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HIGHLIGHTS

Fracture mechanics on pull-off of a pressurized membrane on 3D surfaces is studied.
A negative pressure differential causes the effect same as the membrane is stiffened.
Size and curvature of contact interfaces influence on adhesion profiles.

Model predictions show good agreements with pull-off forces in experiments.
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variety of surface curvatures and internal air pressures, as well as qualitative understanding of how

force profiles change under moderate pressure differentials.

© 2019 Published by Elsevier Ltd.

1. Introduction

Understanding the fracture mechanics of an elastic membrane
plays a critical role in adhesion and thin film sciences [ 1] involved
in many scientific and engineering problems, such as surface at-
tachment and detachment during animal locomotion [2-5], cell-
to-cell adhesion [6-8], transfer printing [9-12], and adhesion-
based soft robotic devices [13-18]. Previous efforts have inves-
tigated various contact problems for an elastic membrane with
relatively simple boundary conditions. For example, Flory [19],
Long [20,21], Xu [22], Laprade [23], and Srivastava [24] et al.
performed studies where they fixed a membrane at a specific
distance from a flat substrate and used pneumatic inflation to at-
tach and detach the membrane from the substrate. Shanahan [25],
Wan [26], Majidi [27], Shi [28], and Ju [29] et al. placed a mem-
brane under ambient air pressure, while bringing the membrane
into contact or peeling it off from the substrate. Patil [30,31]
and Springman [32] et al. focused on adhesion mechanics of a
membrane on irregular or deformable surfaces, but did not take
the simultaneous movement of the contact interface and change
in air pressure into account. To the best of our knowledge, there
is no previous work that fully accounts for all of these boundary
conditions (i.e., moving the contact interface, internal pressure
change, and non-planar surfaces), while such complex bound-
ary conditions occur commonly in most membrane adhesion
applications in the real world. For example, pulling membra-
nous biological tissues apart often involves hydrostatic pressure
change due to deformation of the biological membrane and this
influences the interfacial fracture strength. In a recent study,
we showed that an adhesion-based soft robotic gripper can use
changes in internal pressure to control interfacial stress of a
membrane and perform pick and place manipulation of various
objects with different sizes and shapes [33].

In this paper, we aim at understanding the mechanics of mem-
brane adhesion undergoing more complex boundary conditions
using experimental methods and an analytical model presented
in our previous works [33-35]. In particular, we focus on peeling
of a membrane covered with fibrillar adhesives from a spherical
surface when subject to a combined pull-off force and nega-
tive pressure differential. Gecko-inspired fibrillar adhesives with
mushroom-shaped tips are integrated with a soft elastomeric
membrane using a technique demonstrated by Murphy et al. [36-
38]. Normal force profiles of the adhering membrane are inves-
tigated to study the effect of substrate geometry and internal
pressure change on the membrane adhesion. In order to predict
the behavior of the membrane and the pull-off forces under com-
plex boundary conditions, we developed an approximate analyt-
ical model based on the principle of minimum potential energy
capable of dealing with the given complex boundary conditions,
and discussed its ability and current limitations.

2. Methods

For attaching to diverse curved surfaces, we use a fibrillar
adhesives on a membrane (FAM) architecture in which an elastic
membrane is covered with gecko-inspired synthetic microfiber
adhesives as shown in Fig. 1b. This design offers key advantages
for robust and reversible adhesion since: (i) fibrillar structures
maximize the effective work of adhesion of the membrane, sig-
nificantly enhancing the attachment performance; (ii) fibrillar

surface can be cleaned easily and reused over repetitive pick-
and-place cycles as demonstrated in [39-41]; (iii) gaps between
microfibers on the membrane allow the air to flow through the
contact interface, preventing suction or other unwanted forces
from affecting on the adhesion testing.

Two FAMs are prepared with different materials; one is fully
made of poly-dimethylsiloxane (PDMS) [35], while the other uses
two polyurethanes, ST-1060 (B]JB Enterprises, Inc.) for the mi-
crofibers and F-25 (BJB Enterprises, Inc.) for the membrane [33,
34]. The ST-1060 polyurethane microfiber adhesives were also
fabricated on a rigid acrylic punch (Fiber Adhesives on Rigid
Punch, FARP) for visualizing the effect of backing stiffness in
Fig. 3e and f, together with the polyurethane-based FAM. Both of
the polyurethane-based FAM and FARP implementations have an
approximately 75 wm thick backing membrane with 105 pm
in diameter microfiber adhesives, while the PDMS-based FAM
consists of a 200 wm thick backing layer with 50 pm diameter
microfibers. All the FAM and FARP implementations have 16 mm
diameter. The FAM is attached on a 3D-printed gripper body
(Fig. 1a) and fixed to a force transducer (GSO-25, GSO-500, and
GSO-1K Transducer Techniques LLC, 7 in Fig. 1c). The approach
and retraction of the membrane from the substrate (6 in Fig. 1c)
is controlled by a motorized z-axis stage (LPS-65 2” Physik Instru-
mente GmbH & Co. KG, 8 in Fig. 1c). Internal pressure of the FAM
is regulated by a syringe pump (Legato 210P, KDScientific Inc.,
1 in Fig. 1c). The corresponding internal pressure is measured by
a pressure sensor (HSCSANN600MDAAS5, Honeywell International
Inc., 3 in Fig. 1c) with respect to retraction of the gripper and
recorded by a customized data processing code.

Fig. 2 shows an experimental sequence (Fig. 2c) as well as cor-
responding reaction force (F;) and internal pressure (P,) profiles
(Fig. 2a and b) of the FAM and the gripper body. First, the gripper
is brought in contact with a spherical glass surface (step 1), until
the membrane undergoes a specific preload force between 0.5-
1.0 N, which varies depending on surface curvature and size of
the sphere (step 2). After changing the internal pressure by the
syringe pump (step 3), the gripper is slowly retracted with 10
pm/s retraction speed (step 4) until the membrane completely
peels off from the substrate (step 6). Here, the internal pressure
in step 4 is defined as the initial pressure (Py). Compression
force is shown as a positive reaction force in Fig. 2a, while a
negative reaction force indicates tensile force by adhesion. The
reaction force starts decreasing during gripper retraction from
the substrate and crosses the force equilibrium F, = 0. Here, the
position of the gripper relative to the force equilibrium is defined
as the retraction (z;), and a travel distance until full detachment is
defined as pull-off distance (D) (or retraction at F, = 0 in Fig. 2b).
Note that the air pressure in Fig. 2b decreases during retraction, as
volume inside the gripper body expands due to the deformation
of the FAM. The reaction force reaches its minimum at step 5,
providing the maximum adhesion, which is defined as the pull-
off force (F,) in Fig. 2b. After step 5, the reaction force increases as
the contact area decreases during retraction, until the membrane
is fully detached from the substrate at step 6.

3. Experimental results
Fig. 3a, b, ¢ and d show reaction force (F,) profiles of the

PDMS-based FAM with respect to the retraction (z,), depending
on diameter of spherical glass surfaces (d,) and initial pressure
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Fig. 1. An adhesion-based robotic soft gripper with gecko-inspired fiber adhesives on a membrane (FAM) design and schematics of the adhesion test setup: (a) The
polyurethane-based FAM demonstrating adhesion of four silicon disks (1 mm in diameter). (b) SEM image of cross-sectional view of the PDMS-based FAM patterned
with microfiber adhesives. The scale bar indicates 200 pwm. (c) A schematic of a customized adhesion test setup characterizing force profiles of the FAM with various
boundary conditions (1: syringe pump, 2: tubing, 3: pressure sensor, 4: pressure chamber, 5: FAM, 6: glass sphere, 7: force transducer, 8: motorized stage (z-axis),

9: motorized stage (x-axis), 10: manual stage, 11: goniometer, 12: DAQ, 13: computer).
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Fig. 2. Experimental attachment and detachment characterization of the FAM on a spherical glass surface: (a) Reaction force (F; in blue dashed-line) and air pressure
(P, in red straight-line) profiles of a PDMS-based FAM with respect to time lapse (t). Diameter of the spherical glass surface is 60 mm, and applied initial pressure
(Po) is approximately —3.2 kPa. Numbers correspond to experimental sequences in (c). (b) Reaction force (F,) and air pressure (P;) profiles of experiments in (a)
with respect to retraction (z.). Shaded areas represent standard deviations of 5 experiments. (c) Schematics of the experimental sequence. Numbers match with force
profiles shown in (a), 1: contact, 2: preload, 3: applying negative pressure differential, 4: retraction, 5: pull-off, 6: detachment.

(Po). The membrane shows different ranges of internal pressure

depending on glass sphere diameters ranging from d, = 15
mm to do, = 60 mm. d, = 30 mm undergoes the widest
range of Py ranging from Py = 2.7 kPa to Py = —4.1 kPa as

seen in Fig. 3b. As the membrane curves into the gripper when
exposed to a high negative pressure differential as illustrated in
Fig. S1a, we speculated that the shape mismatch between the
inward curvature of the FAM and the curved surface could be
minimized at d, = 30 mm as shown in Fig. S1b with the smallest
stress concentration on the contact interface among the examined
sphere diameters.

Fig. 3a and c also show that the overall pull-off force (F,)
increases with respect to the size of the glass spheres, as well
as with decreased initial pressure (Py). In case of d, = 60 mm,
a reduction in Py leads to an increase in magnitude of the pull-
off force (F,) from 0.30 N to 0.88 N, as well as a decrease in the
pull-off distance (D,) from 2.24 mm to 1.14 mm, respectively. For
d, = 15 mm, the magnitude of F, increases from 0.13 N to 0.15
N with respect to the reduction in Py from 2.0 kPa to —0.7 kPa,
while D, first slightly increases from 2.48 mm to 2.55 mm, then
decreases to 2.21 mm. Overall, the general trend of a greater
magnitude of F, together with shorter D, is observed with respect
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Fig. 3. Reaction force (F;) profiles of the PDMS-based FAM with respect to retraction (z,), depending on different initial pressures (Py) and on spherical glass surfaces
with diameter of (a) d, = 15 mm, (b) d, = 30 mm, and (c) d, = 60 mm. (d) Reaction force profiles of the PDMS-based FAM with respect to retraction, depending on
diameter of spheres under similar positive pressure conditions. Pressure values in the figure indicate the corresponding initial pressures. (e) Reaction force profiles
of the polyurethane-based FAM and FARP with respect to retraction on flat glass substrate. (f) Microscopic contact images of the polyurethane-based FAM (i) and
FARP (ii) during the gripper retraction from a flat glass substrate. While the FAM shows a clear peel-zone (indicated by two dashed lines) slowly receding from the
contact edge, all microfibers of the FARP detached within 67 ms. All shaded areas represent standard deviations of 3-5 measurements, and the scale bar indicates

1 mm.

to the increase in negative Py, which is similar to the force profiles
when a rigid backing supports the fibrillar adhesives as seen
in Fig. 3e. All microfibers are simultaneously pulled off from a
planar substrate (Fig. 3f-ii), exerting high adhesion, since equal
load sharing condition is achieved by the rigid backing. The area
encircled by the force profiles in Fig. 3e corresponds to the total
adhesion energy during pull-off. Comparing these values suggests
that the rigid backing helps to concentrate the total adhesion en-
ergy within a short range of retraction, resulting in higher fracture
strength. When the microfibers are backed with a soft membrane
(Fig. 3f-i), on the other hand, a long range retraction dissipates
the same total adhesion energy associated with approximately
10 times smaller pull-off force. Without actually stiffening the
backing layer, however, the decrease in the internal gripper pres-
sure causes a pseudo-effect as if the membrane backing layer is
stiffened. The adhesion energy is concentrated within a shorter
retraction range by more uniform load distribution, and exerting
a higher pull-off force on a wide range of curved substrates.

Fig. 3d shows the effect of the substrate geometry on the shape
of reaction force profiles. Under similar pressure conditions, the
PDMS-based FAM on d, = 60 mm approaches F, at 45% of
D, (zz = 1.0 mm for F,), while the FAM on d, 15 mm
has to be retracted up to 70% of D, (zz = 1.7 mm for Fp).
When adhering to a small sphere, most of the FAM is not in
contact with the substrate as shown in Fig. 4a. Long retraction for
stretching the FAM is required to induce high pulling stress at the
circumferential contact line and initiate peeling of the membrane.
In this case, area of the membrane being actively pulled off a
surface, known as peel-zone [3], accounts for a high fraction of
the entire contact area. Once the circumferential contact edge
reaches its critical fracture strength, the entire contact is pulled
off simultaneously. When engaging a large sphere, on the other
hand, almost the entire FAM is in contact with the sphere surface

as shown in Fig. 4b. Conversely, the peel-zone does not account
for a high fraction of the entire contact area, consequently ini-
tiating gradual peel-off the membrane within a short retraction
of the gripper. Moreover, the peeling angle between the FAM and
tangential direction of the spherical surface also affects the shape
of the force profile as reported by Kendall [1], exerting a higher
pull-off force with a smaller peeling angle. The transition from
instantaneous ‘pull-off’ to gradual ‘peel-off’ of a membrane with
the increased dj is in agreement with our experimental results
with the polyurethane-based FAM as shown in Fig. S2.

4. Theoretical model

An approximate theoretical model to predict the pull-off force
and reaction force profile based on the principle of the minimum
potential energy was first proposed in [33] and was further de-
veloped in [35] to consider the effect of non-planar geometries
and pressure change. One limitation of the previous model is that
deformation of the adhering membrane in contact is considered
to be negligible. In this work, we propose an improved model
taking the effect of deformation of the contacting membrane into
account and discuss how the new model performs in predicting
the pull-off force compared to the earlier model.

The model is developed to deal simultaneously with the three
boundary conditions — retraction, internal pressure, and non-
planar spherical surfaces. Other membrane theories [20-22,42]
typically estimate the deformation of the membrane with a se-
ries of derivations based on balance laws and the constitutive
equations for a hyperelastic film. In contrast, our model approx-
imates the shape of the deformed membrane as a truncated
cone. Although it makes the model simpler and easy to calculate,
this assumption undoubtedly influences the model’s accuracy,
which will be discussed in Fig. 5. As described in [35], several



S. Song, D.-M. Drotlef, . Paik et al. / Extreme Mechanics Letters 30 (2019) 100485 5

.

R0<rb

Fig. 4. Schematics for an approximate analytical model for the following cases: (a) the gripper is larger than a sphere (Ry > r3), and (b) vice versa (Ry < 13). (€)

An inverted optical microscope image of the FAM at edge of the gripper in contact with a flat glass. Dots in dark gray represent microfibers in contact, while the
rest of area in pale gray is not adhering to the surface. The scale bar in the image is 1 mm. (d) A schematic of the total volume (V) as a sum of the initial volume
(Vo) added by the volume in the truncated-cone shaped deformation of the FAM (V;), followed by a subtraction with the volume of spherical cap covered by the

membrane in contact (V). h is the height of the spherical cap.

basic assumptions are made to further simplify the analysis as
follows: (1) Fibrillar structures are ignored and the FAM will be
considered as a flat membrane; (2) The FAM is incompressible;
(3) The FAM is geometrically uniform over the entire area without
manufacturing imperfections. Governing equations and boundary
conditions are given below.

Fig. 4 shows schematics of analytical set-up for different
boundary conditions depending on the size of the spherical sub-
strates. The total potential energy of the FAM I1(r*, z*) is a sum of
elastic energy in the membrane, adhesion energy on the surface
in contact, and work done by pressure U, such that

I (r*, z¥) = 7 (Ry — r**) hoW (1, 2%) + wr*?hoW; (1)
—nr?wg + U, (", 2%).. (1)

Here, r* is radius of the FAM in contact and z* is corresponding
position of the bottom edge of the gripper body. Also, Ry and hy
are radius and thickness of the FAM in the reference configuration
respectively, and w, is the effective work of adhesion of the FAM
which is approximately 4 J/m? on glass when measured with
procedures based on the JKR model reported in [35]. Wy(r*, z*) is
the strain energy density function for which Neo-Hookean solid
is assumed on the detached membrane (r* < r < Rgy), while
Ws(r*) is for the part of the membrane in contact (r < r*). The
strain energy density function for the Neo-Hookean solid can be
described as:

Wi ) = 02, 402, 18-, (=12 @)

Where E,, is Young’s modulus of the FAM given to be approx-
imately 2 MPa for PDMS. Here, A;,, Aiy, and A;, are principal
stretches in circumferential, meridional, and thickness for the
detached (i = 1) and contacting (i = 2) portion of the FAM,
respectively. Considering the truncated cone shaped deformation
of the detached FAM, the principal stretches A; ,, A1, and Ay
are given as:

2
A, = \/<Z* + 15— /1f — r*2> + (Ro —1)*/(Ro — %) , (3)

)‘-1,<p = 1, and )\1’[ = 1/}\.1’[, . )\.]#;.

Eq. (3) can also easily be converted for flat surface as:

M =1/22+ Ro—1%)*/(Ro — 1), (@)
)\,]’(p = 1, and )»1’[ = 1/)\1", . )»1,(/,.
Principal stretches X, ,, A2 4, and A, for spheres are given as:

o . fTF
ko = - sin ! (E) A2 =1and Ay = 1/A2, - Ay (5)

The principal stretches A, ,, A, 4, and A, ; for a flat surface will be
zero, as the reference configuration in contact area remains flat.
The work done by pressure U, in Eq. (1) is given as:

Up (r*,2%) = Pagm (V (r*, 2%) = Vo)
— (Patm + Po) Vo In (V (r*, 2*) /o) . (6)
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Solid lines represent experimental results, while dashed lines show estimations by the theoretical model. Pressure values in the figures indicate the corresponding
initial pressures and shaded areas represent standard deviations of 3-5 measurements. (c) Pull-off forces (F,) of experimental results (solid circles) and theoretical
predictions (dashed lines) with respect to the initial pressure (Py). Error bars indicate standard deviations of 3-5 measurements. (d) Estimation of reaction force
profiles (F.) with respect to sphere diameter (d,) ranging from 8 mm to 60 mm for initial pressure Py = 1.0 kPa and (e) Py = —1.0 kPa. (f) Estimated pull-off

distance (D,) as a function of sphere diameter (dy) for Py = 1.0 kPa and —1.0 kPa.

where Py = 101.3 kPa is the atmospheric pressure, V(r, z) is
the air volume inside the gripper at given r and z, and Vj is the
volume when the FAM is at free-standing, which is measured
to be 7.2 mL including constant volume inside the syringe and
tubing. The air volume in the gripper V(r, z) can be calculated
by adding the volume of the truncated cone V,(r, z) to the free-
standing volume Vj, followed by subtraction of the volume of the
spherical cap V,(r) encapsulated by the FAM in contact (Fig. 4d):

V(r*,z%) = Vo + Vi (r*,2") — Ve () . (7)

The volume of the spherical cap V,(r) and truncated cone V,(r, z)
are given as:

Ve (r) = wh (3r** + h?) and "

v (rt,2) = g (2 +h) (R + 1" + Ror®).

The length h is the vertical distance between the FAM and the top
of sphere as shown in Fig. 4d and given as:

h=r,— 1} — 2. (9)

In the case of a flat surface, V.(r) becomes zero, as there is no h.
At a given position of the FAM in z axis z = z*, the maximum
contact radius r. satisfies the following condition that the first
derivative of the total potential energy I7 (r, z*) in Eq. (1) must
be zero such that

el (10
ar I

Once the contact radius r. at the gripper height z* is known,
the reaction force (F;) can be calculated by evaluating the first
derivative of the total potential energy at (r¢, z*):

. oIl (r¢, z%)
Fr () = Py
Unlike flat surfaces, spherical substrates require an additional
boundary condition related to the initial gripper position (zj) in
order to calculate the reaction force (F,) from Eq. (11). As already
discussed in Fig. 2a, the initial gripper position in the experiments
is determined based on the compressive preload acting on the
FAM during indentation. For calculation of the reaction force,
however, it is not possible to determine the initial gripper posi-
tion (zg) based on the preload. Therefore, to simplify the contact
problem during pre-loading, we assume the initial position of the
gripper based on geometrical relationships between the gripper
and the spherical substrates. As shown in Fig. 4a, the bottom
plane of the gripper body approaches to the center of the sphere
for cases in which the gripper is larger than the sphere (Ry > 13).
For cases when the sphere is larger than the gripper, as seen in
Fig. 4b (Ry < r13), the gripper is assumed to be brought down
to the sphere until its rim touches the substrate. Based on the
above assumption and using geometrical relationships between
the gripper and the spheres, the initial gripper position zy as well
as initial contact radius r; can be described as

(11)

2
.
zo=-rpandr; = R—" (Ro > 1p); (12)
0

—1p + \/m and ri=re (RO < I'b). (13)

20
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Fig. 6. Model predictions of the effect of various design parameters on reaction force profiles (F;) of the FAM: estimation of the effect of work of adhesion (w,) on
(a) reaction force profiles (F;), (b) pull-off force (F,), and pull-off distance (D,) (c) at sphere diameter (d,) ranging from d, = 12 mm to d, = 60 mm. The work of
adhesion (w,) varies in range from 0.1 J/m? to 9.0 J/m?, and the sphere diameter d, = 30 mm in (a). Estimation of the effect of membrane thickness (hy) on (d, g)
reaction force profiles (F;), (e) pull-off force (F,), and (f) pull-off distance (D,) at sphere diameter (d,) ranging from d, = 12 mm to d, = 60 mm. The membrane
thickness (hg) varies in range from 0.1 mm to 1.0 mm, and the sphere diameter d, = 30 mm in (d) and d, = 60 mm in (g). Reaction force profiles (F.) depending
on the size of flat glass disks (dp) ranging from d, = 8 mm to d, = 15 mm (full contact) predicted at (h) Py = 1.0 kPa, and (i) Pp = —1.0 kPa.

Note that the FAM cannot achieve the initial contact radius (r;) up
to the size of gripper radius (Ry) due to manufacturing imperfec-
tion. The effective radius at full contact (r.) is determined exper-
imentally based on microscopic observation as shown in Fig. 4c.
Therefore, we also assume the following boundary condition:

2

r
zo=-rpand ri =71, (1, < Ry < —b).
Te

(14)

When retracting the FAM from the initial indentation point (zg),
the calculated reaction force (F,) with respect to the gripper
height (z) begins at a high positive reaction force (compression).
By replotting the reaction force (F,) with respect to retraction
(z:) accounting for negative reaction force (adhesion), the cal-
culated profiles can be compared to the experimental results.
As seen in Fig. 5a, estimation of F, using the proposed model
matches reasonably with the experimental results when the FAM
undergoes positive initial pressure (Py). An average deviation of

the model in predicting pull-off distance (D,) was 9% from our
experimental results in the sphere diameter 15, 30, and 60 mm.
However, as shown for the case of d, = 30 mm and 60 mm
(Fig. 5b), the deviation increases when the membrane is exposed
to a high negative pressure differential. The model predicts D,
in average approximately 1.7 times longer than the experimental
results, and 2.8 times at maximum in case of d, = 30 mm.
This comparison indicates that the proposed model based on the
assumption of a truncated cone shaped deformation could be
more accurate in estimating the force profiles when the FAM is
not exposed to a high negative pressure differential. For cases
when the FAM is exposed to a high negative initial pressure, the
truncated cone is no longer a valid assumption for the shape
of the membrane, since the detached portion of the membrane
deforms towards the inside of the gripper in a shape similar to a
toroid. The toroidal shape deformation causes greater stretch in
the membrane than that of the truncated cone shape, resulting
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in a higher line tension. This causes the FAM to detach from
the substrate faster than the current model predictions. Although
the predicted shape of reaction force deviates from experimental
results under the high negative initial pressure, the estimated
pull-off forces are reasonably accurate for a wide range of positive
and negative initial pressure with an average deviation of 9% as
shown in Fig. 5c. Considering 12% of the average deviation in our
previous model [35] for spherical substrates, the consideration
of membrane deformation on the adhering membrane using the
strain energy density function W, in Eq. (1) better describes the
mechanics of membrane adhesion, improving the accuracy in
pull-off force prediction.

The advance and retreat of the pull-off distance (D,) in the
reaction force profiles (F;) of the FAM involves complex mechan-
ics of the stress distribution on contact interface depending on
the internal pressure and surface geometry. Fig. 5d and e show
the estimated F, depending on the sphere diameter (dp) at the
initial pressure Py = 1.0 kPa and Py = —1.0 kPa, respectively.
As seen in both Fig. 5d and e, D, initially advances with respect
to the increased d, due to the expansion of contact area as well
as the decrease in radius of curvature. According to the model,
D, reaches the maximum at d, = 32 mm, then retreats with
respect to the increased d,. A similar behavior was observed in
our experimental results with the polyurethane-based FAM in
Fig. S2. As seen in Fig. 5f, a negative Py amplifies the reduction in
D, by almost 26% from the maximum at d, = 32 mm to d, = 60
mm, while there is only 8% decrease in D, at d, = 60 mm when
Py = 1.0 kPa.

The model predicts an increase in D, under a negative Py =
—1.0 kPa in Fig. 5f, comparing to P, = 1.0 kPa, when dj, is smaller
than 32 mm. As seen in Fig. 3a, we also observed the advance of
D, with respect to the decreased Py at d, = 15 mm. A negative
Py can utilize the entire contact area by equal load sharing,
increasing the effective work of adhesion. At the same time, the
negative Py causes a high stress concentration at the contact edge.
We speculate that the increase in stress concentration at the
contact edge under the negative Py can be negligible at a small
dp, due to a short length of the circumferential edge; in this case,
the effect of load sharing which increases the work of adhesion is
dominant, resulting the increase in magnitude of both F, and D,
as shown in Fig. 6a. In case of a large d;, on the other hand, the
stress concentration at a long contact edge plays a major role in
the peeling of the membrane; while the negative Py still increases
the work of adhesion over the entire contact area, the high stress
concentration at the contact edge can peel off the membrane with
a shorter Dp, as observed in Fig. 3b and c.

Fig. 6 shows the effect of various design parameters, such
as the work of adhesion (w,), membrane thickness (hgy), and
surface geometry on the adhesion of the FAM. As seen in Fig. 6a,
both pull-off force (F,) and pull-off distance (D,) monotonically
increase with respect to the increased w,; however, the effect
of w, in improving F, is negligible for a small sphere diameter
(dy) as shown in Fig. 6b. Also, the slope in D, decreases with
respect to the increased w, as shown in Fig. 6¢. The reaction force
profiles (F;) in Fig. 6d and g show a competing effect between
restoring force and equal load sharing with hy as a function of
sphere diameter. On a small d, with a large radius of curvature
shown in Fig. 6d, a thicker membrane in contact has a high
restoring force due to its elasticity, resulting in a decreased Fy,
as discussed by Majidi and Fearing [43]. On a large d, with a
small radius of curvature shown in Fig. 6g, on the other hand, a
better load sharing due to the increased effective stiffness, caused
by the thicker membrane, overcomes the effect of the increased
restoring force, resulting in a higher magnitude of F, (Fig. Ge).
Regardless of the size of d;, however, D, always decreases when
hg increases, according to our model prediction shown in Fig. 6f.

Applying our model for flat surfaces, we calculated F, for
different sizes of flat glass disks ranging from d, = 8 mm to
dp = 15 mm as shown in Fig. 6h and i. The model predicts the
influence of initial pressure (Py) on F, and D, similar to the case
of spherical surfaces; a decrease in P, mainly causes a higher
magnitude of F, (F, = —0.62 N at maximum in Fig. 6h, while
F, = —0.94 N at maximum in Fig. 6i.) and a shorter D, (D, = 1.59
mm in Fig. 6h, while D, = 1.26 mm in Fig. 6i). On the other hand,
the diameter of the flat contact area d, attributes to the slope of F,
during retraction; a larger d, results a stiffer decrease in F, when
the gripper is retracted, although a change in d; does not make a
difference in D, under the same Py.

Although predictions made by the proposed model may not
quantitatively match with experiments due to some simplifying
assumptions, our model can nonetheless provide interesting in-
sights. Such insights are related to the sophisticated behavior
of the adhesion mechanics of an elastic membrane when taking
multiple boundary conditions into account. Therefore, the theo-
retical model presented in this paper can be employed for high
accuracy pull-off force estimations of a membrane together with
a qualitative estimation of force profiles under various boundary
conditions.

5. Conclusion

In this paper, we discuss the mechanics of an adhering mem-
brane undergoing complex boundary conditions, focusing espe-
cially on a membrane being pulled off from a non-planar spherical
surface under a pressure differential. The Fiber Adhesives on a
Membrane (FAM) design allows for reliable and repetitive attach-
ment and detachment cycles, while eliminating any contribution
of undesired forces (i.e., suction or capillary forces) to adhesion.
Experimental results show that the negative pressure differen-
tial across the FAM increases the pull-off force by the effect of
equal load sharing on substrates with a wide range of radii of
curvature, as if the backing layer is stiffened. Furthermore, we
find that size and curvature of surfaces affect the reaction force
profiles of the membrane. A higher pull-off force is obtained
at shorter retraction distances, when engaging a larger sphere
with smaller radius of curvature. An approximate theoretical
model based on principle of the minimum potential energy is
further improved from our previous work [35], showing a higher
accuracy in predicting pull-off force. We show that it can pro-
vide basic understanding of how an adhesive membrane behaves
under the complex boundary changes, and predict its pull-off
force with high accuracy. Although we used the FAM system
as a test platform to investigate the adhesion mechanics of a
membrane, the insights gained from this study can be applied to
general problems in the membrane adhesion for a wide variety of
scientific and engineering fields, regardless of whether the mem-
brane is structured or not. For future work, the model accuracy
under a high negative pressure differential can be improved by
incorporating more accurate theoretical estimation on shape of
the deformed membrane based on constitutive equations and
balance laws. Moreover, these soft grippers will be used to pick-
and-place a variety of curved objects for transfer printing and
robotic manipulation applications as a future work.
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