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Abstract

Researches on biological adhesive systems in nature have changed a perspective view on adhesion
that it is not only the area of surface chemistry, but also mechanics of interfacial geometry which
can significantly effect on fracture strength and load distribution on the contact interface. Various
synthetic fibrillar adhesives in previous works have shown enhanced interfacial bond strength with
the capacity of adhesion control by exploiting mechanical deformation of the elastomeric fibrillar
structures inspired by geckos. However, control of the interfacial load distribution has been focused
on the size of micro-contact with single or a few of micro-/nano-fibers on planar surface, and not

for a large contact area on complex three-dimensional (3D) surfaces.

This thesis work aims at investigating principles of the interfacial load distribution control in
multi-scale, ranging from micro-contact with single micro-fiber to a centimeter-scale contact with
a membrane-backed micro-fiber array on non-planar 3D surfaces. The findings are also applied
for developing a soft robotic gripper capable of grasping a wide range of complex objects in
size, shape, and number, expanding the area of practical applications for bio-inspired adhesives in

transfer printing, robotic manipulators, and mobile robots.

This paper comprises three main works. First, we investigate the effect of tip-shapes on the in-
terfacial load sharing of mushroom-shaped micro-fibrillar adhesives with precisely defined tip-
geometries using high resolution 3D nano-fabrication technique. For a large area of non-planar
contact interface, we fabricate fibrillar adhesives on a membrane (FAM) by integrating micro-fibers
with a soft backing, which enables robust and controllable adhesion on 3D surfaces. Picking and
releasing mechanism for the maximal controllability in adhesion are discussed. Finally, we propose
a soft robotic architecture which can control the interfacial load distribution for the FAM on 3D
surfaces, solving an inherit dilemma between conformability and high fracture strength with the

equal load sharing on complex non-planar 3D surfaces.
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4.9  Analysis and force measurements 1n the rigid adhesion system for different
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XViil



.10 Schematics of the analytical model for the rigid adhesion system with dif-
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1n contact bigger than a spherical substrate. (b) A schematic of the contact-

ing rigid adhesion system with a diameter that 1s smaller than that of the

spherical substrate. (c) A schematic of the rigid adhesion system being de-

laminated from a flat glass substrate under a negative pressure differential

(AP). Green arrows show the forces caused by the pressure differential

acting on surface of the adhesion system, which can pull the FAM 1nto the

rigid chamber and cause delamination of the membrane. (d) An inverted

optical microscope 1mage of the FAM on the rigid adhesion system in con-

tact with a flat glass substrate, visualizing the contact interface. Dark areas

indicate micro-fibers on the FAM 1n contact. The scale bar 1s 500 um. (e)

A schematic of the total volume (V") as a sum of the 1nitial volume (1) and

the additional volume created by the truncated-cone shaped deformation of

the FAM (V}), subtracted by the volume of the spherical substrate covered

by the FAM (V,). h. 1s the height of the spherical cap (V). . . . . . .. ..
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(a) Calculated reaction force (F,) profiles on a flat glass surface with re-

spect to retraction distance (z,), depending on effective contact radius (r.).

Here, the difference 1n the effective contact radius represents the differ-

ence 1n the nitial contact area. (b) A magnified view for the reaction force

profile in the beginning of retraction when . = 8.0 mm. Small numerical

nstabilities can be observed in the beginning of retraction when r. = R.

The first derivatives of the total potential energy (1I) with respect to vertical

displacement (z) and contact radius () are numerically obtained using the

forward (r. = Ry), centered (0 < r. < Ry), and backward (r. = 0) dif-

ference approximations. Here, the vertical displacement and contact radius

are discretized 1n 20,001 and 50,001 elements, respectively.|. . . . . . . ..
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Characterization of adhesion stress (ad) of a single micro-fiber on the FAM

for the soft adhesion system. (a) Visualization of the contact area of three

micro-fibers for each samples using the confocal laser microscope. Scale

bar = 100 um. (b) Reaction force (Fr) profiles of three micro-fibers for each

sample. . ... e

4.14

Characterization of the effective work of adhesion (w,q) and adhesion stress

(0,4) of the FAM for rigid and soft adhesion systems. (a) A reaction force

(f,) profile of the FAM for the soft system (I), in accordance with micro-

scopic 1images on the interface (II). (b) A reaction force (F;) profile of the

FAM for the rigid system (I), in accordance with microscopic 1images on

the interface (II). 1: preloading, 2: retracting, 3: exerting pull-off force, 4:

@13

Characterization results of the soft adhesion system. (a) Measured reaction

force (f.) profiles on a flat glass surface with respect to retraction, depend-

ing on different initial pressures (A F,). (b) Measured pull-off forces (F )

on various substrates depending on the initial pressures. (c) Conversion ra-

tio (0,4/AP,) on various substrates as a function of initial pressure. Each

point 1n (b) and (c) indicates an average of 5 measurements, and error bars

are 1 SD. (d) Schematics of the soft system being pulled off from the flat

glass without a change 1n the internal pressure (/) (I), and under a high

negative pressure differential (II). (e) Side-views of the soft system being

pulled off from the flat glass at 1.7 kPa of the initial pressure (I), and cor-

responding microscopic images of the contact interface (II). The estimated

1

crack propagation speed is 1.5 m - s™. (f) Side-views of the soft system

being pulled off from the flat glass at -52 kPa of the initial pressure (1),

and corresponding microscopic 1images of the contact interface (II). The

estimated crack propagation speed is 179 m - s~*. (g) Microscopic images

of the contact interface of the soft system with a less adhesive FAM be-

ing pulled off from the flat glass at -46 kPa of the initial pressure. Scales

in (e-1I), (f-I) and (g) indicate 1 mm. The moment at which the FAM 1s

detached 1s set to be zeroseconds (Os).| . . . . ... ... ... ......

XX



.16 Scaling of the soft adhesion system compared to a flat micro-fiber array

and biological gecko adhesives. The scaling of gecko foot-hair adhesion 1s

for shear stress (o) on a flat substrate, while the other results 1n the soft

system are for normal adhesion stress (0,4) on both 3D curved (circles)

and flat surfaces (rhombuses). Dashed lines are the least-squares trends

in the adhesion stress of a single fiber, the micro-fiber array, and the soft

system measured on the both flat glass and spheres with 15, 30, and 60 mm

diameters with (blue) and without (red) a negative initial pressure. The

green line 1s the scaling from the single fiber to the micro-fiber array. Each

data point indicates an average of 5 experimental measurements.| . . . . . .
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Chapter 1

Introduction

1.1 Motivation

Biological adhesive systems in nature possess inherit softness capable of adapting to a wide
range of unstructured environments without requiring any sophisticated control mechanism
when gripping and releasing the surfaces [2]. Geckos, one of the biggest species in nature
using adhesive mechanism in climbing and running on a vertical wall, have hierarchically
structured fibrillar adhesive systems ranging muti-scales from a micro-seta down to a
nano-spatulae, being able to produce enormous adhesion and friction to support its body
weight with just a single toe (Figure[I.1) [3 4, [5]. Made out of rigid beta-keratin which is
also known as the same material with human nails, the multi-level hierarchical structure of
gecko’s fibrillar foot-hairs allow the gecko to distribute an applied interfacial load over the
contact interface more effectively and evenly without compromising its ability to adapt to

arbitrary shapes and roughnesses of three-dimensional (3D) surfaces.

Researches related to the gecko’s fibrillar foot-hairs have dramatically changed people’s
perspective view on adhesion [6, 7, 18,9, [10, [11} 112} 13} 114} [15, [16]; strong but reversible
adhesion is not only the area of surface chemistry, but can also be stem from the mechanics
of geometry at the interface which can dramatically affect on the fracture strength by
changing the status of load distribution. In the past decade, various synthetic micro- and

nano-fibrillar adhesives inspired by the gecko’s foot hairs have been developed, exhibiting
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enhanced adhesion on a flat surface (Figure[I.2}(a), iv-vi [191)), as well as controlling
it by exploiting a difference in effective stiffness of slanted micro-/nano-fibrillar structures

upon shearing direction, allowing the fibers easily peeled off from the contact surface as
the geckos do (Figure [T-2(a), i-iii [12} 20, 211).

Figure 1.1: An overview of geckos’ hierarchical fibrillar foot-hairs from macro-scale to nano-scale:
(a) A Tokay gecko’s foot on a flat glass, (b) a scanning electron microscopy (SEM) image of geckos’
setae from side, and (c) the top, (d) a SEM image of tips of geckos’ setae, and (e) a SEM image of
numerous spatulae. ST: Seta, BR: Branch, and SP: Spatula

Despite of more than a decade of extensive researches on gecko-inspired fibrillar adhe-
sives, many scientific/engineering challenges have not been addressed successfully for
practical applications of the gecko-inspired fibrillar adhesives to industries and our daily
lives. In micro-scale, although many theories and several preliminary experiments have

investigated effect of the fibrillar geometries on the interfacial bond strength, systematical
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experiments in testing the adhesion of different shapes of micro-fibrillar adhesives have
not been conducted due to the lack of fabrication methods for controlling the shape of
tip-endings of micro-fibers with high resolution. In macro-scale, previous gecko-inspired
controllable adhesion mechanisms have been optimized and demonstrated for planar
or simple shape of objects without the ability of dealing with complex 3D geometries
(Figure [1.2]b) [22])), as the fibers exploits mechanical interaction with the objects when
applying shear force for peeling, which their releasing performance can be significantly
dependent on the object shapes [23, 24]]. Also, using a soft adhesive interface (i.e., a
membrane) for 3D conformability causes high stress concentration and low interfacial
fracture strength, posing a fundamental dilemma which preventing a successful use of

fibrillar adhesives for soft robots in gripping and locomotion on the complex 3D surfaces.

This thesis work aims at developing principles and knowledge on the interfacial load
distribution and its control in multi-scale, depending on various design parameters of the
gecko-inspired micro-fibrillar adhesive pads (e.g., tip-shape of micro-fibers or air pressure
behind the membrane-backed micro-fiber array). The contributions of this work can be
applied for broadening possible applications of the micro-fibrillar adhesives in various
robotic areas, such as transfer printing systems [25, 26, 27, 28], robotic manipulators [29],
and mobile robots that can climb on complex 3D surfaces, such as aircraft, space shuttle,

or pipe surfaces [30, 31, 32].

1.2 Interfacial load sharing on micro-contact depending

on different tip-geometries

K. Autumn et al. and G. Huber ef al. have discovered that the strong adhesive force
of the gecko’s foot-hairs is mainly due to a combination of van der waals forces [33],
which is normally considered as a weak intermolecular force, and possibly capillary
forces [134]. The hierarchical fibrillar structures and spatulated tip-endings can significantly

enhance these weak forces by improving surface roughness adaptability [35, 36], crack
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Figure 1.2: Previous works on gecko-inspired synthetic micro-fibrillar adhesives and equal load
sharing system, ranging from micro-scale to marco-scale: (a) gecko-inspired slanted micro-wedges
for enhanced friction (i-iii), and mushroom-shaped micro-fibers for the maximal adhesion with
equal load sharing on micro-contact (iv-vi). (b) Design of synthetic load sharing system for friction
on flat surface, capable of distributing the applied load to the load tendon and adhesive tiles evenly
(top). Still frames of a 70 kg climber ascending a vertical glass wall using the device (bottom).
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trapping [37] and increasing the effective work of adhesion [4, 38]]. Especially, it has been
revealed that the interfacial load sharing on individual micro-contacts of spatula plays a
critical role in the enhanced adhesion [39, 40], suggesting that optimal tip-endings can

dramatically improve the adhesion performance of the synthetic micro-fibrillar interfaces

(Figure[1.2[(a), iv-vi) [41].

Various theories have been proposed regarding the optimal shape of tip-endings, and
verified experimentally. For example, Campo et al. tested various elastomeric micro-fibers
with different tip shapes experimentally and found out the mushroom-like fiber-tip could
provide the highest adhesion among many other tip patterns [42]. Aksak et al. theoretically
studied the optimal shape of mushroom-like tip-endings of elastomeric micro-fibers as a
function of tip diameter relative to stalk diameter () and the tip-ending wedge angle (#).
They reported 5 of 1.1 — 1.2 and 6 of 45° as the optimal fiber parameters for the maximal
adhesion [43]].

Even though the previous work [43] has already computed the optimal shape of mushroom-
like tip-endings for the maximal adhesion for elastomeric micro-fibrillar structures, the
theory has not been experimentally validated yet due to limitations on fabrication of 3D
optimal micro-/nano-structures. Benefitinf from an emerging high-resolution 3D micro-
/nano-fabrication technique called two-photon stereo nano-lithography techniques, we can
precisely control different S and 6 values and manufacture the elastomeric micro-fibers

with high resolution enough to verify such optimal designs in theory.

1.3 A soft robotic gripper with controllable adhesion of

micro-fibrillar adhesives on 3D surfaces

Soft robotics is a new emerging robotic field that develops robots out of soft matters
(e.g., elastomers) capable of adapting various complex and unpredictable environments,

not based on control systems but on the material properties and mechanical structures.
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Figure 1.3: State of the art in soft robotics: (a) A pneumatically driven gaiting robot made out of
soft deformable elastomer, (b) a peristaltically crawling soft robot driven by SMA actuators, (c) a
sphere-shaped rolling robot based on jamming, (d) a soft manipulator wrapping around a human’s
hand (i) and its cross-section inspired by the muscle structure of octopus arm (ii), (e) a soft-bodied
caterpillar robot (i) and its ballistic rolling locomotion (ii), and (f) a wall climbing robot (i) using
gecko-inspired elastomeric micro-wedge structures (ii).
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Figure shows state-of-the-art soft robots developed by previous works. Body of those
soft robots is made out of polymer-based elastomers which are not conventional for robotic
systems composed of steels or plastics [44, 45) 46]]. Instead of using common actuators
such as electromagnetic motors and combustion engines, the soft robots make use of a
difference in volumetric change of heterogeneous structures under pneumatic pressure
differential (Figure (a) [44]), a displacement of smart materials (e.g., Shape Memory
Alloys(SMA)) (Figure [I.3] (b) [47]), or stiffness change in granular media (Figure [[.3]
(c) [48]). movements of those soft robots are highly bio-inspired as well; motions are based
on rolling (Figure (c) [48] and (e) [49]), crawling (Figure (a) [44]] and (b) [47]]),
bending of a continuous body(Figure (d) [S0Q]), or climbing by adhesion(Figure
(f) [S1]). The soft robots can conform to various surface geometries, distributing stress
over a larger volume, and increasing contact time and minimizing the impact force [52].
In addition, comparing to the conventional robots comprised of a number of sensors and
actuators, the soft robots can do the same tasks without requiring sophisticated control
theories or path planning. The above features of the soft robots are crucial in interacting

with unstructured environments or humans.

The aforementioned properties of soft robots can be a significant advantage for handling
fragile objects with irregular geometry which are difficult for the conventional manipula-
tors composed of rigid components such as electromagnetic actuators and sensors. Various
soft grippers have been developed as shown in Figure F. Ilievski et al. developed
a soft pneumatic starfish-shaped gripper, and showed pick-and-release manipulation of
an uncooked egg and a living animal successfully (Figure [[.4] (a)) [S3]. J. R. Amend et
al. developed a soft gripper using rigidity tuning of granular media based on particle
jamming, and demonstrated the ability of handling a wide variety of different shapes of
objects (Figure (b)) [54,155]. N. G. Cheng et al. developed a trunk-like manipulator
based on the jamming technique, and successfully demonstrated the manipulator’s ability
to conform to irregular geometries of 3D objects (Figure [I.4] (c)) [56]]. A. Pettersson et al.
used magnetorheological (MR) fluid to mold irregular exteriors of soft and crushable food
products by applying an magnetic field, exhibiting a high gripping force without bruising

those fragile foods during manipulation [S7].
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Figure 1.4: Soft robotic manipulators: (a) A starfish-shaped soft gripper catching a paralyzed mouse
(i:approaching, ii:gripping), (b) a universal gripper pouring a glass of water, (c) a trunk-shaped
soft manipulator wrapping around a cup (i:approaching, ii:wrapping), and (d) a soft gripper having
pouches filled with magnetorheological fluids to mold objects’ shape.

These manipulators have demonstrated the capacity of soft robotic hands being able
to handle a wide variety of objects based on much simple control mechanisms with a
cheaper price than the conventional rigid manipulators [S8]. However, those soft grippers
are still subject to geometrical features of the target objects similar to the conventional
manipulators, as both soft and rigid grippers are based on the same principle of mechanical
interlocking. Such grippers have difficulties in handling flat and thin objects which can be

hard to be clipped. Not only the shape, but also size of the object has significant impacts
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on its gripping performance; for example, gripping force of the jamming-based soft
gripper will be significantly reduced, if size of the object is larger than 90 % of the grip-
per size [55]] or contact angle between the object and the gripper is smaller than 45 deg [54].

The adhesion-based soft gripping mechanism can address the aforementioned issues on
the principle of mechanical interlocking, or limitations of suction for 3D objects when
securing an air-tight sealing at the interface [S9)]. A beauty of the adhesion-based soft
grippers lies on the simple principle of adhesion that the gripping force is in proportional
to the contact area, which allows a universal design of a soft gripper for a wide variety of
3D and planar objects in size, shape, and number. Developing an adhesion-based gripper,
however, is difficult; while the adhesion mechanism enables objects to be easily picked
up, the same mechanism would cause significant difficulties in releasing the objects.
Therefore, being able to actively control the adhesion during pick and release steps is

critical when developing such adhesion-based gripping devices [S1]].

Various controllable adhesion mechanisms for robotic manipulations using the gecko-
inspired fibrillar adhesives have been developed in the previous arts, mainly suitable for
thin and planar objects or ultra-lightweight micro-particles [20, 25, 26, 28, 160, 61} 162].
The micro-fibrillar structures in the previous works have been fabricated onto a rigid
backing, resulting in limited payload on 3D surfaces due to the subsequent small contact
area as shown in Figure (a). For non-planar 3D parts, as shown in Figure [I.5(b), the
micro-fibrillar adhesives must be incorporated with a soft backing (i.e., membrane), so that

they can adapt to the non-planar surface geometries.

Several studies have investigated the effect of a soft backing on the fibrillar adhesion
to a flat surface [63, 164]. Although J. Lee et al. demonstrated that a gecko-inspired
lamellar structure can increase the adhesion of nano-fibers on surfaces with micro-scale
roughness [63], no studies have fully explored the influence of backing softness on 3D
object manipulation in macro-scale. Not only improving the ability to adapt to 3D surface
geometries for enhanced and robust adhesion, but the soft and stretchable backing can

also provide another degree of freedom for controlling the adhesion of fibrillar structures
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(a) (b)

Backing
Substrate

Part

Figure 1.5: Schematics of picking up a non-planar 3D part: (a) A fibrillar adhesives on a rigid
backing layer and (b) a soft gripper using the fibrillar adhesives on a soft membrane backing.

without using the principle of mechanical interactions. Unlike a rigid backing, the
micro-fibrillar structures on a soft backing can easily be peeled off by stretch of the
membrane during inflation, effectively reducing the contact area down to a single fiber-tip

contact.

1.4 Interfacial load distribution control for a soft adhesive

membrane on 3D surfaces

As we discussed above, by exploiting the principles of equal load sharing [41] and the
interfacial crack pinning [37], the geckos can firmly adhere to planar surfaces with the
van der Waals force [33]. Using the same attachment method, the synthetic fibrillar
adhesives achieve bond strengths of over 100 kPa on smooth flat surfaces [66]], surpassing
the performance of the geckos on such surfaces [67]], and exhibit quick release through
peeling [68]] or buckling [[16] of the micro-fibers.

Although the micro-fibrillar adhesive structures formed onto a soft membrane backing

exhibits robust adhesion and high controllability, the membrane is subjected to high stress
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concentration on the contact interfacce, imposing a significant loss in interfacial bonding
strength. According to our test and previous work, despite demonstrating a significant
improvement over an unstructured elastomeric membrane with 10 times higher adhesion,
the structured membrane with micro-fibrillar adhesives could achieve only 2 kPa of
adhesion stress, a small fraction of the 55 kPa measured with rigid-backed micro-fiber
arrays [69]. This implies that the improved conformability to 3D surfaces enabled by
the more compliant membrane backing is at the expense of a 96% reduction in adhesion
strength. Considering that the adhesion of a membrane scales with the circumferential
length of the contact interface and not with the area [29], the results above suggest that the
size of the membrane, whether containing structures or not, has to be vastly increased in

order to support a high load-carrying capacity.

For a broad range of robotic applications, such as wall climbing [30}51]], perching devices
for flyers [[70]], and grippers [20, 25,162, 71]], the applied load on an adhesive interface must
be uniformly shared over the entire area in contact, so that the adhesion can be scaled by
the area [72]], as it does with a rigid backing. Hawkes et al. proposed a rigid frictional
attachment systems that could improve the lateral load sharing capability and friction of
micro-wedge structures by scaling up to larger areas on flat and slightly curved surfaces
(Figure [I.2] (b)) [22]. However, no attachment system has succeeded yet in improving the
perpendicular load sharing and adhesion of fibrillar structures for complex 3D surfaces.
A backing layer made out of stiffness-tunable materials such as liquid metals [73],
thermoplastics [74, [75] or shape memory polymers [76, [/7] can adapt to 3D surfaces
when they are soft and support high fracture strength when they are hardened. However,
challenges still remain in managing deformable substrates (e.g., plastic foils, rubber-like
stretchable surfaces, thin metal films), because the stiffened backing cannot accommodate
deformation, resulting in stress concentrations at the contact edges. Therefore, all adhesive
gripping tasks are limited by a fundamental dilemma between compliance/conformability
and rigidity/strength [78]]; while adhesives must be compliant enough to conform to
complex 3D or deformable geometries, the same system must remain rigid enough to

maximize interfacial (Mode I) fracture strength in order to support the objects weight.
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1.5 Research Objectives

In this thesis work, principles on the load distribution and its control for the gecko-inspired
fibrillar adhesive interfaces are investigated in multi-scale, ranging from a micro-contact of
a single fiber-tip to a centimeter-sized membrane-backed micro-fiber array on 3D surfaces.
The findings are then applied for developing a soft robotic gripper for pick-and-place
manipulation and transfer printing of a wide range of various 3D objects in size, shape,

and number.

The main objectives of this thesis work are:

e investigating effect of tip-shapes on the maximal adhesion of gecko-inspired micro-
fibrillar adhesives with a series of experiments with precisely defined tip-geometries

by two-photon stereo nano-lithography.

e Fabricating fibrillar adhesives on a membrane (FAM) by integrating micro-fibers
with a soft and stretchable backing for enhanced interfacial bond strength and high
controllability in adhesion for 3D surfaces. We also develop a soft robotic gripper
capable of pick-and-place manipulation of various 3D objects in size, shape, and
number. Finally, we confirm advantages of the FAM over the micro-fiber adhesives
on a rigid backing or unstructured membrane for 3D object manipulation using force

measurements and analytic models.

e Developing a soft robotic architecture to control the interfacial load distribution of
the FAM on complex 3D surfaces by exploiting the influence of internal pressure.
We also investigate effect of various design parameters of the FAM (i.e., thickness,
stiffness, and work of adhesion of the FAM) on the membrane adhesion for different

radii of curved surfaces.
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1.6 Thesis Outline

In this work, Chapter [2] discusses about the experimental investigation on the effect of
various tip-ending shapes on the normal adhesion of micro-fibrillar adhesives, charac-
terized by the ratio between tip-to-stalk diameter () and wedge angle (#). Fabrications
of the mushroom-like tip-endings with high resolution nano-lithography technique are
described in the experimental section [2.2] and force measurements of the micro-fibers
made out of two different stiffnesses are discussed in the result section Chapter
discusses incorporating the micro-fiber adhesives with a soft membrane backing; in this
chapter, benefits of using the soft membrane backing are verified with experimental
measurements of high picking forces on 3D surfaces (section [3.4.2) and high switching
ratio (section [3.4.1)), as well as theoretical analysis on picking (section[3.5.1)) and releasing
(section [3.5.2). In Chapter ] we propose a controllable load sharing mechanism for a
soft adhesive interface on complex 3D surface; a finite element analysis (FEA) in the
section {4.4.1] shows the influence of internal pressure on the interfacial load distribution
among micro-fibers in contact, while our theoretical model in the section 4.4.2| suggests
that a pressure differential can be used as a controllable variable for adhesion tuning
of a soft adhesive membrane. The theoretical findings are verified through a series
of experiments in the section 4.4.2] and 4.5 as well as with demonstrations shown in
Figure Finally, summary of conclusions and contributions of this thesis work are

outlined in Chapter [5

1.7 Publications

Each sections of this thesis work has been published or presented in the following journals

and conferences:

e Shape Optimization of Micro-fibers for Equal Load Sharing (Contributed
Equally)

— Hamidreza Marvi*, Sukho Song*, and Metin Sitti. Experimental Investigation
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of Optimal Adhesion of Mushroomlike Elastomer Microfibrillar Adhesives.
Langmuir, 31(37):1011910124, 2015. [1]

— Sukho Song*, Hamidreza Marvi*, and Metin Sitti. Experimental Investigation
of Maximal Adhesion of Bio-inspired Micro-Fiber Adhesives with Mushroom
Shaped Tip Endings. 38" Annual meeting of the Adhesion Society, Savannah,
GA, 2015. (Awarded Peebles Award)

e Fibrillar Adhesives on a Membrane for Large-scale 3D Surface Grasping

— Sukho Song and Metin Sitti. Soft Grippers Using Micro-fibrillar Adhesives for
Transfer Printing. Advanced Materials, 26(28):49014906, 2014. [29]]

— Sukho Song, Carmel Majidi, and Metin Sitti. GeckoGripper: A soft, inflatable
robotic gripper using gecko-inspired elastomer micro-fiber adhesives. Intelli-
gent Robots and Systems (IROS 2014), 2014 IEEE/RSJ International Confer-
ence on, pages 4624-4629, 2014. [[79]]

¢ Load Distribution Control of a Soft-backed Micro-fiber Array on 3D Surfaces

— Sukho Song, Dirk-Michael Drotlef, Carmel Majidi, and Metin Sitti. Control-
lable Load Sharing for Soft Adhesive Interfaces on Three-Dimensional Sur-
faces. Proceedings of the National Academy of Sciences, 114(22):E4344-
E4353, 2017. [80]



Chapter 2

Shape Optimization of Micro-fibers for
Equal Load Sharing

2.1 Introduction

In this chapter, we experimentally investigate the optimal design of bio-inspired elas-
tomeric fibrillar structures with mushroom-shaped tip-endings for maximizing the
adhesion. Benefiting from the high-resolution three-dimensional (3D) two-photon stereo
nano-lithography technique, we manufacture elastomeric micro-fibers with different 3 and
0 values with high resolution enough to verify such optimal designs. Sixteen different
mushroom-like tip patterns are fabricated using two different polyurethanes with different
stifftness, and their pull-off forces are compared to the theoretical predictions. Finally, the
effect of different tip-endings on the adhesion is discussed in terms of the stress distribution
and stiffness of the micro-fibers.(This chapter has been reprinted with permission from [[1]].

Copyright (©) 2015 American Chemical Society.)

2.2 Experiments

A schematic of a mushroom-like micro-fiber is shown in Figure 2.Tp. While we kept the
fiber tip diameter (d; = 100 wm) and the fiber length (L. = 100 um) constant to have

15
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the same tip contact area and height for all fiber designs, we varied the tip wedge angle
0 and the tip diameter relative to stalk diameter  in a range of 30° - 60° and 1.1 — 1.5,
respectively. Fifteen different designs of mushroom-like tip-endings were fabricated, in
addition to a cylindrical micro-fiber that was fabricated as a control fiber. The designed
micro-fibers were fabricated using a UV curable negative photoresist (IP-Dip, Nano-
scribe GmbH), which can be polymerized in any arbitrary 3D shape based on two-photon

polymerization process. Different steps of the fabrication process are shown in Figure[2.Tk.

First, we polymerized the IP-Dip at the desired shape for positive structures using the
two-photon lithography machine (Photonic Professional GT, Nanoscribe GmbH). We then
developed the photoresist using 2-Methoxy-1-Methylethyl Acetate (PGMA) and hard
baked the fibers at 120 °C for 30 minutes. Next, we made a negative mold for the fibers
using a soft silicon rubber (Mold Max 20, Smooth-On, Inc.; mixed 10:1 by weight). We
cured silicon rubber for 24 hours at room temperature. We finally fabricated the positive
fibers using both ST-1060 polyurethane (BJB Enterprises, Inc.; mixed 100:55 by weight)
and ST-1087 polyurethane (BJB Enterprises, Inc.; mixed 100:50 by weight) elastomers.
We degassed polymers 3 minutes after mixing and 10 minutes after pouring them on
the mold [81]. Two sets of positive fibers for both ST-1060 and ST-1087 polyurethanes
were fabricated and cured for 24 hours at room temperature followed by 16 hours at
71°C. Figure 2.1b shows a scanning electron microscope (SEM) image of a sample
polymerized master fiber (5 = 1.2, # = 45°). Benefiting from the sub-micron resolution
of the two-photon lithography, shape of the fabricated master fibers had generally good
agreements with the original designs while the tip edge was rounded slightly as shown in
the inset of Figure[2.1b. Also, we noticed fabrication defects (broken edge) for the master
fiber with # = 1.3 and € = 30° and thus we did not perform any experiments with this fiber.

Adhesion of fabricated micro-fibers was measured by a customized setup shown in
Figure [2.2p that was adapted from our previous work [81]. We used a plano-convex glass
indenter with a diameter of 6 mm and a radius of curvature of 4.7 mm for our adhesion
measurements. Different steps of the adhesion measurement process are illustrated in
Figure . We first approached a fiber at a speed of 10 wm - s~! and preloaded it with
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Two-photon Developing Negative Mold Polyurethane
Lithography (Silicone Rubber)

Figure 2.1: (a) Schematic of a mushroom-like elastomeric micro-fiber. (b) Scanning electron micro-
scope (SEM) image of a 3D-printed micro-fiber. The inset shows cross-sectional SEM image of the
micro-fiber tip edge, which is slightly rounded. (c) Fabrication process steps for the micro-fibers:
3D-printing the master fiber from a UV-curable photoresist using two-photon lithography, develop-
ing it, creating its negative silicone rubber mold, and molding the negative mold with polyurethane
elastomers to create positive fibers. Copyright (©) 2015 American Chemical Society.
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2.5 mN of normal load. Next, we made 30 seconds of contact with the fiber to make sure
the viscoelastic fiber material was relaxed and the contact force was leveled out. We then
retracted fiber at 1 um - s~! until the indenter was fully detached from the fiber. The
pull-off force of each fiber Fis was characterized as the maximum negative reaction force

during the retraction step.

(b) 301
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Figure 2.2: (a) Schematics of the custom automated adhesion characterization setup. A spherical
glass indenter is attached to a load cell for vertical force measurement. The load cell is connected
to a motorized XYZ-stage for motion control. An inverted microscope is used to observe the inter-
action between fiber tips and the spherical indenter. (b) Different steps of the adhesion test shown
on a sample force-displacement data plot: A) The indenter approaches the fiber tip; B) The inden-
ter makes contact with fiber tip and remains in contact for 30 seconds; C) The indenter starts the
retraction process; D) The maximum reaction force is measured; E) Full tip detachment occurs.
Copyright (©) 2015 American Chemical Society.

2.3 Results and Discussion

Experimental measurements of reaction force £ as a function of vertical displacement
z for fibers with 5 = 1.2 and 6 = 30°, 45°, and 60° are plotted in Figures and
for ST-1060 and ST-1087 polyurethane fibers, respectively. When applying a preload, the

reaction force is shown to be positive resulting in a positive displacement. With retraction
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of the indenter, the reaction force becomes negative exerting the pull-off force as shown
in Figures and 2.4p. Since the ratio of tip to base diameter /3 is constant for these
samples, slopes of force-displacement curves during the preload are the same for all of
them. However, different tip ending wedge angles 6 resulted in different pull-off forces;
the larger the wedge angle was, the lower the pull-off force was for this S value. Changing
0 from 30° to 60°, the pull-off force in average decreased from 2.00 + 0.30 mN to 0.96
=+ 0.03 mN for ST-1060 fibers and from 3.75 + 0.02 mN to 0.31 4+ 0.02 mN for ST-1087
fibers.

As can be seen in Figures and 2.4, the larger the pull-off force was, the sharper the
trough was. A sharper trough in this case represents a faster crack propagation and quicker
detachment. Such detachment is due to relatively uniform stress distribution, which is
one of the main reasons resulting in a higher pull-off force. As shown in Figures
and [2.44d, the crack propagation time ¢4 at § = 30° and § = 1.4 resulting in the maximal
adhesion for ST-1060 fibers fabricated in this study was around 400 msec. However, the
crack propagation time at the minimal pull-off force (# = 60° and 5 = 1.1) was 13.5 sec,
approximately 34-fold longer than that of the maximal adhesion. Figures and
illustrate the maximal (¢ = 30° and 8 = 1.2, t; < 60 msec) and non-optimal (6§ = 45°
and # = 1.3, t; = 2.5 sec) set of parameters for ST-1087 fibers. As shown in these figures,
stiffer fibers made of ST-1087 show higher sensitivity to the shape of wedge angle 6 than
the softer ST-1060 fibers; approximately 42-fold difference between the maximal and the

minimal adhesion.

Figures and show reaction force for # = 45° and 8 = 1.1 — 1.5. In this case,
the largest pull-off force occurred at 5 = 1.4 for ST-1060 (Fu = 2.04 £+ 0.25 mN) and
B = 1.5 for ST-1087 (Fo = 0.66 £ 0.10 mN) fibers. Moreover, the larger the § was the
smaller the slope of force-displacement curve was. This is mainly due to the decrease in
stem diameter and thus its lower stiffness with increasing S. In addition, 5 has also an

impact on stress distribution as illustrated by changes in the sharpness of the troughs in

Figures and [39].
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Figures and illustrate the pull-off force F.g for fibers with different 5 and 6
values. We used two samples for each combination of $ and # and performed three
measurements on each fiber (90 measurements for each material). The measured pull-off
force for all ST-1060 fibers ranged between 2.56 & 0.06 to 0.87 £+ 0.05 mN, and 3.75 +
0.02 to 0.31 £ 0.04 mN for ST-1087 fibers. As shown in Figures and 2.4, changing
[ had different effects depending on the tip ending wedge angle and the fiber material.
The highest theoretical pull-off force for fibers of different 5 and 6 was estimated at
£ =1.1 —1.2 and 6§ = 45° in the previous work [43]]. In our study, on the other hand, the
maximum pull-off forces were observed at # = 30° and 5 = 1.4 for ST-1060 and ST-1087
fibers, respectively. One of the possible reasons for this discrepancy could be the rounded
shape at the edge as shown in the inset of Figure 2.1b. Aksak er al. predicted that even
nano-scale rounded shape of the edge could have a significant impact on the normalized
pull-off stress [82]. They also showed that for § = 45° there is a lower limit for the pull-off
force resulting in a robust adhesion. However, at larger values of 6, there will be a stress

singularity at the tip edge resulting in reduced pull-off force [43]].

According to Tang et al., normalized pull-off stress & = o,/0¢ (05 is the pull-off stress
and oy is the theoretical strength of the interface, which could be in between £ /10 to E/5
where F is the elastomeric materials Youngs modulus [82]) of a soft elastic cylindrical fiber

that is in contact with a rigid flat surface depends on the dimensionless parameter y as [83]]

2 2

X = %w_d”) 2.1)
where a, is the fiber stem radius, v is the fiber Poissons ratio, and w,q is the work of
adhesion at the fiber-surface interface. In our study, x was between 2 to 3 for soft ST-1060
fibers and between 20 to 30 for stiff ST-1087 fibers. Figures [2.5h and [2.5b show that soft
ST-1060 fibers could achieve higher normalized pull-off stress ® than stiff ST-1087 fibers
over the entire range of different S and 6 values. Also, as predicted by Aksak et al., at
the existence of the rounded edge shown in the inset of Figure 2.1p, & was observed to
decrease with increasing x, as shown in Figure[2.5c [43]. We should note that even though
® of the stiff fibers is much smaller than that of the soft fibers, the actual pull-off force

of stiff fibers was higher than that of the soft fibers due to the high theoretical strength



CHAPTER 2: Shape Optimization of Micro-fibers for Equal Load Sharing 21

(a) © ——— - (b) 3 -
2_—/3:1.2,9:300 | —p3=1.1,0=45
= ——#=12,0=45 = 2F ——5=12 0=45
E | —#=120=60 E —p3=13,0=45
= w [ p=140=45
- du 5 —f3=150=45 v N
g ° g o if
o o
[ woqL
c c
2 S
B 2 B -2f
© ©
Q Q
¢ -3F x© 3-
4 . L . . . ” ) )
-80 -60 -40 20 0 20 40 00 50 0 50
Vertical Displacement, z [pm] Vertical Displacement, z [um]

(c)

(e) 4 : .
-0 =30
— 35F —n- =45
=z -0 0=60
E 3 -~96=9
u_§25 —___J— _____ i
) _,—-“ _
o 2 _- - —-___j
S _- -
: 15 ;’_---n— —————
@ —x----" ®----- 1
= L o -
=1 - x
& o5

o

115 1.2 125 13 135 14 145 15
Tip-to-Stalk Ratio, 8

o
a

Figure 2.3: Reactive force Fre as a function of displacement z for ST-1060 polyurethane fibers at
(@) B =1.1and 8 = 30° — 60° and (b) # = 45° and = 1.1 — 1.5. Snapshots of crack propagation
in ST-1060 fibers at (c) # = 45° and S = 1.3 (optimal) and (d) # = 60° and 5 = 1.2 (non-optimal).
Scale bars on (c¢) and (d) correspond to 100 um. The first images on both (c) and (d) show the
crack initiation and the last images on these parts correspond to full detachment. The entire crack
propagation process takes around 400 msec for the optimal set of parameters while it takes around
13.47 sec for the non-optimal case. (e) Experimental pull-off force Fy results at different 5 and 0
values. Each data point is an average of six measurements and the error bar indicates the standard
deviation. Copyright (©) 2015 American Chemical Society.
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Figure 2.4: Reactive force Fre as a function of displacement z for harder ST-1087 polyurethane
fibers at (a) 8 = 1.1 and 8 = 30° — 60° and (b) § = 45° and 8 = 1.1 — 1.5. Snapshots of crack
propagation in ST-1087 fibers at (c¢) 6 = 30° and 5 = 1.2 (optimal) and (d) # = 45° and 8 = 1.3
(non-optimal). Scale bars on (c) and (d) correspond to 100 wm. The first images on both (c) and (d)
show the crack initiation and the last images on these parts correspond to full detachment. The entire
crack propagation process takes less than 60 msec for the optimal set of parameters while it takes
around 2.53 sec for the non-optimal case. (e) Experimental pull-off force Fi results at different
£ and € values. Each data point is an average of six measurements and the error bar indicates the
standard deviation. Copyright ©) 2015 American Chemical Society.
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of the interface o, implying that the stiffer material could be better for higher adhesion
strength if we could more precisely fabricate the optimal tip ending shape of micro-fibers

and achieve a full tip contact on the surface.

2.4 Summary

Theoretical studies of optimal adhesion for bio-inspired mushroom-like fibers have shown
the significance of tip diameter relative to stalk diameter () and the tip-ending wedge
angle (#) [43]. However, there has been no experimental verification of such studies
due to issues related to precise fabrication of 3D mushroom-like fiber tip-endings with
controlled S and 6. In this study, we used a new 3D nano-lithography technique to
fabricate elastomeric mushroom-like fibers with different S and 6 values. Conducting
measurements of single fiber adhesion, we found changing [ at each 6 affects the slope of
force-displacement curve as a result of changes in fiber stiffness; the higher the 5 was, the
lower the slope of this curve was. Moreover, ¢ had a significant impact on the sharpness of
the troughs on force-displacement curves and thus on crack propagation, which is mainly
due to different stress distributions at different values of 6 (although /3 has also an impact
on stress distribution by changing the fiber stiffness) [39]. § = 30° resulted in the sharpest
troughs and fastest crack propagation (for both tested polyurethane materials) due to a
relatively uniform stress distribution. In addition, we found maximal pull-off force at
6 = 30°and 8 = 1.4 and 1.2 for ST-1060 and ST-1087, respectively. The discrepancy
between computational estimation and experimental results could be mainly due to the

rounded shape at the edge of micro-fibers as predicted by Aksak et al [43]].
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Chapter 3

Fibrillar Adhesives on a Membrane for

Large-scale 3D Surface Grasping

3.1 Introduction

In this chapter, we propose fibrillar adhesives on a membrane (FAM) where a soft,
inflatable elastic, thin membrane covered with gecko-inspired micro-fibrillar elastomer
adhesives [63), 164] is used for transferring various three-dimensional (3D) objects in size,
shape and number. While benefiting from the mushroom-shaped fibrillar adhesives to
increase the pull-off forces via the equal load sharing on micro-contacts, the FAM utilizes
stretch of the soft membrane during inflation to peel off the micro-fibers in contact by
shear force, mimicking the hyper-extension of the geckos when releasing their toes. (This
chapter has been reprinted with permission from [79] (Copyright (©) 2014 IEEE) and [29]
(Copyright (©) 2014 John Wiley & Sons, Inc.).

Various adhesion control methods have been developed for micro-/nano-fibrillar adhesive
structures on a rigid backing. M. Yigit, et al. fabricated a slanted single elastomer micro-
fiber to make use of its anisotropic stiffness towards bucking direction [28]]. The buckling
can significantly reduce the adhesion of the micro-fiber, yielding 39 of switching ratio. The
angled micro-fiber successfully demonstrated repeatable pick-and-release manipulation

of flat micro-objects. H. Jeong, et al. fabricated mushroom-shaped slanted nano-hairs

25
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by a specially tuned Deep-Reactive Ion Etching(D-RIE) machine, and used directional
adhesion of the nano-hairs for pick-and-release manipulation of a piece of 47.5x37.5 m?
glass [20]. W. Bae, et al. developed fibrillar structures connected with each others via
thin soft bridges, which allows a control of crack propagation on flat surface [61]. Even
though these previous methods could manipulate planar objects, problems arise when
handling non-planar 3D objects, as the previous controllable adhesion mechanisms rely
on mechanical interactions between the gripper and the object, which can be influenced
by an object’s shape. Therefore, the releasing performance of an adhesion-based gripper
must be independent on surface geometries in order to achieve stable pick-and-release
manipulation for 3D objects. The inflation-based releasing mechanism proposed in this
chapter enables such adhesion control for non-planar surface geometries, by exploiting
stretch of soft membrane which can effectively reduce the contact area down to a single
fiber-tip contact. The inflation-based peeling also provides an additional degree of freedom

in the adhesion control, which is suitable for handling a wide range of 3D objects.

First, in the section of experimental methods [3.2] describes fabrication of the FAM and
the experimental setup. Section discusses the controllable adhesion mechanism for
pick-and-release manipulation based on inflation of the soft backing of the FAM. A full
range of manipulatability of the FAM is characterized as the switching ratio in section [3.4]
which is the ratio between the maximum and the minimum pull-off forces on a flat glass.
Advantages of using the FAM over other possible alternatives (e.g., unstructured membrane
or micro-fibers on a rigid backing) in achieving high pull-off forces is also discussed in the
section [3.4] Simple analytic models for picking and releasing discussed in section [3.5]
will provide basic design rules for optimizing dimensions and performance of the FAM
for specific applications. Various pick-and-place manipulations of real-world objects are

demonstrated in section |3.6| Finally, conclusions are summarized in Section (3.7
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3.2 Experimental Methods

3.2.1 Fabrication of the FAM

The fibrillar adhesives on a membrane (FAM) has been fabricated with two different
polyurethane elastomers for the micro-fibers and the membrane, respectively. The
fabrication process of the FAM is shown in Figure [3.Ifa). As shown in Figure [3.1}(a)-i,
the mushroom-shaped fibrillar structures were made out of ST-1060 polyurethane (BJB
Enterprises, Inc.), which has been widely used to fabricate fibers and obtains a high work

of adhesion of 133 mJ-m—2

on glass, from a negative mold of the mushroom-shaped
fibrillar structures prepared based on the previous work [9]. After removing remnants of
the elastomer, another highly deformable elastomer F-25 polyurethane (BJB Enterprises,
Inc.),which can endure a large deformation up to 1,100 % of elongation, was coated onto
the negative mold at 2,000 rpm for 20 seconds as shown in Figure [3.1(a)-ii. A 3D printed
gripper body was brought down to contact with the mold and the uncured elastomers along
with the gripper were fully cured for 24 hours at room temperature (Figure [3.1)(a)-iii,
iv). The fabricated FAM is approximately 16 mm in diameter and 75 um in thickness
(Figure[3.1}(b),(c)). The micro-fibers are 105 pum in height, 45 um in diameter at the stem,

and 95 pm in diameter at the mushroom-shaped tip (Figure [3.1(d)).

3.2.2 [Experimental Setup

As shown in Figure the pull-off force of the FAM are measured by a customized
experimental system described in the previous work [28]. Two linear motorized stages for
x-axis (462 Series, Newport) and z-axis (MFA-CC, Newport) is attached to an inverted
optical microscope (TE200 Eclipse, Nikon) which visualizes the contact area between
micro-fibers and a surface. A vertical motion of the FAM is carefully aligned by a two axis
customized manual stage and two goniometers for each axis (GON40-U, Newport) prior to
a measurement. A high-resolution load cell (GSO-250, GSO-1000, MLP-10, Transducer
Techniques) is placed in between the vertical stage and the gripper to sense a change in the

pull-off force of the membrane. The gripper is connected with a syringe pump (BS-8000,
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(i) (i)

gripper
body

Figure 3.1: (a) Schematics of fabrication process steps of the FAM: (i) molding micro-fibers, (ii)
spin-coating the membrane, (iii) mounting the gripper body, and (iv) curing and releasing the FAM,
(b) Fabricated FAM on a gripper, (c) Scanning electron microscope (SEM) image of a cross-section
of the FAM. (d) SEM image of micro-fibers with mushroom-shaped tip endings. (Copyright (©)
2014 IEEE)

Braintree Scientific Inc.) through air tubing for applying a preload or inflating the FAM.
The measured force in a form of voltage data is processed using customized software on a

computer.

3.3 Picking and releasing mechanisms

3.3.1 Picking Mechanism

During the picking task, the gripper is brought down to a target object until the maximum
contact area is achieved, as shown in Figure [3.3(a). The tension in the FAM pushes down
on the object and applies the preload force F},. Since the adhesion of the micro-fibers is

largely dependent on the applied preload [69], an additional air force F, is provided to
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Figure 3.2: Force measurement set-up: (a) schematic figure and (b) photographic image.

further improve the adhesion and adaptation to the target geometry. The applied air force
is removed in step (b) before the gripper is pulled away from the stage in step (c). In order
to lift the object off from the stage, the picking force F, which is defined as the maximum
pull-off force, must overcome the sum of the object weight F), and the adhesion between

the part and the stage [, such that
Foe > Fy, + Fi. (3.1)

Once the object is lifted up, the holding force F}, is balanced by the object weight I, as
shown in Figure [3.3[d).

3.3.2 Releasing Mechanism

In the releasing task as shown in Figure [3.3(e)-(h), the pull-off force is reduced by con-
trolled inflation of the FAM. From the holding step (d), the object is carried and transferred
to the desired target destination and is brought down to the stage in step (e). In step (f),
the syringe pump begins to apply an air pressure into the gripper so that the FAM can be
inflated while the gripper is retracted. The upward gripper movement creates a space for

the FAM to be stretched by the positive air pressure inside the gripper body, resulting in
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successive detachments of the micro-fibers in contact. As shown in the steps (e) and (f),
the direction and magnitude of the reaction force F,. between the object and the gripper are
dependent on retraction speed of the gripper and rate of influx of air. In order to keep the
object in contact with the stage, the reaction force F). between the object and the gripper

must be less than the object weight 7,
F. < F,. (3.2)

At the releasing step (g), the FAM is fully stretched, and the micro-fibers remaining in
contact are stretched. In order to release the object, the reduced pull-off force defined as
the releasing force F;; must be smaller than the sum of the object weight £, and adhesion

between the object and the stage Fi,
Fs < Fy, + Fs. (3.3)

A demonstration of manipulating a 19.1 mm in diameter steel ball and its reaction force
profile (F}) in terms of time (¢) are shown in Figure [3.4] The y axis in Figure[3.4]indicates
the reaction force between the gripper and the object. For the convenience of understading,
we define positive reaction force to be adhesion at the interface, while negative force
to be pushing force onto the stage called preload F. in this chapter. During the entire
manipulation sequences, two plastic holders were placed into the origin and the target
destination for holding the sphere shaped ball in a position. Since the plastic holders are
not sticky, the adhesion between the object and the stage F is neglected during the entire

manipulation process.

Starting at the step (a), the FAM is brought down to the object, applying approximately 0.5
N of a preload force by means of the membrane tension in the step (b). Having enough
picking force F}. to satisfy the picking condition given by the equation [3.1] the 28 grams
steel ball is lifted off from the stage as shown at the step (c). At the holding step (d), the
holding force F}, is measured as approximately 0.3N, which is equal to the weight of the
target ball F),. After transferred to a desired destination, the sphere ball is brought down
to the stage and made in contact detected by the force sensor as shown in the step (e).

During the step (f) and (g), the FAM is inflated with a high positive pressure inside of the
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Figure 3.3: Schematics of the pick-and-release manipulation process steps of a soft gripper using
the FAM: For picking manipulation, (a) the gripper conforms to the objects 3D shape and applies
an additional preload using an internal air force Fj, (b) the internal air force is relaxed, (c) the part
is picked from a donor substrate, and (d) the object is carried to a desired position. For releasing,
(e) the object is placed onto a receiver substrate, (f) the FAM is inflated by an internal air pressure
while the gripper is being moved upward, (g) the micro-fibers are peeled off during the inflation of
the membrane and only several fibers stay in contact with the object just before its release, and (h)
the object is fully released. (Copyright (¢) 2014 IEEE)

gripper, while the gripper is pulled off from the stage detaching micro-fibers from the ball
surface with the stretch of the FAM. As it is discussed in the releasing mechanism [3.3.2]
the positive reaction force, which means the pull-off force, is not exceeding the weight of
the ball F,,, satisfying the condition described in the Equation [3.2]in order for the object
to stay on the stage. At the releasing moment in the step (g), the fully stretched FAM is in
a point contact with the steel ball, having approximately 5 mN of the releasing force Fi.
Considering the releasing condition given by the equation[3.3] the releasing force I of the

FAM is smaller than the weight of the ball F),, placing the ball onto the target destination
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Figure 3.4: reaction force profile of pick-and-release manipulation of a 19.1 mm diameter steel ball:

video snapshots in (a)-(d) correspond to the picking mechanism steps [3.3.1] and video snapshots in

(e)-(h) correspond to the releasing mechanism steps[3.3.2]described in Figure[3.3] Below plot shows
the reaction force data during each pick-and-release manipulation step.

in the step (h).

3.4 Characterization of the FAM

Picking-and-releasing control and yield of the fibrillar adhesives are dependent on the

adhesion switching ratio of the gripper-object interface, which is defined as the ratio
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between the maximum and minimum producible pull-off forces at the interface. In
this section, the maximum pull-off force is defined to be picking force (F}.), while the
minimum pull-off force is defined to be releasing force (Fi). According to the picking
and releasing conditions given by the Equation [3.1] and [3.3] the fibrillar adhesive on a
membrane (FAM) will not be able to pick up an object heavier than the picking force,
and not be able to release an object lighter than the releasing force. Therefore, greater
switching ratio means that the adhesive gripper can manipulate a wider range of objects
in weight. Subsection [3.4.1] describes experimental results of estimation of the switching
ratio by measuring the maximum and minimum producible pull-off forces of the FAM on

a flat glass surface.

In the subsection [3.4.2] effects of having the soft backing on the pull-off force of fibrillar
structures are tested by measuring the picking forces on fixed steel balls of various size,
ranging from 1.6 mm to 25.4 mm in diameter. As a control, fibrillar adhesives on a rigid
punch (FARP), which has micro-fibers of the same dimension as the FAM on a rigid flat
acrylic substrate, and the flat, unstructured membrane mounted to the same 3D printed

FAM gripper body have also been examined on the same steel balls.

3.4.1 Estimation of Switching Ratio
Picking Force Measurements

The picking force of the FAM is characterized as follows based on the sequences described
in the picking mechanism section [3.3.1} first, the gripper is brought down to a flat glass
surface and made in contact. The FAM is pressurized with a positive air pressure to a
given preload (£,.) so that micro-fibers can fully be attached to the glass. The applied
air pressure inside of the gripper is removed before the gripper is retracted from the
glass surface at 0.01 mms~! of retraction speed. The reaction force (F).) between the
FAM and the glass is measured under no applied air pressure during the retraction as
shown in Figure [3.5(b). With no applied pressure inside the gripper, the FAM deforms
into a truncated cone shape when it is retracted (Figure [3.5(a)-i iii), pulling off the

micro-fibers from the edge of the contact area (Figure [3.5[(a)-iv vi). Defined as the peel
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zone [84], only the micro-fibers at the edge of the contact actively participate in exerting
the pull-off force. Within the measured force profile, the maximum reaction force is
defined to be the pull-off force for the preload. Since it is reported that the pull-off
force of fibrillar structures are dependent on the applied preload [7], the pull-off force
with different amount of preloads ranging from 0.03 N to 5.0 N are identified and the

maximum pull-off force among the results is characterized as the picking force of the FAM.

To examine the effect of the micro-fibers, the pull-off force of the FAM is also compared
to that of a flat, unstructured membrane. To fabricate the flat membrane, F-25 was coated
onto a flat silicone rubber at 2,000 rpm for 20 seconds and cured with the same gripper
body of the FAM for 24 hours at room temperature as illustrated in Figure [3.1{ii-iv).
Figure [3.5(b) shows that the FAM has a higher pull-off force (Fi) and larger membrane
displacement than that of the flat membrane due to enhanced adhesion by the fibrillar
structures. Under the same preload of 0.5 N, the FAM has 0.41 N of pull-off force, about
12 times higher than that of the flat membrane. Figure [3.5(c) shows the pull-off force
of the FAM and the flat membrane with different preloads. As reported in the previous
work, the pull-off force of the FAM is also dependent on the preload, which could be
caused by mechanical bending of the micro-fibers during preload application as shown by

photographic images in Figure [3.5/c).

As the preload varied, the FAM pull-off force decreased to 0.26 N at the maximum preload
of 5 N, with the picking force of 0.41 N occurring at a preload of approximately 1 N. In
contrast, the pull-off force of the flat membrane was almost constant with respect to the

preload and was about 0.04 N on average.

Releasing Force Measurements and Estimation of the Switching Ratio

The releasing force of the FAM is characterized based on the sequences described in the
releasing mechanism section [3.3.2] Figure [3.6(b) shows the reaction force with respect
to each of the experimental step Figure [3.6(b)-i v. After the FAM is brought into contact
with a flat glass surface, a high positive air pressure is applied inside of the gripper in step

i. A vertical retraction creates room for the FAM to stretch to a spherical shape in step ii
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Figure 3.5: Picking force measurement on a flat glass surface: (a) schematic images and snapshots
of the FAM retracted from a glass surface with no air pressure (i iii), and microscopic images at
the edge of the contact showing a recession of the peel zone with increasing the gripper movement
(iv vi), (b) reaction force (F}.) of the FAM and the flat membrane without applied air pressure at 0.01
mms ™! of retraction speed (i: applying a preload force (F,.), ii: releasing preload, iii: retracting
the specimen, iv: reaching to pull-off force, v: pulled off from the surface), and (c) pull-off force
of the FAM and the flat membrane on a flat glass surface under the no air pressure in terms of
preload. Each data point is the average of three experiments, and the error bar indicates the standard
deviation. (Copyright (¢) 2014 John Wiley & Sons, Inc.)
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and this stretch peels off the micro-fibers in a concentric direction, resulting in a reduced
pull-off force of the FAM in step iii. The gripper was retracted with two different re-

traction speeds, v,., to examine the viscoelastic effect of the elastomer micro-fibers [85,86].

As shown in Figure a), micro-fibers on the inflated FAM are pulled off from a surface
in different manners from the micro-fibers on the FAM under no air pressure. When
the FAM is inflated by a positive air pressure, all of the micro-fibers are stretched in a
concentric direction (Figure [3.6(a)-iv,v) due to the spherical deformation of the FAM
(Figure [3.6(a)-i iii). Micro-fibers are peeled off with this deformation simultaneously,
leaving only a few fibers in contact at the center before the FAM is fully detached
(Figure [3.6[(@)-vi). The pull-off force of the FAM can be further reduced up to the pull-off
force of a single fiber by a sufficient inflation of the FAM with air as it is retracted from a
surface. The inflation was quantified in terms of the displacement z; of the center of the
membrane for an applied air pressure. As shown in Figure [3.6(c), the pull-off force by
micro-fibers remaining in contact is inversely proportional to the inflation distance of the
FAM. The releasing force equal to the pull-off force of a single fiber was approximately 2
mN achieved with 8 mm of inflation distance at 0.01 mms ™! as indicated by a dashed green
line. The pull-off force is increased with faster retraction speed (0.1 mms™1), requiring
increased inflation of the FAM (11 mm of the inflation distance in order to achieve the

same single fiber adhesion).

By selecting low surface energy materials or smaller diameter fibers, the releasing force
could be further reduced, which would enable micromanipulation of lightweight small parts
such as electronic components or particles [[17]. When the shape of the deformation of the
FAM is assumed to be a perfect spherical shape, the inflation distance can be correlated
with the stretch of the FAM )\, [87] by dividing the expanded area A,, with the original

area Ay as given by

where R is the radius of the soft gripper, and z; is the inflation distance at the center of

, (3.4

the membrane for the applied air pressure. According to this equation the minimum
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Figure 3.6: Releasing force measurement on a flat glass surface: (a) Schematic images and snap-
shots of the inflated FAM retracted from a glass surface with a positive air pressure (i iii), and
microscopic images of the contact area showing all fibers are peeled off at once but a single fiber
remaining at the center (indicated as a white circle) before the FAM is completely pulled off from
the surface (iv vi), (b) reaction force of the FAM under the positive air pressure corresponding to
7.0 mm of vertical displacement at the center. The retraction speed is 0.1 mms~! (corresponding
pull-off force is indicated as a red dashed arrow in Figure c)), and (c) pull-off force of the FAM
on a flat glass surface under positive air pressure in terms of inflation distance at the center z; The
green dashed line indicates the minimum pull-off force of a single fiber. Each data point is the av-
erage of three experiments, and the error bar indicates the standard deviation. (Copyright (©) 2014
John Wiley & Sons, Inc.)
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stretch of the FAM at the releasing force is approximately 2.3 at 0.01 mms~' and 2.9 at 0.1
mms !, respectively. The controllable adhesion switching ratio of previous works based
on the peeling angle control of the fibrillar structure was up to 39 [28], 10 [60], and 14.8
[61]]. With the picking force of 0.41 N (for a flat surface shown in Figure [3.5(c)) and the
releasing force of 2 mN for a single fiber (Figure [3.6(c)), however, the switching ratio of

the developed device is approximately 204, which is superior to the previous works.

3.4.2 Picking Forces on Non-planar 3D Objects

The advantage of the soft backing of the FAM over the rigid backing for picking up a
3D object is examined by comparing the picking force between the FAM, the FARP, and
the flat membrane on different radius of steel balls ranging from 1.6 mm to 25.4 mm in
diameter based on the sequences described in the picking mechanism section [3.3.1] First,
the specimen is brought to a steel ball fixed onto a flat surface, and a preload within a
range from 0.1 N to 2.0 N is applied by the combination of a membrane tension and
an air pressure. The reaction force is measured while the specimen is being pulled off
from the ball, and the pull-off force on the given size of the steel ball and the preload
is determined to be the maximum reaction force. Due to the preload dependency of
the fibrillar adhesives, the pull-off forces of the FAM and FARP have been measured at
different preloads, and the maximum pull-off force has been identified as the picking force
for the given ball size as shown in Figure [3.7(d).

In contrast, since the pull-off force of the flat membrane is independent of the preload as
confirmed in Figure 3.5(b), the picking force of the flat membrane measured at only 0.5 N
of a preload, which is high enough for the flat membrane to have a full contact with the steel
balls. Figure[3.7(a) shows the pull-off forces of the FARP on different ball sizes depending
on the preloads. The measured pull-off forces are saturated within zero to 0.12 N of the
preloads for all sizes of the steel balls and the maximum pull-off force is approximately
0.12 N on the biggest size of 25.4 mm diameter steel ball. On the other hand, the pull-off
forces of the FAM require up to 2.0 N of the preloads at maximum to be saturated on the all

tested steel balls as shown in Figure [3.7(b). The maximum pull-off force measured is 0.44
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Figure 3.7: Adhesive forces of the FARP and the FAM on various diameters of steel balls ranging
from 1.6 mm to 25.4 mm: (a) pull-off forces of the FARP in terms of the applied preload. The
dashed box is a magnification of the force plots within 0 to 0.15 N of preload range, (b) pull-off
forces of the FAM in terms of the applied preload, (c) photographic images of the FARP holding a
5.5 mm in diameter steel ball (i), and the FAM holding a 19.1 mm diameter steel ball (ii), (d) The
picking force comparison of the FAM, FARP, and the flat membrane in terms of ball diameter. Each
data point is the average of three experiments, and the error bar indicates the standard deviation.
(Copyright © 2014 John Wiley & Sons, Inc.)
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N on the 25.4 mm diameter steel ball, approximately 3.7 times higher than that of the FARP.

Figure [3.7(d) shows that the picking force increases with ball size for all of the tested
adhesives: FAM, FARP and flat membrane. Based on the results of the FAM and the flat
membrane, the enhancement in adhesion using fibrillar adhesives has also been confirmed
for curved surfaces. The soft backing layer further improves the adhesion. The FAM has a
higher pull-off force than that of the FARP due to the increased contact area with the ball
as shown in Figure [3.7(c). Comparing the results with the weight of the balls as indicated
by the solid line in Figure [3.7(d), the maximum payload of the FAM is estimated to be 35
grams (0.35 N) corresponding to a 20 mm diameter steel ball, while the FARP can only
carry up to 5 grams (0.05 N) corresponding to steel balls less than 12 mm in diameter. The
larger contact area of the FAM shows 7 times higher maximum payload than the FARP,
which agrees with the concepts of the FAM. For the flat membrane, a ball that is bigger
than 3 mm in diameter could not be carried since its weight of 0.13 grams (1.3 mN) is

heavier than that of the membranes maximum payload.

3.5 Theoretical Analysis on adhesion of the FAM

In this section, the reaction force (F;.)of the FAM during retraction of the gripper is simu-
lated analytically in order to predict the picking force and the maximum vertical displace-
ment zp,x of the membrane before it is completely pulled off from a surface. These two
parameters provide crucial information for the FAM gripper design, since the picking force
will limit the maximum payload of the gripper, while the maximum vertical displacement
can be an indirect measure of the membrane’s ability of adapting to an irregular surface.
Softer and more stretchable membrane will yield greater vertical displacement, implying
that the membrane could potentially adapt to a wider range of irregular 3D objects. On the
other hand, the releasing force Fis of the FAM is defined as the minimum pull-off force
when it is pulled off from an object with a positive pressure differential inside of the grip-
per. Inflation of the membrane induced by the air pressure behind the FAM causes stretches
effectively detaching micro-fibers from the object surface. The releasing force can be re-

duced down to a single fiber adhesion by the stretch of the membrane as discussed in the
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section The inflation of the membrane required for achieving the single fiber-tip

adhesion is calculated with a simple analytic model.

3.5.1 Picking Force Modeling of the FAM

A cross-section of the flat membrane has been inspected to investigate effect of thickness
variance on adhesion quality of the membrane. The flat membrane was casted by a hard
polyurethane plastic TC-892 (BJB Enterprises, Inc.), cut it into half using a band sawing
machine and polished with a fine sand paper sheet, as shown in Figure[3.§|(a). The thickness
of the flat membrane was approximately 70~80 um, same with the thickness of the FAM
measured in the section (Figure[3.8(c)). However, as confirmed in Figure [3.8(b) and
(d), the flat membrane had triangular shape of irregular edge at the interface between the
membrane and the gripper body, thicker than the regular thin membrane of the center. The
size and shape of the irregular edge was slightly different depending on the position on
the membrane due to manufacturing imperfection caused by manual fabrication methods,
ranging from 500 umx400 pm to 700 wmx500 pwm in length and thickness. It is found
that the adhesion quality of the membrane is largely dependent on the shape and thickness
variance of the membrane. A FAM and a flat membrane were brought in contact with a flat
glass surface and the edge of contact of those membranes were inspected by the inverted
microscope. As shown in Figure [3.8|e) and (f), approximately 400 ~ 500 um of both FAM
and the flat membrane from the edge of the gripper body, which is equal to the length of the
irregular edge, was not able to achieve a good engagement with the glass surface no matter
how big preload is applied. In order to get an accurate analytical prediction of the reaction
force between a membrane and an object, the membrane is discretized into two regimes
and analytic models are developed separately; regime I is the edge of the membrane with
irregular shape, and regime II is the rest of regular thin membrane. Based on the inspection
of the cross-section of the FAM and filtered images at the edge of contact of both FAM and
the flat membrane shown in Figure[3.8] two assumptions are made in the following analytic

modeling for regime I,
1. Regime I is thicker than regime II and has irregular shape.

2. Regime I cannot adhere to a substrate.
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Figure 3.8: Contact condition of a membrane depending on the thickness profile: (a) photographic
image of cross-section of the flat membrane, (b) SEM image of the left edge of the flat membrane,
(c) SEM image of the center of the flat membrane, (d) SEM image of the right edge of the flat
membrane, (e) optical microscopic images of the edge of the FAM (left: unfiltered, right: filtered)
and (f) optical microscopic images of the edge of the flat membrane (left:unfiltered, right: filtered).

As shown in Figure [3.9(i), at the initial stage of retraction of the gripper, the regime I
begins to deform downwards toward the glass surface while the regime II is fixed onto
the flat substrate due to adhesion of the membrane. Elastic restoring force of the regime I
keeps increasing with the vertical displacement of the gripper until it overcomes the pull-

off force of the regime II. Once the restoring force of the regime I becomes bigger than the



CHAPTER 3: Fibrillar Adhesives on a Membrane 43

pull-off force of the regime II, the regime II starts peeled off from the surface, deforming
into a truncated corn shape as discussed in the section (3.9(i1)). The total vertical
displacement of the gripper z is given as a sum of the vertical displacement of the regime I

21 and the vertical displacement of the regime II 2y,

Z = z1+ 2. (35)

regime | regime |
regime Il

< >

< ’|

L
>

i ZII“ zl z
\ \ 4
z 1
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X

Figure 3.9: Schematic of regime I and regime II during retraction of the gripper: (i) the initial stage
of retraction of the gripper whose vertical displacement is dominated by deformation of the regime
I, (ii) after the initial stage of the retraction of the gripper whose vertical displacement is dominated
by detachment of the regime II.

<

Modeling of the Regime I

Here, we estimate the vertical displacement and reaction force of the FAM based on linear
elastic beam bending, assuming the regime II is in full contact. The FAM is assumed to
have the same shape of the edge with that of the flat membrane shown in Figure [3.10{a).
At a free standing mode of the membrane, as shown in Figure @Kb), the regime I of the
FAM is simplified to be a triangular shape with linear decrease in thickness A () which is
given by,

_ho—he
le

where hg, h., and [ are thickness of the regime II, thickness of the regime I at the interface

T + he, (3.6)
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on the gripper body, and length of the regime I, respectively. When the gripper is retracted
from the glass surface, the regime I is bent toward the glass substrate since the regime II is
pinned by the adhesion of the micro-fibers. Deformed configuration of the regime I experi-
encing the reaction force at the boundary between two regimes is shown in Figure [3.10|c).
The reaction force induces a bending moment M (x) around the neutral axis of the regime

I indicated by a single-dashed line,
h
M(z)=F. (l.—z) = / 21 (Ry — ) zoyy (x) dz, (3.7)
0

where o, is the principal stress of the regime I. Assuming the principal stress to be a linear

function of thickness z,
011 (Z) = CO + Clz. (38)

Cp and (] are unknown constants. According to the boundary condition shown in Fig-
ure c), the principal stress has to be symmetric about the neutral axis and be maxi-
mized at the upper and lower boundary,

h
o11 (5) =0, 011(0) = —Omax, and o11 (h) = Omax- (3.9)

where o, 15 the maximum value of the principal stress at both boundaries. Substituting
the boundary conditions [3.9]into Equation [3.8] the principal stress is given by,

011 (2) = Omax (% — 1) : (3.10)

The maximum principal stress o, can be expressed in terms of x, 2z, and F;. by substituting
Equation [3.10]into Equation
3F, (l. — x)
max — - 3.11
I = Th2 (Ry — ) .11
By substituting Equation to Equation 3.10} the principal stress o, can be given by,
6F, (l. — x) h
=——|2z2—=|. 3.12
TN Tk (Ry — 1) (Z 2) (3.12)
Assuming the linear relationship between stress and strain of the regime I based on Hook’s

Law, strain of the regime I in the principal direction is given by,
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~ 6F(l.— ) h
T TE 0 (R — ) (z 2) ’ G139

where FE,, is Young’s modulus of the FAM’s membrane. Curvature of the bending ~ has a

relationship with the principal strain €,

(3.14)

K =

=
2T

Therefore, the curvature of the bending « can be only a function of x direction as given by,

_ 6F.(l. — )
- wE.h3 (Ry— 1)’

By taking a double integral of Equation [3.15] the vertical displacement of the regime I 2

v (le — @)
21 = // dm// B h3 Ro—x)dx7 (3.16)

where the boundary conditions are given by,

(3.15)

can be calculated by,

2(0)=0, #(0)=0. (3.17)

The measured values of all parameters of the fabricated FAM are given in Table As
shown in Figure[3.10(d), the reaction force of the regime I on the FAM is linearly increased
depending on the vertical displacement of the gripper. According to the physical geometry
of the regime I inspected by the SEM in Figure[3.10|(a), the slope of increase in the reaction

L which shows a

force in terms of the vertical displacement is approximately 0.5 Nmm™
good agreement with the experimental verification Figure Figure [3.10(d) also shows
other calculations for the reaction force for different sizes of regime I ranging from 140
pumx 100 wm to 700 umx 500 um in length and thickness. The slope of the reaction force
depending on the vertical displacement is increased with smaller size of the regime I; the
slope varies from 1.40 Nmm™! at the size of 140 umx100 wm to 0.49 Nmm™! at the size
of 700 umx500 wm. Without the regime I, the slope can be further increased up to 5.10
Nmm~! as shown in Figure C) and (d) in the section which is approximately 10

times greater than that of the fabricated FAM.
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Figure 3.10: Analytical modeling of picking force of the FAM at regime I: (a) SEM image of cross-
section of regime I of the flat membrane, (b) schematic of undeformed regime I simplified to be a
triangular cross-section, (c) schematic of deformed regime I under the reaction force due to adhesion
of regime II, and (d) analytic solutions of vertical displacement z; depending on the reaction force.
Analytical estimations for the fabricated FAM were marked with a red arrow in (d).
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Table 3.1: Design Parameters of the FAM

Fiber Tip Diameter, a; 95 [um]
Fiber Stem Diameter, a 45 [wm]
Fiber Length, [ 105 [um]
Stem Length, [, 75 [wm]
Fiber Pitch, p, 120 [um]
Fiber Density, p; 6.94x 107 [fibers- m 2]
Membrane Radius, Ry 8 [mm]
Membrane Thickness, A 75 [um]
Edge Length of Membrane Regime 1, /. 700 [um]
Edge Thickness of Membrane Regime I, /. 500 [um]
Young’s Modulus of Membrane (F-25), F,, 0.36 [MPa]
Young’s Modulus of Micro-fibers (ST-1060), £ 2.9 [MPa]
Surface Energy on glass (F-25), wy|p_o5 71 [mJ-m~2]
Surface Energy on glass (ST-1060), ws|s7—1060 133 [mJ-m~2]
Area Fraction of Micro-fibers, 7)¢ 0.492

Modeling of the Regime II

As it is discussed in the previous section the FAM in regime II is considered to
be a perfectly uniform and thin membrane. The shape of deformation of the regime II
membrane during retraction of the gripper is shown in Figure [3.11)a) and simplified as a
truncated cone shape as shown in Figure [3.11(b). The stretch of the membrane in each

circumferential \,, meridional A\, and thickness direction \; are respectively given as

s \/22+(RO_T)2 1 (Ro—)
)\p:—: 7)\90:17At:)\)\ =
prp \/z2+(R0—r)2

(3.18)

p (Ro—1)

where Ry is the gripper radius, r is the contact radius, and z is the vertical displacement.
The reaction force with respect to the vertical displacement z from the substrate can be cal-
culated by the principle of minimum potential energy. The Neo-Hookean model is adopted

for the strain energy density function W,(r, z), which is given as

En,

W, (r,z) = (A A2+ A —3), (3.19)
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where F,, is the Youngs modulus of the FAM’s membrane, assuming small deformations.
A critical contact radius 7., the radius at which detachment is initiated for a given deforma-
tion of the membrane induced by the vertical displacement z, can be calculated as a point
where the first partial derivative of the sum of elastic and adhesion energy of the FAM
becomes zero, satisfying Equation |3.20),

oIl 2 .2 2

o = 0, where I (r,z) = (RO —r ) hoW, (1, 2) — Tr-wag, (3.20)

r z

waq 18 the effective work of adhesion, and Ay is the thickness of the FAM’s membrane. The
new total potential energy I (z) evaluated at the critical contact radius r. gives the reaction
force (F;) of the FAM at a certain vertical displacement (z*),
o1l

Fr (Z*) = E

, where T1(z) =11 (re, 2) . (3.21)

*

zZ=z
In order to calculate profile of the reaction force using Equation [3.21] the effective work of
adhesion at the interface between the gripper and the object must be measured, or analyti-

cally estimated. The effective work of adhesion can be approximated as follow :

Wad = 1y (ws + we) > (322)

where 7)¢ is the fraction of the fiber tip area to the total area of the FAM’s membrane, w;
is surface energy for creating another surface from the membrane and glass boundary, and
we 1s the work done by the elastic deformation of a fiber. To estimate the work done by a
fiber, it is assumed that most of the deformation of the mushroom-shaped fiber occurs at
the stem. According to a cylindrical deformation defined by the Neo-Hookean model, the
critical stretch of the fiber, \., to cause detachment can be calculated from the condition of

/\3 (3fc)

— A2—1=0. 3.23
E¢mrg? ( )

where E; is the Youngs modulus of the micro-fiber, f. is the critical force for a fiber
measured experimentally, and r is the radius of the fiber stem, which is as/2. As a result,
the work done by a fiber can be estimated to be the work done by the critical force to

achieve the critical stretch, which is given as
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Figure 3.11: Analytical modeling of picking force of the FAM at regime II: (a) Shape of deformation
of the FAM while it is retracted from a flat surface under no air pressure, (b) Definition of parameters
for the modeling, (c) reaction force F;. depending on vertical displacement z for different work of
adhesions w,q, (d) reaction force F;. depending on vertical displacement z for different membrane
thicknesses hg. Analytical estimations for the fabricated FAM were marked with red arrows in (c)
and (d). (Copyright (©) 2014 IEEE)
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Eirll, (A 13
= ——c 24
Ve T T2 ( SRy 2)’ (3:24)

where [, is the length of the stem and 7, is the radius of the fiber tip, which is a; /2.

The critical stretch of a fiber, which is a ratio between the fibers initial and final length
during its pull-off, is estimated to be 1.66 by Equation [3.23] and the work done by the
fiber is 7.87 J-m? by Equation The effective work of adhesion of fibrillar adhesives
on the FAM is calculated to be 3.94 J-m~2 by Equation significantly greater than
the work done by a flat, unstructured surface w,. As shown in Figure [3.11fc)-(d),
whitout considering effects of the irregular shape of the regime I, the reaction force
rapidly increases with the vertical displacement 2z and reaches to the pull-off force. After
reaching the pull-off force, the reaction force starts decreasing with respect to the vertical
displacement. At some point, the FAM is suddenly detached from the surface when the
adhesion energy on the boundary can no longer support the reaction force. Here, the
reaction force becomes zero and the corresponding vertical displacement is defined as
the critical displacement. As shown in Figure [3.11]c), the pull-off force and the critical
displacement for detachment increase with the effective work of adhesion. As previously
discussed, the effective work of adhesion of the FAM is approximately 4 J-m? due to the
effect of the fibrillar structures, and the picking force is estimated to be approximately 0.31
N.Figure d) shows the effect of different thicknesses; an increase in the membrane
thickness results in a higher pull-off force, while the critical displacement is decreased.
A thicker membrane cannot achieve larger displacements than a thinner membrane and
the adhesion energy is the same for thick and thin membranes since it is only depen-
dent on the contact radius. Therefore, a thicker membrane would have a higher adhesice

force in order to conserve the adhesion energy with the elastic work done by the membrane.

Verification of Picking Force Modeling

Three FAMs with same physical dimensions are fabricated to verify the developed analytic

models for regime I and regime II, and tested to measure the reaction force profile
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following the experimental procedures introduced in the picking mechanism section [3.3.1]
as shown in Figure [3.12fa). The reaction forces for the three FAMs have been measured
under the same 1 N of preload force which has been verified as an optimal preload for

exerting the picking force in the picking force characterization section [3.4.1]
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Figure 3.12: Picking force measurements and verification of the developed analytic model: (a)
reaction force profile of three FAMs in terms of time (i:contacting with a surface, ii: applying
a preload, iii: retracting, iv: achieving the maximum reaction force, and v: pulled off from the
surface) and (b) the reaction force profile of three FAMs F;. depending on vertical displacement
z and analytical solution (indicated by solid line). all three FAMs are tested three times per each
samples.

Figure [3.12b) shows the results of three times of the reaction force profile measurement
per each samples depending on the vertical displacement z. Even though the three
specimens were fabricated with same design of micro-fibers and membrane, the picking
force of the three FAMs were varied ranging from 0.26 N to 0.41 N. The average picking
force of the three FAMs is approximately 0.32 N, which is closed to that of the analytically
estimated solution of 0.28 N. Also, as shown in Figure |T1_7Kb), the initial slope of increase

in the picking force at the regime I has a good agreement with the analytical estimation.
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However, estimation of the maximum vertical displacement z,,x before the membrane is
fully detached is not matched with the experimental results. After reached to the maximum
positive value, the reaction force of the FAM decreased with a ratio faster than expected
by the analytic model. Various factors can cause the difference between the above theo-
retical estimation and the experimental results; simplification of the deformation shape,
measuring error of the physical parameters such as thickness of the membrane, Youngs
modulus, errors in estimating the effective work of adhesion of the membrane, etc. Espe-
cially, the Neo-Hookean solid could not calculate the saddle shape of the reaction force
profile. The saddle shape becomes greater when the pull-off force increases. The Odgen

Model which uses higher order term of stretches might be able to calculate the saddle shape.

3.5.2 Releasing Force Modeling of the FAM

The releasing force Fi is defined as the minimum pull-off force reduced by the inflation
of the FAM’s membrane. As we discussed in the section [3.4.1] the releasing force of the
membrane will be equal to the pull-off force of a single fiber f. and it can be achieved
by inflating the FAM with air as it is retracted from a surface. The inflation shape of the
membrane with a small contact area before it is pulled off can be approximated as spherical,

whose radius R can be given as a function of an inflation distance z; as shown in Fig. 5(a),

R112 + Zz'z
R(z) = —F5—), 3.25
() = =5 (329)
where Ry 1s given by,
Ry = Ry — L, (3.26)

A magnified schematic of the contact area of the inflated membrane is shown in Fig. 5(b).
The inflation increases the pitch between fibers p, due to the stretch of the membrane and
the new fiber pitch p is given as,

Po (RH2 + Zi2) 1 2z;2
)= ———— 2¢os 11— —. 3.27
p (Z ) QRHZZ‘ R112 + Zi2 ( )
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Positions of each fiber on the inflated membrane can be described with the angular dis-
placement 6, between fibers as given by,
Po 1 22i2
0, (z;) = —=—cos 1——1. 3.28
(=) Ry ( Ry* + ZiQ) ( )
Comparing to the initial position, the displacement in the radial direction Awu and vertical

direction Av of a k" fiber from the center can be calculated as,

Au (z;) = R(z;)sinkbs (2;) — kpo, Av(z;) = R(z;) (1 — coskbs (z;)) . (3.29)

As it 1s assumed that the most of the deformation of a fiber will occur at the stem, the
stretch of each fiber A; caused by the inflation of the membrane can be calculated by,
1 1

A = = [l + Ao () + Bu ()"} =L+l (3.30)
When the stretch of a fiber \; exceeds the critical stretch . calculated by Equation
the fiber can no longer withstand the inflation of the FAM and is detached from the surface.
Assuming a (k + 1) fiber has reached the critical stretch and is detached from the surface,
the radius of the contact area r;, where the k" fiber still remains in contact along the edge

can be estimated as,
rk(k):po(k—1)+%,(k:1,2,3,...). (3.31)

The releasing force [y at the radius of contact 1, can be calculated by multiplying the

critical pull-off force of a single fiber with the number of fibers in contact,

F. (k) = mfopyri (k) (3.32)

where p; is the fiber density and f, is the critical mean pull-off force for a single fiber,
which was measured to be 2 mN experimentally. As shown by the circular markers in
Figure [3.13[d), Equation provides a discretized estimation of the releasing force with
respect to the position of the k'" fiber from the center that is located on the edge in contact.
Between the detachment of (k + 1) and (k)" fiber, even if the number of fibers in contact
will not be changed, the releasing force will be reduced since those fibers will still be

stretched by the inflation of the FAM. To simplify the analytical model, the discontinuous
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releasing force between the (k + 1)th and k" fiber is interpolated as a line based on the
linear relationship of Hookes Law as shown by the dashed line in Figure d).

According to the above model, the FAM can reach the releasing force of 2mN (indicated
as alternated long and short red dashed line) at approximately 9.7 mm of inflation distance,
which is equal to a membrane stretch \,, of 2.47 as estimated by Equation As
discussed in the releasing force measurement section [3.4.1] the single fiber adhesion was
achieved at 8 mm of inflation distance z; corresponding to 2.3 of the membrane stretch
(indicated as boxed solid line). Various factors can cause the difference between the
simple theoretical estimation and the experimental results. First, the shape of membrane
deformation might not be a perfect sphere. The configuration of the inflated FAM can
only be assumed to be a sphere when the deformation is governed by the Neo-Hookean
model, which can be valid only for small deformation. The thickness variance of the FAM
could also cause an irregular shape of deformation deviated from the assumed sphere
shape. Bending moment of micro-fibers at stem might have a non-negligible effect on the
releasing. All the above possibilities must be carefully examined in order to develop a

more advanced releasing modeling.

3.6 Demonstrations of Pick-and-release Manipulation

The superior adaptability of the soft gripper using the FAM has been demonstrated by
the simultaneous transferring of 4.76, 5.55 and 6.35 mm in diameter steel balls as shown
in Figure [3.14[(a). With a small amount of inflation, the gripper could engage with all
three of the different sized steel balls at once and successfully released them to the target
site by inflating the FAM. Using such adhesion-based manipulation method, a piece of
cover glass that is larger than the gripper and hard to pick up mechanically could also
be manipulated as shown in Figure [3.14(b). Furthermore, the soft and inflatable gripper
can manipulate lightweight and small parts by engineering the adhesion of micro-fibers
on the FAM. As shown in Figure [3.14]c), a less sticky FAM, which has approximately

4 times smaller pull-off force than the FAM used for characterization of switching ratio
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Figure 3.13: Analytical modeling of the releasing force Fi4: (a) Schematic figure of the shape of the
inflated FAM, (b) Magnified figure of micro-fibers remained in contact at an inflated configuration,
(c) Magnified figure of the contact area at an inflated configuration, and (d) Analytic estimation of
the releasing force model depending on the inflation distance z; where k represents the k" fiber and
the experimental results with 0.01 mms~! of retraction speed. (Copyright (©) 2014 IEEE)
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of pull-off force could pick up and place a 2x2 array of 1 mm diameter silicon
disks with 220 m thickness (weight of around 400 pg). Unlike previous soft gripping
methods [53] 154} 57], the adhesion-based gripping mechanism is not sensitive to parts
geometries, which allows the gripper to pick-and-release various shapes of 3D objects,
such as an electrical resistance (Figure [3.14(d)), a right angle prism (Figure [3.14{e)), and
a metal wrench (Figure 3.14(f)). The adhesive gripper could also manipulate a paper
clip, which is hard to make tight air-sealing to be gripped by suction methods as shown
in Figure [3.14(g). Without using a sophisticated feedback control system, the soft and
adhesive gripper is versatile and can manipulate a range of different objects leaving no
residue on the part surface, as far as the weight of the part is heavier than the adhesion of a
single fiber and have enough stiffness not to be deformed by the stretch of the FAM during

the releasing process.

3.7 Summary

The fibrillar adhesives on a membrane (FAM) has been fabricated with two different
polyurethane elastomers. The mushroom-shaped fibrillar structures were made out of a
polyurethane with a high work of adhesion for greater pull-off forces, while the other
highly stretchable polyurethane allows the membrane to withstand up to 11 mm of vertical
displacement when exposed to a high positive pressure differential. The fabricated FAM is
approximately 16 mm in diameter and 75 wm in thickness and the micro-fibers are 105 pm

in height, 45 pm in diameter at the stem, and 95 pum in diameter at the mushroom-shaped

tip.

During the picking task, the gripper is brought down to a target object until the maximum
contact area is achieved, and the preload is applied by a combination of the tension in
the FAM and an additional air force F; improving the adhesion and adaptation to the
target geometry simultaneously. If the pull-off force is larger than the weight of the object
F,,, the object can be lifted up and the holding force £}, is balanced by the object weight F,.
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In the releasing task, the pull-off force is reduced by controlled inflation of the FAM.
A combination of a positive pressure differential inside of the gripper and the upward
gripper movement creates a room for the FAM being stretched, resulting in successive
detachments of the micro-fibers in contact by peeling. When the FAM is fully stretched at
the final releasing step, and the micro-fibers remaining in contact are pulled off, reducing
the pull-off force defined to the minimum releasing force F,;. When the releasing force
is smaller than the sum of the object weight £, and adhesion between the object and the

stage Fj, the object can be released from the gripper and placed onto the target destination.

Manipulability of the fibrillar adhesives on a membrane (FAM) has been characterized
by the adhesion switching ratio of the gripper-object interface, which is defined as the
ratio between picking and releasing force at the interface. First, the picking force of the
FAM has been characterized based on the sequences described in the picking mechanism
section [3.3.1| and measured to be approximately 0.41 N occurring at a preload of 1 N
almost 10 times higher than that of the flat membrane. The releasing force of the FAM
has also been characterized based on the sequences described in the releasing mechanism
section which is approximately 2 mN corresponding to a single fiber adhesion
achieved with 8 mm of inflation distance at 0.01 mms~'. Due to viscoelastic behavior of
elastomer micro-fibers, the reduced pull-off forces of the inflated FAM were increased
with faster retraction speed (0.1 mms—!), requiring increased inflation of the FAM (11
mm of the inflation distance in order to achieve the same single fiber adhesion). Since
the releasing force can be reduced up to a single tip adhesion with a stretch of the
FAM, by engineering material or dimension of micro-fibers, the releasing force can be
further reduced, enabling micromanipulation of lightweight small parts such as electronic
components or particles. The controllable adhesion switching ratio of the FAM has been
estimated to be approximately 204, which is superior to the previous works based on the

peeling angle control of the fibrillar structure was up to 39 [28], 10 [60], and 14.8 [61].

The advantage of a soft backing of the FAM over a rigid backing for picking up a 3D object
is examined by comparing the picking force between the FAM, the fibrillar adhesives on

a rigid punch (FARP), and the flat membrane on different radius of steel balls ranging
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from 1.6 mm to 25.4 mm in diameter based on the sequences described in the picking
mechanism section [3.3.1] The picking forces of all the FAM, FARP, and the flat membrane
were increased with ball size. Based on the results of the FAM and the flat membrane,
the enhancement in adhesion using fibrillar adhesives has also been confirmed for curved
surfaces. Especially, it has been confirmed that having the soft backing was advantageous
over the rigid backing for fibrillar ahdeion. The FAM showed higher picking force than
that of the FARP due to the increased contact area. Comparing the weight of the balls,
the maximum payload of the FAM was estimated to be 35 grams (0.35 N) corresponding
to a 20 mm diameter steel ball, while the FARP could only carry up to 5 grams (0.05 N)
corresponding to steel balls less than 12 mm in diameter. For the flat membrane, a ball
that is bigger than 3 mm in diameter could not be carried since its weight of 0.13 grams
(1.3 mN) is heavier than that of the membranes maximum payload. The larger contact area
of the membrane of the FAM covered with micro-fibers provided the higher maximum

payload than that of the FARP, which proves the initial concept of the FAM.

In the analytical modeling section, simple models of the FAM for picking and releasing
have been developed in order to provide design rules for optimization of dimensions and
performance of the FAM. For the picking simulation, the membrane was discretized into
two regimes, regime I is for the edge of the membrane having irregular shape and regime
IT is for the rest part of thin and regular membrane, and analytic models are developed
separately for each regimes. The developed model had good agreements with the exper-
imental results for estimating the picking force and initial slope of linear increase in the
reaction force. However, the maximum vertical displacements and eccentric saddle shape
of force profile remained as future works to be improved. For the releasing simulation,
the deformed configuration of the FAM when it is inflated has been considered to be a
sphere shape by assuming the deformation is governed by the Neo-Hookean solid with a
perfect and uniform thickness of the membrane. The releasing condition of micro-fibers
in contact with a surface has been considered from geometrical relationships between the
fibers and the inflated membrane geometry. The simple analytic estimation could calculate
the minimum inflation distance of the FAM z; for achieving the single fiber-tip adhesion to

be 9.7 mm, which is approximately 1.7 mm bigger than the experimental results. In order



CHAPTER 3: Fibrillar Adhesives on a Membrane 59

to improve in accuracy for both picking and releasing models, various assumptions and
factors made for simplification of the models must take into account, such as simplification
of the deformation shape, effect of irregular thickness, error in estimating the effective
work of adhesion, the effect of fiber bending at the stem, and limitation on using the

Neo-Hookean model for large deformation of hyperelastic membrane.

The superior adaptability and adhesion controllability of the soft gripper using the FAM
have been demonstrated with a wide range of various 3D objects in size, shape, and
number, such as three different sizes of steel balls, a cover glass, sub millimeter-sized
silicon disk, electrical resistance, right angle prism, 60 mm long metal wrench, paper clip,
and so on. The soft and adhesive gripper is versatile and can manipulate various objects
leaving no residue on the part surface, as far as the weight of the part is heavier than the
adhesion of a single fiber and have enough stiffness not to be deformed by the stretch of

the FAM during the releasing process.
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(ii)

Figure 3.14: Demonstration of pick-and-release manipulations of the inflatable and adhesive Grip-
per: (a) three different sizes of steel balls (4.76, 5.55 and 6.35 mm diameter) in parallel, (b) a piece
of 24x40x0.13 mm?3 fragile cover glass (indicated by the red arrow and the white frame), and (c)22
array of 1 mm diameter silicon disks (indicated by the white dashed box) ((i): applying a preload;
(i1): picking up; (iii): inflating the FAM; (iv): releasing). (d) an electrical resistance, (e) a 5x5x5
mm right angle prism, (f) a 60 mm long metal wrench, and (g) a paper clip (left: picking up; right:
releasing). (Copyright (©) 2014 IEEE and Copyright (¢) 2014 John Wiley & Sons, Inc.)



Chapter 4

Load Distribution Control of a
Soft-backed Micro-fiber Array on
Complex 3D Surfaces

4.1 Introduction

In this chapter, we discuss a soft robotic architecture for enhancing the interfacial load
distribution on a large area of soft membrane. As shown in Figure the soft adhesion-
based gripping system proposed in this chapter allows the control of internal pressure to
achieve equal load sharing on the interface over a large 3D surface. Our soft adhesion sys-
tem increases adhesion through a combination of two fundamental mechanisms: (i) using
a negative pressure differential to distribute the load more uniformly on the interface, and
(i1) taking advantage of passive deformation of the soft system in response to the reduced
chamber pressure, which can prevent the adhering membrane from peeling at a high neg-
ative pressure differential. Pneumatic pressure has been a popular choice as an actuator
for soft systems due to its low drag resistance and rapid transport, abundant accessibility,
and environmental compatibility [44, 88]. Here, we show that the pressure differential is
also effective for enhancing the adhesion of a membrane-backed micro-fiber array on a
wide range of curved geometries. This is accomplished with the existing pneumatic system

used for gripping actuation and does not require the introduction of additional hardware,
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including sensors and electronics. Experimental results show that pressure-controlled load
sharing among the micro-fibers in contact with the surface does not only enhance adhe-
sion but also leads to an area scaling law similar to that of the natural geckos adhesive
system[4.6] Such area scalability has not been observed in other micro-fiber adhesives and

suggests that improved interfacial load sharing is critical when grasping 3D non-planar

geometries. (This chapter has been reprinted with permission from [80].)

Figure 4.1: Demonstration of the proposed soft adhesion-based gripping system holding various 3D
objects such as a (a) rounded glass flask filled with 200 mL of liquid (total weight of 307 grams),
(b-d) 118 gram coffee cup, (e) 41 grams pair of of cherry tomatoes, and (f) 139 gram plastic bag.
The scale bar is 10 cm.

4.2 Structure and Basic Mechanism of the Soft Adhesion
System

Figure 4.2h details structural features of the proposed soft adhesion system. A FAM is
supported by a soft, deformable chamber, which is connected to a syringe pump to allow
control of the system internal pressure (Figure [4.2p-I). The soft gripper chamber is 18
mm in diameter, 600 wm thick, and contains 400 wm diameter pillar-like internal spacers
made out of a soft and highly stretchable silicone elastomer. The soft chamber is bracketed
by a 3D-printed plastic outer case, ensuring evenly distributed preload over the whole
contact area. Each silicone component of the system is bonded using a vinylsiloxane

elastomer. The FAM is composed of an array of vertically aligned, mushroom-shaped,
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polydimethylsiloxane (PDMS) micro-fibers with 69 um tip diameter, 31 wm spacing, and
42 um height, supported by a thin PDMS backing layer with 250 pm thickness (Figure
and [4.5). As shown in Figure [4.2p-II, the micro-fibers (Figure 4.2-1I8) covering entire
area of the membrane provide a gap between the substrate and the membrane, allowing
air to seamlessly travel through the contact interface, preventing development of any
suction that could contribute to the soft system adhesion. The FAM can be cleaned using
a wet [89] or dry process [90]], allowing reliable and repetitive performance, which can

otherwise be influenced with the buildup of dust, oil, or dirt [[13]].

The effect of a negative pressure differential (AP) on the load sharing is shown in
Figure 4.2b. Here, the internal pressure (F;) corresponds to the air pressure in the gripper
chamber, tubing, and syringe pump and is always positive. The pressure differential is
defined as the internal pressure subtracted by the atmospheric pressure (Fym,), and can
be either positive or negative. Therefore, a negative pressure differential means that an
absolute value of the internal pressure is lower than the atmospheric pressure (101.3 kPa).
Likewise, a high negative pressure differential indicates that the internal pressure is sub-
stantially lower than the atmospheric pressure. Under a high negative pressure differential,
the atmospheric pressure forces the chamber to collapse over the FAM (Figure .2p-I). The
spacers in the chamber (Figure [4.2b-1116) ensure that the FAM is exposed to the pressure
differential even when the chamber has collapsed (Figure 4.2b-III). In contrast to typical
adhesion systems that peel and exhibit poor adhesion under large deformations during
pulling, our gripping system benefits from deformation since it allows the spacers in the
soft chamber to lift up from the backing and exposes a larger area of the membrane to
the negative pressure differential. This, in turn, enhances the load sharing by enabling the
negative pressure differential to more uniformly distribute the interfacial tensile stress and
improve bonding strength (F,4) (Figure 4.2b-1I).

Figure 4.2t shows a representative force measurement of the soft adhesion system with its
corresponding force (blue) and pressure (red) curves. Figure -IIT gives reaction force
(F}) as a function of time (¢). Unlike previous Chapter 3, here we define positive reaction

force to be pushing force down to substrates called preload (£}.), while negative reaction



CHAPTER 4: Load Distribution Control of the FAM on 3D Surfaces 64

tSyringe Pump

-
[9)]

1 1S
(4]
Pressure Differential, AP [kPa]

200
Time, t[s]

Figure 4.2: Schematics of structure, mechanism and a representative adhesion test of the soft ad-
hesion system. (a) A cross-section of 3D assembly of the proposed system from side (I) and from
bottom (II) of the system. 1: silicone tubing, 2: vinylsiloxane, 3: outer case, 4: rubber ring, 5: soft
chamber, 6: spacer between the chamber and the FAM, 7: the FAM, 8: mushroom-shaped PDMS
micro-fibers. Larger scale bars (black) indicate 5 mm, while the smaller scale (white) inside of the
inset in (II) corresponds to 100 um. (b) A schematic of the proposed system when pressurized with
a negative pressure differential (AP) (I) and pulled with a pull-up load (F,uy) (II). The inset (III)
shows a schematic of pressure distribution between the spacers in the soft chamber and adhesion
stress on the contact interface. (c) Adhesion test of the soft system. A schematic of experimental
procedure (I), snapshots of the soft system under a negative pressure differential on a 30 mm di-
ameter glass hemi-sphere in accordance with each step (II), and corresponding profiles of reaction
force (F}) and pressure differential inside the chamber with respect to elapsed time (III). The initial
pressure (A P,) here is approximately -47 kPa. The numbers indicated in green are correlated with
the experimental procedure: (1) approaching, (2) preloading, (3) applying initial pressure, (4) pulled
off, and (5) detached.
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force to be adhesion at the interface. First, the soft adhesion system approaches a substrate
(Figure[d.2kc-11) and is brought to contact (Figure[4.2c-12) with a compressive preload force
(Fpre) induced at the interface. The preload is the maximum reaction force as shown in
Figure [4.2c-111, ranging from 0.5 N to 1.0 N depending on the substrate radius of curvature.
A negative pressure differential is applied to the inside of the soft chamber during a pre-
defined contact time, then the system is slowly retracted at 50 um - s~! unloading speed
to minimize possible viscoelastic effects on the adhesion. The pressure differential at the
beginning of the retraction (Figure @.2c-13) is defined as initial pressure (AF,), which
can be either positive or negative. The reaction force decreases during the retraction until
it reaches the pull-off force (Fyr) (Figure 4.2k-14), which corresponds to the minimum
reaction force in Figure [d.2k-III. The soft adhesion system snaps off from the substrate
instantaneously after the pull-off force is reached (Figure d.2c-I5), as shown in Figure[d.2c-
1.

4.3 Fabrication

4.3.1 Fabrication of the Elastomer Fibrillar Adhesives on a Mem-
brane (FAM)

Soft PDMS molds containing cylindrical cavities were obtained by replicating SU-8
lithographic templates as previously reported [91, 92]. Sylgard® 184 siloxane base
and curing agent were mixed in a 10:1 ratio, degassed and casted on the PDMS mold
shaped in the cylindrical cavities. The excess prepolymer was removed by a bar coater
(K-Hand-Coater, Erichsen GmbH & Co. KG) creating a ca. 250 um thin backing layer.
The sample was cured in a vacuum oven at 90 °C for 1 hour and demolded (Figure [4.3).
Micro-patterns with 52 pm diameter, 48 pm spacing and 38 pum height were received
(Figure . Sylgard® 184 prepolymer was poured on a glass plate and a thin film of
ca. 20 um thickness was created by a film applicator (Multicator 411, Erichsen GmbH
& Co. KG). The thin polymer film was precured in the oven at 90 °C for 3 minutes. The
cylindrical fibers, fabricated in the previous step, were manually inked onto the precured

thin film and placed on a perfluorinated silicon wafer. The precuring of the polymer film
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1s necessary in order to increase its viscosity and thereby enhancing the transfer of the
polymer material to the fibers for creating optimal mushroom-shaped tips. After curing
at 90 °C for 1 hour, the printed patterns were carefully peeled off and the FAM with 69

um tip diameter, 31 wm spacing and 42 um height mushroom-shaped micro-fibers were
obtained (Figure 4.4 and [4.5)).

1. Casting 4. Demolding 7. Inking

PDMS E j 4wt I?ﬂ_l
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Mold

2. Thin Film Fabrication 5. Thin Film Fabrication 8. Printing, Curing
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Figure 4.3: Experimental procedure for fabricating the FAM. A schematic shows the individual
steps of the fabrication process.

4.3.2 Fabrication of the Rigid Adhesion System

The rigid chamber was designed with a CAD software (SolidWorks) and fabricated by a
3D printer (Objet260 Connex, Stratasys Ltd.) using VeroClear™ as the rigid material.
The printed rigid chamber was thoroughly cleaned with 1 mol of NaOH solution in or-
der to remove supporting materials. Surface modification on surface of the chamber was
performed by inking the chamber into a primer (1200 OS Primer, Dow Corning®), fol-
lowed by a drying step at room temperature for 30 minutes. The surface modification is
important to ensure strong bonding between the chamber and the FAM. A silicone adhesive

(Sil—Poxy®, Smooth-On Inc.) was poured on a glass plate and a thin film of ca. 50 pum in
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Figure 4.4: 3D scanned images of PDMS patterns and dimensions. (a) 3D image (I) and profile (II)
of cylindrical PDMS patterns with 52 pm diameter, 48 pm spacing and 38 pm height. (b) 3D image
(D) and profile (I) of mushroom shaped PDMS patterns with 69 um diameter, 31 wm spacing and
42 um height. Note that the pillar stems of the mushroom shaped patterns cannot be measured since
they are covered by the overhanging tips.

thickness was created by a film applicator (Multicator 411, Erichsen GmbH & Co. KG).
The chamber was inked into the thin Sil-Poxy® film and placed onto the FAM. After cur-

ing at room temperature for 30 minutes, the FAM was strongly bonded to the rigid chamber

(Figure [4.6).
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Figure 4.5: SEM images of mushroom-shaped elastomer micro-fiber arrays on the FAM. Top (a) and
side-view (b) of mushroom-shaped micro-fiber arrays with 69 pum in diameter, 31 pm in spacing,
and 42 wm in height. (c) A side-view of the FAM supported by a thin backing layer with ca. 250
um in thickness.

4.3.3 Fabrication of the Soft Adhesion System

A negative mold made out of Ecoﬂex® 00-30 (Smooth-On Inc.) for the soft chamber
was obtained by replicating a 3D-printed composite model shaped as the chamber. The
composite model was designed with a CAD software and fabricated by a 3D printer
(Objet260 Connex, Stratasys Ltd.) using VeroClear™ as rigid and TangoBlackTM as soft
materials. The rigid axis grants stability to the model, while the soft body facilitates the
peeling. The printed chamber model was thoroughly cleaned with 1 mol of NaOH solution
in order to remove supporting materials. The chamber was fixed using a double-sided tape
in a small plastic petri dish. A 1:1 ratio of Ecoﬂex® 00-30 prepolymer and crosslinker
was mixed, degassed, and casted into the petri dish and cured at room temperature for

6 hours (Figure @ After the elastomer was cured, the composite model of the soft
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Figure 4.6: Experimental procedure for fabricating the rigid adhesion system. A schematic shows
the individual steps of the fabrication process for obtaining a rigid system with the FAM.

chamber was carefully demolded.

The fabricated negative mold of the soft chamber was treated in an oxygen plasma at
100 W for 2 minutes, followed by the surface modification using Hexadecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane for 1 hour in vacuum and curing at 90 °C for 30 minutes. The
perfluoro coating of the mold is important to reduce the adhesion of the casting materials in
the following replication process. The mold consists of two components, the soft negative
of the chamber and a thin metal bar used for a spacer to create an air channel in the cham-
ber (Figure . A 1:1 ratio of Ecoﬂex® 00-50 (Smooth-On Inc.) Parts A and B were
mixed, degassed and injected inside of the negative mold using a syringe. After curing at
room temperature for 6 hours, the mold and the soft chamber were carefully demolded. A
Vinylsiloxane polymer (Flexitime® Medium Flow, Heraeus Kulzer GmbH) was applied

on a glass plate and a thin film of ca. 50 um thickness was created by a film applicator
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(Multicator 411, Erichsen GmbH & Co. KG). The soft chamber was manually inked into
the polymer film and placed on the FAM. The vinylsiloxane could develop a strong bond

between the soft chamber and the FAM after 5 minutes of curing at room temperature.

1. 3D Printing 4. Plasma Treatment, Silanization 7. Demolding 8. Thin Film Fabrication

VeroClear™
- TangoBlack™ ) k ;i Film Applicator
200 pm Glass Plate

Thin Vinylsiloxane Film

2. Casting, Curing at RT 5. Mold Preparation
Petri Dish gy j 9. Inking
E s 44444 Ecoflex® 00-30 IL
S Metal Bar
oLy,
3. Demolding 6. Injection, Curing at RT

# E j 10. Bonding, Curing at RT
Ecofll‘-ex® 00-50 3 E

Figure 4.7: Experimental procedure for fabricating the soft adhesion system. A schematic shows
the individual steps of the fabrication process for obtaining a soft system with the FAM.

4.4 Modeling the Effect of Pressure Differential on Adhe-

sion

4.4.1 Modeling Load Distribution among Microfibers

We used principles of elasticity and stationary potential to examine the influence of internal
pressure differential (A P,) on the distribution of load among the micro-fibers in contact
with the surface and to estimate the membrane adhesion on curved surfaces. To develop a
qualitative understanding of the load distribution among fibers, the axisymmetric array on
the FAM is modeled using 2D plane-strain linear elasticity [93]. As shown in Figure 4.8,
the FAM is simplified as an incompressible Hookean solid (Youngs modulus F,, = 2.1
MPa [94]), which has a diameter L,, = 2.15 mm and thickness hy = 250 um. The edge of
the FAM is subject to a vertical displacement (u) corresponding to 5% of the thickness at

the edge. Each micro-fiber has a width L; = 50 um, height ~; = 50 um, and spacing L, =
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50 wm, and is assumed to remain in contact to the substrate with the prescribed loading

conditions.

We perform a numerical calculation to obtain vertical stress (0,;) within the FAM when
pulling it up from a flat substrate under various differential pressures (AF,). The FAM is
simplified as an incompressible Hookean solid whose dimensions and boundary conditions
are detailed in Figure[d.8. The analysis is further simplified by modeling the axisymmetric

system in 2D and assuming plane strain conditions.

The elastic deformation is represented by a displacement field u = u(X;,X,)E; +
uy (X1, X,)E,, where the Cartesian coordinates X; and X, and Euclidean bases E; and E,
correspond to the horizontal and vertical directions, respectively. According to the Hookes

law, stress in the E; — E; plane has components (1)

. Em (al]] 4 aUQ) . Em ( 6u1 4 8u2)
T x, T, T 1o 2V ax, T oxy)
4.1)
. . Em (8u1 4 8u2)
2T T ) 09X, | 0X,

At static equilibrium, the stress tensor o must satisfy the balance law V - ¢ = 0, where
V is the Lagrangian nabla operator. For 2D plane-strain elasticity, divergence-free stress

implies the following form of the Navier-Lame equations:

0%, 0%*u, 0%, 0*u,

ax: T axox, Vs T axex,) 0 s
0%y, . 0%y, N M@Zuz N 0%y, ) =0 '
X3 0X,0X, oX: = 0X,0X,"

where v = (1 — v)/4. The solution to Egq. must satisfy the following boundary
conditions: u; = u, = 0 where the membrane is in contact with the substrate, u; = 0 and
u, = ug at the membrane edges, 0,0 = AP, along the top of the membrane, and o-n = 0
everywhere else, where n is the surface normal. The resulting boundary value problem

is solved with the method of finite elements using the pdenonlin function in MATLAB
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(R2015a; Mathworks, Inc.).

Of particular interest is the vertical stress 099 within the micro-fibers, which is normalized
by the Youngs modulus F,,. It is also convenient to define a normalized surface pressure
p = (1 — v*)APR,)/E,,. In the absence of a negative pressure differential (i.e., p = 0),
stress is concentrated in the outermost fibers when the edges of the membrane (thickness
ho) are lifted by the prescribed vertical displacement (Figure[d.8p). Decreasing the pressure
leads to a more uniform stress distribution, with the vertical stress at the center fiber (02,)
approaching the stresses at the edge (02,). Referring to Figure , the ratio 02¢/02
steadily decreases and can even drop below 1.0 for a sufficiently high negative pressure dif-
ferential. Although these results are based on 2D plane-strain elasticity, they nonetheless
give qualitative insights on how negative pressure can be used to control the load distribu-

tion within the axisymmetric system.

4.4.2 Modeling Adhesion of a Soft Membrane on Spherical Geome-

tries

To investigate the influence of internal air pressure on membrane adhesion to non-planar
3D geometries, we adapt our previous analysis [79] based on the principle of minimum
potential energy [95] 96, 97]. As shown in Figure §.9, this rigid version of the adhesion
system is composed of the circular FAM supported along its edge by a hemispherical
chamber. The chamber has the same 18 mm diameter, but slightly thicker wall of 1
mm, compared to the soft chamber. As with the soft gripper, the FAM used for the rigid
gripper is composed of PDMS and has a thickness of 250 um. Examining this alternative
system simplifies the analysis by eliminating the elastic deformation of the chamber and
allowing us to instead focus on the deformation of the membrane. In particular, it en-
ables us to examine the influence of various design parameters (e.g., membrane thickness

and elastic modulus) and identify conditions that lead to more uniform load sharing control.

As with the fiber array load distribution model, the purpose of the membrane adhesion
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Figure 4.8: Finite element analysis for modeling vertical stress within the FAM. (a) A schematic
of dimensions and boundary conditions of the FAM clamped at the edge and being pulled up by a
rigid support under a negative pressure differential (AP,). (b) A colormap of normalized vertical
stress ( 022/ Eyy, ) within the FAM for selected normalized pressures p = ((1—v2)AP,)/Ep,. (¢) A
ratio in the vertical stress between the edge and the center (022¢/0722,) depending on the normalized
pressure p Here, 022 is the vertical stress on the first fiber from the edge of the FAM and o7, ¢ is
on the fiber at the center.
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theory is to establish a qualitative understanding of how negative differential pressure in-
fluences the interfacial mechanics. To further simplify the analysis, while still preserving
the primary mechanics that govern adhesion, we make the following assumptions. First,
the fibrillar interface is assumed to be a non-structured flat adhesive surface. Next, the
elastomeric FAM is assumed to be incompressible, has a uniform thickness over the entire
area, and deforms into the shape of a truncated cone. These assumptions imply the princi-
ple stretches in the circumferential (\,), meridional (\,), and thickness (\;) directions on

a spherical substrate as follows:

Ay = \/(z+rb —Vn? = 7“2)2 +(Ro—7)%/(Ro—7), A\, =1, and X, = 1/\,- \,. (4.3)

Such a simple geometry assumption for the deformed shape is reasonable for a membrane
that is subject to a relatively low negative pressure differential (AF,) and high work of
adhesion (w,q). Here, Ry is the radius of the FAM, which is 8 mm, r, is the radius of a
curved surface, z is the vertical position of the rigid adhesion system with respect to the

top of the curved surface where the origin (o) is located, and r is the contact radius at the
given z (Figure 4.%).

The FAM on the rigid system making contact with a spherical curved substrate is shown
in Figure .10} Additional boundary conditions and equations are employed to consider
the mechanics of membrane adhesion on spherical substrates under a pressure differential.
Initial boundary conditions for the vertical position of the system (zy) and the contact radius
(r;) will be different depending on the size of the FAM with respect to the curved surfaces
(Figure @.TT). In the case that the spherical surface is larger than the adhesive membrane
(ry 2 Ro; Figure ), the FAM achieves full contact prior to retraction, such that

20 = —rp+ V12 — Ry? and r; = .. 4.4)

It should be noted that the position z is defined with respect to the origin and can be
either positive or negative depending on the initial vertical position of the adhesion system
(20) and retraction distance (z,). Due to manufacturing imperfection and misalignment,

the FAM on the rigid system could not often make full contact even on a flat substrate
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(Figure 4.10d). We estimated from the experiments that approximately 700 um from the
edge of the FAM cannot make contact in average, which provides the maximum effective

contact radius (r.) to be 7.3 mm.

In the case when the spherical surface is smaller than the maximum effective contact radius
(ry < r.; Figure 4.10p), the FAM is assumed to be brought down to the center of the
spherical substrate. The FAM wraps around the substrate, making conformal contact with

the initial position and contact radius such that
2o = —rpand r; = 13,2/ Ry. 4.5)

In experiments, the FAM could not be fully brought down to the center of the ball, as tensile
stress may break the FAM during the preloading process. Instead, the system is brought
down in contact until the preload reaches the predetermined value, which is in a range from
0.5 to 1.0 N. If the radius of a spherical substrate is in between the size of FAM and the

effective maximum contact radius (r. < r, < Ry), the initial boundary conditions are
zo = —rpand r; = 1. (4.6)

During retraction, the FAM stretches due to adhesion, causing a volume change inside of
the chamber (Figure .10g). A volume in the shape of truncated cone deformation (V;)
subtracted with a volume of the spherical surface covered by the FAM in contact (V)
increases the total volume (V') enclosed by the FAM in addition to the initial volume of the

rigid adhesion system (1{) as
V=W-V.+V. 4.7)

The initial volume (V}) is the sum of the volume inside of the chamber, tubing, and syringe
pump, which is approximately 7.2 mL. The volume inside of the truncated cone as well as
the volume inside of the spherical cap covered by the FAM are
mh,
6
respectively, where h. = 1, — /732 — 72 is the vertical distance between the system and the

‘/C:

(3r? + h,*) and V; = g(z + he)(Ro® + 12 + Ror), (4.8)

top of the spherical surface. The total potential energy (II) of the FAM in the equation|3.20)
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i1s modified as a sum of elastic energy in a reference volume of detached area, adhesion
energy of the membrane in contact, and work done by pressure in order to take the influence

of internal pressure into account,
(1, 2) = 7(Ry* — r*)hoWy(r, 2) — m12wag + U, 4.9)

where hg is the natural thickness of the FAM, w,q is the effective work of adhesion, and
W, is the strain energy density function given in the equation The work done by air
pressure (U,) is
V
Uy = Pum(V — Vo) = (Pum + AP,)VpIn (7) (4.10)

0
The critical contact radius (r.) at a given value of vertical displacement of the system (z*)
can be calculated as the solution of the equation for static equilibrium. By knowing
the critical contact radius for different values of the vertical displacement which ranges
from zero retraction distance (z,) until the FAM is pulled off, the reaction force (F).) can
be calculated by taking the first partial derivative of the total potential energy (II) with
respect to the given vertical displacement (z*) and substituting the contact radius (r) with

the critical contact radius (r.) in the equation [3.21

Figure [4.9b shows the calculated profiles of reaction forces (F,.) between the rigid system
and a flat glass substrate depending on different initial pressures with respect to retraction
distance (z,). Before the retraction (unloading) occurs, decrease in the internal pressure
pulls the soft adhesion system towards the interface, which explains the initial negative
reaction force in Figure 4.9b. As long as adhesion of the FAM can sustain the applied
internal pressure, the decrease in the initial reaction force can be estimated by the initial
pressure multiplied by the actual contact area. This adhesion, however, is not due to any
suction but instead arises from the uniform distribution of the interfacial load among the

fibers in contact with the surface, as simulated in Figure @

At the beginning of the retraction, the reaction force shows a significant drop until the
edge of the FAM in contact reaches its critical interfacial strength and starts peeling off.

According to our model, the drop becomes less steep with a smaller initial contact area,
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requiring a longer retraction distance to reach the critical interfacial strength for peeling
(Figure 4.11)). After transitioning through the dramatic decrease, the reaction force begins
increasing in accordance with the peeling mechanics of the adhesive membrane, until the

FAM is completely detached.

A higher negative pressure differential can result in higher pull-off force of the rigid
adhesion system by distributing the load over the entire contact area more uniformly
(Figure 4.9b). Meanwhile, the negative pressure differential could accelerate detachment
of the FAM by additional tensile stress and a higher peeling angle [98] caused by the
deformation of the membrane as it is pulled into the inner chamber of the rigid adhesion
system (Figure 4.10k of the SI Appendix). Figure [4.9¢ and [4.9d show calculations of the
pull-off forces (Fog) on spherical glass substrates with diameters (d,) ranging from 10
mm to 500 mm for various design parameters of the FAM. The results indicate that its
thickness (hg) and Youngs modulus (F,,) are not effective for increasing the pull-off force
for small spherical geometries (Figure 4.9c). On the other hand, both the effective work of
adhesion (w,q) and negative pressure differential (A P,) could increase the pull-off force
for all spherical geometries (Figure 4.9d). Actively tuning the effective work of adhesion
is often difficult once the membrane is fabricated. Potential methods for tuning include
heating [99], electrostatic charging [100]], or other forms of active stimulation. Among
these methods, pressure-controlled adhesion tuning is attractive since it can be easily
combined with other pneumatic elements, which already exists for actuating a soft robotic
system [101]. Our analysis in Figure 4.9d-II predicts that the adhesion can be doubled
with respect to a decrease in the initial pressure by 4 kPa for the entire range of examined

3D surface curvatures.

Figure shows the pull-off force of the rigid adhesion system for different initial
pressures tested on flat and spherical glass substrates with 15 mm, 30 mm, and 60 mm
diameter. The experimentally measured reaction force profiles for adhesion to the flat
substrate are also presented in Figure.9. The effective work of adhesion of the FAM and
corresponding adhesion stress were estimated to be 4.1 J - m~2 and 101 kPa, respectively

(Figure 4.T4b and Table #.2). Various initial pressures were applied depending on the
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spherical curvatures by means of volume changes in the syringe pump. The positive initial
pressure is caused by compression of the system during preloading when no air volume is

withdrawn.

The experimental reaction forces on the flat glass substrate in Figure show reasonable
qualitative agreement with the theoretical model (Figure 4.9p) for how the reduction in the
initial pressure results in a higher pull-off force and shorter retraction distance for detach-
ment. The measured pull-off forces in Figure @.9f are close to the theoretical predictions,
shown as solid lines, with an average deviation of only 11% from the experimental results.
The applicable maximum negative initial pressure was only -4.1 kPa on the glass sphere
with 30 mm diameter, and became even smaller for the glass sphere with 15 mm diameter.
For the latter case, the maximum negative pressure reduced to -0.7 kPa and corresponded
to a small contact area and lower peel resistance, as shown in Figure d.9f. The pull-off
force on the flat glass was increased by 2.2 times, while it was enhanced up to 5 times
on the glass sphere with 30 mm diameter at maximum. We observed an only 1.2 times

improvement in the pull-off force on the sphere with a 15 mm diameter.

4.5 Characterizations

4.5.1 Experimental Setup

The customized adhesion measurement setup was mounted on an inverted optical micro-
scope (Axio Observer Al, Zeiss) with a video camera (Grasshopper®3, Point Grey Re-
search Inc.) to visualize and record the contact interface (Figure .12)). The reaction forces
between an adhesion system and a substrate were measured by high-resolution load cells
(GS0O-25, GSO-500, and GSO-1K, Transducer Techniques®). The load cell was attached
on a computer-controlled high-precision piezo motion stage (LPS-65 2, Physik Instrumente
GmbH & Co. KG) in z-direction, with a resolution of 5 nm and the maximum velocity of 10
mm - s~ . A long ranged motor stage (M-605 2DD, Physik Instrumente GmbH & Co. KG)

was employed for y-direction with 1 pm resolution and high maximum velocity up to 50
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mm -s~!. The substrate was fixed onto a sample holder within the focal range of the micro-
scope and moved in x-direction by the piezo stage (LPS-65 2, Physik Instrumente GmbH &
Co. KG). Also, fine positions in x- and y-direction were determined by a manual xy-stage
(NFP-2462CC, Positionierungstechnik Dr. Meierling). Angular misalignments were ad-
justed by two goniometers (M-GON65-U, Newport) according to the substrate. A syringe
pump (LegatoTM 210P, KDScientific Inc.) with an accuracy of 0.35% was employed for
pressure control inside of the adhesion system. The motion of the piezo stages and the data
acquisition were performed by a customized code in Linux (UbuntuTM, Canonical Ltd.).
The program allowed automated data acquisition and enabled the user to control veloci-
ties, preloads, displacements in x and z directions, and contacting time. The load cell was
connected to the computer via a signal conditioner (BNC-2110, National Instruments) and
the force signal was exported as a voltage through a data acquisition board (PCle-6259,
National Instruments). Motion control of the piezo stages was conducted through a motor
controller (Nexact® E-861, Physik Instrumente GmbH & Co. KG).

4.5.2 Characterization of adhesion stress of a single fiber and small
area of micro-fiber arrays on the FAM for the soft adhesion sys-

tem

Estimation of adhesion stress of a single fiber (0.4|s) and small area of micro-fiber
arrays (0,4(3r) follow the experimental procedure for the FAM. Three samples (SPL)
are taken from different areas of the FAM of the soft system. Each sample has three
micro-fibers and is attached to a flat glass slide to measure the adhesion as shown in
Figure d.13p. The 4 mm radius glass indenter is large enough for the three micro-
fibers to make full contact and detach at the same time. The pull-off force of the
three micro-fibers (Fi¢) is divided by the number of fibers and estimated as the pull-off

force of a single fiber (Fy|r). Each sample is measured 5 times with 1 mN of preload (F).

Real contact areas of three micro-fibers (A,.) on each sample are measured using the 3D
confocal laser microscope as shown in Figure .13, and the real contact area of a single

fiber (A,.|s) is estimated by dividing the measured area with the number of fibers. Projected
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contact areas of the three micro-fibers (A,.) are estimated using the conventional image
processing software (ImageJ, NIH Image), including spacing among the micro-fibers in
addition to the real contact area (A,.). Adhesion stresses of a single fiber and the three
micro-fibers are calculated by dividing each adhesion with the estimated contact areas.

Summary of the above measurements is shown in Table

Table 4.1: Fogf|st, Arclsts 0ad|st and 043¢ of micro-fiber array

Sample F, off [mN] Arc [qu] Apc [HmQ]

SPL #1 1.8 12787 20687.3
SPL #2 2.1 13451.3 20586.1
SPL #3 1.7 12552 21025.9
AVG. 1.9 12930.1 20766.4
Fite|ss [mN] 0.6
Arc|sf [um2] 43 10
O'adysf [kPa] 145.4
O'ad|3f [kPa] 90.5

4.5.3 Characterization of the work of adhesion and adhesion stress of
the FAM

Experimental methods for estimation of effective work of adhesion (w,q) of the FAM and its
adhesion stress (0,q) have been standardized in several previous works based on Johnson,
Kendall and Roberts (JKR) theory [[102]. Profiles of the reaction force (F;.) for a micro-fiber
array on the FAM for both rigid and soft systems are shown in Figure 4.14] with respect to
vertical displacement (2). In order to rule out deformation of the soft PDMS backing during
the measurements, the FAM is place on a flat glass substrate and fixed. A 4 mm radius (R)
spherical glass indenter is brought down in contact with the FAM at an approach speed
of 100 um - s71. The origin of z is set on the surface of the FAM, and positive z causes
compression while negative z causes tension. A 100 mN of preload (F,.) is applied by
putting the spherical indenter down to the FAM. Here, we have 30 seconds of relaxation

time to minimize unpredictable viscoelastic behavior of the elastomeric micro-fibers, which
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causes a slight decrease in reaction force profile. The indenter is pulled up with 50 wm - s™*

of retraction speed, which is the same speed used for the experimental measurements. The
pull-off force of the micro-fiber array is measured at five different positions on the FAM;
top, center, bottom, left, and right. The work of adhesion of the micro-fiber array on the
FAM can be evaluated by the following relation between the work of adhesion and pull-off

force based on JKR theory,

Wad = 2F0ff/37TR. (411)

Among the five measurements, three cases whose shape of contact is the most circular are
selected in evaluating the projected contact area for the calculation in Equation B.11] The
contact areas of those measurements are estimated from the still images at the instance of
the fiber array pulling off from the surface using a conventional image processing software
(ImageJ, NIH Image). Summary of the measurements in the pull-off force, along with the

estimated work of adhesion and adhesion stress are shown in Tables 4.2] and

Table 4.2: Summary of Fig, waq and 0,4 of the FAM for the rigid adhesion system

Position  Fy [MN] Ay [mm?]

Top 66.3
Center 82.1
Bottom 80.6 0.78
Left 82.4 0.78
Right 78.8 0.76
AVG. 78.0 0.77
Wag [J - m™2] 4.1
0.4 [kPa] 100.8

4.5.4 Characterization of the Soft Adhesion System

The rigid system does show some benefit from a negative pressure differential in increas-
ing interfacial bonding strength. However, a fully soft adhesion system exhibits an even

more dramatic improvement by overcoming some of the limitations, when applying a
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Table 4.3: Summary of Fig, waq and g, of the FAM for the soft adhesion system

Position Fyy [MN] Ay [mm?]

Top 105.8
Center 41.6 0.84
Bottom 55.1

Left 68.0 0.87
Right 38.3 0.86
AVG. 61.8 0.86
Waa [T - m™2] 3.3
0.4 [kPa] 72.5

high negative pressure differential for various non-planar 3D geometries. As shown in
Figure 4.2b-1, the deformation of the soft chamber eliminates the unfavorable air pocket,
allowing over -50 kPa of high negative pressure differentials for all examined substrates 15
mm, 30 mm, 60 mm in diameter glass spheres, a flat glass, and a soft elastomeric film with
400 m thickness made out of Ecoﬂex® 00-30 (Smooth-On Inc.). This is approximately
10 times greater than the highest negative initial pressure possible with the rigid system.
In particular, the FAM on the soft adhesion system remains in contact and enhances the
adhesion to the 15 mm diameter glass sphere with a 70 times larger negative pressure

differential.

The FAM of the soft adhesion system is less adhesive than that of the rigid system, which
exhibits an effective work of adhesion and adhesion stress of 3.3 J - m~2 and 73 kPa,
respectively (Figure 4.14a and Table [@.3). Figure shows the pull-off force (Fi)
measurements of the soft adhesion system as a function of different initial pressures (AP,).
In general, the pull-off force increases with AP, and converges to a maximum when
the pressure is between -40 kPa and -50 kPa. However, 90% of this maximum pull-off
force can be achieved with a pressure differential of roughly -35 kPa. On the flat glass,
the pull-off force of the soft adhesion system is increased by 5.4 times compared to the
force without a high negative pressure differential. Of particular interest is the superior

performance shown for highly-curved 3D geometries like the 15 mm diameter glass
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sphere, for which the pull-off force could be improved by 6.7 times. Even on deformable
and stretchable substrates, where the FAM and many other adhesives easily peel off, the
soft system could remain in contact under the high negative pressure differential and

improve the pull-off force by 7.2 times.

Figure m shows conversion ratios (o,4/AP,) of the soft adhesion system on different
substrates, defined as percentages of the adhesion stress (0,q) normalized by the applied
initial pressure (AP,). The soft adhesion system exhibits high conversion ratios at low
negative pressure differentials, as the micro-fibers on the FAM can still exert some
adhesion without relying on the pressure differential. It shows even higher than 100%
of the conversion ratio on 15 mm diameter spherical glass at -10 kPa. At high negative
pressure differentials, on the other hand, the conversion ratios decrease significantly,
when the system cannot achieve the adhesion as high as the applied negative pressure
differential. Among the different diameter of spherical glasses, the smaller sphere shows
higher conversion ratios. In case of the same contact areas between the 60 mm diameter
sphere and flat glass, the flat surface shows superior conversion ratios to the curved
substrate. In general, the soft adhesion system can achieve approximately 30 50% of
the conversion ratio at -35 kPa of the initial pressure on glass. However, these values are
highly dependent on the adhesiveness of the membrane. As already shown in Figure d.15p,
the soft adhesion system cannot achieve as high of an adhesion on the rubber film as it does
on the glass substrates, with a conversion ratio well below 20% for all initial pressures.
This leads us to the conclusion that the conversion ratios on the glass substrates would be
higher if a more adhesive membrane was employed. Therefore, the maximum allowable
adhesion of our adhesion systems is fundamentally limited by the maximum adhesion
strength of the fiber-surface contact interface. Nonetheless, negative pressure differential
will change how the interfacial load is distributed among the micro-fibers in contact with
the surface and enhance adhesion performance within the limits of what the total sum of

the contacts can support.

Previous micro-scale contact experiments have revealed that micro-fibers with opti-

mized tip-shapes show greater pull-off force due to equal load sharing, characterized
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by longer retraction distances for detachment accompanied with a fast crack propaga-
tion [11},40, 42,43, 103]]. Our soft system achieves similar characteristics at the macroscale
with 4 orders of magnitude larger contact area by improving the load sharing. Unlike the
short retraction that accompanies the higher pull-off force of the rigid system, Figure .15
shows that our soft system could increase the pull-off force while delaying the detachment
with a negative pressure differential. Figure [.15d, @.15k and @.15f show schematics,

side-view and microscopic images of the soft system on flat glass interface, respectively.

In the absence of the negative pressure differential, no collapse of the soft chamber occurs
and the FAM experiences high stress concentration at the contact edge (Figure [4.15d-I).
This induces slow peeling from the interface (Figure {.15-1I) during a short retraction
distance of 8 mm (Figure 4.15h and Figure @.15g-I). On the contrary, the soft chamber
collapses and strongly suppresses the peeling of the FAM at a high negative pressure
differential, allowing the soft system to remain in contact for a 3 times larger retraction
distance (Figure 4.15f-I). At the moment when the soft system is pulled off, the extremely
large stretch of the soft chamber causes a shear force higher than the critical shear stress,
peeling is induced, and the FAM starts detaching from the contact edge (Figure 4.15d-II).
Since the equal load-sharing interface can withstand high tensile forces, small loss in
contact area can trigger an immediate detachment of the entire FAM (Figure {.15f-1I). In
this case, the crack propagation is roughly 110 times faster than without a negative pressure
differential, strongly indicating the significant influence of equal load sharing. Within the
range of negative pressure differentials allowed by our experimental setup, the FAM for the
soft system always detaches from the contact edge. As shown in Figure .15}, however,
a similar amount of the negative pressure differential could cause a crack propagation
initiated at the center when we used a less adhesive FAM (effective work of adhesion and
adhesion stress of 3.1 J - m~2 and 56 kPa, respectively). The results in Figure , ,
and show that our soft adhesion system is able to manipulate crack initiation by
changing the load distribution over a large area with the controlled pressure differential, as

theoretically expected in our analysis shown in Figure 4.8

Direct comparison of the pull-off force between the soft and rigid adhesion systems cannot

be made, as the FAMs on two systems have different effective works of adhesion. In order
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to compare the performance of the rigid and soft systems with respect to load sharing, we
employ the adhesion efficiency (e,4), which is defined as the percentage of the adhesion
stress of an adhesive system normalized by that of the micro-fiber array on the FAM. If a
load is equally shared over the entire interface until detachment, the adhesive system will
reach the maximum adhesion stress of the micro-fiber arrays (i.e., e, = 100%). The rigid
adhesion system could achieve only 6.6% of the maximum adhesion efficiency on the flat
glass surface under a negative pressure differential. If no air is removed from the chamber,
then the efficiency drops down to 1.8% on a 60 mm diameter glass and the interface
readily fails. The soft adhesion system, on the other hand, can utilize up to 19.5% adhesion
efficiency on the flat glass. The system is even more effective for small and highly curved
geometries where a full contact is not established. The maximum adhesion efficiency was
approximately 25.7% on a 15 mm diameter glass, which is 14 times larger than the rigid

adhesion system efficiency without the pressure control on non-planar surfaces.

More detailed information on the characterization results of the rigid and soft adhesion
systems are presented in Tables {.4] and 4.5] respectively. The maximum pull-off force
(Foft|lmax) 1s the highest value on a given geometry on different initial pressures, while
the minimum pull-off force (Fig|min) is the lowest pull-off force among measurements.
The contact area (A.) of the soft system is visually evaluated from the top-side through
the transparent chamber. The contact area of the rigid system on non-planar geometries
could not be visualized neither from the top nor the side. Therefore, the contact area on
large objects, such as 60 mm of d; glass sphere and flat glass are assumed to have the full
contact of 1.7 cm? with the effective contact radius . = 7.3 mm. Note that the adhesion
efficiency (e,4) of the soft system on the rubber film is not available, since the adhesion
stress (0,q) of the FAM we tested is only valid on the interface between the PDMS-made

fiber and glass substrate.

In Figure d.1] the reversible load sharing mechanism of the soft adhesion system is demon-
strated as a soft adhesive pick-and-place gripper, enabling manipulation of various objects
with complex 3D and deformable geometries. Our soft adhesion system could conform

to a convex (Figure [4.1b) or a concave curvature (Figure 4.1Ifc), and provide a sufficiently



CHAPTER 4: Load Distribution Control of the FAM on 3D Surfaces 86

high payload to support over 300 grams with 2.5 cm? of contact area (Figure ). In
Figure4.1d, the soft system can increase the adhesion on a highly curved geometry smaller
than the FAM and lift up a weight as much as it could with the full contact in Figure @.Tp
and . Tc. Unlike geckos biological foot-hairs, synthetic micro-fibers are highly sensitive to
surface roughness [65], requiring very smooth surfaces like glass for high adhesion. How-
ever, the soft system can enhance the weak adhesion of the micro-fibers on slightly rough
surfaces such as cherry tomatoes (Figure d.Tk). The soft adhesion system is also successful
for handling soft and deformable surfaces, which would not be possible for controllable ad-
hesion mechanisms based on stiffness-tunable materials [[73,74]. As shown in Figure ,
the soft system remains in contact even when the object is deformed and effectively pre-

serves the adhesive attachment during manipulation.

Table 4.4: Characterization results of the rigid adhesion system

Parameters dy 15mm d, 30 mm d, 60 mm Flat Glass
Ape [em?] N/A N/A 1.7 1.7
Highest AP,, AP,|, [kPa] 2.0 2.7 1.6 1.6
Lowest AP,, AP, [kPa] -0.7 -4.1 -3.2 -2.9
Min. Fyg, Fofe|min [N] 0.13 0.12 0.30 0.52
Max. Fygr, Fott|max [N] 0.15 0.62 0.88 1.12
Fott|max / Foft | min 1.2 5.0 3.0 2.2
Min. 0,4, Gag|min [kPa] N/A N/A 1.2 2.0
Max. 0u4, 0ad|max [kPa] N/A N/A 3.5 44
Min. €,4, €ad|min [%] N/A N/A 1.8 3.1
Max. €u4, €ad|max [%] N/A N/A 5.2 6.6

4.6 Discussion

An ideally scaled up macroscale adhesion system would have no loss in adhesive force
compared to their micro-scale counterparts. Equal load sharing plays a critical role in
approaching ideal bonding conditions and maximizing load capacity over a prescribed
contact area (A.) [63]. Geckos have been used as a benchmark to judge the scaling

efficiency of man-made adhesion systems [22, [72]. While shear stress (o) of the geckos
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Table 4.5: Characterization results of the soft adhesion system

Parameters dy 15mm dp 30mm d, 60 mm Flat Glass Rubber Film
Ape [em?] 0.6 1.5 2.5 2.5 2.5
Highest AP,, AP,|, [kPa] 1.5 0.6 3.6 1.7 0.3
Lowest AP,, AP,|, [kPa] -51.0 -50.7 -52.1 -51.7 -50.9
Min. Fyg, Fofe|min [N] 0.18 0.42 0.49 0.66 0.08
Max. Figt, Fost|max [N] 1.18 2.70 2.91 3.61 0.61
Fott|max / Fott|min 6.7 6.4 6.0 54 7.2
Min. 044, Tag|min [kPa] 2.8 2.8 1.9 2.6 0.3
Max. 0ag, Oad|max [KPa] 18.7 18.1 11.4 14.2 2.4
Min. e,4, €ad|min [%] 3.9 3.9 2.6 3.6 N/A
Max. €.4, €ad|max [%] 25.7 25.0 15.8 19.5 N/A

adhesion system, from bonding of a single seta to the attachment of two feet, has been

reported to follow a scaling power law oy oc A, *%

on a flat glass surface [104], no
conclusive estimate is available on the scaling law for pure normal adhesion stress (0.9),
as adhesion of the gecko is strongly coupled with friction. Labonte ef al. has recently
reported that the geckos scaling trend in adhesion coupled with shear forces is very similar
to its scaling in shear stress for a range from the seta to the animal level [105]. Therefore,
we took the scaling of the gecko in the shear direction as a standard to evaluate the scaling
performance of our adhesion system in the adhesion stress, assuming the gecko would

have similar scaling efficiencies in both lateral and normal directions.

The adhesion stresses of a single fiber, a micro-fiber array, and our soft adhesion system
on different sizes of spherical and flat glass substrates are plotted with the shear stress of
the gecko foot-hairs, as shown in Figure 4.16] Estimation of the adhesion stress of the
single fiber and the micro-fiber arrays with a small contact area are detailed in Figure 4.13]
and Table The scaling relation between the single fiber and the micro-fiber array,
which are fixed on a rigid backing, is estimated as a power law of 0,4 < A, *'? by the
least squares method, indicated as the green dashed line. This scaling relation provides a
theoretical upper limit of the scaling efficiency that an adhesion system with the fibrillar

adhesives could achieve at maximum.
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Unlike the case of single fiber and micro-fiber array on a rigid backing, the adhesion stress
of the compliant FAM on our soft load sharing system deviates from the linear trend of
the theoretical maximum due to a significant loss in fracture strength by introducing stress
concentration. The dashed red and blue lines in Figure show the scaling trends of
our soft system from the single fiber, micro-fiber array, and overall soft system calculated
by the least squares method. Without a negative pressure differential (the red line in
Figure , the stress concentration results in a poor scalability of o4 o A, %4 Under
a high negative pressure differential (the blue line in Figure 4.16)), on the other hand, our
soft load sharing system can minimize the stress concentration with the same compliant
membrane and improves the scaling efficiency by recovering it up to o,q o< A, °**, which

is slightly higher than that of the gecko on various flat and curved 3D surfaces.

Hawkes et al. developed a synthetic adhesion system [22] with the scaling efficiency re-
lated to o,q o A.~%°? for the shear stress on flat or slightly curved surfaces. Our soft
adhesion system is the first man-made adhesion system having geometry-insensitive load
sharing with an area scaling efficiency that is comparable to that of the natural geckos ad-
hesion system. Therefore, the concept of our soft adhesion system can provide significant
benefits in a broad range of adhesion applications requiring high adhesion on various sizes
of 3D surfaces. This includes transfer printing systems [25} 26, 277, 28]] and robotic manipu-
lators [29] capable of handling a wide range of sizes and curvatures of rigid and deformable
substrates as well as mobile robots that can climb on complex 3D surfaces, such as aircraft,

space shuttle, or pipe surfaces [30, 31} 32]].

4.7 Summary

We present a soft load sharing system that controls normal load distribution on 3D sur-
faces by exploiting the influence of internal pressure on interfacial load sharing. This soft
system architecture addresses the fundamental challenge of having high surface conforma-
bility while simultaneously maintaining high fracture strength. By utilizing a soft and

deformable body and controlling the negative pressure differential acting on the interface,
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the proposed system pushes the upper limit on the maximum adhesion-controlled grip-
ping strength that can be achieved on non-planar 3D geometries. Our equal load sharing
method represents a new paradigm for adhesion-based systems that outperform previous

micro-fibrillar adhesives in handling complex 3D and deformable objects and surfaces.
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Figure 4.9: Analysis and force measurements in the rigid adhesion system for different 3D geome-
tries. (a) A schematic of the rigid adhesion system being pulled off from a spherical substrate under
a negative pressure differential (AP,). Blue arrows indicate the direction of reaction force (F.).
(b) Calculated reaction force (F}.) profiles on a flat glass surface versus retraction distance (z,) for
various initial pressures (APF,). (c) Calculated pull-off force (Fyf) as a function of the diameter
(dp) of glass spheres for varying thicknesses (hg) (I), and Youngs moduli (£,,) (II). (d) Calculated
pull-off force (Fy¢) as a function of diameter (dp) of the glass sphere for varying works of adhesion
(waq) () and initial pressures (A P,) (II). In all of these plots, the default parameter values are hg =
0.2 mm, E,, =2.1 MPa, w,q =4.0J-m~2, and AP, = 0 kPa. (¢) Measured reaction force profiles on
a flat glass surface with respect to retraction, depending on different initial pressures. (f) Measured
pull-off forces on glass substrates with different curvatures depending on the initial pressures. Each
point indicates an average of 5 measurements, and error bars are 1 SD (standard deviation).
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Figure 4.10: Schematics of the analytical model for the rigid adhesion system with different bound-
ary conditions. (a) A schematic of the rigid adhesion system in contact bigger than a spherical
substrate. (b) A schematic of the contacting rigid adhesion system with a diameter that is smaller
than that of the spherical substrate. (c) A schematic of the rigid adhesion system being delami-
nated from a flat glass substrate under a negative pressure differential (A P). Green arrows show the
forces caused by the pressure differential acting on surface of the adhesion system, which can pull
the FAM into the rigid chamber and cause delamination of the membrane. (d) An inverted optical
microscope image of the FAM on the rigid adhesion system in contact with a flat glass substrate,
visualizing the contact interface. Dark areas indicate micro-fibers on the FAM in contact. The scale
bar is 500 um. (e) A schematic of the total volume (V') as a sum of the initial volume (Vj) and the
additional volume created by the truncated-cone shaped deformation of the FAM (1), subtracted
by the volume of the spherical substrate covered by the FAM (V). h. is the height of the spherical
cap (Vo).
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Figure 4.11: (a) Calculated reaction force (F}.) profiles on a flat glass surface with respect to retrac-
tion distance (z,), depending on effective contact radius (r.). Here, the difference in the effective
contact radius represents the difference in the initial contact area. (b) A magnified view for the
reaction force profile in the beginning of retraction when r, = 8.0 mm. Small numerical instabili-
ties can be observed in the beginning of retraction when r, = Ry. The first derivatives of the total
potential energy (IT) with respect to vertical displacement () and contact radius () are numerically
obtained using the forward (r. = Ry), centered (0 < r. < Rp), and backward (r. = 0) difference
approximations. Here, the vertical displacement and contact radius are discretized in 20,001 and
50,001 elements, respectively.
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Figure 4.13: Characterization of adhesion stress (ad) of a single micro-fiber on the FAM for the
soft adhesion system. (a) Visualization of the contact area of three micro-fibers for each samples

using the confocal laser microscope. Scale bar = 100 um. (b) Reaction force (Fr) profiles of three
micro-fibers for each sample.
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Figure 4.14: Characterization of the effective work of adhesion (w,q) and adhesion stress (0,q) of the
FAM for rigid and soft adhesion systems. (a) A reaction force (F.) profile of the FAM for the soft
system (I), in accordance with microscopic images on the interface (II). (b) A reaction force (F;.)
profile of the FAM for the rigid system (I), in accordance with microscopic images on the interface
(II). 1: preloading, 2: retracting, 3: exerting pull-off force, 4: detached. Scale bars indicate 1 mm.
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Figure 4.15: Characterization results of the soft adhesion system. (a) Measured reaction force (F;)
profiles on a flat glass surface with respect to retraction, depending on different initial pressures
(AP,). (b) Measured pull-off forces (Fyf) on various substrates depending on the initial pressures.
(c) Conversion ratio (0,q/AP,) on various substrates as a function of initial pressure. Each point
in (b) and (c) indicates an average of 5 measurements, and error bars are 1 SD. (d) Schematics of
the soft system being pulled off from the flat glass without a change in the internal pressure (5;) (I),
and under a high negative pressure differential (II). (e) Side-views of the soft system being pulled
off from the flat glass at 1.7 kPa of the initial pressure (I), and corresponding microscopic images
of the contact interface (IT). The estimated crack propagation speed is 1.5 m - s~1. (f) Side-views
of the soft system being pulled off from the flat glass at -52 kPa of the initial pressure (I), and
corresponding microscopic images of the contact interface (II). The estimated crack propagation
speed is 179 m - s~1. (g) Microscopic images of the contact interface of the soft system with a less
adhesive FAM being pulled off from the flat glass at -46 kPa of the initial pressure. Scales in (e-1I),
(f-II) and (g) indicate 1 mm. The moment at which the FAM is detached is set to be zero seconds (0
s).
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Figure 4.16: Scaling of the soft adhesion system compared to a flat micro-fiber array and biological
gecko adhesives. The scaling of gecko foot-hair adhesion is for shear stress (o) on a flat substrate,
while the other results in the soft system are for normal adhesion stress (g,q) on both 3D curved
(circles) and flat surfaces (rhombuses). Dashed lines are the least-squares trends in the adhesion
stress of a single fiber, the micro-fiber array, and the soft system measured on the both flat glass and
spheres with 15, 30, and 60 mm diameters with (blue) and without (red) a negative initial pressure.
The green line is the scaling from the single fiber to the micro-fiber array. Each data point indicates
an average of 5 experimental measurements.



Chapter 5
Conclusions and Outlook

This thesis work has investigated principles and knowledge on load distribution and its
control for gecko-inspired micro-fibrillar adhesive interfaces in multi-scale, and applied the
findings to develop a soft robotic gripper for grasping a wide range of complex non-planar
three-dimensional (3D) objects. By exploiting an emerging nano-fabrication techique, this
work could perform a series of systematical experiments to verify an existing theory for
the optimal tip-endings of mushroom-like fibrillar adhesives for the equal load sharing on
micro-contacts. Also, the micro-fiber adhesives were manufactured together with a soft
membrane backing, which improved the adhesion on various 3D surfaces by summing
up high fracture strengths of the mushroom-shaped micro-fibers. However, experiments
showed that softness of the membrane is at a high expense of 96% of reduction in the
membrane’s adhesion due to stress concentration, imposing an inherit dilemma of soft
adhesive interfaces between 3D conformability and high fracture strength. This work
proposed a soft robotic architecture which reversibly controls load distribution of the
membrane-backed micro-fiber array with a pneumatic pressure differential, enabling
enhanced and robust adhesion on various complex 3D geometries and deformable surfaces

without compromising its 3D conformability.

Detailed contributions of this thesis as well as future works are listed as follows:

97
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5.1 Contributions

e Shape Optimization of Micro-fibers for Equal Load Sharing: Mushroom-
shaped tip-endings with different tip-to-stalk ratios () and wedge angles (f) have
been fabricated using two-photon nano-lithography technique, and casted by two
polyurethane elastomers with different Young’s modulus. Force measurements
exhibited the maximal adhesion with § = 1.4,60 = 30° for soft polyurethane fibers
(ST-1060, BJB Enterprises Inc.) and § = 1.2, = 30° for rigid polyurethane
fibers (ST-1087, BJB Enterprises Inc.), respectively, showing approximate agree-

ments with theoretical expectation (5 = 1.1—1.2, 60 = 45°) in the previous work [43]].

Precisely defined micro-fibers by the two-photon nano-lithography enabled sys-
tematical investigation on the load distribution of various shapes of micro-fibers
depending on different values of $ and 6. For example, A higher 3 results in a
smaller slope on force-displacement curve, requring a longer retraction for pull-off.
Moreover, experiments suggested that stiffness of the micro-fibers has significant
impacts on the load distribution on the contact interface; while the soft micro-
fibers showed relatively similar pull-off forces for different tip-endings, the rigid
micro-fibers exhibited very narrow window in § and 6 for the maximal adhesion

approximately 1.9 times higher than the soft fibers.

For the soft fibers, difference in the pull-off force between the optimal and non-
optimal tip-endings was 2.1 times, while the rigid fibers was over 12 times. Also,
discrepancies in between the theorerical expectations and experimental results
showed that a tiny deviation in the optimal tip-endings with nano-scale rounding
edge can results in significant loss in the fracture strength. Combined with the
findings in the previous works that nano-scale contacts shows the maximum amount
of fracture strength insensitive to fiber geometries [41], this results support why the
biological geckos have been evolved in the hierarchical fibrillar foot-hairs made out

of rigid keratinous materials branched down to numerous number of nano-contacts.
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e Fibrillar Adhesives on a Membrane for Large-scale 3D Surface Grasping: For
the first time, the fibrillar adhesives on a membrane (FAM) has been fabricated
using two different polyurethane elastomers by intergrating the micro-fibers with
a soft membrane backing. The mushroom-shaped micro-fibrillar structures were
made out of a polyurethane (ST-1060, BJB Enterprises Inc.) with high work of
adhesion, while the soft and stretchable membrane backing was fabricated with
the other polyurethane (F-25, , BJB Enterprises Inc.), allowing a high stretch up
to 230% in area. With force measurements on flat glass, the FAM showed 10
times greater adhesion than an unstructured membrane due to the high fracture
strength of the mushroom-like micro-fibers enhanced by the equal load sharing.
Benefiting from high conformability of the soft membrane, the FAM also exhibited
the biggest payload for non-planar 3D surfaces among the tested specimens, capable
of supporting up to 35 grams of spherical objects, while the micro-fibers with a rigid
backing and the unstructured membrane could carry only up to 5 grams and 0.13

grams of spherical objects, respectively.

Experimental results in releasing force measurements showed that the FAM can
not only enhance the interfacial bond strength on non-planar surfaces, but also can
achieve high controllability in adhesion by exploiting membrane stretch during
inflation. Through transitioning of membrane configuration from planar to spherical
shape, the FAM could utilize stretch of the membrane to detach the micro-fibers
in contact, effectively reducing the pull-off force down to 2mN of single fiber-tip
adhesion. Peeling behavior through inflation allowed the FAM another degree of
freedom in controlling the adhesion for 3D surfaces, exhibiting a high switching
ratio up to 204, which is superior to previous works based on the peeling angle
control of the fibrillar structures (e.g., 39 [28], 10 [60], and 14.8 [611]).

Simple analytic models were developed to provide the design rules for estimating
picking and releasing performances of the FAM depending on various design

variables. For analyzing the picking performance, the FAM was assumed to be an
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unstructured Neo-Hookean solid with truncated-cone shape deformation. Reaction
force profiles during pull-off were calculated based on principle of the minimum
potential energy. The developed model exhibited qualitatively good agreements
with the experimental measurements, and showed a trade-off between high adhesion
and 3D conformability depending on the membrane’s thickness/stiffness. For
the releasing performance, the analysis showed that the pitch distance between
micro-fibers increases when a transition of the FAM configuration from a plane to a
spherical shape occurs via inflation, which can cause peeling of the micro-fibers in
contact reducing the contact area down to single fiber-tip. The model could provide
a rough estimation of stretch requirements to achieve the minimum single fiber

adhesion for the given adhesion strength of micro-fibers and pitch-size.

e Load Distribution Control of a Soft-backed Microfiber Array on 3D Surfaces:
This work proposed a soft load sharing system which addresses a challenge of
having high surface conformability while simultaneously maintaining high fracture
strength by exploiting the influence of internal pressure on interfacial load sharing.
Composed of a gecko-inspired elastomeric fibrillar adhesive on a membrane (FAM)
supported by a pressure-controlled deformable gripper body, the soft adhesion
system could utilize up to 26% of the maximum adhesion of the FAM under a
high negative pressure differential inside of the gripper body with respect to the
atmospheric pressure, which is 14 times higher than the adhering membrane without

load sharing on 3D surfaces.

The load distribution among micro-fibers was studied by modeling the axi-symmetric
array on the FAM with 2D plane-strain linear elasticity. Vertical stress within the
FAM when pulling it up from a flat substrate under various pressure conditions
was numerically calculated by simplifying the FAM as an incompressible Hookean
solid subjected to a vertical displacement corresponding to 5% of the membrane
thickness. Results showed that decreasing the pressure leads to a more uniform stress

distribution among the fibers, with the vertical stress at the center fiber approaching
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or even exceeding the stress at the edge, giving qualitative insights on how negative

pressure can be used to control the load distribution within the axisymmetric system.

Influence of internal air pressure on membrane adhesion to non-planar 3D geome-
tries was investigated by adapting our previous analysis based on the principle of
minimum potential energy for spherical substrates, which also enabled estimation of
the influence of various design parameters to identify conditions that lead to more
uniform load sharing control. Findings indicated that, unlike other design variables
(e.g., thickness or Youngs modulus), negative pressure differential could increase
the pull-off force for all spherical geometries, revealing that the pressure differential
can be an attractive controllable variable for adhesion tuning which can be easily
combined with other pre-existing pneumatic elements for actuating a soft robotic

system.

Equal load sharing plays a critical role in approaching an ideal adhesion system with
no adhesion loss in macro-scale compared to its micro-scale counterparts. Geckos
have been used as a benchmark to judge the scaling efficiency of man-made adhesion
systems with an area scalability in adhesion from bonding of a single seta to the

attachment of two feet of a power law o A0

on flat glass surface. Despite
the FAM is subjected to a poor scalability due to stress concentration, our soft
load sharing system could strongly suppress the stress concentration under a high
negative pressure differential, and exhibited a geometry-insensitive area scalability
up to 0,y X A, 7% in normal adhesion, which is comparable to that of the natural
geckos’ adhesion system, providing significant benefits in a broad range of robotic
applications including transfer printing systems, robotic manipulators, and mobile

robots.
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5.2 Future Works

e Shape Optimization of Micro-fibers for Equal Load Sharing: shape of tip-
endings on the load distribution at micro-contact interface showed a great influence
on the pull-off forces of the micro-fiber adhesives. Also, the effect became much sig-
nificant when the micro-fibers has made out of a stiffer elastomer. In combinations
with exploiting various smart materials, such as shape memory polymers (SMPs)
and liquid crystaline elastomers (LCEs) which can change their shapes by external
stimuli (e.g., light or heat), the above findings can be used for micro-manipulations

with controllable adhesion based on the shape change of the micro-fiber tip-ending.

All theories [43) 106, [107] and experiments [19, 40] related to the optimal shape
of micro-fibers for the maximal adhesion including this thesis work are based on
the static condition with extremely slow pull-off velocities down to 1 wm - s™1,
although significant influences of viscoelastic effects of the elastomeric micro-fibers
on pull-off forces have been reported [85] and applied for various pick-and-place
manipulations [27,108]]. Development of a new theoretical model being able to take
the pull-off velocity into account for the tip optimization as well as experimental
validation under dynamic conditions would lead to a chance of new adhesion control

mechanisms suitable for the micro-manipulations.

e Fibrillar Adhesives on a Membrane for Large-scale 3D Surface Grasping: for
systematic evaluations of the FAM’s adhesion performance on various 3D surfaces,
non-planar geometries have been limited to concave spheres with different radius of
curvatures. As a future work, adhesion of the FAM can also be measured on various
3D surface geometries, such as convex curves or saddle-shaped surfaces, and be
quantitatively compared to that of the unstructured membrane or micro-fibers on a

rigid backing.

The FAM of which an inherently non-sticky elastomer is structured into fibrillar
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adhesives provides a clear advantage of being able to be cleaned and re-used
repetitively for a long period of time. Various cleaning methods can be implemented
with the proposed gripper depending on different robotic applications for a long-term
use, ranging from a mobile robot for which the dry cleaning is suitable [90], to a

manipulator in factories where the wet cleaning can be found more useful [89].

Not only the cleaning methods, but also the influence of various environmental
parameters (e.g., humidity, temperature, and chemical exposure such as organic
solvents) on adhesion of the FAM has to be investigated quantitatively in order to
expand practical applications of the proposed gripping system under a wide range of

different circumstances.

¢ Load Distribution Control of a Soft-backed Microfiber Array on 3D Surfaces:
as this thesis work has mainly focused on a propose of soft load sharing system
which achieves both high interfacial fracture strength and 3D surface adaptability
simultaneously, optimization of structure and material of the system were not
attempted. For example, the soft and highly stretchable chamber made out of
Ecoflex® 00-50 ensured the system’s 3D conformability, while a large amount of
stretch under a high load caused shear peeling at the edge of contact. A composite
made out of a soft elastomer in combination with non-stretchable materials such as
fabric or paper would reduce the tensile stress acting on the body of soft chamber

during pull-off, which can lead to further improvements.

Also, there has not been an attempt to optimize the performance of our adhesion
system for releasing lightweight objects. In our previous work, we leveraged the
stretch of a membrane to peel the microfibers in contact, reducing the bonding
strength of the FAM down to the adhesion of a single fiber [29]. Combining the
proposed soft load-sharing mechanism with the stretchable FAM can provide high
load capacity and controllability in adhesion with a controlled pressure differential.
Although stiffness of PDMS with high Young’s modulus of 2 MPa helps fibers to
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avoid of lateral collapse [8]], its brittle nature causes mechanical instability when
combined with a membrane made out of stretchable materials such as the Ecoﬂex®.
A suitable combination of elastomers for micro-fibers and a membrane has to be

selected or engineered as a future work.

Although not suitable for deformable substrates, combination of stiffness tuning
with micro-fiber adhesives is still interesting and worthwhile to be investigated for
alternatives of the proposed soft load sharing system. Various stiffness tunable ma-
terials (e.g., liquid metals, SMPs, and LCEs) can be used for a backing substrate of
an array of micro-fiber adhesives enabling the control of interfacial load distribution
for vacuum environments, such as micro-fabrication tools and space applications.
In the atmospheric circumstances, granular jamming could also be an effective way
of changing backing stiffness with a fast response. As discussed in the section [T.4]
Brown et al. have reported that the jamming gripper is based on the mechanisms
of suction and mechanical interlocking, providing a high picking force for objects
smaller than 90% of the gripper size [54]. Even if the use of micro-fibers may
sacrifice a portion of picking force contributed by the suction, the jamming-based
adhesive gripping exploiting the combination of the mechanical interlocking and
fibrillar adhesion in exerting the picking force would allow the gripper to overcome

the aforementioned geometrical restrictions on the object’s shape and size.

Facing a long-lasting challenge of synthetic fibrillar adhesives for rough surfaces, the
proposed soft load sharing system has been found to be useful in effectively utilizing
the micro-fiber adhesives on slightly rough surfaces such as cherry tomatoes.
Pull-off force measurements on various roughnesses under a negative pressure
differential can be followed as a future work to quantitatively characterize the
influence of surface roughness on the performance of the soft load sharing system in
improving the adhesion, which can lead to a better design of the system suitable for

rough and irregular surfaces.
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In our analytic model for the FAM, the structured fibrillar surface has been ap-
proximated as a flat surface and the shape of deformation has been simplified as a
truncated-cone, even under a reduced internal chamber pressure. Taking the fibrillar
structures into account along with more realistic kinematics of the membrane
deformation would allow for a more quantitatively accurate predictive model. Such
a model represents a potential opportunity for future work. In particular, it could
lead to further insights into the contact mechanics of a soft and structured interface

and be used in optimized soft system designs for specific applications.
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