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Abstract

Design, Development, and Analysis of a Tactile Display Based on Composite
Magnetorheological Elastomers

Ali Alkhalaf

In minimally invasive surgery, surgeons carry out the operations by employing small tools

and viewing equipment into the patient’s body by means of small incisions. In manual and robotic

minimally invasive surgery, surgeons do not have direct touch and natural sense of touch, due to

utilization of long and often flexible instruments, and palpation is a necessity to provide perfect

diagnoses. As a potential candidate, magnetorheological elastomers were investigated as a stiffness

display for surgical application. To this end, three different samples of magnetorheological elas-

tomers with various volume fraction of iron particles and one non-MRE rubber sample were fabri-

cated. Six composite MREs were made by combining two layers of different fabricated samples.

The samples were characterized under compression test and perpendicular to the applied magnetic

field (MF). The compression test was carried out with the strain range of (5 − 25%) at magnetic

field densities of 0, 143, 162, 198, 238, 287, 365 mT. It was observed that the elastic modulus of

one-layered MREs and bi-layered MREs increase with increasing the magnetic fields. Moreover,

MR-effect was enhanced via bi-layer composition, e.g. mono-layered 45%vol iron particles: 211%

, bi-layered 45%vol iron particles: 253%. Afterward, a solution for the medical need of the tactile

display during minimally invasive surgeries was proposed. To this end, a tactile display based on

the composite magnetorheological elastomers, MiTouch , was designed and prototyped. Also, the

electromechanical parameters of MiTouch were identified through a transfer function optimization

and a PID controller was fine-tuned to achieve a desired stiffness. Later, validation experiments

were carried out to showcase the feasibility of MiTouch for pulse examinations and maintaining a

desired stiffness. The results revealed that MiTouch applied a pulsed contact force of 0.6N to the

phantom finger. The results were within the range of reported pulse examination forces, i.e. 0.5-2N.

In addition, the system was capable of following a desired stiffness of 4N/mm and maintaining it

within a range of 4.07 ± 0.41N/mm. In the end, results confirmed the hypothesis of the feasibility

of the suggested solution for surgical applications.
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Chapter 1

Introduction and Problem Definition

1.1 Introduction

Open surgeries, where surgeons make large incisions in patients, are gradually evanescing since

the invention of minimally invasive surgeries (MISs) [1, 2]. Minimally invasive technologies al-

low surgeons to carry out the operations by employing small tools and viewing equipment into the

patient’s body by means of very small incisions. Moreover, MIS is also reducing the time stay at

hospitals and the healing time because of the small cuts [3, 4]. The MIS is further developed by

the implementation of robots, which is known as a robotic minimally invasive surgery (RMIS). Sur-

geons remotely utilize robots to perform the surgery and to precisely operate the slender instruments

and cameras into the body through small holes [1]. With all these advantages of MIS and RMIS,

there is still a gap that needs to be filled. During MIS and RMIS, surgeons are missing the sense of

touch, which is a very important aspect to make the right diagnosis.

Researchers have made a tremendous effort to alleviate the loss of palpation and sense of touch

by developing a tactile display, which is simply known as a physical structure with the utility of

adjustable stiffness that can mimic the softness of biological tissues during MIS or RMIS. Although

the concept of the tactile display is the same in all the available studies, different structures and

various materials have been investigated. For instance, distinct approaches have been suggested

for tactile displays like the use of magnetorheological fluids (MRF), DC motors, and pneumatic

balloons.

This research work focuses on designing, developing, and analyzing of a composite magnetorhe-

ological elastomers-based tactile display. Based on the author’s knowledge, this is the first time to
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investigate MREs to be based for tactile display devices. Moreover, this is the maiden attempt to

investigate multi-layer MREs in compression with a horizontal applied magnetic field.

The first objective of this research is to compensate the lost MR effect caused by non-parallel

magnetic field with compression test. For this approach, ten different samples were fabricated

including: a non-MRE rubber sample, three mono-layered MREs that have different volume fraction

of iron particles, three bi-layered MRE-MRE samples that have two layers of MREs with different

contents of iron particles, and three bi-layered MRE-non-MRE samples that are constructed from

one layer of MRE with another layer of non-MRE rubber. All the ten samples were experienced

a quasi-static compression test with varying magnetic field. The results were analyzed to calculate

the MR effect of both mono-layered and bi-layered samples. Later, a comparison between the

elastic moduli of human tissues and the best MRE candidate to resemble the elastic modulus was

demonstrated.

The second objective of this dissertation is to suggest a solution for stiffness display during min-

imally invasive surgeries. The steps for this objective started by designing and developing a tactile

display system. Then, the sample that demonstrated high magnetorheological effect during the first

objective experiments was selected for the proposed tactile display. After that, electromechanical

parameters were identified by the utilization of a transfer function optimization. Then, a PID con-

troller was suggested to follow a desired stiffness. At the end, the validity of the proposed tactile

system was examined by validation experiments.

In this chapter, a review of the application of tactile display is presented in section 1.2, followed

by methods of fabricating magnetorheological elastomers in section 1.3. Later in section 1.4, a

study concerning the characterization of MREs is demonstrated. Finally, the research objective and

dissertation layouts are demonstrated in sections 1.5 and 1.6, respectively.

1.2 Review of Recent Softness Display Devices and Their Feasibility

in Minimally Invasive Surgeries

Beside sight and hearing, sense of palpation is a very important feature for the human

interaction with computers. It enables the computer users to feel and recognize the softness of a

projected material. In minimally invasive surgeries, surgeons are missing this precious sense of

touch, which could lead to a misevaluation of the exact disease. Researchers have spent the time

2



and effort to come up with a softness display device that can provide surgeons with the softness of

human tissues. They have utilized different ways to build softness display devices in particular for

minimally invasive surgeries. In the following subsections, five different types of tactile displays

are discussed based on their working principle. In addition, at the end of each type, a statement

about the feasibility of using that particular type of tactile display in minimally invasive surgeries is

provided.

1.2.1 Rheological fluid softness displays

The Rheological fluids are classified into two groups, magneto-rheological fluid (MRF) and

electrorheological fluid (ERF). MRFs are composited of micro-ferromagnetic particles suspended

in a fluid like oils[5, 6, 7, 8], while ERFs are constructed from very tiny electro-active particles

(0.1 - 100 µm in size) immersed in insulating fluids [9, 10]. Both groups have the same working

concept, which is changing its physical state from Newtonian fluids to semi-solid or gel in a fraction

of seconds upon the existence of an external magnetic field for MRFs and electrical field for ERFs.

In the coming subsections, a brief example of both type is discussed.

1.2.1.1 Magnetorheological Fluid

A recent study by Seung-Woo Cha et al. implemented the use of MRF in a sponge. In their

study, the tactile display device based on MRF and a sponge is designed and created to recognize the

softness of human-like tissues that can be used in robot-assisted minimally invasive surgeries. They

fabricated 3 samples to reproduce the softness of porcine heart, liver, and lung. The MRF sponge

sample was placed on an electro magnet, which provides the magnetic field through the sample,

and below an ATI 6-axis force sensor as presented in the experimental setup shown in Figure 1.1.

The displacement was measured using the laser sensor positioned above the moving arm holding

the end-effector with force sensor. The test was carried out in a quasi-static process. The porcine

tissues were also tested under the same procedure. Consequently, the force and displacement curves

for both the MRF sponge and porcine tissues were compared. A model was generated to predict

the force displacement behavior of the MRF sponge, which was then compared to the measured

data. The authors of this study concluded that MRF sponge can reproduce the softness of targeted

materials like human tissues [11]. More studies about using magnetorheological fluid in haptic

feedback devices can be found in [12, 13].

3



Figure 1.1: Magnetorheological foam tactile display [11]

1.2.1.2 Electrorheological Fluid

Figure 1.2 illustrates the working principle for a study done by Alex Mazursky et al. [14] on

using ERFs in tactile display actuator. Once the user pushes down the actuator, it forces the ERF

to flow out to the two-sided chambers that moves the two thin silicone membranes up. Upon the

release of the pressure created by the user, the two membranes push down the ERF to go back to

the equilibrium level. They controlled the flow of ERF using two sets of electrodes as shown in

Figure 1.2. The components of the actuator are presented in Figure 1.3 and they are a plastic cover,

one silicone membrane, one plastic spacer and O-ring, a high voltage printed circuit board (HV

PCB), and grounding printed circuit board (GND PCB). Figure 1.4 demonstrates the experimental

setup for the study, in which they used a voltage amplifier, a function generator, oscilloscope, RSA3

Ta instrument, and a computer. The authors calculated the force-depth relationship under variable

loading frequency and input voltage. Then, they compared the result with the data given from a

mathematical model. They concluded that ERFs could generate a range of softness and can be used

in haptic feedback applications [14].
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Figure 1.2: Electrorheological fluid tactile display [14]

Figure 1.3: Components of ERF actuator proposed by [14]
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Figure 1.4: Experimental setup of ERF tactile display actuator designed by [14]

The downsides of using rheological fluids in softness displays and especially in the operating

room (OR) for MIS can be listed as follows. One of them is that these are fluids that are consid-

ered hazardous substances in the OR since they might be spilled out from their devices. Moreover,

suspended particles might tend to get complete settlement in time [9]. One more point that is par-

ticularly for ERFs, these fluids are driven by electromagnetic field that could affect other electronic

devices available in the operating theater.

1.2.2 Shape memory alloy (SMA) tactile displays

SMAs are simply alloys that can be shaped while they are cold and once they are heated, the

SMAs return to its original shape [15]. It was shown in literature that SMAs demonstrate hysteresis

cycles during the transformation process [16, 17]. An example of tactile display actuator based on

SMAs is studied by Parris S. Wellman et al. [18] and demonstrated in Figure 1.5. They utilized

a V-shaped SMA wire to actuate a single pin that can be touched by a person. The SMA wire

was heated beyond its transition temperature by supplying electrical current and cooled down using

water. The authors concluded that this SMA tactile display has some level of difficulty to perceive

the curvature of the pin line during sweeping the user’s finger on the line. However, the curvature

along the line was easily perceived.
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Figure 1.5: Shape memory alloy tactile display suggested by [18]

The negative side about SMAs is that the dynamic range is very low, which shortens the range

of softness that can SMAs reproduce. Furthermore, SMAs could take a long period of time to get

cold [9].

1.2.3 DC motor tactile display

Alternative way to replicate the softness of materials is to use DC motors. Fuminobu Kimura

et al. [19] have focused on creating 2-DOF softness display by using 2 DC motors to control the

contact area between a human finger and a sheet. A schematic diagram in Figure 1.6. delineates

their proposed 2-DOF softness display. The two DC motors were attached to flexible sheet at one

end and to laser displacement sensors at the other end as shown in Figure 1.6. Using a force sensor

placed underneath the Acryl stage, the force applied by human finger was measured. The over all

operational principle is depicted in Figure 1.7. When a user pushes down the sheet, the sensed force

goes to a voice-coil motor (VCM) that presses an object. Cameras were utilized to calculate the

contact width. Consequently, the measured widths are transmitted to the softness controller.
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Figure 1.6: A schematic illustration of the propsed 2-DOF softness display by [19]

Figure 1.7: A prototype of the 2-DOF softness display by [19]

Using the laser displacement sensors, the heights at the two sides of the sheet were calculated.

After that, these heights were modified using a PID controller to insure that both the contact width

between the finger and the sheet and the measured widths provided by the cameras are equivalent.
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The authors claimed that this 2-DOF softness display is feasible by adjusting both the contact area

and contact force. Other DC motor softness display can be found in [20].

There are some disadvantages of using DC motors in softness display inside the OR. For instance,

the DC motors need cables to operate and the operating room should be cleared from cables to

provide more rooms to physicians to move. In addition, according to Kinya Fujita and Hisayuki

Ohmori, although using DC motors for a softness display is applicable, it does not provide the exact

softness of a required material, which could lead to a major misdiagnosis by physicians.

1.2.4 Pneumatic tactile display

Several studies have investigated pneumatic balloon based systems for tactile feedback ap-

plications [21, 22]. Martin Culjat et al. have designed an actuator of 3 mm balloons that can be

used in pneumatic balloon tactile display. Authors intended to use three stages for the pneumatic

tactile feedback including sensors mounted on graspers, a control system, and actuator placed on

the master controls. The sensors send the measured force to the control system that transforms these

signals into the actuators and subsequently to the pneumatic balloons as demonstrated in Figure 1.8.

The actuator is composed of pneumatic channels, which are made from polydimethylsiloxane

(PDMS), and a thin silicone film. The design of the pneumatic balloon actuator is presented in an

array of 3 x 2 as captured in Figure 1.9, and has the dimensions of 1.0 cm x 1.8 cm x 0.4 cm. A

pressure regulator was employed to control the pressure inside the balloons based on the information

received from the control system. By controlling the pressure inside the balloons, a desired softness

can be felt by surgeons. Martin Culjat et al. claimed that this tactile display is very effective for

providing tactile sensations to the surgeon’s fingers [21].

Figure 1.8: Conceptual demonstration of pneumatic ballons tactile display [21]
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(a)

(b)

Figure 1.9: Pneumatic balloons tactile display [21]

Softness displays based on pneumatic balloons are not suitable for minimally invasive surgeries

because of their high power consumption. In addition, the response time is very high, which could

increase the time of the minimally invasive surgeries.

1.2.5 Electro-active polymers (EAPs)

Electro-active polymers are materials that change their sizes or shapes upon the exposure

to an electric field [23]. A tactile display based on electro-active polymers was studied by Amy

Kyungwon Han et al. in 2018 [24]. They considered multilayer EAP films to display softness to
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fingertips. Figure 1.10 illustrates the six layers and dimensions for the proposed EAPs actuators for

tactile displays. Next Figure 1.11 shows the EAP actuator connected to a muscle lever though a

lever arm, in which force and displacement are measured in part (A), and part (B) presents the EAP

actuator attached to a load cell by means of a compression spring to predict the behavior once it is

pressed by fingertips. Amy Kyungwon Han et al. concluded that the tactile display is capable of

providing more than 98% similar softness of targeted materials [24].

Figure 1.10: Dimensions of six-layer EAP actuators compared to a human hand [24]

Just like the tactile displays based on DC-motors, EAPs have very limited range of stiffness.

Moreover, EAPs are also similar to the ERFs in terms of dependency on an electrical field; therefore,

they could damage electronic devices in the operating room.
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Figure 1.11: Testing apparatus. (A) EAP actuator is attached to a muscle lever (B) EAP actuator is
attached to a compression coil spring and a load cell [24]

1.3 Fabrication of Magneto-Rheological Elastomer

Magnetorheological elastomers, simply – MREs, are magneto-sensitive materials that regu-

late their mechanical properties in a fraction of seconds once they are presented in a region around

a magnetic material [25, 26]. Due to this great feature of MREs, they have attracted many re-

searchers to employ them in a wide range of engineering applications like adaptive noise canceling,

vibration neutralizer, and automobile suspensions [27]. Magnetorheological elastomers are mainly

made from an elastomeric medium, like silicone rubber and ferromagnetic particles. Some studies

have suggested the use of additive materials, such as silicone oil and silicone thinner to enhance the

mechanical properties of MREs [25, 28].

Figure 1.12: A schematic illustration of the alignment of iron particles for (A) isotropic MREs (B)
anisotropic MREs [29]

There are two types of MREs based on their fabrication process [29]. The first type is known as
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isotropic MREs that is when the fabrication of MRE samples is completed away from any external

magnetic field, which causes the iron particles to scattered though the rubber medium as seen in the

schematic Figure 1.12 (A). On the other hand, anisotropic MREs are those MREs in which there

was a magnetic field applied directly on the molds casing the MRE samples during the production

time that causes the iron particles to align themselves in the direction of the applied magnetic field,

which can be seen in Figure 1.12 (B). Owing to the alignment of iron particles inside the anisotropic

MREs, the mechanical properties measured in the aligned direction are stronger and tougher from

the ones calculated in the direction with no magnetic field applied. On the other hand, the random

distribution of ferromagnetic particles in isotropic MREs causes no difference for the calculation

of the mechanical properties in any direction, i.e., in X-axis, Y-axis, and Z-axis [30]. Based on

the literature review, researchers have fabricated MREs considering different factors like changing

rubber matrix, supplementary materials, size of iron particles and type of MRE. However, they all

follow the same fabrication process for either isotropic MREs or anisotropic MREs. Researchers

start by preparing the aimed amounts of rubbers and carbonyl iron particles (CIPs) with or without

additive materials. It is recommended to start by stirring well each ingredient. Once the aimed

amounts are ready, if there are some additive substances like slackers, silicone thinners, or silicone

oils, they are poured on the rubber material and mixed until the solution gets a complete homogene-

ity. After that, the CIPs are added to the homogeneous mixture and stirred for about 5 minutes. It

is highly suggested to place the solution in a vacuum chamber for around 5 minutes to degas the air

bubbles and get clear MRE samples. Consequently, the MRE samples are exposed to magnetic field

for regular alignment of iron particles or placed away from the magnetic field for irregular align-

ment. To reduce the curing time, MRE samples are heated in an oven for more than 100◦C. Table

1.1 summarizes some of the available studies for fabricated MREs considering the aforementioned

factors.
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1.4 Characterization of Magneto-Rheological Elastomer

In this section, the characterization of MREs is divided in two groups; one is characterization

in compression mode, and the other is characterization in shear mode.

1.4.1 Characterization in Compression Mode

Some studies characterized MREs under compression test. Sapouna et al. [30] measured the

MR effect of single layer of MREs and composite MREs. The composite MREs have two layers of

MREs that can be two isotropic MRE layers, two anisotropic MRE layers, or one anisotropic with

isotropic MRE layers in series and parallel configurations as depicted in Figure 1.13. The MRE

samples have 70% per weight silicone rubber and 30% per weight CIPs. Two sizes of CIPs were

equipped in the study, small that is 4 − 6µm and large that is < 220µm. The MRE samples were

placed between two aluminum plates for the zero magnetic field and between two magnets for the

magnetic field density of 0.5 T.

Figure 1.13: Series and Parallel alignments of composite MREs; E∗1 , E
∗
2 , x1, x2, F1, F2, A1, andA2

are the elastic modulus of layer 1, elastic modulus of layer 2, displacement of of layer 1, displace-
ment of of layer 2, force on layer 1, force on layer 2, area of layer 1, and area of layer 2 respectively
[30]
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Figure 1.14: Experimental setup for compression test [30]

Figure 1.15: A schematic diagram of the compression test setup by Yang et al. [39]

The researchers utilized the Instron Puls E1000 for the compression test. Figure 1.14 demon-

strates the experimental setup including the equipped machine and MRE samples with and without

the magnets. The authors tested the samples under a small range of strain amplitude 0.0% - 1.5%

and at two magnetic field densities, 0.0 T and 0.5 T. They investigated the mechanical properties
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in the axial, transverse and longitudinal directions as shown in Figure 1.13. They concluded that

the composite MREs have higher magnetorheological (MR) effect compared to single layer MREs.

They also found that isotropic MRE samples with small and large iron particles have almost the

same dynamic properties at 0.0 T with some minor changes in the MR effect. On the other hand,

anisotropic MREs containing large CIPs get stiffer and have higher MR effect compared to their

equivalent samples with small CIPs. Yang et al. [39] characterized the MRE in compression mode

and their schematic diagram and test arrangement are illustrated in Figure 1.15 and 1.16, respec-

tively. They prepared two MRE samples with dimensions 62.8mm x 4mm x 4mm and φ 20mm

x 4 mm. As shown in Figure 1.15, the MRE sample, labeled as (1), was situated between a mass,

labeled as (2) and a permanent magnet, labeled as (4). The mass was attached to a displacement

sensor to measure the displacement and consequently the strain. The compression test was carried

out with a strain amplitude of about 0.025%, frequency of 30 Hz, and magnetic field densities from

0.0 mT up to 500 mT.

Figure 1.16: Compression test arrangement by Yang et al. [39]
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Figure 1.17: Stress-strain relationships of MREs at 6 different magnetic field intensities done by
[39].

The results of the stress strain behavior is depicted in Figure 1.17. It is apparent from the results

that the hysteresis of MREs increases by raising the magnetic field density. The author concluded

that the MR effect could reach up to 200% with a magnetic field below 500 mT. They also found

that the zero field elastic modulus increases from 1.5 MPa to 3.05 MPa at 500 mT.

1.4.2 Characterization in Shear Mode

Dargahi et al. [25] characterized MRE samples in sandwich shear test with an external

magnetic field generated by two sets of three permanent magnets as shown in Figure 1.18. In

their study, they fabricated different types of MREs with varying CIPs and additives. The volume

fraction of silicone rubber was selected from 40% to 87.5% corresponding to the volume fraction of

CIPs from 40% to 12.5%. The selected additive materials were silicone thinner that had a volume

fraction of 10% and slacker that had a varying volume fraction from 10% to 20%. In their shear test,

they calculated the MR effect of MRE samples with the dimension of 25 mm x 20 mm x 5 mm

by employing different magnetic field up to 450 mT, strain amplitudes from 2.5% to 20%, and

frequencies between 0.1 Hz and 50 Hz.
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Figure 1.18: Experimental layout of MRE in shear created by Dargahi et al. [25]

The stress-strain curves of MRE that has 40% volume fraction of CIPs at 450 mT and different

frequencies is demonstrated in Figure 1.19. The curves for other types of MREs and different

loading conditions can be found in [25]. It is clear in Figure 1.19 that MREs have different hysteresis

loops with distinct loading frequencies. The authors illustrated that the use of additive materials

enhances the MR effect. In addition, the results demonstrated that the MR effect is dependent on

the strain rate and strain amplitude. They also found out that the MRE with 40%vol of iron particles

revealed a considerable MR effect of 555% at 450 mT, related to an increase of 1672% in the shear

modulus.
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Figure 1.19: Shear stress versus shear strain for MRE with 40%vol iron particles at 450 mT don by
Dargahi et al. [25]

Figure 1.20: A double lap shear test of MRE suggested by Norouzi et al. [36]
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Another shear test on MRE was carried out by Norouzi et al. [36] during which they use 50mm

x 12mm x 9.5mm isotropic MRE samples. The MRE consisted of 70% CIPs, 20% silicone rubber,

and 10% silicone oil, in which all percentages were calculated in weight fraction. The diameter of

CIPs is between 3 µm and 5 µm. The authors conducted their research with a servo-hydraulic

machine that can be seen in Figure 1.20. The MRE sample was placed between two steel plates

and permanent magnets that can magnetically saturate the MRE samples during the shear test. They

considered the range of strain amplitudes between 2% to 16% and a wide set of frequencies starting

by 0.1 Hz to 8 Hz. The applied magnetic field varies from 100 mT to 272 mT. The output-input

relationship of MRE at 16% strain amplitude and different frequencies is demonstrated in Figure

1.21 (a) for 0 mT and Figure 1.21 (b) for 272 mT. It is evident from Figure 1.21 that area and the

slope of the hysteresis curves are raised up dramatically by magnifying both the loading frequency

and magnetic field intensity, i.e., the shear modulus has a dependency on magnetic field intensity

and loading frequency.

(a) (b)

Figure 1.21: Stress-strain relationship of MRE at 16% strain amplitudes and (a) 0 mT, (b) 272 mT
done by [36]

1.5 Research objectives

The long-term objective of the dissertation research is to present a tactile display based on

composite magneto-rheological elastomers. The short-term objectives of the study can be listed as

follows:
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(i) Fabricate mono-layered and bi-layered MREs with different ingredients of iron particles using

a dependable process.

(ii) Characterize the output-input response of the mono-layered and bi-layered MREs under a

compression test and wide range of magnetic field.

(iii) Designing and developing a tactile display system based composite magnetorheological elas-

tomers.

(iv) Controlling the stiffness of composite MRE samples in the proposed tactile system by adjust-

ing external magnetic field.

1.6 Dissertation layout

This thesis is structured in manuscript form and consists of the following four chapters:

Chapter 1: This chapter provides the main introduction for the studied topic along with litera-

ture review. It has a manuscript titled as "Review of Magnetorheological Elastomers Fabrication,

Characterization, and Modeling." This paper was accepted in the International Conference on En-

gineering and Technology (ICET-19) that will be held in Toronto, Canada, on August 15th, 2019.

Chapter 2: This chapter includes the fabrication of the isotropic MRE and non-MRE samples. In

addition, it provides the proposed tactile display based on MRE samples. This chapter also presents

the magnetic analysis of the two sets of neodymium magnets used in this research. At the end of this

chapter, an investigation of the magneto rheological effects of a broad range of transverse magnetic

field on the mechanical properties of mono-layered and bi-layered MREs is discussed. This chapter

is based on a manuscript entitled as "Composite Magnetorheological Elastomers for Tactile Display:

Enhanced MR-effect Through Bilayer Composition", submitted to and under-review in Journal of

Composites Part B: Engineering.

Chapter 3: In this chapter, the proposed tactile system is presented. Afterwards, electrome-

chanical parameters are identified through a transfer function optimization. In addition, it shows

the applicability of the proposed system in medical applications like pulse examination. Moreover,

it demonstrates the stiffness control of MREs via controlling the magnetic field in the tactile dis-

play system. This chapter is based on a manuscript entitled as "Development and Assessment of
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a Stiffness Display System for Minimally Invasive Surgery based on Smart Magneto-rheological

Elastomers", submitted to and under-review in Journal of Materials Science and Engineering: C.

Chapter 4: This chapter demonstrates the conclusions and proposed extensions for the future

works, which can be carried by referring to the current study.
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Figure 1.22 presents the thesis layout.

Figure 1.22: Thesis layout
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Chapter 2

Composite Magnetorheological Elastomers for Tactile

Display: Enhanced Properties Through Bi-layer

Composition

Abstract

In this study the feasibility of a novel tactile display based on the magnetorheological elastomers

(MREs) was studied. To this end, initially a survey on various requirements of tactile displays for

surgical applications was performed. The survey showed that MREs would make a good fit for

tactile displays. To further study the MREs, initially the samples were characterized perpendicular

to the magnetic field, similar to the actual use-cases. Also, to compensate for the loss of MR-effect

due to non-parallel application of compression and magnetic field, MREs were composited in bi-

layer configuration with a non-MRE elastomer. The results of mechanical characterization showed

that bi-layer composition increased the MR-effect in MREs by 42%. This study showed that fur-

ther enhancement of MR-effect in MREs is possible through bi-layer composition with a non-MRE

elastoemr. Also, it was shown that development of an MRE-based tactile display is feasible using

the proposed enhanced MRE composites.
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2.1 Introduction

2.1.1 Background

Magnetorheological elastomers (MREs) are a class of novel composite materials with realtime

tunable mechanical properties under a magnetic field [40, 25]. Researchers have utilized the con-

trollability of MREs for adaptive vibration absorbers and isolators [41, 38, 42], noise reduction [43],

and actuation applications [43, 44].

(a)

(b)

Figure 2.1: Proposed MRE-based tactile display with the magnetic field applied (a) in the direction
of surgeon’s palpation and (b) perpendicular to the direction of surgeon’s palpation.

MREs are composed of two main components: elastomeric matrix and filler. Different elas-

tomeric matrices such as silicone rubber and natural rubber have been used as the matrix. Specif-

ically for medical applications, silicon-rubber is well-suited due to the availability of its medical-

grade form. Also, iron and carbonyl iron particles (CIP) have been investigated as the fillers. Con-

sidering its high magnetic saturation, CIPs are suggested for enhanced magnetic effect [45].
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Mechanical properties of MREs change upon application of a magnetic field [46, 40, 47]. This phe-

nomenon is known associated with the reformation of the ferromagnetic particles inside the matrix

to align with the magnetic field. Such reformation changes the distribution of internal stress in the

MRE and leads to a different strain energy; thus, causes a different force-displacement behavior

[46]. To quantize this effect, ’MR-effect’ indicator is defined as the change in mechanical properties

of MRE in response to the magnetic field. This indicator is expressed either in the form of absolute

effect (absolute difference) or relative effect (percentage of the change) compared to the MRE’s

non-magnetized state.

MREs, in contrast to MR fluids, are considered environmentally friendly, and inexpensive. Also,

because of their solid state, utilization of MREs in MR devices is more convenient compared to the

MR fluids [48, 25].

Fabrication of MREs involves three steps: mixture, addition, and curing. In the mixture step, the

constituents of the matrix, i.e. the base and hardener components, are thoroughly mixed with a

prescribed proportion. Based on the literature, the proportion of the components are either reported

based on the weight-fraction or volume-fraction. In the second step, the additives, e.g. slacker, thin-

ner, and iron particles, are added to the mixture. Softness (shore-hardness) of an MRE depends on

the fraction of slacker in the mixture. Also, adding a thinner results in more fluidity of the mixture

and easier injection into a mold. Furthermore, the fraction of iron particles determines the maxi-

mum MR-effect exhibited by the MRE before magnetic saturation. The maximum reported volume

fraction of iron particles in the reviewed literature was 40% [25]. Experimental evidence suggests

that for the silicon-rubber-based MREs, volume fraction of 40% to 45% would result in saturation

of the emulsion [49], agglomeration of particles [50], and non-homogeneous dispersion of particles

in the MRE [51]. Homogeneity of the particle dispersion is crucial to achieve repeatable mechanical

properties [50, 51]. To have more MR-effect in an MRE, it is suggested that the particle should be

large enough to contain multiple magnetic domains [45]. On the other hand, studies have shown that

the use of small-diameter magnetic particles, 1 − 10µm facilitates the homogeneous dispersion in

the emulsion, which is crucial to have repeatable properties. Therefore, there is a balance between

the particle size, homogeneity, and the maximum MR-effect of MRE.

To free the air bubbles entrapped in the mixture during stirring, placing the mixture in a vacuum

chamber before curing (5 min., 29inHg) was recommended in a recent study [25]. Such air bubbles

form voids inside the MRE and adversely affect the MRE performance. Elastomeric polymerization
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starts upon the mixture of base and hardener components and natural curing happens in the scale

of hours for silicon-rubber-based MREs. Nevertheless to accelerate the process, curing in an oven

(e.g. more than 100°C) reduces the curing time to 1-3 hours.

MREs cured in the absence of a magnetic field show isotropic MR-effect, i.e. similar MR-effect

along X,Y, and Z-axes. Researchers have fabricated anisotropic MREs by curing the MREs in a

magnetic field upto 1T [52, 53, 54]. The magnetic field aligns the particle while the mixture cures.

Anisotropic MREs exhibit enhanced MR-effects in the direction of particle alignment [54]. Al-

though, a ’preferred’ direction in an MRE might be desirable for unidirectional applications, e.g.

compressive dampers, it results in weaker mechanical properties in the perpendicular plane, which

could compromise the long-term durability of the MRE [54, 30].

MREs have been widely investigated under various modes of mechanical testing, i.e. shear, tor-

sion, tension, and compression [55, 48, 56, 25, 57]. Mechanical properties of sample MREs have

been characterized in the same direction as the magnetic field. The reason might be due to the re-

searchers’ interest in the maximum MR-effect, which occurs in the same direction as the magnetic

field. The main independent variables considered in magnetorheological characterization of MREs

are: particle content, particle size, and the applied magnetic field. Also, depending on the applica-

tion of an MRE, its quasi-static or dynamic properties have been investigated. Shore-hardness [58],

elastic modulus [25, 58, 59, 60], creep [61] and relaxation [62] for quasi-static, and loss-modulus,

storage-modulus, and phase-lag (tan δ) for dynamic tests, are the investigated properties [63, 25].

Owing to the intrinsic large-deformation of the elastomeric matrix, MREs have been modeled as

hyperelastic (quasi-static) [64] or viscoelastic (dynamic loading) [65, 55] nonlinear materials.

Table 2.2 summarizes the reviewed literature for silicon-rubber-based MREs along with the corre-

sponding mechanical test mode, percentage of particles, magnetic field variations, and maximum

MR-effect.

2.1.2 Rationale and hypothesis

In this study, a tactile display is suggested for surgical applications based on silicon-rubber-

MRE (Fig. 2.1). Tactile display is a physical medium with controllable apparent stiffness. Haptic

displays are used for replicating the stiffness of a biologic tissue during a remote robotic surgery,

e.g. laparoscopy [9], cardiac surgery [66]. Loss of sense of touch and direct palpation have been

28



reported as the prime limitations of the state-of-the-art in robotic surgery [9, 66]. To this end, vari-

ous tactile displays have been proposed based on utilization of DC motors [9], pneumatic balloons

[22, 21], electro-active polymers (EAPs) [24], shape-memory-alloys (SMAs) [67] and MR-fluids

[13, 12, 9, 14]. Considering the availability of medical-grade silicon-rubbers, this study was scoped

to evaluate the feasibility of an MRE-based tactile display. With the proposed designs, mechanical

properties of the MRE could be controlled through controlling the applied magnetic field. Based

on the literature review, the utilization of MREs for this application has not been exploited. Table

2.1 lists the main functional requirements for tactile displays and compares different technologies

accordingly.

Table 2.1: Comparison of different modalities for tactile display based on the functional require-
ments.

Requirement DC-motor Pneumatic balloon EAPs SMAs MRFs MREs

Design simplicity × X X × X X

Dynamic range Low High Low Low High High

Response-time X × X X X X

Passive stability × × X X × X

Repeatability X ◦ X X ◦ X

Electrical passivity × X × X X X

Easy handling X × × ◦ × ◦

Low power consumption X × X × X X

Disinfectability × X × X × X

X: Pass ◦: Marginally-pass ×: Fail

Based on the comparison, it was inferred that MREs are a well-suited candidate for the tac-

tile display application. To this end, two design options were conceptualized in Fig. 2.1. In the

proposed tactile display, two permanent magnets were used to generate a homogeneous magnetic

field. Compared to the use of coils for generating magnetic field, permanent magnets have zero

power-consumption (passive elements), provide more stability, and are less sensitivity to the ther-

mal effects, e.g. associated with the heat generation in coils. In order to control the magnetic field
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strength, ball-screw and guide mechanism was proposed to control the gap between the two mag-

nets.

In design (a), the magnetic field was applied in the same direction as surgeon’s palpation, i.e. direc-

tion of compression on the MRE. With such alignment of magnetic field and compression, maximal

MR-effect would be expected. However, design (a) would provide a limited space for the user’s

access to MRE. Also, interference of the surgeon’s hand with the field would compromise the ho-

mogeneity and MR-effect.

On the other hand in design (b), magnetic field is applied perpendicular to the palpation direction.

Such configuration would resolve the access-space limitation and provide the desirable user access;

however, it would lead to less MR-effect compared to design (a). Consequently, design (b) would

provide less control over the achievable elastic modulus of MRE. Therefore, the initial objective of

this study was to quantify the effect of magnetic field on the elastic modulus in the perpendicular

plane.

Secondly, a bi-layer MRE structure was suggested to enhance the MR-effects on MREs. To this end,

elastic moduli of various MREs (25%, 35%, 45%vol. of CIP) in single and bi-layer MRE-MRE and

MRE-non-MRE combinations were studied. Finally in order to verify the feasibility of design (b)

for the tactile display application, the elastic moduli of composites were compared with biologic

tissues.

In the following, Sec. 2.2 describes the MRE and composite fabrications, test protocol, and data

analysis. Sec. 2.3 presents the test results and discussions. In the end, the remarks and future works

of this study are provided in Sec. 2.4.
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Table 2.2: Selected studies investigating the magnetorheological mechanical properties of the
silicon-rubber-based MREs.

Authors Particle content Mechanical Test Strain

(%)

Magnetic Field (mT)

Deng et al. [28] (2006) 70.0 %wt.?? Shear - 0 - 900

Chen et al. [31] (2006) 60.0-90.0 %wt. Shear 0.03 -

0.70

0 - 900

Böse et al. [68] (2009) 0.0, 35.0 %vol.? Rheometry - 0 - 700

Hu et al. [35] (2011) 70.0%wt. Shear 0 -

100

0 - 95

Gordaninejad et

al. [53] (2012)

30.0, 70.0 %wt. Compression, Shear 0 - 20 0 - 1600

Bica et al. [32] (2014) 40.0%vol. Compression - 0 - 82

Norouzi et al. [36]

(2016)

70.0 %wt. Shear 0 - 16 0 - 272

Sapouna et al. [30]

(2017)

30.0 %vol. Compression 0 - 1.5 0, 350, 500

Vatandoost et al. [50]

(2017)

70 %wt. Compression, tension 0 - 14 0 - 260

Song et al. [37] (2018) 60.0%wt. Rheometry 0 - 1 0 - 750

Dargahi et al. [69]

(2019)

12.5-40 %vol. Shear 2.5 -

20

0 - 450

? : percent of volume, ?? : percent of weight.

2.2 Material and Methods

2.2.1 Magnetic field

In Sec. 2.1.2 magnetic field was proposed to be controlled by adjusting the gap distance between

the magnets. Recently, Dargahi et al. reported magnetic fields of up to 450mT utilizing a similar

mechanism [25] and achieved unprecedented MR-effects of up to 1672% for similar MREs [25].
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In this study, four Neodymium N52 magnets (2 ′′ × 2 ′′ × 1 ′′, CMS Magnetics, Inc., Texas, USA)

were coupled in two couples of two magnets. The gap distance was adjusted manually using nuts

and bolts. To avoid the magnetic field leakage, the holding elements, nuts and bolts were non-

ferrous.

To obtain the range of the average magnetic field across the gap, magnet couples and air-gap were

modeled in the Finite Element Method Magnetics package (FEMM v4.0, open-source, [70]). Sim-

ulation was performed for gap distances of 45mm to 95mm with 5mm increment (n=11). Magnetic

properties provided by the manufacturer were coercive force as 875kA⁄m, and remanence as 1.45T.

Fig. 2.2 (a) depicts the distribution of magnetic field around and between the magnets.

Furthermore, the gap distance was changed from 45mm to 95mm and the magnetic field was mea-

sured using a gauss-meter for five readings(GM2, AlphaLab Inc., PA, USA). A minimum of 45mm

gap distance was selected to provide enough space for the MRE sample (Fig. 2.2 (c)). Results

showed a fair agreement between FEMM and experiment (Fig. 2.2 (b)). The average magnetic field

decreased from 365mT to 143mT with increasing the gap from 45mm to 95mm.

(a)

Figure 2.2: (a) Distribution of the magnetic field generated by two N52 magnets from FEMM,
(b) average magnetic field along the x-axis with different separations, (c) magnetic field along the
x-axis for the minimum separation between the two magnets, i.e. 45mm (cont.).
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(b)

(c)

Figure 2.2: (a) Distribution of the magnetic field generated by two N52 magnets from FEMM,
(b) average magnetic field along the x-axis with different separations, (c) magnetic field along the
x-axis for the minimum separation between the two magnets, i.e. 45mm.

Also to evaluate the longitudinal homogeneity of the field, the gap distance of 45mm was se-

lected as the gap distance decreases, homogeneity diminishes. At this distance, magnetic field

decreased from 440mT at points A and C to 335mT at point B (24% variation). However, since

the MRE samples were only 29mm in diameter, the actual variation of magnetic field inside the

MRE was from 370mT at x = 8mm to 335mT at x = 22.5mm (9.5% variation). Similar level of
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variations have been reported in other studies [71].

2.2.2 Material selection

Following the protocol described in [25, 72, 28], three types of MREs, i.e. MRE A, B, and

C, with 25%, 35%, and 45% volume fractions of CIPs, and one non-MRE Dragon Skin (Material

D) were fabricated. The CIPs (AC-325, Sculpture Supply Canada, Ontario, Canada) had a nomi-

nal mean diameter of 45µm with variation of less than 5%. The matrix elastomer for MREs was

EcoFlex™ 00− 20 (Smooth On Inc., PA, USA) as suggested in [25, 69]. Components of MRE A, B

and C were adopted from [25] and are summarized in Table 2.3. Also for choosing material D, the

following analysis was performed.

Figure 2.3: Schematic view of changes in the elastic modulus of an arbitrary bi-layer composite X
compared to its components MRE X , and Material D.

As stated in the hypotheses, the objective of fabricating bi-layer MREs was to have higher MR-

effect compared to the single-layer structure. Based on the literature, it was assumed that the elastic
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modulus of any arbitrary MRE X , increases non-linearly but monotonically from its initial value,

EX to a higher value, E′X as magnetic field increases. On the other hand, material D was non-

MRE, thus its modulus would remain at a value of ED. As depicted in Fig. 2.3 and without losing

generality, a compositeC composed of a layer ofX and a layerD, with the same size, was desirable

if and only if its demonstrated MR-effect was more than MRE X . This condition necessitated that:

∆EC > ∆EX , (1)

where ∆E denotes the absolute MR-effect. Therefore:

E′C − EC > E′X − EX . (2)

A generalized one-term power-law constitutive equation for the elastomers X and D was assumed

[73]. The power-law form was selected as a simplifying assumption so that the existence of a

necessary condition could be justified analytically.

σX = µXλ
α, (3)

σD = µDλ
α, (4)

where µ was the shear modulus, α was the non-linearity fitting parameter, and λ was the stretch

ratio . Therefore, based on the conservation of mass and momentum principles, the shear modulus

of the composite [74] was obtained as:

µC = 2α
(
µ
−1
α
D + µ

−1
α
X

)−α
, (5)

and similarly,

µ′C = 2α
(
µ
−1
α
D + µ

′−1
α

X

)−α
, (6)

Also, considering the MRE as near fully-incompressible, its poisson’s ratio,ν would be approxi-

mately 0.5; therefore,

EX = 2(1 + ν)µX ≈ 3µX . (7)
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Thus, by substituting Eq. 5-7 in Eq. 2 the necessary condition reformed as:

(
µ
−1
α
X + µ

−1
α
D

)α
−
(
µ
′−1
α

X + µ
−1
α
D

)α
−
(
µ′X − µX

)
×

(
µ
′−1
α

X + µ
−1
α
D

)(
µ
−1
α
X + µ

−1
α
D

)
2


α

> 0

(8)

Further analysis showed that Eq. 8 tends to −∞ if µD → 0+ and tends to 0.0057 if µD → +∞.

Therefore, due to its continuity in R+, there must necessarily be a µD at which Eq.8 turns positive

and the bi-layer composite would show more MR-effect than its constituent MRE X .

Solving Eq. 8 by substituting α = 1.3 [75], µX = 75kPa, and µ′X = 270kPa [25, 69] for Ecoflex

00-20, the minimum µD was determined as 165.63kPa. Therefore, Dragon Skin™30 (Smooth On

Inc., PA, USA), as a common material in practice, was selected as the material D. Previous stud-

ies have reported the Ogden shear modulus of 1114kPa for the Dragon Skin™30 under quasi-static

loading [76].

2.2.3 MRE fabrication

The weight composition of silicon-rubber, CIPs, slacker, and thinner per 100cc of total volume

of each material were calculated using the mass-volume mixture formula:

mY = ρY νY Vtotal , (9)

where, Y is a dummy replaced by CIP, silicon-rubber (SR), slacker (SL), and thinner (TH), m is the

required mass, ν is the volume fraction, ρ is the density, and V
total

was 100cc. Table 2.3 summarizes

the estimated required mass of each component for the fabricated elastomers.
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Table 2.3: Density, ρX , volume fraction, νX and mass, mX of the contents in the fabricated elas-
tomers.

Material

Contents

νY ,mY

Silicone

rubber

ρSR = 1.04grcc

Dragon Skin

ρDS = 1.08grcc

Slacker

ρSL = 0.97grcc

Silicone

thinner

ρST = 0.97grcc

CIPs

ρCIP = 7.87grcc

Material D
(Dragon Skin) - 90%, 97.2gr 5%, 4.9gr 5%, 4.9gr -

MRE A 65%, 67.6gr - 5%, 4.9gr 5%, 4.9gr 25%, 196.8gr

MRE B 55%, 57.2gr - 5%, 4.9gr 5%, 4.9gr 35%, 275.5gr

MRE C 45%, 46.8gr - 5%, 4.9gr 5%, 4.9gr 45%, 354.2gr

(a)

(b)

Figure 2.4: (a) left: mono-layer MRE B, right: Material D samples and (b) left: bi-layer MRE-non-
MRE samples, and right: samples attached to the test fixtures.
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The elastomer mixtures were poured into three identical molds, i.e. 25cc-beakers, with 29mm

diameter, upto the 12.5cc indicator. Dimension of the molds were selected in compliance with the

sample dimensions suggested in ISO 7743 for compression test [63]. In order to free the entrapped

air bubbles in the mixtures, molds were placed in a vacuum chamber (Best Value Vacs, IL, USA)

and maintained at 29inHg vaccum pressure for 5 minutes. Afterwards, the molded elastomers were

cured in room temperature for 24 hours. The dimensions of the cured samples were 28.8± 0.26mm

in diameter and 12.4 ± 0.42mm in height. The recorded dimensions were in compliance with the

geometrical tolerances mandated in [63]. Fig. 2.4 (a) shows an example of cured MRE and non-

MRE samples.

2.2.4 Fabrication of composites

In order to study the properties of bi-layer MRE composites, combining MRE A, B, C, and

Material D, six groups of composites were fabricated. The composites were labeled as A-B, A-C,

A-D, B-C, B-D, and C-D, to represent the constituent components of each. Three samples per each

group were prepared. The composites were prepared by attaching two layers of different materials

using glue (Gorilla Super Glue, Gorilla Glue, Inc., Ohio, USA) at the interface. Elastomers used in

the composites were fabricated following the method presented in Sec. 2.2.3; however the height of

the fabricated layers were half of those previously molded. The reason was to achieve the same total

thickness as recommended by ISO 7743, i.e. 12.5 ± 0.5mm. The bi-layer samples were afterward

rested for 24 hours for the glue to dry. Fig. 2.4 (b) depicts MRE-non-MRE and MRE-MRE samples.

2.2.5 Test protocol and setup

The single- and bi-layer MREs were tested in quasi-static compression. The reason was that a

surgeon’s palpation normally has a low strain-rate and is in compression [9]. The compression test

protocol was adopted from ISO 7743 [63].
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(a)

(b)

Figure 2.5: (a) mechanical testing machine and compressive test setup and (b) placement of MREs
and magnets in the testing machine.

Each sample was attached to two 3D-printed plastic fixtures (Fig. 2.4 (b)) to be attached to the

mobile and fixed fixtures of the universal testing machine (ElectroForce 3200, TA Instruments, DE,

USA). The samples were subjected to four cycles of 0.1Hz triangular compressive displacements

between 0.625mm (5% strain) and 3.125mm (25% strain). Meanwhile, the compressive force was
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recorded. Fig. 2.5 (a) and (b) depict the mechanical test setup without and with magnetic field.

2.2.6 Post-processing and analysis

After obtaining the force-displacement curve of each sample, the engineering stress and strain

were estimated using Eq. 10-11.

σ =
F

A◦
, (10)

where, σ, F , andA◦ were the engineering stress, compressive force, and undeformed cross-sectional

area of samples. Also,

ε =
δ

t◦
, (11)

where, ε, δ, and t◦ were the engineering strain, compressive displacement, and undeformed thick-

ness of samples. Afterward, the secant modulus at 10%, S10% and at 20%, S20% strains were

determined as described in Fig. 2.6.

Figure 2.6: A typical stress-strain curve for samples under compressive loading and unloading.
Secant modulus, S of each sample were calculated at 10% and 20% as described in ISO 7743.

Finally, the elastic modulus at 10%, E10% and at 20%, E20% were estimated using Eq. 12 [63].

In the end, the average elastic modulus at zero magnetic field, Ē◦, and at 365mT, Ē365, absolute MR-

effect, ∆Ēabs, and percentage of relative MR-effect, ∆Ērel were estimated for further comparison.
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E
10%,20%

=
S

10%,20%

A+Bξn
, (12)

∆Ēabs = Ē365 − Ē◦, (13)

∆Ērel =
Ē365 − Ē◦

Ē◦
(14)

where A and B were two fitting parameters set as 1 and 0.012 [63], respectively, n was a material-

dependent non-linearity heuristic set as 2 for silicon-rubber [63], and ξ was the shape factor of

samples defined as:

ξ =
d◦
4t◦

=
29mm

4× 12.5mm
= 0.58, (15)

where d◦ and t◦ were the undeformed diameter and thickness of each sample.

2.3 Results and Discussions

2.3.1 Stress-strain characteristics

As mandated by ISO 7743, three compressive tests were performed for each sample. In each

test, four consecutive loading and unloading cycles were applied. For the characterization analysis,

the first cycle was excluded and considered as the pre-conditioning cycle. Three samples of nine

different MREs (A, B, C, A-B, A-C, A-D, B-C,B-D, and C-D) were each tested under seven differ-

ent magnetic fields (0, 143, 157, 189, 224, 287, and 365mT). Also, three similar compression tests

were performed on the non-MRE material D; resulting in a total of 192 compression tests (3×9×7

for MREs and 3 for Material D). The average force-displacement curve of the three similar samples

of each material was used to create the average stress-strain curves. Fig. 2.7 and Fig. 2.8 show the

average stress-strain curve of each mono- and bi-layered materials, respectively. Also, Table 2.4

summarizes the mechanical elastic moduli of all materials at zero and 365mT.

The elastic modulus of the bi-layer MREs at all magnetic fields was between the elastic moduli of

their constituents. For example, at zero magnetic field, the elastic modulus of MRE C-D was 388,

while elastic moduli of MRE C and elastomer D were 281, and 3635kPa, respectively. Similarly, at

365mT, the elastic modulus was 1370kPa for C-D, while it was 873, and 3635kPa for MRE C and

elastomer D. This finding was in accordance to the theoretical prediction of Eq. 8. The same trend

was observed in all bi-layer MREs.
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Figure 2.7: Stress-strain curves for compression under various magnetic fields: (a) Material D, (b)
MRE A, (c) MRE B, (d) MRE C
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Figure 2.8: Stress-strain curves for compression under various magnetic fields for composite: (a)
A-B, (b) A-C, (c) A-D, (d) B-C, (e) B-D, and (f) C-D.
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Table 2.4: Summary of the average elastic moduli at zero and 365mT fields, absolute- and relative
MR-effect, and the change in MR-effect due to the bi-layer composition.

Material
Particle
content

0 mT 365 mT
∆Ēabs
(kPa)

∆Ērel
(%)

Change in
MR-effect

(%)

E10%

(kPa)

E20%

(kPa)

Ē◦

(kPa)

E10%

(kPa)

E20%

(kPa)

Ē365

(kPa) (%)

Material D

(Dragon Skin)
0 2495 4775 3635 - - - 0.00 0 -

MRE A 25 74 88 81 190 232 211 130 160 -

MRE B 35 174 192 183 469 579 524 341 187 -

MRE C 45 254 308 281 785 961 873 592 211 -

MRE A-B 25-35? 111 124 117 302 349 326 209 179 -8

MRE A-C 25-45? 124 155 140 359 441 400 260 186 -25

MRE A-D 25-0? 153 194 172 431 535 483 311 181 +21

MRE B-C 35-45? 209 238 223 647 713 680 457 205 -6

MRE B-D 35-0? 271 311 291 819 933 876 585 201 +24

MRE C-D 45-0? 346 431 388 1218 1522 1370 982 253 +42

?: bi-layer composite.

2.3.2 Effect of magnetic field

As reflected in Table 2.4, magnetic field showed positive effect in increasing the elastic moduli

of all single- and bi-layer sample. Also at all magnetic fields, the MR-effect was higher for MREs

with higher volume fraction of CIPs. The same trend was observed in both single- and bi-layer

MREs.

It was also observed that the single-layer MREs showed an initial strain-softening effect under mag-

netic field and at strains below 10% followed by strain-stiffening at higher strains. Bi-layer MREs

and material D, however, did not show such an initial softening effect. Nevertheless, single-layered

MREs did not exhibit the softening effect without a magnetic field. For example, Fig. 2.9 compares

the stress-strain curve of MRE C at zero and 365mT magnetic fields.

For a magnetic field parallel to the mechanical loading, Han et al. [77] have associated the strain

softening of MREs to the increment of the inter-particle distances in shear and tensile tests. Their

findings suggest that in compression, as the particle distance decrease along the magnetic field, only
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strain-stiffening is expected.

Figure 2.9: Exhibition of the initial strain-softening in MRE C in the presence of magnetic field.

In this study, the magnetic field was perpendicular to compression. It is believed that the initial

softening effect might have been related to the increment in the inter-particle distances in the trans-

verse plane to the load, as the samples bulge laterally under the compression. Since the magnetic

field is also applied in the transverse plane, low strains cause CIPs to be pushed laterally into more

powerful magnetic field, which further softens the material. At higher strains, however, compaction

of elastomer matrix as well as decreasing inter-particle distances between CIPs dominate the effects

of lateral expansion and causes the stiffening effect. Supported by the evidence in Fig. 2.9, it is

considered that the initial softening effect as an exclusive result of transversal application of the

magnetic field.

The minimum and maximum observed MR-effect were for MRE A, and MRE C-D with 160%

and 253% at 365mT, respectively. The maximum MR-effect observed in this study was approxi-

mately half of findings with similar MREs in [25]. For example, a similar MRE to MRE A (ecoflex

00-20+25% CIP) demonstrated 301% of MR-effect in [25], while its MR-effect was 160% in this

study. Also, MRE B and C showed 187% and 211% of MR-effect in this study, while similar MREs

showed approximately 245% and 450% in [25]. From the comparison, it is believed that the weaker
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MR-effect in this study was mainly due to the transverse application of magnetic field. This finding

showed that the MREs would exhibit weaker (almost half) the MR-effects along the perpendicular

axis to the direction of magnetic field; thus, confirms the need for a compensation mechanism, e.g.

bi-layer configuration.

(a)

(b)

Figure 2.10: Variation of modulus of elasticity of MREs with respect to the change in magnetic field
for (a) single-layer MREs, (b) MRE-non-MRE composites.

In addition, it was observed that in MRE-MRE composites, bi-layer configuration not only did

not enhance the MR-effect, but also did decrease it with respect to the stronger MRE e.g. MRE

A-B, A-C, B-C. For example, single layer MRE C showed 211% of MR-effect, while MRE B-C
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had 205% of MR-effect. The maximum decrease in MR-effect in MRE-MRE composites was for

MRE A-C, in which MR-effect decreased 25% from 211% (single-layer MRE C) to 186%.

Furthermore, MRE-non-MRE composites show higher elastic moduli at zero magnetic field com-

pared to their MRE components; however, all MRE-non-MRE composites showed enhanced MR-

effects compared to the MR-effect of their MRE component. The maximum enhancement was in

MRE C-D, in which MR-effect increased 42% from 211% (single layer MRE C) to 253%. Also,

MRE B-D and MRE A-D showed increment in MR-effect of 24% and 21%, respectively. These

findings are in agreement with the theoretical explanation in Sec2.2.2 where a non-MRE with high-

enough elastic modulus would be necessary for enhancing the MR-effect in an MRE-non-MRE

composite. Fig. 2.10 (b) shows the variation of the elastic moduli of single- MREs and bi-layer

MREs made with a material D layer.

As depicted in Fig. 2.10, MRE A-D and MRE B-D exhibited elastic moduli similar to moduli of

MRE B and MRE C, respectively. This finding, shows that attaining elastic modulus and MR-effect

similar to those of an MRE with higher CIP content is possible through MRE-non-MRE composi-

tion.

2.4 Conclusions

In this study, first an MRE-based haptic display system was conceptualized. Moreover, the re-

quirements of such haptic display were reviewed and different options for a haptic display were

compared. By the comparison, it was inferred that MREs are amongst the best options for develop-

ing a haptic display. However, from a practical points of view, the magnetic field would be necessary

to be applied on the transverse plane to the touch (loading) direction. Therefore, the first objective

of this study was to investigate the MR-effects on MREs when magnetic field was perpendicular

to the loading. From the theoretical point of view, it was also predicted that MR-effect would be

less when the magnetic field is in the transverse direction. Therefore and to compensate the loss, it

was found a necessary condition for a composite bi-layer MRE-non-MRE when a composite would

show more MR-effect than its MRE component.

The two hypotheses of this study were examined through a series of experiments. The experiments

designed to resemble the use-case of haptic display (quasi-static compression test). Also, the com-

position of MREs and composites were selected according to the available literature for the sake

of comparison. Results revealed that MREs exhibit less (approximately half) MR-effect when the
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magnetic field is applied in transverse direction. Also in the presence of a magnetic field, single-

layered MREs showed an initial strain softening in compression. This finding was unprecedented

in other studies and was deemed related to the transverse application of the field. Also in this study,

the MR-effect of MREs with 25%, 35%, and 45% CIP were enhanced by up to 42% in a composite

structure. Such enhancement could be considered as a partial compensation of the lost MR-effects

with a transverse magnetic field.

Moreover, incorporation of different non-MREs in an MRE-non-MRE composite enables researchers

to decide on the initial modulus of elasticity of the composite selectively. This finding is utile in

applications such as a haptic display, where various types of MREs can be fabricated for mimick-

ing mechanical properties of different biologic tissue. To further demonstrate the feasibility of an

MRE-based haptic display, Table 2.5 summarizes the range of elastic moduli of five biologic tissues

and the candidate MREs of this study.

Table 2.5: Elastic modulus of sample biologic tissues

Biologic tissue
Elastic modulus

(kPa)

Material for

haptic display

Breast tissue [78, 79] 300 - 900 MRE B-D

Forearm skin [80] 420 - 850 MRE C-D

Facial skin [81] 130 - 260 MRE A-B

Cornea [82] 300 - 800 MRE B-D

Heart tissue[83] 110-300 MRE A-B

In this study, only Dragon Skin elastomer was used for feasibility purposes; however, in future

studies researchers could explore more elastomers to investigate its effects on the enhancement of

MR-effect. Also, theoretical feasibility of such enhancement when magnetic field is in the direction

of compression could be studied. Furthermore, more accurate hyper-elastic material models e.g. 2

or 3-term Mooney-Rivlin, could be used to derive a (semi-) analytical minimum necessary elastic

modulus for MR-effect enhancement. Nevertheless, instead of compositing an MRE with one high-

stiff non-MRE, researchers could investigate the feasibility of decreasing the effective modulus of

MRE through sandwiching it with soft (non-) MREs and further composition of the sandwich with

a moderate stiff non-MRE.
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Chapter 3

Development and Assessment of a Stiffness Display System

for Minimally Invasive Surgery based on Smart

Magneto-rheological Elastomers

Abstract

In this study, a solution to address the clinical need for stiffness display during manual and robotic

minimally invasive surgery was investigated. To this end, a magneto-rheological elastomer-based

stiffness display, MiTouch , was designed, developed, and analyzed. The mechanical properties of

the MRE and system parameters were identified experimentally; based on which, the force-field-

stiffness response surface of the smart MRE was characterized. Based on the response surface,

a stiffness controller was designed and verified for a set of performance requirements. A heart-

beat simulation experiment showed the capability of the system for replicating desired tactile forces

through stiffness control. Also, the system successfully attained an arbitrarily selected stiffness

(4N/mm) and maintained it within a bounded range (4.07±0.41N/mm). Comparison of the system

performance with current literature validated its applicability for the proposed medical application.

3.1 Introduction

3.1.1 Rationale and Motivation

Minimally invasive surgery (MIS) is a surgical approach during which long, and often flexible,

surgical instruments are inserted and maneuvered inside a patient’s body. In contrast to the open
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approach, a surgeon cannot directly touch an internal organ or tissue in the MIS approach. There-

fore, surgeon’s tactile perception is based on limited tactile cues transferred through the hand-held

instruments.

Tactile information is even more limited in case of the robotic MIS (RMIS). RMIS systems consist

of a master (console) and slave (robot) units. A surgeon controls maneuvers of the instruments at

slave unit through remote controls on the master unit. Fig.3.1 depicts a typical master-slave config-

uration for RMIS. Such remote master-slave configuration totally diminishes the transfer of tactile

information to surgeon. Tactile information is crucial for surgeons for accurate diagnosis and effec-

tive treatment[9, 66].

To alleviate this problem, researchers have proposed tactile displays. A tactile display is a medium

with controllable bulk and/or surface properties, e.g. stiffness, roughness, texture, etc[9]. Tac-

tile displays have been developed using various principles, i.e. DC-motors[9], pneumatics[22, 21],

electro-active polymers (EAP)[24], shape memory alloys (SMA)[67], and magnetorheological flu-

ids (MRF)[12, 13, 14].

From practical considerations, a tactile display is desirable to possess a non-zero passive stiffness so

that changing its stiffness to a lower and higher stiffness is possible with low power-consumption. If

a tactile display posses a zero passive stiffness, it will need constant power consumption for main-

taining a ’base’ stiffness. For example, MRFs, due to their fluidic state do not possess a non-zero

passive stiffness.

Furthermore from a user safety perspective, electrical passivity of the variable stiffness medium is

favorable. Nevertheless, fast response, low power consumption, simplicity of design and working

principle, slim profile, and high dynamic stiffness range are amongst other criteria desired in tactile

displays. More importantly, a tactile display for RMIS application must be disinfectable and ster-

ilizable to comply with infection control procedures in hospitals. With this perspective, Table 3.1

compares the representative studies on novel tactile displays in the literature.
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Figure 3.1: Typical master-slave configuration for robotic surgery systems (Versius, courtesy of
CMR Surgical Ltd., Cambridge, UK.)

3.1.2 Literature review

MREs are a class of smart materials with controllable mechanical properties, e.g. stiffness.

MREs are composed of an elastomeric matrix with dispersed ferromagnetic iron particles. Upon

application of an external magnetic field, iron particles align with the field while attached to the

elastomeric matrix. The physical alignment of particle with the field incurs internal strains in the

matrix; thus, changes the internal strain energy density of the MRE, [84]. The extent of particle

aligning with the field depends on the volume fraction of particles, their intrinsic magnetism, and

the strength of magnetic field [49, 50].

MREs, thanks to their solid state, intrinsically possess non-zero passive stiffness. Also, MREs are

fast in adaptation to the external magnetic field for real-time applications[85]. On the dynamic stiff-

ness range, a recent study have shown up to 1672% of increase in the elastic modulus for MREs[25].

Furthermore, slim profiles are possible through proper molding and cutting of MRE sheets. Nev-

ertheless, recently novel MREs, e.g. PDMS-based MREs, have been introduced for medical and

cellular intervention which are bio-compatible and sterilizable[86]. Therefore, MREs are a fitting

candidate for developing a tactile display for MIS and RMIS applications.
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Table 3.1: Comparison of representative studies proposing novel tactile displays for MIS and RMIS.

Study Tactile cue Principle Advantages Limitation

Culjat et al. [21]

(2008)
Stiffness Pneumatic

MR-safe, dynamic range,

simple, low profile

Zero passive stiffness,

specific for da Vinci robot

Dargahi et al. [9, 87]

(2012,2016)
Stiffness DC motor Fast, cheap, simple

Dynamic range, not MRI-safe,

electrically active

Oh et al. [12, 13]

(2013)
Stiffness MRF?

Passive stiffness,

simple, dynamic range

Electrically active,

not MRI-safe

Han et al. [24]

(2018)
Stiffness EAP† MRI-safe, passive stiffness Complex, electrically active

Kanjanapas et al.

(2019)[22]
Texture Pneumatic MRI-safe, dynamic range Complex, zero passive stiffness

Yanatori et al. [67]

(2019)
Stiffness SMA‡ Passive stiffness, simple

Electrically active, not MRI-safe,

dynamic range

Mazursky et al. [14]

(2019)
Stiffness MRF

Passive stiffness, simple,

dynamic range, low profile
Electrically active, not MRI-safe

This study Stiffness MRE

Passive stiffness, simple,

dynamic range, low profile

electrically passive

not MRI-safe

?MRF: Magneto-rheological fluid †EAP: electro-active polymer ‡SMA: shape-memory alloy

MREs have been widely investigated under wide range of magnetic fields, i.e. 0-1600mT

[38, 68, 30, 25]. Also, MREs have been characterized under quasi-static and dynamic strains

[50, 31, 32, 33]. In an early effort, Li et al. [65] used a four-parameter linear visco-elastic model to

model MREs. Their model was fairly accurate in predicting hysteresis and incorporated the mag-

netic field as a parameter. However, their model was a behaviorologic model and was accurate only

at the trained range of frequency and magnetic field; thus, needed extensive test data for more gen-

eral predictions. Also the model parameters were of no physical attribution. In another effort, Yang

et al. [52] used a Bouc-Wen model to model the behavior of MREs in shear. They tested MREs at
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various frequencies, i.e. 0.1-4.0Hz and strain amplitudes, i.e. 8-32%. However, the model parame-

ters in their studies varied with both magnetic field and strain amplitude; thus, lacked the generality.

Similar limitation was also reported by Behrooz et al. in [88].

Nguyen et al. [26] also proposed a fuzzy-control framework based on a Zener solid model with a

variable stiffness spring and coulombian friction. Their model was fairly accurate in predictions;

however, its numerical foundation would not allow for derivation of a closed form contact stiffness

formula to be exploited for stiffness control. Hybrid models have also been proposed to model the

mechanical properties of MREs. Kumar et al. [60] proposed a hybrid Kelvin-Voit-Bouc-Wen model

for MREs. Despite the accuracy of such models, high number of model parameters necessitated

numerous training tests and yet the physical plausibility of the model parameters is to be elaborated.

In a recent study, Dargahi et al. [25] proposed a ten-parameter Prandtl-Ishlinskii model with stop-

operator to model MREs. Their model incorporated the volume-fraction of iron particles, magnetic

field, and strain rate as inputs. They have reported a goodness-of-fit of 98% in predicting the MRE

behavior under shear. However, high number of model parameters and its non-physical nature were

its prime limitations.

In contrast to the behaviorologic models above, constitutive models generally are based on a con-

tinuum description of the energetic interactions of MRE with the environment. Such models have

been developed based on microscopic [89, 90, 91, 92, 93, 94] and macroscopic structure of MREs

[95, 96, 97]. A recent study showed a fair agreement between the predictions of macroscopic and

microscopic models as well as 2D and 3D models[98]. Because of the large deformation of MREs,

inherited by their elastomeric component, Mooney-Rivlin (MR)[99], Ogden Model[96], and Neo-

Hookean solid Model[98], have been proposed for fitting the stress-stretch behavior of MREs. Also,

thanks to the continuum nature of such models, stiffness, defined as the derivative of force with re-

spect to the indentation depth, has been derived accordingly.

Despite, the physical plausibility and accuracy, derivation of a continuum-based contact stiffness

necessitates employment of highly nonlinear contact mechanics of soft materials. Based on the

literature review, no study has investigated the contact mechanics of MREs in particular. A num-

ber of studies, however, have focused on contact mechanics of hyperelastic materials in general.

For example, Briscoe et al. [100] adopted the Hookean elasticity notation and presented a simi-

lar contact force-indentation and stress-stretch relationships. Their findings have been validated in

[101, 102]. In another study, Lin et al. [103] provided a generalized closed form formulation for
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contact of a sphere and Mooney-Rivlin, Neo-Hookean, reduced polynomial, Ogden, Fung, Van der

Waals(Kilian), Gaylord-Douglas, and Tschoegl-Gurer hyperelastic materials. Their proposed for-

mulation incorporated a similar notation to the classical Hertzian contact, yet was fairly accurate in

predicting contact force and indentation for hyperelastic large deformations.

In summary, the continuum-based studies reviewed above heavily depend on the model constants

and solution techniques that are either cumbersome to determine for MREs or are computationally

expensive to implement for real-time applications.

Figure 3.2: Schematic view of the proposed MRE-based stiffness display, MiTouch . The magnetic
field on the MRE changes as the gap between the permanent magnets changes. Consequently, the
stiffness of the MRE adapts to the strength of the magnetic field between the pair of permanent
magnets.

To alleviate the limitations above, this study proposes a novel stiffness display, MiTouch , using

rubber-based bi-layer composite magnetorheological elastomer (MRE). The proposed system is de-

picted in Fig.3.2.
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MiTouch principally was designed based on the control of magnetic field on the MRE. To this end, a

pair of permanent magnets were used. Such a use of magnets has been frequently employed in other

studies, e.g. [25, 69, 25, 84, 59]. Moreover, a slim sheet of composite MRE placed at the midspan

of two permanent magnets. Two DC motors coupled with worm-gears, were used for controlling

the magnetic field via changing the gap distance between the magnets. Also, a force sensor was

used to measure the touch force in real-time. Afterward, a closed-loop PID stiffness controller was

designed and implemented incorporating an empirical force-magnetic field-stiffness surface.

In the following, the detailed design of MiTouch , at system- and module-level, is described. More-

over, the methods and results of the design and assessment of the control system as well as the

identification and verification experiments are presented. Afterwards, Sec.3.3 presents the results

and discussion for the validation tests performed to showcase the feasibility of stiffness control us-

ing the proposed system. In the end, the concluding remarks and future directions are discussed in

Sec.3.4.

3.2 Material and Methods

In this section, the design and prototyping of the proposed stiffness display are presented. Af-

terwards, the fabrication of MRE composites, and design of the PID controller is described along

with its experimental performance assessment. Also, the method used for testing and acquisition

of the empirical force-magnetic field-stiffness surface is explored. Finally, the test apparatus and

methods of representative experiments for assessing the performance of the display are discussed.

3.2.1 System Design

The proposed stiffness display, MiTouch , was designed as a software-hardware integrated sys-

tem. The main subsystems of MiTouch were the mechanical, electrical, and software modules.

Fig.3.3 depicts the system design and components used in MiTouch .
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3.2.1.1 Mechanical module

The mechanical module consisted of a structural frame made of 20mm×20mm aluminum extru-

sions, which provided a base frame for anchoring other mechanical components. Two Neodymium

N52 magnets (2′′×2′′×1′′, CMS Magnetics, Inc., Texas, USA) with coercive force of 875kA/m and

remanence of 1.45T were used to provide a homogeneous magnetic field.

Each magnet was secured in a custom-designed 3D-printed magnet holder (110mm×70mm×40mm),

using two 1/4mm-acrylic sheets at its left and right. The magnet holders housed two linear bushes

for facilitating the passage of the front and rear linear guides. Another linear bush was anchored

in the holder to facilitate the passage of non-engaging leading screw while a leading nut (M10-

L10mm, 10mm-pitch) was used to engage with the other leading screw. Each leading screw was

coupled with one of the DC motors (JGY370-12V, BringSmart Intelligent Tech. Co. Ltd., Fujian,

China) using a flexible shaft coupler(φ8×6mm-L15mm).

The shaft speed of each motor was reduced with a 1:60 reduction worm gear resulting in a maximum

shaft speed of 150RPM. Utilization of worm gears enabled the system to be self-locking against the

pull force between the two magnets and served as a safety measure. Also, the self-locking would

enable the system to hold the magnets at a desired separation through passive resistance and without

power-consumption.

To obtain the position of the magnet holders, the end of one of the leading screws was coupled with

a 400 pulse-per-revolution incremental rotary encoder (SEN0230, DFRobot Co., Shanghai, China).

Each clockwise revolution of the leading screw would result in 400 pulse of the encoder and would

represent +10mm of displacement of the each magnet holder, and +20mm increment of the gap

separation. Due to the symmetry in the system configuration, and similarity of the magnets, leading

screws, motors and gears, only one encoder was used for the sake of simplicity. The following

equation was used to measure the current gap separation, s between the magnets.

s = s◦ +
2× 10× P

400
(mm), (16)

where s is the gap separation between the two magnets, s◦ is the initial gap separation, and P is the

count of pulses from the encoder. Factor 10 converts the number of revolutions, P/400 to the moved

distance of one magnet on the leading screw and factor 2 is doubles the moved distance to count for

symmetric driving of both magnet holders. With this design, each motor would control the motion
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of one magnet holder, while the holder was supported with the front and rear guide rails and the

non-engaging leading screw. The maximum gap separation of 95mm and minimum gap separation

of 45mm were reachable with the current design. Fig.3.4 depicts the design of a magnet holder in

details.

Figure 3.4: Detail-view of the designed magnet holder used in MiTouch prototype.

In order to find the relationship between the magnetic field at the center of MRE and the sepa-

ration, s, the magnets were manually set to 21 random distances, while reading the magnetic field

on the MRE with a Gaussmeter (GM2, AlphaLab Inc., PA, USA). Fig.3.5 shows the results of

the Gaussmetry. Eq.17 represents the fitting of magnetic field, B and separation, s based on the

Gaussmetry test results (R2=0.97, RMSE=5.76mT).

B = 43770s−1.413(mT) ≡ h(s), 45 ≤ s ≤ 95 (17)

where h(s) is the function defined representing the equation.

3.2.1.2 Electrical module

As depicted in Fig.3.3, the electrical module included a 12-volt DC power-supply with 1.0Amp

maximum current for driving the motors, an Arduino embedded board (MEGA 2560, Arduino Co.,

MA, USA) powered through a USB connection to PC, a pre-calibrated ATI-Mini40 force-torque

sensor(SI-20-1, ATI Industrial Automation Inc., NC, USA), with a force resolution of 0.01N, and

58



a high-speed USB data-acquisition (DAQ) board (NI USB 6211, National Instruments Corp., TX,

USA).

Figure 3.5: Variation of the magnetic field on the MRE with respect to the gap separation between
the magnets.

The Arduino board was uploaded with the MiTouch firmware to acquire the real-time gap sep-

aration feedback, implement the PID controller, and relay/receive data to/from the MiTouch user

interface (UI). All the USB serial connections were through USB-3.0 ports.

Motors were synchronously controlled through pulse-width-modulation (PWM). PWM is a digital-

to-analog modulation technique, where a high-frequency(64kHz) alternation between 0v and +12V

with ON-periods between 0-100% would result in corresponding 0-12V RMS voltage on motors.

3.2.1.3 Software module

The software module was comprised of two independent codes, i.e. MiTouch firmware and

MiTouch user interface (UI). Fig.3.6 depicts the software design architecture proposed and imple-

mented in this study. The PID control of the gap separation was implemented in the firmware;

where, Arduino board was constantly maintaining the latest received target separation command.

Using Eq.16, the embedded board would compare the current separation with the latest command

and drive motors respectively. At the end of each loop, the firmware would relay the current separa-

tion back to the UI based on the latest feedback from encoder. For the sake of synchronization, the

refresh-rate of firmware was set to 100Hz.
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Figure 3.6: Software design architecture implemented in this study.

On the other hand, to achieve real-time performance, i.e. >30Hz[9, 66], the UI was parallelized

for the communications with ATI Mini40 DAQ and firmware, user interfacing, and data-logging.

Same as the firmware, the refresh-rate of ATI Mini40 DAQ, data-logging, user-interface and PID

set-point corrections were programmatically set to 100Hz. ATI Mini40 DAQ was originally running

at 1kHz refresh-rate; therefore, a ten-data averaging was implemented in the ATI Mini40 DAQ

parallel thread. Fig.3.7 shows the final assembly of the developed system.
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Figure 3.7: Final assembly of MiTouch . The front top horizontal Aluminum extrusion is removed
intentionally for better visibility.

3.2.2 MRE Selection and Fabrication

For the MRE, the recent fabrication method reported by Dargahi et al. [25] was adopted. Also,

our recent findings in [104] (see Appendix A for our previous work) validated the reproducibility of

the MREs and showed enhanced magneto-rheological (MR-)effect with a bi-layer MRE composite.

The maximum MR-effect was achieved using a composite made of a layer of silicon-rubber-based

MRE (EcoFlex 00-20, Smooth On Inc., PA, USA) with 45% volume iron particle content and a non-

MRE layer (DragonSkin™30, Smooth On Inc., PA, USA). The reason to choose this composition

was to achieve the highest dynamic range of stiffness.

On this basis, the constituent of the fabricated MRE composite was adopted from [104] and are

summarized in Table 3.2. The weight composition of silicon-rubber, CIPs, slacker, and thinner per

100cc of total volume of each material were calculated using:

mY = ρY νY Vtotal , (18)

where, Y was, silicon-rubber, slacker, silicone thinner, CIPs, or DragonSkin; while, m was mass, ρ

was density, ν was volume fraction, and V
total

was 100cc.
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Table 3.2: Density, ρX , volume fraction, νX and mass, mX of the contents in the fabricated elas-
tomers.

Material

Contents

νY ,mY

Silicone

rubber

ρSR = 1.04grcc

DragonSkin

ρDS =1.08grcc

Slacker

ρSL=0.97grcc

Silicone

thinner

ρST =0.97grcc

CIPs

ρCIP =7.87grcc
non-MRE Material
(DragonSkin) - 90%, 97.2gr 5%, 4.9gr 5%, 4.9gr -
MRE Material
(EcoFlex 00-20) 45%, 46.8gr - 5%, 4.9gr 5%, 4.9gr 45%, 354.2gr

(a) (b)

Figure 3.8: (a) Final cured MRE composite in the 3D-printed mold, (b) cross-sectional views of the
MRE composite showing two layers bonding at the intersection.

For molding, initially the non-MRE mixtures was poured into a 3D-printed mold with 25.4mm

×25.4mm surface area resulting in a first layer with 6.35mm depth. The half-filled mold was placed

in a vacuum chamber (Best Value Vacs, IL, USA) and maintained at 29inHg vacuum pressure for 5

minutes to obtain a bubble-free layer. Finally, the mold was cured at rest in room temperature for

24 hours.
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The same process was repeated with MRE mixture to form the MRE layer on top of the non-MRE

cured layer. With this method, limited natural dispersion of top layer into bottom layer occurred and

the two layers were fused physically without a need for gluing. Fig.3.8 shows the final cured MRE

composite in model along with its cross-sectional view.

3.2.3 Force-Magnetic Field-Stiffness Surface

Previous studies have shown that an MRE exhibits different force-displacement curves, and con-

sequently different stiffness, when exposed to different magnetic fields, e.g.[104, 25, 69]. In order

to obtain the stiffness behavior of the MRE under contacting with surgeon’s finger and at various

magnetic fields, a total of 21 indentation tests were performed, i.e. 7 magnetic fields and 3 repeti-

tions. The tests were performed at seven gap separation, i.e. 95, 90, 85, 75, 65, 55, and 45mm. The

corresponding magnetic field feedback based on the actual separation at MiTouch were 70, 76, 86,

98, 127, 154, and 199mT, respectively.

(a)

Figure 3.9: (a) average force-indentation, (b) average stiffness-force curves of the MRE at seven
different magnetic fields, and (c) fitted stiffness surface with marked experimental data-points. Con-
tours indicate the iso-stiffness curves on the surface (cont.).
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(b)

(c)

Figure 3.9: (a) average force-indentation, (b) average stiffness-force curves of the MRE at seven
different magnetic fields, and (c) fitted stiffness surface with marked experimental data-points. Con-
tours indicate the iso-stiffness curves on the surface.
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The tests were performed using a phantom index finger. The finger was 3D-printed and used

to replicate the surgeon’s finger. The finger was 20mm in diameter and 72mm in length. The

anthropometric dimensions of the index finger were adopted from Blackstone et al. [105]. The finger

was secured on a home-made three-axis desktop computer numeric controlled (CNC) machine. The

CNC machine had±0.05mm precision in linear position control and was controlled through a macro

code on the MiTouch UI. Prior to each test,the CNC machine was manually maneuvered until the

finger would align center with the MRE and come to contact with it, i.e. contact force more than

0.05N. Afterwards, the finger was moved vertically up until the contact force would return to 0N.

In each test, the finger was indented into the MRE with a rate of 0.33mm/sec until the indentation

reached 3mm. This rate was previously shown to discard the stress-relaxation effect in the same

MRE, yet is slow-enough not to induce rate-dependency effects[104]. The force-indentation data

were obtained for the three repetitions and averaged. Fig.3.9 depicts the average force-indentation

curves on the MRE for the indentations up to 3mm.

As depicted in Fig.3.9(a), MRE exhibited strain-stiffening behavior as indentation was applied. The

contact force increased with increasing the magnetic fields. For example, at the indentation of

3mm, contact force was 4.60N with 70mT magnetic field while it increased to 12.87N at 199mT

(MR-effect=180%). This finding is in agreement with our previous findings in [104]. Afterwards,

the average force-indentation graphs for each magnetic field were differentiated with respect to

indentation,δ to obtain the contact stiffness. Fig.3.9(b) represents the variation of contact stiffness

with respect to the contact force at seven different magnetic fields.

It is important to note that the tactile stiffness felt by the surgeon is the contact stiffness between

her/his finger and the tactile medium [9, 66], i.e. MRE. Therefore, an empirical stiffness-magnetic

field-force surface was obtained by optimizing the unknown coefficients of Eq.19:

k = aF pc B
q ≡ f(Fc, B), (19)

where, f(Fc, B) is the function representing the equation, a, p, q were the fitting parameters, and k,

Fc, B were the contact stiffness, contact force, and magnetic field, respectively. The surface fitting

was performed in Curve-Fitting Toolbox of Matlab (R2019a, Mathworks Inc., MA, USA). Table3.3

shows the optimized parameters and Fig.3.9(c) represents the fitted surface and the experimental

data-points. The horizontal contours on the surface shows the iso-stiffness lines, on which the
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controller shall control the magnetic field to keep a specific stiffness. The choice of contact force

for the fitting variable was based on:

(1) the contact force was available in real-time through direct measurement,

(2) it eliminated the need for a contact mechanics-base constitutive model for the estimation of

the indentation depth,

(3) the viscoelastic stress-relaxation of MRE, which happens under slow loading conditions,

would affect the force not the displacement; thus, PID controller would respond to force

and compensate for such nonlinear effects.

Table 3.3: Optimized fitting parameters for stiffness-magnetic field-force surface.

Parameter Value 95% Confidence interval

a 0.3103 (0.3034, 0.3172)

p 0.4266 (0.4244, 0.4288)

q 0.4063 (0.4016, 0.4110)

3.2.4 Stiffness Control System

In order to maintain or follow a desired stiffness, k? during the touch (compression), the tactile

display must adaptively change the external magnetic field according to the contact force. Due to

the strain-stiffening behavior of MRE (Fig.3.9(a)), the surgeon would feel more stiffness with more

indentation of finger into the MRE. Therefore, the control system must accordingly decrease the

stiffness of MRE through decreasing the magnetic field. With this logic, although the contact force

tends to increase as the surgeon’s finger indents more into MRE, the controller regulates (decrease)

the force through decreasing the stiffness via decreasing the magnetic field.

3.2.4.1 Controller design

To control the stiffness, a closed-loop control system was designed as depicted in Fig.3.10. In

the proposed system, a desired stiffness k? is set as the input through the UI. Using inverse function

f−1(Fc, k
?), a desired magnetic field B? is obtained. Accordingly, the inverse function h−1(B?)

estimates a desired gap separation s? which is fed forward as the set-point of the discrete PID con-

trol loop.
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To find a proper set of PID coefficients, kP,I,D, motor and transmission transfer functions were nec-

essary to obtain. To this end, the symmetric step response of motors were obtained for a step pulse

input of ±12V with a pause of 1.5sec. For better identification, the separation between magnets,

s was considered as the output and voltage on the motor as the input. Fig.3.11 shows the average

step response of the motors. System Identification Toolbox of Matlab was used to fit a third-order

discrete transfer function (Eq.20) to the symmetric step response. The third-order transfer func-

tion was chosen to directly model the gap separation with respect to the voltage without a need for

integrating velocity.

M(z) =
−0.107

1− 0.942z−1 − 0.483z−2 + 0.425z−3
, (20)

where, M(z) is the transfer function of motors in z−domain.
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3.2.4.2 Controller assessment

Using M(z), the magnet separation controller was modeled in Matlab Simulink environment

and PID Tuner was used to obtain kP,I,D. Table3.4 summarizes the PID coefficients, requirements

for the system response, model predictions and the actual performance of the system for unit step

input with reversal. As summarized in Table3.4, the response of MiTouch control system met the

requirements set on rise-time, settling-time, error and overshoot. Although, the rise-time of the

actual system was larger than the model, it resulted in less overshoot and less steady-state error. The

relatively slower response of the system could be related to the uncaptured factors in the assembled

system, e.g pulling force from magnets, and friction.

(a)

Figure 3.11: (a) Comparison of the step response of motors and the fitted discrete model (R2=96%),
(b) step response of the motors with PID controller (cont.).
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(b)

Figure 3.11: (a) Comparison of the step response of motors and the fitted discrete model (R2=96%),
(b) step response of the motors with PID controller.

With this design, the set-point stiffness could possibly be obtained through either tactile sensors

embedded at the tip of surgical robots, e.g. [106, 107, 108] or from a contact mechanics model, e.g.

[109]. A detailed review of both approaches can also be found in [66].

The proposed control system uses the stiffness-magnetic field-force surface defined by Eq.19 and

does not require a priori knowledge of the material model of MRE.
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Table 3.4: Selected PID coefficients and system response for a unit step input with reversal. Tr:rise
time, T5%:settling time to 5%-band, PO:overshoot, ess:steady-state error.

kP=2.751, kI=2.771, kD=0.193

Required Predicted Actual Passed

Tr ≤0.3sec 0.12 0.24 X

T5% ≤0.5sec 1.02 0.34 X

PO ≤5% 9.3% 4.2% X

ess ≤2% 2.8% 0.0% X

3.3 System Validation

In order to assess and validate the performance of developed system, two experiments were

performed. The first experiment was to simulate the tactile forces during manual arterial pulse

examination and the second experiment was to maintain a constant stiffness during an indentation

with the phantom finger. The test was performed using the setup depicted in Fig.3.13 and each test

was repeated for five times.

3.3.1 Pulsation experiment

In the first validation, a pulsation replication experiment was performed. Studies have shown

that during a manual arterial pulse examination, an examiner feels the pulsation of blood with a tac-

tile force in the range of 0.5-2N, depending on the examiner’s finger pressure on the skin[110, 111].

Also during manual surgery, surgeons often manually check an unknown tissue for pulsation; so

they would avoid cutting an artery[9]. Such use-case is of high practical importance for robotic

MIS where direct touch on the organ is not possible.

In this experiment, the phantom finger was indented 1.5mm into the MRE. Afterward, the separation

was decreased monotonically from 55mm(154mT) to 45mm(199mT) and returned to 55mm with

a frequency of 1Hz. This frequency was chosen to resemble the frequency of a normal heart-beat.

The cycle was continued for five consecutive repetitions, while the finger was kept at position. This

experiment was aimed to showcase an application of the developed device for a real clinical need.

Fig.3.12 shows the result of the pulsation experiment. Results showed synchrony in the variation of

contact force with the magnetic field. In the initial phase, contact force increased nonlinearly from 0
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to 3.2N as a result of 1.5mm indentation. Afterward, contact force varied in a pulsatile form and in

a range of 0.6N while its mean exponentially decreasing to 2.3N. The exponential decrease was due

to the viscoelastic stress-relaxation of the MRE and the variations were merely due to the variation

of magnetic field.

Figure 3.12: Pulsatile variation of contact force as a result of variable magnetic field with the phan-
tom finger at constant indentation depth of 1.5mm.

Higher amplitude for pulsatile force could also be achieved with more variation of magnetic

field and/or deeper indentation depth. However, since the amplitude of variation in contact force

(±0.3N) was in accordance within the range of reported literature, i.e. 0.5-2.0N, this application

was considered valid with MiTouch .
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Figure 3.13: Test setup used for the stiffness identification and validation tests.

3.3.2 Constant stiffness experiment

The second experiment was to test the capability of the device in maintaining a constant stiff-

ness during the indentation. Considering the iso-stiffness contours in Fig.3.9(c), the experiment was

to maintain a stiffness of 4N/mm throughout a an indentation up to 10N of force. The indentation

was applied with the rate of 0.33mm/sec. To comply with the initial conditions on the corresponding

contour to 4N/mm the magnets were placed at 45mm separation before the start of the test. Our

previous study [104] showed that the composite MRE used in MiTouch has a similar range of elastic

modulus to human skin, i.e. 420-850kPa [80]. On the other hand, since the size of the phantom

finger used in this study resembles a median adult (male and female), the feasible stiffness 4 was

deemed as feasible for a manual skin indentation.

Fig.3.14(a) shows the average force-indentation diagram and Fig.3.14(b) depicts the variation of

average stiffness for the five repetitions. As indicated on the graph, the largest feasible working do-

main of the system was between the force-indentation graphs related to the minimum and maximum

magnetic fields. Results showed that the system ’hopped’ on the next feasible force-indentation

graph corresponding to a lower magnetic field when the stiffness was passing higher than 4N/mm.
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The sudden decreasing of the magnetic field decreased the stiffness of MRE, thus causing the con-

tact force to drop. The system kept the feasible magnetic field level until the stiffness would pass

higher than 4N/mm. This adaptation continued until the system could not find a feasible solution for

magnetic field, i.e. maximum separation was reached at about 95mm.

The results of five repetitions showed the system maintained stiffness at an average of 4.07 ±

0.41N/mm. The control-active interval indicated of Fig.3.14(b) shows the range of force-magnetic

field where the system could find a feasible solution for the separation, i.e. between 95-45mm.

Fig.3.14(c) depicts the trajectory of the average experimental stiffness on the force-magnetic field-

stiffness surface. As depicted on the graph, since the system was initially at maximum magnetic field

(45mm), the stiffness increased similar to MRE at maximum field (green line) until it approaches

4N/mm contour at 2.25N (trajectory 1). Afterwards, the consecutive changes in the magnetic field

keep the stiffness at 4.07±0.41N/mm. With further indentation, the system reaches the end of fea-

sible domain at the force of 7.12N (trajectory 2) and out of the feasible domain, force follows the

MRE behavior at the minimum magnetic field (blue line, trajectory 3).

The average absolute error between the experimental stiffness and the stiffness surface for five repe-

titions was 0.08±0.03, 0.45±0.12, and 0.04±0.01N/mm for trajectory 1, 2 and 3, respectively. The

higher error in trajectory 2 was mainly due to the higher changes of stiffness due to the effects of

controller and error accumulation in curve fitting for stiffness surface and separation-field. Dur-

ing the experiment, the average refresh-rate of the set-point separation was 63Hz in UI, while the

refresh-rate of PID controller was 100Hz. The reason of slower response of UI, was due to the

computational surplus of Newton-Raphson solution for estimating the desired magnetic field B?

(7msec) and desired separation s? (9msec).

3.4 Conclusions

In this study, a solution to address the clinical need for stiffness display during minimally inva-

sive surgery was investigated. To this end, initially a comparison between the previously proposed

modalities based on a set of clinical and technical requirements was performed. The survey showed

that MRE-based stiffness display would comply with the requirements; therefore, an MRE-based

stiffness display was proposed, designed, prototyped and tested. The composite MRE chosen in this
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(a)

(b)

Figure 3.14: (a) average force-indentation graph with controlled magnetic field, (b) temporal vari-
ation of the magnetic field and stiffness, (c) variation of the stiffness with respect to the force-
magnetic field-stiffness surface as the reference for control (cont.)..
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(c)

Figure 3.14: (a) average force-indentation graph with controlled magnetic field, (b) temporal vari-
ation of the magnetic field and stiffness, (c) variation of the stiffness with respect to the force-
magnetic field-stiffness surface as the reference for control.

study had enhanced MR-effect based on the author’s findings in [104]. The system design require-

ments and specifications were reported and verified for system and subsystem levels.

Based on the literature review, this study was the first to report an MRE-based stiffness display for

the minimally invasive surgery. Also, the results of pulsation validation experiment successfully

showcased a potential application of MiTouch system. The demonstrated range of tactile forces and

stiffness demonstrated in the experiments were within the reported range in the literature, e.g. [13].

The system performance of MiTouch was comparable to the previously published studies. Table

3.5 compares the error and variation of the controlled force in this study with other studies. As

presented in the table, the average error percentage for stiffness control experiment (11±3%) was

within the range of representative studies (8-16%) also the maximum error (14%) was among the

lowest in comparison.

Similarity of the tactile force and stiffness demonstrated by MiTouch to the range of force and stiff-

ness reported in the literature shows the applicability of MiTouch for practical medical use-cases.
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Table 3.5: Comparison of the error in stiffness control for the proposed system versus representative
studies.

Study
Average error

(Σ|k?−k|
nk? × 100%)

Maximum error

Xie et al. [112] 8±6% 14%

Son et al. [113] 8±8% 16%

Arbatani et al. [87] 16±8% 24%

This study 11±3% 14%

The simplicity and independence of the proposed control system from continuum-based consti-

tutive models resulted in high refresh-rate of the control system (63Hz). Another contributing factor

to the high refresh-rate of the system was the maximal parallelization in software architecture and

data acquisition.

Relative low error between the desired stiffness and the experimental stiffness, verified the hypothe-

sis of this study and showed the feasibility of an MRE-based stiffness display. However, the stiffness

control experiment was performed for a specific stiffness, i.e. 4N/mm. Stiffness of up to 7N/mm

were also possible to achieve, however the feasible domain would become small.

In future works, as a limitation of the current system the magnetic field generated by the device

can be increased by using using multiple magnet couples, optimizing the configuration of multi-

ple magnets or utilization of coil magnets. Nevertheless, such modifications would consequently

require mechanical and electrical changes in the system. Also, researchers could investigate the

feasibility of stiffness control utilizing a hybrid tactile medium, e.g. MRF and MRE, to improve

higher ranges of stiffness.

Moreover, the experiments were performed at quasi-static conditions; therefore, rate-dependency

of the MRE did not contribute to the force. Exploitation of the rate-dependent (viscous) forces in

MRE could also be another possible future study.
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Chapter 4

Conclusions and Future Works

4.1 Conclusions

This thesis presents the change of mechanical properties of MREs and composite MREs due to

the transverse magnetic field. Moreover, it provides the tactile display based on composite MREs.

Major conclusions of this research are listed below:

(i) The experimental results of the mechanical properties of MREs revealed that single-layer

MREs would exhibit less MR-effect when the magnetic field is perpendicular to applied force.

Furthermore, the composite MREs demonstrated an increase of the MR-effect up to 42%.

(ii) An MRE-based tactile display was proposed to have horizontal applied magnetic fields and

composite MREs.

(iii) Based on the survey on previous tactile displays, the proposed MRE-based tactile display

would conform the functional requirements needed for tactile display systems. Therefore, the

proposed system was designed, developed, and tested.

(iv) The pulse validation results showed that MiTouch system could effectively be used in medical

applications.

(v) The average error of the proposed tactile system (11±3%) was in the range of other studies

(8-16%). In addition, the maximum error in this study (14%) was the lowest compared to

other representative studies.
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(vi) The relative small error between the desired and experimental stiffness demonstrated the ap-

plicability of MRE-based stiffness displays.

4.2 Future Studies

For future works, researchers could employ different approaches for MREs to be used in tactile

display systems. The recommendations for future studies are listed below:

(i) Investigate different elastomers, rather than the DragonSkin used in this study, in composite

MREs to examine their effects on enhancing the MR-effect.

(ii) Study the use of composite MREs in compression test with parallel magnetic field.

(iii) Investigate the MR-effect by sandwiching MRE between two rubber layers.

(iv) Examine the utilization of anisotropic MREs in composite samples to find the enhancement

of MR-effect.

(v) For the proposed tactile system only two magnets were utilized, researchers could use multi-

ple permanent magnets or coil magnets.

(vi) Investigate the use of hybrid tactile display based on MRE-MRF.

(vii) Study the rate-dependency of composite MREs in compression with perpendicular magnetic

field.

4.3 Contributions

The main contribution of this research is to develop and assess a tactile display based on com-

posite magnetorheological elastomers to be used in minimally invasive surgeries. The contributions

of this thesis can be summarized as:

(i) Testing single- and double-layer magnetorheological elastomers in a quasi-static compression

test with transverse magnetic field.

(ii) MR-effects of magnetorheological elastomers were improved by the utilization of bi-layer

MRE-no-MRE samples.
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(iii) Enhancement of MR-effects via bi-layer configurations was equivalent to the effect of mag-

nifying the iron particles in the studied MREs.

(iv) A tactile display system based on smart magnetorheological elastomers was designed, devel-

oped, and verified.

(v) The proposed system was successful in attaining and maintaining a desired stiffness.

(vi) The tactile display system was successful in simulating a heartbeat examination through ap-

plying a desired pulse force to a phantom finger.
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Appendix A

Enhancement of MR-effect in Magnetorheological

Elastomers through Bi-layer Composition: Theory and

Validation

Abstract In this study, an MRE-non-MRE bi-layer composition approach was postulated for

enhancement of the MR-effect in magneto-rheological elastomers. To this end, a constitutionally

necessary condition was derived for enhancing the MR-effect. Both single and bi-layer MREs were

tested under compression with a transverse magnetic field. Experimental results validated the hy-

pothesis and showed enhanced MR-effect in bi-layer MREs up to 42%.

Introduction

Magnetorheological elastomers (MREs) are a class of smart materials with controllable mechan-

ical properties. MREs are composed of ferrous particles diffused in a rubber medium. Interaction

of the ferrous particles with the magnetic field and the elastomeric host matrix determines the me-

chanical properties of an MRE (Asadi Khanouki et al. , 2019). Studies have shown that the volume

fraction of iron particles and type of the elastomeric matrix affect the MR-effect, i.e. change in

the elastic modulus of MREs (Dargahi et al. , 2019). Studies have reported a positive correlation

between iron particle content with the MR-effect in MREs. However, experimental results have

shown a saturation volume fraction (40-45%) for iron particles. Therefore, the saturation is a bar-

rier to achieving further MR-effect. Higher MR-effect is also desirable for better adaptability of
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MRE-based structures. In this study, a bi-layer MRE-non-MRE composite configuration was pro-

posed and assumed to have a higher MR-effect than its constituent MRE. Afterward, a necessary

constitutive condition was found for the elastic modulus of non-MRE component that necessarily

would enhance the MR-effect in the composite.

Material and Methods

To study the feasibility of enhancing MR-effect in an MRE through bi-layer composition, MRE

(A), non-MRE material (B), and bi-layer composite (C) were assumed to exhibit a power-law stress-

strain relationship (Eq. ??). This assumption could further be specified to an Ogden or Mooney-

Rivlin solid. Also, it was assumed that initial shear modulus and absolute MR-effect of MRE A are

a priori knowledge.

σA,B,C = µA,B,Cλ
α
A,B.C (21)

Where, µ, α, σ, and λ were the fitting parameters, engineering stress and, stretch ratio. Previous

studies have postulated and validated α=1.3 for EcoFlex silicone-based rubbers in compression.

Also, the required condition for the enhanced MR-effect was defined as:

µ
′
C − µC > µ

′
A − µA (22)

where, µA and µC were the initial shear moduli of MRE A and bi-layer composite at zero mag-

netic field, while µ
′
A and µ

′
C were the elastic moduli of elastomers under magnetic field. Consider-

ing the structure of composite as depicted in Figure 1, the effective initial and final shear modulus

of composite C was obtained:

µC = 2α
(
µ
−1
α
D + µ

−1
α
X

)−α
, (23)

µ′C = 2α
(
µ
−1
α
D + µ

′−1
α

X

)−α
, (24)

Therefore, substituting Eq. 23 and Eq. 24 in Eq. 22, and the explicit form of the necessary
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(a) (b)

Figure A.1: (a) Schematic illustration of samples under a compression test. (b) variation of elastic
modulus of samples versus magnetic field.

condition was derived:(
µ
−1
α
X + µ

−1
α
D

)α
−
(
µ
′−1
α

X + µ
−1
α
D

)α
−
(
µ′X − µX

)
×

(
µ
′−1
α

X + µ
−1
α
D

)(
µ
−1
α
X + µ

−1
α
D

)
2


α

> 0

(25)

Numerical analysis showed that there exists a unique minimum µB which ensures the satisfac-

tion of the condition.

Results

From the stress strain-curve, the compressive elastic modulus of elastomer B was found to be

3635kPa. Substituting µB =1211kPa in Eq. 5 Also, elastic moduli of MRE A and composite C were

281kPa and 388kPa at zero magnetic field, and 873kPa and 1370kPa at 365mT. Therefore, MRE

C exhibited an MR-effect of 253%, while its MR component, MRE A only showed an MR-effect

of 211%. Fig.1(b) depicts variation of compressive elastic moduli of MRE A, elastomer B and

composite C. MR-effects were approximately half as reported in (Dargahi et al. , 2019), the reason

might be due to the transverse application of the magnetic field.
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Conclusion

In this study, a bi-layer MRE-non-MRE composite structure was postulated and validated. Sur-

passing the minimum required elastic modulus for the non-MRE component was theoretically pre-

dicted and experimental results validated the hypothesis. Although the MRE component of the

composite in this study was saturated with CIPs, the MR-effect was successfully enhanced through

the bi-layer composition.
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Appendix B

Technical Characteristics of Materials

Figure B.1: Technical properties of N52 magnets
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Figure B.2: Technical bulletin of silicone rubber page 1
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Figure B.2: Technical bulletin of silicone rubber page 2
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Figure B.3: Technical bulletin of dargon skin page 1
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Figure B.3: Technical bulletin of dargon skin page 2
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Figure B.4: Technical bulletin of silicone thinner
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Figure B.5: Technical bulletin of slacker page 1
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Figure B.5: Technical bulletin of slacker page 2
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