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ABSTRACT

DEVELOPMENT AND FINITE ELEMENT ANALYSIS OF
A MAGNETORHEOLOGICAL ELASTOMER FOR
STIFFNESS VARIATION IN A SOFT MANIPULATOR

Rigid robots and their inadequate adaptation to challenging environmental con-
ditions requires new intelligent systems. This demand has empowered the evolution
of soft robots, that have high dexterity, deformability, and compliance. One crucial
requirement for soft robots is the variable stiffness as this provides the potential for
tuning the forces exchanged with the environment. Adaptation of smart materials,
which can undergo stiffness variations because of the applied physical stimuli, is one
of the proposed methods in the literature. Magnetorheological elastomers (MREs)
are a type of smart material whose rheological behavior can be changed as a result
of the applied magnetic field. MREs generally consist of natural or synthetic rubber
perfused with micron sized ferromagnetic particles. In this thesis, an isotropic MRE
has been developed to provide stiffness variation for a soft manipulator, which is the
STIFF-FLOP. A stand-alone MRE module for stiffness variation has been developed,
and tested, an intended application of this MRE module to the STIFF-FLOP soft ma-
nipulator is proposed. To capture MRE’s material behavior adequately, an analytical
method currently used in literature has been advanced by further development. The
proposed model has then been implemented in a finite element analysis (FEA) soft-
ware. This FEA model was compared with the existing method, and experimentally
validated. Once the developed FEA was validated, it was used to analyze the stiff-
ness change that might occur due to a possible implementation of the MRE module
in the STIFF-FLOP. Results indicate that the proposed FEA is capable of capturing
the material behavior of the developed MREs. Results also show that the intended

application might benefit from MREs by obtaining highly changing stiffness values.



OZET

YUMUSAK MANIPULATORLERDE DIRENGENLIK
DEGISIMI ICIN MANYETOREOLOJIK ELASTOMER
GELISTIRILMESI VE SONLU ELEMAN ANALIZI

Rijit robotlarin zorlu gevre kosullarina yetersiz adaptasyonlar1 yeni akilli sis-
temler gerektirir. Bu gereklilik, yiiksek ceviklige, deformasyona ve uyumluluga sahip
yumusak robotlarin evrimini saglamigtir. Yumusak robotlar i¢in ¢ok onemli bir gerekli-
lik ise degisken direngenliktir, ¢iinkii bu cevre ile etkilesen kuvvetleri ayarlama potan-
siyeli saglar. Dag fiziksel uyaranlar sayesinde direngenlik degigsimi gosterebilen akill
malzemelerin kullanilmasi literatiirde onerilen yontemlerden biridir. Manyetoreolojik
elastomerler (MREler), uygulanan manyetik alanin bir sonucu olarak reolojik davranig
degistirilebilen bir tiir akillh malzemedir. MREler genellikle mikron biiytikligiinde
ferromanyetik parcgaciklarla elde edilmis dogal veya sentetik kauguktan olusur. Bu
calismada, STIFF-FLOP adli yumusak bir manipiilatore direngenlik degisimi saglamak
i¢in izotropik bir MRE gelistirilmigtir. Bagimsiz bir MRE modilu geligtirilmis, test
edilmig ve bu MRE’nin STIFF-FLOP’a uygulanmasi 6nerilmigtir. MRE’lerin materyal
davranigin1 daha kapsayici bir bicimde yakalamak icin, halihazirda literatiirde kul-
lanilan analitik bir yontem bazi eklemelerle gelistirilmistir. Onerilen model daha sonra
bir sonlu elemanlar analizi (FEA) yazilmina entegre edilmigtir. Bu FEA modeli mev-
cut yontemle karsilagtirilmig ve deneysel olarak dogrulanmustir. Gelistirilen FEA,
dogrulandiktan sonra, STIFF-FLOP’ta MRE modiiliiniin olas1 bir uygulamasiyla olusa-
bilecek direngenlik degisimini analiz etmek i¢in kullanilmigtir. Sonuglar, onerilen FEA
modelinin, gelistirilen MRE’lerin materyal davranigini yakalayabildigini gostermektedir.
Sonuclar ayrica, MRE’lerden yararlanarak yapilmasi amaglanan uygulamanin, yiiksek

oranda degigen direngenlik degerleri elde edebilecegini gostermektedir.
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1. INTRODUCTION

Robots are machines that are skilled and intelligent, and they are used for per-
forming desired tasks for easing human life. Robots’ abilities have enhanced a lot over
the years; their usage areas, precision of their movements, and the accuracy of motion
control have progressed substantially [1]. However, there are still critical challenges
remaining especially performing in complex environments: They are lacking the ability

of showing large deformations.

Conventional robots and machines consist of rigid structures and stiff materials
which restricts their motion capabilities. They can barely show the prosperous multi-
functionality that natural organisms spontaneously have [2]. This incompetence paved
the way for rigid links or joints of the robots to be replaced by soft materials, which
then has brought an emerged research area to the focus: Soft robotics. There are many
definitions presented for soft robotics as it is an emerging field of research. An inclusive
definition has been made by Chen et al. [3] as follows: “Soft robotics is the subject to
study how to make use of the softness of an object or a piece of materials or a system
for building a robot by satisfying a required softness to both its environment and its
receiver.” This definition slightly differs from that in the literature as it highlights the
concept of softness; the deformation of soft matter and how to control this to accom-
plish robotic functions. It is possible to engage softness in various ways such as using
soft and deformable materials, soft textures, soft actuators, or hybrid systems. All of

these can provide enhanced interactions with the environment.

As soft robots have high dexterity and compliance, this comes with some chal-
lenges such as effective interaction with surroundings, control of the soft body motion,
and simulation. However, the core challenge in soft robotics research is the provisioning
of adjustable stiffening as this provides the potential for tuning the forces exchanged
with the environment. Compliant state empowers the soft robots to adjust and con-
form to their surroundings, whereas a stiff state is required to transfer force, to sustain

load, and to have precise motion. Thus, tuning of the stiffness has to be performed on



demand and in an ideal case, there should not be any deformation to the soft robot as

well.

The variation in stiffness has been achieved through having many stiffening mech-
anisms and the two main approaches are categorized as the use of active actuators
specialized in an opposing manner and the use of semiactive actuators which can ad-
just their elastic characteristics [4]. Adaptation of smart materials, which can undergo
stiffness variations because of the applied physical stimuli, to the soft robots and ma-
nipulators is one of the proposed methods in the literature. Magnetorheological (MR)
fluids are a type of smart fluid whose rheological behavior can be altered by applying
a magnetic field. The use of MR fluids is currently limited by some disadvantages such
as particle degradation and controllability issues, which makes another MR material

more suitable for tunable stiffness: Magnetorheological Elastomers (MREs).

MREs are generally composed of micron-sized ferromagnetic particles perfused
into a natural or synthetic rubber [5]. They are one of the promising options for
stiffness variation of soft robots due to their field-dependent behavior producing high
stiffness change in milliseconds [6]. In this thesis, an isotropic MRE was developed to
provide stiffness variation to a soft manipulator, which is the STIFF-FLOP [7] and a
multiphysics FEA was employed to investigate the unique behavior of MREs with a

possible application in soft robotics.

1.1. Motivation

The central hypothesis motivating this research is that higher range of stiffness
variation and fast response are crucial features for soft manipulators in terms of adjust-
ing the body for changeable external conditions and increasing the mechanical motion
capabilities, and that an MRE can be applied to these manipulators to provide these

properties.

The STIFF-FLOP soft manipulator [7] was chosen as the possible application

scenario as there has been no research on the application of MR elastomers on it yet.



The rationale of the proposed research is that the usage of isotropic MREs in the
STIFF-FLOP manipulator can help us reach remarkable changing stiffness values and
provide faster response than currently available methods. Thus, making it a novel
study to conduct in terms of filling in the literature gap and developing a new design

to achieve improved stiffness variation.

The long-term goal of this study is to advance the capabilities of the STIFF-
FLOP such that it can be used in minimally invasive surgery (MIS) devices with the
help of a possible implementation of an MRE, and also providing a FEA study that
can be used for various MRE sample sizes, geometries, and varying magnetic fields to

be able to observe stiffness variation capabilities at the design stage.

1.2. Objectives of the Study

Objective 1: Developing a stand-alone stiffening MRE module. A stand alone
soft module which is made of an isotropic MRE was developed. In addition, an external
system to give this design different magnetic fields and control the stiffness was also
developed. Successfully, accomplishing this aim informed us about the effect of the

MRE implementation on stiffness tuning, and its response time.

Objective 2: Developing a FEA study to analyze stiffness variation from a possible
MRE application. The developed FEA study can be used for various sample sizes,
geometries, and varying magnetic fields. It made observing the change in stiffness
possible prior to an actual implementation, and thus made it easier to analyze the

stiffening variation caused by MREs at the design stage.

This study has the potential to lead to the development of a novel isotropic
MRE applied to the STIFF-FLOP, which is controlled by an external magnetic field
supplier for higher stiffness range, controllability, and fast response. The performed
work is innovative because it capitalizes on tunable stiffness of the STIFF-FLOP soft
manipulator as a result of implemented MREs, which is not tested and applied before,

and can be a pioneer for future developments as FEA will make it possible to analyze



a possible application scenario prior to design stage. The proposed FEA method can

be implemented on various MREs and soft manipulators.

1.3. Thesis Structure

The thesis is structured as the following: Chapter 1 provides the background
of this study, states the motivation behind it, and clearly outlines the aims. It also
includes a brief overview of the thesis format. Chapter 2 includes the literature related
to this study. In Chapter 3, overview of the soft manipulator is presented, theoretical
background is given, MRE development is stated in detail, and the FEA study is
explained briefly. Chapter 4 indicates the resulting stiffness change for the stand-alone
MRE module and in a possible application scenario, and discusses these results. Lastly,

Chapter 5 highlights the contributions of this study and states the future work.



2. LITERATURE REVIEW

2.1. Stiffness Variation Methods in Soft Robotics

The need for soft robots to be highly deformable and compliant has deepened
the research in the use of unconventional materials and structures. The core challenge
is the variability and controllability of such deformable and compliant materials and
morphologies [4]. For an efficient interaction with the surroundings, it is important
to tune stiffness accordingly. There are several ways to adjust stiffness which are
generally linked to actuation methods and mechanisms, and they are mainly focused
research areas. However, it is also possible to have the desired stiffness change as
a result of material deformation, that is the case when working with soft materials-
based actuators. Yang et al. [8] summarized existing principles under four groups
based on their operating principles. These stiffness modulation methods are: jamming-
based methods, glass/phase transition-based methods, structure-based methods, and
viscosity-based methods. Additionally, a potential fifth method for stiffness variation
in soft robots is proposed as acoustic-based methods, which is a promising research
area and can provide directions for future developments. However, the main focus of
current applications is on wireless actuation; thus, this possible method will not be
reviewed here. The detailed diagram of the stiffness modulation methods can be seen

in Figure 2.1.

Jamming based systems are one of the most used stiffening mechanisms in soft
robotics. There are three major types of jamming that have been widely used. These
are granular jamming, fiber jamming, and layer jamming. Granular jamming is the
first type of jamming that was explored to use in soft robotics applications, and it is
still the most valid one [9]. It is based on the transition from a soft material into a rigid
under applied external loading. Generally coffee granules, sand, or gravel are used as
the low-density packing material. However, it is not only restricted to granular matter:

bundles of threads or planar sheet packing can also be used [9)].
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Figure 2.1. Main subgroups of common stiffness modulation methods.

Granular jamming can provide considerable amount of stiffness variation, which
makes it easily adaptable to various applications including gripping, end effector of a
body, or locomotion. Steltz et al. [10] used granular jamming to introduce a new jam-
ming skin enabled locomotion for a soft mobile robot. They used a granular jamming
mechanism to modulate the direction, by morphing its shape and achieving locomo-
tion. Based on this foundation, Steltz et al. [11] then developed jamming modulated
unimorph which again uses jamming as an enabling mechanism. The basic idea behind
this linear actuator design is that jamming modulated unimorph uses a discrete num-
ber of jamming cells to turn the linear actuator into multi degrees of freedom (DOF)
bending actuator. Another jamming based application was a universal gripper which
is able to grasp varying types of objects that differs in shape and rigidity [12]. In the
developed gripper design, a single mass of granular material was used to substitute
individual fingers. The transition between unjammed and jammed states were realized
with the help of vacuum, and the gripper was allowed to hold the objects. A later work
developed this design by incorporating positive pressure into the system [13]. Positive
pressure increased the gripping capabilities in real world applications and decreased
the force needed to hold objects. Since they are simple, feasible, and reliable, the use
of jamming based technologies in many innovative scenarios has become very common.

For the MIS devices, tuning of the stiffness is crucial, as instruments should be flexible



enough to operate effectively. A comprehensive review shows that MIS devices such
as endoscopes use jamming based mechanisms widely [14]. The STIFF-FLOP soft
manipulator was also incorporated with a granular jamming mechanism to be able to

present higher stiffness variation range [15,16].

The need for considerable amounts of volume of granular material to accomplish
significant stiffness changes has increased the search for better alternatives. Layer jam-
ming is one of the proposed methods as it requires less volume than granular jamming
and is also lighter in weight. Overlapping layers and structures and the friction force
between them enable stiffness change. Santiago et al. [17] used mechanical layer jam-
ming for a variable compliance continuum robot section with a new approach inspired
by biology, Kim et al. [18] presented a novel layer jamming mechanism which can be
controlled by confining pressure and highly applicable to MIS devices. A stiffness and
shape changing device using a novel multiple chamber inflatable structure was devel-
oped by Ibrahimi et al. [19], and they also proposed the possibility to wear this system
as an orthotic brace. They also measured that this technology could increase overall
patient comfort. Some novel applications of layer jamming include hybrid systems like
electrostatic layer jamming presented in [20]. They used electrostatic attraction to

compress the layers and thus create friction for activating the jamming.

The scalability of layer jamming is questionable in some cases especially in small
or slender devices as at stiffer states this requires bigger workspace. Therefore, fiber
jamming can be a solution for these workspace and scalability problems. Jadhav et
al. [21] presented a fiber jamming module consisting of axially picked fibers which can
provide the flexural stiffness. They used this as a part of a kinesthetic force feedback
haptic glove. Brancadoro et al. [22] studied fiber jamming applied to cylindrical com-
ponents to develop variable stiffness structures. They used fibers of different materials
and tested them under bending conditions. They discovered that geometrical features
of fibers are least important when compared to surface roughness; and thus they have

developed some preliminary guidelines for fiber jamming mechanisms.



Another stiffness modulation strategy for soft robots can be classified as material
glass transition or phase transition-based stiffness variation. Low melting point ma-
terials (LMPMs) like low melting point alloys (LMPAs), low melting point polymers
(LMPPs), and low melting point waxes (LMPWs); shape memory materials (SMMs)
like shape memory alloys (SMAs) and shape memory polymers (SMPs); and thermo-
plastics are some examples of the glass/phase transition-based materials. Mechanical
properties of such materials undergo changes as a result of thermal inputs. Glass
transition and melting transition temperatures of these materials can cause significant
changes in elastic moduli [8]. Cheng et al. [23] explored a novel soft material which is
thermally tunable, self-healing wax-coated composite. This design was proposed to be
used in robotic locking joints which can achieve a high range of stiffness. It was also
observed that the developed material has self-healing properties as an effect of being
wax-coated and heating. In this study, a foam beam was produced and filled with
wax. Copper wire wrapped around it in order to provide the heat. When wax melted
from the applied heat, the foam bent accordingly. In another study, it was reported
that a glass transition-based polymer can be used for a dramatic decrease in the elastic
modulus with the help of an external thermal input [24]. They observed that cooling
and heating can affect the mechanically dynamic behavior of nanocomposites. Gandhi
and Kang [25] used LMPP layers to vary the flexural bending stiffness by increasing its
temperature through the glass transition. It is observed that a multi-layered beam’s
flexural stiffness is greater when at lower temperatures. A novel stiffness variable ac-
tuator which consists of a dielectric elastomer actuator (DEA) and LMPA inserted
silicone was also developed [26]. It uses Joule heating to switch between soft and rigid

states.

Another application of glass transition-based stiffness change was performed by
Yang et al. [27]. A bioinspired robotic finger design was developed with an SMP joint
and the thermal energy of this SMP was controlled. When the temperature is around
the glass transition temperature, the elastic modulus can be modulated. Yuen et al. [28]
created variable stiffness fibers using thermally responsive polymers. Experiments were
performed on different thermoplastics with varying glass transition temperatures and

integration of them into fabrics were also realized. Chenal et al. [29] developed fibers



that are able to change their stiffness as they are made of SMA covered with a thin
layer of SMP. They studied whether wearable applications could use this to have stiff-
ness modulation. There are also other studies which focus on the use of these materials
for reconfigurability or self-healing. A compact origami-based robot design is proposed
in [30], which can change the stiffness of its joints. To be able to control the stiffness of
the design they used an SMP with a stretchable heater. Hot melt adhesives (HMAs) are
also categorized under phase transition-based stiffness modulation materials. They are
thermoplastics with temperature dependent adhesiveness, this property is used in [31]
to link passive external objects with the robot’s body and the self-reconfigurability of
the structure is observed. All these materials and plastics have demonstrated their po-
tentials for the stiffness modulation in soft robots; however, they have some drawbacks
as extensive periods of time is required for these processes as well as the need for a
thermal input for unstiffening, which increases the overall complexity of the system.
These are some limitations especially in the case of MIS devices and other applications

that require a fast response.

Third class of stiffness modulation methods is the structure-based method. While
other methods generally rely on the intrinsic rigidity tuning of the materials, this
method differs from the others as it can also be achieved through structural designs [8].
Flexible fluidic actuators (FFAs), and tendon-driven actuators arranged in an antag-
onistic manner are some main technologies that can be categorized under structure-
based stiffness mechanisms. FFAs are inflatable structures which are actuated by fluid,
and can be deformed into desired shapes by adding additional materials and designing
structures accordingly [4]. FFA based technologies enable stiffening variation with the
help of designing structural asymmetric deformations arranged according to desired di-
rections. The well-known McKibben actuators are considered as a special type of FFAs.
As explained in [32], contracting and extending rubber actuators were developed based
on a McKibben actuator. Since FFAs have low stiffness, they were combined with dif-
ferent rubber actuators to provide a bending mechanism. These bundled actuators have
higher stiffness compared to the ordinary fluidic rubber actuators. Another variable
stiffness robotic hand was developed in [33] using pneumatic soft rubber actuators, this

tendon-driven robot hand can adjust its stiffness according to the input air pressure.
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A combination of different types of actuation techniques can also help us modu-
late stiffness. The antagonistic arrangement method provides variable stiffness achieved
through the use of active parts that are applied in opposition to one another or are
paired with passive structures [4]. Shiva et al. [34] developed a continuum silicon-
based manipulator inspired by muscular structures of the octopus. The developed
design has an antagonistic actuation arrangement, tendons in the structure works co-
ordinately with the manipulator’s pneumatic actuation system and with these two
actuation mechanisms it is possible to change the stiffness of the soft manipulator. A
similar work is presented in [35], again inspired by the actuation principle of octopus
arms. A soft, inflatable manipulator was developed and antagonistic arrangement of
tendons and pneumatics actuated the manipulator. This arrangement helps with both
movement and stiffness variation of the manipulator. Another design of a continuum
manipulator developed with the antagonistic actuation of tendons and radial FFAs [36].
The inspiration for this design came from muscle layers found in muscular hydrostats.
They reported that the developed soft manipulator was able to extend, contract, and
bend in three-dimensional (3D) space and stiffness could be changed by the manipula-
tion of radial FFAs and longitudinal tendons. The limitations of these designs are the

requirement for an air pressure input and the miniaturization problem.

When the scale becomes delimitative for fluidic actuators in an antagonistic ar-
rangement, there are other techniques to achieve stiffness variation with simpler struc-
tures like SMAs. The arrangement of braided sleeves and SMAs used in [37] is another
way to achieve stiffness variation. Another study [38], similar to previous one, used
SMA springs and longitudinal cables to actuate the octopus robot whose arms can
change its stiffness as a result of simultaneous activation of the whole structure. Usage
of EAP rather than SMA [39] with a similar design approach mentioned in the previous

study is also another method to achieve stiffness modulation.

Segment locking is also a well-known approach for structure-based stiffness mod-
ulation which is specifically used a lot in MIS devices [8]. The basic idea behind this
design is pressurizing the cables to lock a segment on a manipulator, and thus provide

a change in stiffness. A flexible endoscope based on these phenomenon was developed
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in [40], with an outer tube and stiff spines inside that helps to lock. Another study
based on segment locking was performed in [41] for a single port robotic surgery device.

A unique arrangement of the tendons and links helped to adjust stiffness.

The fourth stiffness modulation technique that will be explained is the viscosity-
based methods. Electrorheological fluids (ERFs), magnetorheological fluids (MRFs),
electroactive gels are some types of materials that indicate viscosity change based on
external electric or magnetic field, and can be used for stiffness modulation. ERF's and
MRFs are also called smart materials as they have the feature of undergoing stiffness
variations because of the applied physical stimuli [42,43]. This feature of tunability of
viscosity and thus stiffness has influenced researchers to adapt them to soft robotics
applications. ERF is used for a valve in [44] to simplify the flexibility of the developed
soft robot. However, the usage of ERF is less common, because of the sedimentation
issue of the ferroelectric particles [45], and also the need for higher voltages. Their
elastomeric version is also much less widespread since it does not provide a useful

stiffness change compared to the other methods explained here.

The use of MRFs is also currently limited by some disadvantages such as par-
ticle deposition and controllability issues [46], but its use in soft robotics for stiffness
modulation is more common when compared to ERF. A soft ribbon with MRF filled
microchannels in [47] shows a tunable stiffness even at the low magnetic fields. It was
reported that it has the potential to be an alternative way to stiffness control. Another
MR material which is also highly suitable for tunable stiffness is the MREs. When
subjected to a magnetic field, MREs exhibit a unique field-dependent material feature,
and they also overcome major problems that MRF's have like particle degradation and

issues with sealing [46]. They will be explained in detail in Section 2.2.
2.2. Magnetorheological Elastomers
MREs are composite materials that contain magnetic particles randomly dis-

tributed or aligned in a certain direction within an elastomer matrix [48]. The unique

feature of having controllable stiffness and damping in response to an external magnetic
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field paves the way for development of various MRE devices such as vibration isolators,
dampers, and sensors [49,50]. The MR effect defines the change in Young’s or shear
modulus under applied field with respect to the value without a magnetic field. MREs
stiffening and compliance speeds are higher than the other proposed methods, which
means they can provide fast response and are more controllable, making them more
suitable for tunable stiffness [46,51]. All of these features indicate that MRE has an
enormous potential as a stiffness variation material, and its implementation into the

soft manipulators can be a promising and novel solution.

2.2.1. MRE Materials and Production

MREs are comprised of three main components; an elastomer matrix, additives,
and magnetic particles [52,53]. The magnetic particles should have low remnant mag-
netization, high saturation magnetization, and high permeability [54]. MR effect is
maximized when the particles with high permeability are used in the compound. This
is due to the fact that the particles easily attract small magnetic leakage fields in the
elastomer matrix [52]. Rheological behavior of MREs is determined by many parame-
ters such as particle size, volume fraction of the particles, applied magnetic field and

used polymer matrix [55-57].

The main classification of MREs is based on their curing process. An external
magnetic field applied during the curing process aligns the micro/nano-sized particles in
the direction of the magnetic field, forming chain-like structures inside the soft polymer
matrix, resulting in an anisotropic MRE; if no external magnetic field is applied during
the preparation, particles are randomly distributed, resulting in an isotropic MRE [42].
The difference between curing process of isotropic and anisotropic MREs and their
microscopic structures can be seen in Figure 2.2. There are many studies showing that
anisotropic MREs have a stronger magnetorheological effect than isotropic ones [58,59].
When volume fraction was investigated, if the content of the magnetic particles is too
low, then it becomes harder to cause a remarkable MR effect. Some studies reported
that the optimal volume fraction of particles is around 35-40% [52,60]; while some

others found that a stronger MR effect was seen when it was around 27% [61-63].
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Figure 2.2. Curing process of isotropic and anisotropic MREs. Red arrows show the

formation of chain-like structures aligned with applied field direction.

2.2.2. Finite Element Method (FEM) Studies for MREs

There are few studies focusing on finite element method (FEM) model of MREs.
Roche et al. [64] compared the actuation capabilities of hard- and soft-MREs. Schu-
bert and Harrison [65] compared the mechanical response of MREs with different vol-
ume concentrations under different deformation modes to observe large-strain behavior.
Haldar et al. [66] embedded constitutive relations for magneto-active polymers (MAP)
into FEA by modeling a 2D plate with a hole geometry and observed the different load-
ing scenarios. Sun et al. [67] used the representative volume element (RVE) method to
explore the mechanical properties of anisotropic MREs, and they discovered that the
shear modulus increases with the increasing magnetic field. A 3D FEA was performed
by Syam et al. [50] for a particle level (micro-scale) which analyzes the influence of
magnetic field of both axial and torsional stiffness. Kalina et al. [68] also performed
a micro-scale analysis for anisotropic MREs at finite stresses using a continuum for-
mulation for the magnetomechanical boundary value problem (BVP). They observed

deformation dependent behavior of MREs with chain-like structures depend strongly
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on the particle arrangement and the applied magnetic field. Another FEA study [69]
performed an MRE base isolator to examine the magnetic field distribution inside an
MRE device. The majority of these studies were done in micro-scale, and some were
done for MRE-based isolators or vibration absorbers. None of these studies have fo-
cused on developing a 3D milli-scale finite element model for analyzing MREs stiffness

variation capability for a soft robot application.
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3. MATERIALS AND METHODS

The primary focus of the study is to build an MRE for stiffness variation in a soft
manipulator, and develop a FEA model for discovering its effectiveness before an actual
implementation. To accomplish these aims, cantilever bending behavior of MREs was
investigated in terms of its dependency on the volume fraction, f, of magnetic particles
and the applied external field. Additionally, a FEA model was developed for the
produced samples to investigate their field-dependent response to varying magnetic
field. This FEA was also used to investigate the possible MRE application to a soft

manipulator.

The soft manipulator that will be used for the application scenario was chosen to
be the STIFF-FLOP, which is explained in Section 3.1. Theoretical analysis is given
in Section 3.2, production method of the MRE is described in Section 3.3, developed
FEA is briefly explained in Section 3.4, and lastly, an overall design suggestion is given

in Section 3.5.

3.1. Overview of the STIFF-FLOP

The STIFF-FLOP is a unit of a modular manipulator developed by Cianchetti
et al. [7] for MIS operations. The developed manipulator has three pneumatic cham-
bers and one central channel reserved for the additional applications such as carrying
the camera cables if mounted or an extra implementation for a stiffness modulation
mechanism or system. Three chambers are actuated using FFAs, which enables the
manipulator to have omnidirectional bending and elongation. The silicone tubes are

covered with braided structures which help with further bending. The structure and

dimensions of the STIFF-FLOP can be seen in Figure 3.1.

To date, stiffness variation of the STIFF-FLOP is achieved through jamming-
based mechanisms, or hybrid antagonistic actuation method which includes both gran-

ular jamming and tendons for stiffness variation. Granular jamming allowed to increase
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Figure 3.1. Front view (left) and side view (right) of a single unit of the
STIFF-FLOP soft manipulator.

the stiffness up to 37% in [70], and 12.4% in [71] for the 90 degree bending position.
The central channel of the STIFF-FLOP units where the granular jamming mecha-
nism was implemented is 8 mm in these studies [70,71]. The hybrid system consists of
braided tendons, and granular jamming implemented into the central channel of 9 mm,
provided a 17.4% increase in bending scenario when there is no tension in tendons [34].
If there is also tension in tendons, then it is possible to increase the stiffness change
up to 30.7% [34]. These methods were able to provide sufficient stiffness variation
ranges; however, the need for pneumatic input and the slower unstiffening time were
the drawbacks especially for MIS operations. An MRE implementation in the central
channel of the STIFF-FLOP with an on-board magnetic field controller can eliminate
these disadvantages. This promising stiffening technology has not been tried on the
STIFF-FLOP yet. It could be a novel design which would allow more efficient MIS
operations by decreasing the overall system complexity, and also remove the need for

continuous power supply.

3.2. Theoretical Analysis

The elastic modulus, F, of MREs indicates a remarkable change with respect to
the applied field, and it is also dependant to the volume fraction, f, of the magnetizable
particles that it contains. To accurately analyze the influence of the applied field and

f, it is important to present an analytical model which defines the increment in F.
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There are two main approaches that try to explain MREs magnetoelasticity: the-
ories that use continuum mechanics point of view, and statistical or kinetic theories
which use energy-based method to derive magnetoelastic properties. We have devel-
oped our governing magnetoelastic equations based on a study performed by Lockette
et al. [72] which focuses on the cantilever bending behavior of MREs. In order to pre-
dict MRE’s response under changing magnetic field, they used the beam theory model
with elastic strain density, and coupled it with demagnetizing effects in the magnetic
energy density. A schematic showing the cantilever beam that is investigated can be
seen in Figure 3.2, where M is the magnetization, H is the magnetic field, and D is

the demagnetization tensor.

The MR effect, which is the difference between E with and without magnetic

field, normalized with respect to zero magnetic field can be written as

(3.1)

Figure 3.2. Schematic showing the cantilever beam and the parallel and normal

components of M, H, and D.
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To derive cantilever bending behaviour of MRE, the resultant force exerted by
the produced MRE is calculated with the use of superposition principle. The total

force consists of elastic and magnetic components
Fr(y, H) = Fp(y) + Fu(y, H) (32)

where Fr is the resultant force at the tip, y is the tip displacement, Fg is the elastic
force, and Fpy is the force due to magnetic interactions. Fg only depends on y due to
material’s inherent elasticity while Fly depends on the magnetic field and displacement.
When there is no magnetic field (Fy(y,0) = 0), the Equation 3.2 yields Fr(y,0) =
Fg(y), which means there is no magnetic force component at the tip of the MRE
sample. This is a valid simplification for soft-magnetic particles like in our case as
they have zero remnant magnetization which means material does not have an inherent
magnetic stiffness under zero applied field [72]. Their experimental study also indicates
that both the elastic and the magnetic components of the resultant force show a nearly
linear behaviour with y. Additionally, the experimental data that were collected in this
study also showed a linear relation between the resultant force and y, which will be
detailed in Section 4.1. The total resultant energy can be found using both magnetic

and elastic parts
Upr=Ug+ Uy (3.3)

where Ug and Uy are the potential energy per unit length and magnetic energy density

of the beam, respectively.

Using Bernoulli-Euler beam theory, potential energy per unit length of the can-

tilever beam Ug is given as

o (2) (@) (%)
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where F is the modulus of elasticity of MRE in the absence of a magnetic field and 7
is the area moment of inertia. Using Bernoulli-Euler theory brings us some limitations
about large deformations of hyperelastic materials; however, employing this approach
is convenient in our case as it provides us useful metrics to capture the experimental

MRE behavior.

The linear magnetic energy density can be written as given in [73]

1 1
Uy = 1o (EM "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, H, and D are shown in Figure 3.2. The normal and parallel components of the

magnetization of a composite material can be written as

M = Hxcost (3.7)

where X is the effective magnetic susceptibility of the MRE.

If we employ a small angle assumption, dy/dz ~ 0, the magnetic energy density

can be obtained as
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Therefore, total energy per unit length of the beam, Ur, can be obtained as
1. dy 2 1 x dy 1 X dy 2
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r m{zx [ Qm)]+21+x<m T3 T\

ET d?y 2 dy

— =) —Fr|=—=]).

() (@) - (3)

The governing differential equation can be captured by minimizing Ur, dUr/dx =

(3.9)

0, which yields

d3
Ty mdcdy Fr_, (3.10)

where

c::ZT3?§55. (3.11)

The term c is a variable dependent on f of MRE. It is a convenient equation for
samples of randomly arranged particles; however, it generally underestimates the effect

of ¢ [72]. For soft magnetic particles, ¥ can be written as
= (3.12)

which further yields

27 f3
CCa-piTeE (313)
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The Equation 3.10 was reduced by Lockette et al. to be able to find the maximum

value of y

(3.14)

where

=/ 3;?1 (3.15)

 poAcH?

kr 7

(3.16)
where kg is the field-induced stiffness of the beam, L is the free length, and k. is the
elastic stiffness of the beam. Again employing the Bernoulli-Euler theory, k. can be

found as

 3EI

ke = "

(3.17)

Additionally, F of composite materials is related to f by the viscosity law [74].

The following formula can be used to evaluate £
E = Eo(1+25f +14.1f%) (3.18)

where Ej is the matrix modulus. This equation is valid up to volume fractions of 30%
[75]. Equation 3.1 and Equation 3.18 provide us with the information on how applied
magnetic field and volume fraction of filler particles affect the rheological behavior of

MREs, which is our primary interest.
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3.3. Stand-Alone MRE Module

A stand-alone isotropic MRE module has been designed and produced for a proof-
of-concept prototype. Since the module that will be applied to the central channel of
the STIFF-FLOP is cylindrical, we have also produced the prototype MRE modules
as being cylindrical in shape. Dimensions of the prototype MRE can be seen in Figure

3.3.

In total, 12 samples were produced, and initial stiffness change experiments were
performed on these prototype modules. The preparation steps and performed experi-

ments are explained in Section 3.3.1 and Section 3.3.2.

3.3.1. Design & Preparation

MRE compounds consist of elastomeric matrix and magnetizable particles, which
range from nano to micro sizes. In the previous studies, it was found that softer elas-
tomeric matrices can provide higher MR effect [76]. To be able to observe high stiffness
change in the produced MRE, we chose our matrix material as polydimethylsiloxane

(PDMS). PDMS is the most extensively used silicon-based organic polymer which can

@ 10 mm

MRE Sample

Figure 3.3. A stand-alone isotropic MRE sample with dimensions and production

mold.
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be categorized under silicones [77]. Non-processed PDMS is an elastic, transparent,
and biocompatible material which makes it suitable and applicable to the MIS devices.
Sylgard™ 184 silicon elastomer kit was used to produce the MRE samples with 10 to 1
mix ratio of the silicone elastomer base and the curing agent. Production components

and molds can be seen in Figure 3.4.

The magnetizable particles were chosen to be carbonyl iron particles (CIP) with
an average size of 5 nm. CIP were received from MOLCHEM Inc. with the properties
of being spherical in shape and having a purity higher than 99.5%. CIP are classified
as soft-magnetic particles, they are one of the most commonly used fillers in MREs.
The used magnetic particles have noticeable effect on the rheological behavior of the
MREs. The MR effect is improved when the particle size is around 4-5 pm [78]. Addi-
tionally, CIP have low remnant magnetization, high permeability, and high saturation
magnetization [52], which make them preferable for an enhanced MR effect. Thus, CIP

of 5 pm were chosen to use in this study.

To observe the effect of volume fraction of CIP on the mechanical properties of
MREs, we produced MRE samples composed of PDMS and CIP of 5 pm. For the

reliability of the test samples, we produced 3 samples of each volume fraction, and

Silicone Elastomer Kit
Carbonyl Iron Particles

Figure 3.4. MRE production components and molds.
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thus 12 in total. The volume fractions of the magnetic particles were 9.09%, 18.18%,
27.27%, and 36.36%.

The initial step while producing the MREs was to mix PDMS compound and
magnetic particles thoroughly. The mixture was then directly poured into 3D printed
molds made of polyactic acid (PLA). To eliminate the small voids and air bubbles in
the samples, they were put under vacuum for approximately 10 minutes. Since the
maximum temperature at which PLA molds can withstand is 54°C, the curing process
were performed at this temperature for 4 hours. The vacuum oven NUVE EV 18 was
used for both vacuuming and curing. Curing was performed without magnetic field in
order to have isotropic samples. Thereafter, the samples were removed from the molds
and finishing was done using air pressure to distinguish the dust and mold parts from
the samples’ surfaces. Then, these isotropic MRE samples containing 9.09%, 18.18%,
27.27%, and 36.36% volume fractions were prepared to perform cantilever bending

experiments.

3.3.2. Cantilever Bending Experiments

In order to observe the stiffness change of MRE samples, an experimental setup
has been constructed using a pulling mechanism and a load cell. The experimental
setup can be seen in Figure 3.5. Two identical neodymium permanent magnets of N35
grade with the dimensions of 50 mm x 50 mm x 10 mm with two iron back plates
were positioned to face each other. The system holding the magnets is a positioning
mechanism which allows to adjust the distance between them, and thus the intensity of
the magnetic field traversing the sample in between. The prototype MRE samples with
diameter of 10 mm and length of 40 mm were placed on the surface of one permanent
magnet with the help of a clamp. The proximal end of the MREs was fixed to the
permanent magnet while the distal end was free which allowed us to consider the

experiments as cantilever beam experiments.

In these experiments, a micrometer screw gauge with a resolution of 0.01 mm

deflected the tip of the MRE samples progressively, and the resulting experimental
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Figure 3.5. Experimental setup for cantilever bending of MRE samples. Micrometer

was used to pull a non-extensible cable which was attached to the tip of the MRE

sample.

force, F., was measured using a 1-kg load cell. F. measured using Arduino® Uno
board and its software. The tests were performed for 16 cases; a combination of each
sample and four different magnetic fields, which are obtained by changing the distance
between magnets. The experiments without an applied external field were conducted
by extracting the magnets from the setup, under 0 T. For the experiments of varying
external field, distance between magnets were set to 60 mm, 90 mm, and 120 mm.
After distances were set, magnetic field measurements were done using a Teslameter
(PCE-MFM 2400), and found as 32 mT, 64 mT, and 203 mT for the 120 mm distance,
90 mm distance, and 60 mm distance, respectively. Force measurements for each test
were repeated three times to attain reliable test results. Another set of experiments
for the MRE applicable to the central channel of the STIFF-FLOP did not performed,
it was analyzed with the proposed FEA, which is explained in detail in Section 3.4.

3.4. Finite Element Analysis of the Stand-Alone MRE Module
Considering the modeling difficulties of soft and continuum robots, a possible

application of MREs in these robots requires a milli-scale, nonlinear, multiphysics

finite element method (FEM) model to analyze stiffness variation at the design stage.
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We have developed a multiphysics FEM model in COMSOL® Multiphysics soft-
ware that can be used for different geometries and volume fractions of MRE samples,
and varying external magnetic fields. The stand-alone module sizes were directly used
in developed model to be able to compare the experimental and the FEA results. After
getting matching results which proved that the MREs can help us to modulate stiffness,
another model with sizes changed according to the STIFF-FLOP was also developed

and the stiffness variation performance of a possible implementation was analyzed.

3.4.1. Model Definition

A 3D model has been constructed using the Magnetostriction node of COMSOL®.
Magnetostriction explains the change in dimensions of a material according to the
change in its magnetization. It is a built-in node which couples both magnetic fields
and solid mechanics interfaces under AC/DC and Structural mechanics modules, re-
spectively. It includes the optimal settings for the multiphysics study automatically.
If an active multiphysics coupling is not performed, then the material behaves similar
to a linear elastic material [79]. Thus, the multiphysics coupling is significant in terms

of calculating the effect of magnetic field.

The model is a cylindrical isotropic MRE under the effect of magnetic field cre-
ated by two permanent magnets, and surrounded by the air domain. The modelled
MRE sample has a diameter of 10 mm, and a height of 40 mm. The magnets have a
rectangular area of 50 x 50 mm?, and a thickness of 10 mm. The model is surrounded
by an air domain in order not to violate the electromagnetic field. It is modelled as
a sphere with a radius of 100 mm. The geometry of the overall model can be seen in

Figure 3.6.

The materials for the air domain and two permanent magnets were directly chosen
from the COMSOL® material library. Magnets were chosen as neodymium grade
N35 (sintered NdFeB). For the modelled MRE, the field dependent E is added as an
additional script in MATLAB®. MRE is fixed at one end and all other surfaces are
free. The prescribed displacement is applied to the MRE from the tip point in the
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Figure 3.6. 3D model showing magnets (red), an MRE sample (green), surrounding

air (grey wireframes), and direction of the magnetic field (red arrows on the xy-plane).

y-direction. The magnets are located in the x-direction as two blocks. The magnetic
field is manipulated based on the distance between the two magnets. All domains are
included in the magnetic fields interface while only MRE is added to the solid mechanics
interface. Both applications of the magnetic field and the tip displacement created a
resultant force, which consists of magnetic and elastic forces, in the y-direction. This

force is analyzed as it is our primary interest.

From the AC/DC module Magnetic Fields interface, a force calculation was done
on MRE to apply the magnetic force part which is occurring due to applied magnetic
field. COMSOL® performs force calculation on MRE using Maxwell surface stress
tensor components. Then, this calculated force was inputted to the MRE as body load.
For the postprocessing of the resultant force, we used a node at the tip using Solid
Mechanics module, and observed the reaction force in y-direction. Solid Mechanics
module only calculates reaction force where there is conditions like fixed constraints
or prescribed displacement as in our case. This means that it only includes the elastic
bending stiffness. However, as the E of MREs increases due to both k. and kg, we
added a script that determines E according to these two parameters, then we have

analyzed the change in reaction force in y-direction.
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We used free tetrahedral mesh for all domains. Mesh element size is set as prede-
fined, “fine” for air domain and “finer” for magnets. For the MRE, we set maximum

and minimum element sizes as 5 mm and 0.8 mm, respectively.

3.4.2. Governing Magnetoelastic Equations

A new analytical model was proposed with some improvements made on previous
theoretical analysis, detailed in Section 3.2. The governing magnetoelastic equations
explained here presents a new analytical model, which were derived based on the fitting
of experimental data. This developed analytical model is then integrated into the FEM

model, and its validation was done through comparison with the experimental results.

The magnetostriction node describes how an applied magnetic field affects the
dimensions of a material. It uses the below constitutive relation which defines the

macroscopic properties of the medium using magnetic field and mechanical stress

B = po[H + M(H, Seen) + My (3.19)

where M(H, S,.cc,) is material magnetization which depends on the magnetic field and
mechanical stress, and M, is remnant magnetization which is zero for our material. The
mechanical stress in the magnetostrictive material, S,,cc, is automatically modeled in
COMSOL®, using the magnetostrictive strain and the stiffness matrix. For isotropic
materials like in our case, this node represents the stiffness matrix in terms of two
parameters: Young’s modulus and Poisson’s ratio [79]. Since the stiffness change of
the MRE is dominantly characterized by the change in its E, it is important to derive
constitutive equations based on this change. As derived in Section 3.2, total force at
the tip of the MRE sample can be written as a function of elastic and field induced

stiffness.

Fr = f(y, ke, kn). (3.20)
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As stated before, E' of composite materials is related to f by the viscosity law [74].
However, this equation is inadequate for higher volume fractions [75]. Therefore, the
first implementation that were done was to obtain a higher order equation that provided
the best fitting for the experimental data, obtained from PDMS-only and four volume
fractions of filler particles’ cantilever bending experiments. This fit helps us to capture

the material behavior at higher volume fractions

E = Ey(0.99 4+ 1.93f + 18.76 f* — 37.07f%). (3.21)

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 3.16. As the second implementation to the previous analytical model,
We have again fitted experimental data, and established a third order polynomial to

calculate the effect of ¢

Cc = le3 + C2f2 + C3f + ¢4 (322)

where ¢, ¢, ¢5, and ¢; were found using symbolic toolbox of MATLAB®,

The main contributions that we made to the analytical equations was to derive
Equations 3.21 and 3.22 according to our MREs’ cantilever bending behavior. These
two equations fit better to our experimental data. Thus, we were able to capture MREs

rheological behavior more accurately than the study performed by Lockette et al. [72].

3.4.3. LiveLink™ for MATLAB®

LiveLink™ for MATLAB® connects COMSOL® Multiphysics to the MATLAB®
environment and enables users to the MATLAB® scripting environment. It is possible
to create models from a script, arrange the model settings, and also interactive model
sharing between COMSOL® Desktop and MATLAB®. As the solution of the magnetic

model and mechanical problem depends on each other, both magnetic fields and solid
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mechanics interfaces were automatically coupled, then the results of the magnetic field
interface were implemented into the solid mechanics interface. This sequential analy-
sis was performed by adding a script to our model using LiveLink™ for MATLAB®

feature.

The first step in creating a finite element model is to create geometry. Geom-
etry settings were adjusted using COMSOL® Multiphysics graphical user interface.
Boundary and prescribed displacement conditions were also defined using graphical
user interface. MATLAB® script became useful in the solving step. Once the model
was created as described in Section 3.4.1, initial solution was imported into the script.
In this script, the distance between two magnets, tip displacement, matrix modulus,
volume fraction, and geometric parameters were taken as independent parameters. Ma-
trix modulus is defined as 1.6 MPa initially for the MRE from the experimental data,

and all other independent parameters can be changed.

First, using the constructed model in COMSOL® the initial magnet distance is
obtained. Also, we have added a magnet distance parameter to one magnet’s coordinate
in the x-direction. Thus, depending on the distance entered, that parameter in the
model is updated and H is calculated. In order for the magnet not to go outside the
air domain in the model, we divided the same parameter into two and added it to
the surrounding air domain’s radius. Geometry parameters are obtained by the same
method and it is also possible to enter any dimension that is desired to analyze. To find
the stiffness variation of the MRE module, [ is calculated in the script according to
the model’s defined cylindrical geometry. The volume fraction that we want to analyze

is then entered.

The script includes a function which takes these parameters as input to calculate
E based on governing equations derived in Section 3.4.2 and preset tip displacement.
It is possible to change any independent parameter and update the solution accord-
ingly. E is updated automatically in COMSOL® with the help of the script, and
corresponding Fr is found for the entered case. The overview of the script can be seen

in Figure 3.7. To compare the experimental data and developed model, we first used
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Load model Solve & Display mode| pu—

A
A

e g SOlve model with new E Display resultant force
:

Figure 3.7. Overview of the script used for the resultant force calculations. The blue

boxes indicate operations performed in COMSOL® while green ones indicate

operations performed in MATLAB®.

the same geometry as the prototype MRE samples. The proposed stiffening module
for the STIFF-FLOP manipulator’s working channel is also computed with this script.

3.5. Application of the MRE Module to the STIFF-FLOP

The application of the MRE module to the MIS devices can be a promising
solution in terms of having higher stiffness variation range and fast response. After
proving that MREs can help us modulate stiffness, tunable stiffness of the STIFF-FLOP
caused by MREs is also analyzed. The integration consists of two steps: Adapting
the MRE to the STIFF-FLOP, and locating the external magnetic field controller
according to not to cause a motion-restrictive external effect. The module sizes changed
according to fit in the central channel of the STIFF-FLOP. Diameter was reduced to
4.5 mm and the length was extended to 50 mm. The external magnetic field could be
manipulated by an electropermanent magnet (EPM), which will be detailed in Section
3.5.2. A possible application of the stand-alone MRE module to the STIFF-FLOP soft

manipulator can be seen in Figure 3.8.

To compare the performances of the developed MREs and the currently available

solutions, another FEA was also performed with the same dimensions. The central
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Caps <

STIFF-FLOP Body

MRE Module

Figure 3.8. A single unit of the STIFF-FLOP showing application of the stand-alone
MRE module to the central channel.

channels of the STIFF-FLOP units explained in Section 3.1 are 8 and 9 mm, whereas
the module used in this study has a central channel of 4.5 mm. Thus, for a fair
comparison, a FEA study for an MRE module of 8 mm in diameter and 50 mm in
length was also performed. The stiffness change was analyzed using the developed and

implemented script explained in Section 3.4.3. The results are presented in Section 4.2.

3.5.1. FEA for the Implementation

In addition to the FEA of the stand-alone module, another FEA was performed to
explore the stiffness values to be obtained with a possible application of the stand-alone
MRE at the central channel of the STIFF-FLOP. MRE diameter and length were set
to 4.5 mm and 50 mm, respectively. 3D model geometry can be seen in Figure 3.9. The
stiffness change under four different magnetic fields, which are 0 T, 32 mT, 64 mT, and
203 mT, and with four different volume fractions, 9.09%, 18.18%, 27.27%, and 36.36%,
were analyzed using the developed and implemented script, explained in Section 3.4.3.
The cantilever bending behavior of the module applicable to the STIFF-FLOP was

observed for these 16 different cases.
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Figure 3.9. FEA of the MRE module applicable to the STIFF-FLOP. Red arrows
showing the direction of the magnetic field, MRE module of 4.5 mm in diameter and

50 mm in length is color coded blue at the center of two square magnets.

3.5.2. On-Board Magnetic Field Controller

The critical issue while designing MRE based devices or modules for stiffness
variation is the provisioning of magnetic field generator. An on-board magnetic field
controller is needed for applications in soft robotics. For the smaller soft robots and
manipulators, it is necessary to use external controllers that should not restrict the
motion. Using permanent magnets at the design stage was helpful as it is the easiest
way to give high magnetic fields to the stand-alone MRE samples; however, they have
too many drawbacks as being bulky and unsafe because of their strength. These are

some limitations for permanent magnets for the use in soft small manipulators.

Another alternative may be electromagnets but they also require too much power

to operate. They also have a heating problem. Thus, the alternative that we chose to
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use for providing external magnetic field is EPMs. The EPM is a solid-state device
whose external magnetic flux can be turned on and off by a discrete electrical pulse
[80]. It was developed by Knaian [80] for magnetically controlling small-scale robotic
systems. When the device is in the off-state, NdFeB and AINiCo magnets are oppositely
magnetized. The magnetic flux is only circulating inside of the EPM structure and does
not cross the air gap in front of it. When the magnet is on-state, they are magnetized
in the same direction and the closed flux circulation goes through the air, through the
MRE sample for our case, and creates magnetic field to stiffen the MRE module. The

magnetic flux direction when EPM is on-state can be seen in Figure 3.10.

Two EPMs could be sufficient enough to provide needed magnetic field to stiffen
the MRE module inside the STIFF-FLOP. In a study performed by Leps et al. [81], one
EPM with dimensions closer to the designed EPM here is used for MR valve, and they
were able to provide 229.4 mT magnetic field density to the valve. Thus, two EPMs
could be mounted to the caps at both ends of the STIFF-FLOP soft manipulator so

that they match the two ends of the MRE merged in the central channel, and can

Figure 3.10. A single EPM implemented to the STIFF-FLOP for providing external

magnetic field when it is on-state. Red arrows show the circulation of magnetic flux.
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provide the needed magnetic field. Geometry of a single EPM and its dimensions can
be seen in Figure 3.11. The overall application scenario, which is the implementation of
the stand-alone MRE to the STIFF-FLOP and the external magnetic field controllers

can be seen in Figure 3.12.

Coil

NdFeB

AINiCo

Figure 3.11. Geometry of a single EPM and its dimensions.
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Figure 3.12. The intended application scenario showing the single unit of the

STIFF-FLOP merged with developed MRE and external magnetic field controllers
(EPMs).
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4. RESULTS AND DISCUSSION

The cantilever bending experiment results were presented, and the stiffness change
performance of the stand-alone MRE module was analyzed. The results obtained from
the experiments were compared with both the analytical model and the developed FEA
model. Additionally, the stiffness variation performance of the MRE-based stiffening
module applicable to the STIFF-FLOP soft manipulator is introduced again using the
developed FEA model.

4.1. Stiffness Change in the Stand-Alone Module

The results of the cantilever bending experiments for four different volume frac-
tions can be seen in Figure 4.1. The error bars presented in Figure 4.1 are not included
to the other figures given in Section 4.1.1 and Section 4.1.2, because of clarity issues.
However, the experimental data presented in Section 4.1.1 and Section 4.1.2 are the

same that are used in this section.

The results indicate that the resultant experimental force (F,) at the tip shows
a nearly linear behavior (R* > 0.9943) with tip displacement for each case. It also
increases in direct proportion to increasing volume fraction (f), and magnetic field
(T'). To illustrate, when tip displacement (y) is 1 cm and no external magnetic field
applied, the experimental resultant force measured at the tip of the MRE sample of
9.09% volume fraction is 0.4998 N, while it is 0.937 N for the sample with 36.36%
volume fraction. Additionally, for the same tip displacement and volume fractions,
the experimental resultant force measured at the tip of the MRE samples under 203
mT magnetic field is 0.6252 N and 1.674 N, respectively. The stiffness values of the
stand-alone MRE modules are obtained by comparing the resultant experimental force
to a tip displacement of 1 cm. These stiffness values of four different volume fractions

under four different magnetic fields are summarized in Table 4.1.
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Figure 4.1. Tip force vs. displacement results of the stand-alone MRE modules with

volume fractions (f) of 9.09% (top-left), 18.18% (top-right), 27.27% (bottom-left),

and 36.36% (bottom-right) under four different magnetic fields (") (color coded).

Table 4.1. Stiffness [N/cm] values for the stand-alone MRE module.

Volume Magnetic Field
Fraction (f) | TO (0 mT) | T1 (32 mT) | T2 (64 mT) | T3 (203 mT)
9.09% 0.4998 0.5366 0.5438 0.6252
18.18% 0.6915 0.7212 0.7543 0.8601
27.27% 0.8383 0.8699 0.9276 1.315
36.36% 0.9370 1.029 1.156 1.674

In addition to the presented stiffness values, percent change in stiffness is also

calculated for each volume fraction. The stiffness values obtained when there is no

external magnetic field were used as the base values for each volume fraction. For

example, the MRE sample of 9.09% volume fraction, the stiffness value is 0.4998 N/cm,

and the percent change in stiffness under the magnetic field was calculated using this

value as the base value. The base stiffness values for the MRE samples with volume
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fractions of 18.18%, 27.27%, and 36.36% are 0.6915 N/cm, 0.8383 N/cm, and 0.9370
N/cm, respectively. The percent change in stiffness values due to the applied magnetic

field is summarized in Table 4.2.

As the column under T0 presents the base values, the percent change is not
applicable (N/A) to them; thus, they have been left as N/A. It can be inferred from
Table 4.2 that stiffness change is increasing with the amount of applied magnetic field.
Also, for the MRE modules of lower volume fractions such as 9.09% and 18.18%, this
increment in stiffness is less than the MRE modules of higher volume fractions. To
illustrate, the MRE module of 36.36% volume fraction can change its stiffness up to
78.65% while it is 24.38% for the MRE module of 18.18% volume fraction. The amount
of filler particles that the samples contain results in higher field-induced stiffness (kg ).
Thus, the rate of change in stiffness in higher volume fractions increases more drastically
compared to the rate of change in lower volume fractions. It is stated in the literature
that the optimal volume fraction of particles is around 35-40% to have a stronger MR
effect [52,60]. We have also observed a higher stiffness change with the MRE module
of 36.36% volume fraction. Thus, the stand-alone MRE modules of 36.36% volume
fractions can cause stronger MR effect than the lower volume fractions of the MRE

modules, and can be used for the possible soft robotics applications.

Table 4.2. Percent change (%) in stiffness [N/cm] values for the stand-alone MRE

module obtained from the experiments.

Volume Magnetic Field
Fraction (f) | TO (0 mT) | T1 (32 mT) | T2 (64 mT) | T3 (203 mT)
9.09% N/A 7.36 8.80 25.09
18.18% N/A 4.29 9.08 24.38
27.27% N/A 3.77 10.65 26.86
36.36% N/A 9.81 23.37 78.65
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4.1.1. Analytical vs. Experimental Results

The results of the cantilever bending experiments were compared to the analyt-
ical model developed by Lockette et al. [72], explained in detail in Section 3.2. The
analytical stiffness values were obtained using the slopes of the force vs. displacement
curves of the MRE samples, which can be seen in Table 4.3 for 16 different cases.
These results were used to calculate the percent error between the analytical and the
experimental stiffness values which can be seen in Table 4.4 for 16 different cases. The

percent error between the analytical and the experimental results were calculated by

—F,

a

F,
%Error =

100. (4.1)

The analytical results partially agree with the experimental results for volume
fractions of 9.09% and 18.18%. However, the error between the experimental resultant
force (F.) and the analytical resultant force (F,) is higher for the MRE modules of
27.27% and 36.36% volume fractions. To illustrate, the MRE sample with 9.09%
volume fraction the percent error between the experimental and the analytical resultant
forces is 1.78, while the rate of error is 36.47 for the sample with 36.36% volume fraction,
where both are under zero magnetic field and calculated using Equation 4.1. The results
show that the change in stiffness increases with the amount of applied field and volume

fraction.

Table 4.3. Stiffness [N/cm] values obtained with the analytical calculations for the
stand-alone MRE module.

Volume Magnetic Field
Fraction (f) | TO (0 mT) | T1 (32 mT) | T2 (64 mT) | T3 (203 mT)
9.09% 0.5089 0.5251 0.5260 0.5371
18.18% 0.7486 0.7520 0.7583 0.8326
27.27% 1.0673 1.0722 1.0907 1.3100
36.36% 1.4750 1.4865 1.5264 2.0013
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Table 4.4. Percent error (%) between the analytical and experimental results for the

stand-alone MRE module.

Volume Magnetic Field
Fraction (f) | TO (0 mT) | T1 (32 mT) | T2 (64 mT) | T3 (203 mT)
9.09% 1.78 2.19 3.38 16.4
18.18% 7.63 4.09 0.53 3.30
27.27% 21.46 18.87 14.95 0.38
36.36% 36.47 30.78 24.27 16.35

In Figure 4.2, comparison of the experimental resultant force and the analytical
resultant force at the tip was presented for the MRE sample with 9.09% volume fraction.
The results show that for the lower amount of applied magnetic fields, the analytical
model is able to capture MRE’s field dependent behavior to a greater extent. To
illustrate, when there is no applied magnetic field and the tip displacement is 1 cm, the
experimental resultant force is 0.4998 N while the analytical resultant force is 0.5089
N. The percent error between these two values is 1.79%, calculated using Equation 4.1.
However, for higher external magnetic fields, the results are not as close to each other.
For example, when magnetic field is 203 mT and the tip displacement is 1 c¢m, the
experimental resultant force is 0.6252 N, while the analytical resultant force is 0.5371
N. The percent error using Equation 4.1 is 16.4%. Thus, it can be inferred that the
analytical method is inadequate for the higher applied magnetic fields. The reason
may be the underestimation of the effect of ¢ in Equation 3.16, as explained in Section

3.4.2.

In Figure 4.3, the same comparison between the experimental resulting force and
the analytical resulting force at the tip was presented for the MRE sample with 18.18%
volume fraction. The highest percent error was obtained when there is no magnetic field
applied. The fact that the error is high even when there is no magnetic field means
that the analytical model is insufficient even for the elastic part of magnetoelastic
equations. In Figure 4.4 and Figure 4.5, the percent error between analytical and

experimental stiffness values reach up to 36.47%. The error between the analytical and
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experimental resultant forces increases further as the volume fraction increases. This

further supports the interpretation that the effect of ¢ in Equation 3.16 is a significant

parameter which determines the stiffness change in higher volume fractions.
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Figure 4.2. Comparison of experimental (dotted data points) and analytical (dashed

lines) results: Tip force vs. displacement for the MRE sample of 9.09% volume

fraction (f) under four different magnetic fields (7) (color coded).
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4.1.2. FEA vs. Experimental Results

After the new analytical model was introduced, and implemented into the FEM
model, the comparison between the new analytical model and FEM model were done to
observe whether the developed governing equations presented in Section 3.4.2 added to
the FEM model correctly. It was observed that the FEA gives exactly the same results
that the new analytical model gives, it works with almost zero error. For this reason, no
comparison was made between the new analytical model and the experimental results,
this comparison was made through the FEA results, as the FEM model includes this

new analytical model working in background.

The results of the cantilever bending experiments were compared to the results
obtained by the developed FEA model. FEA stiffness values were obtained using the
developed script explained in Section 3.4, and the slopes of the force vs. displacement
curves of the MRE samples were presented in Table 4.5. These results were used to
calculate the percent error between the FEA resultant force (Fr) and the experimental

resultant force (F.) by

F.— Fr

%Error = e

100. (4.2)

These error percentages for 16 cases (4 different volume fractions under 4 different

magnetic fields) can be seen in Table 4.6.

Table 4.5. Stiffness [N/cm] values obtained with the FEA model for the stand-alone

MRE module.
Volume Magnetic Field
Fraction (f) | TO (0 mT) | T1 (32 mT) | T2 (64 mT) | T3 (203 mT)
9.09% 0.5074 0.5099 0.5190 0.6284
18.18% 0.6795 0.6855 0.6998 0.8704
27.27% 0.8449 0.8578 0.8963 1.3534
36.36% 0.9354 0.9550 1.0161 1.7400
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Table 4.6. Percent error (%) between the FEA model and experimental results for the
stand-alone MRE module.

Volume Magnetic Field
Fraction (f) | TO (0 mT) | T1 (32 mT) | T2 (64 mT) | T3 (203 mT)
9.09% 1.50 5.24 4.78 0.51
18.18% 1.77 5.21 7.78 1.18
27.27% 0.78 1.41 3.49 2.84
36.36% 0.17 7.75 13.77 3.79

The FEA results almost entirely agree with the experimental results for four
different volume fractions. To illustrate, for the MRE sample with 9.09% volume
fraction the percent error between the FEA and the analytical resultant forces is 1.50;
and 0.17 for the sample with 36.36% volume fraction, both under zero magnetic field
and calculated using Equation 4.2. The results show that the developed FEA model
performs better than the analytical model in capturing the field-dependent material

properties of the developed MREs, especially for higher volume fractions.

In Figure 4.6, comparison of the experimental resultant force and the FEA resul-
tant force at the tip was presented for the MRE sample with 9.09% volume fraction.
When there is no magnetic field applied and the tip displacement is 1 cm, the ex-
perimental resultant force is 0.4998 N, while the FEA resultant force is 0.5074 N.
The percent error between these two values is 1.50%, calculated using Equation 4.2.
Additionally, when magnetic field is 203 mT and the tip displacement is 1 cm, the ex-
perimental resultant force is 0.6252 N, while the FEA resultant force is 0.6284 N. The
percent error using Equation 4.2 is 0.51%. Thus, it can be inferred that the developed
FEA model is able to capture the produced MREs field-dependent behavior.

In Figure 4.7, the same comparison between the experimental resultant force and
the FEA resultant force at the tip was presented for the MRE sample with 18.18%
volume fraction. The highest percent error, which is 7.78, was obtained when the

external magnetic field is 64 mT. In Figure 4.8 and Figure 4.9, the percent error between
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Figure 4.6. Comparison of experimental (dotted data points) and FEA (dashed lines)

results: Tip force vs. displacement for the MRE sample of 9.09% volume fraction (f)

under four different magnetic fields (") (color coded).
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FEA and experimental stiffness values reaches at most 13.77%, and the nearest value
to this error is 7.75%. These error values between the FEA and the experimental
resultant forces are far less than the ones obtained by comparing the analytical and
the experimental results. This indicates that the developed FEA is more capable of
determining the effect of ¢ in Equation 3.16. Therefore, the developed FEA can be
used for all volume fractions as the error rates are far less than the analytical model
developed by Lockette et al. [72], and can be able to capture MREs’ material behavior

more comprehensively.

Additionally, the results also show that the MRE stiffness increases with higher
volume fractions. For instance, the experimental stiffness of the MRE sample with
9.09% volume fraction is calculated as 0.6252 N/cm while the stiffness of the MRE
sample with 36.36% volume fraction is calculated as 1.674 N/cm, when magnetic field
is 203 mT. The stiffness increases with increasing magnetic field as well. To illustrate,
the experimental stiffness of the MRE sample with 27.27% volume fraction is 0.8383
N/cm when there is no applied field, while it is calculated as 1.315 N/cm when applied
field is 203 mT.

4.2. Stiffness Change in the Proposed Application

An MRE application to the central channel of the STIFF-FLOP is analyzed
with the developed FEA model. The stiffness values of obtained from this intended
application can be seen in Table 4.7. The highest stiffness values were obtained with the
MRE of 36.36% volume fraction. The percent change in stiffness was also calculated
for all of the volume fractions separately, using the zero magnetic field values. The
results can be seen in Table 4.8. It was found that the application of an MRE module
of 36.36% volume fraction can lead to a 12.83% change in stiffness under 203 mT

magnetic field.

The stiffness change values for the stand-alone MREs can reach up to 78.65%;
however, for an MRE module applicable to the central channel of the STIFF-FLOP,

the maximum change in stiffness is 12.83%. This huge gap between the stand-alone



Table 4.7. Stiffness [N/cm] Values for the Intended Application

Volume Magnetic Field
Fraction (f) | TO (0 mT) | T1 (32 mT) | T2 (64 mT) | T3 (203 mT)
9.09% 0.5069 0.5073 0.5087 0.5266
18.18% 0.6808 0.6815 0.6837 0.7089
27.27% 0.8454 0.8473 0.8531 0.9209
36.36% 0.9352 0.9382 0.9475 1.0552
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Table 4.8. Percent change (%) in stiffness [N/cm] values for the MRE applicable to
the STIFF-FLOP.

Volume Magnetic Field
Fraction (f) | TO (0 mT) | T1 (32 mT) | T2 (64 mT) | T3 (203 mT)
9.09% N/A 0.08 0.35 3.89
18.18% N/A 0.10 0.43 4.13
27.27% N/A 0.22 0.91 8.93
36.36% N/A 0.32 1.31 12.83

MRE module and the module that is applicable to the central channel of the STIFF-
FLOP may be due to scalability. Since the length is divisor in both the elastic stiffness
(ke) and the field-induced stiffness (ky) and it is also longer compared to the stand-
alone module, we may not have achieved the stiffness values that we expected. The
diameter of the central channel of the STIFF-FLOP module presented in [71] is 8 mm
as explained in Section 3.1, whereas the module that we have has a central channel of
4.5 mm. For a fair comparison with the same dimensions, we performed an additional
FEA study with an MRE module of 8 mm in diameter and 50 mm in length. It was
observed that a stiffness change up to 44.26% can be provided with an MRE module of
36.36% volume fraction, under 203 mT applied magnetic field. Thus, the MRE module
applicable to the STIFF-FLOP has higher stiffness variation ranges than the already
applied methods in the literature. Additionally, there is no need for a pneumatic input

and the unstiffening time is faster than the currently available methods. It can also be
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proposed that the central channel of the STIFF-FLOP can even be increased to 10 mm,
and an MRE with a radius of 10 mm can be implemented to this channel. This can
increase the stiffness change up to 78.65% as seen in Table 4.2. This way, the overall
system complexity can be decreased, and also the need for continuous power supply

can also be removed using EPMs for the manipulation of external magnetic field.
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5. CONCLUSION

In this study, a stand-alone MRE module has been developed and analyzed for
its applicability to soft robots and manipulators to provide stiffness variation. The
developed FEA was used for analyzing a possible application with the STIFF-FLOP
soft manipulator, and both FEA results and the analytical results were compared to
the experimental ones. The analytical model capturing MREs magnetorheological be-
havior is further enhanced with an addition to the governing magnetoelastic equations,
which explained in detail in Section 3.4.2, and the overall error was reduced. This was
succeeded by observing the cantilever bending behavior of MREs in terms of its de-
pendency on the volume fraction of magnetizable particles, and the external magnetic

field.

5.1. Contributions and Originality

The originality of this study is provided by the novelty of the FEM model, which
is a milli-scale, nonlinear, multiphysics model developed to analyze stiffness variation
at the design stage. The main contributions of this FEA model is that the proposed
multiphysics model can be used for different geometries and volume fractions of MRE
samples, and varying external magnetic fields. In the literature, there is already devel-
oped magnetoelastic governing equations that can fit to MREs for cantilever bending
case [72]; however, these equations are inadequate for higher volume fraction cases as
discussed in Section 4.1.1. The developed FEA is able to capture MREs’ unique mate-
rial behavior more adequately, as it fits better to our experimental data. Additionally,
the average error of the stiffness values between analytical and experimental results was
12.68% and it was reduced to 3.87% with the new analytical model. The new analyt-
ical model is implemented to the FEA and the comparison between the experimental
results and the new analytical model results was done through the FEA results. It
was seen that the developed FEA is able to capture MREs’ rheological behavior more
accurately than the study performed by Lockette et al. [72].
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Performing experiments for every case is challenging in terms of the difficulties
with the equipment; working with strong permanent magnets and creating a magnetic
field that is noise-free and unspoilt. This challenge can also be overcome by using
our model at the design stage. Additionally, MREs for the stiffness modulation is not
explored yet for the STIFF-FLOP; thus, we performed a novel study that can lead to

future developments especially for the MIS devices.

This study contributed to the literature as a conference proceeding presenting

the FEA model [82].

5.2. Outlook and Future Work

The proposed stand-alone module and the validated FEA are promising for many
soft robotics applications that requires fast stiffness change with low power input. The
MRE and EPM designs allow for fast response and higher stiffness change values than

currently available methods.

Considering the experimental results, we assumed that our material is behaving
as a linear elastic material under small strains. This assumption avoids some hypere-
lastic material features; however, it provided acceptable results as they are really close
to our cantilever bending experiment results. Computation time can be decreased as
the future work by focusing on simplifying the model or only modeling the quarter of it
using the symmetry conditions. Another contribution can be performing more experi-
ments especially for the other stiffness modes like torsion and elongation-compression.
They are also delimitative for most of the MIS devices as they should elongate as much

as they can.

For possible future applications, an actual implementation can be performed for
the STIFF-FLOP to observe the possible imperfections occurring in real world scenar-
ios. Also, additional novel material mechanisms or structural models such as multi-
layered MRE design and mechanical metamaterial patterns can be used to have both

lower and higher stiffness values, which can increase the overall stiffness range. Also,
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anisotropic MREs can provide better MR effect than the isotropic ones as discussed in
Section 2.2.1, curing the MREs under a magnetic field can also increase the stiffness
variation capability of the stand-alone module. Lastly, providing uniform magnetic
field is hard in terms of the need for higher amperes for the electromagnets or the need
for stronger magnets and smaller samples. A uniform magnetic field can also increase

the overall MR effect and it can be more suitable for the MIS devices.
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