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ABSTRACT

DEVELOPMENT OF A NOVEL VARIABLE STIFFNESS
DEVICE BASED ON MAGNETO-RHEOLOGICAL
ELASTOMERS FOR SOFT ROBOTS

One of the biggest challenges in soft robotics is the variability and controllabil-
ity of stiffness. Compliance is required for soft robots to enable dexterity and secure
interactions with the environment, whereas rigidity is required to transmit forces when
necessary. Stiffness variation of soft robots has been achieved through stiffening meth-
ods such as antagonistic arrangement of active elements, jamming by vacuum, and
viscosity change under magnetic field. The methods can be compared in terms of
speed of stiffening and destiffening, modes of stiffening, and stiffness variation. Mag-
netorheological elastomers (MRESs) are effective in response time and suitable for dif-
ferent stiffening modes, such as bending, tension, and compression. However, stiffness
variation data can only reach high values if a very high magnetic field is applied.
Jamming-based methods appeal due to fabrication, low cost, and stiffness variation.
However, the speed of this technology is not particularly remarkable. In addition, it
requires an external membrane, creating design complications for system integration.
No research that utilizes both methods simultaneously is found in the soft robotics
literature. In this thesis, a hybrid method is proposed that combines a jamming-based
approach with a viscosity-based one for stiffening of soft robots. The proposed method
is innovative because stiffness variation is boosted by exploiting the advantages of
magnetic jamming of MREs. In order to prove the proposed method, a number of
steps was taken. First, the bending behavior of MREs is analytically, numerically,
and experimentally investigated to analyze the effect of volume fraction of magnetic
particles on stiffness variation. Second, a multi-layer jamming structure consisting of

MRE layers and two flexible Neodymium-Iron-Boron (NdFeB) magnets is developed



to investigate the unique mechanics of magnetic jamming of MRE sheets exploring
stiffness change both due to jamming and variable viscoelasticity. Third, a fiber jam-
ming structure consisting of MRE fibers and a flexible NdFeB magnet is developed and
integrated into a soft robot, the STIFF-FLOP manipulator. Stiffening tests are per-
formed on the manipulator to prove the concept of magnetic jamming of MRE fibers.
Results show that stiffness gain in bending and compression is achieved with the pro-
posed method. Finally, a possible implementation of electronically-controlled magnetic
jamming and stiffening is demonstrated on the manipulator which is embedded with
electro-permanent magnets. The findings of this thesis show that the proposed hybrid
stiffening method combining jamming with viscoelasticity modification is a promising

approach to achieve variable and controllable stiffness in soft robots.
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OZET

YUMUSAK ROBOTLAR ICIN MANYETOREOLOJIK
ELASTOMER ESASLI YENI BIR DEGISKENLI SERTLIK
CIHAZININ GELISTIRILMESI

Yumusak robot teknolojisindeki en biiytlik zorluklardan biri sertligin degiskenligi
ve kontrol edilebilirligidir. Yumusak robotlarin gevre ile hiinerli ve giivenli etkilegimler
saglamasi i¢in yumusaklik gerekirken, gerektiginde de kuvvetleri iletmek icin sertlik
gerekir. Yumusgak robotlarin sertlik degisimi, aktif elemanlarin antagonistik diizenlen-
mesi, vakumla sikigma ve manyetik alan altinda viskozite degisimi gibi sertlestirme
yontemleriyle elde edilmistir. Bu metotlar, sertlesme hizi, sertlesme modlar: ve sert-
lik degigimi agisindan kargilagtirilabilir. Manyetoreolojik elastomerler (MRE’ler) yamt
siiresinde iyidir ve egilme, ¢cekme ve sikigtirma gibi farkl sertlestirme modlar: igin uy-
gundur. Ancak sertlik degigim verileri ¢ok yiiksek bir manyetik alan uygulandiginda
yiksek degerlere ulasabilir. Sikigtirma bazli yontemleri cazip kilan ise imalat, diigiik
maliyet ve setlik degisimi 6zellikleridir. Ancak bu teknoloji kayda deger bir hiza sahip
degildir ve dahas1 bu yontem, sistem entegrasyonunu karmasgik hale getiren bir vakum
poseti kullanmay gerektirir. Yumusak robotlar ile ilgili yapilan akademik ¢aligmalarda
bu iki yontemin bir arada kullanildigi bir aragtirmaya rastlanmamigtir. Bu tezde,
yumusak robotlarin sertlestirilmesi i¢in sikismaya dayali bir yaklagimi viskoziteye dayali
bir yaklagimla birlestiren hibrit bir yéntem 6nerilmistir. Onerilen yontem MRE’lerin
manyetik sikigmasinin avantajlarindan yararlanilarak sertlik degisimi yarattigi i¢in ye-
nilikcidir. Bu yontemi kanitlamak icin birtakim adimlar atilmigtir. Ik olarak, manyetik
parcaciklarin hacimsel oraninin sertlik degisimi tizerindeki etkisini analiz etmek i¢in
MRE’lerin biikiilme davrams: analitik, sayisal ve deneysel olarak incelenmistir. Ikincisi,
hem sikigtirma hem de viskoelastisite degigskenligi nedeniyle sertlik degisimini kon-

trol ederek MRE tabakalarinin manyetik sikigmasindaki benzersiz mekanigi aragtirmak
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icin iki adet esnek Neodimyum-Demir-Bor (NdFeB) miknatis ile MRE’lerden olugan
cok katmanh bir sikistirma yapisi gelistirilmistir. Uclinciisii, MRE’lerden ve bir adet
esnek NdFeB miknatistan olugan fiber sikigtirma yapisi gelistirilmis ve yumusak bir
robot olan STIFF-FLOP‘a entegre edilmistir. MRE liflerinin manyetik sikigmasi du-
rumunu kanitlamak icin robot tizerinde gerekli sertlestirme testleri yapilmigtir. Elde
edilen sonuglar, onerilen yontem ile biikme ve sikigtirmada sertlik kazancinin oldugunu
gostermektedir. Son olarak, elektronik olarak kontrol edilen manyetik sikigtirma ve
sertlestirmenin olas1 bir uygulamasi, siirekli elektro-kalici miknatislarin STIFF-FLOP
robotuna yerlestirilmesi ile ispat edilmistir. Bu tezin bulgulari, sikigtirma ve viskoe-
lastisite degisikliginin birlestirilmesi ile olusturulan, sertlegtirme i¢in Onerilen hibrit
yontemin, yumusak robotlarda degigsken ve kontrol edilebilir sertlik elde etmek icin

umut verici bir yaklagim oldugunu gostermektedir.



viil

TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . . ... o . iii
ABSTRACT . . . . e iv
OZET . .o vi
LIST OF FIGURES . . . . . . . . . xi
LIST OF TABLES . . . . . . . e Xix
LIST OF SYMBOLS . . . . . . . e XX
LIST OF ACRONYMS/ABBREVIATIONS . . . . . ... .. ... ... .... xxii
1. INTRODUCTION . . . . . e 1
1.1. Motivation . . . . . . . . . .. 2
1.2. Objectives of the Study . . . . . .. .. ... .. ... 3
1.3. Thesis Outline. . . . . .. .. ... 4

2. LITERATURE REVIEW . . . . .. . 5
2.1. Soft Robotics . . . . . . . . . 5
2.1.1. Actuation . . . . ... 5

2.1.1.1.  Fluidic Actuation . . . . . . . . ... ... ... ... 5)

2.1.1.2. Electrostatic Actuation . . . . ... .. ... .. ... 7

2.1.1.3. Thermal Actuation . . . . . . .. ... ... ... ... 8

2.1.1.4. Magnetic Actuation . . . . . ... ... ... ... .. 9

2.1.2. Application Areas . . . . . . . .. 10

2.2. The STIFF-FLOP Manipulator . . . . ... .. ... .. ... ..... 11
2.3. Classification of Stiffening Mechanisms . . . . . . .. ... .. ... .. 12
2.3.1. Antagonistic Arrangement . . . . . ... ... 13

2.3.1.1. Active-Active . . . . . ... 13

2.3.1.2. Active-Passive . . . .. ... 13

2.3.2. Imtrinsic Rigidity Tuning . . . . . . . . ... .. ... L. 14

2.3.2.1.  Glass or Phase Transition-based . . . . . . . . .. ... 14

2.3.2.2. Jamming-based . . . . ... ..o 16

2.3.2.3. Viscosity-based . . . . ... ..o 19



1X

2.3.3. Comparison of Stiffening Mechanisms . . . . . . . . . .. .. .. 19

2.4. Magnetorheological Elastomers . . . . .. .. ... ... ... .. 20
2.4.1. Historical Overview of MREs . . . . . .. ... ... ... ... 22
2.4.2. Applications of MREs . . . . .. ... ... ... ... ... 23

3. MATERIALS AND METHODS . . . . .. .. ... . ... .. ... ..... 25
3.1. Cantilever Bending Behavior of MREs . . . . . ... .. ... ... .. 25
3.1.1. Theoretical Background . . . . . .. .. ... ... ... ... 25
3.1.2. Experiments . . . . . . . ..o 29
3.1.2.1. Sample Preparation . . . .. ... ... ... ..... 29

3.1.2.2. Cantilever Bending Experiment . . . . . . . . .. ... 30

3.2. Layer Jamming of MREs . . . . . . .. .. ... ... ... 31
3.2.1. Sample Preparation . . . . . . . ... ... L. 32
3.2.2. Experiments . . . . . . ... 34
3.221. Tensile Tests . . . . ... . ... ... ... ... .. 34

3.2.2.2. Friction Tests . . . . . . . . ..o 35

3.2.2.3. 3-point Bending Test . . . . . . . ... ... ... 36

3.2.3. Finite Element Analysis . . . . ... ... ... ... ...... 37

3.3. Fiber Jamming of MREs . . . . . . . ... .. ... o0 39
3.3.1. Design of the Fiber Jamming Structure . . . . . . . . . ... .. 39
3.3.2. Soft Robot Fabrication . . . . . . ... ... ... ... ..... 42
3.3.3. Experiments . . . . . . ... ... 43
3.3.3.1. Performance Tests . . . . . .. ... ... ... .... 43

3.3.3.2. Stiffening Tests . . . . . .. ..o 44

3.4. Implementation of Electronically-controlled Magnetic Jamming . . . . . 45
3.4.1. Electropermanent Magnets . . . . . . . ... .. ... ... ... 46
3.4.1.1. Working Principle of EPMs . . . . . .. .. ... ... 46

3.4.1.2. Theoretical Background . . . . ... ... .. ... .. 48

3.4.1.3. Design of the EPM Device . . . . . ... .. ... ... 49

3.4.1.4. Magnetic Simulations . . . . ... ... ... 50

3.4.2. The Variable Stiffness Device . . . . . . .. ... .. ... ... 51

3.4.2.1. Design of the Stiffening Device . . . . . ... ... .. 51



3.4.2.2. Fabrication of the Stiffening Device . . . . . . . . . .. 53

4. RESULTS AND DISCUSSION . . . . . . .. . . .. 55
4.1. Cantilever Bending Results. . . . . . ... ... .. ... ... ... .. )
4.2. Magnetic Layer Jamming Results . . . . . . .. .. .. ... ... ... 59
4.3. Magnetic Fiber Jamming Results . . . . . . ... ... ... ... ... 64
4.4. Electronically-Controlled Magnetic Fiber Jamming Results . . . . . . . 68
4.4.1. Simulation Results . . . . . . ... ... ... 0. 68

4.4.2. Experimental Results . . . . . . .. ... ..o 00 69

5. CONCLUSION . . . . . e 71
5.1. Contributions and Originality . . . . . ... .. ... .. ... ..... 73
5.2. Outlook and Future Work . . . . . .. .. ... ... ... ... 73
REFERENCES . . . . . . . 75

APPENDIX A: TENSILE AND FRICTION TEST RESULTS . ... ... .. 92



Figure 1.1.

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

LIST OF FIGURES

Young’s modulus for various materials adapted from [11]. . . . . .

Schematic representation of fluidic actuation. (a) There is no inlet
air or liquid in the inflatable cavity. (b) Actuation is caused by the

fluidic pressure P inside the inflatable cavities of soft robots.

Schematic representation of electrostatic actuation. (a) A dielectric
elastomer is sandwiched between two compliant electrodes. (b)
Electrostatic forces cause deformation when a voltage is applied to

the electrodes. . . . . . . .

Schematic representation of thermal actuation. (a) An SMA is em-
bedded into an elastomer matrix in a soft robot. (b) Joule heating

causes SMAs to change shape, which results in activation. . . . . .

Schematic representation of magnetic actuation. Magnetic particles
are embedded into a soft and flexible elastomer. The particles tend
to align themselves in the direction of the applied external magnetic

field, resulting in deformation. . . . . . . . ... ... ... ...

The STIFF-FLOP surgical manipulator developed by by Cianchetti
et al. [28]. . . ..

Various stiffening mechanisms are classified. . . . . . . . .. . ..

X1



Figure 2.7.

Figure 2.8.

Figure 2.9.

Figure 2.10.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Schematic representation of the fundamental mechanical behav-
ior of the jamming structures under loading. (a) Granular jam-
ming structure under compression, (b) fiber jamming structure in
cantilever bending, and (c) layer jamming structure in three-point

bending configuration. . . . . ... ..o

SEM image of CIP in the absence of magnetic field (a), chain for-

mation under uniform magnetic field (b). . ... ... ...

Fabrication process of anisotropic and isotropic MRE samples.

Scheme of basic operation modes for MREs: (a) shear mode, (b)
squeeze/elongation mode, and (c) field-active mode. H represents

the applied magnetic field. . . . . ... ... ... ... ... ...

Schematic of the beam model developed by Lockette et al. [120].
The magnetic field H, magnetization M, and demagnetizing tensor
D components are shown in parallel and perpendicular directions.
y(x) and O(x) are the transverse bending deflection and deflection

angle of the beam, respectively. . . . . . . .. .. ... ... ...
MRE material fabrication components and consumables. . . . . .
Experimental setup for cantilever bending of MRE samples. The

micrometer was used to pull a non-extensible cable which is at-

tached to the tip of the MRE sample. . . . . . ... ... ... ..

xii

22

30



Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

Schematic illustration of the three deformation regions within a
multi-layer jamming structure. (a) In the pre-slip region, there
is no slip at the interfaces between the layers. (b) The partial-
slip region, where some interfaces begin to slip, and the bending
stiffness gradually decreases. (c) All layers are in a slip in the full-

slipregion. . . . . . ..

(a) The fabricated MRE specimens with three different thicknesses.
(b) An image of a flexible NdFeB magnet. . . . . ... ... ...

Schematic of the magnetization process. A uniform magnetic field
is applied through a flexible NdFeB magnet. The magnet and its
holder (a non-magnetic 3D-printed part) were placed between the

magnetic poles of the electromagnet. . . . . . . . ... .. ... ..

Schematic of the experimental setup for uniaxial tensile test. The
sample was sprayed with white paint to create a random speckle
pattern. The distal end of the MRE samples was fixed, while the

proximal end was attached to the load cell. . . . . . . .. ... ..

Schematic of the friction test setup. Kinetic coefficients of friction
1 between MRE-to-MRE and MRE-to-NdFeB are calculated by

taking the average of the measured force in the dynamic range.

Schematic of 3-point bending test. N stands for the number of
layers in the jamming structure. The MRE layers (white) and
the flexible magnets (grey) are deflected while the resultant force is
measured. The thickness of the overall jamming structure is 10mm,

and the deflection (§) isbmm. . . . . . ... ... ... ...

xiil

36



Figure 3.10.

Figure 3.11.

Figure 3.12.

Figure 3.13.

Figure 3.14.

(a) 3D FEM of the three-layer jamming structure for magnetic
simulation. An MRE layer with 5 mm thickness was placed between
two NdFeB magnets, and the structure was surrounded by air. (b)
Front view of the model. The simulations were performed for four
different cases. For each case, a cylindrical coordinate frame was

assigned to determine the polarization direction of the magnets.

Finite element model for N-layer jamming structure. The top roller
was displaced 5 mm in -y direction. The bottom rollers were fixed.
The magnetic force density values obtained from magnetic simula-
tions were applied to surfaces A, and B. Frictional contact type was
used in all interfaces. The surfaces C and D were defined as con-
tact surfaces for the MRE-to-NdFeB and MRE-to-MRE interfaces,

respectively. . . . . .. .

CAD drawing of the STIFF-FLOP soft manipulator with an inte-
grated variable stiffness device. The stiffening device is inserted in
the central channel of the STIFF-FLOP manipulator. The manip-

ulator’s length and diameter are 60 mm and 17 mm, respectively. .

(a) A schematic of the packed MRE fibers and a NdFeB magnet
in the stiffening chamber. (b) Magnetic polarization of the NdFeB

magnet. . ... oL L e

Scheme of the module highlighting the fluidic chamber activation.
The module bends in (a) and (b) and elongates in (¢). . . . . . . .

X1iv

38

40



Figure 3.15.

Figure 3.16.

Figure 3.17.

Figure 3.18.

Figure 3.19.

Figure 3.20.

Figure 3.21.

Figure 3.22.

Fabrication of the single module STIFF-FLOP manipulator with
the proposed MRE fibers and NdFeB magnet. (a) The 3D-printed
side parts and a core are assembled, then polyester is winded around
the mold. (b) The silicone casting of the body of the module. (c)
Fiber jamming structure are inserted, then the top and bottom

ends are sealed to the body. (d) The manipulator is fabricated. . .

A scheme of the components used in the activation of the STIFF-

FLOP manipulator. . . . . . . . .. . ... ... ... ... ...

The operation principle of the EPM device (a) An EPM device.
(b) The operation states and corresponding B-H curves of the soft

and the hard magnets. Adapted from [130]. . .. ... ... ...

CAD model of the EPM device. . . . . . . . . . .. .. ... ...

3D model showing the MRE fibers, the hexagonal-shaped MRE,
and the EPMs. . . . . . ... ... ...

CAD drawing of the proposed stiffening device and its implemen-
tation to the STIFF-FLOP manipulator. (a) The stiffening device,
(b) the device-integrated STIFF-FLOP manipulator, (c¢) and its

CTrOSS-SeCtion VIEW. . . . . . . . o v v i e,

(a) The manufactured MRE fibers, (b) and the EPM device.

The manufactured STIFF-FLOP manipulator. (a) The assembled
module without the EPM devices. (b) A cut-view of the manipu-
lator. MRE fibers are placed into a stiffening chamber. . . . . . .

XV

43

23



Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Comparison of experimental (dotted data points) and theoretical
(developed by Lockette et al. [120] results: Force vs. displacement
for the MRE samples with four different CIP volume fractions under

four different magnetic fields. . . . . . . ... ...

Comparison of experimental (dotted data points) and the developed
analytical model (dashed lines) results: Tip force vs. displacement
for the MRE samples with four different CIP volume fractions (f)

under four different magnetic fields (color coded). . . . . ... ..

Stress vs. strain for the MRE samples with different volume frac-
tions (f) and the NdFeB magnet. The experimental and FEA

results are represented as solid and dashed lines, respectively. . . .

Top view of magnetic force contours of the flexible magnets. The
average magnetic force values obtained from the magnets are shown
in the upper left corner for each image. 7" and B represent the top

and the bottom flexible magnets, respectively. . . . . . . ... ..

Finite element analysis (dashed lines) and experimental (solid lines)
results for N-layer jamming structures. Blue and red color stand
for ON States and OF'F States, respectively. The structures were
loaded in three-point bending for the magnetized NdFeB magnet
and the non-magnetized NdFeB magnet for each MRE with differ-

ent volume fractions. . . . . . . . . . . ...

The mean of the stiffness ratio of the MRE-based layer jamming
structures. The bars represent the standard deviation of the exper-

imental results. . . . . . ...,

xvi

60



Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure A.1.

Figure A.2.

Figure A.3.

Figure A .4.

Figure A.5.

Bending capacity of a single module under increasing pressure: the
blue color line indicates activation of two chambers; the orange

color line indicates activation of a single chamber. . . . . . . . ..

The stiffening tests: The structures were compressed in (a) and

(b). The structures were performed in cantilever bending tests in

(c)and (d). . . . . ...

The amount of current-turn to switch the state of the EPM device.

Magnetic flux density passing through the MRE fibers and the
hexagonal-shaped MREs. . . . . . ... ... ... ... ......

Cantilever bending results of the device integrated STIFF-FLOP

manipulator. . . .. ...

Stress vs. strain curves of a six-cycle tensile test for the MRE

sample when f=0.1.. . . . . . . . ... ...

Stress vs. strain curves of a six-cycle tensile test for the MRE

sample when f=0.2. . . . . . . . .. ..

Stress vs. strain curves of a six-cycle tensile test for the MRE

sample when f=0.3. . . . . . . . .. ... L

Stress vs. strain curves of a six-cycle tensile test for the MRE

sample when f=04. . . .. . ... ... ... ..

XVvil

65

66

69

92

92

93

93



Figure A.6.

Figure A.7.

Figure A.8.

Figure A.9.

Figure A.10.

Figure A.11.

Figure A.12.

Figure A.13.

Coefficient of friction results between the MRE sample (f)=0.3 and
the MRE sample (f)=0.3. . . .. ... ... ... ... ......

Coefficient of friction results between the MRE sample (f)=0.4 and
the MRE sample (f)=0.4. . ... .. ... .. ... ........

Coefficient of friction results between the MRE sample (f)=0 and
the NdFeB. . . . . . . ..o oo

Coefficient of friction results between the MRE sample (f)=0.1 and
the NdFeB.. . . . . . ..o oo

Coefficient of friction results between the MRE sample (f)=0.2 and
the NdFeB.. . . . ... ... ... oo

Coefficient of friction results between the MRE sample (f)=0.4 and
the NdFeB. . . . . . .. ..o

xviil



Table 3.1.

Table 4.1.

Table 4.2.

Table 4.3.

Table 4.4.

Table 4.5.

Table 4.6.

LIST OF TABLES

The parameters of the EPM device used in the simulation. . . . . .

Experimental stiffness [N/cm] values for the MRE samples.

Percent error between the experimental and the theoretical model

results developed by Lockette et al.. . . . . . . . . ... ... ...

Percent error between the experimental results and the analytical

model. . ...

Material properties for the MRE samples and the NdFeB sample. .

Stiffness [N/mm]| values of the multilayer jamming structure.

The performance of the module. . . . . . ... ... ... .....

XIX

o6

29

62



B

S EE

~ X

I
I

preslip
Islip

K

XX

LIST OF SYMBOLS

Cap width

Cross sectional area

Cap thickness

Magnetic flux density of Aluminium-Nickel-Cobalt
Magnetic flux density in the air gap
Magnetic flux density of Neodymium-Iron-Boron
Remnant magnetization

Saturation flux density

Variable dependant on volume fraction

The distance between permanent magnets
Magnet diameter

Demagnetization tensor

Young’s modulus

Matrix modulus

Volume fraction of MREs

Analytical holding force of an EPM

Elastic force

Magnetic force

Air gap

Height of an layer

Magnetic field

Axial magnetic field intensity within magnet
Magnetic field intensity in air gap

Area moment of inertia

Current

Area moment of inertia before slip

Area moment of after slip

Stiffness ratio



FEREREDESSF

=

rods

e

Preak
Ug
Un
Ur

Elastic stiffness of the beam
Field-induced stiffness of the beam
Length of the beam

Magnet length

Magnetization tensor

Mass in friction tests

Remnant magnetization

Number of layers or fibers in the jamming structure
Coil turn

Number of magnets in an EPM
Resultant force

Experimental resultant force
Leakage permeance

Elastic energy of the beam
Magnetic energy of the beam
Total energy of the beam

Coil width

Tip displacement

Effective magnetic susceptibility
Deflection

Permeability of the free space
Pole-to-pole leakage flux
Bending angle of the beam

xx1



xxil

LIST OF ACRONYMS/ABBREVIATIONS

2D Two Dimensional

3D Three Dimensional

AINiCo Aluminium-Nickel-Cobalt
CIP Carbonyl Iron Particles
DEA Dielectric Elastomer Actuator
DIC Digital Image Correlation
EAP Electro Active Polymer
EPM Electropermanent Magnet
ER Electrorheological

ERE Electrorheological Elastomer
ERF Electrorheological Fluid
FEA Finite Element Analysis
FEM Finite Element Method

FFA Fast Fluidic Actuator
LMPA Low Melting Point Alloy
LMPM Low Melting Point Material
LMPP Low Melting Point Polymer
LMPW Low Melting Point Wax
MIS Minimally Invasive Surgery
MR Magnetorheological

MRE Magnetorheological Elastomer
MRF Magnetorheological Fluid
N/A Not Applicable

NdFeB Neodymium-Iron-Boron
PDMS Polydimethylsiloxane

PLA Polyactic Acid

PVC Polyvinyl Chloride

SEM Scanning Electron Microscope



xxiil

SMA Shape Memory Alloy
SMM Shape Memory Material
SMP Shape Memory Polymer

TT Transformation Temperature



1. INTRODUCTION

Most of the conventional robots today are made of rigid components and mate-
rials. Although rigidity enables them to be strong and precise, however, their ability
in a complex and unpredictable environment is limited due to rigid links. Robots that
are flexible, versatile, and light have benefits especially when used in healthcare, search
and rescue, and cooperative human assistance [1,2]. The requirement of adaptability of
rigid robots to such challenging ambient conditions has made soft robots a significant

research interest in recent years.

Soft robotics deals with robots that are made of materials with low elastic mod-
ulus, similar to those found in living organisms [3]. Young’s modulus is a useful metric
for assessing compliance of robots. Most conventional robots are made of metals and
rigid plastics with a modulus greater than one GPa. In contrast, the materials in nat-
ural organisms have a modulus on the order of 10%.-10° Pa (see Figure 1.1). It means
that the materials in conventional robots are three-to-seven orders of magnitude more
rigid than the materials in natural organisms. This huge discrepancy is the reason
why rigid robots are biologically incompatible and even dangerous for intimate hu-
man interaction. Unlike their conventional counterparts, soft robots consist of easily
deformable materials such as fluids, gels, soft polymers, etc. These materials exhibit
the same rheological and elastic properties as biological matter; therefore, soft robots
can remain operational even when squeezed or stretched. This compliance/stiffness
matching is crucial, especially in biomedical applications [2,4,5]. Stress concentrations
that may cause physical injury or discomfort are eliminated when a soft robot is in
contact with human tissue or organs because the surface of soft robots is adequately

soft and deformable to distribute forces over a large contact area.

The need to construct soft robots with high deformability and compliance has
increased the interest in using unconventional materials and morphologies. The vari-

ability and controllability of stiffness are major issues in soft robotics [6]. The stiffness



of a soft robot must be designed as a compromise between being stiff enough to exert
substantial forces on its surroundings and precise to perform tasks and being compliant

enough to adapt to the environment [7-10].
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Figure 1.1. Young’s modulus for various materials adapted from [11].

1.1. Motivation

The primary motivation behind this thesis is to design and develop a device that
provides stiffness variation to soft robots. The device will have a high range of stiff-
ness variation, a fast response time (i.e., high speed of stiffening and destiffening),
and less complexity and be suitable for different modes of stiffening such as bending,
tension, and compression. The developed device will be stiffness-controllable, flexi-
ble, and adaptable, which can be implemented into a soft robot module. There has
yet to be research on applying a hybrid stiffening method combining magnetorheolog-
ical elastomers and fiber jamming. The rationale of this study is to investigate the
unique mechanics of magnetic jamming of MRE fibers to obtain a hybrid stiffening
method combining viscosity-based and jamming-based methods for stiffness control of
soft robots. A higher range of stiffness variation, less complexity, and faster response

time is expected.



1.2. Objectives of the Study

The first objective is to investigate the bending behavior of magnetorheological
elastomers. Cantilever bending experiments were performed under various external
magnetic fields to investigate the stiffness variation of the MREs. MRE samples were
manufactured to perform the experiments. The findings indicate that the stiffness of the
produced MREs increases with the increasing external magnetic field and dependency

on the sample’s volume fraction (f).

The second objective is to investigate the unique mechanics of magnetic jamming
of MRE layers. A hybrid stiffening method combining a jamming-based method with a
viscosity-based method was obtained for the stiffness control of soft robots. The multi-
layer jamming structure made of MREs and flexible NdFeB magnets was developed
and validated through 3-point bending experiments and finite element simulations. It
is aimed to achieve a higher range of stiffness variation, less complexity, and faster

response time.

The third objective is to investigate the unique mechanics of magnetic jamming
of MRE fibers. Fiber jamming structure composed of a flexible NdFeB magnet and
MRE fibers was inserted in the stiffening channel of the STIFF-FLOP surgical manip-
ulator. Stiffening tests on the structure-integrated soft robot were performed as proof
of concept and performance assessment. The stiffness change in the structure made an

actual soft robot implementation possible.

The last objective is to develop a stand-alone stiffening device in that stiffness
change is controlled electronically. The device was composed of MRE fibers and EPM
devices and was tested in the stiffening channel of the STIFF-FLOP surgical manipu-
lator. This study can potentially lead to the development of a novel hybrid stiffening
device implemented in the STIFF-FLOP, in which stiffness change is supplied and
controlled by the proposed stiffening method.



1.3. Thesis Outline

The thesis is structured as follows: In Chapter 1, the background of this study
is provided with motivation, and the objectives are outlined clearly. Chapter 2 ex-
amines actuation modalities, application areas, and variable stiffness methods used in
soft robots in the literature. In addition, it includes a review of magnetorheological
elastomers. Section 3 first covers the investigation of MREs” bending behavior under
a magnetic field. Second, an overview of the layer jamming of MREs is presented to-
gether with the FEA study. Third, the fiber jamming of MREs is investigated in the
stiffening tests using the STIFF-FLOP surgical manipulator. Finally, a novel variable
stiffness device is developed using MRE fibers and electropermanent magnets (EPMs).
Chapter 4 is dedicated to the results of the cantilever bending experiments, the multi-
layer jamming structure, the fiber jamming structure, and the variable stiffness device
used in a soft robot implementation. Chapter 5 emphasizes the contributions made by

this study and outlines the scope of future work.



2. LITERATURE REVIEW

2.1. Soft Robotics

Soft robotics is an emerging field that explores the design, development, and
application of robots with soft and flexible materials. This section is dedicated to
providing an overview of the current state of actuation mechanisms of soft robots and

various soft robotics applications.

2.1.1. Actuation

Yasa et al. [12] highlights the various actuation modalities that are frequently used
in soft robotics. Actuators can be considered as the artificial muscles of soft robots,
enabling them to deform and exhibit movement. The choice of actuation modality
plays a significant role in shaping soft robots’ design, fabrication, modeling, control,
and overall performance. This section examines the most promising actuation modal-
ities for soft robotics. These include fluidic actuation, electrostatic actuation, thermal
actuation, and magnetic actuation. These modalities are investigated to understand
their impact on soft robots’ design and fabrication processes. Each actuation modal-
ity exhibits unique characteristics that must be properly considered to achieve desired

performance and functionality in soft robotic systems.

2.1.1.1. Fluidic Actuation. Fluidic actuation is a widely used modality for achieving

controlled deformation in soft robots. It involves manipulating the fluidic pressure
within the internal inflatable cavities of a soft robot to enable motion. Soft robots de-
signed for fluidic actuation primarily consist of elastomeric materials, with inextensible
reinforcement layers (such as fibers, fabrics, or stiffer materials) surrounding the inflat-
able cavities. These reinforcements restrict the direction of deformation, facilitating
the desired motion. By pressurizing and depressurizing the internal cavities with fluids

like air or water using pumps, the internal fluidic stress causes the robot’s body to



deform. The working mechanism is depicted in Figure 2.1. The deformation rate can
be adjusted by controlling the amplitude and duration of the fluidic pressure applied

to each cavity.

The design of inflatable cavities and surrounding structures can vary depending on
the intended tasks such as cylindrical, pleated, or ribbed [13-15]. These design choices
directly influence the actuation speed of the soft robot. To achieve faster actuation,
reducing the volume of fluid required for inflating the cavities is beneficial, enabling
rapid changes in internal pressure [14]. Additionally, each segment’s morphology has
advantages and disadvantages, impacting the robot’s overall performance and opera-
tional lifespan [15]. Inextensible reinforcement layers, also known as constraint layers,
are employed to control the direction of deformation. These layers can be achieved by
increasing the thickness of elastic materials or by using stiffer materials or inflexible
fabrics. By incorporating constraint layers, the soft robot’s structure becomes more
robust and capable of precise and controlled movements. Hawkes et al. [16] developed a
growing soft robot that utilizes air pressure for propulsion and navigation of the robot.
Additionally, Tutcu et al. [17] utilized almost the same principle and developed a grow-
ing soft robot that can navigate in three-dimensional space. McDonald and Ranzani
et al. [18] explored the current advancements in the onboard control hardware used in

soft fluidic robots.

Fluidic actuation offers several benefits. It enables a wide range of motion, such
as bending, elongation, and twisting. Additionally, it generates substantial forces.
Furthermore, fluidic actuation does not require a continuous power supply to maintain
the robots in their actuated state. By closing their valves, the robots can remain
in that state without the need for constant power. However, fluidic actuation also
entails certain drawbacks. The main drawback of fluidic actuation is its vulnerability
to punctures. In addition, achieving precise control is challenging due to the nonlinear

material response.
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Figure 2.1. Schematic representation of fluidic actuation. (a) There is no inlet air or
liquid in the inflatable cavity. (b) Actuation is caused by the fluidic pressure P inside

the inflatable cavities of soft robots.

2.1.1.2. Electrostatic Actuation. Electrostatic actuation directly converts electrical

energy into deformation within soft bodies. The actuator is composed of two opposing
electrodes separated by a dielectric material (see Figure 2.2). Dielectric elastomer actu-
ators (DEAs) utilize attractive electrostatic forces acting on two opposing stretchable
electrodes. These electrodes are separated by a compliant dielectric layer composed of
solid material [19]. Depending on the design, material properties, and desired actua-
tion strains, DEAs can be activated by applying a voltage to the opposing electrodes,
typically ranging from 0.3 to 27 kV [20,21]. The opposing electrodes attract each other
when actuated, causing the solid dielectric material layer to compress or squeeze. De-
pending on their specific arrangements, DEAs exhibit various deformation patterns,
including contraction, elongation, and twisting [22]. Controlling DEAs is relatively
straightforward due to the direct relationship between the applied voltage and the re-
sulting deformation magnitude. Additionally, the elastomeric forces exerted by the
dielectric materials assist in resetting the shape of DEAs when the actuation voltage

is reduced.
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Figure 2.2. Schematic representation of electrostatic actuation. (a) A dielectric
elastomer is sandwiched between two compliant electrodes. (b) Electrostatic forces

cause deformation when a voltage is applied to the electrodes.

2.1.1.3. Thermal Actuation. Shape memory alloys (SMAs) are temperature-sensitive

composite materials that are commonly used as artificial muscles for soft robots. They
exhibit the shape-memory effect and the superelastic effect [23]. When they are heated
above their transformation temperature (TT), deformation occurs, and the alloys ex-
hibit either the one-way memory effect, where they retain the recovered shape below
(TT), or the two-way memory effect, where they restore themselves to their original
shape. The superelastic effect, on the other hand, involves the deformation recovery

during a mechanical load-unload cycle at temperatures exceeding (TT).

To enable actuation, SMAs are utilized as structural components within the
robot’s elastomeric matrices. They are deformed, thereby driving soft robots’ move-
ment through shape changes induced by Joule heating. The working mechanism can be
seen in Figure 2.3. It is stated in [24] that their deformation capacity can exceed 300%

when designed in a spiral shape. Most SMA-based soft robots described in the liter-



ature rely on electrical stimulation, resulting in the requirement of tethering. SMAs
have the disadvantage that their actuation depends on temperature changes, which

ultimately lowers their energy efficiency.
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Figure 2.3. Schematic representation of thermal actuation. (a) An SMA is embedded
into an elastomer matrix in a soft robot. (b) Joule heating causes SMAs to change

shape, which results in activation.

2.1.1.4. Magnetic Actuation. Magnetic actuation is commonly achieved by aligning

magnetic materials embedded within flexible structures in response to external mag-
netic fields [25,26]. An illustration of the working mechanism can be seen in Figure
2.4. This actuation principle enables the development of compliant and untethered soft
robots capable of operating safely in delicate and unstructured environments, includ-
ing the brain and inner body cavities [26,27]. Soft robots utilizing magnetic actuation
incorporate microscopic ferromagnetic materials integrated into elastomeric matrices.
The controlled spatial alignment of the magnetic domains within these materials dur-
ing fabrication plays a crucial role in achieving the desired deformation and motion of

the soft robot’s body.
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Figure 2.4. Schematic representation of magnetic actuation. Magnetic particles are

embedded into a soft and flexible elastomer. The particles tend to align themselves in

the direction of the applied external magnetic field, resulting in deformation.

2.1.2. Application Areas

Soft robots offer various benefits in contrast to traditional robots. These include

safe human-machine interaction, adaptability to the outside environment, grasping

fragile and delicate objects, cost-effectiveness, etc. These advantages cause them to be

used in a wide range of applications. Some of the application areas are listed below:

(i)

(i)

Industry: Soft grippers are used to perform certain tasks in the industry, such as
pick-and-place operations, assembly, and handling of delicate objects. They offer
safer human-robot collaboration thanks to their compliance and flexibility.
Medicine and Healthcare: Soft robots have the potential for gentle interaction
with the human body. They have the ability to perform certain surgical oper-
ations in the medical field, such as minimally invasive surgery, rehabilitation,
prosthetics, and wearable assistive devices.

Search and Rescue: Soft robots can navigate through complex and dangerous
environments due to their compliant and deformable features, which makes them
valuable in search and rescue operations.

Agriculture: Soft robots in agriculture are designed to perform tasks such as
harvesting crops, inspecting plants, or handling delicate agricultural produce with

minimum damage.
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2.2. The STIFF-FLOP Manipulator

As an intended study, the stiffening device is proposed for the STIFF-FLOP
manipulator [28]. The STIFF-FLOP, abbreviation of STIFFness controllable Flexible
and Learn-able manipulator for surgical OPerations, is an EU-funded project. Inspired
by an octopus, a soft robotic arm that can reconfigure itself and stiffen by hydrostatic
actuation in MIS was designed and fabricated. The designed manipulator has three
pneumatic chambers and a central channel that can be used to perform certain tasks,
such as carrying camera cables if mounted or a different implementation of a stiffness
modulation mechanism or system. Flexible fluidic actuators (FFAs) are used to actuate
the three chambers, which enables the manipulator to squeeze and elongate without
being damaged and perform omnidirectional bending. These features of the robot make
it an excellent candidate for performing MIS operations. The STIFF-FLOP surgical

manipulator can be seen in Figure 2.5.

Figure 2.5. The STIFF-FLOP surgical manipulator developed by by Cianchetti et
al. [28].

Various mechanisms have been used to achieve stiffness variation in the STIFF-
FLOP manipulator. The stiffness of the manipulator is increased by 37% in [29] and
12.4% in [30] using the granular jamming method. Granular materials were inserted
into the central channel of the manipulator. The diameter of the central channel is
8 mm in these studies. In [31], braided tendons and granular jamming were used
in the central channel. When there is no tension in the tendons, the stiffness of the
STIFF-FLOP manipulator was increased up to 17.4% in bending configurations. When

there is tension in the tendons, it can increase the change in stiffness by up to 30.7%.
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These mechanisms offered adequate stiffness variation ranges; however, the drawbacks,
particularly for MIS operations, were the requirement for pneumatic input and the
longer unstiffening time. These drawbacks can be removed using a hybrid stiffening
device containing MRE fibers with an internal magnetic field controller in the STIFF-
FLOP’s central channel. The STIFF-FLOP manipulator has yet to be subjected to
this promising stiffening technology. It might be a cutting-edge design that enables
more effective MIS operations by reducing system complexity overall and eliminating

the need for a pneumatic input.

2.3. Classification of Stiffening Mechanisms

Various methods have been proposed to achieve variable stiffness in the literature.
Manti et al. [6] summarized on-demand stiffening methods under two main approaches
based on soft actuation technologies (see Figure 2.6). Those are active actuators ar-

ranged in an antagonistic manner and semi-active actuators.

Figure 2.6. Various stiffening mechanisms are classified.
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2.3.1. Antagonistic Arrangement

The antagonistic arrangement provides variable stiffness through the use of active

elements that are applied to contrast each other or are coupled with passive structures.

2.3.1.1. Active-Active. Carpi et al. [32] used electroactive polymers (EAPs) to vary

stiffness by controlling applied voltage only. They developed a variable stiffness trans-
ducer utilizing the EAP technology to develop hand orthoses for hand rehabilitation.
Another example of active actuation technologies is the utilization of flexible fluidic
actuators (FFAs), which employ elastomeric chambers designed to create asymmetric
deformations in specific directions when inflated. Correll et al. [33] reported that a stiff-
ening effect is generated without inducing bending when the FFAs are arranged in a
trilayer structure. The structure is composed of two fluidic channels and a sandwiched
constraint layer in the middle. When both sides of the trilayer design are inflated si-
multaneously, the structure experiences an increase in stiffness without bending. This
allows for precise control over the mechanical response and enables the structure to
maintain its overall shape while adjusting its stiffness characteristics. In addition,
Suzumori et al. [34] developed a multi-directional bending mechanism that can change
its stiffness by contracting and extending flexible fluidic actuators. A combination of
different actuation techniques, such as tendon-driven actuators coupled with a pneu-
matic chamber like the ones in [35-38] is used for variable stiffness. In this method,
the structure’s stiffness is determined by the pressure inside the fluidic chambers and
the tension in the tendons. The stiffness of the structure can be tuned by adjusting
the pressure and tension. Higher pressure in the chambers and tension in the tendons
result in a stiffer structure, while a compliant structure is obtained if the pressure and

tension are reduced.

2.3.1.2. Active-Passive. If a passive structure is coupled with one of the actuation

technologies, stiffness can also be changed. McKibben actuator is a typical type of

FFAs consisting of a flexible fluidic chamber covered with a braided structure (sleeve
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with fibers) with a specific geometry. When the angle of knitted fibers is 54.7 degrees,
the expansion of the chamber is prevented [34], even if high pressure is applied. The
actuator extends upon pressurization if the angle is less than 54.7 degrees, while it
contracts if it is more than that value. The devices in [7,39] coupled with braided
sleeves are able to change their stiffness by air pressure. However, McKibben actuators
have a miniaturization problem, especially for achieving actuation at smaller scales
due to the size of the pneumatic pipes and manufacturing limits. In such cases, SMAs
offer advantages over fluidic actuators. The biomimetic robots in [24,40] use SMA with
braided sleeves to control position and stiffness. One drawback of this method is that
SMA actuators are connected to a braided sleeve in order to couple their antagonistic
action. Alternatively, simpler methods can be employed to achieve stiffness variation.
For instance, Henke and Gerlach [41] designed a multi-layered variable stiffness device
that utilizes SMA wires. When the wires are activated, in which the layers are in
form-closure, the flexural stiffness of the entire structure is enhanced. On the other
hand, the structure’s stiffness is decreased when the wires are not activated. The same
principle is utilized with dielectric elastomer actuators (DEAs). EAP with flexible

layers is used in [42] to enable stiffness change.

2.3.2. Intrinsic Rigidity Tuning

The other variable stiffness mechanism is the use of semi-active actuators, whose
working principle relies on the change of mechanical properties of constitutive materials.
Semi-active actuators can be classified into three methods based on their working
principle. These are glass or phase transition-based methods, jamming-based methods,

and viscosity-based methods.

2.3.2.1. Glass or Phase Transition-based. Low melting point materials are a class of

glass or phase transition-based methods. They can be either wax, polymer, or alloy.
Cheng et al. [43] developed a novel variable stiffness device using a thermally tunable
and wax-coated soft material for soft robotic applications. Performance tests were

performed on a wax-coated foam (polyurethane) beam. This work achieved a wide
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range of stiffness variation (three orders of magnitude). The beam undergoes a phase
transition from a rigid state to a compliant state and vice versa by controlling the
temperature. The temperature change is supplied by a copper wire wrapped around
the beam. The use of wax as a stiffness variation material offers several advantages.
For instance, they are cheap, commercially available, and higher stiffness variation can
be obtained. However, the speed of stiffening is not remarkable since it depends on
thermal conditions. McEvoy and Correll [44] used a glass transition-based polymer,
polycaprolactone (PCL) (melting point around 64 degrees), to drastically change the
elastic modulus of their composite through external thermal input. The stiffness of the

composite was tuned locally by Joule heating.

The temperature-sensitive alloys can also be promising alternatives to wax and
polymers since they provide higher stiffness variation. Furthermore, they can be con-
sidered as a heat source through electric energy if a proper encapsulation is supplied to
contain any potential liquid pouring, thereby eliminating the need for an external heat
source. Shan et al. [45] developed a stiffness-tunable composite device. The device is
made of an LMPA embedded in an elastomer, where the alloys provide controllable
stiffness by Joule heating. Schubert and Floreano [46] developed a variable stiffness
device using low melting point alloy (LMPA) embedded in a soft, flexible elastomer.
The body of the device is made of polydimethylsiloxane (PDMS) and has microchan-
nels in it. The molten alloy was filled into these channels. The stiffness of the device
is tuned by using Joule heating. The device demonstrated a relative stiffness change
higher than 25 times. In another study, Shintake et al. [47] developed a variable stiff-
ness actuator consisting of DEAs and LMPAs embedded in an elastomer. The DEA
was used for actuation, while the LMPA was responsible for the stiffness modulation.
Similarly, shape memory materials can be used as stiffness variation materials, such
as shape memory polymers in [48,49] and shape memory alloys in [50]. However, the
stiffening and de-stiffening take too much time to reach desired values, and they require

heating elements which increase the complexity of the structures.
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2.3.2.2. Jamming-based. Jamming-based technologies have been of interest to soft

roboticists since they are simple to scale, easy to fabricate, inexpensive, and actuated
by various mechanisms. Liu and Nagel [51] initially introduced the concept of jam-
ming. Later, it has been described frictional interactions by nearest-neighbor jamming
particles [52,53]. In other words, an increase in relative shear stress between the par-
ticles results in a phase change in the structure. This change is generally supplied by
external pressure. The structure is in the jammed (stiff) state when uniform pressure
is applied, whereas it is in the unjammed state (compliant) in the absence of pressure.
Thus, the structure makes a transition from a compliant state to a rigid state. Jam-
ming structures have used elements with varying geometries, such as grains, layers,

and fibers. The response of these structures upon loading can be seen in Figure 2.7.
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Figure 2.7. Schematic representation of the fundamental mechanical behavior of the
jamming structures under loading. (a) Granular jamming structure under
compression, (b) fiber jamming structure in cantilever bending, and (c) layer

jamming structure in three-point bending configuration.
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The stiffness behavior of the structure was explained physically as three stages
of deformation [54]. The layers are cohesive during the pre-slip regime—the entire
structure functions as one cohesive beam instead of separate, independent layers. The
stiffness of the jammed structure is high as long as the shear forces induced in the
layers are able to exceed the frictional forces caused by the magnetic forces. Beyond
that point, stiffness starts to decline. In this transition regime, slipping starts to occur
on the inner slip surfaces of the structure while shear forces are still at a level that
cannot exceed the friction force on the outer slip surfaces. All layers are in slip during

the full-slip regime, and the structure has the lowest stiffness value.

Granular jamming structures consist of granular materials in an air-tight enve-
lope. The granular materials can freely move with respect to each other in the un-
jammed state. On the other hand, they become constrained when pressure is applied.
Manti et al. [6] reported that granular jamming structures demonstrated impressive
stiffness changes (up to 40:1), which makes them well-suited for robotic applications
such as soft grippers and haptic interfaces. For instance, Brown et al. [55] developed a
universal robotic gripper utilizing granular jamming to grasp complex-shaped and frag-
ile objects. The operation principle is that the gripper conforms to a shape of an object
to be picked up, a negative pressure is applied, then the object is manipulated. Cheng
et al. [56] developed a multi-segment soft manipulator that utilizes granular jamming
for achieving local stiffness control. As mentioned in Section 2.2, Cianchetti et al. [28]
utilized a granular jamming principle to modulate the stiffness. The manipulator is
composed of a silicone-based main body and an external braided structure. The body
has three fluidic chambers and a stiffening chamber at the center. The stiffness of the
manipulator was modulated through the use of coffee powder as granular material in

the stiffening chamber.

Layer jamming consists of layers of compliant materials in an airtight envelope.
When no vacuum is applied, the layers move freely with one another, and the struc-
ture’s stiffness is generally relatively low. The stiffness increases dramatically by using

vacuum pressure due to the friction interaction between the layers. It has several ad-
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vantages over granular jamming. It offers a stiffness increase without a substantial
change in volume, potentially more compact designs, and precise stiffness control. In
addition, it can provide better stiffness variation due to the fact that the increased
contact area between the overlapping layers results in a higher friction force. Kim et
al. [57,58] developed a snake-like manipulator based on the layer jamming principle to
be used in MIS operations. The stiffness of the manipulator was tuned by overlapping
the layers in the joint. Ou et al. [59] introduced layer jamming technology that enables
the design of stiffness-tunable thin sheet interfaces. In this study, five different designs
for layer structures were proposed, and the effect of different jamming materials was
investigated to control the deformability of the interfaces. In addition, the benefits of
utilizing layer jamming were demonstrated by developing three application prototypes
such as stiffness-changing display, deformable furniture, and jamming shoe. Narang et
al. [60] developed an analytical model for a two-layer jamming structure and a finite

element model for a multilayer jamming structure.

Fiber jamming, on the other hand, is composed of longitudinal fibers enclosed
in an airtight envelope. The fibers can rearrange like grains along one plane, whereas
they slide with respect to each other like layers on the two other orthogonal planes.
This property makes fiber jamming very useful in applications in which variable bend-
ing stiffness in more than one direction is needed, such as surgical operations and
endoscopes [61-63]. Recently, Arleo et al. [64] developed a stiffness tunable actuator

utilizing fiber jamming principle. They have achieved a stiffness ratio of up to 21.3.

According to Euler-Bernoulli beam theory, the bending stiffness depends on
Young’s modulus (E) and area moment of inertia (I). For the layer jamming struc-
ture, the area moment of inertia during the pre-slip region would be I,,¢51i, = DN 3h3/12,
whereas it is the sum of the independent layers after the slip Iy, = bNE3/12, resulting
N? stiffness ratio between the unjammed and jammed structure. Where N stands for
the number of layers in the jamming structure, b and h are the width and height of
each layer, respectively. On the other hand, the theoretical modeling of fiber jamming

structures under bending is not straightforward. Vasios et al. [63] highlighted various
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possible packing arrangements. The highest packing density for circles is obtained
with hexagonal packing. If we assume negligible gaps between the fibers, the change in
stiffness of the fiber jamming structures can theoretically be calculated. The I during
the pre-slip region would be Ip,cqip = 5v/3N?d* /144, while it becomes Ly = TNd* /64
after the slip, resulting 1.23N stiffness ratio. The theoretical calculations indicate that
less stiffness change is achieved with the fiber jamming structures. It is an expected

result since the fibers are stacked in more than one direction.

2.3.2.3. Viscosity-based. The last method under semi-active actuators is the use of

viscosity-based materials. Magnetorheological (MR) and electrorheological (ER) ma-
terials can undergo stiffness variations because of the applied magnetic and electrical
fields, respectively. ER fluids are less common because of the drawbacks of using fer-
roelectric particles [65]. Besides, the ER elastomers are not widespread since it does
not provide a useful stiffness change [66]. Magnetorheological fluids (MRFs) have the
ability to change their rheological properties a magnetic field is applied. McDonald
et al. [67] developed a valve utilizing MRF's for flow control of soft robots. Gaeta et
al. [68] introduced a magnetically-controlled stiffening technique utilizing MRFs and
jamming-based stiffening methods. Disadvantages like particle settling and controlla-
bility issues limit the use of MRFs, which makes another MR material more suitable
for tunable stiffness: Magnetorheological Elastomers (MREs) [69,70]. MREs overcome
the problems that accompany the applications of MRF's. They exhibit a unique field-
dependent material property when exposed to a magnetic field. Their stiffening and
compliance speeds are higher than the other proposed methods, meaning they can pro-
vide fast responses (in milliseconds) and are more controllable [70,71]. These features

indicate that MREs have significant potential as a stiffness variation material.
2.3.3. Comparison of Stiffening Mechanisms
The state-of-the-art stiffness variation methods in the literature can be com-

pared in terms of speed of stiffening and destiffening, modes of stiffening, and stiffness

variation. Magnetorheological elastomers are effective in terms of the speed of stiff-
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ening/destiffening and are suitable for different modes of stiffening, such as bending,
tension, and compression. However, stiffness variation data can only reach high values
if a very high magnetic field is applied to the material. Layer jamming technology is
appealing due to fabrication, low cost, and stiffness variation. However, the speed of
this technology (in seconds) is not particularly remarkable [6]. Moreover, the chosen
actuation method can negatively affect the jamming structure’s performance. A vac-
uum is practical because it can maintain constant isotropic pressure inside a jamming
structure. However, it calls for a tethered external membrane, which can complicate

system integration during design.

2.4. Magnetorheological Elastomers

Magnetorheological elastomers are composite materials that contain magnetic-
field sensitive particles dispersed or arranged in a particular direction within an elas-
tomer matrix [72]. The particles show a magnetorheological (MR) effect in the presence
of a magnetic field, which provides a field-dependent material property to the material,
such as controllable modulus and damping. This property is removed from the material
in the absence of a magnetic field. MREs exhibit superior performance compared with
another member of the MR material family, MR fluids, which makes them a perfect
candidate for various applications [71]. MREs overcome the problems that accompany
the applications of MR fluids, such as environmental contamination, deposition, and
sealing issues. MREs are composed of three main components. Those are: an elas-
tomer matrix, additives, and magnetic particles [73,74]. The magnetic particles should
have low remanent magnetization, high saturation magnetization, and high permeabil-
ity [75]. MR effect is maximized when the high permeability of the particles is used in
the elastomer matrix due to a strong interparticle attraction [73]. The most commonly
used magnetic particle is Carbonyl Iron Particles (CIP). The particles’ shape signif-
icantly affects the performance of MREs [76]. The various forms of CIPs, including
spherical shapes [77-79], irregular structures [80,81], rod-like configurations [82], and
plate-like arrangements [83-85], have demonstrated a influence on the effectiveness of

MRE.
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Figure 2.8. SEM image of CIP in the absence of magnetic field (a), chain formation

under uniform magnetic field (b).

MREs can be classified into two categories: anisotropic MREs and isotropic
MREs. The magnetic particles form a chain-like structure as the magnetic field is
induced during the curing process in anisotropic MREs, whereas they are uniformly
dispersed in isotropic MREs. An illustration of a scanning electron microscope (SEM)

picture of the CIPs is shown in Figure 2.8.

Fabrication of both anisotropic MREs and isotropic MREs are shown in Figure
2.9. Firstly, silicon rubber as an elastomer matrix, silicon oil as an additive, and iron
particles as magnetic particles are mixed thoroughly into a homogenous mixture. Sec-
ond, air bubbles inside the mixture are removed through a vacuum chamber as in [73,86]
or by heat treatment as in [87]. Third, the isotropic MRE is cured without a magnetic
field, while the anisotropic MRE is cured with an external magnetic field. A strong
magnetic field, usually above 0.8 T, is required to form a chain-like structure in the
matrix along the direction of the magnetic field [87-89]. During the curing process of
both isotropic MRE and anisotropic MRE, the temperature must be kept constant to
maintain the flexibility of the material [87,88]. As for the friction properties of MREs,
there are very few studies on the coefficient of friction. Li et al. [90] analyzed magnetic
field influences on friction properties of MRE materials using a macroscopic experi-
mental method. However, using MREs in a jamming structure for stiffness variation

in soft robots has yet to occur in the literature.
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Figure 2.9. Fabrication process of anisotropic and isotropic MRE samples.

2.4.1. Historical Overview of MREs

Rabinow [91] first explored the MR effect in magnetorheological fluids (MRFs) in
1948. However, Rigbi and Jilken [92] conducted preliminary tests on MREs in 1983. In
the initial stages of investigating MREs, the emphasis was on studying their dynamic
small strain properties. Jolly et al. [93], and Ginder et al. [94] examined the changes
in storage modulus and natural frequency in 1999. In their study, the developed quasi-
static model was used to explain the modulus change inside of an MRE. Experimental
testing was conducted to analyze the elastomer composite’s material properties with
ferrous particles inserted in a polymer matrix under a magnetic field. Since the early
2000s, there has been a notable increase in interest regarding MREs, with a particular
emphasis on the investigation of their dynamic shear properties under small strain

conditions.

Ginder et al. [95] in 2002 and Zhou and Jiang [96] in 2003 also investigated the
magnetostrictive behavior of MREs. Diguet et al. [97] measured the magnetostriction
of MRE by approximately 10% in 2010. Gong et al. [98] in 2012 measured the out-of-
plane deformation of MRE optically using digital holographic interferometry. Stepanov
et al. [99] in 2013 reported a large-scale deformation (such as the 250% elongation in
a non-uniform magnetic field) with an MRE with a low Young’s modulus of around 10

kPa.
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Kallio [73] (2005) investigated the mechanical and viscoelastic behavior of isotropic
and anisotropic MREs. He focused on the alterations in MRESs’ elastic and vibration-
damping properties under magnetic field. Additionally, the study aimed to examine
the impact of magnetic particle alignment on the overall composite properties of the
MREs. Li et al. [100] (2009) highlighted the importance of MREs due to their recog-
nized potential as sensing materials. Since then, there has been a growing interest in
exploring the magnetic and electrical properties of MREs. Caglar [101] (2008) inves-
tigated the sensing behavior of MREs experimentally. Bica [102] (2009) demonstrated
that the resistance of magneto-rheological elastomers (MRESs) increases in response to
higher magnetic fields and compressive forces. Boczkowska and Awietjan [103] (2012)
examined the magnetization curves of MREs and observed a strong MR effect in the
magnetic properties of anisotropic MREs. Li et al. [104] (2013) explored the sens-
ing capabilities of MREs under various loading conditions and found, experimentally
and theoretically, that anisotropic MREs demonstrate higher MR effects than isotropic
MREs. Zhou et al. [105] (2013) investigated the dynamic equi-biaxial fatigue behavior
of MREs (both isotropic and anisotropic MREs) using a bubble inflation test system.
Schubert [106] (2014) performed various large-strain experiments with and without
magnetic fields to characterize MREs. Constitutive models that capture the behavior

of MREs were developed through the use of experimental data.

2.4.2. Applications of MREs

Li et al. categorized the devices that use MREs into three basic modes of opera-
tion: (a) shear mode, (b) squeeze and elongation mode, and (c) field-active mode. The
modes are illustrated in Figure 2.10. Devices operating in shear mode typically include
vibration absorbers [107-110] and vibration isolators [87,111,112]. In these devices,
the MR material experiences shear forces that induce changes in its rheological prop-
erties, leading to adjustable friction and damping characteristics. On the other hand,
squeeze and elongation mode devices involve vibration absorbers [113,114], engineer-
ing mounts [115], and compressive spring element [116]. The squeeze mode has found

applications in areas such as small amplitude vibration and impact dampers. In this
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mode, the MR material is subjected to compression, resulting in changes in viscosity
and stiffness, which can be utilized for effective vibration and impact damping. In the
field-active mode, MREs can change their shape when subjected to a magnetic field.
This property, known as magnetostriction, is a result of the movement of magnetized
particles along the direction of the magnetic field. MREs working in field-active mode
offer several advantages, including larger strain capabilities. These characteristics make
them suitable for soft actuators and fast artificial muscles. Recently, Bose et al. [117]
designed a linear and radial actuator and a controllable valve. Another example of
an application utilizing the field-active mode of MREs is a soft actuator design by
Kashima et al. [118]. Borcea and Bruno et al. [119] investigated the magneto-elastic
behavior of the MR solid. They stated that isotropic MREs would compress in the

direction of magnetic field, whereas anisotropic MREs would expand in that direction.

a b C

1E

H H H

Figure 2.10. Scheme of basic operation modes for MREs: (a) shear mode, (b)
squeeze/elongation mode, and (c) field-active mode. H represents the applied

magnetic field.
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3. MATERIALS AND METHODS

3.1. Cantilever Bending Behavior of MREs

In this section, the bending behavior of MREs is investigated to explain the
influence of the volume fraction of magnetic particles on the magnetorheological (MR)
effect and the applied magnetic field. Cantilever bending experiments were performed

under various external magnetic fields.

3.1.1. Theoretical Background

The volume fraction of the magnetizable particles affects the modulus, F, of
MREs, which exhibits a remarkable variation in response to an applied magnetic field.
Presenting an analytical model that defines the increase in F is crucial for accurately
analyzing the relationship between the applied field and f. Continuum mechanics the-
ories and statistical or kinetic theories, which derive magnetoelastic properties using
an energy-based method, are the two main approaches used to explain MREs’ mag-
netoelasticity. We have developed our governing magnetoelastic equations based on a
study by Lockette et al. [120] that derive the cantilever bending behavior of MREs.
Their study used a beam theory model with an elastic strain density. They coupled
it with demagnetizing effects in the magnetic energy density to predict the material
response to applied magnetic fields. A schematic of the cantilever beam can be seen in

Figure 3.1.

The MR effect, which is the difference between no-field modulus and field-induced

modulus, can be defined as

EH)—-E(H =0)
E(H =0) ’

where E(H) and E(H = 0) are field-induced modulus and no-field modulus, respec-

AFE =

(3.1)

tively.
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y(x), 6(x)

Figure 3.1. Schematic of the beam model developed by Lockette et al. [120]. The
magnetic field H, magnetization M, and demagnetizing tensor D components are
shown in parallel and perpendicular directions. y(x) and 6(z) are the transverse

bending deflection and deflection angle of the beam, respectively.

The resultant force exerted by the produced MRE can be calculated using the
superposition principle to derive the cantilever bending behavior of the MRE. The total

force consists of magnetic and elastic components

where P is the resultant force at the tip, y is the tip displacement, F is the elastic

force, and Fy is the force due to magnetic interactions.

Fg only depends on y due to the material’s inherent elasticity, while Fpy de-
pends on displacement and applied magnetic field. When there is no magnetic field
(Fu(y,0) = 0), Equation (3.2) yields P(y,0) = Fg(y), which means there is no mag-
netic force component at the tip of the MRE sample. This is a valid simplification
for soft-magnetic particles, like in our case, since they have zero remnant magnetiza-
tion, which means the material does not have an inherent magnetic stiffness under zero

applied field. Lockette’s experimental study also indicates that the resultant force’s
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elastic and magnetic components show a nearly linear behavior with tip displacement.
Therefore, Lockette et. al. employed an energy approach to model the beam’s elastic
and magnetic parts. The total resultant energy per unit length can be found using

both magnetic and elastic parts
Ur =Ug+ Uy, (3.3)

where U and Uy are the elastic energy per unit length and magnetic energy density

of the beam, respectively.

Using Bernoulli-Euler beam theory, elastic energy per unit length of the cantilever
beam Ug is given as

EI_ d%., dy
7)(@) —P(%), (3.4)

where F is the modulus of elasticity of MRE in the absence of a magnetic field, and 1

Up = (

is the area moment of inertia. Using the linear magnetic energy as in [121]

1 1
U = po(; M- HA + - MD - MA), (3.5)

where 1 is permeability of the free space, A is the cross sectional area of MRE, M is the
magnetization, and D is demagnetization tensor. The parallel and normal components
of M, D, and H are shown in Figure 3.1. The parallel and normal components of the

magnetization of a composite material can be written as

M = Hxcost (3.6)
M, = H%—)_CHsme, (3.7)

where y is the effective magnetic susceptibility of the MRE.

The magnetic energy density can be obtained as follows if we assume a small

angle assumption, dy/dx ~ 6

Un = 1 {%W - g [ ) } A )



28

Therefore, the total energy per unit length of the beam (Ur) is obtained as

Ur = 1o {%w - (G| g [L%)H A

+x 1+x (39)
(DY - ()

The governing differential equation is obtained by minimizing Uy, dUr/dz = 0, which

yields
dy  puAcH?*dy P
—J_ B YD) 3.10
dx3 ElI dx FEI ’ (3.10)
where
%
- T (3.11)

Equation (3.10) was reduced by Lockette et al. to be able to find the maximum value

of y. It is as follows

3P |1 tanhi)
_ 3Pyl v 12
[

where
=4/ Sk (3.13)
ke
2

ky = “OATCH, (3.14)

where k. is the elastic stiffness of the beam, kp is the field-induced stiffness of the

beam, and L is the free length. Using Bernoulli-Euler beam theory, k. can be found as

3ET
he =5

E of composite materials is related to (f) by the viscosity law [122]. The following

(3.15)

formula can be used to evaluate £
E:E0(1+2.5f+14.1f2), (3.16)

where Fj is the matrix modulus. This equation is inadequate for volume fractions
higher than 30% [123]. The primary interest is how the rheological behavior of MREs
is affected by the volume fraction of filler particles and the applied magnetic field, which
Equation (3.1) and Equation (3.16) give us this information. However, this equation

needs to be revised for higher volume fractions [123].
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3.1.2. Experiments

A stand-alone isotropic MRE module was designed and produced for the proof-
of-concept. The module’s geometry was selected as a cylinder considering the fact that
the stiffening channel of the soft robots is generally cylindrical in shape. The produced
module was performed on the cantilever bending experiments. MRE compounds are
made of magnetizable particles with sizes ranging from nano to micro and an elastic
matrix. Previous studies found that softer elastomeric matrices can provide a better
MR effect [124]. We chose our matrix material as polydimethylsiloxane (PDMS) to
observe advanced stiffness change in the produced MRE. Non-processed PDMS is an
elastic, transparent, and biocompatible material, making it suitable and applicable to

minimally invasive surgery (MIS) devices.

3.1.2.1. Sample Preparation. PDMS, Sylgard 184, an elastomer matrix, and carbonyl

iron particles with an average size of 5 um were mixed thoroughly into a homogenous
mixture until all ingredients were evenly mixed. The mixture was put into a 3D-
printed mold. Air bubbles inside the mixture were removed first, and then the MRE
samples were cured for 4 h at 54°C in the vacuum oven (NUVE EV 018). Four different
isotropic MRE samples containing 9.09%, 18.18%, 27.27%, and 36.36% volume fraction
f were prepared to perform the cantilever bending experiment. The components and

consumables to prepare the isotropic MRE test samples are shown in Figure 3.2.

Carbonyl

Iron Silicone Elastomer Kit
Particles

Figure 3.2. MRE material fabrication components and consumables.
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3.1.2.2. Cantilever Bending Experiment. Figure 3.3 shows a schematic of the exper-

imental setup. The setup consists of two identical neodymium permanent magnets
(N35 grade, with dimensions 50 mm X 50 mm X 10 mm) with an iron back plate. The
setup was equipped with a positioning mechanism, with which it is possible to vary the
distance between the magnets (d) and, thus, the intensity of the magnetic field crossing
the sample. The MRE sample, with a diameter of 10 mm and length of 40 mm, was
placed on one of the permanent magnets with the help of a clamp; therefore, it can be
considered as a cantilever beam since the proximal end is fixed, and the distal end is

free.

‘ L_—Linear guide way

‘ Permanent Magnet ‘
Magnetic \

B
Flux
Cable Load Cell

Clamps

Permanent Magnet
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Figure 3.3. Experimental setup for cantilever bending of MRE samples. The
micrometer was used to pull a non-extensible cable which is attached to the tip of the

MRE sample.

In this experiment, the tip of the MRE sample was deflected incrementally by a
micrometer screw gauge with a resolution of 0.01 mm. At the same time, the resulting
force (Pg) was measured using a 1-kg miniature load cell. The tests were performed
for 16 cases, a combination of each MRE sample and four different magnetic fields.
The magnets were removed from the experimental setup to conduct the experiments
without an external field. The value d was set to 60 mm, 90 mm, and 120 mm, and
a teslameter (PCE-MFM 2400) was used to measure the magnetic field. The results
were found to be 32 mT, 64 mT, and 203 mT for distances of 120 mm, 90 mm, and 60

mm, respectively. Force measurements were repeated three times for each test.
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3.2. Layer Jamming of MREs

In this work, the unique mechanics of magnetic jamming of MRE layers is inves-
tigated as a first step to obtain a hybrid stiffening method combining a jamming-based
method with a viscosity-based method for stiffness control of soft robots. The pri-
mary motivation to combine magnetic jamming with viscoelasticity modification is
to achieve an increase in stiffness variation by triggering both methods with a single
source of actuation. The use of MREs in soft robotics is reviewed in [125]. It highlights
that MREs are used as a magnetostriction-based actuator, a micro-actuator that ro-
tates when exposed to a magnetic field, a pneumatic valve, a soft inchworm robot for
terrestrial locomotion, and a soft skin sensor for localizing deformations. In addition,
the article shows an example of a variable stiffness surgical manipulator that utilizes
MREs and electromagnets in a soft robot design [126]. Recently, it is presented a
magnetically-controlled stiffening mechanism that entails layers, fibers, and granules
as scaffolding materials enclosed with a flexible pouch filled with MRF [68]. In this part
of the thesis, MREs as layer scaffolding materials are used that avoid the use of MRF
and pouch. Thus, we overcome the problems associated with MRF such as leakage or
particle settling. However, using MREs in a jamming structure for stiffness variation

in soft robots has yet to occur in the literature.

The main focus of this paper is to explore stiffness change both due to jam-
ming and variable viscoelasticity of MRE layers. Although modulus and damping
behaviors of MREs in the presence of a magnetic field are well documented in the liter-
ature [73,74,106], there are very few studies on how surface friction of MRE materials
change under an applied magnetic field [90]. Physical interaction of different MRE
samples under a magnetic field has never been studied before. Therefore, the effects of
jamming and variable viscosity on stiffness change in a stack of MRE layers before a
possible soft robot implementation had to be investigated. Actual implementation of
the proposed hybrid stiffening method for soft robotic applications is studied in Section
3.3.
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Figure 3.4. Schematic illustration of the three deformation regions within a

multi-layer jamming structure. (a) In the pre-slip region, there is no slip at the
interfaces between the layers. (b) The partial-slip region, where some interfaces begin
to slip, and the bending stiffness gradually decreases. (c¢) All layers are in a slip in the

full-slip region.

A layer-jamming structure consists of compliant MRE layers and two flexible Nd-
FeB magnets (see Figure 3.4). MRE layers were stacked between two flexible magnets
with the same magnetic polarization. The magnets (grey) jam the MRE layers (white)
with magnetic forces (F,,). The magnitude of the applied magnetic force and the
layer-to-layer friction coefficient determine the range of these regimes. The magnetized
(ON State) and unmagnetized (OF F State) NdFeB magnets were used in three-point

bending tests to compare the jammed and unjammed structures’ stiffness.

3.2.1. Sample Preparation

The MRE samples were manufactured using PDMS (Sylgard 184, Dow Corning
Inc.) as an elastomer matrix, and 5 pm carbonyl iron particles. The matrix material
consists of two components: the part (A) and the hardener component (B). These were

mixed with the ratio of A:B = 10:1, and 30 % by weight of its thinner. Afterward,
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carbonyl iron particles (CIP) was mixed thoroughly into the homogenous mixture until
all ingredients were evenly mixed. The mixture was placed into a vacuum chamber for
15 min at -1 bar to ensure proper elimination of air bubbles. Then, the mixture was put
into aluminum molds. The curing process was performed at 100 °C for 1 hour without a
magnetic field to have isotropic MRE samples. Five different MRE samples containing
0% (pure PDMS) 10%, 20%, 30%, and 40% volume fractions (f) were prepared to
perform large strain experiments. The size of the samples used in the tests is 60 mm

in length, 10 mm in width, and three different thicknesses: 1 mm, 2.5 mm, and 5 mm.

Flexible magnets were manufactured to provide a magnetic field to the MRE
layers. The magnets were made of the same elastomer matrix, PDMS (Sylgard 184,
Dow Corning Inc.), and hard magnetic neodymium-iron-boron (NdFeB) microparticles
(MQP-S-11-9-20001, Magnequench, Co. Ltd.): both were mixed with a mass ratio of
10:1. The fabrication methods in MRE production were also applied in producing the
flexible magnets. The length, width, and thickness of the magnets are 60 mm, 10 mm,
and 2.5 mm, respectively. The manufactured MRE samples and flexible magnets are
shown in Figure 3.5. The manufactured flexible magnets were subjected to a large
uniform magnetic field of 2.1 T using a dipole electromagnet (5403AC, GMW Asso-
ciates) (see Figure 3.6). Magnetic field measurements were done using a Teslameter

(PCE-MFM 2400).

Figure 3.5. (a) The fabricated MRE specimens with three different thicknesses. (b)

An image of a flexible NdFeB magnet.
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Figure 3.6. Schematic of the magnetization process. A uniform magnetic field is
applied through a flexible NdFeB magnet. The magnet and its holder (a non-magnetic

3D-printed part) were placed between the magnetic poles of the electromagnet.

3.2.2. Experiments

There are two types of experiments conducted in this study. First, tensile tests
were conducted to characterize the MRE samples. Second, the performance of the
jamming structure was evaluated with and without the use of magnetic forces through

3-point bending tests.

3.2.2.1. Tensile Tests. Uniaxial tension tests were performed in the absence of a mag-

netic field to characterize the mechanical behavior of the MRE samples. The tests were
conducted on the 2.5 mm thick MRE samples. The schematic of the experimental setup
can be seen in Figure 3.7. The setup has a force measuring unit equipped with a 3-kg
miniature load cell, a micrometer screw gauge with a resolution of 0.01 mm, and a
stepper motor. In this experiment, the MRE samples were clamped using 3D-printed
parts. The samples were tested up to 25 % engineering strain using the stepper motor
running at a constant rotational speed corresponding to 0.2 mm/s tension speed. The
tension force was measured using the load cell attached to the moving clamp. The

tests were displacement controlled.
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Figure 3.7. Schematic of the experimental setup for uniaxial tensile test. The sample
was sprayed with white paint to create a random speckle pattern. The distal end of

the MRE samples was fixed, while the proximal end was attached to the load cell.

A Digital Image Correlation (DIC) system was used to measure strains optically
with a high-resolution camera (Pike F505B, Allied Vision Technologies). The Mullins
effect, a well-known effect in rubber-like materials, is observed in the MREs since they
are sensitive to stress softening [106, 127]. To eliminate this effect, a six-cycle test
procedure was performed. The first three cycles were used for stress softening, whereas
the last three were used to characterize the material. The tests were performed for

each MRE sample and the PDMS sample.

3.2.2.2. Friction Tests. The experimental setup used in the tensile tests was adapted

to measure the coefficients of friction between both the MRE samples and the NdFeB
samples. The schematic of the experimental setup is shown in Figure 3.8. In this
experiment, 3D-printed parts were glued to the MRE samples and the NdFeB magnet.
One of the 3D-printed parts was fixed to the ground, while the other was attached to the
load cell. A known mass M was placed onto the upper 3D-printed part. The material
at the top was displaced 10 mm horizontally at a constant speed of 0.1 mm/s while
the resulting force was measured. The tests were performed for ten pairs consisting of
the MRE samples and NdFeB magnet, and MRE-to-MRE interactions. The number

of repetitions for each test is three.
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Figure 3.8. Schematic of the friction test setup. Kinetic coefficients of friction p
between MRE-to-MRE and MRE-to-NdFeB are calculated by taking the average of

the measured force in the dynamic range.

3.2.2.3. 3-point Bending Test. The three-point bending test was used to evaluate the

layer jamming structure (see Figure 3.9). The structure consists of two flexible magnets
at the top and bottom and the MRE layers at the core. The magnets attract each other
and jam the MRE layers since they are placed so that their pole directions are the
same. In the OFF State, non-magnetized flexible magnets were used, while magnetized
flexible magnets were used in the ON State. The tests were performed for 30 cases, a
combination of five different MRE volume fractions (f) (including PDMS, i.e., f=0),
two states (ON State and OFF State), and three different test configurations. The
configurations are a single-layer MRE with 5 mm thickness, two MRE layers with 2.5
mm thickness, and five MRE layers with 1 mm thickness. The force measuring unit
was placed vertically down to measure forces. The number of repetitions for each test is
five. The samples were preconditioned by bending a few times with bare hands before

each test to mitigate the Mullins effect.

N=3| | MRE
~a &
‘ ‘ NdFeB
N=4 | | magnet
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[ |
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Figure 3.9. Schematic of 3-point bending test. /N stands for the number of layers in
the jamming structure. The MRE layers (white) and the flexible magnets (grey) are
deflected while the resultant force is measured. The thickness of the overall jamming

structure is 10mm, and the deflection (J) is 5 mm.
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3.2.3. Finite Element Analysis

Finite element analyses were performed for three purposes: material characteriza-
tion, magnetic simulations, and multilayer jamming simulations. First, a finite element
model was developed to validate our tensile test data with DIC measurements. The
simulations were performed using the Static Structural module of ANSYS to charac-
terize the PDMS sample and the MRE samples with 10, 20, 30, 40 % volume fractions
(f) and the flexible NdFeB magnet. The materials were modeled in 3D and stretched
up to 25% engineering strain, as in the experiments. Curve-fitting was performed on

the experimental data using a hyperelastic model.

Second, magnetic simulations were performed on a three-layer jamming structure
model using the Magnetostatic module of ANSYS in 3D. The model consists of two
flexible magnets, an MRE material at the core, and an air domain. The geometry
of an overall model is shown in Figure 3.10. The thickness of the MRE is 5 mm,
and the size of the magnets is 60 mm in length, 10 mm in width, and 2.5 mm in
thickness. The magnetic properties of the NdFeB magnet were obtained directly from
the manufacturer. They were calculated based on an estimation using the volumetric
loading magnetic powder. The retentivity and coercivity values were set to 447 mT
and 296 kA /m (H.), respectively. Magnetic parameters such as MRE permeability
with 10, 20, 30, 40 % (f) are retrieved from [106]. The values are 1.6, 2.2, 3.7, and 6,
respectively. Schubert [106] measured the magnetic flux density of the MRE samples
at multiple locations across the specimen to determine the permeability of MREs.
Cylindrical samples containing varying quantities of iron particles were positioned on
the cradle between the magnets. Subsequently, the magnetic flux was quantified using a
Gaussmeter. In addition, the permeability of PDMS is assumed to be 1. The magnetic
simulations were performed for 20 cases, a combination of five different MRE volume
fractions (f), and four different deflections. The deflections are 0 mm, 2.5 mm, 4
mm, and 5 mm. The average magnetic forces produced from the top and the bottom

magnets were obtained. These values were interpolated for the entire deflection range.
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Figure 3.10. (a) 3D FEM of the three-layer jamming structure for magnetic
simulation. An MRE layer with 5 mm thickness was placed between two NdFeB
magnets, and the structure was surrounded by air. (b) Front view of the model. The
simulations were performed for four different cases. For each case, a cylindrical

coordinate frame was assigned to determine the polarization direction of the magnets.

Third, finite element simulations were conducted in 2D to predict the mechanical
behavior of the N-layer jamming structure. The model consists of two NdFeB layers,
N-2 MRE layers, and three rollers (see Figure 3.11). The layers and the supports

were modeled with 2D plane-stress elements with material properties, dimensions, and

boundary conditions the same as in the experiments.

C' I"I‘MRE-NdFeB
D ° l"lMRE-MRE
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Figure 3.11. Finite element model for N-layer jamming structure. The top roller was
displaced 5 mm in -y direction. The bottom rollers were fixed. The magnetic force
density values obtained from magnetic simulations were applied to surfaces A, and B.
Frictional contact type was used in all interfaces. The surfaces C and D were defined

as contact surfaces for the MRE-to-NdFeB and MRE-to-MRE interfaces, respectively.
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The interaction between two adjacent MRE layers and the interaction between
NdFeB-MRE layers were modeled using the contact elements with a constant coefficient
of friction values stated in Table 4.4. The magnetic force values obtained from magnetic
simulations were applied to the structures’ top and bottom surfaces. The top layer was
deflected 5 mm incrementally while the resulting force was measured. Large deflection

and quasi-static solutions were enabled in the simulations.

3.3. Fiber Jamming of MREs

Change in stiffness in layer jamming structures is valid only in one direction. On
the other hand, fiber jamming structures are effective in soft robotic applications be-
cause variable bending stiffness in more than one direction is achieved [54]. In this sec-
tion, we investigate the unique mechanics of magnetic jamming of MRE fibers to obtain
a hybrid stiffening method combining a jamming-based method with a viscosity-based
method for stiffness control of soft robots. The STIFF-FLOP surgical manipulator,

described in Section 2.2, was selected as an intended application.

3.3.1. Design of the Fiber Jamming Structure

This section describes the combination of the MRE-based and fiber-jamming stiff-
ening methods to obtain a fiber jamming structure. The structure is merged with the
STIFF-FLOP manipulator. The fiber jamming structure-integrated STIFF-FLOP ma-
nipulator is shown in Figure 3.12. The manipulator consists of three equally-spaced
fluidic chambers embedded in an elastomer matrix and a fiber jamming structure at the
central channel. The fiber jamming structure has a length of 50 mm and a diameter of
6.5 mm. It consists of MRE fibers covered with a flexible NdFeB magnet. The magnet
is used to jam the MRE fibers. The thickness of the magnet is 1 mm. To compare
the stiffness of jammed and unjammed fiber structures, magnetized (ON state) and

unmagnetized (OFF state) NdFeB magnets were utilized.
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Figure 3.12. CAD drawing of the STIFF-FLOP soft manipulator with an integrated
variable stiffness device. The stiffening device is inserted in the central channel of the
STIFF-FLOP manipulator. The manipulator’s length and diameter are 60 mm and

17 mm, respectively.

There are two different fiber jamming structures inserted in the central channel.
First, a fiber jamming structure consisting of a single piece of MRE enclosed by a
flexible NdFeB magnet was designed. The design was placed in the stiffening chamber
to analyze the stiffness gain due to the MR effect. Second, another structure was
designed utilizing the principle of optimal packing congruent pieces based on [128]. In
this article, they presented the best packing densities of the circles in a circle. Due to
the manufacturing constraints, the number of fibers used in the structure was selected
to seven. The MRE fibers are illustrated in Figure 3.13. The fibers are enclosed by a
flexible NdFeB magnet, in which magnetic polarization is in the radial direction. The
diameter of the single piece of MRE and the seven fibers are 4.5 mm and 1.5 mm,
respectively. Polyvinyl chloride (PVC) tubes with an inner diameter of 1.5 mm and an
outer diameter of 2 mm are used for inflating the fluidic chambers. They are connected
to the chambers in the fabrication process of the modules. The manipulator’s overall
length is determined by the length of the module (50 mm), the base (10 mm), and the
tip (5 mm).
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Figure 3.13. (a) A schematic of the packed MRE fibers and a NdFeB magnet in the
stiffening chamber. (b) Magnetic polarization of the NdFeB magnet.

The MRE-based and the fiber jamming-based stiffening system is combined with
flexible fluidic actuation. The actuation chambers are inflated to achieve omnidirec-
tional bending and elongation of the silicone module. When one chamber is activated,
the cylinder bends in one direction; when two chambers are activated at the same pres-
sure, the cylinder bends in the plane between the two chambers; and when all of the
chambers are activated at the same pressure, the cylinder elongates along its central

axis. An overview of the chamber activation is showcased in Figure 3.14.

Figure 3.14. Scheme of the module highlighting the fluidic chamber activation. The

module bends in (a) and (b) and elongates in (c).
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3.3.2. Soft Robot Fabrication

The single-module STIFF-FLOP manipulator with the fiber jamming structure
has several silicone molding steps. The fabrication process of the manipulator can
be seen in Figure 3.15. First, the chamber molds are threaded with an inextensible
polyester thread around a 3D-printed cylinder. The cylinder is made up of three parts:
an inner core and two side parts. Six molds are placed in a module mold Figure 3.15a.
In this way, the radial expansion of the chamber is prevented. The mold is filled with
uncured silicone (EcoFlex 0050, SmoothOn) and left to cure at room temperature. The
chamber molds are removed after the silicone has completely cured, beginning with the
core and then sliding out the other two side parts. This disassembly of the chamber
molds allows them to be loosened within the cured body, allowing easier removal while
keeping the thread in place. Second, another layer of silicone is applied to the inside
of the chambers to integrate the thread within the body. In order to complete the
second layer process, the thin rods (core) with a diameter of 1.5 mm are inserted
into the chamber. The second curing step is thus performed by pouring the same
uncured silicone into the remaining free space of the side parts Figure 3.15b. Third,
the fiber jamming structure composed of MRE fibers covered with a flexible NdFeB
magnet was inserted into the stiffening chamber of the STIFF-FLOP manipulator
Figure 3.15c. The MRE fibers and the flexible NdFeB magnets were manufactured
using the manufacturing technique mentioned in Section 3.2.1. Finally, the main body
of the manipulator is sealed at the top and bottom caps with hard silicone (DragonSkin
30, Smooth-On). Three actuation pipes are fixed to the bottom of the module. On the
other hand, the U-shaped internal pipes are fixed to the top of the module Figure 3.15c.
They are used to connect the double chambers. Figure 3.15d shows the manufactured
soft robot. The molds used in the fabrication were disposable and manufactured using a
3D printer (ENDER 3-Pro). Twelve modules were manufactured to perform stiffening
tests. There are four cases: a combination of two states (i.e., ON and OFF States)
and two different numbers of fibers in the stiffening chamber. Three modules were

fabricated for each case to show the module’s reproducibility.
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Figure 3.15. Fabrication of the single module STIFF-FLOP manipulator with the
proposed MRE fibers and NdFeB magnet. (a) The 3D-printed side parts and a core
are assembled, then polyester is winded around the mold. (b) The silicone casting of
the body of the module. (¢) Fiber jamming structure are inserted, then the top and

bottom ends are sealed to the body. (d) The manipulator is fabricated.

3.3.3. Experiments

This section is dedicated to the characterization of the STIFF-FLOP manipulator
that is integrated with the proposed MRE fibers. Experimental tests with and without
the flexible NdFeB magnet were conducted to assess the manipulator’s dexterity and

stiffening capacity under a magnetic field.

3.3.3.1. Performance Tests. Fluidic chambers were actuated individually, in pairs, and

all simultaneously to characterize the bending and elongation performances of the
STIFF-FLOP module. Pressures ranging from 0 to 0.9 bar were imposed in the case
of single fluidic chamber activation. In order to calculate the bending angle, a video of
the module under continuously increasing pressure was recorded at the front view and
elaborated in vector graphics software, Inkscape. An algorithm was used to analyze
the captured images with a step of 0.1 bar and determine the bending angle from
the curvature of the module. An imaginary line was drawn on the tip of the module,
then the angle between the imaginary line and the horizontal determined the bending

angle. The same process was used to activate two chambers under the same pressure
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simultaneously. The activation of three fluidic chambers results in elongation, and
the length variation was measured using the same pressures as for the bending tests.
The same algorithm was used to evaluate the elongation, which considers the module’s

length at each step. The tests were repeated three times for the modules consisting of

a single piece of MRE and seven MRE fibers.

3.3.3.2. Stiffening Tests. The stiffening of the fiber jamming structure is changed us-

ing the principle of magnetic jamming force induced by flexible NdFeB magnets. The
tests were performed in two different configurations, magnetic (ON State) and un-
magnetized (OFF State) NdFeB magnets. Stiffening tests were performed in two
deformation modes. First, the tip of the fiber jamming-integrated STIFF-FLOP mod-
ule was deflected 10 mm to measure the change in stiffness using the force-measuring
unit described in Section 3.2.2. The structure was tested in the base condition, where
no actuation exists in the fluidic chambers. Second, the fiber jamming structure was
compressed 5 mm in the longitudinal direction. The number of repetitions for each test
is five. In addition, three different structures were tested for each type of experiment.

Hence, the number of experiments is 60.

Figure 3.16 reports the component layout for the motion. Pressurized air obtained
from the compressor goes into the air regulator to decrease the pressure to around 3
bar. The pressure line is divided into three separate lines, each for an air channel of
the module. An inlet valve and an exhaust valve are used to control the air pressure of
each channel. The pressure sensor monitors the pressure of the channels. A bang-bang
controller is utilized to control the pressure of channels. An Arduino Mega 2560 is used
for data acquisition, and the same board is used for control relay modules for turning
on and off solenoid valves. A 1-liter air tank is used to eliminate sudden spikes in the

pressure of each channel.
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Figure 3.16. A scheme of the components used in the activation of the STIFF-FLOP

manipulator.

3.4. Implementation of Electronically-controlled Magnetic Jamming

This section is dedicated to developing a novel variable stiffness device that uti-
lizes MRE fibers and electropermanent magnets (EPMs) in a soft robot design. In
Section 3.3, we have achieved stiffness change both due to jamming and variable vis-
coelasticity of MRE fibers when fiber jamming structure is implemented to the STIFF-
FLOP surgical manipulator. Although we proved stiffness gain with this hybrid stiffen-
ing method (combining a jamming-based and a viscosity-based method) for stiffening
of soft robots, the proposed mechanism in its present form cannot be used in soft
robots. It is because the jamming transition is not controlled. This section proposes
a novel variable stiffness device based on MRE fibers and EPMs. EPM devices are
used to jam the MRE fibers. EPM is a solid-state device whose external magnetic
flux can be stably switched on and off by a discrete electrical pulse. The operation
principle of an EPM is described here with the theoretical background. The stiffening
device, consisting of MRE fibers and EPMs in a compact manner, has been designed,

manufactured, and implemented into the STIFF-FLOP manipulator.
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3.4.1. Electropermanent Magnets

The magnets can be classified into two main categories depending on the source
of magnetism: permanent magnets and electromagnets. Permanent magnets are made
from magnetized materials and create their own persistent magnetic field. They can
be found in nature, such as lodestone, or made industrially. The artificial permanent
magnets are mostly made from the elements iron, nickel, and cobalt and their alloys.
Permanent magnets retain magnetic properties until the temperature exceeds the Curie
temperature of the magnet material. Electromagnets consist of a coil of wire wrapped
around a core made from soft magnetic material. When the current flows through the
coil, the core is magnetized and behaves like a magnet. The field disappears when the

current is turned off.

Electropermanent magnet, on the other hand, is a hybrid type magnet, a combi-
nation of a permanent magnet and an electromagnet. An EPM is a solid-state device
whose magnetic flux can be switched between the ON and OF'F' states due to a dis-
crete electrical pulse. This makes an EPM a more desirable device since the energy
is consumed only during the switching between the states, and the transition can be
controlled electronically. McDonald et al. [129] manipulated the material characteris-
tics of MRF's by utilizing EPMs, enabling regulate the pressure within soft actuators.
Recently, Gaeta et al. [68] demonstrated the capability of EPMs to control stiffness

electronically.

3.4.1.1. Working Principle of EPMs. An EPM consists of two permanent magnets (a

hard and a soft magnet), metal caps, and a coil. The target surface and the caps are
separated by an air gap, which is denoted as g. The soft and hard magnets have almost
the same remanent magnetization; however, they have different coercivity values. The
hard magnet has a very high coercivity, whereas the coercivity value of the soft magnet
is relatively low. The magnets have the same length (L,,) and diameter (d,,). The
caps and coil are made from iron and copper, respectively. The working principle of

an EPM device in operation can be seen in Figure 3.17.
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Figure 3.17. The operation principle of the EPM device (a) An EPM device. (b) The
operation states and corresponding B-H curves of the soft and the hard magnets.

Adapted from [130].

The direction of the current and magnetic flux in the EPM device are illustrated
as orange and cyan arrows, respectively. The switching current flows through the coil,
and the soft magnet is magnetized up to a saturation point. A part of the flux flows
through the target surface (illustrated by cyan dotted lines), however, the majority of
the flux device goes through the EPM device. When the soft magnet is fully saturated,
the switching current is turned off, i.e., magnetic field intensity is reduced to zero.
However, magnetic flux density is equal to the remanent magnetism. The remanence
(i.e., retentivity) value is almost the same for the hard and soft magnet in the ON state.
When switching to the OF I state, the current is turned on in the opposite direction.
The soft magnet is demagnetized up to the point of full saturation but this time in the
third quadrant of the B-H curve. The polarity of the soft magnet is changed. When
the soft magnet reaches full saturation, the switching current is turned off again. The
magnetic flux density is equal to negative remanent magnetism. In the OF'F state,

magnetic flux flows only through the magnets.
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3.4.1.2. Theoretical Background. This section describes the magnitude of the holding

force of the EPM using a magnetic circuit approach. The equations are retrieved
from [130]. The axial magnetic field intensity within the magnets and the magnetic
field intensity in the air gap are denoted as H,, and H,, respectively. The coil carries
a current [,,, and has N, turns. Consider a loop passing through the magnets, the air

gaps, and the keeper bar, Ampere’s law states
H, Ly, +2H,9 = Ny, 1. (3.17)

Using Gauss’s law for magnetic fields and a magnetic circuit approach, the flux con-

servation can be expressed as
s
gd»?nNrods(BAlNiCo + BNdFeB) - Bgab + ¢leak7 (318)

where B, is the magnetic flux density in the air gap, Pjeqr is the pole-to-pole leakage
flux, N,.qs is the number of the magnets used in the EPM device, a is the width of
the keeper bars, b is the thickness of the keeper bars, and Banic, and Bygrep are the
axial magnetic flux density in the soft and hard magnet, respectively. It can be used

as a straight-line demagnetization curve [131] for the NdFeB magnet
Byaires = By + poHp, (3.19)
where iy is the permeability of free space. It is possible to write axial magnetic flux
density in the air gap as
By = puoH,. (3.20)
It is difficult to calculate the pole-to-pole leakage flux @;..x, however, it can be estimated
based on the leakage coefficient as
gpleak - (NmIm - HmLm)]P)leaka (321)

where P is the leakage permeance. The AINiCo magnet has a nonlinear B-H curve.

It is dependent on H,,(t) and time t due to hysteresis. Equation (3.18) can be solved

numerically for H,,(t) in terms of I,,(¢), and the other parameters
gdanrods(BAlNiCo(HM(t)7 t)+ B, + poHn(t)) =

(:u()ab
29

(3.22)

+ Pleakme[m(t) - Hm(t)Lm)'
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Considering the fact that the main flux is perpendicular to the surface of the keeper
bars, neglecting leakage terms, the force per area term is given by the T, the normal

component of the Maxwell stress tensor is
2
Fo_p_ B
2ab 2/t
The force is obtained if we combine Equation (3.18) and Equation (3.20) by given

(3.23)

H,,(t) from the numerical solution of Equation (3.22)

ab [ NI (t) — Ho(t) Lo \ 2
FZMI( (t) = Hu(t) ),
g

Note that Bnico and Bygrep are equal to B, when the magnets are fully magnetized.

(3.24)

In addition, it is assumed that @, becomes zero as g goes to zero. In this case,

Equation (3.18) can be expressed as

ﬂ-d?nNrods
B, = BT—4ab . (3.25)
Hence, the holding force can be expressed as
1 (7Bd% Nyogs \
F= UARLECL I 3.26
oab ( 4 ) (3:26)

It can be inferred from Equation (3.26) that as the pole area ab is decreased, the force
increases with the other terms held constant. In order to maximize the force, the pole
area is set so that the air gap flux density is just below the saturation flux density of

the pole pieces, By,;. The optimal value of the dimension b is expressed as
BT denNrods

b= 2
Bsat 4a (3 7)
The holding force is obtained as
B2 .ab
= Zsat® (3.28)
Ho

3.4.1.3. Design of the EPM Device. An EPM device was designed and developed to

jam the MRE fibers inserted into the central channel of the variable stiffness device.
The EPM device can be seen in Figure 3.18. The device is composed of a hard magnet
(N42 Grade, NdFeB) and a soft magnet (AINiCo 5), two steel caps, and a copper wire
coil (AWG 40). The pair N42 grade NdFeB and AINiCo 5 magnets are selected since
they have very similar remnant magnetization (B,=1.28 T) and different coercivities

(AINiCo=51 kA /m, NdFeB=943 kA /m).
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Figure 3.18. CAD model of the EPM device.

3.4.1.4. Magnetic Simulations. This section is dedicated to the simulation of the EPM

device. A 3D model has been constructed using a Magnetostatic solver of ANSYS
Maxwell. The model consists of two hexagonal-shaped MREs (at the top and the bot-
tom), seven MRE fibers at the center, and six EPM devices, three on the proximal and
three on the distal end. The EPM devices are equally spaced in a radial arrangement.
The overall model can be seen in Figure 3.19. The EPM device used for simulation has
been modeled according to the specifications described in Section 3.4.1.3. The pole di-
rections of the magnets were adjusted as shown in the model. The pole directions of the
magnet pairs differ by 60 degrees from each other. The surrounding vacuum domain

is modeled as a rectangular prism with a 150 % offset in -x, -y, and -z directions.

Hexagonal-
Shaped MRE

1 MRE Fibers

0 30 60 (mm)

Figure 3.19. 3D model showing the MRE fibers, the hexagonal-shaped MRE, and the
EPMs.



o1

Table 3.1. The parameters of the EPM device used in the simulation.

Parameter Symbol | Value | Units
Magnet diameter dpm, 3.18 mm
Magnet length Ly, 6.35 mm
Cap length a 8.5 mm
Cap width b 0.6 mm
Remnant Magnetization B, 1.28 T
Coercivity of AINiCo H,, 51 kA/m
MRE permeability f 3.7 N/A

Three different simulations were performed here. First, the N,,I,, value, i.e.,
ampere-turn to change the polarity of the AINiCo magnet, was simulated using only
the EPM model. Second, the amount of jamming force obtained from an EPM device
was simulated using hexagonal-shaped MREs, MRE fibers, and the EPM. Finally, the
simulation was performed to calculate the magnetic flux density passing through the

MRE fibers. The overall model presented was used for the simulation.

The material properties and the dimensions of the EPM device and MRE fibers
for the simulation are shown in Table 3.1. N42 grade NdFeB magnet and AINiCo 5
magnet are used in the simulation. The diameter and length of the magnets are 3.175
mm and 6.35 mm, respectively. The magnets are enclosed with the copper region.
The cross-section area of the region is L,,w, where w is the height of the coil. In the
simulation, w is taken as 1 mm. Based on Schubert’s thesis [106], the permeability

value for the isotropic MRE when f=0.3 is selected as 3.7.

3.4.2. The Variable Stiffness Device

3.4.2.1. Design of the Stiffening Device. This section describes the design of a variable

stiffness device. The device is integrated into the STIFF-FLOP surgical manipulator.
The stiffening device and device-integrated STIFF-FLOP manipulator are shown in
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Figure 3.20. The stiffening device consists of six EPMs, two hexagonal MRE pieces,
and axially packed seven MRE fibers. The EPMs are located in the base and tip
regions. They are used to jam the fibers and provide magnetic fields. The stiffening
device has a length of 60 mm. The hexagonal-shaped MRE pieces are placed between
the EPMs and MRE fibers to provide magnetic forces.

a b C
p ’/ﬁ\ Section view A-A
Tip o .
MRE
I— EPM (X6)
A
MRE d
fibers T
St'if'fe'ning
STIFF-FLOP Channel
Body @8 mm
@ 23 mm

MRE = @ 2.93 mm
Lyige = 60 mm

Lip =10 mm
Lpase = 10 mm

Pneumatic
Chamber

Base

Figure 3.20. CAD drawing of the proposed stiffening device and its implementation
to the STIFF-FLOP manipulator. (a) The stiffening device, (b) the device-integrated

STIFF-FLOP manipulator, (c¢) and its cross-section view.

The stiffening device-integrated STIFF-FLOP manipulator is made up of a cylin-
drical shaped elastomer, including a main body, a base, and a tip. The main body
consists of three equally-spaced fluidic chambers and a stiffening chamber at the cen-
ter. The manipulator has a length of 80 mm and a diameter of 23 mm. The stiffening
device has six EMPs. They are located at the base and tip of the manipulator as
shown in Figure 3.20. A stiffer material (DragonSkin 30) is used in these regions since
the EPMs are embedded here. The number of MRE fibers packed into the stiffening
chamber is seven. Since the diameter of the stiffening chamber of the STIFF-FLOP
is 8 mm, the diameter of the MRE fibers is 2.93 mm. With this device, it is possible
to obtain various stiffening states. In the softest state, the six EPMs are in the OF F
state, whereas the rigid state is obtained when the EPMs are switched to the ON state.
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Different stiffness states can be obtained between the maximum and minimum values

depending on the number of activated EPMs and the configuration.

3.4.2.2. Fabrication of the Stiffening Device. The isotropic MRE fibers containing 30%

volume fraction (f) were manufactured using the manufacturing method mentioned in
Section 3.2.1. The length and diameter of the MRE samples are 60 mm and 2.93 mm,
respectively. The molds were made of PLA material, a non-magnetic material. The

curing process was performed at 45 degrees for six hours.

The EPM device is composed of a NdFeB magnet, an AINiCo magnet, two steel
caps, and a copper wire. The N42 grade NdFeB magnets and the AINiCo 5 magnets
were purchased from KJ Magnetic, Inc and McMaster-Carr, respectively. The diameter
and the length of the magnets are 3.18 mm and 6.35 mm, respectively. The magnets
are glued to the caps using an epoxy adhesive and wrapped with a coil of 80 turns of
40 AWG copper wire. The dimension of the pole pieces is described in Section 3.4.1.4.
The manufactured of the MRE fibers and EPM device is shown in Figure 3.21.

Figure 3.21. (a) The manufactured MRE fibers, (b) and the EPM device.

The manufacturing steps mentioned in Section 3.15 were mainly followed for the
variable stiffness device-integrated STIFF-FLOP manipulator. In addition to men-
tioned fabrication steps, the EPM devices were placed in the corresponding positions

at the final stage. The stiffening tests were performed when the EPMs were ON and
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OFF states. Each condition was repeated three times. The manufactured manipulator

can be seen in Figure 3.22.

MRE
fibers

Actuation
chambers

Figure 3.22. The manufactured STIFF-FLOP manipulator. (a) The assembled
module without the EPM devices. (b) A cut-view of the manipulator. MRE fibers

are placed into a stiffening chamber.
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4. RESULTS AND DISCUSSION

This section covers the results of the cantilever bending tests of the MRE sam-
ples, the experimental and finite element results of the multi-layer jamming structures,
magnetic fiber jamming results, and the results of the electronically-controlled EPM

integrated-STIFF-FLOP manipulator.

4.1. Cantilever Bending Results

The results of the cantilever bending of MREs are presented here. The stiffening
performance of the MRE samples was examined. The results of the cantilever bending
experiments were compared to the analytical model developed by Lockette et al. [120]

and the analytical model I have developed mentioned in Section 3.1.1.

The results of the cantilever bending experiment and theoretical model developed
by Lockette et al. are shown in Figure 4.1. The results indicate that the resultant force
at the tip shows a nearly linear behavior (R* > 0.9943) with tip displacement for each

case.

Slopes of the force vs. displacement curves give stiffness values of the MRE sam-
ples. It can be inferred from the subfigures of Figure 4.1 that MRE stiffness increases
with increasing volume fraction. For instance, the experimental stiffness of the MRE
sample with f=9.09% is calculated as 0.63 N/cm while the stiffness of the MRE sample
with f=36.36% is calculated as 1.67 N/cm when T= 203 mT. The stiffness increases
with increasing magnetic field as well (magnetic field value is color-coded in Figure
4.1). For example, the experimental stiffness of the MRE sample with f=27.27% is
0.84 N/cm when there is no field, while it is calculated as 1.32 N/cm when T=203 mT.
The stiffness of the MRE samples is summarized in Table 4.1.



26

- - -T=0T Analytical T=32 mT Analytical - - -T=64 mT Analytical - - - T=203 mT Analytical

* T=0T Experimental T=32 mT Experimental * T=64 mT Experimental * T=203 mT Experimental
1 . 1 -
£=9.09% f=18.18%
08} 08} ot
U —"s
= = 7 LA
Z.osl Zos| e
3 . 2 @ PP e
o a2 o 20 St E
G 04 Pt Lo i o 04t P
w 3 ,;; ¥ 'R Prad
= T s
02} FOE 1) 02} 4T
-4°% Pt
eyt .37t
-5-3 -f
0 i S . . . oL~ . . . .
0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
Displacement [m] Displacement [m]
1.4 . 2 -
- o -
12| F=27.27% PR #=36.36%
ot = _15F -
Z Z
=] ~ =
o 08 . ®
2 06 o
ol PRt . o
[ PP A1 . [
0.4} Il IR 05
e S ’ eyt
02 ;,:!;2‘ L 1 ;i:/{‘i‘: *
ol ®7% . . . . ol ¥ . . . .
0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
Displacement [m] Displacement [m]

Figure 4.1. Comparison of experimental (dotted data points) and theoretical
(developed by Lockette et al. [120] results: Force vs. displacement for the MRE

samples with four different CIP volume fractions under four different magnetic fields.

Table 4.1. Experimental stiffness [N/cm] values for the MRE samples.

CIP volume Magnetic Field
fraction T=0 mT | T=32 mT | T=64 mT | T=203 mT
£=9.09% 0.50 0.54 0.55 0.63
f=18.18% 0.69 0.72 0.75 0.86
f=27.27% 0.84 0.87 0.93 1.32
f=36.36% 0.94 1.03 1.16 1.67

In addition to the presented stiffness values, the percent error between the exper-

imental stiffness and the analytical stiffness values were calculated as follows

Pg— P
Error = ETmo, (4.1)

where Pr and P represent the experimental and the analytical resultant force, respec-
tively. The percent error between the experimental and analytical results is summarized
in Table 4.2. The theoretical results partially agree with the experimental results for
MRE containing 9.09% and 18.18% volume fractions. However, the error between the

experimental and the analytical stiffness is higher for the MRE containing 27.27% and
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36.36% volume fractions. The average error of the stiffness values between experimen-
tal and analytical results for all cases is calculated as 12.7 %. The results also indicate
that the difference between experimental stiffness and theoretical stiffness increases

with increasing volume fraction (f).

Table 4.2. Percent error between the experimental and the theoretical model results

developed by Lockette et al..

Volume Magnetic Field

Fraction | T=0 mT | T=32 mT | T=64 mT | T=203 mT
f=9.09% 1.8 2.2 3.4 16.4
f=18.18% 7.6 4.1 0.5 3.3
f=27.27% 21.5 18.9 15.0 0.4
f=36.36% 36.5 30.8 24.3 16.4

As mentioned in Section 3.1.1, the viscosity law relates F of composite materi-
als to f, and Equation (3.16) is not valid for high-volume fractions. Therefore, it is

obtained a higher-order equation that best fits the experimental data.
E = Ey(0.99 + 1.93f + 18.76 f* — 37.07f%) (4.2)

The Maxwell-Garnett theory aims to approximate a complex electromagnetic medium
in terms of permittivity and f. However, it generally underestimates the effect of ¢
in Equation (3.14). We have fitted experimental data and established a third-order

polynomial to calculate the effect of ¢
c=cf’+af ol +ea, (4.3)

where ¢, ¢, ¢3, and ¢, were found using symbolic toolbox of MATLAB®,

We derived Equation (4.2) and Equation (4.3) based on the cantilever bending
behavior of our MREs, which was our main contribution to the analytical equations.
We have introduced a new analytical model and implemented it into Matlab. The
results of the cantilever bending experiments were compared to the results obtained by

the developed model (see Figure 4.2).
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Figure 4.2. Comparison of experimental (dotted data points) and the developed
analytical model (dashed lines) results: Tip force vs. displacement for the MRE
samples with four different CIP volume fractions (f) under four different magnetic

fields (color coded).

It can be inferred from Figure 4.2 that the equations fit better with our exper-
imental data. The error percentages for the 16 cases can be seen in Table 4.3. The
results indicate that the developed analytical results almost agree with the experimen-
tal results for four different volume fractions of MRE and four different magnetic fields.
For instance, the percent error between the resultant experimental and analytical forces
for the MRE sample with £=9.09% is 1.5%; the sample with f=36.36% volume fraction
is 0.2% when there is no magnetic field. The average error of the stiffness values be-
tween experimental and analytical results for all cases is calculated as 3.9%. Thus, the
developed model outperforms Lockette et al. model in capturing the field-dependent

material properties of the developed MRESs, especially for higher volume fractions.

Table 4.3. Percent error between the experimental results and the analytical model.

Volume Magnetic Field

Fraction | T=0 mT | T=32 mT | T=64 mT | T=203 mT

f=9.09% 1.5 5.2 4.8 0.5
f=18.18% 1.8 5.2 7.8 1.2
f=27.27% 0.8 1.4 3.5 2.8

f=36.36% 0.2 7.8 13.8 3.8
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4.2. Magnetic Layer Jamming Results

The stress vs. strain curves of the MREs and NdFeB magnet tested under tensile
tests are shown in Figure 4.3. The reader is referred to Appendix A for the multi-
cycle test and friction results. The results indicate that the mechanical behavior of the
MREs is nonlinear. The Neo-Hookean model was selected to obtain the mechanical
properties of the MRE samples and the NdFeB magnet since it is the simplest form of all
hyperelastic models and suitable for 25% strain. Furthermore, apart from the uniaxial
tensile test, it is required to perform biaxial tension and shear tests to characterize a
hyperelastic material fully. The Neo Hookean model response is reliable in the three-
point bending test. The strain energy function of the Neo-Hookean model is expressed

as

1 2
TGRS (4.4)

where p is the shear modulus, D; is the incompressibility factor, J is the Jacobian,

and I is the first invariant of the strain tensor. The material constants p and D
are obtained from the curve fitting on the experimental tensile test data and DIC

measurements, respectively. The material properties are shown in Table 4.4.
6(1 —2v

where v is Poisson’s ratio.

Table 4.4. Material properties for the MRE samples and the NdFeB sample.

Sample Density I D, COF with COF with
[g/cc] | [MPa] | [MPa™!'] | an identical material | NdFeB

PDMS 1.25 0.19 1.99 1.42 1.35
f=0.1 1.64 0.30 1.73 1.03 0.84
f=0.2 2.30 0.52 1.26 1.1 0.72
f=0.3 2.93 0.75 0.58 0.8 0.67
f=0.4 3.62 1.30 0.5 0.62 0.48
NdFeB | 500 | 135 | 052 N/A N/A
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Figure 4.3. Stress vs. strain for the MRE samples with different volume fractions (f)
and the NdFeB magnet. The experimental and FEA results are represented as solid

and dashed lines, respectively.

The results of the magnetic surface force of the flexible NdFeB magnets are shown
in Figure 4.4. The results show that the magnetic force generated from the magnets
increases when a higher volume fraction of MRE is used at the core. For instance,
the flexible magnet offers an average magnetic force of 0.49 N, 0.52 N, 0.54 N, 0.55 N,
0.56 N for f=0 (PDMS), f=0.1, f=0.2, f=0.3, f=0.4, respectively when there is no
deflection. In addition, the magnetic force decreases as the deflection (§) of the model
increases. For instance, the average magnetic force of the top magnet is decreased
from 0.52 N to 0.28 N, whereas the average magnetic force of the bottom magnet
is decreased from 0.52 N to 0.17 N when f=0.1. The results also indicate that the
difference between the force values produced by the top and bottom magnets increases
as the deflection increases. The reason is due to the fact that the radius of curvature of
the magnets increases as the layer jamming structure deflected, affecting the uniformity

of the magnetic force distribution.
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Figure 4.4. Top view of magnetic force contours of the flexible magnets. The average
magnetic force values obtained from the magnets are shown in the upper left corner
for each image. T" and B represent the top and the bottom flexible magnets,

respectively.

Figure 4.5 shows the results of the 3-point bending test of the multilayer jamming
structure. Slopes of the resulting force vs. deflection curve give bending stiffness values
of the structure. The results indicate that the resulting force shows a linear behavior
(R? > 0.993) with deflection for each case. The results also indicate that the pre-slip
stiffness of the jammed structure is higher than that of the unjammed structure for
each case. It is an expected result since magnetic forces jam the MRE layers, and
the overall stiffness of the structure increases. The stiffness values for each case are
summarized in Table 4.5. It can be inferred from Table 4.5 that the stiffness of the
jamming structure in the OFF State decreases when the number of layers is increased.
For instance, when f =0.2, the stiffness of the structure with 3-layer, 4-layer, and 7-
layer are calculated as 0.52 N/mm, 0.38 N/mm, and 0.30 N/mm, respectively. The
FEA results have very similar results for this case. The values are 0.53 N/mm, 0.35

N/mm, and 0.29 N/mm, respectively.
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results for N-layer jamming structures. Blue and red color stand for ON States and

OF'F States, respectively. The structures were loaded in three-point bending for the

magnetized NdFeB magnet and the non-magnetized NdFeB magnet for each MRE

Table 4.5. Stiffness [N/mm] values of the multilayer jamming structure.

with different volume fractions.

N=3 N=4 N=7
Sample | State
Exp* | FEA | Exp* | FEA | Exp* | FEA

OFF 0.6 0.61 | 045 | 047 | 044 | 0.44
PDMS

ON 1.08 | 1.19 | 1.05 | 1.14 | 1.03 | 1.05
; OFF | 0.46 | 0.46 | 040 | 0.36 | 0.31 | 0.33
=0.1

ON 1.15 | 1.14 | 0.93 | 1.13 | 0.87 | 1.05
; OFF | 052 | 0.51 | 0.38 | 0.34 | 0.30 | 0.28
=0.2

ON 1.50 | 1.61 | 1.02 | 1.24 | 1.04 | 1.16
; OFF | 0.64 | 0.62 | 037 | 0.35 | 0.28 | 0.27
=0.3

ON 1.67 1.4 1.14 | 1.20 | 0.97 | 1.43
; OFF | 0.84 | 0.84 | 045 | 040 | 0.29 | 0.25
=0.4

ON 214 | 1.85 | 143 | 1.58 | 1.07 | 1.47

* .
Experiments
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In addition to the presented stiffness values for the multilayer MRE jamming
structure, change in stiffness values is calculated for each volume fraction and the
number of layers. Let K be the ratio of the stiffness of the jammed structure to the
stiffness of the unjammed structure. The results (see Figure 4.6) show that simulation
results are larger than experimental results. The reason is that the magnetic proper-
ties of the NdFeB magnet are less than the simulation values due to the attenuation
effect caused by the losses in the production stage. In addition, K increases with the
increasing number of layers stacked within the jamming structure. For instance, when
f=0.4, the stiffness ratio of the jamming structure with 3-layer, 4-layer, and 7-layer is
calculated as 2.21, 3.95, and 5.63, respectively. However, this situation is not valid for
the experiment results for f=0.1 and f=0.2. The value K is slightly decreasing from
N=3 to N=4. The main reason for this situation is that the number of friction contact
types differs. There are two different friction interactions when N=4 (MRE-to-MRE
and MRE-to-NdFeB), whereas there is only one (MRE-to-NdFeB) when N=3. The

results show that the best performance was obtained when N=7 and f=0.4.
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Figure 4.6. The mean of the stiffness ratio of the MRE-based layer jamming

structures. The bars represent the standard deviation of the experimental results.

The main reason to use MREs in the middle layers is to benefit from viscoelasticity
change in MREs under a magnetic field. We can observe changes in stiffness caused by

the jamming and MR effects. For instance, when N=7, the experimental K value of the
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PDMS is 2.35, which is solely due to jamming. On the other hand, the corresponding K
value is 3.66 for f=0.4. This increase in stiffness change can be attributed to both the
MR effect and the increase in magnetic jamming force due to iron particles in the MRE
layers. In any case, these results show the benefit of using MREs in a layer-jamming

structure.

The stiffness change is theoretically proportional to the square of the number
of layers involved in layer jamming. According to this theory, the resulting stiffness
ratios would be K =9, 16, 49 for N=3, 4, 7 respectively. However, the experimentally
obtained values for f=0.4 are 2.55, 3.17, and 3.66 for N=3, 4, and 7, respectively. It
is obvious that the N? relationship does not work. The main reason for this may be
due to the way jamming force is applied. For a pneumatic continuous layer jamming
system, the jamming force is generated by applying a vacuum to a sealed and thin
membrane. Unlike pneumatic jamming, no uniform pressure is acting on the entire

outer surface of our jamming structure.

The results also show that this increased stiffness is only sustained under a limited
range of loads. For 16 cases, the mean slip point for the experiments and finite element
simulations was calculated as 0.35 mm and 0.16 mm, respectively. Full slip occurs
when deflection is 0.88 mm for the experiments and the simulations. Although the
experiments and the simulations experience the full-slip region at almost the same
points, the simulations reach the slip point earlier. It is because it was assumed constant
coefficient of friction and used coefficient of kinetic friction in the simulations instead

of coefficient of static friction.

4.3. Magnetic Fiber Jamming Results

The experimental tests described in Section 3.3.3 are presented here. It includes

fiber jamming structure performances in terms of bending and elongation capability

and stiffening variation range.
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The relationship between the pressure placed on the chambers and the corre-
sponding bending angle is illustrated in Figure 4.7. The results indicate that similar
behavior between one-chamber and two-chamber activation is observed until the ap-
plied pressure is reached 0.3 bar. Beyond that point, there is an increasing trend with
one actuation chamber. A higher bending angle is obtained when one chamber is ac-
tuated. The structures with seven fibers used in the stiffening chamber are observed
to be saturated at around 0.9 bar pressure when one line is pressurized. On the other
hand, the same structures can stand 0.5 bar pressure when two pressure lines are in-
flated. The capture images can be seen in Figure 4.7. Omnidirectional bending tests
showed that it is possible to bend the structure at an angle of 66.2 degrees when only
one chamber is inflated at 0.9 bar pressure and 24.4 degrees when using two chambers
simultaneously at 0.5 bar pressure. As for elongation, three chambers were activated
simultaneously to calculate the elongation. However, we could not observe a pure

elongation. The structure initially bent and then continued to elongate.
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Figure 4.7. Bending capacity of a single module under increasing pressure: the blue
color line indicates activation of two chambers; the orange color line indicates

activation of a single chamber.

The results of the compression tests of the fiber jamming structure are shown
in Figure 4.8(a,b). The results indicate that the resultant stress upon loading shows

a nearly linear behavior (R? >0.9960) with strain for each case. Slopes of the stress
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vs. strain curves give compression modulus values of the fiber jamming structures.
It can be inferred from the figures that the compression modulus increases when the
magnetized NdFeB magnets are used in the structure. For instance, the modulus of the
OF F state structure is calculated as 394.9 kPa when N=1, while the ON state modulus
is calculated as 436.84 kPa. In addition, the results indicate that the compression
modulus decreases with increasing N. For example, the modulus of the unjammed
structure when N=7 is 378.4 kPa, while it is calculated as 394.9 kPa when N=1.
The results of the cantilever bending tests of the fiber jamming structure are shown
in Figure 4.8(c,d). The stress-strain curves exhibited a highly noticeable hysteresis
behavior. The area between the curves signifies the amount of dissipated energy. The
slope of the force vs. displacement curves upon loading gives the stiffness value of the
fiber jamming structure. The results indicate that the resulting stiffness increases when
the magnetized NdFeB magnets are used in the jamming structure. For instance, the
OF'F state stiffness of the structure with a single piece of MRE is calculated as 0.39
N/cm while the ON state stiffness is calculated as 0.43 N/cm in cantilever bending
tests. In addition, the corresponding increase is also observed when N=7. The stiffness

is increased from 0.33 N/cm to 0.4 N/cm.
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Figure 4.8. The stiffening tests: The structures were compressed in (a) and (b). The

structures were performed in cantilever bending tests in (c) and (d).
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In addition to the presented stiffness values for the fiber jamming structures, the
stiffness ratio, K, is calculated as well. The cantilever bending results show that K
increases with increasing N. For instance, K is 1.1 when N = 1 while it is 1.21 when
N=T7. As for compression tests, the change in modulus is calculated as 1.11 for each
case. Considering the fact that axially-oriented fibers in a jamming structure have no
effect on stiffness change under compression. Hence, the change in stiffness can be
considered due to the MRE effect. The optimal stiffness change of the structure is
observed when N=7. We observed a 21.2% increase in the stiffness variation of the
structure. The theoretical stiffness change of the fiber jamming structure is presented
in Section 2.3.2.2. According to the theory, the resulting stiffness change would be
K=8.61 for N=7. However, we obtained K=1.21 from the experiments. The main
reason is that there is a considerable amount of unjammed material in the structure.
The diameter of the jammed region is 6.5 mm, while the structure’s diameter is 17
mm. The K value can be optimized by performing the stiffening tests of fiber jamming
structure with MRE fibers containing different volume fractions f. The results of the

fiber jamming structure are summarized in Table 4.6.

Table 4.6. The performance of the module.

Bending Angle | Bending Angle . Stiffness
Elongation
(one chamber) | (two chambers) Variation
66.2 deg 24.4 deg N/A 21.2 %

The results of the layer jamming structures are promising for the stiffness vari-
ation of soft robots. However, the proposed structures have certain disadvantages.
Despite its effectiveness in enhancing the stiffness of soft robots, the current form
of the proposed hybrid stiffening method, which combines a jamming-based and a
viscosity-based method, is not applicable to soft robots. The most significant draw-
back of this study is the jamming transition that is induced mechanically. The non-
magnetized NdFeB magnets must be changed with the magnetized NdFeB magnets to
make a transition from OFF State to ON State. The problem can be solved with an

electronically-driven mechanism to alter the polarity of the NdFeB magnet. A proper
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mechanism consists of a flexible magnet and a coil. Two microparticles with the same
retentivity and different coercivity can be used to manufacture the magnet. A coil is
wrapped around the magnet so that the polarity of the magnet is changed. Since the
aim of this section was to focus on investigating the effect of magnetic jamming of MRE
layers, we used permanent NdFeB magnets to generate magnetic fields. However, mag-
netic fields can be generated electronically using electromagnets or electro-permanent
magnets (EPMs) for a possible implementation of electronically controlled jamming

and stiffening [68].

4.4. Electronically-Controlled Magnetic Fiber Jamming Results

4.4.1. Simulation Results

In order to change the state of the EPM device from the OF F state to the ON
state, the magnetic polarity of the AINiCo magnet must be changed. The required pulse
current to revert the pole direction is calculated assuming the term g in Equation (3.17)

goes to zero, and the amount of ampere-turn is found as
NI, =H,L,, = 324. (4.6)

On the other hand, magnetic simulation results give us the N,,[,, term approximately
as 1200 (see Figure 4.9). The simulation result does not correspond with the theory.
It is because the term ¢ is assumed to be zero. Assuming the number of coil turn in an
EPM is 80, the required current pulse is calculated as 15 A. The magnetic simulation
force provided to the MRE material by the EPM was found as 0.46 N. Since we have
three EPMs, the amount of jamming force at the tip is calculated as 1.38 N.

The magnetic flux density of the overall model in the xz plane is shown in Figure
4.10. The simulation results show that the volume average value of the magnetic flux
density passing through the MRE fibers when the EPM devices in ON states and in
OFF states are found as 0.2 mT and 16.7 mT, respectively. On the other hand, the
volume average value of the magnetic flux density passing through hexagonal-shaped

MREs is found as 200 mT.
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Figure 4.9. The amount of current-turn to switch the state of the EPM device.
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Figure 4.10. Magnetic flux density passing through the MRE fibers and the
hexagonal-shaped MREs.

4.4.2. Experimental Results

The stiffness device integrated-STIFF-FLOP manipulator was performed in stiff-
ening tests. Cantilever bending experiments were performed in the unjammed case
(i.e., the EPMs are in the OF F' state) and in the jammed case (i.e., the EPMs are in
the OFF state). The cantilever bending test results are shown in Figure 4.11. The

results indicate that no notable change in stiffness was observed for the following rea-
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sons. The stiffness due to the MR effect disappeared due to the lost contact between the
MRE samples and the EPM devices when the manipulator was deflected. In addition,
stiffness change due to the jamming effect also suffered from contact loss. Further-
more, due to the geometrical constraints of the EPM devices, the outer diameter of the
manipulator needed to be expanded. Abidi et al. [132] developed a STIFF-FLOP ma-
nipulator for MIS operations, reducing the outer diameter of the manipulator to 14.5
mm. It is approximately seven times softer than our robot. Contrary to the simulation
results, the EPMs could not create enough magnetic force to jam the MRE fibers due
to leakage flux and manufacturing errors such as improper coil winding and adhesive
operation. The proposed device has some design problems. The EPM devices in the
present form are not suitable for providing continuous jamming force. Although they
are radially oriented at the base and the tip, they exert only discrete jamming forces,
which have no effect on the jamming of the MRE fibers located in the main body.
On the contrary, the presence of MRE fibers with a certain weight in this region has
a detrimental impact on the stiffness change of the device. Furthermore, the EPMs
located at the base do not affect stiffness change due to the jamming effect since the

base was fixed in the cantilever bending experiment.
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Figure 4.11. Cantilever bending results of the device integrated STIFF-FLOP

manipulator.
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5. CONCLUSION

In this thesis, a novel variable stiffness method combining jamming with vis-
coelasticity modification has been developed to achieve variable stiffness. The pro-
posed method is innovative as it utilizes the benefits of magnetic jamming in MREs
to enhance stiffness variation. We demonstrated the increase in stiffness by utiliz-
ing this hybrid method in the STIFF-FLOP manipulator under different deformation
modes. The results indicate that the proposed hybrid stiffening method is promising

for achieving variable and controllable stiffness in soft robots.

In Section 3.1, the cantilever bending behavior of MREs in terms of their depen-
dence on the volume fraction of magnetizable particles and the external magnetic field
was investigated. It is observed that isotropic MRE stiffness increases with increas-
ing volume fraction and applied magnetic field. An analytical model was developed,
and the analytical results were compared to the experimental ones. The analytical
model capturing MREs’ magnetorheological behavior is further improved by adding
additional terms to the magnetoelastic governing equation described in Section 3.1.1,

and the overall error was decreased.

In Section 3.2, we investigated the behavior of magnetically-induced jamming of
magnetorheological elastomer layers as a first step towards a hybrid variable stiffness
method. The MRE and NdFeB layers were characterized using uniaxial tensile tests
supported with a DIC system. The bending stiffness of the jamming structure was
tested using 3-point bending experiments, and finite element simulations validated the
experiments. The multi-layer jamming structure composed of MRE and NdFeB layers
has certain advantages. First, the response time of MREs is fast, i.e., the change
in stiffness occurs instantaneously. Second, no vacuum actuation is needed for the
jamming transition, which reduces the complexity of the structure. In addition, the
destiffening (transition from rigid state to soft state) speed of the vacuum is slow,

which is on the order of seconds. Finally, we proved that a higher stiffness variation was
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achieved in the pre-slip regime when MREs were used instead of PDMS. This shows the
benefit of the hybrid approach combining magnetic layer jamming with viscoelasticity
change. The results show that this increased stiffness was only sustained under a
limited range of loads. It is because shear forces at the interfaces between the MRE
layers caused by magnetic forces are quite low. Furthermore, we showed the stiffness
ratio increases when the number of MRE layers is increased within the multi-layer

jamming structure.

In Section 3.3, we investigated the behavior of magnetically-induced jamming
of MRE fibers. The fiber jamming structure consisting of MRE fibers and a flexible
NdFeB magnet is implemented on the STIFF-FLOP manipulator. The stiffening tests
were performed on the device-integrated manipulator. The tests were repeated with
the magnetized and unmagnetized NdFeB magnets to explore the stiffness change.
The manipulator achieved stiffness variation under different deformation modes, such

as bending and compression.

Section 3.4 proposes a novel variable stiffness device consisting of MRE fibers
and EPMs for soft robots. Stiffening tests were conducted on the device integrated-
STIFF-FLOP manipulator to evaluate its stiffening capabilities. The desired change
in stiffness could not be achieved as the reasons explained in Section 4.4.2. To address
the limitations and challenges faced, it is recommended that the design of the EPM
device needs to be revised. Although a considerable jamming force is exerted by an
EPM device based on the simulation results, three EPMs could not produce a sufficient
jamming effect for the device-integrated STIFF-FLOP manipulator. Instead of utilizing
a discrete jamming principle, which is insufficient for soft robotic applications, an
elevated design using a continuous jamming concept should be adopted. This may be
possible with a more compact EPM device consisting of magnets with pole directions

in the radial direction.
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5.1. Contributions and Originality

The originality of this thesis is based on the development of a novel variable
stiffness method utilizing two stiffening methods: a jamming-based method and a
viscosity-based method. The proposed method is innovative since stiffness variation
performance is boosted with this hybrid stiffening method with a less complex design
and fast response time. The variable stiffness methods reviewed in the literature are
compared in terms of stiffness variation, speed of stiffening, different modes of stiffening,
and complexity. MREs are advantageous due to their fast response time and suitability
for various stiffening modes. However, they require an extremely high magnetic field to
achieve considerable stiffness variation. Jamming-based methods, on the other hand,
are appealing due to their high stiffness variation capabilities, cost-effectiveness, and
ease of fabrication. However, their integration into a system can be complicated because
they require an external membrane. In addition, the speed of this method is not
particularly fast. No research has been found in the literature that utilizes these two
methods in a stiffening device. The stiffening method proposed in this thesis has
the potential to achieve a high range of stiffness variation, a fast response time, and

suitability for different modes when implemented in a soft manipulator.

5.2. Outlook and Future Work

The lack of a hybrid stiffening method providing stiffness change both due to
jamming and variable viscosity in the literature has prompted us to work on this
subject. We proposed a novel hybrid stiffening method and exhibited its efficacy in
the jamming structures as a proof-of-concept. However, we could not achieve stiffness

change in an actual robot implementation due to the reasons mentioned in Section

4.4.2.

Future work will be to enhance the electronically-controlled EPM device. The
EPM devices utilized in the stiffening device provide only discrete jamming. Because

most of the soft robotic tasks are performed in cylindrical coordinates, there is a need for
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new EPM designs capable of providing jamming in the radial direction. One potential
suggestion is to design an EPM device consisting of two nested hollow cylinder-shaped
permanent magnets with radial magnetic polarization. Instead of using multiple EPMs
in a stiffening device, which results in complexity in the implementation, a single EPM

would enable continuous jamming to be achieved.

The stiffness variation of the proposed jamming structures can also be further
improved with future research. First, the thickness or diameter of the manufactured
MRE samples used in the jamming structures can be decreased using more advanced
fabrication techniques such as micro molding and extrusion-based 3D printing. There-
fore, more MRE layers or fibers can be stacked within the jamming structure. Second,
anisotropic MRE samples can be used in the jamming structures. The CIP arrangement
plays a vital role in determining the mechanical properties of the MREs. Third, the MR
effect is boosted when anisotropic MRE samples are used within the jamming structure
such that the magnetization direction of the NdFeB magnets and the direction of the
CIPs are the same. In addition, MR materials used in the field active mode can deform
in the direction of the applied field. Suppose a large external magnetic field is applied
in the desired direction to the MR material. In that case, a magnetostriction effect
is combined with a jamming phenomenon, leading to a performance boost in terms of
change in stiffness. Fourth, the MR effect is increased when an elastomer matrix with
a lower modulus is used in the MRE fabrication. Lastly, the curing temperature also
plays a role in determining the rigidity of the manufactured elastomer-based materials.
The lower the temperature, the softer the material is. Since the MR effect depends on
elastomer modulus, stiffness of a jamming structure is increased if MRE samples cured
at room temperature, which lasts approximately two days to manufacture, are used.
During this long period, particle sedimentation appears, impairing the material’s flexi-
bility. Hence, the curing process should be supported with a continuous rotary motion

mechanism.
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APPENDIX A: TENSILE AND FRICTION TEST

RESULTS
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Figure A.1. Stress vs. strain curves of a six-cycle tensile test for the MRE sample

when f=0.1.
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Figure A.2. Stress vs. strain curves of a six-cycle tensile test for the MRE sample

when f=0.2.
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Figure A.3. Stress vs. strain curves of a six-cycle tensile test for the MRE sample

when f=0.3.
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Figure A.4. Stress vs. strain curves of a six-cycle tensile test for the MRE sample

when f=0.4.
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Figure A.5. Coefficient of friction results between the MRE sample (f)=0.1 and the
MRE sample (f)=0.1.
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Figure A.6. Coefficient of friction results between the MRE sample (f)=0.2 and the
MRE sample (f)=0.2.
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Figure A.7. Coefficient of friction results between the MRE sample (f)=0.3 and the
MRE sample (f)=0.3.
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Figure A.8. Coefficient of friction results between the MRE sample (f)=0.4 and the
MRE sample (f)=0.4.
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Figure A.9. Coefficient of friction results between the MRE sample (f)=0 and the
NdFeB.
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Figure A.11. Coefficient of friction results between the MRE sample (f)=0.2 and the
NdFeB.
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Figure A.12. Coefficient of friction results between the MRE sample (f)=0.3 and the
NdFeB.
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Figure A.13. Coefficient of friction results between the MRE sample (f)=0.4 and the

NdFeB.





