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ABSTRACT

Bio-inspired structural adhesives that are capable of bonding two objects together have
recently found widespread applications in industrial fields, because of their promising
reusability and environmental friendliness. However, such adhesives are usually
monofunctional and cannot realize real-time detection on the adhesion status, which is
important for both biological systems (e.g., Gecko) and engineered mimics. This study reports
a new hierarchical structure with the monolithic integration of adhesion and sensing functions,
namely, contact-sensible adhesive (CSA). The proposed CSA is composed of mushroom-
shaped microstructures on the top layer for providing strong adhesion, and a pillar array
sandwiched by a pair of foil electrodes on the bottom layer as a compliant backing and a

capacitive sensor. The CSA is not only sensitive to the external pressure, tension, and shear

loads, but also shows enhanced adhesion on uneven surfaces, due to the high compliance of

1

This article may not be enhanced, enriched or otherwise transformed into a derivative work, without express permission from Wiley or by statutory
rights under applicable legislation. Copyright notices must not be removed, obscured or modified. The article must be linked to Wiley’s version of
record on Wiley Online Library and any embedding, framing or otherwise making available the article or pages thereof by third parties from
platforms, services and websites other than Wiley Online Library must be prohibited.


mailto:jyshao@xjtu.edu.cn
mailto:tczzheng@

WILEY-VCH

the hierarchical system. As a proof of concept, the as-prepared CSA was applied as a contact

interface in a gripper to complete the grasping task.

1. Introduction

Organisms in nature have evolved many unique functions and survival skills, which serve
as inspiration for the development of functional materials, structural design, and mechanical

engineering "2 In recent decades, researchers have paid considerable attention to the

adhesive pads of geckos, because they enable a reliable, controllable, and repeatable
attachment (or detachment) function on almost any surface regardless of the morphology
(rough or smooth), wettability (hydrophilic or hydrophobic) and posture (slant, vertical or
inverted). ¥ Geckos’ adhesion, as demonstrated by Autumn et al.,'*! originates from the
highly branched hierarchical structures on the toe pads that accumulate van der Waals
interactions at atomic scale up to roughly 100 kPa at the scale of pad area (the capillary
forcel® 7 and the acid-base interaction!® may be also strong in a certain environment). By
mimicking these biological structures, a variety of bio-inspired intermolecular-force-based
adhesive materials have been developed (which are also called dry adhesive, since they are

not tacky and are pressure sensitive [ 1%). Such materials have been demonstrated to be very

[11-13]

effective in a wide range of applications from biomedical devices, microfluidics,!'*

[15, 16] [24, 25]

transfer printing, smart grippers,!!”2*) to wall-climbing robots.

To date, strong adhesion can be achieved in manufactured adhesives by employing delicate

structures of different shapes (e.g., pillar,*® wedge,*”) spatula,'*®! micro-suction,*” funnel,!

[31-35

and mushroom*!-3%') and materials (e.g., polyurethane,!*’! polyvinylsiloxane,*!! silicone

dB84% and even

rubber,** 3¢ hydrogels,*”! and nano composites!'?) with homogeneous, layere
gradient material properties.[*!"**] Nevertheless, this is a passive strategy due to the lack of

detection or feedback on the contact interface. In contrast, biological systems use the so-called
2
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active strategy to realize a fast adhesion-based locomotion by sensing the contact status in
real-time."” The gecko’s attachment system is an example, in which the tactile sensing,
neuromodulation, and muscle’s actuation enable an active adhesion that can be alternatively
turned “on/off” [8:19.37. 441 Recently, Kalantari et al.l*! introduced contact sensors behind a
manufactured dry adhesive to indicate the quality of the adhesive’s engagement with the
substrate in climbing robot and air vehicle. This method of assembling auxiliary machine
parts in the attachment system implies the practical importance of the sensing function, and is
technically a remedy for the existing structural design of monofunctional adhesion. !> 4]
However, it may also increase the complexity of the system and may sacrifice the compliance
of the bio-inspired adhesives (if the adhesive and sensor are taken as one), which is usually

required in soft robotics.

Benefiting from the development of flexible electronics, rapid and highly sensitive tactile
function has been achieved in thin film devices by various approaches on the basis of the
field-effect transistors, sensing materials,[*”) or structures.[*¥! However, as surface adhesion is
not a crucial property concerned by researchers in this field, there are relatively few
investigations on active adhesion together with the dynamical detection of interface contact
(or force). Kim et al.'?! prepared conductive dry adhesives with 1D-2D hybrid carbon
nanocomposites, enabling a stretchable, metal-free, and all-in-one component for measuring
electrocardiogram (ECG). However, this type of material and structural design only produces

1.4 proposed another approach by

an electrode without any sensing functions. Drotlef et a
attaching a flexible strain sensor on the backside of a skin-adhesive film to precisely monitor
human physiological signals. Although this device is sticky with excellent biocompatibility

and can also response to pressure, it might be faced with a challenge to have a complete

estimation of the contact when some other forms of loads, e.g., lateral load, are involved.
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Inspired by the external morphology and internal nerves of Gecko’s attachment system, this
work presents a hierarchical structure for the realization of a contact-sensible adhesive
(denoted as CSA), which is a monolithic integration of dry adhesion and contact sensing. The
CSA is composed of two-layer structures with mushroom-shaped structures on the top for
providing a strong adhesion, and a compliant and contact-sensible backing on the bottom. As
such, the CSA is advantageous for sensing different types of external loads such as pressure,
tension, and shear loads, and also exhibits high surface adaptability, attributed to the high
compliance of the hierarchical system.% >!1 It is envisioned that such a novel CSA could have
promising applications, especially for surface force detection or adhesion on an uneven

surface.

2. Results and discussion
2.1 Structural design of CSA

The structural design of CSA was inspired by the gecko’s attachment system that consists
of hierarchically fine structures and many nerve cells (Figure 1a). To monolithically integrate
these two functions in CSA, mushroom-shaped adhesive structures were engineered on a
capacitive force sensor (Figure 1b). The mushroom-shaped structure with a thin plate on top

of a pillar is a unique contact element that can outperform many other shapes in dry adhesives

31,52 [53

because of its flattened interfacial stress,*!*>*) small-scale crack bridging behavior, ! friction
contribution,®* suction effect,**! and self-cleaning performance to prevent any possible
dust.*®) As a backing of the adhesive structures, pillars were sandwiched by a pair of foil
electrodes, forming a capacitive force sensor on the bottom.'* > When external loads (L)
were applied on the CSA, the deformation of pillars on the bottom layer led to the change in
electrode distance and, thus, the change in capacitance value (C). For example, the

capacitance increased under a pressure (Ln>0, AC>0) or a shear load (Ls>0, AC>0), while it

decreased under a tension load (Ln<0, AC<0) (AC denotes the change in capacitance value,

4
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and the subscripts ‘n’ and ‘s’ represent the normal and shear load, respectively (Figure 1c).
Scanning electron microscope (SEM) image of a representative sample shows the two-layer
structures (Figure 1d). The structures were made of polydimethylsiloxane (PDMS), while the
electrodes were two ~20 pum thick PET foils coated with 50 nm thick Au films (Experimental
Section, and Supporting Information, Figure S1). The structural dimensions can modulate the
adhesion and sensing performance. A relatively low aspect ratio a of about 1.26 (the ratio of
height 4 to diameter D, i.e. a=h/D) was adopted for the mushroom-shaped structures, as a
small o decreases the risk of structural collapsel®® *! and buckling,'®”! either of which could
weaken the interfacial adhesion. Simultaneously, the structures on the top layer were packed
in a higher duty ratio £ (the ratio of diameter D to center-to-center distance /, i.e., f/=D/[) than
the bottom layer. Such a structural design provided more adhesive structures for the
requirement of strong adhesion. More importantly, it increased the compliance of the
backing®! (high a and low f) and the sensitivity of the sensor (the relationship between the
sensitivity and geometrical dimensions of the structures on the bottom layer will be discussed
in detail later). For this sample, the dry adhesion effect generated on a nominal area of about
1.5 cm? (Figure 1e I) can suspend a 500 g weight in both the normal and lateral directions
(Figure 1le IT and 1e III, respectively). The initial capacitance value (Co) detected via a

multimeter indicated the normal function of the capacitor (Figure le IV).
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Figure 1. Schematic illustration of bio-inspired hierarchical structures for enabling CSA. a)
Gecko’s kinesthetic system consisting of its sticky pads for adhering to target surfaces and
underlying nerves for perceiving and feeding-back contact status. b) Structural design of CSA
with mushroom-shaped adhesive structures on the top layer and pillars on the bottom layer. A
capacitive force sensor is formed by introducing two foil electrodes to sandwich the pillars on
the bottom layer. ¢) Different deformation behaviors of structures by pressure, tension, and
shear load, respectively. Electrode distance is considered as the single factor determining the
change in capacitance value. d) SEM images of CSA. The scale bar is 25 pm. e¢) Photograph
of'a CSA sample (I), its adhesion performance in normal (II) and lateral directions (III), and
detectable capacitance value by a multimeter (IV). The weight is 500 g.

2.2 Demonstration of integrated adhesion and sensing

To demonstrate the integrated functions of adhesion and sensing of the CSA, the force and
capacitance values were measured simultaneously in the loading/unloading process. Figure
2a illustrates the schematic of the measurement setup, where a CSA sample (area: ~1.5 cm?)
was glued on the free end of a double cantilever beam (DCB) with its adhesive layer facing a
smooth glass slide, which was also fixed on a DCB. The load was obtained by checking the
deflection of DCB, while the capacitance was recorded by a semiconductor analyzer
(Experimental Section). Figure 2b shows the normal load L and relative change in
capacitance, AC/Co, as a function of time. AC/Co increased during loading and decreased
during the unloading process (portion between A and B points). The positive maximum value

of Ln indicated the preload, Lye=~14.9 kPa. Subsequently (after B point), the normal load

6
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changed from pressure to tension (Ln<0), and decreased gradually to a negative maximum
value of -28.7 kPa (normal pull-off strength, op), at which point the adhesion failed (C point).
Moreover, AC/Co also decreased below zero and reached its negative maximum value of -
0.31, implying a rapidly detectable capacitive response. Figure 2¢ shows the time-resolved
AC/Co curves in response to shear load (Ls) with different shear velocities (vs=1, 2, 3 mm/s).
The peak of each Ls-f curve represented the adhesion failure, and the corresponding values of
Ls indicated the shear pull-off strength (zp), which was roughly 43.3 kPa for vs=3 mm/s, while
it decreased to 32 kPa for vs=1 mm/s. For different shear velocities, the capacitance curves all
followed the change trend of the shear load. These results demonstrate the successful
integration of adhesion and sensing functions in the CSA. Specifically, the CSA responded to
both normal and shear loads, which could not be achieved by the structural designs reported
previously.'* %1 To further examine the stability of the integrated functions, the time-resolved
capacitive response was compared with the applied load in cyclic loading and unloading
processes (Figure 2d). For three different loading conditions, where (I) adhesion was and (II)
was not always maintained under a normal (tensile) load, and (III) adhesion was maintained
under a shear load, both the capacitive response and the load showed high stability without
any significant decay. Further statistical analyses also showed that the relative standard
deviation (RSD) in the repeated loading cycles was smaller than 0.5% (Figure S2 and S3,
Supporting Information). Such high stability implied the reversible adhesion and restorable

sensing functions of the CSA.
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Figure 2. Characterization of integrated functions of adhesion and sensing of CSA. a)
Schematic and photograph of the home-built measurement set-up. The normal and lateral
loads can be obtained from the vertically and horizontally mounted double-cantilever beams,
respectively. b) La-# and AC/Co-t curves obtained in normal loading and unloading processes.
The curves are divided into two parts by the green dotted line, above which structures are in a
compressive state by the pressure, while below it, they are in a stretched state by the tension
load. The points A, B, and C represent the beginning of the loading, unloading, and adhesion
failure, respectively. ¢) Ln-t and AC/Co-t curves obtained for different velocities of shear
loads. The peaks of these curves correspond to adhesion failure, after which both the sensor
output and load reduce to zero quickly. d) Time-resolved capacitive responses under repeated
loading cycles in different cases, where (I) adhesion is, and (IT) adhesion is not maintained
under a normal load, and (iii) adhesion is maintained under a shear load, respectively.

2.3 Quantitative law between sensitivity and structural dimensions

It is practically significant to establish a quantitative law between the key technical
parameter, the sensitivity (S5), of the capacitive force sensor (one of the functions of the
backing) and the structural dimensions. Here, three CSA samples with different structural
dimensions (height, 4, diameter, D, and center to center distance, /) were prepared and their
SEM images (labeled as I, 11, III) are displayed in Figure 3a. Figure 3b-3d shows the relative
capacitance variation (AC/Co) in response to the tension, pressure, and shear load,
respectively. The slope for the discrete data is defined as the sensitivity, given by S =

5(AC/Cy)/SL. 57 For the simplest case of structures in the stretched state by the tension
8



WILEY-VCH

load, the AC/Co changed linearly with the tension load (-Ln) for all samples (Figure 3b).
However, in the case of pressure load, the AC/Co-Ln curves showed different responses to the
pressure load in different ranges (Figure 3¢). For example, the sensitivity of sample III
significantly increased from 0.007 kPa™' to 0.139 kPa™! with an enhancement of approximately
20-fold at L»=8.7 kPa. Note that the pressure load for the initiation of this enhancement was
very close to the so-called Euler load of the bottom-layer structures, Le=~7.6 kPa (green dotted
line, in Figure 3¢)[®! %21, Hence, it can be deduced that the complicated response of the CSA
sample to pressure load was a result of the structural buckling behavior. Once buckling occurs
in the loading process, the compliance of the structures increases due to the additional elastic

[63

bending energy,%*! thus causing a stronger response for the capacitive sensor. In the case of

shear load, AC/Co also showed a simple linear relation to a wide range of shear loads (Figure

3d).
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Figure 3. Characterization of capacitive response of CSA to different external loads and its
dependence on structural dimensions. a) SEM images of three CSA samples having different
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diameters D, heights 4, and center-to-center distances, /. b)-d) Relative change in capacitance
(AC/Cv) as functions of tension (-Ln), pressure (Ln), and shear loads (Ls), respectively. Under a
tension load, AC/Co changes linearly with Ln, while under a pressure load, the capacitive
response is complicated due to the buckling behavior. For the shear load case, AC/Co also
changes linearly over a wide range of shear load. e) and f) Quantitative law between
sensitivity (S) and structural dimensions. S can be expressed as a scaling power law of two
dimensionless geometrical parameters, 1/f and o/f, corresponding to the upstanding and
curved (buckling or deflection) posture of the structure, respectively, with a power value of 2.
The solid and open symbols refer to the experimental and FEM results, respectively, while the
dotted lines represent the formular prediction.

The results shown in Figure 3a-3d also indicated a strong dependence of the sensing
performance on the structural dimensions. Next, it was further demonstrated that this
dependence can be explicitly described by two simple power law scaling relations. To achieve
this, the capacitive responses of more CSA samples were characterized (Supporting
Information, Figure S4-S7). Through the dimension analysis!®* (Supporting Information,
Supplementary Notes S2), the sensitivity, S, can be fully determined by the material property
(elastic modulus, E), and the two dimensionless geometrical parameters, i.e., aspect ratio, a,
and duty ratio, . S was found to follow a scaling power law of 1/8, as S ~ (1/4)?/E, for
structures in upstanding posture, while it followed a scaling power law of a/f, as S ~
(a/B)?/E, for the structures in buckling or deflection postures. Note that, the first scaling
relation can be directly derived under the linear approximation of a capacitive sensor
(Equation S4, Supporting Information), while the second scaling relation required fitting on a
series of numerical results (Figure S8 and S9, Supplementary Notes S3, Supporting

Information).

Figure 3e and 3f present the comparison between the experimentally obtained S values and
the prediction by the two scaling relations, respectively. The high consistency between them
demonstrated the correctness of the formulas, which could facilitate the design of future
devices for the purpose of obtaining specific sensitivity of the CSA. Generally, the sensitivity

in response to the normal load is higher than that to the shear one, because the compression or

10
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stretch deformation can induce the change in electrode distance easier than the deflection. The
increasing tendency of S with respect to a/f or 1/f suggested that structures with high aspect
ratios and low duty ratios could yield highly sensitive capacitive sensors either in normal or
shear load cases. However, excessively high value of a/f is not always preferred for
engineering high-performance CSA samples. This is because sufficient mechanical strength
and damage tolerance of the structures on the bottom layer are also essentially required, since

they serve as the backing of the adhesive layer.[®"]

2.4 Enhanced adhesion of CSA on uneven surface.

The above results demonstrated the integrated functions of adhesion and sensing on a flat
surface. However, in most applications, the target surface is uneven and the structural
adhesion can be largely reduced.[®> %] Many previous studies have demonstrated that an
effective way to enhance the adhesion on uneven surfaces is to employ highly compliant
materials'®” and structures.[®® To examine whether the introduced rigid component (i.e., the
metal-coated PET foil with elastic modulus nearly 3-order of magnitude larger than the
silicone) affected the compliance as well as the adhesion performance of CSA against the
uneven surface, the normal pull-off force of a CSA sample (area: ~4 cm?) was compared with
that of a single-level control sample on an acrylic substrate with periodically-distributed
spherical asperities (cross section of the uneven substrate is shown in Figure S10). To exclude
the possible influence of the backing layer thickness on the adhesion performance,'®’ the total
thicknesses of these two samples in the experiment were comparable (Figure S11, Supporting
Information). As shown in Figure 4a, the pull-off force, F}p, increased in the early stage with

19, 70

increase in the preload, Fpre, and eventually reached saturation.!!'” %! This is because a large

preload extends the actual contact area on an uneven surface, causing more adhesive

structures to function. However, partial structures underneath the asperities are likely to be

compressed heavily (or buckle) with significant adhesion loss by the large preload.[¢"!

11
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Therefore, the saturated pull-off force is a result of the competition between these two effects.
In the present experiments, the adhesion of CSA sample (Fpui=7.8 N) was ~3.7 times larger
than that of the single-level control sample (Fpui=2.1 N) as the preload increased up to 8~10
N.

Experimental results indicated stronger adhesion of CSA sample than that of single-level
control sample. To further demonstrate that this adhesion enhancement was due to the high
compliance of the structured backing, a simple FEM simulation was performed here for
investigation of the interfacial contact stress (Figure 4b I, details are included in Experimental
Section). In the simulation, a spherical asperity was indented to a structured and bulk backing
by a load of ~25 kPa, which corresponded to the case of the CSA sample and the control
sample (Figure 4b II and 4b III). The contact interface and contact stress (ac) were then
obtained (Figure 4c). The CSA sample displayed a deeper indentation and larger contact
length than the control sample (Figure 4c¢ I), because of the greatly reduced effective modulus
of the structures on the bottom layer. For the single-level control sample, ac followed the
Hertz contact theory (black line, Figure 4c I11).7! In contrast, oc fluctuated for the CSA, and
reached a peak at the pillar position and a valley at the bridge (red line, Figure 4c II).>! 0]
Since only the structures with contact stress less than the buckling limit can contribute to the
adhesion,'%! the effective adhesive area, Aefr, is defined as the contact region where the
contact stress is smaller than the Euler limit, i.e., oc<Lg, where Le~0.27 MPa is the calculated
Euler load for the array of mushroom-shaped structures (dotted blue line, Figure 4c¢ II). Then,
the comparison of the pull-off forces between the two samples may be given by a scaling
relation as follows:

CSA CSA 2
F;)UU — Aeff ~ c =334
FS AS 22 .
pull eff rB rA

where the superscript refers to the CSA and the single-level control samples, respectively,

ra=614 um, r=1054 pm and rc=1567 pum indicate the » values at which of = Lg, 62 = 0,

12



WILEY-VCH

and ;> = 0 (only a small fraction of the gc curve for the CSA was beyond Lg and, thus, was
neglected). The simulation predicted a 3.34-fold enhancement in adhesion for the CSA
sample in comparison with the control sample, which was in good agreement with the
experimental results (~3.7-fold). Since the increased Aesr is a result of the structured backing
with reduced Eet,”%! it can be deduced that the CSA still maintained high compliance even
though some rigid components (PET electrodes) were introduced to form a capacitive force
sensor. Notably, it was further found that the CSA sample outperformed the control sample in
adhesion on a planar glass slide (Figure S12, Supporting Information). This result also
indicated the high compliance of the CSA, which can reduce the influence of possible

misalignment in the flat-to-flat measurement configuration on the adhesion performance.
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Figure 4. Adhesion of CSA on uneven surface. a) Pull-off force as a function of preload for
CSA and single-level control samples, respectively. b) Simulation of a spherical asperity
indented onto structured and solid backings under a preload of ~25 kPa, which corresponds to
the CSA and control samples, respectively. The length unit is um. ¢) Contact length and

contact stress distribution at interface. Due to the high compliance, the CSA sample has a
larger indentation depth and contact length compared to the control sample. As the structures
with compressive stress beyond the buckling limit, Lg, can only provide poor adhesion, the
effective adhesive area for CSA (r<rc) is larger than that for the single-level control sample
(ra<r<rs). The dotted blue line stands for the L value of the mushroom-shaped structures.

2.5 Application of CSA in grasping task

Finally, to demonstrate the potential application of the CSA, grasping experiments were
performed on difficult-to-grasp objects. Figure 5a presents the schematic of a typical gripper
device, on which a ~1.5 cm? sized CSA sample was glued as a contact interface. Successful
grasping can be achieved when the lateral force (f) induced by the normal pressure (V)
balances the weight of the object (G). To increase the difficulty, a fragile egg was selected as
the object and a weight of 300 g was glued on it. The limit normal force (Nbroken) for the shell
fragmentation or breakage is about 6~7 N, suggesting a dangerous value of AC/Co for the
grasping task, V4=0.1, according to the sensitivity (Supporting Information, Figure S13). The
photographs and the corresponding sensor outputs in real time (AC/Co-t curve) of the grasping
process for three different normal loads are shown in Figure 5b and 5c, respectively. In Figure
5b, the positions of the gripper and the egg are depicted by the blue and yellow lines. The
symbols of rectangle, sphere and diamond in Figure 5b and 5c represent the moment when the
photographs were captured. For a large normal load (AC/Co =0.064<V4), the egg could be
picked up steadily. Both the blue and yellow lines moved upwards (Figure 5b I; Movie S1,
Supporting Information). Note that, the sensor output during the lifting process was higher
than that with only the application of normal load, because of the generation of lateral force
(the rectangle and sphere symbols, Figure 5c I). For a small normal load (AC/Co=0.025), the
lateral force could not support the object, resulting in slippage during the grasping process.

The blue line moved upwards, but the yellow line did not (Figure 5b II, Movie S2, Supporting
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Information). The AC/Co-t curve presented a slow fall until the total separation (the arrow,
Figure 5c II). This phenomenon suggests that the gripper with the CSA can detect the possible
slip based on the slow fall of the AC/Co-¢ curve and then increase the normal load
appropriately to prevent it. As shown in Figure 5b III, the gripper could not lift the egg at first
because a small normal load was again applied (AC/Co=0.01), resulting in the slip. The yellow
line did not follow the blue line moving upwards. Then, by increasing the normal load with
the AC/Co up to about 0.08 (Figure 5c III), the slip trend stopped, and both the blue and

yellow lines moved upwards, indicating a successful grasping process (Movie S3, Supporting

Information).
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(c)

Figure 5. Proof-of-concept of CSA as a contact interface introduced in a mechanical gripper
for a grasping task. a) Schematic and photograph of a gripper using CSA to contact with the
object (fragile egg with a 300 g weight glued on it). b) Photographs showing grasping process
for three cases of different normal loads. The blue and yellow lines denote the position of the
gripper and the egg, respectively. In a steady grasping process, both lines move upwards. If the
slip occurs, the yellow line does not follow the upward movement of the blue line. c) capacitive
response of AC/Co as function of time corresponding to the three cases in b). The fast drop of
AC/Co indicates the release of the object, while its slow fall indicates the slip. The symbols of
rectangle, sphere, and diamond correspond to the moment when the photograph in b) is captured.

3. Conclusion
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In this work, a bio-inspired hierarchical structure was developed for the realization of contact-
sensible adhesives (CSA). This structure was composed of mushroom-shaped units as a strong
adhesive layer on the top, and a pillar array sandwiched by a pair of foil electrodes on the
bottom to function as a compliant backing and a capacitive sensor in response to external
tensile, compressive, and shear loads. The experimental results demonstrated the integration
of adhesion and contact sensing functions, and a quantitative law (scaling power law in power
of 2) was established between the sensitivity and the structural dimensions. Furthermore, the
CSA showed stronger adhesion (roughly 3.7-fold enhancement) on an uneven surface
compared with the single-level control sample, due to the high compliance of the hierarchical
structures. The potential application of the CSA was also evaluated by using it as the contact
interface in a gripper, which ensured the safety of the object and prevented a possible
interface slip. It should be pointed out that the proposed structural design is not limited to
embedding a single sensor in the backing. By using a patterned electrode to form a capacitive
force sensor array, the CSA may be capable of not only adhering to the target surface, but also
detecting the position-dependent contact status, which is usually generated in grasping tasks

on objects with uneven or curved profile.

4. Experimental Section

Fabrication of CSA: The mushroom-shaped structures on the top and the pillars on the bottom
of CSA sample were both fabricated by the conventional modeling process. The template (Si)
with micro holes for pillars was fabricated by photolithography and etching, while that for the
mushroom-shaped structures can be obtained either by the double-side exposure method
reported by Wang et al., 33! or by producing an undercut in a sacrificial layer as reported by
Sameoto et al..’> 73] The electrodes for the capacitive force sensor on the bottom were

fabricated by sputtering Au (50 nm thick) on a PET foil (20 um thick). The CSA can be
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achieved by assembling the top- and bottom-layer structures. Details of the fabrication are
included in the Supporting Information (Figure S1).

Characterization of adhesion and sensing properties of CSA: The capacitive responses of the
CSA to normal and shear loads were characterized using a home-built apparatus (Figure
2a).l"% The CSA sample was glued on the free end of a double cantilever beam (DCB) with its
adhesive layer facing a smooth glass slide, which was also fixed on another DCB. The spring
constant of the two DCBs was 900 N/m. The vertical and lateral movements of the DCB can
apply the normal and shear loads on the sample, respectively. The movement was controlled
by a motorized translation stage (PI Gmbh & Co. M-531.DD, 100 nm resolution). The
deflection of the DCB was measured by an eddy current displacement sensor (Waycon) with a
high resolution of 30 nm. Its output signal was further recorded by a data acquisition system
(LABVIEW, 200 Hz sampling frequency).*3! Finally, the force value was obtained by careful
calibration, and the stress value was calculated by dividing the force by the nominal sample
area. The capacitance value was recorded by a semiconductor analyzer at 100 kHz (B1500A,
Agilent).57]

Finite Element Method (FEM) simulation: FEM model was established with the commercial
software, ABAQUS, to study the contact stress at the interface between an uneven surface and
a CSA sample or a single-level control sample. When an uneven surface with periodically
distributed spherical asperities with center-to-center distance A=3.2 mm and peak-to-valley
distance w=0.9 mm (cross section of this uneven surface is shown in Figure S10, Supporting
Information) was indented onto the sample, the interfacial stress should also be periodic.
Thus, only the space near a single asperity was modeled. The simulation only considered the
deformation of the backing layer. It was further assumed that the 3-dimensional problem can
be simplified without any significant accuracy loss by an axisymmetric geometry. The
asperity was set as a spherical rigid part with a radius of roughly R~/4w. As a metal-coated

PET foil was inserted between the adhesive structures on the top layer and the backing of the
17
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CSA sample, the material type for this sample was set as, from top to bottom, PDMS film,
PET film, and PDMS pillars, respectively. The thicknesses of the PDMS film and PET film
were 5 um and 20 um, while the height, width, and center-to-center distance of the PDMS
pillars were 270 um, 50 um, and 150 pm, respectively. For the single-level control sample,
the geometry was a bulk solid of 300 pm height. All the materials in the simulation were
assumed to be isotropic and linearly elastic. The elastic modulus values of PDMS and PET
were set as 3.5 MPa and 4 GPa, respectively. The bottom boundary was fixed, while a

downwards load of 25 kPa was applied on the asperity.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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