonging to the tail. The faces of the wedge-shaped
muscle in the zoomed views show the mushroom-shaped microstructures (muscle fibers with dilated termini). The scale bars in
both the figures showing the cavities and wedges are 1 mm. The scale bar of the enlarged view showing the dense nature of the
micromushrooms is 100 gm. The further zoomed-in picture shows the mushroom-shaped microstructures whose head diameter

ranges from 30—100 pm. The scale bar here is 50 m. (c) Schematic showing segmented lizard tail morphology with the
wedge-shaped muscles in the tail as well as the complementary body cavities after release. (d) Schematic representation of the
hypothesized model where the wedge-shaped muscle is inserted and interlocked with the body cavity via mushroom-shaped
microstructures before release. The zoomed-in view illustrates how a single mushroom-shaped microinterlock is hypothetically
released out of the body cavity by muscle contraction. The blue and green dashed lines illustrate intermediate stages of the release.

aspect of undercut (with the undercut angle of ~70
degrees) based fracture using PDMS hemispherical
microstructures and recorded significant (1.2-fold)
increase in the adhesion strength compared to the
non-undercut case. However, in this study, we specifi-
cally kept our focus on biomimicking tunable fracture
behavior of lizard tail autotomy with hemi-spherical
microinterlocking structures with no undercut that
can be actuated to release using pneumatic means.
Figure 2(a) shows the design of a biomimetic 3D
printed tail and body as well as the intermediate con-
nection made out of PDMS. Instead of multiple cone-
shaped wedges inserted into the body cavities as found
in the lizard tail, the body-tail attachment was sim-
plified to a single V-shaped wedge. The intermedi-
ate connection was made of four layers, as shown in
the exploded view of figure 2(a), where 1 corresponds
to the complementary microgroove layer attached to
the body, 2 the self-assembled silane monolayer, 3 the
microbump layer and 4 the control layer containing a
winding microchannel aligned with the microbumps’
array of layer 3. Layer 3 and 4 are plasma-bonded
and constituted the integrated actuable PDMS patch.
The assembled PDMS patch in figure 2(b) shows a

100 pm thick microbump layer which was further
decreased down to 50 um for facile deflection and
was used in all the subsequent experimental charac-
terization (see supplementary text 1). The microchan-
nels of the control layer were aligned directly under-
neath the array of microbumps to facilitate deflection
of the microbump layer and release the microinter-
locks under action of negative pressure of 1000 mbar
(supplementary video 1 and supplementary video 2
show the actuation at the macro- and microscale).
The computational simulation further validated the
feasibility of pneumatic actuation-based microinter-
lock release using the negative pressure (see supple-
mentary text 3 and supplementary video 3 for the
computational simulation).

After the release and complete detachment,
the post-fracture SEM showed cleanly separated
microbumps and microgrooves with no sign of cohe-
sive damage; see post-fracture results in figure 2(b).
This clean interfacial detachment was possible due to
the silanized monolayer on the PDMS bilayer patch
before bonding with the body part via PDMS filling,
indicated in layer 2 in figure 2(a), that predetermined
the crack path’s propagation. Hence, this method
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Figure 2. Tunable adhesion patch in the biomimetic tail and fracture characterization results: (a) biomimetic tail sample for
fracture characterization. The sample consists of a 3D printed tail with v-shaped planes where two silanized tunable PDMS
patches were attached. A gap of 5 mm between the patch and the body mount was filled with liquid PDMS plus curing agent
(10:1) to form a complementary layer with the microgrooves, called body here. The exploded view shows the connection between
the body mount and tail in more detail. Layer 1 is the complementary PDMS layer (body) with microgrooves. Layer 2 is the silane
monolayer that provided a predetermined fracture path, critical for the interfacial fracture and corresponding characterization.
Layer 3 is the microbump layer, and layer 4 is the control layer with the microchannels. Layers 3 and 4 formed the tunable PDMS
adhesion patch. (b) SEM showing the pre-fracture and post-fracture microbump layer, the plasma bonded two-layer tunable
PDMS adhesion patch as well as the complementary microgrooves. Note, the microbump layer’s membrane thickness shown here
is ~100 m while ~50 pm membrane thickness was used for the characterizations, seen in supplementary figure 3. The scale bars
for the images showing microbump layer and the bonded one are 100 ym and 200 zum, respectively. The post-fracture images
showed clean separation due to the inert silane monolayer on the microbump layer, shown as layer 2 in figure 2(a). The scale bars
for both the images showing the microbumps and the microgrooves are 25 zim. (c) Force vs displacement response obtained from
the tensile mode fracture test at a displacement rate of 5 um s~ '. (d) Comparison of adhesion energy per unit area in the tensile
mode (sample number N = 5), the error bars represent standard deviation. (e) Force vs displacement response obtained from the
torque mode fracture test at a displacement rate of 5 mm s~ . (f) Comparison of adhesion energy per unit area in the torque
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Figure 3. Tail thrashing fracture tests: (a) schematic of the assembly for the dynamical simulation study. (b) Angular acceleration
obtained from the simulation study for different sweep angles at 1 Hz frequency for 10 s. (c) Comparison between the
computational motion study and the experimental thrashing mode test results in the microinterlocked and the released state. The
single asterisk represents one data point, while double and triple asterisks represent three and four data points, respectively. (d) A
biomimetic microinterlocked tail remained attached up to sweep angles between 45° and 90° at a frequency of 2 Hz. The picture
was taken at 90° sweep angle and 2 Hz frequency. (e) Once autotomized by controlled release of the microinterlocks, the tail was

detached at the same sweep angle and frequency.

allowed accurate quantification by rendering the
fracture highly interfacial without the cohesive bulk
fracture based energy dissipation aspect interfering
with the force—displacement response.

Tensile and torque fracture characterization tests
were performed on the biomimetic tail to character-
ize interfacial fracture properties. In the tensile mode,
the tail was deliberately grasped and pulled longitu-
dinally, whereas, in the torque mode, the biomimetic
tail sample was bent in the lateral direction to break.
The fracture strength was characterized by the asso-
ciated peak force, and the toughness was character-
ized by the associated adhesion energy (area under
the force—displacement curve) per unit contact area.
The force—displacement results from the tensile frac-
ture tests at a displacement rate of 5 m s~! showed
a considerable difference in the interfacial fracture
strength and toughness between the tail samples,

as shown in figures 2(c) and (d) respectively. For
the planar reference, a peak force of 13.48 N was
recorded, while for the microinterlocked samples, the
peak force was 26.60 N showing an increase of ~97%
compared to the planar reference surface. However,
once the micromechanical interlocks were released
by pneumatic actuation, the required peak force fell
to 11.08 N, a decrease of ~58% compared to the
microinterlocked interface. In addition, a significant
decline of ~53% in the adhesion energy per unit area
was measured between the microinterlocked and the
released samples (figure 2(d)), indicating the signif-
icantly decreased ability of the interface to absorb
strain energy because of the released microinterlocks.

Since the autotomy process primarily involves
bending of the tail about a fulcrum (distance between
predator’s grasp and point of breakage), a torque
fracture test (figure 2(e)) was also conducted. Here,
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the characterization was performed using a soft
biomimetic tail and body made in Ecoflex® 00-20
elastomer where the microinterlocks were between
the PDMS patch (attached to the tail’s V-shaped frac-
ture planes) and the Ecoflex body part. The exper-
iments were carried out at a displacement rate of
5 mm s~' to mimic the high displacement rate of
predator—prey interaction. The results indicated that,
in the presence of microinterlocks, the peak force
was significantly increased from 2.30 N to 4.47 N
(~94%) compared to the planar reference, as shown
in figure 2(e). Furthermore, the tail was completely
detached from the body part at a displacement of
~39 mm. However, once the microscale interlocks
were released by pneumatic actuation, the peak force
dropped down to 1.92 N (~57%) and the maxi-
mum displacement to ~28 mm. Similarly, a signifi-
cant decrease of the adhesion energy per unit area by
38% was measured between the microinterlocked and
released tail samples (figure 2(f)).

To evaluate the fracture force generated during
tail thrashing at the crack initiation site, the flex-
ible tail’s rotational mechanics was analyzed using
Solidworks® motion study (figure 3(a)). First, angu-
lar acceleration («) was evaluated and plotted for
10 s at different sweep angles (figure 3(b)). The
measured maximum acceleration was utilized to cal-
culate the maximum torque (Tp.) and the max-
imum force experienced by the tail (supplemen-
tary text 4). For the sweep angle of 30°, 60°,
90° and 120°, the maximum force was found
to be 1.56 N, 3.13 N, 470 N, and 6.94 N,
respectively, and plotted in figure 3(c). Once the
angle at which the tail broke was recorded, the frac-
ture force was interpolated using the plot. Four
out of five microinterlocked samples broke at 100°,
and one at 115° within a thrashing force range
of ~5.5-6.5 N. However, once the interlocks were
released, three out of five samples broke at 45°,
while the others detached at 60° and 70° indicating
a significantly lower thrashing force of ~2.5-3.5 N.
As a consolidated biomimetic demonstration of lizard
tail autotomy, a tail sample was mounted on a freely
moving lizard robot, as shown in figure 3(d). With-
out releasing the microinterlocks, the tail remained
attached to the body at sweep angles varying from
45° to 90° and a thrashing frequency up to 2 Hz
(supplementary video 4). However, after releasing
the microinterlocks by pneumatic actuation, the tail
broke almost instantaneously at 90° and 2 Hz, as
shown in figure 3(e) (see supplementary video 5 for
the movie).

5. Computational

Using finite element modeling (FEM) and submod-
eling techniques [7], we evaluated the effect of the
subsurface microchannels concerning fracture
mechanics of the microinterlocked PDMS patch in
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tensile mode. Comparisons were made between the
planar reference and microinterlocks without the
microchannel cases. Figure 4(a) shows the global
model in Abaqus® standard using cohesive zone
modeling where the traction-separation parameters
were taken from our recent study [7], critical for
modeling the associated interfacial fracture behavior.
The concerned parts were color-coded according to
the materials used: dark gray—polyamide (PA 1102)
representing the rigid body mount and tail and light
gray—PDMS defining the soft interface. The inset
illustrates the PDMS patch with microbumps and the
body mount with complementary microgrooves in
an interlocked condition. Figure 4(b) shows the von
Mises stress map when the interlocked tail part was
vertically displaced by A = 5 mm along the tail axis.
The notably severe contact interaction between the
form-based complementary microstructures, seen
in the related contour plot. More details regarding
the meshed global model and submodel 1 and the
corresponding energy comparison are explained in
supplementary text 5.

Figure 4(c) shows the von Mises contour plot
from submodel 1 for the microinterlocked inter-
face with no microchannel beneath, and figure 4(d)
shows the von Mises contour plot from submodel
1 with a microchannel underneath each microinter-
lock. The comparison between these two cases’ con-
tour plots for the same time step and boundary con-
ditions indicated that with the microchannels, the
interface showed more compliance than the inter-
face without the microchannel. The compliant nature
of the interface with the subsurface microchannels
can be seen and compared in figures 4(c) and (d),
where the microinterlock just after the pre-crack
looks significantly less strained than the one without
microchannels beneath, thus, rendering it vulnerable
to crack initiation and propagation. Furthermore, for
all microinterlocks, the comparison suggested a uni-
form stress distribution in the presence of microchan-
nels than without, which marks stress concentration
in the vicinity of the pre-crack approaching the first
microinterlock. Moreover, the imparted compliance
due to the microchannels deflected the high-stress
regions away from the contact line where the crack is
prone to initiate and propagate. Thus, the strategy of
imparting a subsurface microchannel for pneumatic
actuation of the microinterlocks kept the microint-
erlocks less strained and comparatively less prone to
fracture initiation and propagation.

When performing single microinterlock level sim-
ulations using submodel 2, the results suggested
complex contact interactions due to the associated
microinterlock mode-mixity marked by simultane-
ous compressive and tensile zones [7, 33]. These inter-
actions ultimately facilitated secondary and tertiary
crack initiation and propagation (see supplemen-
tary videos 6 and 7 for the simulation without and
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(a)

Figure 4. von Mises stress contour plots from the global model and submodel 1 in tensile mode: (a) tail and body part are
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color-coded according to the materials used: dark gray—polyamide, PA 1102, and light gray—PDMS. The inset illustrates the
PDMS patch connecting the tail and body. (b) von Mises contour plot of the global model showing the microinterlocking effect.
(c) von Mises contour plot from submodel 1 containing microinterlocks with no microchannel beneath. The first microinterlock
next to the crack opening was more stressed than the following ones indicating its higher susceptibility to fracture. (d) von Mises
contour plot from submodel 1 containing microinterlocks with the microchannels underneath. The microinterlocks were
significantly less stressed than the ones without the microchannel in and the stress was almost uniformly distributed among the

microbumps curbing the crack initiation and propagation criteria compared with (c).

with subsurface microchannel cases where the pri-
mary crack, secondary crack as well as tertiary crack
were recorded). More details of the meshed submodel
model 2 and the related convergence study can be seen
in supplementary text 6). Figures 5(a)—(c) show the
maximum principal contour plot for the planar (ref-
erence), a single microinterlock interface without and
with microchannel underneath, respectively, at the
same time step of 0.36 s. The comparison among the
three cases suggested significantly less crack propaga-
tion in the presence of the microchannel compared
with the other two cases because of the additional
imparted compliance (see supplementary text 7 for
the comparison during the secondary crack initiation
event). Figures 5(d)—(f) show the maximum princi-
pal contour plot for the plain (reference), the microin-
terlocked interface without and with microchan-
nel underneath, respectively, at the same final time
step of 1 s. While the planar interface showed total
separation, the interlocked ones remained attached.

The contact opening of the microinterlock with the
microchannel was significantly less compared to the
one without the microchannel because of its more
compliant nature inducing a characteristic of a dis-
sipative matrix for better energy absorption.

To quantify the fracture mechanics for these
three considered cases, we compared strain energy
dissipation rate (SEDR). The SEDR characterizes
the strain energy that is dissipating from the crack
tip normalized by the crack length. For the over-
all analysis, we also compared maximum contact
opening (MCO) among them that did not involve
any crack length normalization but was directly
recorded from the cohesive zone model. SEDR was
calculated from the single microinterlock fracture
cases where the global total change in strain energy
was estimated from the model, which was then
normalized by the total change in interfacial sepa-
ration length that was determined from the model
at the end of the time step. SEDR decreased by 30%
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Figure 5. Simulation of fracture behavior of a single microinterlock in tensile mode with and without a microchannel in the
control layer. (a) Maximum principal stress contour plot for submodel 2 containing plain interface (reference). (b) Maximum
principal stress contour plot for the single microinterlock without a microchannel in the control layer. (¢) Maximum principal
stress contour plot for the single microinterlock with the microchannel in the control layer. (d)—(f) Maximum principal stress
contour plots of the three cases at the final time step. The microinterlock with the microchannel in the control layer showed the
least contact opening due to its compliant nature, acting as a dissipative matrix. (g) SEDRs for the three cases considered. Overall,
the SEDR decreased by 86% when using the microinterlock with the microchannel in the control layer. (h) MCOs for the three
cases. The MCO was reduced in total by 49% when using the microintelock with the microchannel in the control layer.
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from the planar reference to the microinterlocked
interface without the microchannel, as shown in
figure 5(g). Furthermore, SEDR decreased by 56%
with the microchannel. For MCO, a decrease of
23% was recorded between the planar reference

and the microinterlock with the microchannel, as
shown in figure 5(h). Furthermore, a 26% decrease
was recorded between the microinterlocks with and
without microchannel where the former showed
minimum contact opening (see details on the effect
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of microbump size and its associated effect in
supplementary text 8). The quantitative results
underlined the benefit of integrating a subsurface
microchannel to effectively alter the underlying frac-
ture mechanics by rendering the interfacial system
more compliant and energy absorbing in nature. This
aspect of fracture augmentation using subsurface
hollow interfaces has been reported by several previ-
ous bioinspired studies [34—38]. As a further advance
in the field, our bioinspired approach combined the
microinterlocking topology plus film-terminated
ridge-channel hybrid synergistically to impart the
highest possible interlayer fracture strength and
toughness as well as simultaneous on-demand
tunability.

6. Discussion

Bioinspired by lizard tail autotomy where a con-
trolled rapid on-demand release of intact tail is seem-
ingly possible, we proposed an approach to tunable
interlayer adhesion between two soft layers by utiliz-
ing microinterlocking structures with an integrated
microfluidic control layer underneath for pneumatic
actuation.

Our biomimetic soft PDMS bilayer patch with
the microbump layer on top of the control layer can
be approximated as a film-terminated ridge-channel
structure [35, 36], which has shown significant adhe-
sion increase compared to the planar control layer due
to augmented compliance [36, 39] plus the associ-
ated compliance induced crack trapping mechanism
resulting from the curvature mismatch [34, 36] while
the crack propagates. The adhesion augmentation
using film-terminated microstructure has already
been reported in several previous studies [34—42].
However, the topology of the film simply remained
planar. Instead, our bioinspired approach utilized
a combination of the microinterlocking topology
plus film-terminated ridge-channel hybrid to impart
the highest possible interlayer adhesion via the syn-
ergy. Thus, the control layer with the microchannel
additionally enhanced the microinterlocking strategy
[1-3, 5, 7] with the film terminated ridge-channel
structure derived compliance impartment [34-38].

Once actuated, however, the adhesion switched
instantly from high to low, as demonstrated exper-
imentally. This hybrid approach using microinter-
locking structures with the additional microchan-
nel acting as a film-terminated ridge-channel struc-
ture enabled higher adhesion with on-demand tun-
ability simultaneously. The displacement-controlled
fracture experiments showed the macroscopic adher-
ence behavior based on the microscopic interlock-
ing conditions. The significant increase in the peak
force (~97% and ~94% in tensile and torque mode,
respectively, with respect to the planar reference sur-
face) and adhesion energy per unit area (~113% and
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~63% in tensile and torque mode, respectively, con-
cerning the released microinterlocks condition) for
the microinterlocked interface was attributed to the
simultaneous strengthening and toughening due to
the impinging crack propagation hindrance, mode-
mixity and extended energy dissipation zone as well
as intrinsic toughening mechanisms like crack deflec-
tion or kinking, C—G mechanism and stick-slip or
microscale Lake—Thomas (L-T) [8, 43] effect. The
physics of these aspects (called ‘microinterlocking
effect’ here) were analyzed using the same interfa-
cial system without pneumatic actuation in our recent
work [7], where series of crack initiation and prop-
agation mechanisms took place for every microint-
erlock one by one. Hence, the C—G and L-T effects
took place altogether, increasing the interlayer adhe-
sion significantly. The intermolecular adhesion effect
(characterized by thermodynamic work of adhesion,
a direct function of surface area [7]) remained neg-
ligible compared to microinterlocking effect both in
tensile and torque mode (more details are given in
supplementary text 9 and 10).

When the microinterlocks were released on-
demand by pneumatic actuation, the peak force
dropped by ~58% and ~57% in tensile and torque
mode, respectively, with respect to the microinter-
locked interface. The adhesion energy per unit area
decreased by ~53% and ~38% in tensile and torque
mode, respectively, with respect to the microinter-
locked interface. The orchestrated release of microin-
terlocks generated closely packed microvoids that
acted as stress concentration zones, and subsequent
stress amplification and coalescences between the vic-
inal voids led to the rapid propagation of the crack.
The tail thrashing experiment further validated the
tunable adhesion of our biomimetic soft bilayer patch
under dynamic conditions where sturdy connection
under microinterlocked conditions and rapid detach-
ment resulting from released microinterlock condi-
tions were observed.

The FEM and CZM study on the microinterlock
with and without microchannel control layer fur-
ther elucidated the benefits of our soft bilayer patch
in augmenting the fracture properties. A decrease of
SEDR by 30% for the microinterlocked case with-
out the subsurface microchannel indicated the ben-
efit of having microinterlocking regime to effectively
retain strain energy within the system. A further
decrease of SEDR by 50% in the case of the microin-
terlocked interface with the subsurface microchannel
was attributed to the compliant nature of the interface
that was imparted due to the presence of the subsur-
face microchannel. Similarly, the MCO data clearly
suggested significantly less contact opening between
the microinterlocked interface without and with the
microchannel by 26%, highlighting the advantages of
the subsurface microchannel that enhanced the frac-
ture properties (SEDR and MCO) by rendering the
interface more compliant as a dissipative matrix.
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As for the reversibility of microinterlock-based
adhesion post delamination, the perfect registry of
microbumps in the complementary microgrooves,
when put back together, as in ‘crack healing,’
is expected to be compromised, resulting from
inevitable misalignment. Thus, the reusability aspect
of the presented engineered interface is limited and
the subject of future work.

Some of the major differences between the bio-
logical and proposed bioinspired approaches were
the shape, size, and density of microbumps. Espe-
cially, the actuation mechanism in the biological sys-
tem is far more sophisticated [44] than the one
used in the study, possibly by deploying a cascade
of electrical, mechanical, and chemical processes to
decrease the size of microstructures by rapid mus-
cle contraction and release. Yet, this study can pro-
vide potential blueprints for future tunable adhesion
systems where overarching mechanisms related to
muscle contraction coupled with pre-stressed inter-
facial adhesion systems can be studied. We envision
that this bioinspired hybrid approach towards tunable
adhesion based on the microchannel controlled film-
terminated microinterlocking strategy could find its
use in fields such as bioinspired adhesives [45] and
skin graft applications [46], soft robotics [47] and
prosthetics [48], stretchable electronic skins [3, 49],
tissue engineering [50, 51], conformal healthcare and
organ machine interface [3].

7. Conclusions

In this paper, we presented a bioinspired approach
to tunable adhesion between soft tissue layers using
pneumatically-actuated microinterlocking structures
in a soft elastomeric material (PDMS); and emu-
lated interfacial fracture behavior of lizard tail auto-
tomy. The hemispherical microinterlocks in the
upper layer of the PDMS patch allowed firm attach-
ment of the tail to the body. The significant 2.7-
fold and three-fold increase in the peak force
and adhesion energy per unit area, respectively,
for the microinterlocked interface, was attributed
to the simultaneous strengthening and toughening
due to the enhanced crack propagation hindrance,
mode-mixity, and extended energy dissipation zone
as well as intrinsic toughening mechanisms like
Cook—Gordon mechanism and Lake—Thomas effect.
Furthermore, the microchannels in the control layer
additionally enhanced the adhesion functioning as
film-terminated microchannel-ridge structures that
rendered the interface more compliant as a dissipative
matrix.

However, once the microinterlocks were pneu-
matically released, mimicking muscle contraction,
the peak force and adhesion energy per unit area
decreased significantly by ~50% enabling facile tail
detachment. Finally and most likely, a first-ever
biomimetic lizard tail mounted on a moving robot
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that recapitulated on-demand quick release of the
tail was demonstrated, validating the hypothesis.
Overall, our soft patch allowed effective microin-
terlocking with the possibility of an orchestrated
on-demand release of the microinterlocks, thereby
altering the interlayer adhesion behavior of the
patch for tunable adhesion. Thus, our work demon-
strates a leap forward in building a tunable adhesion
between soft layers with actuable microinterlocking
structures and understanding the associated interfa-
cial fracture behavior. This new bioinspired hybrid
approach towards tunable adhesiveness based on the
microchannel controlled film-terminated microinter-
locking strategy could find its relevant use in fields
such as soft robotics, electronic skins, bioadhesives,
and prosthetic applications.
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