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ABSTRACT

Programmable materials for sensors, actuators and manipulators for

soft robotics applications

Ragesh Chellattoan

This thesis describes the concept of programmable materials with tunable physical

properties applicable to soft robots. We present these materials for three major

applications in soft robotics: sensing, actuation, and robotic manipulation.

The strain sensors recognize the internal stimuli in a soft robot, whereas the con-

ductors collect the sensors’ signals to the control part. In the first part, we want

to develop both stretchable strain sensors and conductors from a single material by

programming a nanowire network’s electrical property, which we achieve through Elec-

trical Welding (e-welding). We demonstrate the transformation of a Silver Nanowire

(AgNW)-polymer sponge from a strain sensor to a stretchable conductor through e-

welding. Using this method, we produced a soft hybrid e-skin having both a sensor

and conductor from a single material.

In the second part, we propose new active actuation solutions by obtaining quick,

tunable pressure inside a soft material that we achieve through a liquid-gas phase

transition of a stored liquid using an e�cient electrode. We discuss the significant

design variables to improve the performance and propose a new design for the elec-

trodes, for enhancing actuation speed. We propose using low voltage equipment to

trigger the phase transition to produce compact actuation technology for portable

applications. Using this method, we produced a portable soft gripper.

In the third and last part, we want to develop a simple robotic manipulation

technology using a single-chambered soft body instead of a multi-chambered system.
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We propose using on-demand sti↵ness change in soft material to control the shape

change of a single-chambered soft body. For this, we introduce a new concept of a

sti↵ness tunable hybrid fiber: a fiber with sti↵ and soft parts connected in a series.

We demonstrate a substantial change in membrane sti↵ness in the fiber through

locking/unlocking of the soft part of the fiber. We integrated these fibers into a

pneumatically operated single-chambered soft body to control its sti↵ness for on-

demand shape change.

If applied together, these three concepts could result in a fully printable, cheap,

light, and easily controllable new generation soft robots with augmented functionali-

ties.
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Chapter 1

Introduction

1.1 Vision

From the time of ancient civilizations, humans practiced co-living with animals, using

them to benefit their lives, mainly for food and clothes. Apart from using these

animals for food and clothing, they were also trained to perform heavy labor, which

made humans much more comfortable. Their service was mostly limited to areas

such as searching, hunting (using animals like dogs), or transportation of loads using

horses and cattle [1].

Modern man has attempted to build many tools with functionalities comparable

to those of animals. Eventually, the invention of new materials and mechanisms led to

the production of machines, which has replaced many manual operation methods [2, 3,

4]. In due course, the concept of self-operating machines, called automated machines,

came into the picture. These machines could perform many predetermined tasks and

operations without human aid [5]. Finally, the rise of electronics, telecommunications,

and computer technology has led to further modernization of these machines which

are capable of automatically performing highly complex actions and today are known

as robots [5].

Today, a robot is more than a machine producing a complex series of actions

automatically. They can mimic many animal features, perform human-like tasks,

understand our speech, and communicate back. Currently, robots are used for air,

land, sea, space, medicine, services, industrial applications, and across all scales,
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ranging from the molecular level to macro-level [6, 7, 8]. Their application varies

from highly sophisticated actives like space exploration [9] to human surgery [6].

Such robots are usually made of rigid plastic or metals, and capable to perform the

task gently and accurately.

But such autonomous machines are not often seen helping humans outside of

machine shops. With the increase in the aging population worldwide, it became

urgent to help the integration of these machines with the human being. We need

machines to replace human labor for elderly care, childcare, cooking, food packaging,

agricultural field work, and many other physical jobs. However, we have seen only

limited robots’ applications in our day-to-day activities in our homes and o�ces. The

typical examples are medical assistive robots or automated robots for floor cleaning

in the house, and these robots are way expensive and often operate slowly compared

to industrial robots. What is the factor that limits the application of these robots

in our homes and o�ces? Why are they very slow while working in our o�ces and

homes?

The shortest answer is “safety”and “adaptability”[10]. We do not feel very com-

fortable working near those moving parts made of purely rigid metal and plastic.

Compared to fast responding industrial robots, which operate in limited predefined

paths and space, the robots used in houses and o�ces often have to encounter un-

predictable environments. Not being able to adapt to these unpredictable objects,

even a small error in operation may lead to accidents [11]. Very high speed may

lead to heavy damage to the environment and for the robot itself. This is the reason

why it operates slowly. Even when it runs slowly, we feel uncomfortable approaching

these rigid machines because even a small inaccuracy in operation can potentially

hurt human beings. This fear response to avoiding the threat has been a bottleneck

in developing next-generation human-friendly robots. Until the robot becomes safe

enough to encounter any unpredictable environment and appear natural like an ani-
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mal’s body both by appearance and touch, it will remain uncomfortable for human

use forever. And another reason is the high cost. Hard robots, being unsafe, need

to develop a very sophisticated control mechanism to perform tasks accurately. As

the complexity increases, the price also increases for manufacturing, assembling, and

controlling [11].

To create a new class of cheap robots that can survive in any arbitrary environ-

ment, we need new approaches to building robots [12]. Many living organisms like

octopuses or earthworms are completely soft bodied animals. Even for vertebrates

(animals with skeletons), there are examples of body parts that are completely made

of soft tissues, such as the tongue and the elephant trunk. In these animals, the main

functional components such as actuators (muscle fibers), sensors (sensory receptor

cells), conductors (nerve fibers), and a central control unit (brain), which account for

the significant mass of their body, are made of soft tissues [10]. The idea of using soft

materials for building new generation robots has been emerging as a promising ap-

proach to push the boundaries of safety limitations during the operation in a natural

environment, including the human habitat. Soft robotics, a new topic in robotics, uses

soft and deformable materials; usually, rubber, to make a robotic structure that can

stretch and morph to any shape for safe interaction with its surroundings [11, 13, 14].

The deformable material can adapt to the shape of the object it encounters and thus

provide additional safety. These materials o↵er an easy fabrication opportunity using

additive manufacturing techniques at a relatively lower price [15].

Sensors, actuators, and manipulators are three critical functional parts in animals

(see Fig. 1.1) and robotics [14]. Sensors are essential to interact with the outside world

and to capture the deformation of a soft robot. Actuators (including power sources)

are motion providers, whereas a manipulator is necessary for producing programmable

shape change that are useful for performing various tasks.

In the past few years, there has been tremendous improvement in developing sen-
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Figure 1.1: Schematic diagram of a human arm showing a sensory system composed
of the sensory receptor (sensor) and sensory nerves (conductor), actuation/sti↵ness
control system, which is composed of a bundle of soft muscle fibers, and the manipu-
lator made of the endoskeleton. The elephant trunk is an example of a soft biological
manipulator that is entirely made of soft tissues.

sors, actuators, and manipulators using soft materials [16, 17, 18, 14, 19, 20]; however,

they also possess many limitations. There are growing interests in creating a new class

of soft materials with unique capabilities [12], mostly with tunable properties that

may mimic the functionalities of soft tissues in biological organisms.

The main functions of animal skin are protection, sensation, and regulation (ther-

mal, water). The skin of animals appears as a Three-Dimensional (3D) porous three-

layer structure (dermis, epidermis, hypodermis) with many sensory receptors and

sensory nerves [21]. The porosity helps for fluid transport; the sensory receptor helps

to interact with surroundings and helps in locomotion. The nerves act as a signal
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conductor, which carries sensory information to the brain (conductors). We believe

that it is vital for future robotic applications to develop soft functional skin that is

more like animal skin embedded with multiple functional parts. Soft, stretchable, 3D

porous hybrid skin with stretchable sensors and stretchable conductors as a single

unit has yet to be developed.

Equally important is to develop new actuation technology and a power source

that is portable and lightweight. Ideal actuation technology must be compact, quick

in response, and produce large deformation/transformation in a limited time. In ani-

mals, a bundle of muscle fibers acts as an actuator. The contraction of these fibers is

initiated by motor neurons using energy produced by mitochondria, the powerhouses

of the cells. The system is very compact and possesses a high power-to-size ratio com-

pared to most of the existing soft robotic actuation techniques. The proven concepts

of actuation techniques in soft robotics are based on compliant polymers actuated

by compressed fluids [22], magnetic [23] and electrical equipment [24], or a Shape

Memory Polymer (SMP) by using light, heat, and chemicals [25, 26, 27]. Fluidic

actuators are the most popular among them but need a bulky motor and compressor

[22]. Magnetic actuation requires a large set of machinery [23]. The di-electrical actu-

ator needs high voltage equipment (usually kilo Volt (kV)) [24]. SMP are promising

approach for producing a compact system but requires external stimuli, such as light,

chemicals or moisture and often produce low strain. A compact actuation technology

that can make large motion directly using a low voltage DC power source has yet to

be developed. An actuator, which is as powerful and compact as a biological muscular

system, still needs to emerge.

Another critical area that needs rapid development is the manipulation (on-

demand shape change) of the soft body. A manipulator base on a rigid body is a

highly developed sector and quite useful in many engineering applications. But there

are many limitations for such a rigid body system to use it in our home and o�ces;
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the primary concern is, of course, safety. Apart from safety, the ability to produce

complex motion depends on the number of rigid links used. The higher the number

of connections used, the higher the required motors and related joints needed, which

can make the system highly complicated to manufacture. On the other hand, there

are examples of biological manipulators such as elephant trunks and octopus’ arms

that can produce highly complex motion using simple techniques. Soft manipulators

based on stretchable rubber-like material are promising approaches to mimic such

complex motions of biological manipulators. The use of soft rubber-like materials

and 3D printing techniques will make the fabrication of these manipulators easier

and more cost-e↵ective.

The proven concepts of soft robotic manipulation are based on a pneumatically op-

erated multi-chambered soft body. But to get highly complex motion in a pneumatic

manipulator, the design should be modular, with each module having 3-4 chambers.

As the number of modules increases, the number of air tubes and the flow control

valves also be increases. Ultimately the system becomes more complex, which means

we will not be able to realize the full advantage of making manipulators out of soft

materials. We therefore need to make the system operation simpler. One way to do

this is to get rid of the multi-chamber system and eventually the modularity itself. In

many biological soft bodies such as earthworms and octopus’ arms, the manipulation

uses only a single-chambered soft body, but through tunable membrane sti↵ness of

skin (using muscle fibers) surrounding the chamber. To create a simple soft robotic

manipulation technology, we must develop a single-chambered soft body with tun-

able membrane sti↵ness. If we can control the membrane sti↵ness of such a soft body

directly using a low voltage Direct Current (DC) power source, the system will be

very compact and portable.

This thesis aims to explore the potential of programming the material properties

to be applicable for sensing, actuation, and manipulation in soft robotics. To do this,
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Figure 1.2: Various examples of soft animals and organs in animal kingdom with size
ranging from millimeter to meter. They have di↵erent functionalities and payload
capacity to survive in di↵erent ecosystems

we took inspiration from many impressive biological materials. First, we introduced

the concept of programming the electrical property of conductive nanomaterials to

fabricate a porous, 3D, hybrid soft skin with a sensor and conductor from the same

material. For actuation and manipulation, our interest is to obtain tunable physical

properties (pressure and sti↵ness) in soft materials to produce compact and straight-

forward technology. In this way, future soft robotic technologies based on materials

with tunable physical properties can be easier to fabricate and operate than conven-

tional approaches.

1.2 State-of-the-art

1.2.1 Soft matter for next-generation robots

The animal kingdom has been divided into two major groups: invertebrates and

vertebrates. Invertebrates lack rigid skeletons and are mostly made of soft tissues.
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Soft material allows them to manipulate their bodies into complex shapes and adapt

to di↵erent complex conditions. They are usually smaller in size ranging from a

millimeter to centimeters (e.g., a roundworm and octopus as shown in Fig. 1.2)

In contrast, a vertebrate’s body materials possess a range of mechanical prop-

erties, from highly sti↵ bone to soft tissues such as muscle fibers. However, even

in vertebrates, the rigid internal skeleton comprises only 11 to 15 % of total body

weight [10]. The rest are soft biological tissues (muscles, skin, internal organs, brain)

and fluids. Also, some vertebrates possess body parts that are entirely made of soft

muscle fibers, without any skeletal components. Examples are the tongue in most

animals and the proboscis (trunk) of an elephant (Fig. 1.2) [28].

Proboscis, a completely soft organ in elephants, brings fascinating functionality

[28] such as sensing the surrounding world, performing accurate tasks like picking up a

peanut, and powerful actuation to handle massive tree trunks. Through local sti↵ness

control of muscles, such a compliant biological material can impart high dexterity and

versatility for the manipulators compared to its rigid counterparts.

We believe that, in the future, humans and machines will be working side by side,

collaborating, and interacting with each other, but safety will be a primary concern.

So, the functional part of these collaborative robots will be inspired by biological

materials like soft tissues in animals and plants. The driving forces to invent new

soft materials for next-generation robots are inherent safety, complex functionality,

simplicity, and low fabrication cost. This thesis work focuses on developing functional

materials for three major applications in soft robotics, i.e., sensing, actuation, and

manipulation.

1.2.2 Soft material for sensing

Animal skin is a three-layer, porous, soft material incorporated with multiple compo-

nents such as receptors, a sensory nerve, sebaceous glands, sweat glands, and blood
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Figure 1.3: A schematic of piezoresistive strain sensor.

vessels [21]. It is highly sensitive with multiple receptors to sense various stimuli

such a temperature, force, pressure, pain, humidity, light, sound, and even chemi-

cals. These sensors help the brain to understand, learn, and then to interact with

the outside world. The animal skin, being a soft elastic material, can undergo large

deformation up to 25% [29]. Soft robots, being made out of stretchable rubbers,

demand similar sensors, which can also withstand considerable strain without any

failure [30, 31]. We need both stretchable conductors and various stretchable sensors

for robotic applications [16]. The sensors are equivalent to receptors cells, and the

conductors are equivalent to an animal’s sensory nerve that carries sensory informa-

tion from receptors to the brain to recognize the stimuli [32].

The soft bodies possess an infinite Degree of Freedom (DOF), which gives them the

unique capability to deform into di↵erent shapes. However, this makes it challenging

to track their body shape for performing a given task accurately. Therefore, apart

from sensing external stimuli (exteroception), a soft robot must perceive its own

shape (proprioception) to complete its mission [16]. Proprioception allows a robot

to perceive the location and movement of parts of the robots [33, 34]. The three

crucial pieces of information that need to be captured are the elongation, bending,

and twisting of the actuators. There are several approaches by which one can sense

the deformation in soft body, which include but are not limited to capacitive sensing
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[35, 36, 37, 38, 39], piezoresistive sensing [40, 41], liquid metal-based resistive sensing

[42, 43, 44], optical strain sensing [45, 46], and magnetic field-based sensing [47, 48,

49]. Among these, the most popular approach is piezoresistive strain sensing due to

its simplicity in fabrication.

Piezoresistive strain sensors measure the change in global resistance of a functional

part, with respect to change in dimension (length, width, thickness) due to an external

load [50, 16]. The performance of a strain sensor can be expressed by the gauge factor,

which is a change in the sample’s global resistivity with respect to global strain, as

shown in Fig. 1.3 [51]. Rubber-like polymers are a promising base material for

stretchable applications as most of them possess mechanical properties comparable

to biological materials [52]. Though these polymers are generally nonconductors

of electricity, we can make them electrically conductive using some conductive filler

materials (nanoparticles, nanowires, micro flakes, or conducting liquids). It is possible

to engineer the electrical and mechanical properties of such materials according to

the requirements for di↵erent applications, which is the main focus of this thesis.

The conductivity of such piezoresistive material depends on the concentration of

filler nanoparticles. For a given nanoparticle, higher amount of filler content, the

higher the conductivity will be. But, in a 3D structure, sti↵ness of the newly formed

composites can be very di↵erent from the parent stretchable polymer, when you

increase the filler content [16]. Excessive foreign filler particles can act as a potential

site for crack initiation under cyclic loading, leading to early rupture. One way to

eliminate these issues is to deposit nanomaterial on a Two-Dimensional (2D) surface

[53]. However, even on a 2D surface, the high density of nanomaterials can make

the conducting structure brittle, leading to crack formation. Even a small strain can

cause subsequent failure.

Improving the conductivity of a stretchable nanocomposite is essential, especially

while making a stretchable conductor, which is the primary carrier of information from
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sensors. Though there are many examples of demonstrated stretchable conductors,

they are not easy to integrate with soft robots. So, today, metallic wire, such as

copper wire, is used as a conductor to demonstrate soft robotic applications. Since

the metallic wire is a sti↵ material, integrating metallic wire with the soft body will

a↵ect its stretchability. Though we can obtain the stretchability for a sti↵ material

through structure design, it needs additional e↵ort to engineer it. Therefore, there

is a need for highly stretchable, highly conductive material for future soft robotic

application. The main criteria that need to be satisfied while fabricating a stretchable

conductor is the minimum change in the sample’s global resistance with respect to

tensile strain.

However, the idea of increasing conductive filler materials within a 3D stretchable

rubber is not a promising method for fabricating conductors. The relation between

conductivity and sti↵ness is inversely proportional concerning the filler’s volume frac-

tion material [16]. Also, a higher volume fraction of filler implies a large quantity

of nanomaterial, which is not cost-e↵ective. Therefore, it is essential to develop new

methods to fabricate a highly stretchable three-dimensional conductor with a lower

volume fraction of filler. The lower conductivity of nanocomposites is due to the junc-

tion resistance of small-sized nanoparticles. Nanomaterial with a high aspect ratio

can improve conductivity. However, it still has limitations, as producing nanomate-

rial with a very high aspect ratio, up to centimeter-scale is impossible. In this thesis,

we try to address this issue by using a novel method of programming the electronic

property of conducting nanomaterial by external stimuli. The junction resistance

among nanoparticles can be tuned by joining the junctions of a nanomaterial through

welding. Joining nanomaterial leads to a new path that can o↵er relative lower re-

sistance for the flow of electrons under an applied voltage. Such a sample with a

welded network will be more conductive than the pristine sample. We envision that a

future nanocomposite can behave either as a strain sensor or a stretchable conductor
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depending on how you program the matter material’s junctions. This programming

method will eventually open a new path for making hybrid soft robotic e-skin with

sensors and conductors side by side using a single material.

1.2.3 Soft material for actuation

The technological development of soft robots is still in its early stage in comparison

with hard robots. Most soft robots are in the form of actuators or functional devices

like lifters or grippers. Future robots are expected to perform more complex tasks

and will have close interaction with people. Soft robots made of stretchable/flexible

rubber, instead of metals or rigid plastics, are suitable for safe applications and have

been investigated for the past few years. The ability of stretchable materials to un-

dergo substantial deformation without failure make these materials ideal for many

adaptive morphological changes and new functionalities such as a foldable wing, de-

ployable robot [54, 55, 56]. Compared to the conventional hard robot based on a

rigid link mechanism, a soft robot’s functionality can be programmed through mate-

rials/architecture. Therefore, complex motion controlling units in rigid robots could

be eliminated. The design of many soft robots has been inspired either by biological

structures of octopuses, elephant trunks, starfish, and worms [57, 58] or from origami

designs [14, 59]. Usually, such complex motion paths of robots are programmed

through hardware design, i.e., architecture and chemistry of materials, so that it will

adopt the required shape to complete the function. Depending on the anisotropy

created in the architecture, it is often possible to obtain complex motions in these

soft robots.

Architecture can also play a vital role in the deformation of soft bodies. The cou-

pled e↵ect of materials and structures on distortion under stress has gained immense

popularity in recent years. Though such material architecture is usually designed at

micro scales, a desired useful macroscopic deformation can be obtained under external
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load by suitable design. The macroscopic deformation of this material architecture

can be generally identified and re-modified using computational approaches to get an

optimum design [60, 61]. Compared to continuum soft body, material architecture

at a small scale, like truss lattices, could be explored to control the e↵ective elastic

moduli of the materials at macroscopic scales [62]. An anisotropy in material sti↵ness

is useful to get a variety of deformation in soft materials under and external load. A

simple example of an instability-driven structure in flexible polymer metamaterials

is the one observed in the 2D arrangement of a square array of circular holes in a

2D elastomeric matrix. [63] as shown in Fig. 1.4. This material structure can be

considered as rigid blocks (grey block in Fig. 1.4 e) connected by a thin beam-like

structure (green lines in Fig. 1.4e). These beams can deflect under compressive loads

and trigger rotation of the rigid blocks, turning the circles into the ellipse. This can

bring a small rigid body rotation in the rigid block.

The pattern transformations triggered by instability in porous
structures have been found to be robust and only marginally
affected by small imperfections and edge effects [178]. However,

their emergence can be compromised in structures characterized
either by low levels of porosity or by multiple nucleation sites
[163,166,185]. By progressively reducing the porosity, a transition

Fig. 11 (a) Experimental images of an elastomeric structure comprising a triangular array of circular holes when compressed
horizontally (top), vertically (center), and equibiaxially (bottom). Three distinct buckling-induced patterns are formed. Adapted
from Ref. [174]. (b) Orthogonal side views (onto the y–z and x–z planes) for a cylindrical sample pattern with a square array of
circular holes at different levels of deformation. The structure was made watertight by a thin membrane that covered the inner
surface of the voids and was then loaded hydraulically. Adapted from Ref. [169]. (c) The Hoberman Twist-O is a commercial toy
which comprises a rigid network of struts connected by rotating hinges and can easily collapse into a ball having a fraction of
its original size. Adapted from Ref. [22]. (d) The Buckliball is inspired by this popular toy but translates the mechanism design
to the structure of an elastic spherical shell—which under pneumatic actuation undergoes buckling-induced folding, opening
avenues for a new class of active and reversible encapsulation systems. Adapted from Ref. [22].

Fig. 12 (a) Experimental snapshots during the swelling process for a square lattice made of plates sandwiched between two
thin and stiff layers. Buckling induces an effective negative swelling ratio in this structure. Reprinted with permission from Liu et
al. [165]. Copyright 2016 by John Wiley & Sons. (b) An instability is induced by capillary forces during evaporation of water from
a swollen hydrogel membrane with micron-sized holes in a square array. Scale bars: 10 lm. Reprinted with permission from Zhu
et al. [172]. Copyright 2012 by Royal Society of Chemistry (c) Slow variations in the current through several electromagnetic coils
embedded in a soft cellular elastomer induce visible strain and snap-through behavior. Reprinted with permission from Tipton et
al. [184]. Copyright 2012 by Royal Society of Chemistry.
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changes in temperature and electric signals. When excessive
deformation is applied, they may eventually become unstable.
Beyond the instability threshold, rapid and dramatic changes of
the structural geometry occur, and a careful design of the initial
architecture may lead to the formation of new and homogeneous
periodic patterns [159– 162]. Interestingly, it has been recently
shown that such dramatic geometric rearrangements induced by
instabilities can be exploited to rapidly tune the macroscopic
response and functionalities of the structures [22,34,163– 174].

The recent developments in the field have been enabled by the
convergence of advances in computational tools and experimental
techniques, which now make it possible to easily simulate and fab-
ricate structures of complex form. Experimentally, recent advances
in digital fabrication have enabled manufacturing of systems with
arbitrary shapes across length scales and made out of a wide ranges
of materials, facilitating the exploration of the design space [175].
On the computational side, to reduce the time and make sure the
behavior of the systems is not dominated by boundary effects, most
of the studies have focused on infinite periodic systems, considering
unit cells with appropriate boundary conditions. Despite the fact
that instabilities often alter the periodicity of the structure, buckling
can be still studied on the initial unit cell by investigating the propa-
gation of small-amplitude waves of arbitrary wavelength superim-
posed on a state of finite deformation [162,176– 179]. Specifically,
the onset of buckling corresponds to the first point along the loading
path for which a wave with vanishing natural frequency exists
(assuming that rigid-body modes are suppressed).

To conduct such analysis, the unit cell is first subjected to a
state of finite deformation u0. Then, the propagation of small-
amplitude elastic waves in the predeformed cell is investigated by
applying Bloch-type boundary conditions [68]

uðx; tÞ ¼ ûðxÞeiðk$x% xtÞ (38)

where ûðxÞ satisfies the periodicity of the underlying lattice and x
is the frequency. Moreover, k denotes the wave vector

k ¼ b1

m1
þ b2

m2
þ b3

m3
(39)

where mi (I ¼ 1, 2, 3) are the numbers of unit cells contained in a
full wavelength along the direction of the ith lattice vector, and bi

are the reciprocal primitive vectors defined as

b1 ¼ 2p
a2 ' a3

jjzjj2

b2 ¼ 2p
a3 ' a1

jjzjj2

b3 ¼ 2p
a1 ' a2

jjzjj2

(40)

ai being the lattice vectors spanning the unit cell and
z ¼ a1 $ ða1 ' a2Þ. Substitution of Eq. (38) into Eq. (10) leads to
the eigenvalue problem

½% C0
ijklkj þ i C0

ijkl;j)klû k % qx2 û i ¼ 0 (41)

to be solved over the continuous body X for different combina-
tions of m1, m2, and m3. An instability is detected at the lowest
value of applied deformation for which m1, m2, and m3 exist such
that the corresponding wave has vanishing frequency x.

One of the simplest examples of instability-driven pattern for-
mation in elastic metamaterials is that observed in a square array
of circular holes in a 2D elastomeric matrix. Bloch wave stability
calculations first showed that for such structure, a microscopic
bifurcation instability occurs before the macroscopic loss of ellip-
ticity, resulting in an antisymmetric bifurcation mode character-
ized by a pattern of alternating, mutually orthogonal ellipses [162]
(see Fig. 10(a )). These predictions have then been confirmed by
experiments [159,160] (see Fig. 10(b )). Note that this metamate-
rial can be seen as an array of rigid domains (gray squares in
Fig. 10(b )) connected by beamlike thin ligaments (green lines in
Fig. 10(b )). Each beam buckles into the energetically most
favored configuration—a half-sinusoid—and induces rotation of
the rigid domains, resulting in the formation of a pattern of mutu-
ally orthogonal ellipses.

Building on these initial results, a library of 2D
[21,174,180,181] and 3D [164] porous structures and structured
porous shells [22,169,182] in which buckling induces pattern
transformations has been identified (see Fig. 11). Moreover, while
in most of the cases mechanical loading is used to deform the
structures and trigger the instabilities, it has also been shown
that other stimuli including swelling [160,165– 168,183] (see
Fig. 12(a )), capillary pressure [172] (see Fig. 12(b )) and magnetic
fields [184] (see Fig. 12(c)) can result in instability-driven pattern
formation.

Fig. 10 (a) Macroscopic (continuous line) and microscopic (dashed line) onset-of-bifurcation surfaces in the principal macro-
scopic logarithmic strain space for a perfectly periodic neo-Hookean solid (characterized by a bulk to shear moduli ratio equal
to 9.8) with a square distribution of circular voids. The eigenmode of the microscopic bifurcation instability is shown on the
right. Reprinted with permission from Triantafyllidis et al. [162]. Copyright 2006 by ASME. (b) Experimental images of an elasto-
meric structure comprising a square array of circular holes for increasing values of the applied deformation. Note that after
instability, the lateral boundaries of the sample bend inward, a clear signature of negative Poisson’s ratio behavior. Adapted
from Ref. [180].
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Figure 1.4: (a) Experimental images of an elastic structure comprising a triangular
array of circular holes when compressed horizontally (top), vertically (center), and
equibiaxially (bottom) [64]. (b) Orthogonal side views (onto the yz and xz planes) for
a cylindrical sample pattern with a square array of circular holes at di↵erent levels of
deformation [65]. (c) The Hoberman Twist O is a commercial toy which comprises
a rigid network of struts connected by rotating hinges and can easily collapse into
a ball having a fraction of its original size [66]. (d) The Buckliball is inspired by
this popular toy but translates the mechanism design to the structure of an elastic
spherical shell, which under pneumatic actuation undergoes buckling induced folding
[66]. (e) Experimental images of an elastomeric structure comprising a square array
of circular holes for increasing values of the applied deformation [67].

Similarly, a class of 2D [63, 68, 69], 3D [70], porous structured shells [71, 72] has
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been reported in which buckling based structural transformations has been identified.

Though most of these reported deformations in structures were triggered by the in-

stabilities under compressive mechanical loading, other external stimuli like swelling

[73], capillary pressure [74] and magnetic fields [75] can also result in structural defor-

mation in polymer bodies. Such deformation triggered by buckling of small beam ele-

ments in microarchitecture elastic materials is both repeatable and reversible. These

distortions can give some new functionalities for soft bodies and be exploited for re-

peatable soft actuation. Such instabilities in material structures were used to design

a new class of materials, called metamaterials, having negative Poisson ratio [70], and

negative swelling ratio [73], structures switching between two configurations achiral

and chiral [76], soft actuators [60, 77, 78]and robots [79] (see Fig. 1.5). Though the

above mentioned elastic instabilities are based on compressive forces, deformation

under tensile force were also reported in the past [80, 81, 82, 83, 84, 85, 86].

6325wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CO
M

M
U
N

ICA
TIO

N

 The buckling actuator can be combined with both soft 
and hard components to perform useful functions.  Figure    3   
shows a soft gripper, which we made by combining a two-unit 

buckling actuator with tubing-sheathed steel wires. This 
gripper closes its “claw” upon defl ation, and reopens upon rein-
fl ation to atmospheric pressure (Figure  3 a, Supporting video: 
gripper.mp4). Figure  3 b shows that the buckling gripper can lift 
a piece of chalk (≈8.5 g, Supporting video: gripper_chalk.mp4). 
In frame 2, the gripper contacts the middle of the chalk; as it is 
lowered, it continues to close without additional control. This 
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 Figure 2.    Parallel actuation and stackability of the buckling structure. 
a) Schematics of buckling actuator with two actuation units. b) Buck-
ling actuator with two actuation units. c) Buckling actuator with 3 × 4 
actuation units. d) Using buckling actuators to realize parallel actuation. 
The square tiles are simultaneously moved in a concordant way by the 
3 × 4 buckling actuator to form the letter “H”. e) Stacking two buck-
ling actuators that rotate in the same direction. f) Stacking two buckling 
actuators that rotate in different directions. Scale bars are 1 cm.

 Figure 3.    A soft gripper made of a buckling actuator. a) Schematics of 
the buckling gripper. b) The claws of the gripper close upon defl ation of 
the buckling actuator. c) The buckling gripper picks up a piece of chalk. 
Scale bars are 1 cm.
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Soft Actuation of Structured Cylinders through
Auxetic Behavior**
By Arnaud Lazarus and Pedro M. Reis*

There has been a recent upsurge in the study of auxetic, or
negative Poisson’s ratio, materials that derive functionality
from mechanical instabilities of the underlying structure.[1–5]

One of the simplest auxetic designs comprises an elastomeric
slab patterned with an array of voids.[6,7] Under uniaxial
compression, the slender ligaments contiguous to the voids
buckle cooperatively, resulting in the shrinkage in the ortho-
gonal direction, and hence a negative Poisson’s ratio.[8–11] This
mechanism has also been implemented in patterned spherical
shells that can significantly reduce their volume under loading,
while remaining spherical.[12] We regard this self-folding
inducedbybucklingasaminimalmechanismforsoft actuation,
with a single radial degree of freedom.

Soft actuators, as opposed to those with rigid parts, have
been gaining prominence in robotics.[13,14] Their ability for
distributed deformation with many degrees of freedom
enhances flexibility, dexterity, and environmental adaptivi-
ty.[15,16] A variety of mechanisms have been explored for soft
actuation,[17] including: electro-active polymers,[18,19] electro-
or magneto-active fluids,[20–22] shape-memory alloys,[23,24]

inflatable architectures,[25–28] and granular jamming.[29,30]

Still, realizing soft structures with many degrees of freedom,
such as in the arms of an octopus,[16,18,31] remains challenging
given the large number of embedded activators required.[29]

Here, we introduce a novel design for soft mechanical
structures that exploit the auxetic behavior of cylindrical
shells that are patterned with an array of voids, to achieve
reversible flexural and twisting motion, as shown in Figure 1a

and b, respectively. Depressurizing our elastomeric structures
allows for reversible control of the resulting motion, on
demand. Below a critical pressure, there is cooperative local
buckling of the thin ligaments that neighbor the voids, which
themselves can be selectively plugged with inclusions. Avoid
with (or without) an inclusion is regarded as a mechanical
pixel, or mexel, that can be off (or on) to preclude (or enable)
local buckling. The underlying auxetic behavior causes a
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Fig. 1. Soft actuation of structured cylinders through auxetic behavior. (a) Flexural and
(b) twisting actuation of representative samples, at increasing values of the
dimensionless pumped volume, h. (c) Photograph of the experimental apparatus.
Inset: Geometric parameters of the sample and the elastomeric conical plugs (with
elliptical cross-section) used for the off (filled void) mechanical pixels, or mexels.
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 Actuators that operate based on negative pressure (vacuum) 
have been less explored than those using positive pressure, 
although they have two advantages: (i) they cannot burst (nor 
can they “implode,” as the actuation stops when the pneumatic 
chambers collapse to their minimum volume); (ii) their volume 
decreases on application of vacuum (which allows them to 
function better in cluttered or space-constrained environments 
than actuators using positive pressure). Jaeger and co-workers 
described an example of this type of actuator, in which applica-
tion of vacuum to an elastomeric bag fi lled with a granular solid 
caused jamming; this jamming increased the stiffness of the 
bag and its contents, and allowed gripping. [ 5 ]  

 Our research was stimulated by work of Boyce and co-
workers, who demonstrated regular structural deformations 
in periodic elastomeric cellular solids—slabs of elastomer con-
taining arrays of circular holes perpendicular to the slab—upon 
application of mechanical force in the plane of the slab. [ 34,35 ]  
Our structures are based on a different elastomeric structure 
that can be considered to comprise a number of interacting 
elastic beams and interconnected, deformable cavities sealed 
within a thin elastomeric membrane ( Figure    1  ). Application of 
vacuum to the cavities causes the ambient atmospheric pres-
sure to compress the device isotropically; this compression 
results in reversible, cooperative buckling of the beams, and 
in an anisotropic change in the shape of the structure. This 
design converts pressure–volume work (done by applying nega-
tive pressure) into mechanical work (here, for example, lifting 
a weight).  

 The pattern of beams (or, equivalently, the pattern of voids 
in the elastomeric slab) we use is partially inspired by the aux-
etic structure discovered by Travesset and co-workers—a net-
work of stiff levers that resembles the pattern of mortar in a 
brick wall. [ 36 ]  In one of our designs for VAMPs, the pattern con-
sists of long, thin (1.5 mm) horizontal beams, bridged by thick 
(4 mm) vertical beams (Figure  1 A and Figure S1 (Supporting 
Information) summarize details of fabrication; the Supporting 
Information also discusses how the behavior of the structure 
changes as the size of the features is increased and provides a 
modeling approach). When vacuum is applied to the structure, 
the horizontal beams buckle reversibly into serpentine shapes, 
and this buckling results in a large change in the vertical length 
of the structure (≈40%), but a much smaller change (≈5%) in 
its horizontal width (Figure  1 B–D and Movies S1 and S2 (Sup-
porting Information)). 

 We characterized two mechanical relationships for VAMPs 
(with dimension 34 mm × 28 mm × 46.5 mm) under quasi-
static conditions: those between (i) applied differential pressure 
and change in length with no load; and (ii) Young’s modulus of 

www.MaterialsViews.com
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 Figure 1.    Schematic description of VAMPs. A) A VAMP consists of an 
elastomeric structure of vertical beams, thinner horizontal beams, and 
connected air chambers. The device is actuated using a single external 
port and a source of vacuum. B) The vacuum allows ambient pressure to 
compress the structure, and thus to cause the thinner horizontal beams 
to buckle into serpentine shapes, which in turn causes the structure to 
compress anisotropically. C) Images of a VAMP made of Ecofl ex ( E  = 43 kPa) 

lifting a small weight (20 g) when actuated by applying a vacuum. The 
inside of the chamber membranes of this VAMP is colored with a black 
marker, such that the boundaries of the chambers are more visible in the 
actuated state. D) A VAMP of the same geometry as in (C), but made of 
Elastosil ( E  = 520 kPa) lifts a much higher weight (500 g). As Elastosil is 
not transparent, the chambers of this VAMP are not visible in the unactu-
ated state, but more visible in the actuated state as the membrane bends 
inward. Scale bars are 1 cm. See Movies S1 and S2 (Supporting Informa-
tion) for the videos. Figure S2 and Movie S3 (Supporting Information) 
demonstrate VAMPs with even higher strength.

a b c

Figure 1.5: (a) A soft gripper made of a buckling actuator [87]. (b) Soft actuation
of structured cylinders through auxetic behavior [65]. (c) Schematic description of
VAMPs. A VAMP consists of an elastomer structure of vertical beams, thinner
horizontal beams, and connected air chambers. The device is actuated using a single
external port and a source of vacuum [88].

Once a suitable architecture is developed using Computer Aided Design (CAD),

optimized using Finite Element Method (FEM), and fabricated 3D printing, the next

main concern is the power required for the actuation of the fabricated soft structure.

In animals, the muscle fiber is a critical soft actuator that converts energy into needed
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motion. Contraction of muscle fibers gives rise to a pulling force for the movements,

and when it relaxes, it goes back to its relaxed state. An action potential will be

generated at the neuromuscular junctions based on the brain signal via a nerve fiber

cell called a motor neuron. These compact neuromuscular systems can produce large

force and su�cient deformation for the body parts to perform the required tasks.

Today, most soft materials are powered by electroactive polymers [89, 90, 91],

shape-memory materials [92, 93, 94], magnetic material [23] or pressurized fluids.

Among them, dielectric electroactive polymers usually require high operating voltages

for actuation (>1kV) [89, 90, 91] and shape memory polymers, and alloys usually

produce low actuation strain (< 10%) [92, 93, 94]. Compared to other actuation

systems, elastic actuators based on pressurized fluids have been widely studied over

the recent years because of the ease of fabrication, low cost, fast response, and large

deformation. [22, 95, 59, 96, 97, 98, 17]. Usually, soft pressure chambers inside these

soft bodies are incorporated with some sti↵ elastomeric fibers or fabric, which is

helpful for producing asymmetric strain and some complex deformation under fluid

pressure. The level of deformation is controlled by tuning the pressure inside the

soft chamber. The pressure generator can be either pneumatic [99, 96] or hydraulic

[100, 101] depending on the fluid used. However, the need for bulky equipment

such as pumps, compressors, and motors to generate high fluid pressure, limit their

miniaturization [102, 103]. Some recent actuation studies based on combustion have

given some new opportunities to produce considerable actuation stress [104, 105] at

the compact size. Enough actuation stress can also be created through the liquid-

vapor phase change of fluid entrapped inside a cavity of a soft elastomer [106]. But

such expansion is usually ine�cient and uncontrollable, as it depends on the amount

of the fluid, the thickness of the pore membrane, and the liquid pore location. When

such low boiling fluid is mixed with liquid polymers like Eco flex, the random clouds of

the fluid cavity will be distributed at undesired locations and result in unwanted shape



34

change, which is not desirable [107]. To overcome this, the fluid cavity location must

be pre-designed at the required part of the soft bodies to get controllable actuation.

Additionally, to heat such a soft material made of soft rubber and liquid, an e�cient

3D and stretchable/flexible heating element operated using low voltage is required. If

not, the system will be heated slowly, and the actuation time will be greatly a↵ected.

To improve actuation speed in a thermo-fluidic actuator, we need a highly e�cient

3D heating element. Also, a new design is required to improve the speed of reverse

actuation. When activated using low voltage equipment, such a compact system

can produce large deformation in a limited time. Therefore, a thermo-fluidic system

embedded with an e�cient heating element can produce tunable pressure change

inside a soft body without using any motor or pump. We believe such a system will

be beneficial for future portable soft robotic applications.

1.2.4 Soft material for manipulation

One of the core challenges of soft robotics is the controllable manipulation of a soft

body [108]. The easiest way to manipulate a soft body is by using a multi-chamber

one; for this, multiple chambers are created within the soft body around a central

axis [19]. When compressed air is pumped in one of the sections, that particular

chamber will expand, resulting in the bending of the soft body. A long soft body can

be divided into a series of modules [20]. Each module has three or more chambers

inside; it is possible to manipulate such a modular soft body into di↵erent shapes by

controlling each module’s bending angle. The complexity of the manipulation depends

on the number of modules and the number of chamberers. One drawback of such a

system is the need for numerous tubes and valves to activate di↵erent chambers. A

higher number of chambers increases the complexity. We need to eliminate numerous

tubes and valves used in these pneumatic manipulators; for this, there is a need for

an alternative design. This is possible to achieve by using soft skins with tunable
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membrane sti↵ness. Today, researchers are looking for inspiration from nature to

understand how to tune the membrane sti↵ness in soft materials for shape change

applications.

Generally, sti↵ness indicates the resistance of a body against deformation. A soft

body o↵ers less resistance to deformation. The variable sti↵ness of the soft body

plays an essential role in shape change in soft animals. Tunable sti↵ness in a soft

body can also change the force transfers to the environment and change the payload

capacity while handling the objects [109]. On the other hand, in many soft-bodied

animals such as worms, dynamic shape change is achieved by controlling the body’s

membrane sti↵ness. To achieve similar functionality found in animals, soft actuators

used in soft robots need an on-demand change in membrane sti↵ness. It is worth

noting that the sti↵ness change in soft material can be tensile, bending, shear sti↵ness

or a combination of any of these. But for soft body manipulation, what we require is

a change in membrane (tensile) sti↵ness without increasing bending sti↵ness.

There are many approaches by which the sti↵ness of the soft body can be tuned

[109]. The proven concepts include, active-active technology (eg: fluidic-fluidic [110,

111], tendon-fluidic [108, 112]), active-passive technology, (eg: fluidic-braided sleeve

[113], Shape Memory Alloy (SMA)-braided sleeve [114], SMA-flexible layers, jamming

based (e.g. particle jamming, layer jamming, tubular jamming [115, 116, 117, 118]),

and ER & MR fluids [119, 120, 121]. However the technologies based on glass tran-

sition, shape memory materials (but mostly based on glass transition material itself)

[122, 123, 124], and low melting point metals and alloys [125, 126, 127] are the most

popular among them.

Today most of the studies on the sti↵ness change focus on the overall sti↵ness of

the soft body, which is useful for increasing the payload capacity of the soft robot.

But for manipulation, the required change in sti↵ness is membrane sti↵ness, not bend-

ing sti↵ness. Since soft robots rely on the flexibility of the material, any increase in
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bending sti↵ness is a hindrance for the manipulation. So, for optimum manipulation,

the soft body must tune the membrane sti↵ness, ranging from inextensible to stretch-

able, with a relatively minor change in bending sti↵ness. Another critical factor is the

compactness of the tunable sti↵ness system. In animals, the contraction of a muscle

fiber controls the sti↵ness of the skin and muscles. An action potential travels from

nerve to muscle fiber to initiate this contraction. This biological tunable sti↵ness

system is very compact. We also need to develop a compact tunable sti↵ness system

for soft robotic applications. It must be based on electrical potential using simple

electrical connections, preferably using low voltage equipment. The tunable sti↵ness

obtained directly by means of low input voltage can make the system compact and

ease the implementation of a control algorithm. But in a stretchable rubber-like ma-

terial, getting a large change in membrane sti↵ness using low voltage DC equipment

is not straight forward. Though there is considerable potential for such a material

in soft manipulation, only limited research has been conducted. In this thesis, we

try to address this issue by introducing a novel concept of ‘hybrid fiber’, a fiber fab-

ricated from soft and sti↵ material as a serial connection. A substantial change in

membrane sti↵ness was then attained by locking/unlocking the soft part using a low

voltage driven Phase Change Material (PCM). We envision that fabrication of such a

composite fiber with a huge change in membrane sti↵ness, but with the minor change

in bending sti↵ness, driven by a low voltage DC source, can be a simple and compact

technology to manipulate a single-chambered soft body into a di↵erent direction.

1.3 Problem statement, objectives, and contributions

1.3.1 Problem statement

First, as suggested by Daniela Rus et al. [14], for a soft robot to attain its full

potential, functional parts such as sensors, conductors, actuators, computers, power

sources, and communication devices must be incorporated into a soft material, re-
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sulting in smart soft materials. Soft robots need stretchable conductive materials

for both sensing and conducting signals. Conductive nanocomposites, made from a

stretchable polymer and a conductive filler, can be used as stretchable strain sensors

or conductors. But the development of these two functional parts demands exactly

the opposite nature of electronic behavior [16]. That is, for a stretchable strain sensor,

we need a high gauge factor, whereas, for a stretchable conductor, we need a very

low gauge factor. So, a di↵erent approach has been implemented to make stretch-

able conductors and sensors. Roger et al. made attempts to fabricate a 2D smart

skin with stretchable strain sensors and conductors using silicon rubber and Carbon

Nanotubes (CNT) [53], by increasing volume fraction of the CNT. But it was limited

only to 2D applications, that too at the expense of a significant quantity of nano-

materials. Is such an approach suitable to develop 3D skin? It isn’t easy to attain

good conductivity in a 3D stretchable polymer using nanofillers. Additionally, an

increase in volume fraction of nanofillers such as CNT, will lead to early mechanical

failure of the polymer when stretched. So, we need a new approach to fabricate 3D

smart e-skin with sensors and conductors and without increasing the filler concentra-

tion. We propose that both sensors and conductors can be fabricated from a single

material (without varying filler concentration), through programming the nanoma-

terial electrical properties via electrical welding (e-welding). The main advantage of

this method is a significantly lower concentration of nanomaterial that is needed for

the conductor-like behavior, resulting in a fabricated e-skin that will be cheap and

mechanically robust.

Second, most demonstrated fluidic actuators use a motor and compressor, as well

as a flow controlling valve for soft actuation. Is this bulky system good enough for

portable applications? We need new fluidic actuators without these intermediate

bulky supporting components, one that can operate directly using electrical energy.

We need a new compact pressure generation system that can produce on-demand
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tunable pressure inside the soft chamber itself. We propose that this is possible

through liquid-gaseous phase change of stored liquid inside the soft body, using a low

voltage equipment. But this method involves heating and cooling, and so the speed of

actuation will be a significant concern. However, through a suitable design approach,

we can get a multi-fold improvement in the actuation speed. Such a system will be

much more compact compared to classical fluidic actuators and will be suitable for

portable application.

Finally, most of the demonstrated soft manipulators are based on a multi-chambered

soft body that needs numerous tubes and valves, making it a mechanically complex

system. We need a simpler manipulation system based on a single-chambered soft

body. Manipulation of a single-chambered soft body is possible through programming

the membrane sti↵ness in a soft body, but it must be without any significant increase

in bending sti↵ness. Most of the demonstrated sti↵ness change in stretchable mate-

rials involves an increase in bending sti↵ness, which is a hindrance for manipulation.

We need new smart material with an on-demand change in membrane sti↵ness with-

out any significant increase in bending sti↵ness. For this, we propose a new concept

of ‘hybrid fiber’made of sti↵ and soft material, with a tunable membrane sti↵ness

property, which is good enough to manipulate a single-chambered soft body.

1.3.2 Objectives

The overall objective of this thesis is to develop soft materials with tunable phys-

ical properties (electrical resistivity, pressure, and sti↵ness) as functional materials

for sensors, actuators, and manipulators, for soft robotic applications. The specific

objectives are:
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Objective 1:

Here, the main objective is to develop a 3D hybrid e-skin with a stretchable strain

sensor and conductor using a single material by programming a nanowire networks’s

electrical property. For this, the following milestones have to be achieved.

• Fabricate a 3D, porous, conductive stretchable polymer sponge using silver

nanowires (AgNWs).

• Tune the electrical resistivity of AgNWs network through welding of their junc-

tions using low voltage equipment (e-welding).

• Program the sensor-like behavior of the AgNWs-polymer sponge into conductor-

like behavior by suppressing the gauge factor through e-welding.

• Achieve high electrical conductivity for an AgNWs-polymer sponge through

e-welding.

• Fabricate a sensor-conductor hybrid e-skin from a single material (without vary-

ing filler concentration) that may be applied as soft artificial skin in robots.

Objective 2:

Here, the main objective is to develop a portable soft actuation system producing a

significant transformation in a limited time using low voltage equipment. For this,

we propose to use liquid-vapor phase transition of a suitable liquid inside the soft

body using an e�cient electrode (heating element) and a proper design approach.

The following milestones have to be achieved in this work.

• Select a suitable working fluid for developing a compact and fast-responding

soft actuator.

• Design and fabricate a suitable soft structure for storing a su�cient amount of

working fluid for a significant bending transformation.
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• Develop an e�cient electrode with suitable mechanical and thermal properties

for enhancing the rate of liquid-gaseous phase transition.

• Design the flexible electrode with suitable electrical property for triggering the

liquid-gaseous phase transition using low-voltage equipment for a compact tech-

nology.

• Improve passive cooling using a suitable structure for the soft body, for enhanc-

ing the rate of reverse (gaseous-liquid) phase transition.

• Fabricate a portable soft gripper for packing applications.

Objective 3:

Here, the main objective is to develop a simple manipulation technology using a single-

chambered soft body instead of a multi-chambered system, using a new flexible hybrid

fiber with tunable membrane sti↵ness. For this, the following milestones have to be

achieved.

• Introduce the concept of hybrid fiber (a fiber with sti↵ and soft parts connected

in a series) for developing a fiber with tunable sti↵ness.

• Determine the volume fraction of the soft part of the hybrid fiber to manipulate

a soft body.

• Design and fabricate a mechanism to lock/unlock the soft part using low-voltage

equipment for a compact technology.

• Obtain a substantial change in membrane sti↵ness in the fiber, ranging from

extensible to in-extensible, by locking/unlocking the soft part and without in-

troducing any bending sti↵ness.

• Fabricate a single-chambered manipulator using the proposed hybrid fibers and

demonstrate the shape change through selective sti↵ness change in the fiber.



41

1.3.3 Contributions

This thesis focuses on developing functional parts for soft robots using tunable ma-

terial properties in soft materials. The significant technical contributions of this

thesis are: (1) an approach for fabricating a soft, hybrid e-skin with both a sensor

and conductor from a single material by programming the electrical property of a

nanomaterial, (2) an approach for developing a low-voltage driven, tunable pressure

system for a fast-responding compact soft actuator, and (3) an approach for devel-

oping a flexible fiber with tunable membrane sti↵ness, ranging from stretchable to

inextensible, using low voltage equipment for soft body manipulation.

The detailed contribution of this thesis work is listed as follows:

Programmable materials for stretchable hybrid e-skin for soft

robots

We contribute a novel technique to fabricate a 3D, porous, stretchable strain sensor

and conductor using a single material. The approach enabled the conversion of the

conductive polymer sponge to a hybrid e-skin with both functional parts (sensor and

conductor) side by side.

The specific contributions are as follows:

• We present the fabrication processes for 2D and 3D soft, porous, stretchable

conductive polymer sponges using AgNWs.

• We present the novel method of e-welding to reduce the contact resistance of

the AgNWs network in the conductive polymer.

• We present the concept of e-welding to control the gauge factor of a strain sensor

to convert it into a conductor.

• We demonstrate the fabrication of a porous hybrid e-skin, with stretchable
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strain sensors and conductors, using a single material (without varying filler

concentration).

Low voltage-driven, quick tunable pressure in soft material for

a compact actuation system in soft robots

We present a low voltage-driven, fast-responding, thermo-fluidic (liquid-vapor phase

transition) actuator that is compact and portable. A detailed analysis to obtain

a flexible and e�cient electrode for quick phase transition of working fluid is the

key to success. Such an actuator is useful for developing a soft gripper for portable

application in packing industries. The specific contributions are as follows:

• We present the fabrication of a soft thermo-fluidic (liquid-gaseous phase tran-

sition) actuation systems producing variable pressure.

• We demonstrate the large bending motion of a soft body in a short time using

a low-voltage equipment.

• We discuss critical design variables to improve the performance of the actuator.

• We propose an e�cient flexible electrode using microfibers of steel for rapid

liquid-gaseous phase change.

• We present the fabrication of a portable gripper using the proposed thermo-

fluidic actuators.

Tunable membrane sti↵ness in a stretchable fiber for pro-

grammable shape change in soft robots

Nature shows interesting examples of manipulation in soft animals using a single-

chambered soft body and programmable sti↵ness change in the skin. An example is

dynamic shape change in worms using muscle fibers in the skin. Inspired by muscle
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fibers in soft animals, we developed a novel concept of sti↵ness tunable hybrid fiber.

The specific contributions are as follows:

• We present a new concept of sti↵ness tunable, flexible hybrid fiber, a fiber with

sti↵ and soft parts connected in series.

• We propose that a substantial membrane sti↵ness shift is possible through lock-

ing/unlocking of the soft part of the fiber, without introducing any bending

sti↵ness.

• We demonstrate that the proposed hybrid fiber can cyclically produce more than

100⇥ membrane sti↵ness shift in a few seconds, using very low input power.

• We demonstrate a practical soft robotic manipulation application using a single-

chambered soft body and the proposed hybrid fibers through selective sti↵ness

change.

1.4 Thesis outline

Generally, this thesis work is structured as follows. First, in chapter 2, we introduce

the materials and methods used in our study. This chapter explains the significant

challenges that need to be solved to achieve our objectives. Further, we give the

methods that we used to address these challenges.

Chapter 3 explains programming the electrical property of a conductive polymer

sponge through e-welding for fabricating a stretchable hybrid e-skin with sensors

and conductors using a single material. We begin this chapter by presenting the

importance of stretchable strain sensors and conductors in soft robotics, followed

by a discussion regarding the design, materials, methods, and results, and finally

conclude the chapter with some critical remarks about the work.

Chapter 4 introduces the concept of the low voltage-driven, quick tunable pressure

in a soft material that may be used as a soft actuator in soft robots. We detail the



44

materials, the design approach for flexible electrode and the soft actuator, followed

by results, discussion and concluding remarks.

Next, in chapter 5, we describe the design and fabrication of sti↵ness tunable

hybrid fiber for sti↵ness tunable manipulation of a single-chambered soft body. This

chapter describes the analytical model for designing a hybrid fiber, the design of a

locking mechanism to control the sti↵ness, the critical results obtained, and finally

conclude the chapter with some key remarks.

We conclude the entire work of this thesis in Chapter 6. We give a detailed

summary of the thesis, list the significant contributions, give remarks about some of

the limitations we encountered, and discuss possible future expansion to our thesis

work.
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Chapter 2

Materials and methods

2.1 Materials

When we select a material for a soft robotic application, the critical property that

needs consideration is the material sti↵ness. Material having a sti↵ness that matches

the animal’s soft tissues will be ideal for fabricating functional parts(Fig. 2.1) in soft

robots. Today, stretchable polymers are widely used for prototyping active compo-

nents of soft robots. Inventors are introducing many new concepts such as materials

with micro-architecture and materials with tunable sti↵ness [128] to bring new func-

tionality for soft robots. It is possible to stretch even a sti↵ material by designing the

suitable architecture (e.g., origami, kirigami) in the material. However, an extremely

low sti↵ness obtained through such design can sometimes be a challenge for some

applications.

A wide variety of silicon rubber with di↵erent sti↵ness properties is commercially

Liquid 
metal 

Brain
tissue

Skin Silicon
Rubber

Cartilage Gold CNTMuscle

1 103 106 109 1012 Pa

Figure 2.1: A comparison of approximate elastic moduli of various commercial mate-
rials with respect to biological materials, including human skin.
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available. Some of these rubbers are highly stretchable (withstand strain >100%)

even under a small load [129]. Two commercially available silicone rubbers that

are commonly used in prototyping soft robots are Ecoflex and Polydimethylsiloxane

(PDMS). The sti↵ness property of these silicon rubber materials ranges from kilo

Pascal (kPa) to Mega Pascal (MPa), which nearly matches that of human skin, as

shown in Fig. 2.1. Low elastic modulus ensures required softness for the fabricated

part to interact with surroundings. Additional softness can be obtained by tailoring

the architecture of these materials [128]. For example, a porous soft rubber structure

will be softer and more stretchable than the solid one. Our thesis work made a porous

structure to fabricate a strain sensor to mimic porosity in animal skin structure;

interestingly, it also provided us additional softness and stretchability under a small

load. Other commercially available thermoplastic polymers such as polystyrene-block

polymer is also highly stretchable and useful for fabricating the functional parts.

Researchers have developed stretchable sensors, conductors, actuators, and ma-

nipulators using commercial silicon rubber. For sensors, both PDMS and Ecoflex

can be used depending on the required strain under an applied force, but for proto-

typing pneumatic soft actuators and manipulators, Ecoflex is much more commonly

used than PDMS. Because fluidic actuators need to undergo considerable deformation

when actuated; so, Ecoflex being a highly stretchable rubber (Modulus ⇡ 100kPa),

is more suitable for this kind of application than PDMS (Modulus ⇡ MPa) [130].

However, having higher sti↵ness, PDMS can sometimes be coupled with Ecoflex to

create sti↵ness asymmetry in the structure to produce various complex actuation.

The great advantage of this silicon rubber is that being a viscous liquid in an

uncured state, it is easy to cast into desired complex shapes of any size and thickness

using 3D printed molds. It can also be used for direct 3D printing and injection

molding process for prototyping functional parts of the robot. In this thesis work we

used polystyrene-block-polyisoprene-block-polystyrene for fabricating porous stretch-



47

able hybrid e-skin. For fabricating actuators and manipulators we used commercially

available silicon rubber named Ecoflex. Both of these polymers are highly stretchable

having sti↵ness property in the range of kPa to MPa.

2.2 Challenges

Silver Nanowires

Junction of two wires
where contact 

resistance can be high

Figure 2.2: SEM image of silver nanowires: the red circle indicates the junction
point to two wires, a potential site of elevated contact resistance. Loosely connected
junctions can have elevated contact resistance, making the sample less conductive
and leading to a high gauge factor.

• Programming the electrical property for developing stretchable sensors and con-

ductors using a single material:

Soft robots required electronically conductive materials for both sensing and

conducting signals. These materials should be stretchable, and so rigid ma-

terials such as metallic wires cannot be used for this purpose. Conductive



48

nanocomposites, made from a stretchable polymer and a conductive filler, can

be used as stretchable strain sensors or conductors, but the development of

these two functional parts demands exactly the opposite nature of electronic

behavior [16]. That is, for a stretchable strain sensor, we need a high gauge

factor, whereas, for a stretchable conductor, we need a very low gauge fac-

tor. For this reason, a di↵erent approach was implemented to make stretchable

conductors and sensors. In a piezoresistive nanocomposite, the gauge factor

depends on the density of filler material. Low gauge factor is obtained by using

small quantities of nanomaterials and vice versa. For the low gauge factor, we

need high percolation of filler materials to fabricate a 3D nanocomposite but

the cost per sample is high. The high density of filler materials also a↵ects its

mechanical strength. In this thesis, we focus on controlling the gauge factor

of a low percolated 3D polymer nanocomposite based on AgNW so that the

same material can be used either as a strain sensor or stretchable conductor

suitable for fabricating a hybrid robotic skin. The major challenge we need to

address is controlling the contact resistance between nanowires and the sam-

ple’s gauge factor. Fig. 2.2 shows the junction point of two wires, a potential

site of high contact resistance. Loosely connected junctions are one reason for

elevated contact resistance, making the sample less conductive and leading to

a high gauge factor. We need to have better-programmed junctions to control

the gauge factor.

• Low-voltage driven, quick tunable pressure change in a soft material for a com-

pact actuation technology:

An ideal actuator should produce a large transformation in a limited time. Past

research had demonstrated numerous methods for soft actuation [131], but all of

them have some significant limitations. The major challenges include achieving

small size and portability, extensive transformation with high payload capacity,
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quick response, ability to operate directly using electrical energy preferably

using a low voltage equipment, and minimum energy consumption. Out of many

demonstrated methods, fluidic actuator produces large deformation in limited

time and has high payload capacity. However, it cannot operate directly using

electrical energy; it needs an intermediate motor pump and flow controlling

valves, which make the system bulky and large. This thesis tries to eliminate

the intermediate components such as motors, pumps, and valves by developing a

pressure generating system within the soft body through the liquid-vapor phase

transition. To make such a system compact and portable, we need to operate

it using a low voltage equipment. Also, the phase change process requires both

heating and cooling, which is a relatively slow process. So the major challenges

are (1) to develop required vapor pressure within a soft actuator using a low

voltage equipment and (2) to speed up the phase change process in both forward

and reverse directions.

• Tunable membrane sti↵ness in soft fibers for soft robotic manipulation of a

single-chambered soft body:

A significant challenge for pneumatic manipulation is to obtain on-demand

shape changes using a single-chambered soft body. Today, most demonstrated

complex shape change is achieved using a modular multi-chambered system

that needs numerous airflow controlling tubes and valves [19]. This thesis tries

to design a sti↵ness tunable soft skin for shape change in the pneumatic soft

body to replace multi-chambered system with a single-chambered system. The

major challenge is to get a significant change in membrane sti↵ness in the soft

skin, ranging from in-extensible to stretchable, without introducing any signif-

icant bending sti↵ness because an increase of flexural rigidity of soft body will

make manipulation more di�cult. Many past studies indicate that getting a

significant change in membrane sti↵ness in soft stretchable materials like rubber
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without increasing bending sti↵ness is not straightforward. It is an unexplored

area for soft robotic applications.

2.3 Bio-inspiration

What is Bio-inspiration? Engineers seek inspiration from nature to mimic many

animals’ and plants’ functions, such as changing body shape, exerting force to sur-

roundings, and performing di↵erent tasks [132, 133]. In bio-inspiration, the goal of

design is not to mimic the mechanism by which the animals or plants execute these

functions, but to obtain similar functionality for the robots which did not previously

exist before in conventional robots.

Early inspiration to develop the robotic devices came from modeling the au-

tonomous poly-functionality of human body parts, mainly the arm, and their ability

to perform various tasks. Today, continuum hard robots can successfully mimic the

many functionalities of human arm and fingers for diverse applications. On the other

hand, the inspiration for many designs of soft robots is soft living organisms such as

animals lacking internal skeletons (worm, octopus etc. [134, 135, 132]) and the soft

part of plants such as tendril in creepers and climbers plants [133]. The demonstrated

application has shown the impressive new capability of robots, including but not lim-

ited to dexterity, softness, body compliance, highly complex manipulation, walking,

growing, climbing, and easy crawling. Most of these demonstrated applications have

been inspired by soft animals and plants. However, the practical use of these demon-

strated functionalities and applications is still far o↵. It needs more technological

revolution in energy consumption, size reduction, multi-material fabrication, sensing,

controlling, and much more. Our thesis work was also inspired by three biological

structures; they are (1) a stretchable, 3D, porous hybrid e-skin with sensors and con-

ductors was inspired by stretchable, 3D, porous, multi functional animal skin, (2)

an electrically driven, fast-responding, compact thermo-fluidic actuator based on the
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electro-thermal reaction which was inspired by the quick defensive bending (thig-

monastic) movement based on electro-chemical reaction, found in a well-known plant

named ‘Mimosa Pudica’, and (3) a flexible hybrid soft fiber with tunable membrane

sti↵ness for the manipulation of a single-chambered soft body, which was inspired by

sti↵ness tunable muscular fiber found in soft animals like earthworms.

2.4 Our methods

This thesis tries to address most of the challenges described in Section 2.2. In short,

(1) we used a new approach of e-welding of silver nanowires to control the gauge

factor for fabricating a stretchable hybrid skin with strain sensors and conductors,

(2) to get quick tunable pressure change within a soft body, we put forward a highly

e�cient flexible electrode based on steel microfibers, (3) for soft body manipulation

using a single-chamber, we used a novel concept of hybrid fiber with tunable sti↵ness

to control the deformation. An overview of this approach is given below.

2.4.1 Overview of our methods

• Programming material property for developing sensors and conductors using a

single material:

Stretchable strain sensors and electrical conductors are essential components

in soft robotics, artificial soft skins, and wearable electronics. Completely dif-

ferent approaches are implemented to design either stretchable strain sensors

or conductors. Our approach starts by understanding the fundamental cause

a↵ecting the gauge factor in a piezoresistive strain sensor. Stretchable polymers

are electrical insulators. Electrical conductivity can be achieved by incorporat-

ing conductive nanoparticles within the polymer. But the stretchability and

conductivity are not compatible, as the percolated network of nanomaterial will

be easily disrupted at large strains, making the network electrically insulated
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Figure 2.3: Schematic diagram showing the concept of hybrid skin with sensors and
conductors from a single material: the whole metallic nanowires-polymer compos-
ite can have elevated resistance and gauge factor due to loosely connected metallic
nanowires (AgNWs). Naturally, they behave as strain sensors, which is indicated by
red color. By selective programming of metallic wires’ junction resistance through
e-welding, some parts can be turned into a conductor (blue region). So, the same
material can behave as a conductor as well, leading to a hybrid e-skin.

again [16]. Our approach to maintaining electrical conductivity is by engineer-

ing the junctions of conductive nanoparticles. We used metallic nanowires as a

nanofiller due to their high electrical conductivity. The connections among the

particles play a significant role in the electrical energy transfers within the net-

work. Unlike the carbon-based nanoparticles, the junction resistance of metal

nanowires can be controlled by welding. Welding by joule heating at junctions

of nanowires with an electric voltage source (e-welding) is easy and econom-

ical. Through e-welding, the junction resistance can be e�ciently controlled

to transform material from a stretchable sensor to a conductor. When a poly-

meric material is made electrically conductive by introducing silver nanowires,

the sample’s strain-dependent global resistance is high due to the initial ele-

vated inter-particle junction resistance. So, it usually results in a sensor-like

behavior when stretched. However, by applying a small electrical current, the

localized joule heating enables the silver nanowires to weld together at their
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junctions, resulting in a stretchable conductor-like behavior. This method is

used to implement the concept of hybrid e-skin as shown in Fig. 2.3.

Heating

Liquid 
Vapor 

∆P ∆V

Cooling

R

I=V/R

V V

Heating 
element

Elastic
membrane Cavity

Figure 2.4: Schematic diagram showing the concept of tunable pressure change inside
a soft body. A cavity is designed inside a soft body to store an adequate amount of
working fluid. An e�cient heating element (electrode) can quickly change the phase
of liquid from liquid to vapor to develop the required actuation pressure.

• Low-voltage driven, quick tunable pressure in a soft body for a compact soft

actuation technology:

Soft actuators producing large deformation in a very short time (within seconds)

are based on pneumatic pressure; but they need bulky components like motors,

compressors, tubes and flow controlling valves. A soft actuator, based on a

liquid-gas phase transition (thermo-fluidic system), can produce large transfor-

mation if su�cient fluid is used for pressure generation. It can also be a compact

system as it can eliminate the bulky components like motors, compressors, tubes

and flow controlling valves used in a classical pneumatic system. The required

actuation pressure is obtained through the electrically triggered phase transi-

tion of a liquid in a specially designed cavity within the soft body. This idea

was actually inspired by the thigmonastic movements found in mimosa plants,
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which is simply a bending deformation is generated by a quick pressure change.

This pressure drop is initiated by an electrical impulse, making the actuation

system of pulvinus very compact. We propose an approach, in which a cavity

is designed within soft body to incorporate the su�cient amount of a fluid with

a low boiling point to generate the required actuation pressure when vaporized

using a voltage source (Fig. 2.4). The progressive transition from liquid to

vapor state, triggered by Joule heating of a flexible electrode (heating element),

ensures a su�cient transformation for soft body through a large volumetric ex-

pansion. For portable application, a major challenge needed to be addressed

is operating our system using a low-voltage DC equipment. For this we need

an optimum value of resistance. We pay special attention in the selection of

the heating element to improve speed of forward actuation. A porous electrode

fabricated from microfibers of steel ensures adequate electrical resistance such

that the generation of joule heat is optimized. To improve the speed of reverse

actuation, a soft structure with a corrugated chambered shape that facilitates

a large surface area along with thin membrane walls for chambers are opted

for better dissipation of heat to the atmosphere. In our approach the required

pressure can be generated with in a few seconds using a low voltage DC source,

and so, the whole system can remain compact.

• Tunable membrane sti↵ness in soft fibers for soft robotic manipulation of a

single-chambered soft body:

Programmable shape change in a soft pneumatic manipulator needs a modular

design with multi-chambers. Soft animals, such as earthworms and octopuses,

can change their body shape using a single-chambered soft body through sti↵-

ness change in the skin. For this, these animals use contraction and relaxation

of a fiber-like structure called muscle fibers. Inspired by this, our approach

for manipulation is also based on tunable sti↵ness change in a fiber-like struc-
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Figure 2.5: Schematic diagram showing the concept of hybrid fiber: a single fiber in
which a soft part is connected serially with a sti↵ part. The sti↵ness of this hybrid
fiber depends on the sti↵ness of the soft part. The sti↵ness of the soft part can be
controlled using a suitable locking mechanism.

ture integrated on a soft body. These fibers are freely movable inside a single-

chambered body, which can apparently act as additional skin for the soft body.

For sti↵ness tunable hybrid fibers, we used a novel concept of hybrid fiber, a

combination of soft (stretchable) and sti↵ (inextensible) parts in a single thread

as shown in Fig. 2.5. We added a small volume fraction of highly stretchable

fiber to an inextensible fiber enabled good stretchability for the hybrid fiber.

Introducing a locking mechanism, based on a phase change material (PCM),

within the stretchable part, helped to control the fiber membrane sti↵ness us-

ing a simple electrical connection. For manipulating a single-chambered body,

we integrated several fibers around the soft body. A considerable sti↵ness asym-

metry needed for bending is then created by selectively tuning the sti↵ness in

few fibers. Thus, our proposed method using the concept of hybrid fiber is

useful for sti↵ness tunable shape change in soft bodies.

2.4.2 Design, simulation, and additive manufacturing

Design, numerical simulation, and fabrication are the critical sequential steps involved

in developing a soft robot’s functional parts. The functional components, such as
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sensors, actuators, and manipulators, can be a single part or assembly of several

parts. The required part is first designed in CAD software. Then the mechanical

behavior such as deformation is analyzed in FEM software. Finally, the components

are fabricated, preferably using modern additive manufacturing techniques.

The electronic circuit design and other types of actuator designs are not within

the scope of this thesis, so we exclude them in this description. We mainly focus on

the mechanical design of fluidic actuators and manipulators. A variety of complex

actuation is possible in soft rubber-like materials using compressed fluids by designing

a suitable architecture, mainly as a cavity inside a soft polymer. This designed

architecture can give rise to a sti↵ness asymmetry for the structure, leading to the

desired shape change under an applied load. Various soft actuation has previously

been demonstrated, including bending, twisting, linear actuation, or combining these

three motions. It worth noting that, apart from designing architecture in the parent

material, researchers also use additional materials such as sti↵ fibers for creating

sti↵ness asymmetry in the soft structure. These sti↵ fibers usually play the role

of resisting the soft body’s deformation in a selected direction, which is useful for

various shape changes. Reinforcement using sti↵ fibers can also be used to increase

the payload capacity of the soft actuators.

Computer Aided Design (CAD) software such as Solid Works or Fusion 360 is

used to design the required architecture (Fig. 2.6). First, the proposed design is

segmented into small parts that are easy to extrude in the CAD software and then

assembled to get the soft body’s final structure. The final assembled soft structure is

exported from the CAD software in a suitable file format, compatible with numerical

simulation software. In this thesis work, we use fusion 360 as the design software to

create all the parts for numerical simulation and 3D printing.

Finite element analysis software can check the suitability of the proposed archi-

tecture for the desired output motion (Fig. 2.6). The file of assembled parts from



57

High 
stiffness

P=0

Inner 
chamber

Initial state State-1 State-2

P=50kPa P=50kPa

Stiffness-
tunable

skin

Elephant trunk 
inspired manipulator

Low
stiffness

High
stiffness

Low
stiffness

CAD design FEM analysis

Figure 2.6: Design and simulation of the soft actuator: an elephant trunk inspired
structure designed in fusion360. Using FEM software (Abaqus), the analysis shows
various actuation with di↵erent skin sti↵ness under applied pressure.

the CAD software is first exported to the finite element software. The required com-

ponents are assigned to have suitable material properties, depending upon the elastic

modulus we used to capture the material behavior. Hyperelastic material models,

such as Yeoh and Mooney Rivlin [130], with sti↵ness in the range of MPa, are used to

capture the non-linear elastic response of the soft rubber-like materials. On the other

hand, to capture the sti↵ behavior of certain parts, a linear elastic model with high

Young’s modulus (GPa) is used [136]. After assigning a suitable material property,

proper boundary conditions are applied, followed by appropriate meshing on the as-

sembled structure. The output motion is evaluated carefully. An optimization process

is implemented on the soft body’s structural design, if necessary, until a satisfactory

output motion at the desired actuation pressure is obtained.

The final stage is the fabrication of the soft actor with the final proposed design
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after FEM analysis. To take advantage of such architecture design and popularize

the manufacturing of soft robots, easy and precise production of such architecture at

a large scale must be possible. The actuator can be fabricated as a single part via

advanced additive manufacturing techniques (Fig. 2.7) or assembly of few components

using casted structures. But even for casting, the required mold is mostly fabricated

using a 3D printer as it gives great flexibility to make molds of complex parts using

design files exported from CAD software.

Figure 2.7: Design and 3D printing: the designed complex part in a CAD software
can be 3D printed in single printing to get complex-shapes. The figure shows an
example of a multi-material 3D printed parts in a single process.

The fast growth of 3D printing in the Additive Manufacturing (AM) sector has

accelerated the fabrication of complex micro and nanopolymer lattices [137]. However,

3D printing of such polymer lattices at nanometer to microscale is limited to only a
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few materials at present. With the aid of AM technologies such as Fused Deposition

Modeling (FDM), direct ink writing, selective laser melting, sintering, electron beam

melting, and stereo-lithography, it is now possible to fabricate polymer lattices with

sub-millimeter resolution. In the fused deposition modeling method, a heated thermo

plastic material is printed as a fused film, layer by layer, and then solidified at room

temperature. The common materials used are Polylactic Acid (PLA) and butadiene

styrene Butadiene Styrene (ABS). Due to the simplicity, low cost, minimal post-

processing, and ease of printing, the FDM has become a popular AM technique in

the last decade, but the major drawbacks are low resolution (500-1000 µm) and poor

surface finish [138, 139]. Like FDM, direct ink writing is also a layer-by-layer printing

Figure 2.8: (a) By UV-light exposure of a photo-monomer through a two-dimensional
mask, SPPW creates polymeric micro lattices (b) Large area PSL technique (c) DLW
processes focus a laser beam into a photo-monomer (d) Self-assembly, i.e., of block
copolymers like poly(4- fluorostyrene-block-D,L-lactide) (PFS-b-PLA), can create a
number of topologies such as gyroid lattices.

technique, in which a viscous ink is passed through a fine nozzle at a controlled flow

rate. It can be used to build both a 2D and 3D soft structure. These selections of

printable ink depend on viscosity, shear elastic modulus, and surface tension [138,
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139]. One drawback is the additional arrangements required for photopolymerization

or thermal curing to get the desired shape and finish. It also su↵ers from low resolution

(600-1000 µm). Self-Propagating Photopolymer Waveguides (SPPW) is another 3D

printing technique that is based on angled Ultra Violet (UV) light exposure technique

to prepare a polymer lattice [140, 141]. In this technique, a photo-monomer is exposed

to UV light through a mask with a definite pattern (Fig. 2.8a). Generally, in the

SPPW technique, the strut diameters can range from 10 µm to >1 mm, and relative

densities can range between 5% and 30%. The major advantage of SPPW compared

to other AM techniques is the higher speed and scalability. A polymer lattice of size

30 cm ⇥ 30 cm ⇥ 20 mm can be fabricated in 1 minute. A variety of resin systems

are possible to use with SPPW ranging from sti↵ [140] or viscoelastic polymers [142].

Projection micro-Stereo Lithography (PSL)) is another 3D printing technique for

polymer microstructure (Fig. 2.8b). For every single layer, a digital mask and a UV-

Light Emitting Diode (LED) array will project an image onto the photo monomer

bath’s liquid surface and trigger polymerization in the same shape of that image.

DLW is another 3D printing method which makes use of a laser beam to get 3D

printed parts from a photo-monomer. Self-assembly is also a useful technique to get

a number of complex topologies such as gyroid lattices (Fig. 2.8).

It is worth noting that, although a variety of AM techniques are available for such

microstructure fabrication in polymers, the freedom and the flexibility to integrate all

types of polymeric materials to such manufacturing techniques is still yet to be devel-

oped. Additionally, incorporating foreign materials such as liquids into the polymer

micropores remains a significant challenge during the printing process.
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Chapter 3

Programmable materials for stretchable hybrid e-skin for

soft robots

This chapter focuses on the design and fabrication of a 3D, porous, stretchable, con-

ductive nanocomposite using AgNWs, which can be used as both a strain sensor and

a conductor in the way we program the nanomaterials. In particular, we discuss the

role of contact resistance of the nanomaterial on the gauge factor of a piezoresistive

nanocomposite. This chapter explains the method to control contact resistance to

switch a strain sensor into a conductor. We also present the possibility to develop a

soft hybrid Electronic Skin (e-skin) with both sensors and conductors on model robots

using a single material. The work of this chapter was inspired by the 3D, porous,

stretchable hybrid skin found in animals, with many functional parts, including sen-

sory receptors and sensory nerves [21].

3.1 Overview

The increasing demand for innovative products in the sectors of robotics [18, 143],

wearable electronics [144, 145, 146, 147], and health care [148, 149], compels designers

to develop smarter materials capable of fulfilling very diverse functions ranging from

electronic conducting to sensing. Strain sensor is particularly important to detect the

deformation of skin of soft robots. Soft robots being made of highly stretchabel ma-

terial required stretchabel sensors and conductors for sensing application. Compared

to the rigid robotic instruments developed in past decades [150], the new stretchable
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and flexible materials are much more compatible with human interactions, and will

satisfy the need for stretchable and wearable materials [151] integrated into artificial

skin technologies [152]. Artificial skin should feature a soft surface, porous structure,

light weight [153, 154], and flexibility across large volumes to incorporate many sec-

ondary devices, such as sensors, actuators, power sources, etc. [131]. Polymers are

cheap, corrosion resistant, and easy to process and shape, making them preferred

materials for applications involving stretchable and flexible conductors and sensors

[155, 156, 157].

Though polymers are generally electrical insulators, su�cient electrical conductiv-

ity can be achieved by incorporating foreign filler nanoparticles [158, 159, 160]. How-

ever, conductivity and stretchability are usually not very compatible properties, as

the percolated network formed by conductive fillers can be disrupted at large strains,

making the polymers insulating again [161, 162]. Thus, preserving material conduc-

tivity at large strains remains a real challenge [163, 164, 165, 166]. One approach

to maintaining conductivity is to better engineer the junctions among the conduc-

tive particles. Indeed, metallic nanowires are highly conductive, both electrically

and thermally [167], making it interesting nanomaterial for electronic and thermal

applications. However, the junctions among the particles play a major role in both

the electrical [168] and thermal [169] energy transfers within the network. Unlike the

carbon-based nanoparticles, which are also often used for enhancing the electrical

properties of polymers, the junction resistance of metal nanowires can be controlled

by welding. Though several approach have been developed for welding AgNWs net-

work [168, 170, 171, 172], welding by joule heating with a electric voltage source

(e-welding) is straightforward and economical [168]. In this way, the resistance of the

junction can be e�ciently controlled to transform an electrically conductive material

from a stretchable sensor to a conductor. When polymeric sponge materials are made

conductive by introducing metallic nanowires, the elevated and strain-dependent re-
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sistance of the initial inter-particle junctions usually result in a sensor-like behavior.

However, when subjected to an electrical current, the localized joule heating of the

junctions enables the nanowires to weld together, resulting in a more conductor-like

response.

In this chapter, we exemplify this using a conductive polymer sponge doped with

a network of high-aspect-ratio silver nanowires (AgNWs). The AgNWs are incorpo-

rated into the inner walls of the porous sponge to create an electrically conductive

network. The piezoresistive response (measured by the gauge factor) of the con-

ductive sponge can be controlled either by altering the initial percolated network of

nanowires, or by progressive welding among the nano wires. In our experiments, the

gauge factor progressively decreased as the level of e-welding increased. The material

became progressively more conductive and less piezoresistive.

3.2 Outline of this chapter

In this chapter, we demonstrate the conversion of a stretchable sensor into a stretch-

able conductor by step by-step welding of the AgNWs inside a polymer sponge using

a DC-voltage source. In section 3.3, we explain the fabrication and morphologi-

cal characteristics of the soft, porous, stretchable, and conducting polymer sponge

containing weakly connected AgNWs. Section 3.4 explain the major results of our

study and also provide a detailed explanation. Particularly, we demonstrate that the

loosely connected AgNWs network inside the sponge has high volume resistivity (⇢),

depending on the degree of percolation. Poorly percolated AgNWs can slip one over

another under linear strain (50% elongation), to produce sensor-like behavior, which

is demonstrated by increase in the sample resistivity. We further depict the possibility

of reducing both the gauge factor and the absolute resistivity of the sample through

e-welding AgNWs using a DC-voltage source. We controlled the gauge factor of the

sensor via the applied voltage, and significantly reduced the resistivity of the sample
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until it switched into a conductor. The methodology of controlling the gauge factor is

useful for converting sensors into conductors. In section 3.4 we also demonstrate that

both conductors and sensors can be fabricated from the same material in a single pro-

cess, which is demonstrated by applying the polymer sponge as a soft artificial skin

on an action figure to model robotic applications (Section 3.4.2). Finally, we give sig-

nificant concluding remarks of our study on programmable material for hybrid e-skin

in section 3.5.

3.3 Materials and methods

1. Mix sodium chloride
and polymer 

solution 

3. Cure at room 
temperature

4. Wash sodium 
chloride in water

5. Final polymer 
sponge 

a)

b)

Synthesized polymer 
sponge 

2. Pour the mixture
to a glass petri dish 

Figure 3.1: Fabrication of polymer sponge. (a) Schematic of the polymer sponge
preparation. (b) The 8 mm thick stretchable, porous, and soft sponge.

Fabrication of polystyrene-block-polyisoprene-block-polystyrene sponges : A schematic

of the 3D, porous, polymer sponge preparation is show in Fig. 3.1 (a).
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In a typical experiment, Polystyrene-block-polyisoprene-block-polystyrene 18 gm,

(styrene 22 wt%, 432415 Sigma-Aldrich) was dissolved in dichloromethane 200 gm,

(ACS 99.5%, Alfa Aesar) using a magnetic stirrer at 500 rpm for 2 hours. Sodium

chloride 150 gm, (S3014, Sigma-Aldrich) added to the solution, which was then mixed

using a mechanical homogenizer (Schuett Biotec Homgen Plus) at 400 rpm for 15

minutes. This solution mixture was degassed under vacuum for 3 minutes and the

required amount is transferred to a round glass petri dish, which was mechanically

shaken (IKA KS 260 control) at 400 rpm for 20 minutes to thoroughly pack the

sodium chloride. The mixture was cured in a fume hood at room temperature for 24

hours, then washed in deionized water for 10 hours to remove all the sodium chloride.

The resulting sponge was washed in warm deionized water at 45oC for another 12

hours. The sponge was manually squeezed under cold water to remove any remaining

micro-particles of sodium chloride and dried for two days in the fume hood to obtain

the final sponge. We prepared samples of two di↵erent thicknesses, one with 2 mm

and one with 8 mm thickness.

Fabrication of AgNWs-polymer sponge:

The prepared polymer sponges were cut into rectangular strips (80 mm ⇥ 20

mm), making it suitable for tensile testing (Fig. 3.2a. Colloidal silver paste (Electron

Microscopy Sciences) and a conductive silver epoxy kit are used to make the electrodes

(Fig. 3.2b). Conducting copper wires were attached to the silver epoxy paste to take

readings of the samples during stretching. Silver nanowire (AgNWs, purchased from

ACS material) water solution (0.02 wt%) was forced into the porous cavities of the

samples by manually squeezing till they were saturated, to make it conductive (Sample

is show in Fig. 3.2b,c). The Fig. 3.3 shows the two di↵erent sample with di↵erent

density of AgNWs. Density play key role in determining the resistivity and gauge

factor of the sample.

This coating process was repeated several times, and, after each coating, the sam-
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Figure 3.2: (a) Polymer sponges with two di↵erent thickness after cut into rectangular
strips. (b) fabricated sample before and (c) after stretching.

ples were dried completely to remove the water content. For both the 2 mm thick and

8 mm thick samples, we made two kinds of AgNWs coatings. One where the coating

process was repeated three times, which corresponded to a barely percolated network;

and one where the coating process was repeated five times and, which corresponded

to a more percolated. Then, both ends of the sample were mounted on rectangular

pieces of plastic using an epoxy gel (DEVCON), which helped to prevent damage

while performing the tensile test.

Fabrication of conductive soft artificial skin:
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Figure 3.3: SEM image of AgNW-polymer sponges: (a,b) stretchable polymer
sponges embedded with conductive AgNWs inside the pores with two di↵erent den-
sity of AgNWs coating. The diameter of the AgNWs in the image is approximately
80nm.

The prepared mixture of polystyrene-block-polyisoprene-block-polystyrene and

sodium chloride, mentioned above, was manually deposited directly on the leg of

model robot and cured at room temperature for one day. Then the robot leg was

washed in water to remove the sodium chloride grains as mentioned above, resulting

in a soft, porous, and stretchable polymer skin. Two small electrical AgNWs networks

were introduced over the porous skin, on the left and right sides of the knee joint,

by carefully squeezing the AgNWs water solution into a small area (Lavg⇥Wavg = 25

mm⇥ 15 mm) of the polymer pores and then drying in a fume hood. The process was

repeated three times, as in the previous step. The finally obtained e-skin is shown in
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10mm

Figure 3.4: Model robot (a) before after applying the (b) e-skin

Fig. 3.4

Characterization:

The average aspect ratio of the AgNWs and the diameter of the sponge pores were

determined using a scanning electron microscope (Zeiss Merlin). A micro CT image

of the polymer sponge was obtained using a SkyScan 1172 X-ray microtomograph

(Bruker Corporation, Aartselaar, Belgium) (Fig. 3.5). The voltage and current (I)

were set to 40 kV and 120 µA, respectively, with an exposure of 1185 ms per frame.
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Figure 3.5: Micro-CT reconstructions of the polymer sponge showing (a) in-plane
connectivity, and (b) vertical connectivity.

The specimen stage was rotated 180o by step increments of 0.05o over a period of

approximately 13 hours; a total of 3600 radio graphs were obtained at an average

rate of 8 frames per rotation step. The projection images were reconstructed using

the software NRecon 1.6.4.8 (SkyScan, Kontich, Belgium), and the resulting images at

a resolution of 2624 ⇥ 2768 (width ⇥ height) pixels were stacked into 3D images using

volume-rendering software (Avizo 9.2.0, FEI Company, Hillsboro, Oregon, USA) for
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analyses of porosity, connectivity, and co-ordination number of the pores using the

pore-network model.

Testing of polymer conductor :

The two-probe measuring method was used to determine the resistance of the

samples and convert it to volume resistivity. Keithley 4200-SCS Characterization

System was used to obtain the change in resistivity with respect to the welding

voltage under no strain condition. The two-probe measurement system (Keysight

digital multimeter) is used to track the change of resistance with respect to strain.

Cyclic stretchability of the sample was tested using an INSTRON 5944 machine (with

a load cell of 2 kN). The strain was defined as change in length (� L) of the sample,

which was monitored using the cross-head displacement, divided by its initial length

( L). The maximum strain was limited to 50% in this study. The strain rate during

the tensile test was 80 mm/minute. A DC voltage source (EXTECH 382280) was

used to apply voltage across the sample for the in-situ welding of the AgNWs during

the tensile test experiment.

3.4 Results and discussion

3.4.1 Structure of conductive polymer sponge

We prepared samples of two di↵erent thicknesses and two di↵erent coating densities

; the details are given in Table 3.1. A Silver colloidal paste was deposited at both

ends of the sample to serve as the electrodes for the voltage applied during e-welding

of the AgNWs network. Finally, both electrodes were insulated using an epoxy paste

to avoid any external contact during mechanical testing.

Fig. 3.6 (a-d) shows a scanning electron microscope (SEM) image and distribu-

tions of the length (L), diameter (d), and aspect ratio of the AgNWs used in this

study. The average length and diameter of the AgNWs were 100 µm and 50 nm,

respectively. This produced a relatively high aspect ratio of about 2000, which was
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Sample Name Sample Thickness - T ( mm) Number of AgNWs Coatings - C

T2C3 2 3
T2C5 2 5
T8C3 8 3
T8C5 8 5

Table 3.1: Sample thicknesses and number of coatings. “T” indicates the average
thicknesses of the sample in millimeters (mm) and “C” indicates the number of times
the AgNWs coating created on the sample.

2 mm Thick Sample 8 mm Thick Sample

a) c)b) g)
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d)c)

f)
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Figure 3.6: Morphology of AgNWs and polymer sponge: (a) SEM image of AgNWs
and the (b) length, (c) diameter, and (d) aspect ratio distributions measured from
100 AgNWs. (e) SEM image of the polymer sponge and (f) diameter distributions
of 100 pores. (g) Micro-CT reconstructions from di↵erent sections of the polymer
sponge.

very useful for achieving a reasonably conductive network at low concentrations. Net-

works constructed from long AgNWs (100 µm and above) can ensure slippage over
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large distances when they are stretched compared with networks of short AgNWs.

On other hand, nanowires with smaller diameters, e.g., 50 nm, can di↵use at low

welding voltages [173].

Figure 3.7: A micro-CT reconstructions analyzed using AVIZO software.

It is important to understand how the scale of these wires compares to the char-

acteristic dimensions of the porous polymer-sponge structure. An SEM image of the
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polymer sponge and the average pore-diameter distributions are shown in Fig. 3.6 (e,

f). The average diameter of the pore openings (determined using Zeiss SmartSEM),

was around 300 µm, larger than the maximum length of the AgNWs. Therefore, the

AgNWs in the water solution could flow easily through the pores. Extremely small

pore openings were neglected in this evaluation. In order to evaluate the physical

connectedness of the pores, we scanned both 2 mm and 8 mm thick samples, using

a micro-CT device and images are analyzed using AVIZO software. CT images from

di↵erent sections of a small portion of the 2 mm and 8 mm thick samples, are shown

in Fig. 3.6 (g). The average estimated porosities for the 2 mm and the 8 mm thick

samples were 84.2% and 84.8%, respectively. The pink color in the figure indicates

segregated pores, which accounted for only less than 1% of the total sponge volume.

Such segregated pores might be formed by small bubbles of air trapped inside the

liquid polymer during curing. The average coordination number (number of pores

connected to a single pore) was determined using AVIZO software, and was found to

be around 7 (Fig.3.7 ). These results indicate that the number of segregated pores

was negligible and the other pores were well connected. The highly porous, light-

weight sponge with continuous channels was very permeable for good water flow and

AgNWs deposition. Furthermore, we found no sign of residual sodium-chloride parti-

cles, which would have appeared as dense particles in the CT image, indicating that

the sodium-chloride particles were e�ciently washed out from the sponge.

3.4.2 Electrical properties of conductive polymer sponge

A schematic representation of a typical sample containing AgNWs is shown in Fig.

3.8 (a). The electrical conductivity of the AgNWs-polymer sponge depends on the

number of AgNWs deposited on the walls of the sponge pores which could be con-

trolled either by varying the AgNWs concentration in the water solution or by varying

the number of coatings applied to the sponge. In this study, we kept the AgNWs con-
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a)

b) c)

d) e)

Figure 3.8: (a) Schematic representation of a sample. (b,c) Change in resistivity of
four samples with number of coatings. SEM images of Polymer-AgNWs composites
with di↵erent coating cycles (d) C3 and (e) C5 type samples.

centration constant but tested two di↵erent coating thicknesses, either three coatings

(C3 samples) or five coatings (C5 samples) of the AgNWs solution. The variation of

electrical resistivity in the samples with respect to the number of coatings is shown in

Fig. 3.8 (b, c). For both the 2 mm and 8 mm thick samples, the electrical resistivity

decreased with increased coatings, starting from a few M⌦.mm to several k⌦.mm. An

abrupt reduction in resistivity was observed after the three coatings (C3 samples),

but then the trend slowed for the subsequent coatings (C5 samples). Fig. 3.8 (d, e)

shows the SEM images of C3 and C5 type samples. The density of AgNWs on C5
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T2C5b)

T8C5d)

T2C3a)

T8C3c)

Figure 3.9: Welding of AgNWs at four di↵erent voltages 1 V, 5 V, 10 V, and 15
V, for di↵erent samples, (a) T2C3, (b) T2C5, (c) T8C3, and (d) T8C5. Normalized
resistivity is ⇢welded/⇢initial.

type sample is relatively high compared to C3 type sample. The “C3” type samples

were expected to exhibit a large piezoresistivity as it is close to the percolation limit.

But, there are more redundant electrical contacts in the “C5” type samples which

had expected to exhibit less piezoresistivity.

We used joule heating and electro migration to weld the AgNWs, by passing

electrical current through the conducting network. Fig. 3.9 (a-d) shows the change

in resistivity (without applying any strain) of four di↵erent samples (T2C3, T2C5,

T8C3 and T8C5) after welding AgNWs at di↵erent voltages (1 V, 5 V, 10 V, 15 V)

for 30 seconds. At a particular voltage, the resistivity of the samples changed quickly

during the first few seconds, and then became saturated with time. This means that
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a) b)

c) d)

Figure 3.10: SEM image of AgNWs (a) before and (b,c,d) after welding.

more welding at a given voltage ceases to a↵ect the resistivity when performed for a

long period of time. In order to maintain the e�ciency of the welding, it is necessary

to increase the voltage to produce more heat at the AgNWs junctions. The change

of resistivity is notable in first two welding compared to last two welding, which

indicates that most of junctions are already welded that the performance can not

be further improved. When current had been applied to a sample for a long time

or the voltage was increased to more than 20 V, the sample’s electrical network was

sometimes destroyed by excessive heating, which was evidenced by a sudden hike

in the resistivity. Therefore, we limited the maximum applied voltage to 15 V and

experiment duration to 30 seconds. For both thicknesses, the volume resistivity of

the C3 samples were much higher than that of the C5 samples, evidencing that the

C3 and C5 samples were representative of the two di↵erent configurations, barely
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percolated and well percolated. The C3 samples displayed a large improvement in

their conductivity when subjected to e-welding. Indeed, just applying a 1 V electrical

load was enough to decrease the resistivity by 60% (for T2 samples) or 40% (for T8

samples). The C5 samples were less sensitive to e-welding and both the T2 and the

T8 samples achieved an approximately 40% improvement in conductivity under a

1 V electrical load. In all cases, changes in the electrical conductivity showed that

the conducting network and especially the junctions were strongly modified which is

important for tuning the piezoresistive response. From the normalized resistivity data

given in Fig. 3.9, we note that, after welding, the absolute resistivity (⇢o) decreased

to around 20% of the initial value. This reduction in resistivity is an important step

towards conductor-like behavior. The SEM image of the AgNWs both before and

after welding are shown in Fig. 3.10.

3.4.3 Conversion of a stretchable strain sensor into a stretch-

able conductor

Cyclic tensile tests with a maximum strain of 50% were performed to evaluate the

piezoresistive response of the conductive sponge. The resistivity of the samples in-

creased with the increase in strain which is a function of both the thickness of sample

and the number of coatings applied. The change in volume resistivity with respect

to its base value (�⇢/⇢0) is shown in Fig. 3.11. For samples with the same number

of AgNWs coatings, the 2 mm sample had a greater change in resistivity compared

to the 8 mm sample. For the same thickness, samples with more coatings (C5) had a

smaller change in resistivity compared to the C3 samples. This was expected because,

for the less-dense AgNWs networks, have fewer junctions, and any small modification

to a junction caused by strain will result in an observable change in the e↵ective con-

ductivity. Therefore, at a 50% strain, the highest change in resistivity was observed

in the T2C3 sample, which was more than 2.1 times of its base value (⇢o), and the
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a) b)

c) d)

T2C3 T2C5

T8C3 T8C5

Figure 3.11: Change in gauge factor with respect to welding voltage for di↵erent
samples (a) T2C3, (b) T2C5, (c) T8C3, (d) T8C5.

least change in resistivity was found in the T8C5 sample, which, at around 0.59, was

only 28% of the change observed in T2C3.

We performed in-situ welding of four samples (T2C3, T2C5, T8C3, and T8C5),

using four DC voltages 1 V, 5 V, 10 V, 15 V for 30 seconds. After welding, we

monitored the change in resistivity with increase in strain. Figure 3.11 shows the

change in resistivity with respect to its base value (�⇢/⇢0) before and after welding

during a cyclic (30 cycles) tensile test at 50% strain. Figure 3.11 (a) depicts the

reduction in �⇢/⇢0 with respect to strain and gauge factor, step by step, through

welding. In the T2C3 sample, a sudden decline in�⇢/⇢0 from 2.1 to 0.99 was observed

after welding for 30 seconds at 1 V. The absolute base value of resistivity (⇢o) is also
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decreased, from 27 k⌦.mm to 15 k⌦.mm, making the sample more conductive. With

5 V, the �⇢/⇢0 further decreased from 0.99 to 0.58. Further reductions in �⇢/⇢0 by

welding at 10 V and 15 V, 0.41 and 0.29, respectively, were small compared to first

two welding. The very small value of �⇢/⇢0 obtained after welding was complete is a

clear sign of switching from sensor-like behavior of polymer sponge to conductor-like

behavior. The normalized �⇢/⇢0 after welding (AW) compared to before welding

(BW) can be formulated as (�⇢/⇢0)AW/(�⇢/⇢)BW , and was around 14%. In other

words, welding was 86% e�cient in controlling the gauge factor of the T2C3 sample.

Furthermore, at the end of welding the absolute resistivity of the sample (⇢0) was

decreased from 27 k⌦.mm to 5.2 k⌦.mm. Fig. 3.12 shows the welded and unwelded

structure of AgNWs and the corresponding e↵ect on the gauge factor. In an unwelded

structure, the slippage between nanowire is possible, whereas in welded structure, the

newly formed joint put constraints for the slippage of silver nanowire.This image

clearly indicates that welding of nanowires controlled the gauge factor of the sensing

polymer sponge, and it is possible to convert a sensor-like behaviour into conductor-

like behaviour under large strain.

Fig. 3.11 (b) shows the e↵ect of welding on the gauge factor of the T2C5 sample.

Though the declining �⇢/⇢0 trend was still observed with respect to the di↵erent

welding voltages, the decline was smaller than the decline observed in T2C3, and

(�⇢/⇢0)AW/(�⇢/⇢)BW was comparatively high, around 20%. Therefore, we conclude

that the e�ciency of the welding decreased as more AgNWs networks were percolated.

A similar trend was observed in the T8C3 and T8C5 samples, as shown in Fig. 3.11

c-d. In the T8C5 sample, the �⇢/⇢0 with respect to strain was not changed much

by welding. The (�⇢/⇢0)AW/(�⇢/⇢)BW value is only 47.4% . However, the absolute

base value (⇢o) of all the samples decreased with each welding, i.e., the samples

continued to become more to the conductive. Globally, welding, sponge thickness, and

the number of nanowire coatings applied all a↵ected the piezoresistive gauge factor
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Welded AgNW

T8C3

Figure 3.12: SEM image showing the welded and unwelded structure of AgNWs, and
the e↵ect of constraints for the slippage on the gauge factor of the samples= T2C3.

conducting polymer sponge. However, only e-welding reduced the gauge factor to the

percolation threshold at very low nanowire concentrations. Compared to increasing

the filler concentration in a polymer to fabricate stretchable conductors, our proposed

method of e-welding low-density networks only a↵ects the mechanical properties of

the polymer to a minor extent and is very cost e↵ective.

3.4.4 Artificial e-skin application

We demonstrated the use of our soft, porous, stretchable polymer skin on an action

figure to model robotic applications (Fig. 3.13). We applied the skin by directly

depositing and curing the block-polymer sodium-chloride mixture over one leg of

the model, after which we washed it in water. The details are described in the

experimental section. Fig. 3.13 and (a) shows the hard and rigid model robot before

developing the soft polymer skin on the leg and Fig. 3.13 (b) shows the model after the

soft and stretchable polymer skin was applied to the right leg. Two separate networks
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were then carefully induced on each side of the model’s knee joint by introducing

AgNWs to the skin, (Fig. 3.13 (e), (f)). Fig. 3.14a shows the detailed figure of the

AgNWs network and measurement method. We ensured that the networks were not

electrically connected.

Figure 3.13: Cyclic bending test. (a) Action figure used to model robotic application.
(b) Soft and porous artificial skin applied to model leg. (c, e) Artificial skin on
left side of model knee with welded AgNWs acting as a stretchable conductor. and
(d, f) Artificial skin on right side of model knee with unwelded AgNWs acting as a
stretchable sensor.

The change in resistance (R) between the two electrical networks was monitored

during 350-second cyclic bending tests, where the leg of the model alternated from a

“straight” position (corresponding to bending angle ✓⇡0o) to a “bend” position (cor-

responding to bending angle ✓⇡90o). In the “straight” position (✓=0), corresponding

to zero strain, the polymer skin was not deformed. In the “bend” position, the skin

deformed locally around the knee joint; therefore, the resistance of AgNWs networks

varied significantly between the two positions, on both the left and right sides of the

leg, as shown in Fig. 3.13. Fig. 3.13 (c) shows the change in resistance (in k⌦)on the

left side, and Fig. 3.13 (d) shows the right side. During the initial test, the conduct-
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ing polymer sponge behaved like a sensor on both the left and right sides of the knee,

with a change in resistance of more than 1.5 (�R/R0) with respect to the base value.

Next, we welded the AgNWs embedded in the left side of the artificial skin using 15

V, while the right side remained unwelded. The bending test was repeated. After

welding, the behavior of sensor on the left side of the skin showed a remarkable change

in both R0 and �R as shown Fig. 3.13 (c). Welding not only reduced the absolute

value of the resistance of the network, but also suppressed the change in resistance,

converting the sensor-like behaviour of the skin on the left side to a conductor-like

behaviour. Thus artificial skin can act as a hybrid robotic skin with a stretchable

conductor on the left side and a stretchable sensor on the right 3.14b. Such custom

welding will be useful for developing customized sensor-conductor array.

3.5 Concluding remarks

In summary, we fabricated soft 2D (T2C3 and T2C5) and 3D (T8C3 and T8C5)

porous, stretchable conductive polymer sponges by incorporating high-aspect-ratio

silver nanowires into the pore walls. Such 3D, stretchable, porous polymers resemble

some characteristics of animal skin. Porosity would be helpful for the breathing

of air and humidity. Porosity also makes the polymer skin softer and increase the

stretchability of the fabricated sample. We demonstrated that such a low-density,

flexible, light-weight, and porous conducting material has potential applications as

the tissue sca↵old in soft robotics and wearable electronics. We further showed that

welding reduces the contact resistance of silver nanowires at their junctions, making

the network more conductive. Silver nanowires used in this study can easily be

welded and joined using low voltage equipment within a few seconds. The method of

e-welding is a clean method, which means Joule heating happens only at the junctions

of nanomaterials and does not a↵ect the rest of the nanowire network. Clean welding

is significant because if the welded structure has a defect, it may produce a crack while
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Figure 3.14: A detailed figure of the two AgNWs networks (left and right) on the
artificial skin.

stretching. An initial crack can quickly propagate under cyclic loading, leading to the

breakdown of the silver nanowire electrical network. Because of this, our proposed

method has an advantage over other techniques such as thermal welding and plasma

welding. We then showed that in such a porous polymer conducting material based

on silver nanowires, the sensor-like behavior is converted to conductor-like behavior

by joule heating of the silver nanowires using a DC-voltage source. In other words,

e-welding programs the nano material’s electrical property at its junctions, and a

completely new electrical behavior is obtained under an applied strain. It is worth
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noting that the gauge factor of such a sensor can be tuned either by varying the

filler concentration or by welding. We demonstrated that welding is much better

than varying the filler concentration, as it will have a limited e↵ect on the mechanical

properties and drastically reduce the number of nanoparticles needed for conductivity.

Our results indicate that both stretchable sensors and conductors can be made from

the same material by welding, thus generating hybrid materials in which some part is

conductive, and some part is strain-sensitive. Finally, we showed the application of

this method to fabricate hybrid e-skin for a model robot. The model robot’s skin has

a sensor and conductor fabricated from a single material obtained by programing the

material property. We believe such an approach of programming electrical properties

is the first step in fabricating next-generation hybrid e-skin with many functional

parts in a single soft material.
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Chapter 4

Low voltage-driven, quick tunable pressure in soft material

for a compact actuation system in soft robots

Although various actuation methods have been developed for soft robotics, a fluidic

actuator, particularly the pneumatic actuator [19] is the most popular because of its

large deformation, high energy density, and quick actuation rates. Fundamentally, a

fluidic actuator makes use of pressure change (tunable) inside a stretchable soft body.

However, classical fluidic actuators need bulky components like motors, pumps, com-

pressors, and valves to generate and control the actuation pressure. This chapter

provides an approach to develop a compact system for quick, tunable pressure change

inside a soft body. The tunable pressure is obtained by the liquid-gaseous phase

change of a stored fluid inside the soft body, using low voltage equipment. The main

objective of developing such a compact system is for portable soft robotic applica-

tions such as gripping. This chapter also discusses the critical factors that influence

such thermo-fluidic actuator speed and the suitable approach to improve speed. The

chapter details the design and fabrication of an e�cient 3D heating element for quick

pressure change, a thermo-fluidic soft actuator, and a portable soft gripper. Fi-

nally, we demonstrate the application of this tunable pressure system by developing

a portable soft gripper for handling food items.
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4.1 Overview

Soft actuator is an emerging technology using structures made of soft and flexible

materials [14, 13, 11, 17, 174]. Recent advances in soft actuators have made it possible

to develop complex functionalities that mimick the various motions of living creatures

such as walking [175], crawling [22, 176], climbing [177, 178] and gripping [179]. These

soft systems represent an elegant and cost-e↵ective way to perform these important

functions, compared with complex and expensive classical hard robots. The key

factor to consider, in the fabrication of soft actuators is the actuation mode. Current

actuators use di↵erent power systems, such as pneumatic, hydraulic [180], magnetic

[23, 181], electric [90, 182], and shape memory polymers [183, 184, 185, 86].

Complex and bulky !
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Figure 4.1: A schematic diagram of a classical fluidic actuator system. It contains
motors, pumps, and flow control units, making it bulky and complicated.

Existing technologies have some intrinsic limitations. For example, shape memory

polymers can only generate low strain (usually < 10%) [183, 86]; dielectric electroac-
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tive polymers usually require a large driving voltage (several kV) [90, 182]; magnetic

actuators need motors and a large set of machinery [23]. Fluidic actuators (based

on pneumatic or hydraulic energy) are considered to be the most promising, with

respect to producing a large motion in a short time. Yet, current fluidic actuators

still require pressure-generation systems (Fig. 4.1) that are bulky and di�cult to

miniaturize [14]. Moreover, they are challenging to design as they typically require

multiple valves or flow-controlling elements for pressurizing the chambers. An ideal

actuator is compact in size, simple to control, low-cost and able to generate a large

motion or transformation in a limited time.

Q =VI
Heating

Cooling

Q  = 0

Soft body
with cavity

Heating 
element

Voltage 
source

Liquid

Vapor

∆ P ≃ 0 
∆ P ≫ 0 

A compact thermo fluidic soft actuator

Voltage 
source

Figure 4.2: Schematic diagram of a compact thermo-fluidic actuation system. It
eliminates the pump and motor used in the classical fluidic actuation system.

We believe that the ability to build fluid pressure within a soft body, using an

inexpensive thermofluid system based on liquid-vapor phase transition may be used

to eliminate the need for bulky motors and compressors in classical fluidic actuation
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systems (Fig. 4.2). However, the technology for soft actuators based on liquid-

vapor transition is still in its infancy; certainly, it has not been optimized yet for its

application to high-performance systems. The existing proof of concepts are limited

to small membrane expansions or slow responding artificial muscles (usually actuated

in several minutes) with small deformation [186, 187, 107].

4.2 Outline of this chapter

In this chapter, we propose a new thermofluid actuation system producing a large

motion in a short time. The design of our actuator is inspired from the electrically-

induced pressure change in the chambers of the pulvinus of plants such as those

from the bean family, for example. Section 4.3 of this chapter explains the role of

bio-inspiration in designing a compact soft system for tunable pressure change. In

some plants, a quick bending motion is generated by the deformation of the pulv-

inus through pressure change [188, 189]. In our approach, a cavity is designed to

incorporate the adequate amount of a selected fluid to build the required pressure of

actuation when vaporized. The progressive change of this liquid to vapor, produced

by Joule heating, ensures that the deformation is su�cient through a large volumetric

expansion. Section 4.3 also explains the detailed working principle, materials selec-

tion, and the design approach to fabricate the proposed thermo-fluidic actuator. It

also explains the experiment set up that is used to study the performance of the

actuator.

To improve the time response of this new actuator, we pay special attention to

the design of the heating element, which is explained in section 4.4. We introduce a

rigorously-selected porous electrode with adequate electrical properties such that the

generation of heat is optimized. This is expected to improve the speed of actuation in

the forward direction, which is based on the active heating of the fluid. The reverse

motion, however, remains an issue, as the passive heat dissipation is often not as fast
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as the heating. To improve the reverse-motion speed, we adopt a structure with a

corrugated shape, thin membrane walls, and a large surface area that facilitates a bet-

ter dissipation of heat to the environment. Section 4.4 explains the significant results

regarding the speed of actuation of the actuator. Under section 4.4, we also demon-

strate that this technology can be used to design low-voltage driven robotic grips

that are fast-responding, self-sustained, powered with a simple electrical connection,

and able to execute basic functionality (gripping). This clearly paves a way to the

production of fast-responding modular robotic systems by simplifying drastically the

connections, compared with pneumatic-based systems. It also allows miniaturization,

allowing a weight and size-footprint reduction of the actuator. Finally, we give our

conclusive remarks about the chapter under section 4.5.

4.3 Materials and methods

4.3.1 Working principle

Our design principle is inspired by the quick defensive bending (thigmonastic) move-

ment in a well-known plant named ‘Mimosa Pudica’[190, 191] (see Fig. 4.3a, 4.3b,

& 4.3c). The thigmonastic movement of the petiole in this plant is generated by

an electro-chemical 3-step reaction: 1. input stimulus by touch, 2. transmission of

electrical signal to the cell walls of specialized motor organs, called the ‘pulvini’, 3.

biochemical, hydrodynamical and mechanical responses in the cells. The electrical

stimuli induces a rapid change in hydraulic pressure (turgor pressure) in small cavities

(within the cells) of the pulvinus through water transport produced by changes in ion

concentrations (Fig. 4.3b). The volume change in the cell cavities of the pulvinus is

the basis of the quick bending movements.

Inspired by the role of the turgor pressure in the response of the pulvinus, the

working principle of the soft actuator relies on the rapid built-up of vapor pressure

inside a cavity comprising a heating element and a liquid (an electro-thermal reac-
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Figure 4.3: (a) Turgid cells in the pulvinus of the Mimosa Pudica that keep petiole
straight, (b) schematic diagram showing the loss of turgidity, through water loss,
after touch of the leaf, (c) defensive bending movement resulting from shrinkage of
the cells. (d) Working principle of the electrically driven actuator based on liquid-to-
vapor phase transition. (e) Total heat versus boiling temperature at 1 atm pressure
and (f) latent heat (�Hsen) versus sensible heat (�Hsen) for some common liquids.

tion). Fig. 4.3d (left) shows the initial stage of the actuator corresponding to the

reference configuration, for both the pressure and volume (both change of pressure

(�P) and volume (�V) are zeros). Most of the fluid is in its liquid phase, and no

actuation is generated. When the electrical current I is supplied to the heating ele-
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ment, heat (Q = VI) is generated by Joule e↵ect in the electrode (Fig. 4.3d, right).

This heat is then transferred to the liquid and subsequently vaporized, resulting in

the volumetric expansion of the soft body. For the enabling reverse actuation, the

heat supply is stopped by cutting o↵ the electrical current, and the heat is dissipated

by passive cooling of the soft element.

4.3.2 Liquid selection

First, we selected the liquid, based on its total heat, which is the summation of

the sensible heat, �Hsen, required to bring the liquid from room temperature to the

boiling point and the latent heat, �Hvap, required to change the phase from liquid

to vapor. �Hvap is generally much larger than �Hsen (see Fig. 4.3f) and is thus the

main parameter to consider when choosing the liquid. It is obvious that liquid with

lower latent heat, e.g., dichloro-methane or acetone, could generally actuate the soft

body faster since less heat is needed for the phase transition.

Our second selection parameter was the boiling temperature of the liquid, Tb.

Fig. 4.3e shows the relationship between the total heat and the boiling temperature

of some liquids. If the boiling point is too close to the temperature of the surrounding

environment, this may result in an unwanted actuation by spontaneous vaporization

of the liquid. Having a high boiling point is then a way to separate the functional tem-

perature (that can then be only achieved through the heat provided by the electrode)

from the environment temperature.

To span a wide range of physical characteristics, we considered two liquids: ethanol

(high total heat and boiling point) and acetone (low total heat and boiling point).
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4.3.3 Selection of the heating element

Several criteria were used to select the heating element (also referred to as “elec-

trode”). First, the heating element should be porous with a high surface-to-volume

ratio (geometrical aspect) in order to optimize the heat transfer to the liquid. It

should be flexible and preferably have a low modulus to facilitate large deformation

of the soft body (mechanical aspect). It should be able to generate su�cient heat by

Joule e↵ect under low voltage; it should also possess a good capacity to carry electric

current (electrical aspect). Preferably, the heating element should have a low thermal

conductivity for improving the heat transfer coe�cient [192] (thermal aspect). Based

on all these criteria, we selected a yarn made of micro fibers of steel as the heating

element.

The selection of steel wool came after a sequential optimization process, reviewed

in detail below. We considered many options to produce the heating element in

high surface-to-volume ratio system, including (but not limited to) the use of porous

metal foam, porous carbon nanotube (CNT)-polymer composite or silver nanowire

(AgNWs)-polymer sponge. Although the metal foam had a large surface-to-volume

ratio, it was not flexible enough. The CNT-polymer composite was flexible and

stretchable, but it possessed a high resistance (usually in the order of ....k⌦) because

of the tunneling resistance at the inter-particle junctions [193, 194]. Thus, a CNT-

polymer composite would require a voltage that is too high for generating enough heat

by Joule e↵ect. The detrimental e↵ect of the contact resistance in a CNT network

might be overcome by using silver nanowires high aspect ratio, but the diameter of

an individual nanowire, 50-100 nm, would be too small for a stable system. Silver

nanowires would easily melt, even at low current (usually in the range of Milli Am-

pere). Moreover, due to the high piezoresistivity in percolation-based nanomaterials,

the resistance in both CNT and silver nanowire based conductive polymers might sig-

nificantly vary, during the deformation [195, 196]. This is not desired for our system,
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as it requires a constant resistance to operate at constant input power even under

large deformation.

The steel wool yarn (diameter 2mm) that we fabricated contains a random net-

work of numerous steel microfibers with an individual diameter of approximately

25 microns, that make the structure porous and flexible enough to accommodate a

large deformation. It possess a good current-carrying capacity (up to 0.25 A/mm
2),

compared to AgNWs. The electrical resistance of the steel wool can be tuned by

choosing both the diameter of the yarn and the fibers. An adequate resistance is

essential to generate the necessary amount of heat, in a limited time, using a low

voltage equipment (usually resistance of 10-30⌦ under 60 V). Steel possesses a ther-

mal conductivity lower than those found in other metals such as aluminum and brass;

its heat transfer coe�cient is therefore relatively high [192]. Having a material with

a low thermal conductivity makes it possible for the solid/fluid wall temperature to

rapidly increase under heat input. This results into an activation of the potential

vapor generating points, i.e., an increase of the heat transfer coe�cient [192]. Lastly

steel wool is safe to handle and very economical compared to nanomaterials. To the

best of our knowledge, research studies on the use steel wool as a heating element

for soft actuators has never been reported, in spite of its great potential for making

flexible, compact, fast-responding thermo-fluidic-actuation systems.

4.3.4 Structural design of the soft actuator

The objective of our research is to introduce a design concept that can be used

for many types of actuation mode in soft robotics such as twisting, elongation and

bending. Here, simply for demonstration purpose, we chose a structure with the

ability to undergo bending deformation, a mode that is widely applicable to various

functionalities such as walking, climbing, and gripping. We used a design similar to

the design recently introduced for bending [197], but powered by pneumatic systems,
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instead of thermo-fluidic system.

Figure 4.4: (a) Components of the soft actuator, (b) assembly of the soft actuator,
(c) actuator filled with liquid, (d) actual soft actuator, (e) undeformed and deformed
actuators (input power: 30 W).

Fig. 4.4a shows the components of the soft actuator consisting of a top corru-

gated enclosure with chambers (silicon rubber, EcoFlex-50), a heating element (steel

wool) that is connected to copper wires (source of electrical power), a cotton fabric

layer that introduces the sti↵ness asymmetry needed for the bending, and a bottom

flat enclosure (EcoFlex-50). Fig. 4.4b, c shows the schematic assembly of the soft

actuator and the actuator filled with liquid (ethanol); Fig. 4.4d shows the actual

soft actuator that has been fabricated. Injecting the current to the steel wool caused

the liquid to vaporize, and created an internal pressure within the chamber. Due to
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its unsymmetrical structure and rigid layer, the actuator would deform via bending

(Fig. 4.4e, f). We selected a corrugated chamber-like structure because of the reduced

thermal resistance resulting from its large surface area. This can improve the heat

transfer in passive cooling and improve the speed of reverse actuation (see Appendix

section A.1 for details).

Although the actuator used in this study is moulded, it can also be 3D-printed

very easily and fully electrically powered, making it a very simple technology.

4.3.5 Design of the heating element

When current I is passing through a steel wool yarn of resistanceR, the heat generated

(Qg) per second is equal to the input power, i.e., Qg = P = I
2
R. If, ⇢ is the

sample resistivity per unit area, then the length of heating element required to achieve

resistance R to generate Qg amount of heat is L = R/⇢.

Properties of ethanol

Density of ethanol at room temperature (T0 = 25oC), D = 0.785g/cm3

Volume of ethanol in the cavity, V = 2.5ml = 2.5cm3

Total weight of ethanol, mf = D ⇥ V = 1.96g =0.00196Kg

Boiling point of ethanol at around 15kPa, T1 = 82oC

Corresponding heat capacity, C = 3kJ/kg.K and the approximate heat of evaporation,

H = 846kJ/kg

Heat required for phase transition

In simple approach, we assume the loss of heat to the solid body and surroundings

is negligible in pristine condition, then the total heat required for phase transition of

liquid:

Qp = mf (C�T +H) = 0.00196 x (3 x 57 + 846) = 1.993KJ= 1993J

Input power required

To achieve 1993J of energy in less than 40 seconds, the power required, P = 50W. If
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maximum voltage is limited to around 30V, then required resistance is, R = V
2
/P =

900/50 = 18⌦

Size of heating element

For 2mm thick steel wool yarn of Grade-00000, the approximate resistivity per unit

area, ⇢ = 0.5 ⌦/cm (Note: this value may vary slightly depend on the grade of steel

wool, the number density of micro fiber in the correctional area and percolation):

then the length of heating element, L = R/⇢ = 18/0.5 = 36mm

For our experiment, we fabricated 40mm long steel wool yarn which give rise to

approximate resistance of 20⌦.

4.3.6 Fabrication and testing

Fabrication of the soft bending actuator : The soft bending actuator is made of four

main parts (as shown in Fig. 4.4a): 1. a top silicon rubber layer with eleven inter-

connected chambers, 2. a heating element made of stainless steel wool (Grade-00000)

passing through the chambers, 3. an in-extensible bottom layer (cotton fabric), 4. a

bottom layer (silicon rubber) for sealing. Two di↵erent moulds are 3D-printed to fab-

ricate the soft top and bottom layers, respectively. Well-mixed, de-gased Ecoflex-50

is poured into the mold for the top layer, and cured at 50o C for at least 3h (see Fig.

4.5). We then poured Ecoflex-50 into another mold for the bottom layer, inserted

a thin cotton fabric (strain limiting layer that was already wetted with Ecoflex-50)

into the mold, and cured the material (the mold was only filled halfway). Heating

element (yarn) for the actuator (l ⇥ d = 400mm ⇥ 2mm, resistance R ' 20⌦ ) was

made by twisting and compacting stainless steel micro-fibers. It was then connected

to copper wires for electrical connection and suitably inserted into the cavities of the

top layer. Actuation liquid is poured into cavities through a shut-o↵ valve (see Fig.

4.6) connected to one cavity of top layer. To make final assembly, we poured Ecoflex

to fully fill the remaining half of the mold of the bottom layer and laid the top layer
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Figure 4.5: Steps involved in the fabrication of the top casing of the soft actuator

(with heating element and valve) over the mold of the bottom layer (see Fig. 4.4b)

and cured in the oven. The average size of the sample after fabrication is l⇥ w ⇥h

= 110 ⇥ 20 ⇥ 20 mm and the average weight is around 42 g, that can be considered

as relatively big soft bending actuator. Once the Ecoflex was all cured, liquid (2.5ml

of ethanol or acetone) was pumped into the cavities through the valve, and the valve

was fully closed during testing.

Mechanical testing : The compression test was performed on a steel wool yarn of

dimensions L ⇥ d = 100mm ⇥ 2mm, using an INSTRON 5944 machine (with a load
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Figure 4.6: Steps involved in the fabrication of the final thermo fluidic soft actuator

Before compression  After compression

Figure 4.7: Compression test was performed on a steel wool yarn ( L ⇥ d = 100mm
⇥ 2mm)

cell of 2 kN). First, two holders, (a male part with rib of dimension L ⇥ b ⇥ h =

100mm ⇥ 1.6mm ⇥ 2mm and female part with a channel l ⇥ d ⇥ h = 100mm ⇥
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Figure 4.8: (a) CAD design, and (b) 3D printed parts to fabricate a universal holder
to clamp the actuator. (c) The actuator is first inserted in a 3D printed finger holder,
and (d) then fixed on the universal holder.

2mm ⇥ 2mm) are 3D printed to fix on the tensile testing machine (see Fig. 4.7).

The steel wool yarn is kept in the channel of the female holder and the rib of the

male part is allowed to enter the cavity using a load cell of 2kN. The sample was

compressed, step by step, to 75% of its initial diameter (see Fig. 4.7). A two-probes

measurement system (Keysight digital multimeter) was used to track the change of

resistance with respect to strain. To perform a bending test on a steel wool yarn,

a sample (100mm ⇥ 2mm) was attached on a thick Ecoflex sheet of size 110mm ⇥

10mm. The ends of the sheet were then a�xed on the tensile testing machine. Then,

45mm of compression extension (cross head displacement) was applied on the sheet

in order to ensure a su�cient bending of the sheet and sample (an angle of more than

180o). A two-probe measurement system (Keysight digital multimeter) was used to
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track the change of resistance, with respect to the bending strain.

Actuation: The sample was actuated using a DC voltage source (KORAD DC

digital control power supply 60V, 3A) and the deformation was captured using a

digital camera (Canon). Experimental set up to capture the deformation fo our

actuator is shown Fig. 4.8a-d. The trajectory was determined with help of a graph

paper back ground and a WebPlotDigitizer software (see Fig. 4.8).

Figure 4.9: Experimental set up for force measurement.

The force generated by the finger tip was measured using a 5N load sensor in an

INSTRON 5944 machine (see Fig. 4.9). First, a suitable casing was 3D printed to

constrain the motion of the finger in all directions except at the fingertip. Another flat

rectangular surface was 3D printed and attached to the load sensor. Once the finger

was electrically actuated, the tip was allowed to apply force on the sensor through

the flat surface; the force generated was then monitored using a computer.

Other measurements : The temperature in this experiment was measured using
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Figure 4.10: Experimental set for temperature and pressure measurement: a thermo
couple is embedded inside the channel to measure the temperature and a pressure
gauge is connected to the channel for the pressure measurement.

a K- type thermocouple and a thermocouple data logger from pico Technology (Fig.

4.10a). The pressure inside the channel was measured using a digital manometer

(KELLER LEO 3, 0-3bar). A K-114 interface converter was used to convert a USB

signal to a serial RS485 half-duplex signal, for connection to the computer with a USB

port. And the results were monitored using a K-114 Config software. All thermal

images were captured using a thermal camera (FLIR A3500SC). The scanning electron

microscope (SEM) images were obtained using a Zeiss Merlin SEM tool.

4.4 Results and discussion

4.4.1 Characterization of the heating element

Resistance. We firstly measured the resistance of five di↵erent grades of steel wool

(Grade-0, 00, 000, 0000, 00000, see Fig. 4.11a) yarns. We found that the diameter of
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Figure 4.11: (a) Photograph of 6 grades of steel wool, (b) a sample yarns made of
Grade-00000 steel wool, (c) the SEM image showing that the yarn retains its porous
structure, even after the compaction

a single microfiber gradually decreased from Grade-0 (⇡100 µm) to Grade-00000 (⇡

25 µm), as shown in Fig. 4.13a. Fig. 4.13b shows that the resistance R of the Grade-

00000 yarn is consequently higher than that of Grade-0 due to its smaller diameter.

From this measurement, we selected the Grade-00000 steel wool for fabricating the

heating element. To test its performance, we prepared a sample yarn, by twisting

and compacting the Grade-00000 steel wool to obtain a 100 mm length (L) and a 2

mm diameter (d) (see Fig. see Fig. 4.11c). The SEM image shown in Fig. 4.13c and

see Fig. 4.11b indicates that Grade-00000 retains its porous structure, even after the

compaction.

Resistance under mechanical loading. Wemeasured the resistance of the Grade-

00000 steel wool yarns, placed under mechanical loading (compression and bending).
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Figure 4.12: The optical image and thermal image of steel wool showing the tem-
perature profile with a 5W input power.

Details are presented in the experimental section. Results showed that a compressive

extension of 1.5 mm along the diameter of the yarn (equivalent to 75% compressive

strain) changed the resistance from 4.8 ⌦ to 4.0 ⌦, merely a 16% change that is un-

likely to a↵ect the current stability (see Fig. 4.13d). A bending load of up to 45 mm

compressive extension (equivalent to a bending deformation of more than 180o angle)

did not modify the resistance of the yarns either (see Fig. 4.13e). These results led

us to concluded that the mechanical loading does not modify the resistance of yarns

made of Grade-00000 steel wool, and therefore guarantees that the performance of

the system does not vary significantly during geometrical transformations.

Current stability. The linear relationship between the applied voltage and the

measured current (ranged between 1.20 and 2.46 A), shown in Fig. 4.13f, suggests that

the steel wool yarn (Grade-00000) is a stable ohmic conductor under Joule heating.
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Figure 4.13: (a) SEM image of a single microfiber of steel wool of various grades, (b)
resistance of the various grades of a steel wool yarn, (c) SEM image of the porous
structure in Grade-00000, (d) resistance change in Grade-00000 yarn under compres-
sion, (e) resistance change in Grade-00000 yarn under bending, (f) current stability in
Grade-00000 yarn, (g) temperature change in Grade-00000 yarn under di↵erent power
inputs, (h) cyclic heating-cooling performance of Grade-00000 yarn, (i) temperature
of Grade-00000 yarn immersed in ethanol under di↵erent power inputs.

Thermal stability. We applied an electrical current to Grade-00000 yarns with

various input powers (from 1 to 5 W), and measured their increases in temperature,

in open air. Fig. 4.13g shows that a stable temperature is achieved after injecting a

current for 1 min. Increasing power from 1 to 5W increased the average temperature

from 40 to 100 oC (su�cient to boil the selected liquids). With a 5W input power, the

temperature of the yarn increased from room temperature to 80oC within 10 s. Fig

4.12 shows that the heating of the yarn is very uniform, and our yarn outperformed

the recently reported other flexible heating element made by nanomaterials [195,

196]. Cyclic heating-cooling was also performed on Grade-00000 yarn by applying a

maximum input power of 5 W for 1500 s. Fig. 4.13h shows that no degradation of the
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temperature, indicating a good heating-cooling performance. The ability to attain

the boiling point of a selected liquid, ethanol, is also measured for the Grade-00000

yarn by immersing it in a glass tube containing 1.5mL ethanol (Fig. 4.13i). Figure

shows that the time required to reach the Tb of ethanol can be suitably adjusted by

increasing the input power. For example, time decreased from 47 s to 18 s when

power increased from 10 to 30 W.

4.4.2 Response time of soft actuator

The response time of a soft bending actuator filled with ethanol (see experimental

section for fabrication details) was evaluated for di↵erent input energies (30 to 45W)

by capturing the deformed shape, using a video camera. The initial and deformed

configurations under an input power of 30W are shown in Fig. 4.4e & 4.4f. The

trajectory was evaluated from the captured video, at di↵erent time intervals (see Fig.

4.15a & 4.15b). During the forward actuation (Fig. 4.15a), the bending actuator

produced a large motion for a low input power (30W), in 40 s; which can be considered

to be a fast movement in such big structure (size l ⇥ w ⇥ h = 110⇥ 20 ⇥ 20 mm

and weight 42 g). The trajectory of reverse actuation (Fig. 4.15b) showed the fingers

position significantly changed during the first 20 s, and then settled down to a plateau.

Fig. 4.14 shows that there is no significant voltage or resistance variation during the

actuation.

We further evaluated the velocity of the tip of the actuator (Fig. 4.15c) to better

understand the speed of actuation. To do so, we needed to separate clearly the

situation corresponding to a pristine actuator (for which the actuator is cold and is

going through its first cycle) and the situation of a preheated actuator (that is the

typical situation during its second and following cycles). For a pristine actuator, the

velocity of the forward motion almost increased linearly in the first 10 s, and then

stabilize at approximately 0.21cm/s, and then declined slightly. The linear increase
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Figure 4.14: Undeformed and deformed sate of the actuator showing there is no
significant voltage or resistance variation during the actuation.

of the velocity during the first 10 s involved a gradual boiling of liquids, followed by

a steady generation of vapor that led to a stabilization of velocity at its maximum

value. The further decline in velocity is due to the shift in the motion of actuator from

horizontal to vertical direction, as additional work against gravity is then required.

The velocity analysis in reverse direction (40 s onwards) revealed, a sudden hike in
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the velocity in reverse direction, during the first few seconds, which then progressively

stabilized in time to finally decrease at a later stage. The high initial velocity came

from stored gravitational energy in the forward direction. As the system relies on

passive cooling method, the velocity decreased with further motion. In the subsequent

cycle, in which the system is already preheated, we found that the slope of velocity

graph increased sharply in the forward direction, and that the value of the maximum

velocity also increased to 0.31cm/s (around 48%). The velocity of reverse actuation

also increased slightly in the preheated system (from 0.42cm/s to 0.51cm/s, ie, around

21%).

We define the time of actuation as the time required to change the configuration

from state A to state B as shown in Fig. 4.15d. Fig. 4.15e & 4.15f show the time of

actuation in forward (tf ) and reverse motions (tr). Fig. 4.15e, clearly shows that, as

we increased the input energy from 30W to 45W, the tf was gradually decreased. The

time was reduced from 33s to 15 s and from 22 s to 7 s for the pristine and preheated

samples respectively. For a big structure of 42 g experiencing large transformations,

this represents a very fast response, comparable to the performance of a pneumatic

actuator, and much better than for the thermo-fluidic system recently reported [107]

(even a small deformation took more than a minute). Results for the reverse actuation

(Fig. 4.15f) show a decrease in time as the power increases, for both the pristine and

preheated samples. In general, we observed that although tr is more than 20 s in

the preheated sample, it is far better than in a study reported previously, in which it

takes more than one minute [107].

The increase in speed of the preheated system was addressed by examining the

pressure and temperature inside the cavity (Fig. 4.15g, h); we found that our selected

heating element is good enough to generate the required pressure (around 15kPa) in

a limited time (Fig. 4.15g). When a pressure gauge was connected, it took bit longer

time to start the actuation process, due to the additional volume of pipe fittings.



108

d)

g)

0 2 4 6 8 10 12
X (cm)

0

2

4

6

8

10

Y 
(c

m
) t=20s

t=30s

t=0s

t=10s

t=40sa)

0 2 4 6 8 10 12
X (cm)

2

4

6

8

10

Y 
(c

m
)

t=0s

t=20s
t=30s
t=56s

t=10s

0 15 30 45 60 75 90
Time (s)

0

0.15

0.3

0.45

0.6

Ve
lo

ci
ty

 (c
m

/s
)

pristine (forward)
pristine (reverse)
preheated (forward)
preheated (reverse)

c)b)

25 30 35 40 45 50
Input power (W)

0

10

20

30

40

50

t f (s
)

state A B (pristine)
state A B (preheated)

25 30 35 40 45 50
Input power (W)

0

20

40

60

80

t r (s
)

state B A (pristine)
state B A (preheated)

e) f)

0 25 50 75 100 125 150
Time (s)

0

5

10

15

20

25

Pr
es

su
re

 (k
Pa

)

pristine (forward)
pristine (reverse)
preheated (forward)
preheated (reverse)

0 10 20 30 40 50 60
Time (s)

0

0.25

0.5

0.75

1

1.25

1.5

Fo
rc

e 
(N

)

pristine (30W)
preheated (30W)
pristine (45W)
preheated (45W)

i)

0 2 4 6 8 10 12
X (cm)

0

2

4

6

8

10

Y 
(c

m
) L

tf

tr

L = 47mm
tf = Time for forward actuation
tr = Time for reverse actuation

A

B

Forward Reverse

54 s 23 s
0 30 60 90 120 150 180

Time (s)

20

40

60

80

100

120

Te
m

pe
ra

tu
re

 (o C)

pristine (forward)
pristine (reverse)
preheated (forward)
preheated (reverse)

23oC

h)

Figure 4.15: Soft bending actuator using ethanol: trajectory during (a) forward
and (b) reverse motion (input power of 30W), (c) velocity at di↵erent time intervals,
(d) definition of di↵erent states and change in response time during (e) forward and
(f) reverse actuation for di↵erent power inputs. Change in (g) pressure and (h)
temperature within the cavity vs. time and (i) time response of generated force for
di↵erent power inputs.

The pressure developed much faster in the preheated state (23s), compared with the

pristine state (54s). A temperature analysis showed showed that the temperature

inside the cavity of pristine sample increased to 77oC during the forward actuation

(Fig. 4.15h), and dropped to only 54oC before starting the next cycle. This means

that part of the supplied energy was stored in the system as internal energy and could

act as a thermal reservoir to supply the energy for the next cycle of actuation; this

explains why the velocity in forward actuation is elevated in a preheated system.

Fig. 4.15i shows the amount of force generated by the bending actuator for a
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given time. Under 30W, the pristine sample could generate a 1N force in 44 s, but

with the preheated system it took only around 27 s to generate the same force. As

power increased to 45 W, the system generated the same amount of force in a very

limited time , around 17 and 9 s for the pristine and preheated systems, respectively.

4.4.3 Thermal analysis and tunable temperature actuation
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Figure 4.16: Thermal image of the soft actuator (a) during forward and reverse mo-
tions. Comparison of response time of the actuator during (b) forward and (c) reverse
motions using two di↵erent liquids. Change of (d) pressure and (e) temperature with
respect to time using acetone as working fluid. (f) Time response of force generated
at finger tip using two kinds of liquids.

The working temperature of the sample, which is crucial for operating safely,

depends on the boiling point of the working liquid and the thermal resistance of

the wall. Fig. 4.16a shows thermal images of a pristine sample operated at 30W,
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with ethanol as a working fluid. We found that the temperatures inside the cavity

(illustrated in Fig. 4.15h) and on the thin chamber walls (Fig. 4.16a) were much

higher (around 77oC) than the temperature on the thick gripping surface (50oC), as

shown in Fig. 4.16a.

Some important points need to be noted with respect to the cooling of our soft

bending actuator. First, the low thermal resistance resulting from the small thickness

of the side walls of each chamber improves the conduction heat transfer. At same

time, the high thermal resistance of the bottom layer keeps the outer gripping surface

at its lowest possible temperature (50oC) for a safe operation, which can be further

tuned by increasing the thickness. Additionally, the large expansion of the chamber

walls (bulged state) during the actuation reduces the thickness and thermal resistance

even more, which can also further improve the heat transfer (see Fig. A.1). The

second aspect to underline is the fact that the corrugated design with 11 chambers

of the top layer can significantly increase the surface area, in comparison with a

simple rectangular shape. Such increase in area improves the convection heat transfer.

Finally, it should be noted that an active cooling system, such as a Peltier-based or

a fluid-based cooling, may improve the time required for reversibility; however, it

requires additional energy and space.

Reducing the total heat and boiling point of the liquid appeared to reduce both

the time of actuation and the operating temperature. Therefore, we also evaluated

the time of actuation using acetone, a liquid with a much lower total heat (38%) and

boiling point (28%) than those of ethanol. Results are shown in Fig. 4.16b & 4.16c,

with ethanol as a base for comparison. For a given lower input power, the acetone

showed a significantly faster response than the ethanol. But for higher power inputs,

the di↵erence in time of actuation (for both tf and tr) decreased gradually.

An analysis of the pressure development under 30W (Fig. 4.16d) showed that

the pressure inside the channel increased considerably faster with acetone (32 s) than
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with the ethanol, even faster (13s) with a preheated condition. The temperature

curve (Fig. 4.16e) shows that the temperature increased to 54oC during actuation,

and then decreased to 42oC after cooling, a di↵erence of only 12oC. This di↵erence

was much higher with the ethanol (approximately 23oC). That’s one of the reasons

why in acetone, the reverse actuation is a little faster, especially with a lower input

regime. We found that the time required to generate 1N force was much lower for

the acetone than for the ethanol in both pristine and preheated conditions, even at

low power of 30W( Fig. 4.16f).

These results led us to conclude that in order to improve the speed of actuation,

choosing a liquid with a low total heat is the best option. However, if such liquid has

a low boiling point, the actuator will be sensitive to changes in the environmental

temperature and will have to operate at a temperature below the boiling point. If

the change in environmental temperature is a major concern, it is then preferable to

use the liquid with a higher boiling point.

4.4.4 Application of bending motion

In Fig. 4.17, we demonstrate the use of the themrofluidic bending actuator as a soft

gripper using a DC electrical source. It should be noted that our system performs a

similar function to that of the pneumatically operated soft gripper, but using elec-

tricity only, and without any motor and compressor/pump. This makes it a compact,

easy-to-integrate, portable system. The greatest advantage of such a compact system

is its portability. We connected a 3-soft griping finger (based on ethanol) in series,

and applied a power ranging from 50 to 64W (each finger consume less than 22W),

depending on the weight of the object that needs to be gripped and lifted. In Fig.

4.17a, 4.17b & 4.17c we showed handling of three soft objects with di↵erent weight,

i.e, handling of a toy rugby ball weighting 37g (gripped in 3 s and released in 12

s), soft and delicate bread weighting 65g (gripped in 13 s, and released in 9 s), a
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Figure 4.17: (a) Applications of electrically operated soft bending actuator handling
(a) a toy rugby ball , (b) soft food item and (c) a vegetable.

vegetable weighting 110g (gripped in 28 s, and released in 6 s). Although all these

objects have di↵erent shapes, the soft finger adapted its shape accordingly to handle

the object in a limited time.

4.5 Concluding remarks

In summary, we present a thermo-fluidic system for quick tunable pressure inside

a soft body through liquid-gaseous phase change. Generally, the chapter explains

the factors that could a↵ect the speed of pressure change and put forward a new

e�cient electrode, proper liquid selection, and a suitable design for the actuator to
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get a fast-responding pressure system. We paid very special attention to the design of

flexible electrodes which is the key factor in improving the speed of pressure change.

In this chapter, we gave a detailed description of the design and fabrication of a soft

actuator capable of large motion under a low voltage electrical actuation using our

proposed pressure generation system. To do so, we used pressure change obtained

from liquid-gaseous phase transition of the entrapped ethanol/acetone inside a pre-

designed cavity. Such a tunable pressure system could be operated by a low-voltage

electric source, making it very compact. We explained the design and fabrication

method for a porous and flexible heating element from steel microfibers. With the

steel wool heating element and ethanol, we could obtain a large bending deformation

in 7 s, for a power input of 45W. This speed of actuation is close to that obtained for

pneumatic actuators. As we relied on passive cooling for reversibility, we opted for a

corrugated structure with a large surface area that ensured a fast reversibility (in most

cases within 30 s). Additionally, we showed that it was possible to tune the response of

the sample by selecting a liquid with a suitable boiling point. Finally, we presented a

practical application involving electrical operation of a bending actuator, for gripping.

The proposed technological solution is very compact and easy to integrate in an

electrically powered system; it is also very cost-e↵ective in comparison to most existing

actuators. We believe that such a compact tunable pressure system can be promising

for future portable soft robotic applications.
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Chapter 5

Tunable membrane sti↵ness in a stretchable fiber for

programmable shape change in soft robots

In chapters 3 and 4, we demonstrated that tunable physical properties such as resis-

tivity and pressure are useful for di↵erent robotic applications. In this chapter we

describe, how the programmable change in membrane sti↵ness in a stretchable ma-

terial is helpful for shape change application in soft robots. The existing approaches

for shape control are dominated by a modular pneumatic system, which needs multi

chambers and complex air flow control units. In nature, there are examples of ma-

nipulation in soft animals, such as worms, which uses a single-chambered biological

structure and programmable sti↵ness change in the skin to achieve complex shape

change. However, such sti↵ness-based shape control needs a drastic membrane sti↵-

ness contrast between non-sti↵ened and sti↵ened states. This chapter put forward a

new concept hybrid fiber with tunable sti↵ness for manipulating a soft body. The

chapter gives a detailed approach to design and fabricate a sti↵ness tunable hybrid

fiber for manipulation of a single-chambered soft body.

5.1 Overview

Soft animals such as octopus, worm, squid, cuttlefish use shape change feature of body

parts for various tasks such as locomotion, manipulation, and camouflage [198, 199,

200, 201], which inspired many designs in soft robots. Recent advances in soft robots’

shape change have demonstrated various robotic applications like crawling, gripping,
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manipulation, and 3D texture morphing [19, 20, 176, 179, 202] by controlling a soft

material’s deformation. Although technologies such as a dielectric elastomer [182],

magnetic composites [23], shape memory polymer [183], and thermo fluidic polymer

[203], have been developed for shape change in a soft material, pneumatic actuator

[19, 20], which can produce large deformation, is the most popular among them.

Today, a significant limitation of the demonstrated shape change in soft robots

is the fixed path of motion, which restricts the variety of tasks performed. One of

the critical aspects of future soft robotic applications will be adaptable shape change,

which is necessary to perform multiple tasks. An example is shape change in a soft

pneumatic manipulator, which can take more than one shape under applied pressure

[19]. However, programmable shape change in a soft pneumatic manipulator is a

challenge because they need a complicated modular design, with each module having

2 to 4 chambers [20, 19]. Moreover, multi-chambers demand an equal number of

tubes and flow control valves, making the system more complex. In nature, though

most of the fluid-filled soft biological structures, such as octopus arm, earthworm,

and nematodes are single-chambered soft bodies, they can still change their body

shape through sti↵ness change in the skin [199]. A soft robot being able to tune the

membrane sti↵ness can also produce similar shape change whenever required, which

will eliminate the need for multi-chamber and related flow control parts for pneumatic

manipulation, resulting in a straightforward and compact system.

The manipulation process in a soft body involves two kinds of deformations: 1.

stretching a part of the soft body, which depends on the direction of motion, and

2. bending of the whole structure, which is independent of the direction of motion.

For pneumatic manipulation, where flexure is the main motion, we need to sti↵ens

the membrane response while preserving a minimal flexural rigidity. Although, the

control of membrane sti↵ness of soft membrane is the key factor for manipulation, it

still remain as an unexplored research area.
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Existing sti↵ness tunable technologies [204] have some intrinsic limitations. For

example, many demonstrated applications of tunable sti↵ness involve a significant

increase in bending sti↵ness [205, 206, 207, 208, 209], which greatly a↵ects the com-

pliance of the soft body and so, it would be a bottleneck when used for manipulation.

For instance, Chenal et al [205] worked on tuning the bending sti↵ness of fabric via

glass transition of shape memory polymer. Whereas some other studies [207] focused

either to tune the bending sti↵ness of a gripper through softening-sti↵ening of plas-

tic material for high payload capacity or to obtain a tunable compression/bending

sti↵ness using low melting point alloys for both gripper [208] and tensegrity archi-

tectures [209]. Electro- Thermally activated shape memory plastic polymer (SMP)

that can switch between a rigid solid (high bending sti↵ness) state and partial rub-

bery state, but require very high input voltage (>100), high temperature of heating

(>75oC). Moreover, technologies such as the magnetic-based approach requires a

large set of machinery [210, 109], electro-active system requires high driving voltage

(kV) [211, 212] and variable-sti↵ness twisted rubber requires a motor for each twisted

rubber [213]. The most e�cient system for membrane sti↵ness change are vacuum

assisted jamming, but it have the same drawbacks of mutil-chambers pneumatic ma-

nipulators, as it needs numerous tubes and flow controlling units [214, 215, 216, 115].

An ideal sti↵ness tunable system for soft manipulation should be compact in size,

simple in operation, and produce a large change in membrane sti↵ness without intro-

ducing any significant change in bending sti↵ness. In this chapter , we address these

challenges using a novel concept of hybrid fiber; a combination of stretchable (soft)

and inextensible (sti↵) parts in a single thread. Adding a small volume fraction of

highly soft fiber to sti↵ fiber, enabled excellent stretchability for the newly formed

hybrid fiber. Introducing a locking mechanism based on a phase change material

(PCM) inside the soft part helped to control the whole hybrid fiber’s membrane sti↵-

ness . Notably, the small volume fraction soft part requires only small quantity of
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PCM, ensuring no significant increase in bending sti↵ness.

5.2 Outline of this chapter

This chapter explains the design and fabrication of a sti↵ness tunable hybrid fiber:

fiber with a sti↵ and soft part for manipulating a soft chamber in a di↵erent direction.

In section 5.3, we explain the material and method used for our study. Section 5.4

explains the approach for designing sti↵ness tunable hybrid fiber, inspired by muscle

fibers’ functionality in the worm. Adding 10 to 20% volume fraction of soft fiber to

sti↵ fiber, enabled good stretchability for the newly formed hybrid fiber. Section 5.4.

also explains how a PCM can be introduced inside the soft part of hybrid fiber to

control the sti↵ness. We provided detailed design graphs for developing hybrid fiber

for manipulation. Twenty percentage volume fraction of the soft part confirmed a

substantial change in membrane sti↵ness and su�cient stretchability when PCM is

changed from solid to liquid state. Upon cooling, the solidification of PCM allowed

the hybrid fiber to regain the original sti↵ness value. The proposed hybrid fiber

produced a cyclic on-demand membrane sti↵ness change, mimicking similar muscle

fibers’ functionality in the hydrostatic skeleton. In this section, we demonstrated that

our hybrid fiber structure could produce more than 100⇥ in membrane sti↵ness in

less than 6s just using 3W input power, without introducing any significant change in

bending sti↵ness. This fiber’s membrane sti↵ness could be controlled directly using

low voltage equipment, resulted in a compact sti↵ness tunable system. The small

quantity of PCM implies low input power (2-4W) for heating, resulting in a compact,

fast responding, and mechanically robust system to tune membrane sti↵ness alone

compared to other conventional sti↵ness tunable approach. Finally, under section

5.4.7, we demonstrated that few hybrid fibers can be integrated around a single-

chambered soft body, to program its shape through sti↵ness change in the fiber. The

phase change of PCM in selected fibers causes a change in local membrane sti↵ness,
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which allow or resist the soft body’s deformation. A significant sti↵ness asymmetry

created in the soft body using hybrid fibers, helped to change the shape under applied

pressure,

5.3 Materials and methods

Theoretical study: All analytical and numerical studies were carried out using

MATLAB and Abaqus-CAE respectively. We used a hyper-elastic, incompressible,

Yeoh material model to capture the deformation of Ecoflex (for more detail see refer-

ence [136]). The manipulation angle (✓ in Fig. 5.4b), is defined as the angle between

the vertical axis of the soft body before bending and a line connecting the actuator’s

both tip after manipulation (left or right bending).

Fabrication of hybrid fiber: We used commercially available cotton-fiber as a

sti↵ part and EcoflexTM 00-20 as soft part (Smooth-On, Inc.) for fabricating hybrid

fiber. The cotton fiber is serially attached to silicon fiber inside a suitable glass mould

of given diameter.

Fabrication of sti↵ness tunable hybrid fiber: We first 3D printed a suitable

mould with a specific design for casting Gallium structure as a locking mechanism.

The size of the gallium structure depends on the volume fraction of the soft part. A

Nichrome wire of suitable length is inserted in the middle of the mould, and Gallium

is cast over it. The required number of cotton fibers were then attached at both

ends of the Gallium, forming an interconnected continuous sti↵ network. The whole

structure is inserted in another 3D printed mould (100mm x 4mm x 3mm). A well-

mixed degassed EcoflexTM 00-20 is poured into the mould and allowed to cure for

10 hours at room temperature to get the final sample. The extra length of nichrome

wire outside the Gallium structure is trimmed, and copper wire is attached instead

to ensure that most of the joule heating happened within the Gallium.
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Figure 5.1: (a) A 3D printed mould for fabrication of single-chambered soft body,
and (b) the fabricated single-chambered soft body.

Fabrication of sti↵ness tunable soft manipulator: For fabricating soft manip-

ulators, we used EcoflexTM 00-50 (Smooth-On, Inc.). We first 3D printed a rectan-

gular mould with a central core to create a single-chambered air channel (Fig. 5.1).

We used cotton fiber for radial reinforcement of the soft body (Fig. 5.1). The skin on

the left and right sides of the rectangular body is deliberately made thinner to have

required stretchability for bending. Two sti↵ness tunable fibers having fsoft=20%,

were fixed on the left skin, and two on the right skin. Only ends of the fibers were

glued to the soft body’s left and right skin, and the rest of the fiber parts are free to

move inside the channel. The two ends of the rectangular body were sealed using an

end cap after fixing the pneumatic tube to the central air channel.

Sti↵ness change test: All sti↵ness change study was performed using an IN-

STRON 5944 machine using a load cell of 2 kN (Fig. 5.2). The sti↵ness change

was initiated through joule heating of Gallium using a DC voltage source (KORAD

DC digital control power supply 60V, 3A). For modular ratio analysis, we fabricated

a sti↵ness tunable hybrid fiber with fsoft=20% , but with 4 separate segments of
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Figure 5.2: Tensile test: experimental set up for tensile test on a hybrid fiber.

Gallium structures as the soft part, with each segment contributing fsoft=5%. Then

individual segment is unlocked (fsoft=5%), step by step, to get sti↵ness change of

fsoft=5%, 10%,15%, 20%, and compared it with that of soft body (E).

Response time test: A 2N load is applied on the fiber using cross-head displace-

ment in INSTRON 5944 machine (Fig. 5.2). While holding at 2N, 3W input power is

switched on, resulting in a tensile load drop in the fiber. The time between power-on

and the first sign of load drop is taken as the minimum time required for sti↵ness

change. The fiber is then brought back to its original position and allowed to cool.

While cooling the fiber, a cyclic tensile test is repeated every 20s intervals until we

observe the sti↵ness regain as an increase of force in the fiber to capture recovery

time. The images of gallium melting were recorded using Lumix Digital Camera.
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122

5.4 Results and discussion

5.4.1 Bio-inspiration from hydrostatic skeleton

For tunable sti↵ness manipulation, we took our initial inspiration from the bending

deformation of a hydrostatic skeleton, worms, for example. A hydrostatic skeleton is a

single-chambered soft body supported by fluid pressure. It has radial, and tangential

fiber-like structures called muscle fibers, which can control hydrostatic pressure and

the body’s sti↵ness, respectively (Fig. 5.3a & b). The contraction and relaxation

of tangential muscle fibers in the outer skin allow or resist the skin’s deformation,

thereby creating the required membrane sti↵ness asymmetry that is needed for the

bending. (Fig. 5.3c). The schematic diagram of the proposed hybrid fiber (‘lmno’ )

is shown in Fig. 5.3d. It contains a small soft fiber serially connected to sti↵ fiber.

Here the soft part (‘mn’) represents a highly deformable rubber, enabling excellent

stretchability to the hybrid fiber. By locking or unlocking the soft part, we can get

high contrast in membrane sti↵ness without increasing the bending sti↵ness (Fig.

5.3e). We designed a unique structure using Gallium, a low melting point metal, to

cyclically lock and unlock the soft part whenever required. Here the PCM is merely

used as a locking mechanism to lock or unlock the stretchable part. It is worth noting

that though the locking can be achieved through other approaches, such as electro-

statically or magnetically, it may require a bulky operating system. Finally, since the

volume fraction of the soft part is small, the size of PCM required is also tiny, making

it easy to control the sti↵ness using low voltage equipment.

5.4.2 Sti↵ness change and manipulation

To have a good standing of tunable sti↵ness based soft body manipulation, we first

evaluated the correlation between membrane sti↵ness change and the bending angle

using finite element analysis on a soft body having property of silicon rubber namely



123

ER=EL 
ER=2.5EL

P=0

ER=EL 

Linear 
actuation

Desired 
stiffness change 

ER=5EL

ER=10EL

ER=20EL

-30 -20 -10 0 10 20 30
Stifness change ( X)

0

20

40

60

80

100

An
gl

e 
(

)

0

20

40

60

80

100
An

gl
e 

(
)

P=P1 P=P1 P=P1 P=P1 P=P1

Left bending Right bending

(Inextensible)

Stretchable

(Inextensible)

Stretchable

L0 L0

L0 + ∆L

L0

L0 + ∆L

L0

ECD≫20EAB
A

B

C

D

B

D

D

B

A C A C

EAB = ECD=E
P=

P 1
 

EAB≫20ECD

a

b c

P1=2kPa

P1=4kPa

P1=6kPa

P1=8kPa

Left skin Right skin

Le
ft 

sk
in

 (E
L)

Ri
gh

t s
ki

n 
(E

R) Bending 
actuation

Figure 5.4: Membrane sti↵ness change and bending: (a) numerical simulation of
bending of a soft rectangular chamber for various di↵erential sti↵ness between left
(sti↵ness-EL) and right skin (sti↵ness-ER). (b) The plot of manipulation angle (to-
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ous pressure. (c) A Schematic diagram, showing criteria for manipulating a single-
chambered soft body ABCD. Line AB and CD indicate the skin on the left and right
side, respectively. L is the length, and E is membrane sti↵ness.

Ecoflex (see experimental section for more details). For this, we used a simple rect-

angular soft chamber, with a stretchable skin on the left and right side, having a

membrane sti↵ness of EL and ER as shown in Fig. 5.4a. Initially, the sti↵ness of

right skin ER is kept equal to that of left skin EL. Later ER is gradually increased up

to 30⇥, and the corresponding change in bending was observed (Fig. 5.4a). Fig. 5.4a

shows that when ER=EL, the soft body behaved as a linear actuator, and with the
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gradual increase of ER, it started to bend towards the right side. The bending angle

gradually increased and then stabilized with further sti↵ness change. A plot of ma-

nipulation angle (towards left and right directions) Vs. di↵erential sti↵ness at various

pressure is given in Fig. 5.4b. The study revealed, for a given pressure, the bending

deformation increased for sti↵ness change up to 20⇥, which then progressively stabi-

lized in both directions. For a given di↵erential sti↵ness, the bending angle can be

improved through higher input pressure, but requires more energy. Fig. 5.4c shows

a schematic diagram of bidirectional bending of a single-chambered body ABCD. To

perform such manipulation, the skin of the soft body must meet the following criteria.

Under an applied pressure (P=P1), if the body wants to bend towards the left side,

the skin on the left side (indicated by AB) should be inextensible (> 20⇥), and the

skin on the right side (shown by CD) should be extensible. Similarly, when the body

wants to bend towards the right side, the criteria is vice versa. It is worth noting

that in both cases, the bending sti↵ness should be as low as possible.

However, obtaining a substantial change in membrane sti↵ness in a soft fiber-like

material is challenging. For instance, Tim et. al., studied a motor-assisted twisted

silicon rubber cord as variable-sti↵ness artificial muscles with a maximum sti↵ness

change of only 92 percent (0.92⇥)[213].

5.4.3 The concept of hybrid fiber: a sti↵ness tunable com-

ponent

To achieve a huge change in membrane sti↵ness , we propose a new concept of hybrid

fiber structure; a single fiber with stretchable and inextensible parts-connected in se-

ries (Fig. 5.5a), in which substantial change in membrane sti↵ness could be achieved

by locking or unlocking the stretchable part. The proposed fiber concept came from

the fact that a composite structure, with significantly di↵erent mechanical proper-

ties (inextensible and stretchable parts), can produce new content with mechanical
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1. A cotton fiber yarn, 2. a silicon rubber fiber, 3. a hybrid fiber using cotton yarn
and silicon rubber, before and after stretching.

properties di↵erent from the constituent parts. By controlling the choice of sti↵ness

for fiber parts, the volume fraction, and the alignment, the sti↵ness property of the

composite structure may be tailored to meet specific design requirements. For exam-

ple, considered two material having sti↵ness E1 and E2, and corresponding volume
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fractions, f1 and f2, connected either in parallel or serial fashion as shown Fig. 5.5a.

Then the e↵ective sti↵ness (E) of the new composite will depend on the sti↵ness of

the individual components as well as it’s volume fraction. The e↵ective sti↵ness of

the new composite material, Ep, can be evaluated as follows, For the parallel config-

uration the structure is in iso-strain (✏) (upper bound) condition; the stress � on the

composite structure is carried by both materials, and so we can write,

�total = f1�1 + f2�2 = f1E1✏x + f2E2✏x

Ep =
�total

✏x
= f1E1 + f2E2 (5.1)

and for the serial configuration the structure is in iso-stress (lower bound) condi-

tion, so we can write, and for the serial configuration the e↵ective sti↵ness, Es can

be written as,

✏total = f1✏1 + f2✏2 = f1
�x

E1
+ f2

�x

E2

Es =
�x

✏total
=

E1E2

f1E2 + f2E1
(5.2)

The above equations give the two bounds (upper and lower bounds) for the e↵ec-

tive sti↵ness for composite materials, however, it is worth noting that our proposed

hybrid fiber structure falls under the category of lower bound (serial).

Fig. 5.5b. illustrates a plot of the e↵ective sti↵ness of the hybrid structure with

respect to the volume fraction of first component (f1), for both serial and parallel con-

nections, and for specific values of E1 and E2. The value of E1 was kept highly sti↵

(1.2GPa), whereas (E2) was assigned to have a range of values starting from moder-

ately sti↵ (0.6GPa) to soft (100kPa). Results shows that, for parallel connection, the

e↵ective sti↵ness linearly varied with variation of both E2 and f2. But interestingly,

for serial connection, there was a dramatic change in the e↵ective sti↵ness of the fiber
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for small value of f2 when E2 became softer and softer, indicating that, by selecting

a suitable value for E2, the hybrid structure can also be made soft and stretchable.

The above study revealed that, serial connection of small volume fraction (5-20%

of total length) of a highly soft fiber (Modulus ⇠ MPa) to a sti↵ fiber (Modulus

⇠GPa), allow the newly formed hybrid fiber to stretch under suitable load. A simple

practical example of hybrid fiber concept using a cotton yarn (sti↵ part) and a silicon

rubber fiber (soft part) is shown in Fig. 5.5c. In this hybrid fiber, the soft part (a-a’)

ensures the required extension needed for shape change in soft bodies. If the soft part

(a-a’) is locked, using a phase change material (PCM ) for example, the sti↵ness of

the soft apart as well as the whole hybrid fiber will increase abruptly, and then the

fiber can resist the dimensional changes when loaded. In a fiber that is composed of

fully soft material (f2 = 100%), the strain produced is global (Fig. 5.5c2), that make

it extremely di�cult to control the tensile sti↵ness along the whole fiber. Where as, in

our hybrid fiber, due to the small volume fractions of soft part, the strain produced is

local (Fig. 5.5c3) that make it is easy to control the sti↵ness. Therefore, this unique

hybrid fiber will be helpful to switch between stretchable and inextensible states, to

mimic similar functionality of the tangential muscle fibers in hydrostatic skeletons.

Furthermore, the small volume fraction of the soft part, makes sure that there is no

significant change in bending sti↵ness while using a phase change material for locking,

which is mandatory for manipulating the soft body. Thus the proposed hybrid fiber

can meet all criteria that need for the manipulation of a single-chambered soft body.

5.4.4 Design approach and material choice for hybrid fiber

Fig. 5.6a depicts schematic diagram of a hybrid fiber showing the volume fraction of

sti↵ and soft part as fstiff and fsoft respectively. Fig. 5.6b shows the integration of

such a hybrid fiber on the top and bottom skin of a soft manipulator (sti↵ness⇡105

to 106) . The objective of this hybrid fiber is to allow or resist the dimensional change
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of the corresponding skin under a suitable pressure inside the channel. Once the soft

part is locked, the hybrid fiber must have the highest membrane sti↵ness to resist any

dimensional change. But when unlocked, the sti↵ness of the hybrid fiber should have

su�cient softness, comparable to that of the soft manipulator, to allow the stretching

of corresponding skin that is required for bending. To optimize the design of a hybrid

fiber structure for soft body manipulation, we need to clearly understand the factors

a↵ecting the hybrid fiber’s sti↵ness in locked and unlocked state

Let E1 and E2 be the sti↵ness, fstiff andfsoft be volume fraction of the sti↵ and

soft parts respectively; then equation (2) indicates the e↵ective sti↵ness of the fiber

before phase change locking (Efb). So we can write,

Efb =
E1E2

fstiffE2 + fsoftE1
. (5.3)

After locking the soft part, the sti↵ness of the soft part (E2) will theoretically
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increase to infinity, then the e↵ective sti↵ness become (Efa),

Efa =
E1

fstiff
(5.4)

So the ratio of sti↵ness change before and after locking is given by

Efa

Efb
= 1 +

fsoft

fstiff

E1

E2
(5.5)

From above equation, it is clear that, to obtain a large sti↵ness change after

locking, we have to keep fsoft >> fstiff or E1 >> E2. But, here fsoft ( and so as

fstiff ) have some design constraints. A higher value of fsoft will leads to larger the

quantity of PCM along the manipulator’s length. Then, upon solidification, it will

result in high bending sti↵ness, which will become a bottleneck for the manipulation

itself. Therefor, it is desirable to keep the fsoft, as low as possible. Then the only

option to increase the contrast of membrane sti↵ness change after locking, is by using

a material with significantly large tensile modulus for the sti↵ part and low modulus

for soft part (i.e, E1 >> E2).

To get the highest contrast after locking, we used cotton fibers (0.66GPa) and com-

mercially available silicone rubbers (Elastosil (E2⇡7MPa) or Ecoflex (E2⇡ 0.1MPa)),

as sti↵ and soft parts respectively. Fig. 5.6c illustrates the e↵ective modulus of

the composite fiber using these two materials. For parallel combination, the modu-

lus linearly decreased with the volume fraction of the soft part. However, for serial

connection, the choice of Ecoflex showed an abrupt change in modulus compared to

Elastosil. A change in modulus’s order is shown in Fig. 5.6d. Adding 5% percentage

of Ecoflex20 reduced the e↵ective sti↵ness (blue curve) drastically, compared to that

of Elastosil (red curve). At 10% volume fraction (indicated by point B), the e↵ective

sti↵ness of cotton-Ecoflex fiber is in the range of 106, comparable to that of most of
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the soft robotic body. In contrast, the sti↵ness of cotton-Elastosil fiber is greater than

107 at point B, which is relatively high. Such a high sti↵ness fiber could be used for

the high-pressure application. So, either by varying volume fraction or by choosing

a suitable grade of silicone rubber as a soft part, hybrid fibers with a range of mem-

brane sti↵ness and stretchability can be produced. A tensile test on cotton-Ecoflex

serial fibers validates the above findings (Fig. 5.6e). The tested pure cotton fiber

possesses a high modulus, so it is inextensible, but adding 5% Ecoflex in series made

the cotton fiber soft and stretchable. It bearer a strain of 40% before rupture, which

further increased to 70% when the volume fraction increased to 10%. However, it is

preferred for manipulation application to keep the soft part’s volume fraction as low

as possible (10-20% ) if a phase change material is used for locking.
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5.4.5 Design of a sti↵ness tunable hybrid fiber using phase

change locking

For the manipulation, the hybrid fiber should possess the ability to switch between

stretchable and the inextensible state whenever required. A schematic diagram of the

sti↵ness tunable hybrid fiber is shown in Fig. 5.7. To determine the volume fraction

of the sti↵ and soft part that is needed to manipulate a given soft body of sti↵ness

⇡105 to 106, we used a design graph which is shown in the Fig. 5.7a. The Grey

shaded region indicates sti↵ness of a soft manipulator (⇡105 to 106). The blue curve

indicates the hybrid fiber’s e↵ective sti↵ness in serial connection, and the red curve

indicates that in parallel connection. As we already discussed, the e↵ective sti↵ness of

serially connected hybrid fiber should match the sti↵ness of soft manipulator, which

is the region where the blue curve meets the grey rectangular area, i.e., at fsoft=10%

(point ‘A’in Fig. 5.7a). Using fsoft=10 to 20 %, we can fabricate hybrid fiber with

sti↵ness comparable to a given soft manipulator. Now to fabricate a sti↵ part, we

rely on the red curve. Adding the tiny volume fraction (fstiff=15%) of sti↵ cotton

fiber parallel to the Ecoflex increases the sti↵ness of composite rubber to Ef⇡ 108

(point ‘B’in Fig. 5.7a) , making the fiber almost inextensible (sti↵ part). So, the final

design of the hybrid fiber with fsoft=10% could be as follows. If L is the hybrid fiber’s

total length, the area of the cross section of 90% of the L is composed of 85% of the

Ecoflex and 15% of cotton fibers-connected in parallel, making it an inextensible part

(see Fig. 5.8). Then serially add pure stretchable ecoflex as the remaining 10 % of L

to get a complete hybrid fiber that is soft and stretchable now. The stress developed

in such a hybrid fiber under a give load depends on the total area of cross section of

fiber. Fiber with smaller area are easy to deform at smaller force and will be good

for low pressure application.

For tunable sti↵ness application, we need to lock or unlock the stretchable part

whenever required, as the whole fiber’s sti↵ness solely depends on the stretchable
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Figure 5.8: Design of hybrid fiber for manipulation: a design showing the structure of
the hybrid fiber. The sti↵ part is designed as a parallel configuration between Ecoflex
and cotton fibers. By reinforcing 15% area of cross-section of a given Ecoflex fiber
with cotton fibers, it becomes inextensible and can act as a sti↵ part. The soft part
is made from pure Ecoflex. Now connect sti↵ part (90%L) to soft part (10%L) can
give rise to the proposed hybrid fiber. So in this hybrid fiber, 90%L is sti↵, which is
inextensible, and 10%L is soft, which is extensible.
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Figure 5.9: (a) Force-Displacement curve of sti↵ness tunable hybrid fiber for three
heating-cooling cycles, (b) tensile test on the fiber before and after unlocking the
soft part (f2=20%), (c)change in tensile modulus before unlocking, after progressive
unlocking the soft part (f2=5, 10, 15, and 20%), and with a comparison to the sti↵ness
of soft manipulator (E).

part’s sti↵ness. Being the length of soft part in the hybrid very small; it can be

locked in various methods such as mechanical, electrostatic, or magnetic approach.

A tunable sti↵ness system operated directly using low-power electrical sources will

be simple in operation, compact in size, and will be suitable for portable applications.

So, this study used a phase change locking mechanism, using a low melting point

metal called Gallium, due to its ease of fabrication, compactness, and simplicity in

operation. Small quantity of Gallium required only lower electric power power for

phase change, which ensured a faster response. To fabricate the sti↵ness tunable

hybrid fiber, a thin Gallium strip (width=0.8mm, thickness=0.8mm ) along with a

Nichrome heating wire, was kept in a tiny channel created within the soft part, which

interconnects two sti↵ parts as shown in Fig. 5.7b. Joule heating liquefies the Gallium

inside the channel, leading to breaking of inter-connectivity between two sti↵ parts.

As a result, the soft part can get unlocked and becomes free to stretch. Upon cooling,

the solidified Gallium interconnects the sti↵ parts to regain the sti↵ness. Fig. 5.7c

shows the actual fabricated sample having 5% of the soft part along with embedded

Gallium. We fabricated four samples with volume fractions ranging from 5% to 20%

for various testing.
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5.4.6 Sti↵ness analysis of hybrid fiber

First of all, we analyzed the repeatability of fiber’s sti↵ness change through heating

and cooling of Gallium. The Fig. 5.9a shows, a force-displacement test performed

on the fiber, with and without locking the soft part. The line AB indicates the force

required to deform the hybrid fiber from 0 to 3mm, when the stretchable part is locked

(Gallium in solid-state). A large force of 14N at 3mm indicates the fiber is highly

sti↵. The Gallium is then heated from solid to liquid phase using 3W input power

. The melted Gallium unlocked the soft part and so, the force dropped abruptly as

indicated by line BC. This massive reduction in force illustrates the large change in

sti↵ness. After bring back to initial position (line CA) the Gallium allowed to cool

for sti↵ness recovery. The test repeated for the three cycles, and the graph shows

excellent repeatability of cyclic sti↵ness change.

We further evaluated the magnitude of sti↵ness change before and after locking

the fiber (Fig. 5.9b). The blue and red curve displays a fiber’s stress-strain curve

when Gallium in solid and liquid phases, respectively. The fiber showed a sti↵ness

change of around 106⇥ between two states, just using 3W input power, thanks to the

low volume fraction of the soft part and Gallium. 106⇥ is a huge change in membrane

sti↵ness , which is good enough for shape change applications. To our best knowledge,

there is no study, ever reported with such a massive change in membrane sti↵ness in

a stretchable rubber, using low input power.

The change in sti↵ness with respect to the volume fraction of a soft part is given

in Fig. 5.9c. As the fsoft increased from 5% to 20%, the sti↵ness in the unlocked

state decreased gradually and got closer to that of the manipulator’s soft body (E).

The locked hybrid fiber is 200⇥ sti↵er than the soft body. However, when 5, 10, 15,

and 20% of the total length were unlocked step by step (for details, see experimental

section), the fiber’s sti↵ness also reduced as 4.7⇥, 3.1⇥, 2.7⇥, 2.1⇥, respectively,

with respect to the soft body. It worth noting that the higher the fsoft, the higher
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will be the breaking strain (Fig. 5.6e); the fiber will have high stretchability. An

increased volume fraction can results in reduced sti↵ness; making it suitable for low-

pressure actuators. For a given area of cross-section of the fiber, the required volume

fraction of the soft part depends on the sti↵ness and actuation pressure of the soft

manipulator.

5.4.7 Response time of sti↵ness change

The soft part’s volume fraction is small in our hybrid fiber. So the quantity of Gallium

required is minimal for locking, ensures low enthalpy of fusion and a faster response.

Fig. 5.10a depicts Gallium’s (width=1mm, thickness=1mm) phase change under 3W

input power. Gallium begin to melt at around 2s, and most of the volume melted by

6s. It illustrates that time for unlocking can be less than 6s with 3W input power.

Fig. 5.10b shows a force-time curve, in which the force in unlocked fiber reduced from

2N (sti↵) to around 0N (soft) in 9s, with 1W input power. The time required for

the sti↵ness change for di↵erent input power is given in Fig. 7c, showing higher the

input power, the lower the time required. But, in the case of sti↵ness recovery the

process is passive cooling, and so, the time depends mainly on the dimensions of the

Gallium structure and the volume fraction of the melted Gallium inside the channel.

The time required for sti↵ness regain using Gallium structures with three di↵erent

size are given in Fig. 5.10e, f, & g. Fig. 5.10d indicates the displacement-time curve

used to study the time for recovery (for more details see the experimental section).

The study revealed that for a gallium structure having width and thickness of 1.5 mm

(Sample1), the earliest sti↵ness recovery happened at 92s (Fig. 5.10e). But, when

the same dimensions reduced to 1mm (Sample2) and 0.5mm (Sample3), the earliest

regain happens at 44s and 20s, respectively. In general, the smaller the thickness, the

quicker the sti↵ness regain but need to compromise the load bearing capacity. So, for

small pressure applications, where time is a major concern, it is better to use Gallium
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Figure 5.10: Response time: (a) optical images showing phase change of a Gallium
structure at various time when heated with 3W input power. (b) Force-time study to
evaluate the time for unlocking in an active heating using 1W input power, (c) time
of unlocking when heated with various input power. (d) A displacement-time curve
that is used to study the time of sti↵ness recovery, and (e, f, g) the corresponding
recovery time for three gallium structure with di↵erent dimensions.

of smaller dimensions.
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Figure 5.11: Application of sti↵ness tunable hybrid fiber: (a) a bidirectional rectan-
gular manipulator integrated with a total of 4 sti↵ness tunable hybrid fibers on the
left and right skin inside the channel, the fibers are free to move inside the channel
when unlocked, (b) left bending due to sti↵ness reduction in the fibers on right skin,
and (c) right bending when the sti↵ness of fibers on left skin reduced due to unlock-
ing. (d) A simple rectangular soft body integrated with multiple fibers inside, (e)
take complex shape due to local sti↵ness change when hybrid fibers unlocked. The
inset (d&e) shows , Abaqus FEA simulation of manipulator taking complex shape
with di↵erential sti↵ness on the skin

5.4.8 Application in a soft actuator

Our sti↵ness tunable hybrid fiber can allow or resist dimensional change, depending

on the phase of Gallium inside the silicon enclosure. Fibers with tunable sti↵ness

properties are useful for programmable shape change in single-chambered soft bodies

to behave like a simple manipulator. Fig. 5.11 shows a bidirectional bending of a

single-chambered soft rectangular body, integrated with sti↵ness tunable hybrid fibers

inside the channel (see Fig. 5.6b). The fabricated rectangular soft body have two

stretchable skins on the left and right sides respectively. Two fibers having fsoft=20%,

were fixed on the left skin, and two on the right skin. Only ends of the fibers were glued

to the soft body, and the rest of the fiber parts were free to move inside the channel.
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Initially, the fibers were in a locked state, and it tends to prevent any dimensional

change under a load. Then the fibers on the right skin were unlocked using a suitable

input power. The reduction in membrane sti↵ness allowed dimensional changes of the

skin under applied pressure. The resulted sti↵ness asymmetry tends the structure to

bend towards the left (Fig. 5.11b). The structure is then taken back to its initial

position and Gallium is cooled to regain the fiber’s initial sti↵ness. The process

is repeated on the left side’s fibers, resulting in a stretchable skin on the left side,

which allowed the soft body to bent towards the right side (Fig. 5.11c) and so, it is

a bidirectional manipulator. In another experiment, multiple fibers were integrated

inside the soft rectangular body. The local sti↵ness changes in selected fibers resulted

in a complex shape change, similar to those found in soft structure of some animals,

as shown in the Fig. 5.11d & e.

5.5 Concluding remarks

In summary, this chapter focused on developing a soft fiber-like structure with an

ability to tune the membrane sti↵ness, ranging from stretchable to inextensible. Work

of this chapter is primarily inspired from muscle fibers found in a hydrostatic skeleton,

such as a worm, which is able to tune the sti↵ness of the skin for dynamic shape

change. Inspired by the functionality of these muscle fibers in a shape change of soft

biological structures, such as a hydrostatic skeleton, we introduced a new concept of

sti↵ness tunable hybrid fiber, a fiber with sti↵ and soft parts connected in a series,

for shape change application in soft robotics. We paid very special attention to

ensure that the change in sti↵ness is confined to membrane sti↵ness, and there is no

significant increase in bending sti↵ness. This chapter gives a detailed explanation of

the design and fabrication of such a hybrid fiber suitable to manipulate a soft body.

Our proposed fiber’s sti↵ness depends upon the sti↵ness and volume fraction of the

constituent components. We demonstrated the hybrid fiber concept using cotton fiber
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reinforced silicon rubber (Ecoflex) as a sti↵ part and pure Ecoflex as a soft part. Low

tensile modulus of the soft part ensured high stretchability, which is needed for shape

change applications. We illustrated that our hybrid fiber’s sti↵ness could be tuned

by locking and unlocking the soft part, for which we used a phase change locking

mechanism using a low melting point metal called Gallium. Small volume fraction

for the soft part resulted in a small quantity of Gallium, and so our fibers had only

negligible bending sti↵ness with solidified Gallium. With fsoft=20%, we obtained

a substantial change in membrane sti↵ness , around 100⇥, after unlocking the soft

part of the fiber. The locking mechanism based on the Gallium ensured high load

carrying capacity (14N), faster response (<6s), and low input power usage (3W). We

provided all design graphs required to design a hybrid fiber with the range of sti↵ness

property that is suitable to manipulate a given soft body. Finally, we demonstrated

the applications of our hybrid fibers for manipulating a single-chambered soft body.

Programmable shape change in a soft body was demonstrated by selectively changing

the fiber sti↵ness. We believe this new hybrid fiber concept can be the best choice to

obtain massive membrane sti↵ness change in soft rubber-like materials without any

significant bending sti↵ness. This means that these fibers are suitable for many shape

change applications in soft robotics.
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Chapter 6

Concluding remarks

The fundamental motivation to build a robot comes from the self-capability of ani-

mals, including human beings, to perform many tasks. Animals have achieved this

capability through the evolution of millions of years. Today, most of the demonstrated

robots neither mimic the same animal features nor the same functionality. Though

there are many autonomous robots based on rigid material for industrial and space

applications, they all fundamentally lack one crucial feature: safety. We still need

to develop a fully autonomous robot that can safely interact with fragile objects and

unpredictable environments.

In the future, human resources available for many activities, such as cooking,

cleaning, packing, security guarding, etc., will be decreasing daily, so it is evident

that we need to depend on autonomous machines to perform all these tasks in our

homes and o�ces. Although today we can make highly autonomous robots using

rigid plastics and metals, these moving objects possess a high level of threats of

physical injury. The newly proposed concept of making robots using soft material

is a promising approach. Robots made of compliant materials can ensure inherent

safety while interacting with human beings, unpredictable environments, and delicate

objects. Moreover, these rubber-like materials are cheap and corrosion resistant. It

is straightforward to the fabricate a complicated architecture using these rubbers.

We need multifunctional soft materials with a range of functionalities, includ-

ing but not limited to sensing, conduction, complex actuation, and sti↵ness control.

Such a multifunctional material with new capability and functionality will be promis-
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ing to develop next-generation robots. For successful autonomous soft robots, it is

required to develop reliable multifunctional materials with tunable properties similar

to those found in animals. These insights are the key motivation for us to develop

programmable materials with tunable physical properties for robotic applications.

In the following sections, we summarize the significant discoveries and achieve-

ments we made within the framework of this thesis. We also describe the possibility

for future improvements that needs to be made and the scope of expansion of this

thesis work.

6.1 Summary

This thesis work focused on developing programmable materials for the functionality

of sensing, actuation, and manipulation. Chapter 3 presented a new approach to

fabricate stretchable strain sensors and conductors from the same material by pro-

gramming nanomaterial electronic properties at their junction using joule heating.

Our ultimate focus was on developing a 3D, porous, stretchable hybrid e-skin from

a single material with the sensor and conductor side-by-side, suitable to use as a

robotic skin. The proposed hybrid e-skin was demonstrated and validated using a

thermoplastic polymer sponge decorated with silver nanowires on a model robot. We

further designed and developed a low-voltage driven, fast-responding, soft actuator

based on the liquid-vapor phase transition, which is explained in chapter 4. These

thermo-fluidic soft materials can produce on-demand variable pressure directly using

an electric current, thus eliminating the need for motors and compressors found in

classical fluidic actuators and making them suitable for portable applications. We

paid particular attention to the design factors to improve the e�ciency of phase tran-

sition, including developing a flexible electrode that is highly e�cient for low voltage

joule heating. Chapter 5 proposes a novel concept of hybrid fiber with tunable mem-

brane sti↵ness property using low voltage equipment. In the proposed hybrid fiber,
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it is possible to get a drastic change in membrane sti↵ness within a few seconds,

ranging from stretchable to inextensible, without introducing any bending sti↵ness.

These fibers with the tunable tensile property were beneficial to integrate on a single-

chambered pneumatic soft body, which can be used for soft robotic manipulation

applications and mimicking shape change found in soft animals such as worms. A

detailed summary of these three works is given below.

6.1.1 Programmable materials for stretchable hybrid e-skin

for soft robots

Chapter 3 proposed and validated a novel concept of programming the junctions of

nanoparticles to control the resistivity when the polymer is stretched. We identi-

fied that the junctions among the conductive nanofillers play a significant role in

the network’s global resistance, and the junction resistance of metal nanowires can

be controlled by welding. Though there are several approaches for welding metal

nanowires, including thermal welding, plasma welding, laser welding, and chemical

welding, e-welding by Joule heating with a voltage source is a rapid and economical

approach.

Chapter 3 of this thesis demonstrated the conversion of a stretchable strain sensor

into a stretchable conductor through step-by-step electrical welding of the AgNWs

using a DC-voltage source. We explained the synthesis and morphological character-

istics of the conducting polymer sponge decorated with loosely connected nanowires.

Our studies demonstrated that poorly percolated nanowires would slip one over an-

other when linearly stretched. Under a cyclic strain test of 50% elongation, the

sample produced sensor-like behavior, which was demonstrated by elevation in the

sample resistivity. We further depicted the possibility of programming junctions of

nanowires to reduce both the absolute resistivity and gauge the factor of the sample

through electrical welding of nanowires using a voltage source. We showed that it
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is possible to control the gauge factor of the strain sensor via the applied DC volt-

age and significantly reduce the volume resistivity until the sample switches into a

stretchable conductor. Compared to increasing the filler concentration, the method-

ology of controlling the gauge factor through e-welding is useful for converting sensors

into conductors without a↵ecting the mechanical properties. It also saves the volume

fraction of nanomaterials used to fabricate a stretchable conductor. In conclusion,

using the methodology of e-welding, both stretchable strain sensors and conductors

can be fabricated from the same material, without varying filler concentration, in a

single process. We demonstrated it by developing the AgNWs-polymer sponge as a

soft e-skin in which both stretchable strain sensors and stretchable conductors are

fabricated from the same materials on an action figure to model robotic applications.

6.1.2 Low voltage-driven, quick tunable pressure in soft ma-

terial for a compact actuation system in soft robots

Soft actuators producing large deformation in a few seconds are usually based on

stretchable silicone rubbers actuated by compressed air. But the major issues are

they need bulky components such as a motor, compressor, tubes, and flow control

valves. Today, a compact actuator that can produce tunable pressure change within

the soft body, has yet to be developed. Such compact actuators will be suitable

for portable applications. In chapter 4, we demonstrated a compact thermo-fluidic

actuator that can produce tunable pressure whenever required. The working of the

actuator depends on the rapid build-up of vapor pressure inside the designed cavity,

which comprises a heating element and a working fluid. Initially, most of the working

fluid is in its liquid phase, so no actuation is generated. When the electrical current is

supplied to the heating element, the generated heat vaporized the working fluid from

the liquid phase to the vapor phase, resulting in forward actuation. For the enabling

reverse actuation, the heating is stopped by cutting o↵ the input electrical power, and
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the heat is dissipated by passive cooling of the soft element. Su�cient deformation

through a large volumetric expansion can be ensured by filling the cavity with an

adequate amount of liquid. This working principle eliminated the need for bulky

motors, compressors, tubes, and valves in classical fluidic soft actuation systems.

We directly triggered the phase transition of the selected fluid using low voltage DC

equipment, so the developed actuation system was compact and portable.

This chapter also discussed the critical design variables to improve the thermo-

fluidic actuator performance and proposed a new design for the heating element,

which are the essential components to improve the actuation speed. We paid special

attention to the design of the heating element to improve the time of actuation.

For this, we introduced a new rigorously-selected porous electrode based on steel

microfibers. We also ensured adequate electrical properties for this flexible electrode

through a proper design approach such that the generation of heat is optimized.

The new electrode helped to improve the speed of forward actuation of the designed

soft body, which is based on the fluid’s active joule heating using a heating element.

Furthermore, the reverse-motion speed is improved by adopting a soft structure with

a corrugated shape, large surface area, and thin membrane walls. This resulted in a

better dissipation of heat to the environment. With our designed heating element,

made from steel wool and ethanol as the working fluid, we could obtain a large bending

deformation in 7 s, for a power input of 45W. This speed of actuation is close to that

obtained for pneumatic actuators. Although we relied on passive cooling for reverse

actuation, the opted corrugated structure ensured fast reversibility (in most cases

within 30 s). In this chapter, we also demonstrated that it is possible to improve

the response time by selecting a working fluid with lower total heat. Finally, we

demonstrated our designed thermo-fluidic actuator’s practical application, involving

operating a bending actuator for gripping delicate objects. The proposed gripper is

very compact and easy to integrate into an electrically powered system. The actuator
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is also very cost-e↵ective in comparison to most existing actuators.

6.1.3 Tunable membrane sti↵ness in a stretchable fiber for

programmable shape change in soft robots

Existing approaches to programmable shape change in the soft body are dominated

mainly by modular pneumatic soft actuators with multi-chambers. Chapter 5 of this

thesis gave exciting examples of manipulation in soft animals such as worms, using

sti↵ness change in a single-chambered soft body. We gave the detailed role of muscle

fibers in programmable sti↵ness change of the skin of these animals. Inspired by this,

we wanted to fabricate a fiber structure with an on-demand shift in membrane sti↵ness

for soft body manipulation. We showed that such a sti↵ness tunable manipulation

can eliminate the need for multi-chambers and related flow control parts found in

pneumatic manipulation.

In this chapter, first, we detailed the correlation between membrane sti↵ness

change and the bending angle of an actuator using finite element analysis. Then,

we developed a new concept of sti↵ness tunable hybrid fiber, a fiber with soft and

sti↵ parts connected in a series. We started by developing analytical models for the

e↵ective sti↵ness of hybrid fiber made of a random choice for soft and sti↵ mate-

rials before locking the soft part. We demonstrated the hybrid fiber concept using

cotton fiber-reinforced silicon rubber (Ecoflex) as a sti↵ part and pure Ecoflex as a

soft part. The chapter also gave a design curve to find the e↵ective sti↵ness of fiber

with respect to volume fraction of soft/sti↵ part. Low tensile modulus of the soft

part ensured the high stretchability that is needed for shape change applications. We

illustrated that our hybrid fiber’s sti↵ness could be tuned by locking and unlocking

the soft part, for which we used a phase change locking mechanism using Gallium.

Small volume fraction for the soft part resulted in the small quantity of Gallium, and

so our fibers had only negligible bending sti↵ness with solidified Gallium. With 20%,
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volume fraction of the soft part, we obtained a substantial change in tensile sti↵ness,

around 100⇥, after unlocking the fiber’s soft part. The locking mechanism based on

the Gallium ensured high load carrying capacity (14N), faster response (<6s), and

low input power (3W). Finally, we demonstrated the applications of our hybrid fibers

for manipulating a single-chambered soft body. Programmable shape change in a soft

body was shown by selectively changing fiber sti↵ness. We believe this new hybrid

fiber concept can be the best choice to obtain massive membrane sti↵ness change

in soft rubber-like materials without any significant bending sti↵ness. In conclusion,

these fibers may be suitable for many shape change applications in soft robotics.

6.2 Summary of contributions

Programmable materials for stretchable hybrid e-skin for soft

robots

• We presented a fabrication processes for 2D (⇡1mm) and 3D (�1mm) soft,

porous, stretchable conductive polymer sponges by incorporating highly con-

ductive silver nanowires into the pores.

• We found that nanowire contact resistance plays a crucial role in controlling the

gauge factor of the material when stretched so that the fabricated sample can

behave as a strain sensor.

• We demonstrated that e-welding reduces the nanowire contact resistance at the

junctions, making the nanowire network more and more conductive with respect

to time.

• We showed that the gauge factor of the fabricated strain sensor could be con-

trolled either by varying the concentration of the nanomaterials or by e-welding.

• We proved that e-welding is far better than varying the nanofiller concentration,
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as low concentration of nanofillers have only a limited e↵ect on the sti↵ness

properties of a polymer and drastically reduce the quantity of nanowires needed

for a good electrical conductivity.

• We demonstrated that stretchable strain sensors and conductors can be made

using a single material by selective e-welding to generate a porous hybrid e-skin

for a model robot. One part of the soft hybrid e-skin can be strain-sensitive

(sensor), and another part can be conductive (conductor).

Low voltage-driven, quick tunable pressure in soft material for

a compact actuation system in soft robots

• We presented the fabrication of soft material capable of internally producing

quick tunable pressure using the liquid-gaseous phase transition.

• We demonstrated the actuator’s large bending motion, directly using low-voltage

equipment and without using any intermediate components such as motor and

compressor.

• We discussed the major design variables to improve the actuation performance

of the thermo-fluidic actuator.

• We proposed a new design for e�cient electrodes that is highly porous and

flexible to improve actuation speed in the forward direction.

• We showed that the speed of forward actuation of our actuator was comparable

to that found in classical pneumatic actuators.

• We proposed a suitable structural design for the actuator to improve reverse

actuation speed through passive cooling.

• We demonstrated a practical soft robotic application involving operating elec-

trically a soft bending actuator for gripping some food items.
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Tunable membrane sti↵ness in a stretchable fiber for pro-

grammable shape change in soft robots

• We introduced a new concept of sti↵ness tunable, flexible hybrid fiber with sti↵

and soft parts connected in series.

• We presented fabrication processes for a hybrid fiber using cotton and silicon

rubber.

• We designed a phase change locking mechanism using Gallium to control sti↵-

ness of the soft part.

• We proposed a design curve for a hybrid fiber to obtain a range of sti↵ness by

varying volume fraction of silicon rubber.

• We demonstrated a substantial change in membrane sti↵ness by locking-unlocking

the soft part of the fiber.

• We presented the fabrication of a single-chambered soft body integrated with

sti↵ness tunable fibers for the demonstration of programmable shape change.

6.3 Limitations

This thesis focused on developing programmable materials with tunable physical prop-

erties: resistivity, pressure, and sti↵ness for many promising robotic applications. In

the following sections, we summarize some of the limitations we identified within

this thesis’s framework. We identified the possibility for future improvement and the

scope of expansion of this thesis work from these limitations.
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Programmable materials for stretchable hybrid e-skin for soft

robots

One of the significant di�culties we faced while fabricating a porous polymer sponge

was to obtain the interconnectivity between pores. A lack of interconnectivity comes

from the random dispersion of sodium chloride particles. However, this limitation

can be overcome by using proper techniques such as adequate mixing of the particle,

proper compaction of particles, and thorough analysis of the pores using scanning

instruments. The second limitation is that the sharp edges of NaCl templates can

lead to defected pores which may initiate crack propagation in the polymer sponge

under repeated tensile loading. The cracks can lead to poor interconnectivity of

nanowires in the sponge, which can a↵ect the resistivity. Another issue is controlling

the volume resistivity of samples having similar size, close to a specific chosen value

of resistivity. It is often di�cult to attain same value of resistivity for two samples

having same size. To overcome this limitation, we need to adopt a more professional

approach for fabricating the polymer sponge. Additionally, to develop a hybrid e-

skin on the action figure, one needs more manual skills. We need more studies and

testing to control the thickness of hybrid skin on the model robots to obtain a desired

resistance value for an AgNW network.

Low voltage-driven, quick tunable pressure in soft material for

a compact actuation system in soft robots

We developed a low-voltage driven, fast-responding, portable, thermo-fluidic actuator

which can produce on-demand pressure change for large motion. A major limitation

is the speed of reverse actuation. We rely on the passive cooling of the system for

reversibility. To improve the speed of reverse actuation, we need e�cient cooling

technologies based on the flexible thermoelectric cooling system. This is because a

rigid cooling system cannot be used in our application, as it will introduce high flexural
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rigidity. The last limitation is the possibility of unwanted actuation that may happen

if the environmental temperature increases. Although this can be overcome by using

a di↵erent working fluid with a suitable boiling point, any unexpected change in

environmental temperature can lead to unwanted actuation.

Tunable membrane sti↵ness in a stretchable fiber for pro-

grammable shape change in soft robots

We developed a novel concept of sti↵ness tunable hybrid fiber for shape change in a

single-chambered soft body. There are a few di�culties we faced during the fabri-

cation of these fibers. The manual casting of Gallium into thin strips is challenging

due to its high surface tension in the liquid state, so the manually casted Gallium

structures had mild surface defects. This can be overcome by using injection molding

machines and superheated liquid Gallium. Incorporating a fixed length of thin wires

of the heating element (Nichrome wire) having a fixed resistance is also challenging.

We overcame this by using a mold made of silicon rubber with embedded Nichrome

wire inside it before pouring the molten Gallium into the mold. Another issue is

Gallium contamination, which can a↵ect the freezing point of the metal. So, it is es-

sential to pay careful attention not to pollute the Gallium with foreign materials. We

demonstrated the locking mechanism using Gallium because of its simplicity in opera-

tion. An alternative locking mechanism based on electrostatic attraction or magnetic

attraction can also eliminate issues while using Gallium. Finally, maintaining the

hybrid fibers close to the soft body’s wall chambers during operation needs further

testing and improvement. We need to develop a mechanism to put these fibers inside

a predefined channel within the wall of soft body, with some constraints for radial

movement to ensure that fiber will remain close to the soft body’s corresponding wall

during operation.
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6.4 Future research work

The work presented in this thesis can be extended in the following directions.

Programmable materials for stretchable hybrid e-skin for soft

robots

In this thesis work, we used metal nanowires to fabricate stretchable strain sensors

and stretchable conductors. Although the metal nanowires with a large aspect ratio

can be stretchable through geometrical rearrangements, metal wires rigidity can be

an issue under extreme strain. Compared to metallic nanowires, carbon nanomate-

rials such as carbon nanotube and graphene have a better elastic property; however,

it’s challenging to weld them using low power electrical energy. In the future, we

are interested in expanding our work using carbon nanomaterials as fillers to obtain

tunable electrical properties. The second interest is to get a very high gauge factor

for the strain sensor using carbon nanomaterial with a small aspect ratio. It then

converts it into a stretchable conductor with a minimum gauge factor by welding the

carbon nanomaterials.

Low voltage-driven, quick tunable pressure in soft material for

a compact actuation system in soft robots

We designed and fabricated a low-voltage driven, fast-responding, thermo-fluidic soft

actuator based on the liquid-vapor phase transition. Our designed actuator has some

dead volume inside the actuator. We are interested in decreasing the actuator’s size by

reducing the dead volume inside the soft cavity without compromising the actuator’s

payload capacity. Reducing the dead volume inside the cavity will lower the quantity

of working fluid so that required input power and voltage can be reduced and a much

faster response can be obtained. We are also interested in the detailed study on the

actuator’s e�ciency to improve the actuator’s performance further. Another critical
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area that needs to be focused on is the time of reverse actuation. We are interested in

developing a flexible, compact cooling system to improve the reverse actuation speed.

Tunable membrane sti↵ness in a stretchable fiber for pro-

grammable shape change in soft robot

In this thesis work, we used a phase change locking mechanism to control the soft

part’s sti↵ness. Phase change required a repeated heating and cooling process. The

heating is an active process, which can be made very fast by increasing the input

power; however, the cooling is a passive process, so it is relatively slow. A compact

cooling system is necessary to improve the sti↵ness recovery process, so we are in-

terested in either developing a compact cooling system or developing another locking

mechanism based on electrostatic attraction or magnetic attraction within the soft

part, which can make the sti↵ness recovery faster. We will develop a mechanism to

put hybrid fibers inside a predefined channel within the wall of the soft body, with

some constraints for radial movement to ensure that fiber will remain close to the soft

body’s corresponding wall during operation.
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A Appendix A

A.1 Discussion on enhancement of passive cooling

The major cooling enhancement in our selected corrugated shape can come from

reduced thermal resistance of the soft body described by following formula: the total

thermal resistance of the soft structure is Rtotal = Rcond+Rconv+Rrad, which depends

on the structure of the soft body. A corrugated chamber-like structure has following

advantages over a simple rectangular structure (see Fig. A.1a, A.1b, A.1c & A.1d):

1. Chamber walls consist of a very thin membrane, which is useful to improve the

conduction heat transfer (Rcond = x
KA), 2. Surface area is very large (Fig. A.1d,),

which further improves the conduction, convection (Rconv = 1
hconvA

) and radiation

(Rrad = 1
hradA

) heat transfer. Additionally, the large expansion of chamber walls

(bulged state) during actuation reduces the thickness ( from x ! x1) and increases the

area (from A ! A1) further, as shown in Fig. A.1a & A.1b. The thermal resistance of

the chamber wall also reduces, which can further improve the heat transfer. In other

words, we can say that the proposed structure has a programmable thermal resistance;

it reduces in actuated state and regains the original value in reverse actuation. The

thermal image of a chamber is shown in Fig. A.1c. It shows that the temperature

of chamber walls is very high compared to the rest of the actuator, which supports

the statements made above. i.e. the chamber walls have a low thermal resistance

due to reduced thickness. Therefore chamber walls can play a significant role in heat

removal from the actuator during reverse actuation.
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Figure A.1: The thermal resistance of the actuator: (a) The undeformed and (b)
deformed configuration of a chamber of the actuator and corresponding change in
thermal resistance. (c) The thermal image of a chamber showing high wall tempera-
ture due to reduced thickness. (d) A simple comparison of the area of a rectangular
shape and corrugated shape for the top layer of bending actuator.
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B Appendix B

B.1 Design of a hybrid fiber structure

To optimize the design of a hybrid fiber structure, we need to have a clear understand-

ing of the factors a↵ecting the hybrid fiber’s sti↵ness. The proposed fiber concept

came from the fact that a hybrid structure, with significantly di↵erent mechanical

properties (the stretchable and inextensible parts), can produce new content with

mechanical properties di↵erent from the constituent parts. By controlling the choice

of sti↵ness for fiber parts, the volume fraction, and the alignment, the sti↵ness prop-

erty of the composite structure may be tailored to meet specific design requirements.

To determine a range of possible outcomes, we considered two simplified cases, paral-

lel and serial connection. Composite material under iso-strain condition can give the

upper bounds for the e↵ective sti↵ness whereas the iso-stress condition can give the

lower bound.

Let the sti↵ness and volume fraction of the two parts are E1, E2 andf1, f2 respec-

tively. For the iso-strain condition, the stress on the composite structure is carried

by both materials and so we can write,

✏1 = ✏2 = ✏x. (B.1)

�1 = E1✏1; �2 = E2✏1 (B.2)

�total = f1�1 + f2�2 = f1E1✏x + f2E2✏x (B.3)

Efu =
�total

✏x
= f1E1 + f2E2 (B.4)

For the iso-stress condition, the tensile strain is linearly distributed between the
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two parts. So, we can write

�1 = �2 = �x. (B.5)

�1 = E1✏1; �2 = E2✏2 (B.6)

✏total = f1✏1 + f2✏2 = f1
�x

E1
+ f2

�x

E2
(B.7)

Efl =
�x

✏total
=

1
f1
E1

+ f2
E2

=
E1E2

f1E2 + f2E1
(B.8)

The above equations give the two bounds for the e↵ective sti↵ness for composite

materials; however, it is worth noting that our proposed hybrid fiber structure falls

under the category of iso-stress condition which corresponds to the lower bound. Let

E1 and E2 be the sti↵ness of the stretchable and in-extensible parts in the hybrid

fiber structure, then equation (8) indicate the e↵ective sti↵ness of the fiber before

phase change locking (Eflb). So we can write,

Eflb =
E1E2

f1E2 + f2E1
. (B.9)

After solidification of the phase change material, the sti↵ness of the stretchable

part (E1) will theoretically increase to infinity, then the e↵ective sti↵ness become

(Efla),

Efla =
E2

f2
(B.10)

So the ratio of sti↵ness change before and after locking is given by

Efla

Eflb
= 1 +

f1

f2

E2

E1
(B.11)
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From above equation, it is clear that, to obtain a large sti↵ness change after liquid-

solid phase change, we have to keep f1 >> f2 or E2 >> E1. But, here f1 (and so as

f2) and E1 have some design constraints. A higher value of f1 will leads to larger the

quantity of PCM along the manipulator’s length. Then, upon solidification, it will

result in high bending sti↵ness, which will become a bottleneck for the manipulation

itself. There for, it is desirable to keep the f1, as low as possible. On other hand,

to minimize the pressure of actuation required for the manipulation, sti↵ness of the

stretchable part of the fiber, E1, should be comparable to the sti↵ness of manipulator’s

soft body (ranging from 0.1 to 1 MPa). So, the only option to increase the contrast

of tensile sti↵ness change after phase change, is by using a material with significantly

large tensile modulus (E2 >> E1) for the inextensible part.
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C Appendix C

C.1 Supplementary information

Following supplementary movies are part of this dissertation:

• Movie SM1: Comparison between 30W and 45W in forward actuation (ethanol).

• Movie SM2: Comparison between ethanol and acetone in forward actuation.

• Movie SM3: Comparison between ethanol and acetone in reverse actuation.

• Movie SM4: Handling of vegetable.

• Movie SM5: Handling of bun.

• Movie SM6: Handling of rugby ball.

• Movie SM7: Bidirectional manipulation of a soft body using the hybrid fiber.

• Movie SM8: Transformation into a complex shape using the hybrid fiber.
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