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Abstract

The aims of this doctoral dissertation are

e to propose a tactile sensorization method of highly-deformable materials for

enriching physical interaction

e to propose a feasible configuration for fabricating tactile sensors based on the

proposed tactile sensorization approaches
e to investigate and evaluate performances of the fabricated tactile sensors.

Tactile sensation is an important modality for robots interacting with unknown en-
vironments, including human beings. Tactile senses various types of physical force
interactions that occur in contact boundaries. For instance, tactile sensors are em-
ployed to measure multi-axis force, slippage, or vibration that appear between the
sensor and the environment. In order to obtain rich tactile information, the physical
interactions between a robot and the environment should be enriched as a prereg-
uisite. A feasible approach for enriching physical interaction is to develop a tactile
sensor covered with a soft material. This is because the soft surface of a tactile sen-
sor 1) fits the shape of a contact target to obtain contact information from a broad
contact area; 2) accepts enriched human touch patterns such as pinching, twisting,
tapping, pushing, and stroking; and 3) enhances occasions of social touching by pro-
viding humans with a comfortable tactile impression. Therefore, numerous studies
have proposed various flexible and soft tactile sensors for measuring enriched physi-
cal interaction. However, conventional sensors have several structural and functional
disadvantages in terms of sensitivity and durability owing to the mismatch between

material softness and sensing mechanism.



To address this issue, this dissertation introduces two approaches in which soft
and thick materials function as flexible tactile sensors by employing electromagnetic
phenomena. Both approaches employ a magnetorheological elastomer (MRE) as the
surface of the proposed tactile sensor. An MRE is a functional magnetic elastic
material in which particles with a high magnetic permeability (e.g., iron particles),
are mixed with an elastic material (e.g., silicon rubber). Both approaches utilize
electromagnetic phenomena to sensorize the MRE by measuring the displacement of
magnetic particles caused by the applied contact force to the MRE. To evaluate these

approaches, this dissertation addresses the following:

1. In the first approach, the MRE sheet is tactile-sensorized by employing a magnet
and magnetic transducer pair. The MRE sheet and a silicon rubber sheet are
simply laminated onto the magnet and transducer. The normal force applied
to the MRE sheet causes the displacement of magnetic particles in the MRE
sheet, thereby changing the magnetic field distribution generated by the magnet
around the magnetic transducer. As a result, the MRE sheet itself functions as
a flexible tactile sensor because the applied contact force can be measured with
the magnetic transducer as a change in the magnetic field. To investigate how
the magnetic field changes with applied contact force, the following experiments
are conducted: 1) magnetic field simulation with a simple model of the proposed
sensor for reference; and 2) investigation of sensor responses by experiments with

the fabricated sensor.

2. In the second approach, the MRE functions as a flexible tactile sensor by em-
ploying an inductor. Here, the MRE sheet and a silicon rubber sheet are simply
laminated onto the inductor, e.g., a coil printed with a trace on a circuit board.
Since the MRE contains magnetic particles with high magnetic permeability,
the distance between the MRE and inductor determines its inductance. Con-
sequently, the MRE itself will function as a flexible tactile sensor because the
applied force can be measured by monitoring the inductance. The sensor re-
sponses, i.e., the change in inductance caused by the applied contact force, are

investigated by experiments with a fabricated sensor.

3. As an extension of the second approach, the MRE is tri-axis tactile-sensorized

vi



by employing four inductors. A disk-shaped MRE (a ferromagnetic marker)
embedded in cylindrical silicon rubber is placed on the four inductors. In this
structure, the three-dimensional displacement of the ferromagnetic marker can
be estimated by the summation or difference of four inductances. The sensor
responses, i.e., the change in the four inductances caused by the applied tri-axis

force, are investigated by experiments with a fabricated sensor.

The proposed sensors can resolve issues with conventional flexible tactile sensors

as well as enrich physical interaction.
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Chapter 1
Introduction

Tactile is an essential modality for robots interacting with unknown environments
and human beings. Tactile sensation mainly measures force information during phys-
ical interactions that occur in contact boundaries; for instance, tactile sensors are
employed to measure the multi-axis force, slippage, or vibration that emerge between
the sensor and contact object. Such force information will be important and indis-
pensable for robots that perform a wide variety of tasks requiring physical interactions
with the environment.

One of the biggest challenges in robotics is dexterous grasping. Grasping tasks
have been increasingly complex when handling various objects such as soft, fragile,
and nonuniform-shaped objects. Tactile sensing plays important roles in grasping
tasks to handle such objects, requires precise contact force control. In industrial robot
applications, there is a great demand for robots, e.g., robotic arms, which require
tactile sensing in order to perform grasping tasks including precise force control.

Another major challenge is to develop social and communication robots working
in human environments. These robots are expected to perform tasks, e.g., housework,
together with or instead of humans; thus these tasks also require precise force control
as humans utilize tactile sensations in their daily activities. In addition, such robots
should always be aware of unexpected contact with humans and objects because their
working spaces could dynamically change. Several studies have proposed that these
robots should be equipped with whole body tactile sensing to monitor contact and to

reduce risks associated with unexpected contact between robots and environments.



Communication robots are expected to understand the emotions and intentions
of humans as well as behave intelligently like humans. In the above example, tactile
sensors are used to actively measure force information, i.e., the sensor approaches
for touching an object. In contrast, in the case of communication robots, the sen-
sor is touched by humans to physically interact with each other. Therefore, the
sensor should have the capacity to measure various kinds of touch, e.g., grasping,
patting, stroking, pinching, etc., for enriching physical interactions between robots
and humans. Rich physical interaction between humans and such robots will pro-
vide essential information for performing these tasks. In addition, tactile sensors will
function as a tactile display, conveying tactile feelings to humans. Therefore, tactile
sensors should be developed to consider how humans feel tactile impressions of the
sensor as well as what kind of information the sensor can obtain.

According to the above examples, tactile sensing is required in numerous appli-
cations in robotics. However, tactile sensor development is still in its early stage;
therefore tactile sensing is still missing in the field of robotics. To this end, a sig-
nificant number of studies have proposed various tactile sensors for measuring rich

physical interaction [1-8].

1.1 Tactile sensors for enriching physical interac-

tions

Tactile sensors measure tactile information when touching an environment or touched
by an environment. In order to obtain rich tactile information, physical interactions
between a robot and the environment should be enriched as a prerequisite. One fea-
sible approach for enriching physical interaction is to develop a tactile sensor covered
with a soft material.

The surface material of tactile sensors is an important element because the sensor
surface functions as a kind of a spatiotemporal filter against applied force information
to the sensor, i.e., the sensor surface itself determines the sensor response. In other
words, tactile transducers, which are placed in, under, or outside the sensor surface,

cannot measure the applied force information directly. Here, we focus on a tactile



sensor with a soft surface covering for enriching tactile interaction, as shown in Fig.
1.1. In the condition where a hard object touches a hard surface, contact information
will be obtained from a limited contact area because the contact region will be almost
a point. Such point contact reduces the obtained contact information (Fig. 1.1
(a)), and a large reaction force will be applied to the touched object. When a soft
object touches a hard surface, the object itself will deform, as shown in Fig. 1.1
(b). As a result, the contact information can be obtained from a broad contact area.
However, these reaction forces and the deformation that occurs in contact objects can
damage fragile objects. In contrast, employing a soft material as the sensor surface
enables the application of a smaller reaction force to the contact object (Fig. 1.1
(c)). When the soft object touches the soft surface, both the object and surface will
deform in accordance with their softness ratio, i.e., employing a softer surface allows a
fragile object to be touched with smaller reaction force. Consequently, the sensor can
even touch a fragile object with a broad contact area to provide increased contact
information. In addition, the sensor covered with a soft surface can measure the
three-dimensional (3D) deformation of its surface to measure more contact patterns

such as a pinching, a twisting, simple tapping, pushing, and stroking.

Soft surfaces provide other advantages in several applications. For instance, grasp-
ing can be more stable using the soft surface because the surface can deform to accu-
rately fit the shape of a grasping target. This deformable surface enables us to grasp
soft and fragile objects. On the other hans, a hard surface causes stress concentration
on the grasping target, making it difficult to grasp soft and fragile objects. In terms
of sensor durability, a soft surface can protect a contact target as well as the trans-
ducers mounted under the surface because the surface functions as a shock absorber
against a large contact force or impact that occurs in intense physical interactions.
For instance, personal robots working with humans should have a soft covering to
reduce the risk of causing unintentional harm to humans when the robot and human
make physical contact with each other. In addition, a soft sensor surface gives a good
tactile impression to interacting humans, which can encourage humans to touch the
robots. For this purpose, several studies have been reported where the whole body
of the robots is covered with soft materials such as rubber, elastomer, and elastic
foam [9-12].
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Figure 1.1: Function of soft surface of tactile sensors: (a) a hard object touches a
hard surface, i.e., the surface of a tactile transducer; (b) a soft object touches a hard
surface; (c¢) a hard object touches a soft surface; and (d) a soft object touches a soft
surface. The soft surface reduces the reaction force that occurs in the touched object
and enriched the contact information obtained because of the broad contact area.

In conclusion, the surface of a tactile sensor should be covered with a soft surface in
order to enrich the physical interaction and provide the above mentioned advantages.
However, a soft surface raises several issues in relation to its softness and material
characteristics. The next section provides methods for developing a tactile sensor
with a soft sensor surface, and considers the issues that result from employing a soft

material as the surface.



1.2 Tactile sensorization of highly-deformable ma-

terial

To develop a tactile sensor covered with a soft surface, the tactile sensorization of a
highly-deformable material is one of the feasible approaches. This approach employs
a wide variety of transducers to convert tactile information applied to the surface
into electrical signals. One example is the employment of force transducers, e.g., a
strain or pressure transducer to convert strains or pressures into electrical signals,
respectively. These transducers are typically placed inside the soft surface to directly
measure the deformation of the material. However, tactile transducers inside the
soft surface often suffer from physical damage caused by the applied contact force;
sometimes, a large impact can be applied to the transducer and its wiring. Such
physical damage makes difficult to develop tactile sensors for practical applications.
In addition, solid transducers and their wiring placed inside the soft surface decrease
the softness of the sensor surface.

Another approach to sensorize a highly-deformable material is to place the tactile
transducer under the sensor surface where contact force is applied. The advantage
is the simple structure in which a highly-deformable sheet material (e.g., elastomer
sheet or sponge sheet) is simply laminated onto tactile transducers (e.g., pressure
transducer). In addition, the sensor surface without any sensing elements allows easy
replacement of the damaged surface without reconnection of the elements.

A common issue with the above two approaches is that the soft sensor surface
deteriorates the sensor performance. One study that investigated the filtering effect
of the surface material of a tactile sensor reported that a soft surface functions as a
low-pass filter against the applied contact force [13]. This investigation showed that
the soft cover decreased the sensitivity and a spatial and temporal resolution in the
measurement of contact force. In addition, several researchers have pointed out that
a tactile sensor with an elastic covering has a hysteresis property [14] in its sensor
response curve versus applied contact force because of the viscosity of the elastic
materials. These effects of the soft surface on the sensor response are also important
issues that need to be resolved.

A feasible approach to address the above issues is to place the tactile transducer



outside the sensor surface where contact force is applied. This configuration can in-
crease the durability of tactile transducers and their wiring because no contact force
reaches the transducers and their fragile electronic elements, e.g., wiring. Employ-
ing magnetic technology [15] is one of the promising approaches to place the tactile
transducer outside of the sensor surface. Generally, a magnet is placed inside a soft
surface material while a magnetic transducer is placed outside the material. The force
applied to the sensor surface can be estimated by monitoring the change in magnetic
field distributions because the applied force displaces the magnet embedded in the
soft sensor surface. However, solid elements inside the elastic materials decrease the

durability and softness of the material.

Optical tactile sensors [16] is an approach similar to the one with magnetic tactile
sensors described above. In optical tactile sensors, optical markers are placed inside
a soft transparent material while a camera is placed outside the material. The force
applied to the sensor surface can be estimated by monitoring the displacement of
the markers embedded in the soft sensor surface. One of the issues in optical tactile
sensors is that it is difficult to fabricate compact and thinner sensors because of
their optical system. Another issue is that the temporal performance of the sensor
depends on the sampling rate of the camera used, which is generally insufficient to

acquire temporally fast contact, e.g., a vibration.

In summary, employing magnetic and optical technologies can provide tactile sen-
sors with high durability of transducers and high maintainability for easy replacement
of the sensor surface covered with a soft surface. However, they have several issues,
especially with regard to keeping the sensor surface soft and miniaturizing the sensor.
This dissertation provides two tactile sensorization approaches for highly-deformable

materials to address these issues.

1.3 Research objective

The purpose of this dissertation is to propose a method for the tactile sensorization
of highly-deformable materials for enriching physical interaction. This dissertation

introduces two approaches in which soft materials function as flexible tactile sensors



by employing electromagnetic phenomena. Figure 1.2 summarizes the proposed ap-
proaches. Both approaches employ an MRE as the surface of the proposed tactile
sensor. An MRE is a functional magnetic elastic material in which particles with high
magnetic permeability (e.g., iron particles) are mixed with an elastic material (e.g.,
silicon rubber). Both approaches utilize electromagnetic phenomena that allow us to
sensorize the MRE by measuring the displacement of magnetic particles caused by
the contact force applied to the MRE.

In the first approach, the MRE is tactile-sensorized by employing a magnet and
magnetic transducer pair. The normal force applied to the MRE causes the dis-
placement of magnetic particles in the MRE, thereby changing the magnetic field
distribution generated by the magnet around the magnetic transducer. The MRE
itself functions as a flexible tactile sensor because the applied force is measured with
the magnetic transducer as a change in magnetic field. To predict and investigate the
sensor response, magnetic field simulation is a promising method for tactile sensors
employing magnetic field measurements. However, the highly-deformable MRE con-
taining magnetic particles leads to difficulties in simulations of changes in magnetic
field because of the complex deformation of the MRE and displacement of magnetic
particles. Therefore, this dissertation conducts the following experiments: 1) mag-
netic field simulation with a simple model of the proposed sensor for reference; and
2) investigation of sensor responses by experiments with the fabricated sensor.

In the second approach, the MRE functions as a flexible tactile sensor by em-
ploying an inductor. Here, the MRE sheet and a silicon rubber sheet are simply
laminated onto the inductor, e.g., a coil printed with a trace on a circuit board. Since
the MRE contains magnetic particles with high magnetic permeability, the distance
between the MRE and inductor determines its inductance. Consequently, the MRE
itself will function as a flexible tactile sensor because the applied force is measured
by monitoring the inductance. As with the first approach, it is difficult to accurately
predict the deformation of the MRE and the change in the inductance caused by the
displacement of magnetic particles. Therefore, the sensor responses, i.e., the change
in inductance caused by the applied contact force, are investigated by experiments
with a fabricated sensor. Since this approach employed electromagnetic phenomena

for sensing the applied contact force, electromagnetic interference occurred between
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Figure 1.2: Proposed approaches for tactile sensorization of a soft and flexible mag-
netorheological elastomer (MRE): (a) a flexible tactile sensor employing a magnet
and magnetic transducer; (b) a flexible tactile sensor employing an inductor. In both
approaches, the applied contact force can be measured as a deformation of the surface
MRE based on electromagnetic techniques.

the sensor and external magnetic material or between the sensors themselves. This
interference is also investigated and discussed. In addition, the tri-axis tactile sen-

sorization method is proposed using four inductors and a disk-shaped MRE.

1.4 Outline of the dissertation

This dissertation consists of seven chapters including this one. The contents of each

chapter can be summarized as follows:

Chapter 1. Introduction
The purpose of this dissertation is to propose a flexible tactile sensor that can
acquire rich tactile information by tactile sensorization of a highly flexible ma-
terial. First, this chapter discusses the importance of tactile sensing in the field
of robotics, and describes the kind of tactile sensor that should be developed
for enriching physical interaction according to the structure and surface mate-
rial. Next, the requirements for tactile sensors for effective tactile sensing are

discussed, and two approaches are proposed to meet these requirements.



Chapter 2. Related works
An overview of the state-of-the-art in flexible and soft tactile sensors is provided.
Although numerous approaches have been proposed to develop a wide-variety of
tactile sensors, this dissertation categorizes them into four types based on their
structure, and identifies the open issues to be resolved. Finally, the key ideas
of the proposed approach in this dissertation are summarized with comparisons

between conventional and the proposed approach.

Chapter 3. Tactile sensorization with a magnet and magnetic transducer

The first approach, which employs a magnet and magnetic transducer pair, is
presented. An MRE, which is a highly-deformable silicon rubber containing
iron particles, can be tactile-sensorized by employing the magnet and magnetic
transducer. This approach enables the development of a tactile sensor covered
with a soft sensor surface that contains no fragile transducers and solids. Sim-
ulations and experiments with the fabricated sensors show that the proposed
approach can measure the applied normal force by monitoring changes in the
magnetic field. The spatial response of the proposed sensor is also investigated

and discussed in terms of its advantages in tactile information processing.

Chapter 4. Tactile sensorization with an inductor
The second approach, which employs an inductor, is proposed for the tactile
sensorization of a highly-deformable MRE. Employing an inductor (instead of
the magnet and a magnetic transducer used in the first approach) enables the
fabrication of a tactile sensor with a compact and thin transducer. Experiments
with the fabricated sensor demonstrate that the proposed approach can measure
the applied normal force by monitoring changes in inductance. The influence
of inductor size on sensor responses such as a sensitivity, noise-to-signal ratio,
and spatial response are also investigated. The proposed sensor measures the
applied contact force with changes in inductance. However, an approach for
metallic materials can also change the inductance. The experimental results
show that the inductance monotonically decreased in accordance with the ap-

proach for metallic materials. The occurrence of electromagnetic interference



between inductors is also investigated.

Chapter 5. Tri-axis tactile sensorization with four inductors
This chapter introduces an approach for tri-axis tactile sensorization of an MRE
based on the sensing mechanism of the second approach described in Chapter
4. By employing four spiral inductors, the 3D displacement of the MRE can
be obtained, i.e., the sensor can measure the tri-axis force applied to the sensor
surface. Experiments with the fabricated sensor demonstrate that the sensor
can estimate the applied tri-axis force by calculating the sum or difference of

the changes in inductance from the four inductors.

Chapter 6. Discussions
This chapter summarizes and discusses the results obtained in this dissertation.
First, we discuss the difference between the two proposed approaches for tactile
sensorization of an MRE. Then, the advantages of the proposed approaches are
also discussed in terms of their structure, material, and sensor performance.
The open issues of the proposed approaches are also summarized and discussed.
Finally, insights for a tactile hardware filter using the proposed approaches are

provided.

Chapter 7. Conclusions
Finally, conclusions and future works are provided. The proposed tactile sen-
sorization approaches enable us to fabricate a highly-deformable soft and flexi-
ble tactile sensor with high durability, maintainability, and sensitivity. However,
they have several issues caused by their sensing mechanism based on electro-

magnetic phenomena. These issues are discussed as works for the near future.
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Chapter 2

Related works

Tactile sensors are still in the early stages of development although there are great
expectations for utilization of tactile sensations in the field of robotics. Therefore,
research in this field has focused on developing various tactile sensors. This chapter
summarizes existing tactile sensors covered with soft materials. These sensors are
categorized into four types according to their structures. Finally, the key ideas of
the two proposed tactile sensorization approaches are summarized with comparisons

between conventional and the proposed approaches.

2.1 Summary of state-of-the-art tactile sensors

Since various types of tactile sensors have been proposed (see the reviews [17-19]),
this section summarizes the issues with conventional flexible tactile sensors with a
thick flexible contact layer. We first define the three parts of a flexible tactile sensor:
flexible covering, frame, and inside of the frame (illustrated in Fig. 2.1(a)). The
flexible covering is the outermost part where the contact force is applied. The frame
holds the flexible covering and protects the inside of the frame. Tactile transducers

are placed either inside or on these three parts as follows.
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Figure 2.1: Schematics of the structures of conventional flexible tactile sensors hold-
ing a thick flexible contact layer: (a) type A—transducers with associated wiring are
placed inside a flexible covering; (b) type B—a flexible covering functions as a trans-
ducer; (c) type C—transducers are mounted onto the surface of the robot frame; and
(d) type D—transducers are placed inside the robot while their markers are embedded
into flexible covering.

2.1.1 Type A, Transducers are placed inside a flexible cov-

ering

For this type of sensor (Fig. 2.1(a); e.g., [11,20-34]), the transducers are placed with
the associated electrical wiring inside the flexible covering. The transducers inside
the covering directly capture the deformation or vibration of the covering.

Hosoda et al. [20,21] proposed a flexible tactile sensor in which strain gauges and
polyvinylidene fluoride (PVDF) films are placed inside the flexible covering at differ-
ent positions, poses, and depths. These transducers mounted differently in several
locations inside the covering can measure different deformation and vibration infor-
mation. The structure of the sensors imitated the human fingertip, i.e., the sensor
consists of a bone, an inner and outer rubber layer (which have different softness), and

randomly distributed transducers inside the rubber; they claimed that this structure
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realized high sensing performance. They demonstrated that this different deforma-
tion and vibration information conveys important information on the classification
task of touched materials.

However, Goka et al. [15] pointed out that the wiring in the soft and flexible
covering might be damaged by large deformation of the covering. Therefore, they
developed a magnetic tactile sensor (we classified this sensor here as Type D, as
described below). Recent progress in stretchable electronics techniques [35-37] for

wiring may resolve this issue.

2.1.2 Type B, The flexible covering functions as a transducer

In this approach, the sensors employed a flexible covering that functioned as a trans-
ducer, e.g., using capacitive [14,31,38-45] or resistive technology [46-53]. The trans-
ducer consists of a flexible functional element inserted between a pair of sensing
elements such as a stretchable electrode. These sensors can measure the applied load

with high sensitivity since the transducers capture the surface deformation directly.

Capacitive tactile sensor

Maiolino et al. [14] developed a large-scale flexible tactile sensor which employs a
capacitive technology for the skin of the humanoid robot iCub. This sensor consists of
three parts: an electrode, a conductive sheet, and flexible and soft dielectric material.
A capacitor can be made by putting the dielectric material between the electrode and
conductive sheet, which functions as the other electrode. The sensor can measure the
applied normal force by monitoring the change in capacitance because the applied
normal force causes a change in the distance between the electrode and conductive
sheet. They successfully applied tactile sensations to the body of the humanoid robot
iCub by attaching a large number of electrodes to the body, and then placing an

elastic dielectric sheet and a conductive fabric sheet.

Resistive tactile sensor

Shimojo et al. [50] proposed a flexible tactile sensor employing resistive technology.

This sensor also consists of three parts: two conductive sheets and a flexible and
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soft pressure-conductive material. A resistive network can be made by putting the
pressure-conductive material between the conductive sheets. They succeeded in es-
timating the center of contact force on a large sensing area with only four pieces of
wiring by measuring the change in current distributions caused by the applied con-
tact force. To fabricate a large-scale tactile sensor, the number of wires is one of the

issues. This approach is a feasible solution for reducing the number of wires.

One drawback of these approaches is that the electrical wire connected to the
surface sheet requires a wiring connection. A large number of wires, which connect

the flexible covering and inside of the robot, might diminish the maintainability.

2.1.3 Type C, Transducers are mounted onto the surface of

the robot frame

For these sensors (Fig. 2.1(c); e.g., [10,54-59]) the transducers are mounted onto
the outer surface of the robot frame. Because their flexible covering has no wiring or
transducers, there are no problems with wiring disconnection and replacement of the

cover is easy.

Minato et al. [54] developed the child humanoid robot CB?, whose entire body is
covered with soft skin, including tactile sensing. They installed a toral of 197 PVDF
films under the robot’s surface sheet made of soft silicon rubber. Mukai et al. [56]
also developed the human-interactive robot “RI-MAN” | in which tactile sensors were
installed in three parts of the body: the chest and both arms. They employed a
pressure transducer mounted on a comb-shaped flexible printed circuit board (PCB)
to develop a large-scale tactile sensor system attached to robot surfaces, including
complex shapes. Their proposed sensor was attached to the curved surface of the

robot’s body and covered with an elastic sponge sheet.

Shimojo [13] pointed out that the flexible covering functions as a spatial low-
pass filter for a tactile transducer when the sensor elements are installed under the
covering. Therefore, the sensitivity and spatial resolution will be diminished by a soft

covering such as a compressible sponge sheet.
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2.1.4 Type D, Transducers are placed inside the robot with

their markers inside the covering

For this type of sensor (Fig. 2.1(d)), the transducers can be removed from the part
where the contact force is applied; instead, the transducers are placed inside the
robot. The applied loads are estimated by capturing the displacement of the markers

embedded inside the covering.

Magnetic tactile sensor

An example of this type of sensor is a magnetic tactile sensor (e.g., [15,60-71]) em-
ploying magnetic technology. In these sensors, magnetic transducers are placed inside
the robot, and magnets are placed inside the flexible covering as their magnetic mark-
ers. To measure the applied forces, these sensors detect the changes in the magnetic
field caused by the displacement of the magnet.

Goka et al. [15] proposed a magnetic tactile sensor using a disk-shaped magnet,
four magnetic transducers, and four inductors. As a magnetic transducer, they used
a giant magnetoresistance (GMR) sensor which can measure the magnitude of the
magnetic field penetrating the sensor body in one-direction. The GMR sensors and
inductors were installed at the bottom surface of a PCB in four different orientations
while a cylindrical elastic silicon rubber containing the magnet was placed on the
circuit board. In this configuretion, the applied tri-axis force caused the 3D displace-
ment of the magnet and a 3D change in the magnetic field distribution around the
GMR sensors. As a result, the sensor can estimate the applied tri-axis force using
the combined outputs of the four GMR sensors. In addition, the inductors can gen-
erate an induced electromotive force depending on the change in the magnetic field.
Because faster change in the magnetic field generates larger induced electromotive
force, the inductors can respond to fast displacement of the magnet, e.g., caused by
slip between the surface elastic rubber and contact target. Therefore, the sensor can
measure slip information as well as the applied tri-axis force.

Tomo et al. [64,72] proposed a similar magnetic tactile sensor using a small mag-
net and a 3D GMR sensor which could measure the 3D change in magnetic field

distribution. Their sensor required a magnet and only one 3D GMR sensor. They
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also succeeded in fabricating a miniaturized 16-sensor array to install at the tip of the
robotic finger. The development of a miniaturized magnetic tactile sensor array is a
biggest challenge because such a sensor array requires several magnet, and their mag-
netic fields generated will cause interference between the magnets. They proposed an
air gap structure in the silicon rubber containing several magnets to avoid or reduce

the effect of interference between the magnets.

One remaining issue with this approach is that replacing the covering containing
the magnets requires precise positioning with the corresponding magnetic transducers
because their positional relationship determines the response. In addition, the sensor
requires the installation of a hard marker (in this case, a permanent magnet) in the

soft covering, which will decrease the softness of the covering.

Vision-based tactile sensor

A similar configuration can be implemented by using an image sensor with mark-
ers [73-84]. This type of sensor can also separate the transducers from the flexible

covering.

One example of this approach is the Finger Vision proposed by Yamaguchi et
al. [80]. A USB camera was employed to measure the displacement of the markers
installed in transparent soft silicon rubber. This approach enabled the measurement
of force flow distribution on a large sensing area using only one camera. They installed
this sensor to the tip of a robot hand, which succeeded ino grasping a knife for cutting

an apple dexterously.

Simonomura et al. [83,84] proposed an interesting approach to develop a flexible
tactile sensor with extremely high temporal resolution. They employed a bio-inspired
event-driven camera for measuring the displacement of the markers embedded in
transparent silicon rubber. The event-driven camera could potentially measure the
displacement of the markers in microseconds. This fast measurement offers a novel

approach to address tactile information.

Because these sensors require an optical system, their structure will be difficult to

miniaturize and make thinner.
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Inductive tactile sensor

Wang et al. [85] proposed a flexible tri-axis tactile sensor in which a square-shaped
aluminum film attached to soft silicon rubber was placed on four inductors printed
on flexible circuit boards. In this configuration, an eddy current was generated in-
side the film when the film approached the inductor. As a result, the inductance
decreased because the eddy current generated a magnetic flux that weakened the
original magnetic flux produced by the inductor. Therefore, the applied tri-axis force
can be estimated from the four inductance changes caused by the displacement of the
film. In other words, the film functions as a magnetic displacement marker which can
be captured as inductance changes. The advantage of this kind of sensor is its simple
structure. On the other hand, the drawback is that its surface is not stretchable and

soft because the sensing mechanism requires the use of highly conductive material.

2.1.5 Summary

In summary, flexible tactile sensors have several problems such as fracture of the
sensing elements by large amount of deformation, decreased sensitivity caused by soft
covering, and poor maintainability. Our proposed flexible tactile sensor can provide

a solution to these problems.

2.2 Key ideas of the proposed sensor

The proposed approaches enable the sensorization of an MRE as a flexible tactile
sensor. The key idea is that the sensor can measure the applied force as the displace-
ment of magnetic particles in the MRE based on the electromagnetic phenomenon. As
shown in Fig 2.2, the distribution of magnetic permeability around the contact areas
changes with the displacement of magnetic particles in the MRE sheet. This disserta-
tion provides a method to convert this distribution change in magnetic permeability
into contact force information applied to the surface of the MRE sheet.

The first approach described in Chapter 3 converts the distribution change in
magnetic permeability into the change in magnetic field by using a permanent mag-

net. This is because the magnitude of the magnetic field can be measured easily
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Figure 2.2: Schematics of the structures of the proposed sensors: (a) tactile sen-
sorization approach employing a magnet and magnetic transducer pair; (b) tactile
sensorization approach employing an inductor.

with a conventional magnetic transducer as this dissertation employed a giant mag-
netoresistance sensor. Next, the magnetic transducer converts the magnitude of the
magnetic field penetrating its body into voltage. Consequently, we can obtain the
applied contact force as a voltage value.

In contrast, the second approach described in Chapters 4 and 5 is simpler than the
first one. The approach converts the distribution change in magnetic permeability
into the change in inductance by using an inductor. In this sense, the inductor
functions as a magnetic permeability transducer. Thus, the applied contact force can
be obtained as an inductance value.

Both approaches measure the applied contact force as the change in magnetic
field or magnetic permeability that occurs around the contact region. These sensing
mechanisms enable the measurement of the applied force without the installation of
fragile and solid sensing elements, such as a transducer and electrical wiring, inside

the soft sensor surface. Further, this sensor structure increases the sensitivity because
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the sensor can measure the outermost surface deformation by placing the MRE on the
sensor surface. Therefore, the proposed tactile sensorization approaches can address

the issues with conventional flexible tactile sensors described above.
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Chapter 3

Tactile sensorization with a magnet

and a magnetic transducer

This chapter describes an approach of a tactile sensorization of a magnetorheologi-
cal elastomer by employing a pair of a magnet and a magnetic transducer. In this
approach, normal force applied to the surface of the magnetorheological elastomer
can be measured as a change in magnetic field. This chapter first introduces the
method of the tactile sensorization, and an overview of the proposed sensor. Next,
magnetic field simulations are provided to analyze the change in magnetic field ver-
sus applied normal force. Then, experiments with a fabricated sensor demonstrate
that the simulation and real experiment results are well matched, and that the pro-
posed sensor can measure applied normal force by monitoring the change in magnetic
field. In addition, we investigated the sensitivity of the sensor, which was found to
be high (approximately 161 mV /N with a signal-to-noise ratio of 42.2 dB); however,
the sensor has a speed-dependent hysteresis in its sensor response curve. We also
investigated the spatial response and observed the following results: (1) the sensor
response was a distorted Mexican-hat-like bipolar shape, namely a negative response
area was observed around the positive response area; (2) the negative response area
disappeared when we used a compressible sponge sheet instead of the incompressible
nonmagnetic elastomer. We concluded that the characteristic negative response in the
Mexican-hat-like response is derived from the incompressibility of the nonmagnetic

elastomer. Finally, discussions and summaries are provided.
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3.1 Background

The sense of touch provides essential information for robots working in an unknown
environment, handling unknown objects and interacting with humans. A number
of researchers has been proposing various types of flexible tactile sensors with safe,
flexible and protective coverings intended to provide tactile sensations for robots,
e.g., [14,18,54]. However, various technical issues remain, such as a large amount of
deformation that causes the sensing elements to fracture, deterioration in the sensi-

tivity caused by the thick and soft coverings and a poor maintainability.

To address the above issues in conventional flexible sensors, we proposed a tactile
sensorization method of a magnetorheological elastomer, shown in a minimal con-
figuration in Figure 3.1. The proposed sensor has four advantages: (1) the flexible
covering contains no solid parts, sensing elements or wiring; (2) the sensor has high
sensitivity and extremely low rigidity with respect to the surface deformation of its
flexible covering; (3) the electronic and fragile elements in the sensor are completely
separated from the parts to which the contact forces are applied; and (4) the flexible
covering can be replaced when it becomes damaged and requires no precise position-
ing.

The tactile sensor obtained with the sensorization method can measure applied
normal force by monitoring the change in magnetic field generated by a magnet with
a magnetic transducer. However, the complex deformation of the elastomer makes
it difficult to predict the sensor response. From the sensor structure, it is expected
that the sensor performance can be modified by the following parameters: (1) the
thickness of the BE (a thicker BE results in a larger measurement range, while the
sensitivity becomes lower); (2) the thickness of the MRE (a thicker MRE results in
a higher sensitivity). In addition, the sensor response curve could be changed by
the contact speed because a higher contact speed causes the change in deformation
behavior of the elastomer. Therefore, the sensor response should be investigated with
higher contact speeds, which may be present in a real task. The spatial response
of the sensor should be also investigated to determine an appropriate spatial layout
for the proposed sensors for large-area implementation. This is because the complex

deformation of the elastomer and the complex behavior of the change in magnetic
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Figure 3.1: Basic structure of the proposed flexible tactile sensor, which can detect
an applied normal force and vertical deformation.

field make it difficult to predict the spatial response of the sensor.

In order to investigate these sensor characteristics, we simulated the sensor re-

sponse with a simple sensor model and compared the results between the simulation

and real experiment with a fabricated sensor. We also measured the sensor responses

with different contact speeds and the spatial responses with another fabricated sensor.

The results can be summarized as follows:

1.

the sensor can measure applied normal force and vertical deformation by mon-

itoring the change in magnetic field.

. the sensitivity and measurement range of the sensor can be modified by the

thickness of the elastomer sheets.

. the sensitivity of the sensor was found to be high (approximately 161 mV /N

with a signal-to-noise ratio of 42.2 dB) among flexible tactile sensors with a

thick and soft covering.

a higher contact speed causes the response to remain after applying a load, and

this remaining response was larger at a higher speed.

. the sensor has a distorted Mexican-hat-like bipolar spatial response, and this

bipolar spatial response can be practically fit with an elliptical difference-of-
Gaussians function whose major axis corresponds to the line connecting the

centers of the magnet and magnetic transducer.
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6. the sensor basically has an elliptical Gaussian-like unipolar spatial response
versus the applied load; however, the incompressibility of the employed dual-
layer elastomer adds a negative response to this unipolar response, and the

entire spatial response exhibits a Mexican-hat-like bipolar spatial response.

The remainder of this chapter is organized as follows. The proposed tactile sen-
sorization method and a tactile sensor are introduced in Section 3.2. Section 3.3
provides the methods and results of the simulations and experiments. These results
and the fitting function of the proposed sensor are then discussed in Section 3.4.

Finally, the summary is presented in Section 3.5.

3.2 Proposed sensor

This section provides an explanation of tactile sensorization method of a magnetorhe-

ological elastomer using a magnet and magnetic transducer pair.

3.2.1 Structure and Sensing Mechanism

Figure 3.2 illustrates the structure and sensing mechanism of the proposed sensor ob-
tained with the sensorization method. The sensor is composed of a flexible dual-layer
elastomer, a robot frame holding a permanent magnet and a magnetic transducer,
which responds to the amount of magnetic flux penetrating its body. As described
in Figure 3.2, left, the magnetization of the magnet is in a direction perpendicu-
lar to the dual-layer elastomer. The lower layer of the elastomer is a nonmagnetic
base elastomer (BE) sheet, whereas the upper one is a magnetorheological elastomer
(MRE) sheet, which contains particles with a high magnetic permeability, such as
iron particles.

In the absence of a contact force, a certain amount of magnetic flux generated by
the magnet penetrates the elastomer and magnetic transducer, as shown in Figure
3.2, left. The force applied to the elastomer surface deforms the top MRE sheet
and causes a decrease in the distance between the MRE and the transducer. This
distance determines the amount of magnetic flux penetrating the transducer because

the magnetic permeability around the transducer is increased by approaching the
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Figure 3.2: Schematic of the structure and sensing mechanism of the proposed sensor.
A flexible dual-layer elastomer, which is composed of magnetorheological and non-
magnetic elastomers, is placed on the robot frame. A magnet and magnetic transducer
are mounted inside the robot. The magnetic transducer detects the deformation of
the surface of the dual-layer elastomer as the change in magnetic flux distribution
generated by the magnet.

MRE (Figure 3.2, right). As a consequence, the applied force can be estimated by

the amount of magnetic flux penetrating the transducer.

3.2.2 Fabricated Sensor

The appearance and an overview of the proposed sensor are shown in Figure 3.3a,b.
The dual-layer elastomer is 50 mm long, 50 mm wide and 12 mm thick in which
a 2 mm-thick MRE sheet is laminated onto a 10 mm-thick BE sheet. Both elas-
tomer sheets are made of a low-rigidity platinum-cured elastomer (Smooth-on Inc.,
Macungie, PA, USA, Dragon Skin FX Pro), which is compounded with a plasticizer
(Smooth-on Inc., Macungie, PA, USA, Dragon Skin Thinner) with a mass ratio of
200%. We here employed carbonyl iron particles (BASF Corp., Ludwigshafen, Ger-
many, hard grade HQ type) with a particle diameter of 2 pm at a volume ratio of
30%. To make the MRE sheet, we mixed iron particles in the platinum-cured elas-
tomer before curing and poured it into a rectangular female mold until curing.

A disk-shaped neodymium magnet, whose magnetization direction is its axial
direction, is mounted at the center of the underside of a printed circuit board (PCB).
The diameter and thickness of the magnet are 5 and 1.5 mm, respectively, and its
surface magnetic flux density is 0.2 T. As a magnetic transducer, we employ a giant
magnetoresistance (GMR) sensor (NVE Corp., Eden Prairie, MN, USA, AA003-02E),
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Figure 3.3: Overview of the fabricated tactile sensor. (a) Appearance of the sensor.
A black magnetorheological elastomer was laminated onto a white translucent base
elastomer, and the top surface was covered by a thin protective plastic film. (b)
Appearance of the sensor when viewed from the bottom. A magnet is mounted at
the center of a printed circuit board, and a GMR sensor is placed 10 mm away from
the magnet.

which offers a high sensitivity to the slight change in magnetic field. The output of
the GMR sensor is determined by the amount of the magnetic flux penetrating its
body with a sensitivity of 0.1 V/mT (at a supply voltage of 5 V). The GMR, sensor
is mounted 10 mm from the magnet on the underside of the PCB, as the direction of
its sensitivity axis is toward the magnet, i.e., the dashed arrow on the right side of
Figure 3.3 (b).

3.3 Simulations and experiments

In this section, we investigated the sensor response versus applied contact force. First,
the magnetic flux density around the proposed sensor was calculated with a magnetic
field simulator. Next, the actual sensor responses were investigated with the fabri-

cated proposed sensor.
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Figure 3.4: Simulation model of the proposed sensor used in the magnetic field simu-
lation. The model consists of a magnetorheological elastomer sheet, a base elastomer
sheet, a board, a magnetic transducer, a permanent magnet, and the air. The geo-
metric and material parameters for each element are summarized in Table 3.3.1.

3.3.1 Magnetic field simulation

We investigated the sensor responses with a magnetic field simulator (SATE, Ad-
vanced Science Laboratory, Inc., Japan). Figure 3.4 shows a simple structure model
for magnetic field simulation. The model consists of a base elastomer (BE) sheet,
a magnetorheological elastomer (MRE) sheet, a printed circuit board (PCB), a per-
manent magnet (PM), a magnetic transducer, and the air. We set the geometric
and material parameters of these elements as described in Table 3.3.1. To simplify
the simulation, we considered that the magnetic permeability of the MRE sheet is
uniform in the entire its body. The magnetic permeability of the MRE sheet was set
to 2 according to a study [86].

The magnetic field with this model was calculated in the several conditions in
which applying vertical deformations were applied to the surface of the MRE with
an indenter with a diameter of 20 mm. In the simulation, the applied vertical defor-
mations were changed from 0 mm to 8 mm with an interval of 0.5 mm. Figure 3.5
demonstrates the simulation results of calculated magnetic flux density. In the figure,

the horizontal and vertical axes represent the applied vertical deformation and the
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Table 3.1: Parameters of each element. BE and MRE stand for base elastomer and
magnetorheological elastomer, respectively.

Size (mm) WxH Relative magnetic | Surface magnetic
permeability . flux density (T)
Air other region 1
BE 50x10 1
MRE 50x2 2
Circuit 54x1.6 1
board
Magnetic ox1.5 1
transducer
Permanent || 5x1.5 0.2
magnet

calculated magnetic flux density at z = 25, y = 17.5 (the center position of the mag-
netic transducer) along the sensitivity axis of the magnetic transducer. The magnetic
flux density was subtracted from the value with a vertical deformation of 0 mm, i.e.,
no load condition, because the proposed sensor measures changes in magnetic flux
density from the density under no load. The result shows that the magnetic flux den-
sity monotonically and quadratically increased with the applied vertical deformation.
We employed a quadratic function az? + bx + ¢ for fitting the calculated magnetic
flux density. A least-squares method was applied to obtain these constant values a,
b, and c; these values were estimated as follows by using the results presented in Fig.
3.5:a=20x10°%b=30x10"% and c =82 x 107",

3.3.2 Experiments with the fabricated sensor

Next, we conducted real experiments with the fabricated sensor. Figure 3.6 shows the
experimental setup for investigating the sensor response curve. The proposed sensor
was mounted to a z-axis stage (FGS-50E-H, Nidec Corp., Japan) holding a digital
force gauge (FGP-5, Nidec Corp., Japan) with a measurement force resolution of 0.01
N and a temporal resolution of 1 ms. The tip of the force gauge was equipped with

a plastic cylindrical indenter with a diameter of 20 mm.
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Figure 3.5: Simulation result of magnetic flux density penetrating the magnetic sensor
against applied depth with the second order fitted curve.
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Figure 3.6: Experimental setup for investigating the sensor response. The sensor
was mounted on a z-axis stage holding a digital force gauge with a plastic cylindrical
indenter with a diameter of 20 mm. The output voltage of the sensor was amplified
by an amplification circuit and was then measured with an oscilloscope.
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The output of the magnetic sensor was measured with an oscilloscope (DPO 4034,
Tektronix, USA) via a differential amplifier with a amplification ratio of 100. The
output of the force gauge was also measured with the oscilloscope simultaneously.
The sampling period was set to 1 ms.

First, we investigated the sensor responses versus applied normal force and vertical
deformations as we already investigated by the simulation described above. The

sensor responses were investigated with the following procedure:

1. lower the indenter at a speed of 70 mm/min until the surface of the sensor de-
scends to a depth of 8 mm, which corresponds to the same vertical deformation

employed in the simulation experiments described above.
2. wait for 3 s.
3. raise the indenter to its initial position at the same speed.

Figure 3.7 shows the relationship between the sensor response and the applied
normal force. The solid lines indicate the moving averages of the sensor outputs with
an interval of 10 ms. Each arrow represents the direction of applied normal force.
The result demonstrates that the sensor output monotonically increased/decreased
with applied normal force, and that the sensor output shows a hysteresis curve.

Figure 3.8 shows the relationship between the sensor response and the applied
vertical deformation. The solid lines indicate the moving averages of the sensor
outputs with an interval of 10 ms. Each arrow represents the direction of applied
vertical deformation. The result demonstrates that the sensor output monotonically
increased /decreased with applied vertical deformation, and that the amount of hys-
teresis was smaller than the result shown in Fig. 3.7.

Next, we compared the results between the simulation and actual experiments.
The white diamond plots in Fig. 3.8 represent the simulation result (relative magnetic
permeability of the MRE sheet was set to 2) appeared in Fig. 3.5. The simulation
results were converted from the magnetic flux density to the voltage with a conversion
coefficient of the magnetic sensor (2.6 mV/T). In contrast, the white square plots also

represent the simulation result while the relative magnetic permeability of the MRE
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Figure 3.7: The sensor output voltage versus the applied normal force. The solid
lines indicate the moving averages of the sensor outputs with an interval of 10 ms.
Each arrow represents the direction of applied vertical deformation.

was set to 1.5. The actual sensor response were well matched with the simulation

result employing the relative magnetic permeability of 1.5.

3.3.3 Thickness dependency in the sensor responses

The proposed sensor measures applied contact force by detecting an approach of the
MRE sheet. Therefore, the sensitivity and measurement range of the sensor will
depend on the thickness of both the MRE sheet and BE sheet. We investigated
that how the thickness of these two sheets affects its sensor response. Table 3.3.3
summarizes the thicknesses of the three prepared elastomers. Note that the type A
elastomer is the same one used in the previous experiment. We employed the same
experimental procedure described above while the maximum vertical deformations
were set to 8, 2, and 4 mm for the type A, B, and C, respectively.

With the three sensors, Figs. 3.9 and 3.10 show the sensor response curves versus
the applied normal force and vertical deformation, respectively. The white square,

triangle, and circle plots in Fig. 3.10 are the simulated values with type A, B, and C
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Figure 3.8: The sensor output voltage versus the applied vertical deformation. The
solid lines indicate the moving averages of the sensor outputs with an interval of 10
ms. The sensor output quadratically increased with the applied vertical deformation.
White diamond and square plots represent simulated value calculated by different
relative permeability p, of MRE: 2 and 1.5, respectively.

Table 3.2: Thickness differences of each elastomer sheet between three types of sen-
sors. Type A is the same elastomer with the one used in the first experiment.

Thickness of base elastomer | Thickness of magnetorheological
sheet elastomer sheet

Type A 10 mm 2 mm

Type B O mim 2 mm

Type C 5 mm 4 mm

elastomers, respectively. Here, the magnetic permeability of the MRE sheet was set
to 1.5 which shows a good match between the simulated and measure sensor outputs
as shows in Fig. 3.8. Other simulation parameters were the same ones used in the
section 3.3.1.

First, we compared the results of the type B and type C sensors. Figure 3.9

demonstrates that the sensor response with the type C was larger than the one with
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Figure 3.9: Comparison of sensor output changes against the applied normal force
among the three types of the sensors.
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Figure 3.10: Comparison of sensor output changes against the applied vertical defor-
mation among the three types of the sensors. White squares, triangles, and circles
indicate simulated value of type A, type B, and type C sensor, respectively.
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the type B even under the same applied normal force (approximately 1.9 times when 3
N was applied). Figure 3.10 also demonstrates that the sensor response with the type
C was larger than the one with the type B. The slope of the response in the initial
stage of applying vertical deformation (the section with the vertical deformation of
0.5 to 1.5 mm) increased by approximately 1.2 times. Therefore, the thicker MRE
sheet provides the higher sensitivity in the sensor response. The simulation results
of the type B and C also indicate the sensitivity change among these two sensors.
However, the simulation result of type C did not match with the measured result.
As shown in Figs 3.9 and 3.10, the sensor with the type A elastomer could measure
the applied normal force and vertical deformation with the wider measurement range
compared to the sensor with the type B elastomer. In contrast, the sensor outputs
of the type A sensor was small in the initial stage of applying force. The slope of
the response in the initial stage decreased by approximately 0.37 times compared to
the type B sensor. Consequently, we confirmed that the sensor performance such as
sensitivity and measurement range, can be modified with the thickness of the BE and
the MRE sheets.

3.3.4 Contact Speed dependency in the sensor response

Next, we investigated contact speed dependency in the sensor responses. To inves-
tigate this, we employed another fabricated another sensor and experimental setup
which provides an accurate controlling position and velocity of the indenter.

The appearance of the another fabricated sensor is shown in Fig. 3.11. The
dual-layer elastomer is 150 mm long, 150 mm wide and 12 mm thick in which a 2
mm-thick MRE sheet is laminated onto a 10 mm-thick BE sheet. We employed the
same elastomer and iron particles descried in the previous section. Here, we set the
volume ratio of iron particles in the MRE sheet was 20%.

The magnet and the GMR sensor were also the same ones used in the previous
fabricated sensor. The magnet is mounted at the center of the underside of a printed
circuit board (PCB) while the GMR sensor is mounted 10 mm from the magnet on
the underside of the PCB, as the direction of its sensitivity axis is toward the magnet,
i.e., the dashed line on the right side of Figure 3.11 (b). In this study, we mounted
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Figure 3.11: Overview of the fabricated tactile sensor. (a) Appearance of the sensor.
A black magnetorheological elastomer was laminated onto a white translucent base
elastomer, and the top surface was covered by a thin protective plastic film. (b)
Appearance of the sensor when viewed from the bottom. A magnet is mounted at
the center of a printed circuit board, and a GMR sensor is placed 10 mm away from
the magnet.

only one magnet and one GMR sensor (Figure 3.11 (b), right), even though the PCB
could hold many magnets and GMR sensors (planned for future work with a large
sensing area).

Figure 3.12 shows the experimental setup which provides an accurate controlling
position and velocity of the indenter. The proposed sensor was mounted to a three-
axis robot stage (IAI Corp., Shizuoka, Japan, TTA-C3-WA-30-25-10) holding a digital
force gauge (Nidec Corp., Kyoto, Japan, FGP-5) with a measurement force resolution

of 0.01 N and a temporal resolution of 1 ms. The tip of the force gauge was equipped
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Figure 3.12: Experimental setup for investigating the sensor response. The sensor was
mounted on a three-axis stage holding a digital force gauge with a plastic cylindrical
indenter with a diameter of 10 mm. The output voltage of the sensor was amplified
by an amplification circuit and was then sent to a personal computer via an analog-
to-digital converter.

with a plastic cylindrical indenter with a diameter of 10 mm. To measure the vertical
displacements precisely, the stage was also equipped with a laser displacement sensor
(Omron Corp., Kyoto, Japan, ZX0-LD100A61) with a resolution of 0.08 mm. The
output voltage of the GMR sensor was amplified by an amplification circuit with a
gain of 200. A personal computer captured the outputs of the amplified sensor, force
gauge and displacement sensor via an analog-to-digital converter (CONTEC Corp.,
Osaka, Japan, ADI12-8GY with CPU-CA20GY) with a sampling rate of 200 Hz.

To investigate how the contact speed affects the sensor response, we measured the
response with three different contact speeds V' = 0.1, 1 and 10 mm/s (10 mm/s is
the maximum measurable speed in this setup). The contact point, which corresponds
to the center of the indenter, was determined as the position right above the GMR

sensor. The sensor responses were investigated with the following procedure:

1. lower the indenter at a speed of V' until the surface of the sensor descends to
a depth of 6 mm, which corresponds to half of the thickness of the dual-layer

elastomer.
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2. wait for 10 .

3. raise the indenter to its initial position at a speed of V.
4. wait for 10 s.

5. repeat the above steps 20times.

For a reference, Fig 3.13 shows the sensor responses versus the applied normal
force and indenter depth (i.e., vertical deformation) with a contact speed V of 0.1
mm/s, respectively. In both plots, the solid lines and shaded regions indicate the mean
value and twice the standard deviation (20) of the sensor outputs across 20 trials,
respectively. The arrows indicate the directions of the applied load. Each sensor
output monotonically increased with the applied normal force and indenter depth.
The results in Figure 3.13 (b) indicate that the sensor response increased quadratically
with the indenter depth. Although both curves exhibited hysteresis properties, the
effect of the hysteresis was larger for the curve of the sensor response versus the
normal force. We calculated the sensitivity S (mV/N) during the descending period
(dashed line in Figure 3.13 (a)). The estimated sensitivity was S = 161 mV/N or
12.7 mV /kPa (here, we used a cylindrical indenter with a diameter of 10 mm). In
addition, the calculated signal-to-noise ratio was 42.2 dB in this setting.

In order to evaluate the contact speed dependency in the sensor response, we
measured the sensor outputs with time for three different contact speeds, as shown in
Figure 3.14. The solid lines and shaded regions denote the mean value and twice the
standard deviation (20) of the sensor outputs across 20 trials, respectively. In each
plot, the application and removal periods indicate the periods wherein the load was
being applied and removed, respectively. The results demonstrate that the sensor
outputs varied similar to a quadratic curve for every speed. On the other hand, for
speeds of 1 and 10 mm/s, the outputs slightly increased to their steady outputs after
the application period. The differences between the outputs just after the application
period and the steady outputs were 15.9 and 29.8 mV for speeds of 1 and 10 mm/s,
respectively. Furthermore, the outputs remained at small values even though the
loads were completely removed, and these remaining outputs gradually returned to

the zero level within a few seconds. The remaining outputs were 18.1 and 29.5 mV
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Figure 3.13: Sensor response curves with a contact speed V' of 0.1 mm/s: (a) the
sensor output versus the applied normal force and (b) the sensor output versus the
indenter depth. In both plots, the solid lines and shaded regions indicate the average

value and twice the standard deviation (20), respectively. The arrows indicate the
direction of the applied load.
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for speeds of 1 and 10 mm/s, respectively; thus, a higher speed resulted in a larger

remaining output.

3.3.5 Spatial Response

To determine an appropriate spatial layout for the proposed sensor for large-area
tactile implementation, the spatial response of the proposed sensor was investigated
using the same setup. Figure 3.15 illustrates the measurement region and positions of
the spatial response. The black dots in the figure indicate the center positions where
the load was applied, i.e., the center of the indenter. In accordance with the index
numbers (1, 2, ..., 6561) of the dots, the indenter moved from x = —40 mm to x =
40 mm and from y = —40 mm to y = 40 mm in 1-mm steps along each axis. The
positions of the magnet and GMR sensor corresponded to (z, y) = (0, 0) and (10, 0),
respectively.

At each measurement position, the indenter was lowered from the sensor surface
Z, = 0 mm to an arbitrary depth Z,,.,, which was set to each of seven different
depths Z,,.. = 0, 1, 2, 3, 4, 5 and 6 mm (note that 0 mm means the load was not
applied). By subtracting the initial output voltage V, at Z, from the output voltage
V' at Zpae, we measured the difference in the sensor outputs (i.e., V — V) at all
measurement points.

Figure 3.16 shows the spatial response measured at a depth of 4 mm (Z,,,, = 4
mm) as one example of the measured data. The horizontal and vertical axes indicate
the center position of the indenter along the x and y axes, respectively. The color
depicts the mean value of the sensor outputs across the three trials; warm colors
(yellow, orange and red) and blue indicate positive and negative sensor outputs,
respectively. In addition, the white region indicates a region with zero output; in
other words, the nonsensitive region of the sensor. The shape of the spatial response
exhibited an elliptical Mexican-hat-like bipolar shape whose major axis corresponds
to the line connecting the centers of the magnet and GMR sensor. The center of the
response was approximately (z,, y,) = (3, 0), i.e., the position between the magnet and
the GMR sensor along the line connecting the centers of the magnet and GMR sensor.

The results for the other depths are summarized in Figure 3.17 as line profiles
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Figure 3.14: Sensor output versus time for three different contact speeds: (a,b,c)
Sensor outputs with three different contact speeds V' = 0.1, 1, and 10 mm/s, respec-

tively.
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Figure 3.15: Measurement region and positions of the spatial response. The black
dots indicate the center position of the applied load, i.e., the center of the indenter.
The indenter was moved from (x,y) = (—40,40) to (40,40) in 1 mm steps based on
the index numbers 1, 2, ..., 6,561 of the dots.

along the x and y axes through the center (z,,v,) = (3, 0). These responses exhibit
Mexican-hat-like bipolar responses for all depths. In addition, the line profiles indicate
that the zero-crossing points were almost the same point, i.e., (z,y) = (-10, 0), (18,
0), (3, —12), and (3, 12) in Figure 3.17, regardless of the depth.

The results demonstrate that the proposed sensor exhibits a Mexican-hat-like
bipolar response and not a Gaussian-like response (i.e., a bell-shaped response) gen-
erally observed in conventional tactile sensors, e.g., [13,14]. We hypothesized that
such a negative response in the bipolar response does not originate from magnetic
transduction, but instead from the incompressible characteristics of the BE. Because
the BE is made of an incompressible material, bulging of the BE can occur around
the edge of the pushed region (see Figure 3.2, right). This bulging increases the dis-
tance between the MRE and the sensing elements and therefore causes the negative
response.

To verify this, we replaced the BE sheet with a compressible soft sponge sheet and

measured its spatial response with the same setup and procedure. Figure 3.18 shows
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Figure 3.16: Measured spatial response for a depth of 4 mm. The shape of spatial
response exhibits an approximately elliptical Mexican-hat-like bipolar shape whose
major axis corresponds to the line connecting the centers of the magnet and GMR
Sensor.

the measured spatial response by using the sponge sheet for a depth of 4 mm (Z,,4,
= 4 mm) as one example of the measured data. The result shows that the negative
response region clearly disappears and that the spatial response exhibits an elliptical
Gaussian-like shape whose major axis corresponds to the line connecting the centers
of the magnet and GMR sensor. The center of the response was (Z,s, Yos) = (2, 0),
i.e., the position between the magnet and the GMR sensor along the line connecting

the centers of the magnet and GMR sensor.

We again summarize the results as line profiles along the x and y axes through
the center (z,s,Yos) = (2, 0). Figure 3.19 shows the line profiles for the seven dif-
ferent depths with the sponge sheet instead of the BE sheet. As in Figure 3.18,
negative responses were not observed for all depths. Regardless of the depth, the
widths of the responses along the z and y axes were approximately 44 and 40 mm,
respectively. These results demonstrate that the negative response is derived from

the incompressibility of the BE sheet and not from magnetic transduction.
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Figure 3.17: Line profiles of the measured spatial responses with at seven different
depths: (a,b) Sensor outputs along the x and y axes through the point (x,,y,) = (3,
0), respectively.
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Figure 3.18: Measured spatial response with a sponge sheet instead of the base elas-
tomer sheet at a depth of 4 mm. The shape of spatial response exhibits an ap-
proximately elliptical Gaussian-like shape whose major axis corresponds to the line
connecting the centers of the magnet and GMR sensor.

3.4 Discussion

This section first summarizes the sensor response curves describing the relationship
between the sensor outputs and the contact loads and how the contact speed affects
the sensor output. Then, we discuss a model of the spatial response shape and whether

the bipolar spatial response is useful for tactile information processing.

3.4.1 Simulations and real experiments

The results of magnetic field simulations and experiments with the fabricated sensor
provide the curves showing the fundamental sensor response versus the applied normal
force and vertical deformation. The result demonstrated that the applied force and
deformation could be estimated from the contact position and shape of the indenter

because the curves were either monotonically increasing or decreasing. The curve
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showing the response versus the indenter depth has a smaller hysteresis compared
with the curve showing the response versus the applied force. This is because the
sensor response is simply determined by the distance between the MRE and the
sensing elements on the PCB. While the applied force is removed, the viscosity of the
elastomer generates a residual stress. The repulsive force in response to the indenter
becomes weak owing to this residual stress; therefore, the hysteresis becomes larger
in the curve showing the sensor response versus the applied force.

Figure 3.10 shows that the simulation result with the magnetic permeability of
1.5 was well matched to the measured sensor response. One reason for this is that
the magnetic permeability of the MRE sheet used in this study is slightly different
from the one of the MRE used in a study [86] because of the difference of magnetic
particles distribution. Therefore, a measurement of the magnetic permeability of the
MRE sheet will be a future issue. Another reason is that we hypothesized that 1) the
magnetic permeability of the MRE sheet was spatially uniform in the magnetic field
simulation; 2) the simulation was conducted in two-dimensional plane although the

elastomer sheet would show complex deformation against applied contact force.

Next, in the experiments using different elastomers, the sensor response charac-
teristics were changed depending on the thickness of each layer of the elastomer.
Although the simulation results and the actual measurement results did not match
strictly, this is due to the issues in the current simulation described above. In partic-
ular, the simulation result of type C sensor was different from the measured sensor
response. We considered that this difference was mainly caused by simulating the
MRE sheet having uniform magnetic permeability as discussed above. Since we did
not perform processing to uniformly distribute the iron particles in the MRE sheet,
the iron particles would concentratedly distributed on the lower surface of the MRE
sheet. Therefore, when the MRE sheet is thickened, the iron particles would concen-
trate on the lower surface, and the magnetic permeability at the lower surface would
become high. In order to confirm this concentration effect, we simulated the MRE
sheet as a two-layer sheet structure with different magnetic permeability at the top
and lower. As a result, we confirmed that the simulated result had a good match with
the measured sensor response. Further investigation is necessary for more accurate

discussion.
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The results obtained in this section can be summarized as follows: (1) A thick
MRE sheet has a high sensitivity to applied contact force. In this case, when the
thickness of the MRE sheet doubles, the sensitivity against the applied vertical de-
formation is approximately 1.2 times. (2) A thin BE sheet also provides a high
sensitivity; however, the measurement range of the applied contact force is limited.
(3) In contrast, the thicker BE sheet decreases the sensitivity to small deformation,
and in this case the sensitivity decreased about 0.37 times when the sheet thickness
doubled. Consequently, the results suggest that basic sensor performance such as sen-
sitivity and measurement range, can be modified by changing the thickness of both

the elastomer sheets.

3.4.2 Sensor Response and Contact Speed

As shown in section 3.3.4, we also evaluated the sensitivity of the sensor, and found
that the estimated sensitivity to the applied force was 161 mV /N with a range of forces
of 2.5 N and a signal-to-noise ratio of 42.2 dB in this setup. This value demonstrates
that the sensor has a high sensitivity (cf. other sensors listed in [17]), even though

the proposed sensor was covered by a highly deformable material.

The results of the experiments utilizing different contact speeds indicate that
the sensor outputs similarly varied with the applied load. On the other hand, for
contact speeds of 1 and 10 mm/s, the sensor output did not return to the zero level
immediately after the load was completely removed. The results for both speeds
demonstrate that the sensor output requires a certain time (namely, a relaxation
time) to return to its zero level. This remaining output means that the top MRE
sheet was still lower than its initial position owing to the viscosity of the elastomer.
One area of future work is to compensate for these remaining sensor outputs, e.g.,
by investigating the deformation dynamics and material properties of the elastomer.
Another feasible solution will be to employ a low-viscosity elastic material for the

elastomer.
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3.4.3 Spatial Response

The experimental results indicate that the proposed sensor has a Mexican-hat-like
spatial response, i.e., the sensor has positive and negative response regions. We
hypothesized that this negative response was generated by the incompressible char-
acteristics of the dual-layer elastomer. Owing to its incompressibility, the volume of
the elastomer is constant before and after applying the load. In addition, the elas-
tomer could not expand to the outside because its four sides were fixed (see Figure
3.12). Consequently, the BE right below a contact point moves to surrounding region;
then, this moved BE pushes the MRE surface up, which decreases the sensor output.
The experiments with the soft sponge sheet instead of the BE sheet demonstrate
that the negative response region disappeared and that the response shape become
an elliptical Gaussian-like shape.

Comparing the two spatial responses (Figures 3.17 and 3.19), we also found that
the spatial response has a large response region; the diameter of the Mexican-hat-
like response along its major axis was approximately 80 mm, and the diameter of
the Gaussian-like response along its major axis was approximately 44 mm. A large
response region could be generated by employing a thick elastomer that causes surface
deformation in a broad region; in particular, this deformation region will become
broader by using an incompressible BE, as discussed above.

In conclusion, we can summarize the spatial response of the proposed sensor as

follows:

1. The distorted Gaussian-like unipolar spatial response shown in Figure 3.18 re-
flects the spatial response generated by the proposed sensing mechanism, i.e.,

the change in magnetic field caused by approaching the MRE.

2. The shape of the spatial response is approximately elliptical, whose major axis

corresponds to the line connecting the centers of the magnet and GMR sensor.

3. The center of the spatial response (Z,s, Yos) is at a point that is closer to the

magnet along the line connecting the centers of the magnet and GMR sensor.

4. The use of an incompressible elastomer adds a negative response to the unipolar
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spatial response; then, the entire spatial response becomes a distorted Mexican-

hat-like bipolar spatial response, as shown in Figure 3.16.

The following two subsections describe what functions can fit the measured spatial

responses.

Modeling of the Sensor Response Generated by Approaching the MRE

Shimojo [13] found that an elastic covering for a tactile sensor functions as a spatial
low-pass filter and that its spatial response exhibits a Gaussian-like shape. Because
of the elliptical shapes of the responses in Figures 3.18 and 3.19, we employed an

elliptical Gaussian function to fit the sensor response generated by approaching the
MRE:

Res(z,y,z) = 502 52

k(z) exp (_ (v —x)* + 77y — yc)2> (3.1)
where k(z) is a function of the applied depth z, (., y.) is the center of the function, o
is the variance and 7 is the spatial aspect ratio specifying the ellipticity of the Gaussian
function. The results presented in Section 3.3.2 demonstrate that the sensor output
increases quadratically with the applied depth; therefore, we employed a quadratic
function az®+ bz +c for the function k(z). All parameters were estimated on the basis
of a least-squares method, and their estimated values were as follows: x. = 1.774, y.
= 0.2067, ¢ = 7.170, v = 1.074, a = 15.49, b = —16.14 and ¢ = 4.948. The fitting
error R? (i.e., the squared error of all measurement points for the seven depths) was
2.2047.

Modeling of the Bipolar Response

The bulging of the incompressible BE sheet added a ring-shaped negative response to
the ordinary response described in Equation (3.1); thus, the entire response becomes
a bipolar response (Figure 3.16). In order to express such a bipolar response, we
can practically employ the following two functions: difference of Gaussians (DoG)
and Laplacian of Gaussian (LoG) functions. The Mexican-hat-like spatial response is

generally fit with these functions.
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The DoG function is defined by the difference between two Gaussian functions G

and (G5 that have different variances and peak values:

DoG(x,y,z) = k(z) (Gi(x,y) — Ga(x,y)) (3.2)
Gi(flf, y) _ 2730_2 exp (_ (ZE — JIC)Q ;Uzz(y - yc)2) (33)

where k(z) is a function of the applied vertical deformation, ¢? is the variance, (z.,
Y.) is the center position of the DoG function and « is the spatial aspect ratio that
specifies the ellipticity of the DoG function.

On the other hand, the LoG function is defined as a second-order partial differen-

tial of a Gaussian function G(z,y):

LoG(z,y,2) = k(2) (aQG(aﬁ,y) 82G(x,y)>

0%x 0%y

. _&24) (1 I Gk ;F ’f(y - xc)Q) exp (_ (x — .)? —2F Zz(y - yc)2> (3.4)
G(z,y) = 27302 exp (_ (z — =) ;Uzz(y - yc)z) (35)

where k(z) is a function of the applied vertical deformation, ¢ is the variance, (z.,
y.) determines the center position of the LoG function and ~ is the spatial aspect
ratio that specifies the ellipticity of the LoG function.

We conducted a y? fitting in order to compare the fitting accuracies of these two
functions. The calculated values of the DoG function were as follows: z. = 2.69, y.
= 0.369, 0y = 6.32, 09 = 14.6, v = 1.06, a = 4.07, b = 41.5 and ¢ = 0.0911; the x>
value was 3.76 x 105, In contrast, the calculated values of the LoG function were
as follows: zy = 2.61, y, = 0.468, 0 = 8.82, v = 1.02, a = 282, b = —2.00 x 10}
and ¢ = —12.5; the x? value was 6.18 x 10°. x? was smaller for the DoG function;
thus, we concluded that the DoG function is a practically sufficient fitting of the
spatial response of the proposed sensor. Figure 3.20 shows a comparison between
the measured and fitted responses for a depth of 4 mm as one example of the fitted
response. Figure 3.20a depicts the two-dimensional fitted response (cf. Figure 3.16).
Both plots (Figure 3.20b,c) show the line profiles along the = and y axes through
the center (x,,v,) = (0, 3). The solid and dotted lines indicate the measured and
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fitted responses, respectively. These plots also demonstrate that the DoG function

can express the spatial response of the proposed sensor.
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Figure 3.20: Comparison between the measured and fitted responses for a depth of
4 mm: (a) two-dimensional fitted response and (b,c) line profiles along the x and y

axes through the center (z,,y,) = (0, 0), respectively.
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3.4.4 Usefulness of the Mexican-Hat-Like Spatial Response

for Tactile Information Processing

The experimental results show that the proposed sensor has a Mexican-hat-like bipo-
lar spatial response. Note that the BE sheet in the proposed sensor can be easily
replaced with any material possessing a low magnetic permeability, as done with the
soft sponge sheet employed in this study. If the negative response is unnecessary for a
specific application, the BE sheet can be replaced with a compressible soft material.
Accordingly, we can choose whether the negative response is utilized in accordance
with real tasks or applications. In this section, we discuss whether the negative

response is useful for tactile information processing or not.

Such a spatial response can be fit with a DoG function, which is commonly known
as an edge-enhancement filter in computer vision. This means that the sensor could
function as a spatial filter and extract DoG-like features at the hardware level. There-
fore, the proposed sensor may be able to provide edge-enhanced tactile images (or
edge-enhancement features) by implementing many pairs of magnets and GMR sen-
sors arranged in an array. In addition, it is widely known that humans utilize edge
information when processing tactile information [87]. We believe that such tactile
edge enhancement features will be useful for tactile information processing in the
field of robotics.

One example employing a DoG function for tactile processing is a scale-invariant
feature transform (SIFT) algorithm, which is used to extract features in computer-
vision applications. The SIFT requires various scaling DoG features and is employed
in object-shape recognition tasks using a tactile sensory signal [88]. Typically, spatial
filtering is accompanied with high computational costs; however, the proposed sensor
has the potential to perform filtering processes with DoG features in hardware if the

proposed sensor is able to vary its spatial response.

The parameters of the BE, such as the thickness and stiffness, are thought to
determine the shape of the spatial response. An area of future research is to investigate
how these parameters determine the shape and to develop a design procedure for

creating an arbitrary spatial response for the sensor.
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3.5 Summary

We proposed a tactile sensorization method of a magnetorheological elastomer based
on a magnetic field measurement. We investigated the sensor responses with the mag-
netic field simulation and real experiments with two fabricated sensors. The simu-
lations and experiments demonstrated that the sensor can measure applied normal
force and vertical deformation by monitoring the change in magnetic field, and that
these results were well matched. The second experiment indicates that the sensor
has a high sensitivity (approximately 161 mV /N with a signal-to-noise ratio of 42.2
dB) and that the sensor can respond to the applied load, even with a high contact
speed; however, a high contact speed induces a relaxation time in the sensor output.
The third experiment found that the sensor has an elliptical Mexican-hat-like bipolar
spatial response whose major axis corresponds to the line connecting the centers of
the magnet and magnetic transducer and that employing a incompressible dual-layer
elastomer results in a negative response in the bipolar response. We then demon-
strated that this bipolar spatial response can be practically fit with an elliptical DoG
function. This spatial-filter-like response indicates that the proposed sensor may be
able to function as a spatial filter at the hardware level.

In this paper, we evaluated the output with a single-magnet and GMR-sensor
pair. Hence, the next step is to focus on the implementation of multiple magnets and
GMR sensors. We believe that the combination of outputs from these pairs of devices
will enable the estimation of the contact position, the applied vertical deformation
and the shape of the contacted object. We will also mount the proposed sensor on

the body of a humanoid robot for further testing.
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Chapter 4

Tactile sensorization with an

inductor

This chapter describes a flexible tactile sensor in which magnetorheological and non-
magnetic elastomer sheets are simply laminated on an inductor. This sensor has
potentially high durability against shocks since the sensing part has only flexible elas-
tomer layers and a printed circuit. Because the magnetorheological elastomer (MRE)
sheet contains iron particles, the distance between the MRE sheet and the inductor de-
termines its inductance. Therefore, the sensor can detect surface deformation around
the inductor by measuring the change in its inductance. The sensor response versus
applied normal force curve and vertical deformation was obtained, and the signal-to-
noise ratio (SNR) was found to be high (approximately 53 dB). We investigated the
response properties with inductors having different sizes and confirmed that the SNRs
were lower for the inductor with a smaller diameter. This result suggests a trade-off
between the SNR and the density of the inductor layout. The results also indicate
that the sensor has a point-symmetric bipolar spatial response with a large response
region compared with the inductor diameter. We also investigated the changes in the
inductance when metallic materials approach to the sensor surface because metallic
materials can change the inductance without contact. The results demonstrate that
(1) the inductance decreases when metal cubes approached to the inductor, and (2)
the decrement of the inductance can be reduces by employing the MRE sheet with

a large amount of iron particles. In addition, to measure contact force distributions
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with an array sensor using several inductors, interferences among inductors were in-
vestigated because our sensor works based on electromagnetic effect. We confirmed
that the inductance increased when the neighbor inductor was activated, and that
the amount of increase was reduced with a larger distance condition between the two

inductors.

4.1 Background

Several types of flexible tactile sensors using elastic materials as covers have been
developed; however, their properties such as the durability, maintainability, sensitiv-
ity, and mechanical complexity should be further improved. We previously developed
a flexible sensor whose surface contains no transducers, wiring, and solids because
these elements inside the flexible cover deteriorate the durability and maintainabil-
ity, as shown in Chapter 3. The sensor surface consists of magnetorheological and
nonmagnetic elastomer sheets while the sensor bottom has a magnet and magnetic
transducer pair, which measures the magnetic flux that changes depending on the de-
formation of a magnetorheological elastomer (MRE) sheet containing iron particles.

In this study, we propose another type of flexible tactile sensor whose structure
was simplified to improve the durability and reduce the mechanical complexity. We
removed the magnet and magnetic transducer pair and installed a printed inductor
instead. Since the MRE sheet contains iron particles, the distance between the MRE
sheet and inductor determines its inductance. Hence, the sensor can detect surface
deformation around the inductor by measuring the change in its inductance. It is
predicted that an inductor with a large diameter could have a large response and
large spatial response region. From the sensor structure, the sensor will have a point-
symmetric spatial response at the center of the inductor, which will be also the most
sensitive point, i.e., a peak position in the spatial response. However, the complex
deformation of the dual-layer elastomer sheet makes it difficult to predict the sensor
response.

In order to confirm these sensor characteristics, we investigated the response curve
of the proposed sensor in terms of the applied normal force and signal-to-noise ra-

tio (SNR) as fundamental properties of the sensor. As a preliminary experiment for
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implementing a large-area sensor, we also investigated the spatial responses with in-
ductors having different sizes and examined the changes in the sensor response region
and SNR depending on the inductor size. In addition, we investigated the sensor
response caused by electromagnetic phenomenon, not by applied contact force, since
the proposed sensor measures applied force as an inductance change, which could
vary with external magnetic sources. First, we examined the sensor responses versus
the approach of a metallic cube, which generate eddy currents with a magnetic field
in the cube. The magnetic field would be generated in a direction to reduce the orig-
inal magnetic field generated by the sensing inductor. Therefore, the inductance is
expected to decrease in accordance with the approach of the metallic cube. Second,
the magnetic interference between the inductors was investigated toward a large scale
tactile sensing. To measure force distributions, the proposed sensor requires an in-
ductor array; however, the magnetic fields generated by the inductors would interfere,

and thus the inductances would also change by the interference.

4.2 Proposed sensor

This section provides an explanation of tactile sensorization method of a magnetorhe-

ological elastomer using an inductor.

4.2.1 Structure and Sensing Mechanism

Figure 4.1 shows the appearance of the proposed sensor and its cross-sectional schematic.
An inductor is printed on a circuit board, which is covered by an MRE sheet and a
nonmagnetic base elastomer (BE) sheet. The MRE sheet contains particles with a
high magnetic permeability, e.g., iron particles.

In such a structure, the MRE sheet functions for an inductor as a magnetic core
that increases the inductance while the inductor functions as a magnetic permeability
transducer. The normal force applied to the sensor surface changes the distance
between the inductor and the MRE sheet. This distance determines the inductance;

thus, the sensor can measure the applied force as the inductance changes.
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Figure 4.1: Appearance of the proposed sensor and its cross-sectional schematic. An
spiral inductor is printed on a printed circuit board while magnetorheological and
nonmagnetic base elastomer sheets cover the board.

Table 4.1: Characteristics of the prepared three spiral inductors

Type Diameter Number  of | Initial inductance (
(mm) turns nH)

A 20 32 51.3721

B 10 16 5.26445

C 8 14 2.73450

4.2.2 Fabricated Sensor

Figure 4.2 shows an appearance of the fabricated sensor. The size of the elastomer
sheets was determined to be 150 mm on both sides. The thickness of the MRE and
BE sheets were 10 mm and 2 mm, respectively. These layers were made of a platinum-
cured silicone rubber (Smooth-On Inc., USA, Ecoflex 00-30). Iron particles with a
diameter of 50 pm were mixed with the MRE at a volume ratio of 20 %.

Figure 4.3 illustrates the developed two-layered planar spiral inductor and the
inductor parameters. The spiral inductor was printed on both surfaces of a rigid
circuit board with a thickness of 1.6 mm. The trace width and the spacing between
the traces were 0.1 mm. We prepared three inductors having different diameters, as
listed in Table 4.2.2. The inductor diameters were set to the same diameter as the
indenter (10 mm), a larger one (20 mm), and a smaller one (8 mm, the minimum

diameter working in this setup).
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Remove the elastomer

Figure 4.2: An appearance of the fabricated flexible tactile sensor. The sensor con-
sists of a mangetorheological elastomer sheet, a non-magnetic elastomer sheet, and a
printed circuit board holding a spiral inductor.
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Figure 4.3: Inductor parameters of a two-layer planar spiral inductor printed on both
surface of a rigid circuit board.
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Figure 4.4: Experimental setup for measuring the sensor response curves. A normal
force was applied to the sensor surface by a three-axis robot stage with a cylindrical
indenter. A personal computer captured the inductance and the outputs of a force—
torque sensor via an inductance-to-digital converter and analog-to-digital converter.

4.3 Experiments and results

Figure 4.4 shows the setup for investigating the sensor response. The proposed sensor
was mounted to a three-axis robot stage (IAI Corp., Japan, TTA-C3-WA-30-25-10)
with a force—torque sensor (F/T sensor; BL. Autotech LTD., Japan, Mini 2/10-A) for
measuring the applied force. The F /T sensor was equipped with a plastic cylindrical
indenter with a diameter of 10 mm. A personal computer (PC) captured the output of
the F/T sensor via a 16-bit analog-to-digital converter (CONTEC Corp., Japan, Al-
1664LAX-USB). A 28-bit inductance-to-digital converter (Texas Instruments Corp.,
USA, LDC1614) measured the inductance values at 100 Hz and transmitted the values
to the PC.

4.3.1 Sensor response curve

The sensor response curve with the type A inductor was measured in accordance with

the following steps:

1. lower the indenter at a speed V = 1 mm/s until the surface of the sensor descends

to depth of 6 mm, which corresponds to half of the thickness of the elastomer
2. wait for 10 s
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3. raise the indenter to its initial position at a speed of V
4. wait for 10 s
5. repeat the above steps 10 times

Figure 4.5 shows the sensor response versus the applied normal force and vertical
deformation. In both the plots, the insets show a magnification of the initial part of
the curve. The solid line and dots are the average values of the measured inductance
across 10 trials, and the shaded gray regions are twice the standard deviation (20) of
the inductance. The arrows indicate the direction of the applied force. The measured
inductance increased monotonically versus the applied normal force, although the
curve exhibited hysteresis. In contrast, the inductance curve versus the applied verti-
cal deformation has a small hysteresis compared to the one versus the applied normal
force. To evaluate the measurement noise, we calculated the maximum variance, and
this value was 7.609 x 10~7 pH2. In addition, the SNR of 53.85 dB was obtained
by the following equation: 20log,,(As/An) where Ag is the maximum inductance
change from the initial inductance and Ay is the maximum peak-to-peak inductance
under no load. The small 20 region compared with the sensor range also indicates

the high repeatability of the inductance across 10 trials.

4.3.2 Spatial Response Properties

The spatial response should be investigated to determine a spatial layout of inductors
for large-area implementation. An inductor with a small diameter allows a spatially
massive implementation; however, miniaturization of the inductor could lower the
sensitivity and SNR. To investigate the relationship between the sensor response and
the diameter of the inductor, we used three inductors having different sizes, as listed in
Table 4.2.2. The sensor responses were measured using the same equipment. Figure
4.6 illustrates the measurement region and positions of the spatial response. The
black dots in the figure indicate the center positions where the load was applied, i.e.,
the center of the indenter. In accordance with the index numbers (1, 2, ..., 6561) of

the dots, the indenter moved from = —40 mm to x = 40 mm and from y = —40
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Figure 4.5: Measured sensor response curves versus (a) the applied normal force and
(b) the applied vertical deformation across 10 trials. The inset shows a magnification
of the initial part of the curve. The solid line and dots indicate the mean value of
the inductance, and the arrows depict the direction of the applied normal force. The
shaded region indicates twice the standard deviation (20) of the inductance.
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Figure 4.6: Measurement region and positions of the spatial response. The black dots
indicate the center position of the applied load, i.e., the center of the indenter. The
indenter was moved from (z,y) = (—40,40) to (40,40) in 1 mm steps based on the
index numbers 1, 2, ..., 6,561 of the dots.

mm to y = 40 mm in 1-mm steps along each axis. The positions of the center of
inductor corresponded to (z, y) = (0, 0).

At each measurement position, the indenter was lowered from the sensor surface
Z, =0 mm to 6 mm. By subtracting the initial inductance from the measure induc-
tance, we measured the difference in the inductances at all measurement points.

Figure 4.7 shows the measured spatial response with the type A inductor, whose
center was the coordinate origin. The colors indicate the different values of the
inductance from its initial value. The response shape was bipolar whereas the one for
conventional sensors is generally Gaussian-like. We describe such sensor response with
three sensor parameters, i.e., the positive peak value and the average diameters of
the positive and negative regions, because the measured bipolar response was almost
point-symmetric. Table 4.3.2 summarizes these measured sensor parameters for three
different inductors. The smaller inductors show a smaller variation in the inductance
and SNRs; in contrast, the positive and negative response regions did not significantly

change in accordance with the inductor diameter.
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Figure 4.7: Spatial response of the sensor with a type A inductor. The color indicates
that the inductance changed from its initial value.

Table 4.2: Summary of the measured responses.

Type | Positive Diameter of pos- | Diameter of neg- | Signal-to-
peak (uH) | itive  response | ative  response | noise ratio
(mm) (mm) (dB)
A ]0.184721 25 68 53.85
B ] 0.010937 24 68 46.80
C ]0.004181 22 68 41.80

4.3.3 Sensor response caused by approaching metallic mate-

rials

To investigate the sensor response caused by approaching metallic materials, a metal-
lic cube was attached to the three-axis robot stage, instead of the plastic indenter.
We here employed three kinds of metal, such as Aluminum (A5052), Steel (SS400),
and Stainless steel (SUS304). The size of the metallic cube was 30 mm high, 30 mm

wide, and 30 mm. The cube was approached to the sensor at the position where the
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Figure 4.8: Experimental condition for investigating the sensor response versus ap-
proaching metal cube.

center of the cube and inductor matched as showed in Fig. 4.8. As the PCB surface
was z = 0 mm, the bottom surface of the cube was moved z = 15 to z = 45 mm (here
we define the PCB surface was z = 0 mm) totally 5 times.

Figure 4.9 indicates the inductance changes versus approaching three kinds of
metallic cubes. The solid lines are average values across 5 trials. The results shows
that the inductance monotonically decreased with approaching metallic cubes, and
that the hysteresis in the response curves was small. The amounts of decrement were
slightly different according to the employed metal.

The MRE sheet could function as a magnetic shield which can decrease the effect
of approaching metallic material because the MRE sheet contains iron particles with
a high magnetic permeability. Accordingly, the inductance changes versus approach-
ing metallic material were investigated by using several MRE sheets with different
thicknesses and volume ratio of contained iron particles. Table 4.3.3 summarizes the
parameters of the employed nine different MRE sheets. The type A to type E MRE
sheets have different thicknesses with an intervals of 1 mm and with the fixed volume
ratio of iron particles of 20 %. In contrast, the type F to type I MRE sheets have
different volume ratio of iron particles with an intervals of 10 % and with the fixed

thickness of 2 mm. Here, the thickness of the BE sheet was fixed to 10 mm for all
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Figure 4.9: Measured inductance change versus the distance from the inductor. The
solid line indicates the mean value of the inductance across 5 trials.

the MRE sheets.

With these nine different MRE sheets and three kinds of metal cubes, the induc-
tance was measured with the same experimental procedure shown in Fig. 4.8. We
here calculated the maximum decrement of each inductance change, and compared
among nine MRE sheets. Figure 4.10 shows the maximum decrement of each induc-
tance change with the Aluminum cube. Horizontal axis is the mass of iron particles
in the MRE sheets. The maximum decrement of inductances were reduced in accor-
dance with the thickness and volume ratio of iron particles of the MRE sheet. This
tendency was also found in the condition using the other metal cubes and elastomers.
The obtained results can be summarized as follows: (1) The maximum decrement of
inductances were small when using thick MRE sheets. With the comparison between
the MRE sheets with thickness of 1 mm and 5 mm, the maximum decrement of in-
ductances were reduced 0.876, 0.882, and 0.854 times in Aluminum, Steel, Stainless

steel conditions, respectively. (2) The maximum decrement of inductances were small
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Table 4.3: Parameters of the MRE sheet.

Type | Thickness of | Volume ratio of | Mass of iron par-
the MRE sheet | iron  particles | ticles (g)
(mm) (%)

A |1 20 12.2
B 2 20 24.4
Cc |3 20 36.6
D |4 20 48.8
E |5 20 61.0
F 2 10 12.2
G |2 30 36.6
H |2 40 48.8
I 2 50 61.0

when using MRE sheets with larger volume ratio of iron particles. With the compar-
ison between the MRE sheets with volume ratio of 10 % and 50 %, the maximum
decrement of inductances were reduced 0.899, 0.919, and 0.918 times in Aluminum,

Steel, Stainless steel conditions, respectively.

4.3.4 Interference between inductors

To investigate the interference between two inductors, we prepared another fabricated
sensor and experimental setup. Figure 4.11 shows an appearance of another fabricated
sensor. We employed inductors printed on a flexible printed circuit board (FPCB)
while we employed the same elastomer used in the previous experiments. The spiral
inductor with a diameter of 10 mm was printed on both surfaces of an FPCB with
a thickness of 12.5 pm. The trace width and the spacing between the traces were
0.1 mm. In this experiment, we used two inductors mounted two different FPCB
although each FPCB has four inductors. The inductor interval distance d between
the two inductors can be adjusted by changing the mounting position of two FPCBs.
We here define the two inductors as a target inductor, which is a measurement target,

and a neighbor inductor.
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Figure 4.10: Maximum inductance change obtained with the nine different elastomers
and the aluminum cube. The characters indicate the type of the elastomer.

This sensor was mounted on the tri-axis robot stage used in the previous experi-
ments. Two inductance-to-digital converters were employed to measure and activate
the target and neighbor inductor simultaneously.

First, we investigated the inductance change of the target inductor versus applied
normal force when the neighbor inductor was deactivated. The experimental pro-
cedure was the same one used in Section 4.3.1. A 6-mm vertical deformation was
applied to the surface of the elastomer totally 10 times.

Figure 4.12 shows the inductance change versus applied normal force. The solid
line is the average values of the measured inductance across 10 trials, and the shaded
gray regions are twice the standard deviation (20) of the inductance. The results
demonstrates that the inductance monotonically increases with a high repeatability.
The maximum change value of the inductance (i.e., the increment value from its initial
inductance) was 0.0032 pH when a 6-mm vertical deformation was applied.

Next, we measured the inductance change of the target inductor without apply-

ing normal force when the neighbor inductor was activated. Figure 4.13 indicates
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Figure 4.11: An appearance of the fabricated sensor for investigating the interfer-
ence between two inductors: (a) appearance of the sensor; (b) bottom view of the
sensor. The sensor consists of a mangetorheological elastomer sheet, a non-magnetic
elastomer sheet, and flexible printed circuit boards holding spiral inductors.

the inductance change (i.e., the increment value from its initial inductance) versus
the inductor interval distance d between the target and neighbor inductors. In this
experiment, the distance d was changed from 10 mm to 30 mm with an interval of 5
mm; and the inductance was measured 10 times in each condition. The black dots are
the average values of the measured inductance across 10 trials, and the error bars are
twice the standard deviation (20) of the inductance. For reference, the dotted line is
the inductance change when a 6-mm vertical deformation was applied, as measured
the above experiment. The result shows that the inductance of the target induc-

tor increased by activating the neighbor inductor even though no normal force was
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Figure 4.12: Inductance change versus the applied normal force across 10 trials.
The solid line and shaded gray region indicate the mean value of the inductance
and twice the standard deviation (20) of inductance, respectively. The inductance
monotonically increases with the applied normal force.

applied. This amount of the inductance change was rapidly decayed in accordance
with the inductor interval distance d. In addition, the error bar (i.e., 20 value) was
significantly small compared to the amount of the inductance change. Therefore, the
activation of the neighbor inductor causes the increment of the inductance of the

target inductor with a high repeatability.

We also investigated that whether the applied normal force affects the amount of
the inductance change caused by activating the neighbor inductor. Figure 4.14 shows
the comparison between the inductance changes versus the applied normal force when
the neighbor inductor activated or not. This experiment also employed the same
procedure described in Section 4.3.1; a vertical deformation of 6 mm was applied
to the sensor surface. The inductor interval distance d was fixed to 20 mm which
provides the small inductance change by activating the neighbor inductor compared
to the one by applying normal force, as shown in Fig. 4.13. The black dotted line

and gray solid line are the average values of the measured inductance when neighbor
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Figure 4.13: Inductor interval distance d versus inductance changed caused by the in-
terference of two inductors. The dots and their error bars indicate the mean value and
twice the standard division (20) of measure inductance change across 10 trials. For
reference, the dotted line indicate the inductance change when a vertical deformation
of 6 mm is applied.

inductor is deactivated or activated across 5 trials, respectively. Both the sensor
response curve were well matched regardless of the amount of the applied vertical
deformation. Therefore, interference between the two inductors can be suppressed by
placing the two inductors with the inductor interval distance d which is enough to

ignore the inductance change caused by activating the neighbor inductor.

4.4 Discussions

The monotonic response of the sensor indicates that the proposed sensor can measure
the applied normal force by using only the inductor as a sensing transducer. Since
the inductor can be easily implemented by the traces of a circuit board, the sensor
can be fabricated at a lower cost compared with our previously proposed sensor using
a magnetic sensor and magnet. The advantage is that a circuit board itself becomes

the transducer without specific technologies.
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Figure 4.14: Inductance change versus applied vertical deformation. The solid and
dotted lines indicate the mean value of measure inductance change when a neigh-
bor inductor with an interval of 20 mm was driven or not driven across 5 trials,
respectively.

The second experiments revealed that the spatial shape of the response was point-
symmetric and bipolar. However, there was a slight distortion in the point-symmetric
response for the negative response region. This distortion could be caused by the
slightly nonuniform distribution of the iron particles in the handmade MRE layer
due to the high sensitivity of the proposed sensor. The results also demonstrate
that a negative response occurs when the sensor surface is pushed down at a certain
distance from the inductor. This negative response can be explained by the following
two mechanisms: 1) MRE stretching above the inductor decreases the permeability;
thus, this lowers the inductance, which causes the negative response. Such MRE
stretching can occur when the MRE is pushed down at some surface point because
the MRE is stretched to the side and thinned; 2) BE bulging occurs around the
inductor, in which the distance between the MRE and the inductor is extended by
the BE, thereby causing the negative response. Such bulging can occur around the
edge of the pushed region because the elastomer layers of the sensor are made of an
incompressible material. Further analyses (e.g., observation of surface bulging) are

required to conclude which mechanism causes the negative response. The bipolar
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response could be useful for detecting contact regions. In general, tactile sensor
responses contain no information about the contact points, e.g., it is difficult to
discriminate between a small force applied near the sensor and a large force applied
far from the sensor. In contrast, the negative response of the proposed sensor indicates
that the contact point is a certain distance from the inductor. Thus, the proposed
sensor could express the information of a contact point, which could help to detect
contact regions.

Table 2 indicates that small inductor has small inductance changes, and the SNR
gradually decreased with the diameter. These results suggest a trade-off between the
SNR and the density of the inductor layout. On the other hand, the diameters of the
positive and negative response regions were larger than the inductor diameter. This
is because the elastomer surface near the inductor smoothly deforms even though
a contact force is applied to a region far from the inductor. Such a large response
region can be utilized for a superresolution method [89] that can enhance the spatial
resolution, even with a spatially sparse layout of the inductor. In future works, this

method will be employed to balance the SNR and the spatial resolution.

4.4.1 Sensor response caused by approaching metallic mate-

rials

In the proposed sensor, the inductance decreased in accordance with approaching
metallic cubes. This is because an eddy current is generated in the approaching
metallic cubes [90]. The generated eddy current in the cubes occur in a direction to
cancel the magnetic field originally generated by the inductor, resulting in a decrease
in inductance. Since the amount of generated eddy current increases in accordance
with the distance between the cubes and inductor, the decrement of the inductance
also increases as the approach of the cubes. The decrement of the inductance differs
depending on the type of metal because the amount of generated eddy current varies
depending on the material properties of each metal.

The experiments using MRE sheets with different thickness and volume ratio
of iron particles demonstrated that the decrement of the inductance cause by the

approach of metal cubes decreased by using thick MRE sheet and/or with high volume
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ratio of iron particles. In contrast, Fig. 4.10 indicates that this decrement of the
inductance is proportional to the mass of the iron particles contained in the MRE
sheet. The decrements of the inductance were almost the same among the MRE
sheets which contain the same mass of iron particles (as shown in Table 4.3.3, the
type H and D MRE sheets have the same mass of the iron particles of 48.8 g although
these MRE sheets have different thicknesses and volume ratios) That is, even if the
thickness of the MRE sheet and the volume ratio of iron particles are different, if the
mass of the contained iron powder is the same, almost the same reduction amount is
shown These results suggests that it is important to employ a large amount of iron
particles in the MRE sheet in order to reduce the decrement of the inductance caused

by the approach of metallic materials.

4.4.2 Interference between two inductors

The experimental results demonstrates that the inductance of the target inductor
increased when the neighbor inductor was activated. The inductance of the target
inductor is determined by the amount of the magnetic flux penetrating the target
inductor. When the neighbor inductor is activated, another magnetic flux generated
by the neighbor inductor could enhance the magnetic flux generated by the target
inductor. In addition, this strength of the enhancement could be large when both
the inductor will placed close. This could be a feasible mechanism explaining that
the inductance of the target inductor increases when the neighbor inductor is ac-
tivated. Another feasible mechanism is that a mutual inductance between the two
inductors could be added both the inductors. One of the future work is to discuss
the electromagnetic phenomena occurred by approaching two activated inductors.
The increment of the inductance (here we define AN) caused by the activation
of the neighbor inductor has a high repeatability across 10 trials. Therefore, given
both the inductor interval d and the activation status of the neighbor inductor, this
increment AN could be compensated. However, it is difficult to know when and
which inductor is activated in a large amount implementation of the inductor for a
large scale tactile sensation. This is because that the synchronization of large amount

of inductance-to-digital converter makes a measurement system complicated.
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A feasible approach to avoid the interference is to place two inductors with an
enough distance d in which the increment of the inductance by activating the neighbor
inductor AN is sufficiently small compared to the increment of the inductance by
applying contact force (we define here AS). As shown in Fig. 4.12; the maximum
AS was 0.0032 pH when a vertical deformation of 6 mm was applied. In comparison
with these AS and AN, AN was larger than AS with the inductor interval d of
less than 15 mm. Therefore, when two inductors are placed with the d of less than
15 mm, it is difficult to discriminate the inductance change caused by the applying
contact force or activation of the neighbor inductor. In contrast, AN was enough
smaller than AS with the inductor interval d of over 20 mm. In addition, Fig. 4.14
demonstrates that this relationship did not change when contact force was applied.
Consequently, in this setting, two inductors should be placed with d of over 20 mm

to avoid the interference.

As we discussed above, the interference can be avoided by placing inductors with
an inductor interval of over 20 mm when employed an inductor with a diameter of
10 mm. In contrast, the spatial density of inductors determines spatial resolution of
measurable contact force distribution. Therefore, a certain application may require
more high density spatial implementation of inductors. Here, important characteris-
tics are spatial response region of each inductor and the degree of overlapping their
spatial response regions. The experiments investigated the spatial response region
of an inductor with a diameter of 10 mm, and found that the response region was
circular with a radius of 12 mm from the center of the inductor. This suggests that
there are overlapping portions in some response regions even if the inductors are
placed with an interval of 20 mm. Lepora et al. [89] demonstrated that the spatial
response between the two sensors can be interpolated using a tactile superresolution
technology by providing overlap in the response regions of the two tactile sensors,
and therefore the spatial resolution can be high compared to the spatial density of
the sensors. Even in our proposed sensor, there is a possibility that the degradation
of the spatial resolution, which occurs when the distance between the inductors is
increased in order to avoid interference, could be interpolated using such a tactile
superresolution technique. This is also a future work for achieving a high spatial

resolution without an interference.
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4.5 Summary

This chapter proposed a tactile sensorization method of a magnetorheological elas-
tomer based on an inductance measurement. We investigated the sensor responses
with the real experiments using the fabricated sensors. The obtained results can be

summarized as follows:

1. the sensor can measure the applied normal force with low noise (an SNR of 53

dB), even though the sensor structure is very simple and easy to fabricate.

2. the sensor has a point-symmetric bipolar spatial response whose center corre-

sponds the center of the inductor.

3. the sensor has a trade-off between the diameter of the response region and its
SNR.

4. the inductance decreases in accordance with the approach of metallic materials

because of a generated eddy current in the metallic material.

5. amagnetic interference between inductors increases inductance, and the amount

of increase is large with the short distance between the inductor.

We will try to mount such inductors onto a flexible printed circuit board for
implementing the sensor onto a complex surface such as robot skin. In other future

work, the three-axis forces will be obtained by improving the sensor structure.

76



Chapter 5

Tri-axis tactile sensorization with

four inductors

This chapter describes a tri-axis tactile sensorization method, and a flexible and soft
tactile sensor that measures the tri-axis force based on inductance measurement.
The proposed sensor has four spiral inductors printed on a flexible circuit board and
a mounted cylindrical elastomer (silicon rubber). A disk-shaped magnetorheological
elastomer (ferromagnetic marker) is embedded in the cylindrical elastomer and its
three-dimensional displacement is estimated by monitoring the inductance changes of
the four inductors. In this study, we investigated the relationship between the applied
tri-axis force and inductance changes. Our results can be summarized as follows: (1)
the inductance changes of the four inductors were monotonic and linear against the
applied normal and shear force; (2) the applied tri-axis force could be estimated well
with linear functions of the sum and difference of the measured inductances; (3) the
estimation error of the tri-axis force increased when a larger force was applied and/or

faster contact speeds were used.

5.1 Background

Flexible and soft tactile sensors play important roles in robotic systems interacting
with unknown objects. A number of studies have proposed various types of tactile

sensors (see reviews [17,18,91]) using elastic materials as their surface coverings. This
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is because flexible and soft sensor surfaces can fit the complex surfaces of objects safely
both for the objects and the robot itself. In contrast, sensors containing soft mate-
rials suffer from several technical issues related to deteriorations in the fundamental

properties of tactile sensors such as durability, sensitivity, and mechanical simplicity.

As one solution for these issues, we previously proposed and developed a flexible
tactile sensor in which a sheet-shaped magnetorheological elastomer (MRE), which is
a ferromagnetic silicon rubber, is laminated on a sheet-shaped silicon rubber covering
a flexible circuit board with a spiral inductor, as described in Chapter 4. Because
the MRE contains iron particles with a high magnetic permeability, the distance
between the MRE and inductor determines its inductance. Thus, the inductance
increases/decreases in accordance with the descent/ascent of the MRE around the
inductor, respectively. In the previous study, we demonstrated that the sensor could
measure applied normal forces by monitoring the inductance of the inductor. The
advantages of this sensor can be summarized as follows: 1) high durability—it has a
durable structure against shocks and heavy loads because the flexible and soft surface
where the contact force is applied contains no fragile electric transducers or wiring;
2) high sensitivity—it is sensitive to small forces because it directly captures surface
deformations of the outermost soft MRE layer; 3) simple structure—its structure is
simple and damaged surfaces are therefore easy to replace because the surface elas-
tomer sheets are placed on the circuit board without any wire connections.

One of the biggest remaining issues is that the sensor cannot measure the tri-
axis force, because of its structure. In this study, we improve the tactile sensor so
that it can measure the tri-axis force without deteriorating the above advantages of
the sensor. As shown in Fig. 5.1, the proposed tri-axis tactile sensor consists of four
inductors, a disk-shaped MRE (hereafter called ferromagnetic marker or marker), and
a cylindrical elastomer made of a silicon rubber. In this structure, applied normal
and shear forces cause a vertical and horizontal displacement of the ferromagnetic
marker, respectively. As a result, the inductances of the four inductors indicate the
three-dimensional (3D) position of the ferromagnetic marker. It is expected that: 1)
the summation value of all inductances indicates the magnitude of an applied normal
force because the vertical distances between the marker and every inductor decrease

simultaneously; 2) the difference of the four inductance values indicates the direction
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Figure 5.1: Appearance of the proposed tri-axis tactile sensor. The sensor consists of
four spiral inductors printed on a flexible printed circuit board (FPCB) and a disk-
shaped magnetorheological elastomer (MRE; ferromagnetic marker) embedded in a
cylindrical elastomer made of a silicon rubber. The inductances of the inductors are
determined by the positional relationship between the ferromagnetic marker and each
inductor because the marker contains iron particles with a high magnetic permeability.
Therefore, the sensor can estimate applied tri-axis forces by monitoring the inductance
changes caused by three-dimensional (3D) displacements of the marker.

and magnitude of an applied shear force because the horizontal distances between
the marker and every inductor decreases or increases depending on the positions of
the inductors. In contrast, the ferromagnetic marker itself is deformed by the contact
force because the marker is made with a highly flexible and soft silicon rubber. Such
deformation of the ferromagnetic marker might affect the expected inductance changes
mentioned above. In addition, the non-linear rubber elasticity might cause a nonlinear
change in inductance. Therefore, the relationship between the applied tri-axis force

and inductance should be investigated to enable the measurement of the tri-axis force.

In order to investigate this relationship, we measured the sensor responses by using
the developed sensor. The results can be summarized as follows: 1) the inductance
changes of the four inductors were monotonic and linear against an applied normal
and shear force; 2) the applied tri-axis force could be estimated well with linear
functions of the sum and difference of the measured inductances; 3) the estimation

error of the tri-axis force increased against a larger force or faster contact speeds.
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5.2 Proposed Tri-axis Tactile Sensor

This section provides details of the developed sensor and its sensing mechanism.

5.2.1 Developed sensor

We developed a four-inductor array to measure displacements of the ferromagnetic
marker. As shown in Fig. 5.2(a), each inductor is printed on a flexible printed circuit
board (FPCB) as a thin two-layer spiral inductor. In this study, we employed an
FPCB manufacturing service (P-ban.com Corp., Japan). The FPCB is 30-mm wide,
30-mm long (except for the connecter part), and 12.5-um thick. Each inductor has a
diameter of 10 mm, and the number of turns is set to 16 in each layer. The trace width
and spacing between the traces are both 100 pm. The thickness of the trace is set to
35 pum. In this study, we employed an inductance-to-digital converter that measures
the inductances by detecting the resonant frequency on an LC parallel resonance
circuit. Hence, a ceramic capacitor with a capacitance of 330 pF was connected in
parallel with each inductor.

The design parameters of an inductor, such as the width and thickness of a trace,
and the spacing between the traces, were determined to achieve a high Q factor in the
LC parallel resonance circuit (please refer to [90] for more information). The trace
width and spacing between traces should be narrow because the number of turns can
be increased to achieve a high sensitivity. Therefore, we determined the width and
spacing as 100 pm, which is the minimum value acceptable for the manufacturing
service. In contrast, the thickness of the traces should be thick as much as possible
because the parasitic resistance of the inductor should be reduced to achieve a higher
Q factor. Therefore, we determined the thickness as 35 pm, which is the maximum
value acceptable for the manufacturing service. As a reference, the Q factor in this
study was 28.3 at a resonance frequency of 3.22 MHz, which was calculated by an
inductor design tool [90].

Four inductors are arranged at equal intervals of 15 mm in the z- and y-directions,
as illustrated in Fig. 4.1(b). Figure 4.1(c) shows an illustration of the sensor con-
figuration for the experiments in this study. A plastic holder supports both the

cylindrical elastomer containing the ferromagnetic marker and the FPCB containing
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the inductors. The bottom surface of the marker is raised by 8 mm from the FPCB
top surface. The diameter and thickness of the ferromagnetic marker are set to 15
and 3 mm, respectively, while the diameter and thickness of the cylindrical elastomer
are 30 and 10 mm, respectively. The ferromagnetic marker and cylindrical elastomer
are composed of a platinum-cured silicone rubber (Ecoflex 00-30, Smooth-On, Inc.,
USA). To construct the ferromagnetic marker, iron particles with a diameter of 50 pm
were mixed with the platinum-cured silicon rubber at a volume ratio of 40% before
curing, and was poured into a disk-shaped female mold until cured (Fig. 5.3 (a)).
Subsequently, the ferromagnetic marker was placed at the bottom of another female

mold, and the platinum-cured silicon rubber was poured into the mold until cured
(Fig. 5.3 (b)).

5.2.2 Sensing mechanism

The aggregation of iron particles are supported elastically on the inductors in the
proposed sensor. Because the ferromagnetic marker containing iron particles function
as a magnetic core for the inductors, the positional relationship between the marker
and inductor determines its inductance (see also [92]). As shown in Figs. 5.1 and 5.2,
the ferromagnetic marker is placed in the center of the four-inductor array where the
marker is slightly raised from the array surface. Because the tri-axis force applied
to the sensor surface causes a 3D displacement of the marker above the inductors,
their inductances change in accordance with the distance between the marker and
each inductor. In this structure, vertical displacements of the marker along the z-axis
induced by the normal force F, will increase the inductances of all the inductors. In
contrast, horizontal displacements of the marker along the x- or y-axes induced by
shear forces F, or F, will increase/decrease the inductances of the inductors where
the marker approaches/departs.

We assume that the applied force can be approximated by calculating the sum-

mation and difference of the four inductances as follows:

Lx = (Ll -+ L4) - (LQ -+ Lg)
Ly = (L1 + Lz) — (L3 + L4) (5.1)
L,=1Li+ Lo+ L3+ Ly
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Figure 5.2: Schematic and design parameters of the developed tri-axis tactile sensor:
(a) Design parameters for an inductor printed on the FPCB; (b) arrangement of
inductors and ferromagnetic marker in z-y plane; (c) arrangement of inductors and
ferromagnetic marker in x-z plane.
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Figure 5.3: Fabrication processes: (a) a ferromagnetic marker; (b) a cylindrical elas-
tomer containing the ferromagnetic marker.
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where L; is the measured inductance of the i-th inductor. L, and L, are the differences
in inductances along the - or y-axes, while L, is the summation of all inductances.
The tri-axis forces F, F,, and F, are considered to be estimated from these converted
inductances L,, L,, and L., respectively, by determining the relationship between

these values.

5.3 Experiments

The sensor response versus applied tri-axis force was measured with the experimental
setup illustrated in Fig. 5.4. The developed sensor is attached to a tri-axis robot
stage (TTA-C3-WA-30-25-10, TAT Corp., Japan) holding a force-torque sensor (F/T
sensor; Mini 2/10-A, BL Autotech Ltd., Japan). As a contact target, a flat surface
plastic indenter is attached to the tip of the F/T sensor. A personal computer (PC)
captures the outputs of the F/T sensor via a 16-bit analog-to-digital converter (Al-
1664LAX-USB, CONTEC Corp., Japan). A 28-bit inductance-to-digital converter
(LDC1614EVM [90], Texas Instruments Corp., USA) captures the inductances of the
sensor and sends their values to the PC via an Arduino board (Arduino Uno, Italy).
In this experiment, the inductances of four inductors were measured one-by-one by
switching the inductor activated with 200 pA. The sampling period of both outputs
of the F/T sensor and converted inductances was set to 20 ms.

Before the experiments, we measured the initial inductances of the four inductors,

i.e., inductances under no load; the inductances were as follows: L; = 8.2053, L, =
8.2588, L3 = 8.1966, and L, = 8.2516 nH.

5.3.1 Sensor calibrations

We investigated the sensor responses versus the applied tri-axis force to determine
the relationships between the tri-axis force and the converted inductances calculated
using Eq. 1. First, the normal force F, was applied to the sensor by lowering the
indenter at a speed of 0.1 mm/s until the surface of the sensor descended to a depth
of 2.5 mm. Figure 5.5 shows the changes in the converted inductance L, versus

the applied normal force F,. The measured shear forces F, and F, and converted

84



IiISOI' g
“8

. Proposed se
« Dk B

Analog-to-digital Inductance-to-
converter digital converter
Personal computer |-e— Arduino

Figure 5.4: Experimental setup for investigating the sensor responses. The proposed
sensor is mounted on a three-axis robot stage holding a force-torque sensor (F/T sen-
sor). Contact force is applied to the sensor using a plastic flat object attached to the
tip of the F/T sensor. An inductance-to-digital converter measures the inductances
and sends them to a personal computer (PC), while an analog-to-digital converter
captures the output of the F/T sensor and sends it to the PC.

inductances L, and L, are also depicted for reference because F, and F, were lightly
applied to the sensor surface even when the application of F, was intended. The
solid line and shaded gray regions indicate the mean value and twice the standard
deviation (20) of each inductance value across 10 trials, respectively. The dotted line
indicates the mean value of the measured shear forces F, and F), across 10 trials. The
result demonstrates that the value of L, monotonically and linearly increases with the
applied normal force F, while the values of L, and L, do not significantly increase
with F,. Therefore, the applied normal force F, can be estimated by employing a

linear function of L., i.e., the summation of the four inductances.

Next, the shear forces F, and F, were applied to the sensor with the following
procedure: (1) apply a vertical deformation of 1 mm before applying a shear force;

(2) horizontally move indenter +6 mm from the origin along z- or y-axes. Figure
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Figure 5.5: Converted inductances L,, L,, and L, versus the applied normal force F,
across 10 trials. The solid and dotted lines indicate the mean value of the converted
inductance and applied shear force, respectively. The shaded region indicates twice
the standard deviation (20) of each inductance. The inductance value L, increases
with the applied normal force, while L, and L, do not significantly increase.

5.6 shows the converted inductance L, versus the applied shear force F,, while Fig.
5.7 shows the converted inductance L, versus the applied shear force Fj. In these
plots, the other measured axis force and converted inductances are also depicted for
reference. The solid line and shaded regions indicate the mean value and twice the
standard deviation (20) of each inductance across 10 trials, respectively. The dotted
line indicates the mean value of the other measured axis force across 10 trials. These
results indicate that the values of L, and L, also monotonically and linearly increase
with the applied shear force F, and F,. Therefore, the applied shear forces F), and F),
can also be estimated by employing a linear function of L, and L,, i.e., the difference
of the four inductances (Eq. 1).

From these results, the tri-axis force applied to the proposed sensor can be es-
timated based on the three converted inductance values of L,, L,, and L, because

these values monotonically, linearly, and almost independently increase in accordance
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Figure 5.6: Converted inductances versus the applied shear force F, across 10 trials.
The solid and dotted lines indicate the mean values of the converted inductance
and applied shear and normal force, respectively. The shaded region indicates twice
the standard deviation (20) of the inductance. The result demonstrates that the
converted inductance value L, increase in accordance with the applied shear force
F,, while L. does not significantly increase.

with the applied shear forces F, and F},, and normal force F., respectively. Thus, the

tri-axis force can be simply estimated from these inductance values as follows:

F,=a,L,+0b,
F, =a,L,+b, (5.2)
F,=a,L,+0,

where a; and b; are constant values. A least-squares method was applied to obtain
these constant values; these values were estimated as follows by using the results
presented in Figs. 5.5, 5.6, and 5.7: a, = 1.239x10?, b, = —0.05104, a,, = 1.192 x 103,
b, = —0.4377, a, = 3.889 x 10°, and b, = —0.4855. In addition, the fitting errors R

were I?, = 0.9961, R, = 0.9900, R, = 0.9989.

To evaluate the measurement noise, we calculated the maximum variance of L.,
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Figure 5.7: Converted inductances versus the applied shear force F} across 10 trials.
The solid and dotted lines indicate the mean values of the converted inductance
and applied shear and normal force, respectively. The shaded region indicates twice
the standard deviation (20) of the inductance. The result demonstrates that the
converted inductance value L, increase in accordance with the applied shear force F),
while L, does not significantly increase.

Ly, and L, when applying F, F,,, and F}, respectively; these values were 3.445x 1077,
1.237x107%, and 1.427x10~® puH? for L,, L,, and L,, respectively. From Figs. 5.6 and
5.7, the small 20 regions of L, and L, compared to their range of inductance change
demonstrate a high repeatability of those inductances across 10 trials. In contrast,
the 20 region of L, shown in Fig. 5.5 is larger compared with that of L, and L,. In
addition, the signal-to-noise ratio (SNR) was evaluated using the following equation:
20log10(Ag/An) where Ag is the maximum peak-to-peak inductance change from the
initial inductance and Ay is the maximum peak-to-peak inductance change under no
load. The SNRs of L,, L,, and L, were 40.77, 42.53, and 34.19 dB, respectively. To
evaluate the sensitivity of the sensor, we calculated the minimum detectable force S
for three orthogonal directions; these values can be calculated using the results in

Figs. 5.5, 5.6, and 5.7, as well as the obtained noise levels: S, = 94.4 mN, S, = 173
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mN, and S, = 444 mN.

5.3.2 Tri-axis force sensing

We next evaluated the estimated tri-axis force based on the obtained relationship
between the applied force and inductance change, as described in Section IV-A. The

tri-axis forces were simultaneously applied to the sensor with the following procedure:
1. apply a vertical deformation of 0.5 mm with a contact speed of 20 mm/s.

2. horizontally move indenter to the position (x, y) = (3, —3) with a contact speed

of 1 mm/s.
3. move indenter to the position (z, y) = (=3, 3) with a contact speed of 20 mm/s
4. apply additional 0.5-mm vertical deformation with a contact speed of 20 mm/s.
5. repeat 2) to 4) until the applied vertical deformation reaches 2 mm.

Figure 5.8 represents the relationship between the estimated force and applied
tri-axis force versus time. The solid gray line indicates the applied tri-axis force F
measured with the F/T sensor, while the solid black line indicates the estimated tri-
axis force F,q based on the measured inductances. In addition, the dotted red line
represents the estimation error, i.e., F' — F,g, for reference. The result demonstrates
a good agreement between the estimated tri-axis force and the applied tri-axis force.
However, the estimation error increases under a large applied normal force. In addi-
tion, the estimation error is large during the fast contact condition, i.e., during the
procedure of (3) described above. To evaluate the estimation error, we calculated
the root mean squared errors (RMSE) between the estimated and measured tri-axis
forces. We measured the tri-axis force 10 times with the same procedure described
above, and obtained the average and variance of the RMSESs, as summarized in table
5.1.
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Table 5.1: Root mean squared errors between the estimated and measured tri-axis
force across 10 trials

F, F, F.
average (N) 0.455 0.704 1.21
variance (N?) || 0.761 x 10? | 0.435 x 10% | 9.49 x 10?

5.4 Discussions

This section first summarizes the sensor response curves describing the relationship
between the inductance changes and the applied tri-axis force. Then, we discuss the
estimation results of the applied tri-axis force based on the assumed linear function.

Finally, we summarize the advantages of the proposed sensor.

5.4.1 Sensor calibration and tri-axis force sensing

The experimental results indicate that the proposed tri-axis tactile sensor can mea-
sure the three-axis force by monitoring the changes in the inductances from the four
inductors. In this study, we define three converted inductance values L, L,, and L,
as the simple summation or difference of the four inductances (Eq. 1), and we found
that the relationship between these values and the applied tri-axis force can be given
with a simple linear function (Eq. 2), although the sensor consists of a highly soft
rubber.

The result in Section [V-B demonstrates that the sensor can estimate the tri-axis
force based on the inductance values by using the obtained linear functions described
in Eq. 2. We found that the estimation errors increased with the applied normal
force. One potential reason for this estimation error could be the deformation of the
ferromagnetic marker itself. The marker could deform when a large contact force
was applied because the marker itself is composed of a highly soft and flexible silicon
rubber. This deformation of the marker will become large under a large applied
contact force and cause the estimation error. Therefore, the proposed sensor works
well under a contact force that causes little to no deformations of the marker. In

this study, the ferromagnetic marker deformed because we employed the same soft
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silicon rubber with the cylindrical elastomer to construct the ferromagnetic marker.
Employing a ferromagnetic marker composed of a hard-type rubber could reduce the
deformation of the marker; however, employing such a hard-type rubber deteriorates
the softness of the surface rubber. Therefore, one of the issues is that the deformation
of the ferromagnetic marker should be reduced without employing the hard-type
rubber.

The result also indicates that the estimation error was large during the fast contact
condition, e.g., the force curves at about 5, 15, and 25 s in Fig. 5.8. We also found
that the estimated force had a time-delay compared to the measured force during the
fast contact condition. This time-delay appears to be caused by the viscosity of the
employed rubbers because the deformation of the rubbers requires a few transient
times because of its viscosity. Therefore, the output of the proposed sensor has a
short time delay to the actual applied force. One of the solutions to this issue is the
use of another low-viscosity elastic material instead of the silicon rubber holding the

ferromagnetic marker (e.g., a soft sponge) as we employed in our previous study [93].

5.4.2 Advantages of the proposed sensor

The structure of the proposed sensor is quite simple: an elastic material holding a
rubber with iron particles is simply placed on four spiral inductors. In the proposed
sensing mechanism, a trace on an FPCB itself (i.e., an inductor) becomes a tactile
transducer. The proposed sensor can be mounted on a complex surface because the
sensor only consists of a soft and stretchable surface rubber and a bendable FPCB.
In this study, we employed a printed circular spiral inductor as the sensing inductor
for the following reasons: first, printed circular spiral inductors enable us to fabricate
thin FPCB easier compared to other inductors, e.g. rectangular, triangular spiral coils
or wound up coils; second, the spatial response properties of printed circular spiral
inductors have been investigated in our previous study [92]. Although the sensing
mechanism allows us to employ other inductor shapes, the sensitivity and accuracy of
tri-axis force measurements would depend on the inductors type. One of the future
issues is to investigate how inductor shape affects its sensor response.

The greatest advantage of the sensor is that the sensor surface is composed of only
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a soft and stretchable rubber, and this surface rubber can be placed to the outside of
the frame containing its measurement circuit inside (as we placed the rubber on the
plastic holder holding the FPCB). This separation between the rubber and the FPCB
with the corresponding measurement circuits leads to a number of advantages: 1) the
fragile elements such as the printed circuits and ceramic capacitors are protected from
the contact force to reach. Thus, the proposed sensor has high durability against large
contact forces; 2) it is easy to replace its surface when the surface is damaged; 3) the
sensor can be used in water, which has an equivalent magnetic permeability as air,
because the sensor structure can be waterproof by placing the sensing elements inside
a waterproof holder. We are certain these advantages will facilitate a number of

applications of the proposed sensor.

5.5 Summary

This chapter introduced a flexible tri-axis tactile sensor using four spiral inductors and
a ferromagnetic marker embedded in a cylindrical elastomer made of a silicon rubber.
In this study, we measured the sensor responses using the developed sensor in order to
investigate the relationship between the applied tri-axis force and inductance changes.
The experiments demonstrated that the proposed sensor can simply estimate the
applied tri-axis force based on simple linear functions of three converted inductance
values, i.e., the summation and difference of four inductances. In contrast, we also
found that a large applied force can cause a large estimation error because the soft
ferromagnetic marker itself can be deformed with respect to the applied force.

In this study, we mounted an FPCB and rubbers on a flat plastic holder. As one
of future works, the proposed sensor could be mounted to an arbitrary surface shape
on a complex-shaped surface (e.g., a curved surface) and the effect to its response
property upon deformation of the FPCB and rubbers could be investigated. An
additional step is to mount the proposed sensor on the tip of a robot hand or body of
a robot for further testing. We are certain that the simple-structured proposed sensor
of high durability will accelerate the utilization of tactile sensors in robots. One of
the issues for future discussions is the extent to which external magnetic sources such

as electric motors and movable metallic parts of the robot itself can deteriorate the
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sensor performance.

The advantage of our sensor for miniaturization is that only the printed inductor
circuits and ferromagnetic particles are required in the sensing areas. This simple
structure potentially enables us to fabricate a sensor with a smaller taxel size and
thinner thickness than the ones fabricated in this study. This miniaturization is one

of our future issues.
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Figure 5.8: Comparison between measured and estimated tri-axis force applied to
the proposed sensor: (a) applied normal force F, versus time; (b), (c¢) applied shear
force F, and F), versus time, respectively. The solid gray line indicates the measured
tri-axis force with the F/T sensor (i.e., reference force), while the solid black line
indicates the estimated tri-axis force based on the measured inductance values. The
dotted red line indicates the estimation error (i.e., difference of the measured and
estimated force) for reference.



Chapter 6
Discussion

This chapter first discusses the differences between the two proposed approaches.
Next, the proposed sensing mechanisms offer several advantages in practical applica-
tions. The advantages, sensor performance and limitations, and directions for future

development are provided.

6.1 Difference between the proposed approaches

This dissertation proposed two approaches for tactile sensorization of an MRE by
employing different transducers and sensing mechanisms. The two approaches can be
considered the same since the both measure the applied contact force as a displace-
ment of the MRE caused by the applied force. In this sense, there is no differences
between the two approaches in terms of the information obtained. However, the
structure of the first approach can provide the capability to obtain rich information
that cannot be obtained with the second approach.

In the first approach, a magnetic source and its transducer, i.e., a permanent
magnet and magnetic transducer, were separated. The second approach employed an
inductor that functioned as both a magnetic source and magnetic permeability trans-
ducer. This separated structure can adjust sensor performance. A feasible approach
is to employ an electromagnet as a magnetic source instead of the permanent magnet
used in this dissertation. In Chapter 3, we employed a permanent magnet as a mag-

netic source; thus, the magnetic field generated by the magnet was temporally static.
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However, by employing an electromagnet, we can 1) adjust the magnitude of the mag-
netic field; and 2) generate a magnetic field with temporal variation. Therefore, the
sensor performance, e.g., sensitivity and spatial response region, can be dynamically
tuned by adjusting the magnitude of the magnetic field. Furthermore, we employed
a magnetic transducer by measuring the magnitude of the magnetic field penetrat-
ing the body along a one-dimensional axis. It is expected that richer information
about distribution changes in the magnetic field can be obtained when a magnetic
transducer measuring 3D changes in the magnetic field is employed. Consequently,
these ideas for the first sensorization approach will yield rich tactile information that
cannot be obtained with the second approach. To obtain rich tactile information,
these ideas should be addressed in future works.

In contrast, the large magnitude of the magnetic field generated by a permanent
magnet or an electromagnet has several disadvantages. First, a soft MRE sheet could
be slightly deformed by the magnetic force generated by the magnet as well as the
applied contact force because the magnetic force attracts the iron particles in the
soft MRE sheet. This attraction may cause a large amount of hysteresis in the sensor
response curves. Second, magnetic field interference between the magnets could occur
when some magnet and magnetic transducer pairs are installed in large area for tactile
sensing. This interference makes it difficult to predict the sensor response.

In summary, although the two proposed approaches are similar; the separated
structure of the magnetic source and its transducer in the first approach has the
potential to measure rich tactile information. In contrast, the second approach has
several advantages with respect to its simple structure, as discussed in Chapters
4 and 5. Therefore, we have to choose which tactile sensor is suitable for certain
applications. Further investigation and discussions are required to determine whether

the first approach can obtain richer tactile information that the second approach.

6.2 Advantages of the proposed approaches

This dissertation considered the development of three kind of tactile sensors based
on the two proposed tactile sensorization approaches. We hope that these sensors

will facilitate the employment and utilization of tactile sensations in various fields as
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well as the field of robotics. This section summarizes the advantages of the proposed

SEensors.

6.2.1 Advantages in practical applications

The biggest advantage of the proposed sensors is the achievement of high durability
against severe applied contact force. The sensor surface consists of only elastic silicon
rubber and an MRE made of silicon rubber without transducers or electrical wiring.
Both sensing mechanisms enable us to insert a frame between the sensor surface
and transducers when the frame material has sufficiently low magnetic permeability
compared to that of MREs. This means that the sensor surface where the contact
force is applied can be completely separated from the transducer and related elements,
such as electrical wiring and measurement circuit. Hence, the applied contact force
does not reach the fragile and delicate transducers and related elements. In addition,
this separation structure enables the fabrication of a flexible tactile sensor that is
waterproof because the inserted frame prevents liquid from entering the sensor. This
waterproof performance will be important in practical and specific applications.

High durability of the sensor can be achieved by employing a thicker sensor surface.
The sensor surface made of elastic material functions as a shock absorber to protect
the inside of the sensor from a large applied force. The shock absorption performance
can be enhanced by employing thicker elastic material. However, a thick sensor
surface will diminish sensor performance such as sensitivity and spatial resolution.
Shimojo pointed out that an elastic material placed on a tactile transducer functions
as a low-pass filter. In contrast, the proposed approaches can avoid the effect of
this low-pass filtering by the elastic material because the transducers can measure
the displacement of the outermost surface, i.e., the MRE. Therefore, the proposed
sensors can avoid the deteriorations of sensitivity and spatial resolution.

Another advantage is high maintainability. As described above, the sensor has a
high durability against large contact force. However, attrition and deterioration of
the dual-layer elastomer are unavoidable under physical contact. Subsequently, the
dual-layer elastomer, where contact force is applied, must be replaced in practical

applications. In the proposed sensors, the dual-layer elastomer is simply placed on
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the PCB because the elastomer does not contain any transducer and electrical wiring.
Therefore, we can easily replace the elastomer when damaged.

The simple structure of both proposed sensors is another important advantage.
In both sensors, the dual-layer elastomer, in which the MRE is laminated onto or
embedded into a nonmagnetic elastomer, is placed on a PCB holding the transducer.
This simple structure enables us to fabricate the sensor easily. Owing to this simple
structure, the sensors described in Chapters 4 and 5 can be fabricated at a low-cost
because the sensor employs only the dual-layer elastomer and a PCB with traces. In
other words, the sensor does not require any additional transducers because an in-
ductor printed on a PCB with traces functions as a magnetic permeability transducer
without special technology.

As described in Chapter 5, the inductor can be fabricated on a bendable flexi-
ble PCB which can be installed on a complex surface, e.g., a curved surface. The
bendability of the sensor is important for several applications, including the imple-

mentation of tactile sensors to a complex surface.

6.2.2 Adjustability of sensor performances

Another advantage of the proposed sensors is that sensor performance can be easily
adjusted by modifying the sensor structure parameters. The proposed approaches
measure the displacement of the outermost MRE surface of the dual-layer elastomer
as a distribution change in magnetic permeability around the MRE using a magnet
and magnetic transducer, or using an inductor. Therefore, the material characteristics
of the dual-layer elastomer and MRE as well as their structural parameters determine

the relationship between the displacement and applied contact force.

Sensitivity

Sensitivity against applied contact force can be increased with several approaches.
One approach is increasing the amount of magnetic particles in the MRE because
a large amount of magnetic particles will increase the magnetic permeability of the
MRE. From the sensing mechanisms, a large change in magnetic permeability leads

a large sensor response, i.e., large changes in magnetic field or inductance in both
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approaches. The drawback of increasing magnetic particles is that the softness of the
elastic material containing the particles diminishes. Hence, the amount of magnetic
particles should be determined to meet the sensitivity and softness requirements of
individual applications. A similar approach is employing a thick MRE to increase
the sensitivity because a large MRE volume can hold a large amount of magnetic
particles.

Another approach is the employment of a dual-layer elastomer with a thin and
soft non-magnetic elastomer. Shorter distance between the transducers and MRE
will generate a larger change in magnetic permeability. In addition, a softer non-
magnetic elastomer will be well deformed against even a small contact force; hence,
the displacement of magnetic particles will increase. However, a thinner and softer
surface will decrease the measurement range of the contact force because the surface
will reach its bottom surface with few applied forces.

The parameters of transducers and other related elements can adjust the sensi-
tivity while the above approaches are related to the sensor surface structure. In the
sensor described in Chapter 3, the employment of a strong magnet is a feasible ap-
proach to enhance sensitivity. This is because the large magnitude of the magnetic
field generated by the magnet causes a large change in magnetic field when contact
force is applied. We can apply the same idea to the sensor employing an inductor
as a magnetic permeability transducer. An inductor with a large diameter has a
large inductance change, i.e., high sensitivity to the applied contact force as shown in
Chapter 4. The magnitude of change in inductance will increase in accordance with
the original inductance value since an inductor with a large inductance generates a
large magnitude of magnetic field. Increasing the number of turns of the inductor is
another approach to increase the original inductance. However, in both sensors, the
large magnitude of the generated magnetic field could reduce the spatial resolution.

Hence, this is an another trade-off between sensitivity and spatial resolution.

Measurement range

The measurement range against applied contact force can be adjusted by modifying

the softness and thickness of the dual-layer elastomer. Since the proposed sensing
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mechanisms measure the applied contact force as displacement of the MRE, the
amount of displacement determines the measurement range of the contact force.
Therefore, employing harder and thicker non-magnetic elastomer will increase the
measurement range because a large contact force can be applied before the MRE

approaches to its bottom surface.

Spatial resolution

In the sensor employing an inductor, the spatial resolution, i.e., diameter of spatial
response, can be changed by modifying the diameter of the inductor, as shown in
Chapter 4. This is because the region of the generated magnetic field can expand in
accordance with the diameter of the inductor. Therefore, high spatial resolution can
be achieved by employing an inductor with a small diameter. On the other hand,
we found that the diameter of the spatial response is not directly proportional to the
diameter of the inductor, and that the diameter of the spatial response is larger than
that of the inductor. This can be attributed to the spatial low-pass filtering effect of
the elastic surface of the sensor [13]. In addition, an inductor with a small diameter
will reduce its sensitivity and signal-to-noise (S/N) ratio. Hence, the diameter of
an inductor should be determined to balance parameters such as spatial resolution,

sensitivity, and S/N ratio in accordance with its applications.

6.3 Issues of the proposed approach

The proposed tactile sensors could be solutions for open issues in conventional tactile
sensors by providing the number of advantages discussed above. However, the sensors
also have several issues that needed to be addressed for practical applications.

The proposed sensors employ electromagnetic phenomenon to measure the applied
contact force. In applications requiring the measurement of force distributions, the
number of proposed sensors should be installed like an array. However, electromag-
netic interference can occur when the sensors are installed close each other.

The tactile sensor described in Chapter 3 employs a magnet and magnetic trans-

ducer pair. To fabricate this sensor array, we have to install several pairs; therefore,
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the sensor surface will have numerous magnets. The magnetic field generated by
these magnets will interfere each other, and this interference will cause difficulty in
predicting how the magnetic field changes in accordance with applied contact force.
Similarly, the sensor described in Chapters 4 and 5 employs an inductor as a magnetic
permeability transducer. To fabricate the sensor array, we have to mount several in-
ductors. These inductors also generate magnetic field when measuring inductance;
thus, there will be interference between each inductors.

Consequently, we cannot avoid the electromagnetic interference in both proposed
approaches. One of our future works will be to investigate how sensor response is
changed by interference. In addition, the issue of compensations for interference
must be addressed in the near future. Another interesting approach is to utilize this
interference to obtain rich tactile information. The interference between magnets or
inductors generates a complex magnetic field which makes it difficult to predict the
sensor response. However, such a complex change in magnetic field against applied
contact force might yield additional information that cannot be obtained without
interference. Investigation of this interference is included in future work for enriching

tactile information.

6.4 An insight for a tactile hardware filter

An interesting finding in this dissertation is that the proposed sensors have a bipolar
spatial response that can be fitted with a difference-of-Gaussian function. From the
experimental results and discussions in Chapter 3, we conclude that the negative re-
sponse in the bipolar spatial response can be derived from the incompressibility of the
employed nonmagnetic elastomer in the dual-layer elastomer. Generally, a tactile sen-
sor covered with an elastic material has a Gaussian-like spatial response as its center
position corresponds to the most sensitive point of the employed tactile transducers.
This is because that the elastic surface for a tactile transducer functions as a spatial
low-pass filter according to Shimojo [13]. Therefore, this bipolar spatial response in
the proposed sensing mechanism is also a different point from the conventional tactile
Sensors.

The question is whether this bipolar response is useful in tactile sensation. The
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answer is yes in certain applications because the proposed tactile sensor has the
potential to function as tactile hardware filter. A difference-of-Gaussian function,
which is employed as a fitting function for the observed spatial response, is known
as an edge-enhancement filter in the visual processing field. This suggests that the
proposed sensor has the potential to extract tactile edge-enhancement information at
the hardware level when using an array of tactile sensors.

Edge-enhancement in tactile information processing will be important for detect-
ing the edges of the contact region. Physiology studies have shown that tactile recep-
tors in humans respond to the edge of the contact target. These studies suggest that
edge information can help measure and extract rich and essential tactile information
in humans. Thus, the proposed sensor with edge-enhancement hardware filtering will
play important role in tactile information processing.

Hardware spatial filtering will help in effective tactile information processing, es-
pecially in the case of applications using a large number of tactile sensors, e.g., whole
body tactile sensation of a humanoid robot. This is because spatial filtering generally
has high computational costs.

This dissertation investigated the spatial response using only one cylindrical in-
denter with a flat contact surface. However, the shape of the spatial response will
depend on the shape of indenter because the sensor response is determined by the
deformation shape of the MRE sheet. Although we assumed that the contact point,
i.e., the number of indenters, was single in the experiments described Chapters 3 and
4, the spatial response will also depend on the number of contact points. Therefore,
we have to investigate how the spatial response of the proposed sensor changes un-
der various contact conditions. This investigation is one of the future issue to be
addressed to utilize the hardware filter-like spatial response in tactile information

processing.
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Chapter 7
Conclusion

This dissertation dealt with the tactile sensorization of highly-deformable material for
enriching physical interaction. For this purpose, two approaches were proposed. This
chapter summarizes the proposed approaches for tactile sensorization of an MRE using
electromagnetic phenomena, and describes the results obtained in the experiments.
Furthermore, several research issues to be resolved in future works are presented and

discussed.

7.1 Summary of the proposed approaches

This dissertation proposed two tactile sensorization methods by employing an MRE
as a key component. Chapter 3 addressed the approach for tactile sensorization of the
MRE by employing a magnet and magnetic transducer pair. Chapter 4 introduced
the approach for tactile sensorization of the MRE by employing an inductor as a
magnetic permeability transducer. Chapter 5 expanded the approach described in
Chapter 4 to measure tri-axis force with the proposed tactile sensor. The following
sections provide the details of the proposed sensorization approaches and summarize

the experimental results and findings obtained.
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7.1.1 Tactile sensorization of a magnetorheological elastomer

based on a magnetic field measurement

Chapter 3 presented the approach for actile sensorization of the MRE based on mag-
netic field measurements using a magnet and magnetic transducer pair. We evaluated
the sensor response versus applied normal force by conducting the following experi-
ments: simulations by a finite element method with a simple model of the proposed
sensor, evaluation of sensor response curves with several fabricated sensors under
different contact speeds, and investigation of the spatial response of the sensor.

The simulation and experimental results suggest that 1) the proposed sensor can
estimate the applied normal force by measuring the change in the magnetic field;
and 2) the sensor performance, such as sensitivity and measurement range against
contact force, can be tuned by adjusting the thickness of each elastomer in the dual-
layer elastomer. In addition, the viscosity of the dual-layer elastomer caused a time-
delay in the sensor response under fast contact condition. Another findings is that
the spatial response of the sensor is a bipolar response, which has both positive and
negative response areas versus the applied normal force. We conclude that this bipolar
response can be derived from the incompressibility of the non-magnetic elastomer in
the dual-layer elastomer by conducting an investigation of the spatial response with

a compressive sponge sheet instead of an incompressive nonmagnetic elastomer.

7.1.2 Tactile sensorization of a magnetorheological elastomer

based on an inductance measurement

Chapter 4 introduced the approach for tactile sensorization of the MRE based on
inductance measurement using only an inductor instead of a magnet and magnetic
transducer pair used in Chapter 3. We evaluated the sensor response versus applied
normal force by conducting several experiments on sensor response curves and spatial
responses with several fabricated sensors.

The results indicates that 1) the proposed sensor can estimate the applied normal
force by measuring the change in the inductance; and 2) an inductor with a large

diameter has a large inductance change, i.e., a large sensor response and large S/N
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ratio. The spatial response of the sensor is a bipolar response because of the incom-
pressibility of the nonmagnetic elastomer in the dual-layer elastomer. We found that
an inductor with a large diameter has a large diameter of spatial response. Sub-
sequently, we conclude that there is a trade-off between the sensitivity and spatial
resolution of the sensor.

An expanded study of this approach was covered in Chapter 5. Chapter 5 provided
the approach for tri-axis tactile sensorization of the MRE based on the inductance
measurement using four inductors. This approach employed a disk-shaped MRE and
four inductors, whereas the previous approach employed a sheet shaped MRE and one
inductor. The proposed sensor can estimate the applied tri-axis force by monitoring
the 3D displacement of the disk-shaped MRE from the sum or difference of four
inductances, while the tactile sensors described in Chapters 3 and 4 can only measure
applied normal force. We also investigated the sensor response versus applied tri-axis
force by conducting several experiments.

The results can be summarized as follows: 1) the applied tri-axis force can be
estimated with the three converted inductance values, which are sum and difference
of the four inductances; and 2) the converted inductances changed monotonically and
linearly against the applied normal and shear force. We also found that the estimation
error of the tri-axis force increased when a larger force was applied and/or faster
contact speeds were used. This estimation error occurred under the large contact force
condition because the disk-shaped MRE, which functions as a displacement marker,
can be deformed owing to its extreme softness. In addition, the viscosity of the

employed elastic materials can cause estimation errors under fast contact condition.

7.2 Future works

This dissertation proposed two methods for the tactile sensorization of an MRE, and
investigated fundamental sensor responses with a single sensor under certain exper-
imental conditions. As we discussed in Chapter 6, a number of future works must
be conducted in order to investigate sensor responses precisely for real robot applica-
tions. One of these is to extend the proposed sensor to large-area tactile sensing, i.e.,

development of a tactile sensor array. Tactile sensing is generally employed to obtain
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the distribution of contact force as well as force sensing at a certain contact point. A
tactile sensor array using the proposed sensorization approaches can be obtained by
implementing an array of a magnet and magnetic transducer pairs, or an inductor.
However, these will cause electromagnetic interference between each the element in
the array, as discussed in Chapter 6. We will continue to investigate and discuss
sensor responses by magnetic field simulation or real experiments with a fabricated
tactile sensor array.

The proposed tactile sensorization approaches provide three kinds of flexible and
soft tactile sensors that can overcome the issues with conventional tactile sensors.
Therefore, the proposed sensors are applicable to any field requiring tactile sensing as
well as the field of robotics. Another future works include discussing and developing

flexible tactile sensors for various applications not limited to robotics.
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