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Abstract

The ferrofluid-based deformable robotic sheet and object manip-
ulation using its deformation characteristics with magnetic field con-
trol are described. Through the object manipulation experiment, the
applicability to the droplet manipulation field is verified. The robotic
sheet has a layered structure of a ferrofluid and thin films and its
shape is a sheet-like shape. In the robotic sheet, the ferrofluid freely
moves and gathers around a source of magnetic field. A ferrofluid
can deform its shape under the influence of a magnetic field gen-
erated by the electromagnets. Using this deformation characteristics,
the robotic sheet changes its surface shape and a convex appeared on
it. An object moves on a downward gradient of the convex. By con-
trolling the activation of the electromagnets, the robotic sheet trans-
ports the objects. Two types of the robotic sheet are proposed. One
uses the polyethylene films as thin films, and the other uses polyte-
trafluoroethylene (PTFE) films. The former is used for transporting
two balls and a thin plate since the polyethylene films have high ro-
bustness against breakage due to contact with the objects. The latter
is used for transporting droplets since the PTFE films have a high wa-
ter and oil repellency. Also, the manipulation methods for a ball, a
plate, and a droplet are proposed. Three experiments are conducted:
verification of the effect of the thin film on the ferrofluid deformation
in the robotic sheet, measurement of the mass range of the object
which the robotic sheet lifts up, and measurement of the magnetic
responsiveness of the robotic sheet. The object manipulation is also
realized using the robotic sheet. In this paper, the robotic sheet is
set on a flat and channel-like surface, and the object manipulation
was realized. On the flat surface, two balls and a thin plate is trans-
ported using the robotic sheet with polyethylene films and a droplet
is transported and mixed using the robotic sheet with PTFE films us-
ing the proposed methods. Object movements on the robotic sheet
are rotation or slides. Therefore, the ball and plate is used as the
target object. In the manipulation of a droplet, droplet mixing and
droplet transportation are realized. On the channel-like surface, a
ball is moved through the channel of the robotic sheet with polyethy-
lene films by changing the inner surface of the channel. The achieve-
ment contributes to the technology for soft robotics and advanced
control, opening new aspects for fluid-based three-dimensional ma-
nipulations.
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Chapter 1

Introduction

1.1 Background

What is a robot? The terminological definition of a robot is defined
in Oxford Dictionaries [1] as follows:

1. (especially in science fiction) A machine resembling a
human being and able to replicate certain human move-
ments and functions automatically.

2. A machine capable of carrying out a complex series of
actions automatically, especially one programmable by a
computer.

These definitions show that we consider that robots are machines
which automatically achieve the tasks that we require. As represen-
tative robots that automatically perform our work, there are manip-
ulators and conveyors. Manipulators and conveyors have been used
for grasping, transporting, and assembling objects in factories [2, 3].
These robots had a low computing speed and their size was diffi-
cult to be made small. Therefore, they were dangerous to be used
with people around and built on the premise of use in isolated envi-
ronments. Along with the development of robot technologies, such
as computing speed and controls, and miniaturization of robot com-
ponents, robots based on the premise that people are around them
have been appearing. Pepper, Aibo, LOVOT, and Roomba receive
customers, heal our feelings, watch children, and clean up our house
automatically [4–7]. Owing to these robots, we can save our time and
reduce difficult or unnecessary tasks. The development of artificial
intelligence technologies, such as machine learning, improves robot
performance. Considering the human history, by developing engi-
neering systems and using it in several field, human has pursued
rationalization and improved labor productivity per unit time. Since
the industrial revolution that occurred in the UK in the late 18th cen-
tury, industrial machines were introduced to industries such as pro-
duction sites. Then, importance was placed on the rationality of the
task, and the production capacity sharply improved. Along with the
development of industrial machinery, the robotics field also devel-
oped. These technologies were applied to home appliances. House-
hold appliances were introduced in our daily life and automated
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housework we had to do in our daily life. Pepper, Aibo, LOVOT, and
Roomba show that robot technologies begin to automatically achieve
tasks that were difficult to automate until a while ago. From this, it is
considered that the robot is further needed in daily life [8]. Moreover,
due to the increase in elderly people and lack of number of their care
workers, demand for robots aiming to care the elderly people and
reduce the burden on caregivers and compensate for the number of
caregivers is increasing [9–11]. Assuming that, in the future, robots
are routinely used in the same space with us like consumer electron-
ics, such as home appliances and smart phones.

However, in order to enable robots to work in the same space with
us, the problem of contact between robots and people should be con-
sidered. As described in the above, robots are required to carry out
tasks. An incident of unintentional contact between a person and a
robot increase. Unintentional contact may cause injuries or damage
to people, robots, and surrounding environment of the robots. In
order to solve this problem, collision avoidance systems have been
researched [12–14]. These researches showed a method to avoid col-
lision between the robot and surrounding objects by grasping objects
around the robot using multiple sensors. However, in everyday life,
there are many obstacles to the movement of robots. Also, the envi-
ronment in which the robot can move is restricted, and the robot can
not always avoid the object. Therefore, even if robots uses the col-
lision avoidance systems, it is very difficult to avoid collision com-
pletely between robots and people or objects. Therefore, even if the
robot collides with surrounding people or objects, a system that re-
duces the effects of injury and damage is required. As a new field of
robotics aiming to increase affinity to the surroundings, Soft Robotics
has attracted attention recently.

Soft Robotics is a robotics field aiming at improving the affinity
with the environment and the target object by using its own flexi-
bility and geometric characteristics without requiring exact position,
attitude and force control [15–17]. In Soft Robotics, the flexibility and
softness of living creatures such as humans are used as a reference for
robot motion [18–21]. In addition, Soft Robotics aims at a robot that
gives the user a sense of security and has a high adaptability to the
environment by utilizing the high degree of freedom associated with
the flexibility of the robot. Such a deformable and inflatable robot is
called a soft robot, and soft robots are composed of flexible materials
that have not been used in existing robots [22]. Therefore, it is not
possible to use conventional development and control methods.
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1.2 Related researches

Soft robots have been studied by combining various fields such as
mechanical engineering, material science, and biology for develop-
ing robots using flexible materials, constructing new control meth-
ods, and searching for application fields. The components of soft
robots have been widely researched, and soft robots using flexible
materials such as elastomers and gels, or a robot combining a fluid
and an elastic membrane have been proposed [23–29]. Araromi et al.
developed a flexible manipulator using casted silicone as the dielec-
tric elastomer [23]. By changing a voltage applied to this dielectric
elastomer, this manipulator can grasp a target materials. Tolley et
al. and Shepherd et al. realized locomotive robots which composed
of soft materials such as silicone elastomer and small air compressor
[24, 25]. The movement of this robot is inspired by animals, and by
elevating pressure inside the elastomer with the compressor, the legs
of the robot was actuated. Also, this robot could hold a payload on
its body while moving. Daehoon et al. developed a robot using elec-
troactive hydrogels [26]. The electroactive hydrogels largely deform
in response to electric field. They realized 3D-printed fabrication
methods for electroactive hydrogels and enabled the electroactive
hydrogel robots to grasp and move an object and walk by controlling
electric field. Laschi et al. proposed a soft robot arm inspired by the
octopus [27]. They focused that the octopus changes its stiffness and
realizes its grasping and locomotion by using its structure, named
a muscular hydrostat [30]. They developed artificial muscular hy-
drostats with longitudinal actuators made of Ultra High Molecular
Weight Polyethylene synthetic fibers and transverse actuators using
shape memory alloys, and showed the basic movement with their
proposed octopus-like arm. Glick et al. introduced a surface layer of
gecko-inspired adhesives to an elastomer actuator [28]. Gecko has a
unique structure on the surface of their feet [31]. Gecko’s feet have
dense setae and maximize the effect of van der Waals forces by in-
creasing the adhesion area. Also, Gecko changes its angle of setae
and controls its effect. Therefore, Gecko can freely stick to and leave
a vertical wall. By using gecko-inspired adhesives, they succeeded in
increasing the mass of the object that the manipulator can lift. Brown
et al. introduced jamming transition effect to robotic gripper and
made it grasp several shape objects [29]. Jamming transition is the
property of granules whose overall viscosity increases as the density
of powdery grains increases [32]. Using this physical property, the
robotic gripper adapts its shape to the shape of a target object and
grasp it. As shown in these examples, new soft robots have been
researched using various flexible materials, development methods,
and control methods.

Among these materials for soft robots, functional fluids have been
gaining increased attention [33–37]. Functional fluids are fluids to
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which functions, such as viscosity changes, are artificially added by
dispersing micro-particles reacting to external stimuli in a solvent
[38]. The elicited characteristics of functional fluids are according
to the changes in its external environment, such as the presence of
magnetic or electric fields. This type of fluid can be applied to any
shape and exhibits relevant characteristics even if a small quantity
is used. The fluid can thus simplify and downsize system mecha-
nisms. Magnetorheological fluids (MR fluids) and electrorheological
fluids (ER fluids) are examples of functional fluids, for which the vis-
cosity changes in the presence of magnetic or electric field [39, 40].
These fluids have already been applied to engineering equipment,
such as in dampers and clutches [41, 42]. A ferrofluid is also an ex-
ample of functional fluids, and can change its shape in addition to its
viscosity under the presence of a magnetic field [43]. These unique
properties have attracted many researchers in several field, such as
the engineering and art fields.[36, 37, 43–63]. Among them, Chen et
al., Leon-Rodriguez et al, and Tanaka et al. developed soft robots
using a ferrofluid. Chen et al. focused on deformation and magnetic
characteristics of a ferrofluid, and developed the spherical robot with
ferrofluid encapsulated in a hollow polymer rubber [36]. This robot
moves toward the source of a magnetic field. Also, since this robot
is flexible, it can also pass through a hole smaller than its own size.
Leon-Rodriguez et al. developed the ferrofluid soft robots inspired
by an amoeba [37]. This robot is consist of a ferrofluid and polyethy-
lene films, and moves like an amoeba by controlling a magnetic field.
Tanaka et al. succeeded in conveying paper and water in one di-
rection by controlling ferrofluid deformation and revealed that a fer-
rofluid transfers mechanical energy to objects that are in contact with
it [61–63]. A ferrofluid is flexible and can be deformed optimally to
the shape of the object. Therefore, it can handle any shape of objects
in addition to paper and water. By using flexibility of a ferrofluid, a
robot system using a ferrofluid can transport both of solids or flexi-
ble objects. Moreover, a ferrofluid shape can be varied by changing
a location where a magnetic field is generated. Since a ferrofluid has
both fluid and magnetic properties, it has properties of freely aggre-
gating with respect to the source of a magnetic field. By using electro-
magnets as the magnetic field source and controlling their activation,
a ferrofluid aggregates according to the position of the electromag-
nets, and objects can move along with a downward gradient gener-
ated by the ferrofluid aggregation. Therefore, Based on the previous
researches related to the soft robots using a ferrofluid, it is possible
to develop a new soft robot technology which three-dimensionally
manipulates objects including the operations of transport and coa-
lescence of objects on the robot. In recent years, other studies were
published which used flexible membranes as the upper layer with
pneumatic/inflatable actuators [64–69] or liquid metals [70, 71], and
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handled the target object by controlling its deformable surface. Con-
versely, this study proposes to use a ferrofluid as a component of a
soft robot.

Also, this research is related to the field of morphological com-
puting [72–74]. A new technology is used to change the morpholog-
ical features using the surface deformation of a flexible membrane
filled with ferrofluid is one of the main contributions to soft robotics.
Morphological computing is a research field that uses the geometric
properties of the system to control the system. Muller et al. stated
that the morphological computing can be distinguished three fields:
morphology that facilitates control, morphology that facilitates per-
ception, and morphology itself used as a calculation [74]. In the first
morphology, by utilizing morphological features of robots, reduction
of calculation cost in the robot control is realized. The coffee bal-
loon gripper is composed of coffee powder and balloon and grabs
any shape object using the flexibility and the jamming transition of
the coffee powder [29, 32]. In the conventional robotics and con-
trol methods, dynamical shape changes due to flexible characteris-
tics were avoided since it was difficult to make them into computa-
tional parameters. Instead of controlling the dynamic shape changes,
by leaving motion such as grasping of object to them, it is possible
to realize complicated robot motions while suppressing calculation
cost. In the second morphology, by implementing a characteristic
morphology into sensors of robots, data obtained by sensing can be
easily processed. Floreano et al. developed the devices referring to
compound eyes of flies [75]. Compound eyes are visual organs pos-
sessed by insects such as flies, and have structures in which individ-
ual eyes composed of lenses and photoreceptor cells are organized
[76]. By imitating compound eyes, it is possible to enlarge the view-
ing angle and to construct a system that efficiently acquires object
information and reconstructs it. In the third morphology, the mor-
phological characteristics themselves have functions as computing
like the Recurrent Neural Network. The proposed system is related
to the first morphology. As the proposed system uses a ferrofluid
as its component, it actively changes its shape and passively adapts
its shape to the shape of target objects. The shape of the proposed
system is not calculated and is decided with the deformation char-
acteristics of a ferrofluid. Therefore, the proposed system realizes its
motion using simple algorithm. Also, due to the flexibility of the fer-
rofluid, the system automatically adapts its shape to the target object
without complex calculation.

Fig. 1.1 is the concept of the proposed system. Assuming that the
proposed system can be used in new systems that control reagent
reactions in biological analyses, such as droplet manipulations and
chemical analyses [77–81]. In the field of thdroplet manipulation, it
is desired to speed up the analysis, reduce precious reagents, and
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Ferrofluid

Object

Surface deformation

Automatic System

FIGURE 1.1: Concept of a ferrofluid-based deformable
robotic sheet. The characteristics of the robotic sheet
can allow it to move the flexible object as well as mix
and separate the droplets based on deformation con-

trol.

reduce the burden on the subjects. The purpose of the droplet ma-
nipulation is to reduce the amount of reagent [82] and analysis time
by using a small amount of reagent and automating the process of
moving and mixing reagents. Conventional studies realized to ma-
nipulate and analyze a reagent with a size of approximately a few
centimeters or less with only one piece of equipment. A reagent can
be moved in channels on a plate by controlling the repellency of the
plate surface or by adding additives such as electrolytes or magnetic
powder to the reagent and using magnetic or electric fields [83–87].
The proposed method does not require channels or additives and
moves liquids and solid objects; therefore, users can freely move a
reagent and choose the mixing and analysis area. Users can manip-
ulate solid reagents as well as liquids without considering the effect
of the additives on the reagent. In addition, since the main compo-
nents of the proposed system are ferrofluid and electromagnets, sim-
ple mechanism for making the surface deformation can be achieved.
With the proposed method, it is easy to reduce the system size and
the control system can thus be simplified. It is possible to develop
a simple sorting robot that can handle objects with sizes less than 1
mm.
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1.3 Objective

1.3.1 Research objectives

The research objective is to develop new soft robot and realize ob-
ject manipulation using deformation characteristics of a ferrofluid
by magnetic field control. The requirements of the robot to be devel-
oped are as follows:

1. The robot has a layered structure in which a ferrofluid
is wrapped with thin films.

2. The robot shape follows the shape of the ferrofluid and
can be controlled by a magnetic field.

3. The robot can perform object manipulation on its sur-
face using its deformation.

Also, solid objects and flexible objects are used as transport objects.
Balls and flat plates are used as solid objects, and droplets are used as
flexible objects. Manipulation includes a plurality of motions such as
grasping, transporting, combining, tearing and pushing objects. In
this research, transportation is focused on among the manipulation
motions. In manipulation of droplets, transportation and mixing are
conducted.

1.3.2 Ferrofluid-based deformable robotic sheet

In this research, a ferrofluid-based deformable robotic sheet is pro-
posed as a robot fulfilling these requirements. The ferrofluid-based
deformable robotic sheet is defined as the robot which is a sheet-type
shape, which is consist of a ferrofluid and thin films, which deforms
its shape using a magnetic field, and in which the ferrofluid freely
moves. Due to its sheet-type shape and flexibility, the robotic sheet
can adapt its shape to its surrounding environment. Therefore, the
robotic sheet can be set on not only a flat surface but also a non-flat
surface, such as a channel. Moreover, under the influence of a mag-
netic field, the ferrofluid inside the robotic sheet gathers around the
magnetic field and the surface of the robotic sheet is deformed. An
object moves along with the downward gradient on the robotic sheet.

A ferrofluid-based deformable robotic sheet enclosing a ferrofluid
with a thin film as a new manipulation system has already been pro-
posed [88]. The mechanism based on which the robotic sheet can
move two balls and a plate on its surface by deforming its shape and
by performing alternate tasks by changing its configuration to the
channel shape was realized [89]. Also, transportation of a droplet
on the robotic sheet was realized and the effect of the volume of the
ferrofluid inside the robotic sheet and the number of activated elec-
tromagnets on the deformation speed and oscillation amplitude of
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the robotic sheet was clarified [90, 91]. The deformation characteris-
tics of the robotic sheet using 3D-CT was verified and the process of
object transportation was validated [92].

1.4 Dissertation organization

In this paper, the contents of these proceedings and papers are sys-
tematically summarized. At first, a ferrofluid-based deformable robotic
sheet and its methodology are proposed in Chapters 2 and 3. Chap-
ters 2 describes characteristics of the robotic sheet and models of the
ferrofluid characteristics and object transportation with the robotic
sheet. In this research, a ball, plate, and droplet are used as target
objects and their motions are rotation or slide. The object transport
models focus on these moving objects and the transportable condi-
tions of these objects are derived. Then, the transportation method
for these target objects are proposed. After that, object transportation
with the proposed robotic sheet are realized. Chapters 3 shows the
developed robotic sheets according to the methodology.

Chapters 4 and 5 show the verification of characteristics of a robotic
sheet and the feasibility verification of object transportations. The
shape of a robotic sheet depends on the shape of a ferrofluid and
characteristics of a thin film. By elucidating the effect of a thin film on
a ferrofluid shape, the shape model of a robotic sheet can be derived.
Then, in order to verify this effect, the deformation of the robotic
sheet are measured using 3D-CT. Moreover, in the robotic sheet, the
movement and mixing of the objects depends on the magnetic re-
sponsiveness of the robotic sheet. When a magnetic field is applied
to the robotic sheet, high deformation speed is required to move a
target object properly to the destination, and a large oscillation am-
plitude is required to mix the liquids. The influence on the magnetic
responsiveness depends on the number of electromagnets, amount
of ferrofluid inside the robotic sheet, ferrofluid characteristics such
as the viscosity and saturation, distribution and size of the magnetic
field generated by the electromagnet, and Young ’s modulus of the
thin films wrapping the ferrofluid. By clarifying the effect of these
parameters, this magnetic responsiveness can be estimated, and the
system can be developed according to a required analysis condition
in the future. Among these parameters, this paper concentrates on
the amount of the ferrofluid and the number of electromagnets, and
these effects are verified. Then, the effect of the amount of the fer-
rofluid and the number of electromagnets on the magnetic response
is clarified and the effect of the oscillation amplitude and frequency
on liquid mixing is explained. In the feasibility verification, two balls
and a thin circular plate are transported along a pre-defined path us-
ing the proposed method. A droplet is automatically transported us-
ing a visual feedback and the transportable volume range, velocity,
and transport accuracy of droplet using the automatic transportation
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method are clarified. Also, mixing of two types of droplets is quan-
titatively verified.

Chapters 6 shows the discussion of these experiments and a ferrofluid-
based deformable robotic sheet. Chapters 7 summarizes this study
and explains contributions and future directions of this study.
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Chapter 2

Methodology for manipulation
using a ferrofluid deformation

2.1 Ferrofluid

Ferromagnetic particleSurfactant

Repulsion

10 nm

Inner parts of ferrofluid

Ferromagnetic particleSurfactant

Repulsion

10 nm

Inner parts of ferrofluid Without magnetic field

With magnetic field

FIGURE 2.1: Ferromagnetic particles with a surfac-
tant are dispersed in a ferrofluid. The particles repel
each other owing to the surfactant and thermal mo-
tion. Subject to the influence of a magnetic field, a fer-
rofluid gathers around the source of the magnetic field,
including the convexity loci at the interface. [ Tone et

al., [92], p.2 ]

A ferrofluid is used as a component of our proposed system. This
fluid contains ferromagnetic particles with diameters of 10 nm or
less, which are covered with a surfactant and dispersed in a solvent,
as shown in Fig. 2.1. Owing to the surfactant, the surface of the par-
ticles is charged negative, and particles repel each other because of
electrostatic repulsion. Also, these particles are very small so that
they are affected by thermal motion and eventually disperse in the
solvent. Subject to the influence of a magnetic field, the particles
gather around the source of the magnetic field. The structural config-
uration of the ferrofluid changes, the shape of the ferrofluid changes,
and convexity appears on its interface, as shown in Fig. 2.1. Some
spikes also appear on the deformed surface because of the instability
of the fluid interface [43]. The apparent density of the ferrofluid also
increases because it is affected by the magnetic force in addition to
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the gravitational force, and its internal pressure increases owing to
the magnetic field. Therefore, under the influence of the magnetic
field, the objects with a higher density will still float on the surface
of the ferrofluid. The shape of the ferrofluid the distribution of the
magnetic field, and a force is generated according to the magnetic
field gradient [43, 44]. A ferrofluid does not exhibit hysteresis, un-
like other magnetic materials [43]. The particles in a ferrofluid have a
single magnetic domain structure. Under the presence of a magnetic
field, each magnetic moment is oriented in the direction of the mag-
netic field, thus leading to the magnetization of the ferrofluid. After
the magnetic field vanishes, the particles immediately spread owing
to the thermal motion and electrostatic repulsion, and the magneti-
zation of the ferrofluid becomes zero.

2.2 Ferrofluid-based deformable robotic sheet

Ferrofluid

Thin film

Object

Robotic sheet struture and deformation Three-dimensional actuation

Magnetic field

Thin film

Magnetic field

FIGURE 2.2: The concept of a ferrofluid-based de-
formable robotic sheet. This robotic sheet is consist of
thin film and a ferrofluid. In this robotic sheet, a fer-
rofluid can freely move and gather around the source
of a magnetic field. According to the ferrofluid defor-
mation, this robotic sheet can change its shape. Even
if this robotic sheet is set three-dimensionally, a fer-
rofluid can move to the magnetic field against gravi-

tational force.

Fig. 2.2 shows the concept of a ferrofluid-based deformable robotic
sheet. In this research, the ferrofluid-based deformable robotic sheet
satisfying the requirements shown in the objective section are pro-
posed. The robotic sheet is a sheet-shaped robot in which a ferrofluid
is enclosed in a thin film as shown in the left figures of Fig. 2.2. This
robotic sheet has a layered structure. By wrapping the ferrofluid with
the thin film, it is possible to prevent direct contact between an object
and the ferrofluid. The shape of the ferrofluid depends on a magnetic
field distribution, and the shape of the robotic sheet also depends on
it and the thin films and is convex. When an object is placed on the
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surface of the robotic sheet, due to the friction between the object
and the films, the object can stop on the surface. Moreover, the object
can be moved using the difference height generated by the surface
deformation of the robotic sheet.

As shown in the right figure of Fig. 2.2, owing to the sheet shape,
even if the robotic sheet is set three-dimensionally, the robotic sheet
can change its shape. For any configuration of the robotic sheet, the
ferrofluid always stays at the bottom of the bag, as long as a magnetic
field is not applied to it. Under the influence of a magnetic field, the
ferrofluid moves and gathers around the source of the magnetic field
in the robotic sheet and the surface deforms according to the location
of the activated electromagnet.

2.3 Modeling

In this section, the characteristic models of deformation and specific
gravity change of a ferrofluid and the object transport models of the
robotic sheet are explained.

2.3.1 Ferrofluid

Deformation

The deformation model of a ferrofluid are described. The proper-
ties and fluid model of a ferrofluid have already been verified by
Rosensweig et al. [43] and T.B Jones [44]. Eq.2.1 represents the equa-
tion of motion of a ferrofluid.

ρo
Du

Dt
= −∇P + η∇2u+ ρog + Fm (2.1)

This equation is derived from the Navier stokes equation. ρo is the
density of the ferrofluid, Du

Dt
is a material derivative, P is the pres-

sure in the ferrofluid, u is the fluid velocity, t is the time (second), η is
the coefficient of viscosity, g is the gravitational acceleration, and Fm

is the magnetic dipole force. In the ferrofluid, the force Fm derived
from the magnetic dipole force is added to the equation because the
fluid is affected by a magnetic field. The fluid in the experiment is
non conducting fluid with no magnetic monopole; thus, Eq.(2.1) sat-
isfies Eqs.(2.2) and (2.3).

∇×H = 0 (2.2)
∇ ·B = 0 (2.3)

H is the magnetic field and B is the magnetic flux density. Assuming
that the magnetization in the fluid is parallel to the magnetic field,
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and the magnetic field is expressed through Eq.(2.4). Moreover, mag-
netic flux density in the fluid is expressed through Eq.(2.5).

M = χH (2.4)
B = µo(H +M) (2.5)
Fm = µoM∇H (2.6)

M is magnetization of the fluid through Eq.(2.4) and µo is the per-
meability of free space through Eqs.(2.5) and (2.6). From Eq.(2.1), the
thickness of the ferrofluid is obtained when a magnetic field is ap-
plied to it, shown in Fig. 2.3. In this model, the instability such as

Electromagnet

z

x

Ferrofluid or Ferrofluid-based robotic sheet

A

B

Hi

Ho

Δh

Air

Modeling range

FIGURE 2.3: Ferrofluid or a ferrofluid-based de-
formable robotic sheet surface with magnetic field im-

posed to it. [ Tone et al., [92], p.5 ]

spikes on the fluid interface is not considered, as shown in Fig. 2.1.
Also, assuming that the fluid is in a state of equilibrium after the
deformation stopped, and the viscosity term in Eq.(2.1) is ignored.
The fluid satisfies Eq.(2.7) because it is an incompressible fluid. Fm is
written using the potential function ψm as Fm = ∇ψm. ψm is written
as in Eq.(2.8)[44]. Owing to these conditions, the Bernoulli equation
is expressed as in Eq.(2.9).

∇ · u = 0 (2.7)

ψm = µo

∫ H

0

M(H
′
)dH

′
(2.8)

ρ
u2

2
+ P + ρgz − ψm = const. (2.9)

z is the z-axis displacement in Fig. 2.3. ρ is the density of the fer-
rofluid. When the point A is defined as the reference point in Fig.
2.3, the thickness is expressed as δh. The points A and B are set at
the interface, as shown in Fig. 2.3. At point A, magnetic field is suf-
ficiently decreased; thus, the magnetic field at A is regarded as 0,
and the pressure is equal to the external pressure Po. At point B, a
pressure jump is experienced between the external and internal fluid
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[44], [45], and the magnetic fields inside and outside of the fluid are
different, as shown in Eq.(2.10), and are expressed through Hin and
Ho, respectively.

µoHo = µo(Hin +M(Hin)) (2.10)

The pressure jump is written as follows:

Pin − Po = −µo

2
(n̂ ·M)2 (2.11)

Pin is a pressure in the ferrofluid at point B through Eq.(2.11). By
considering these equations and the fluid velocity and by substitut-
ing the parameter for Eq.(2.9), the thickness of the fluid expressed as
follows is obtained:

δh =
µo

ρg
(

∫ Hin

0

M(H
′
)dH

′
+

1

2
M(Hin)

2) (2.12)

Non magnetic material

Ferrofluid

Magnetic Field

(a)Without magnetic field (b)With magnetic field

FerrofluidFerrofluid

Electromagnet Electromagnet

FIGURE 2.4: Behavior of a ferrofluid in the (a) absence
and (b) in presence of a magnetic field gradient. When
a magnetic field gradient is applied to the fluid (b),
its apparent specific weight changes and this makes it
possible for a non-magnetic object to float on the fluid.

[ Tone et al., [92], p.6 ]

Specific gravity change of a ferrofluid

To achieve object transportation, the following two conditions must
be satisfied simultaneously: i) the transportation object cannot sink
into the magnetic fluid as shown in Fig. 2.4, and ii) the underlying
interface must be convex in shape. To satisfy the first condition, the
force exerted on the object by the ferrofluid must be proportional to
the volume of the fluid displaced by the nonmagnetic object due to
Archimedes’ principle. Assuming that the direction of motion of the
fluid interface is positive along the z-axis, and the other components
are removed. The equation for the force of the ferrofluid on the non-
magnetic object is defined as in Eq.(2.13). The equation of motion of
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the nonmagnetic object is derived in Eq.(2.14).

F =

(
ρf −

µoM

g

dH

dz

)
gVf (2.13)

m
d2z

dt2
= F − ρogVo (2.14)

In these equations, g is the force of gravity, F is the force applied
by the ferrofluid, dH

dz
is the gradient of the magnetic field along the

z-axis, M is the magnetization of ferromagnetic particles in the fer-
rofluid, ρf and ρo are the specific weights of the ferrofluid and trans-
ported object, respectively, d2z

dt2
is the vertical acceleration of the ob-

ject, and m is its mass. Vf is the volume of the magnetic fluid dis-
placed by the object and Vo is its volume. To guarantee that the non-
magnetic object does not sink into the ferrofluid, its specific weight
should lie within the following range:

0 < ρo < (ρf −
µoM

g

dH

dZ
)
Vf
Vo

(2.15)

2.3.2 Transportation model
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FIGURE 2.5: Geometric representation of the slope and
the acting forces over the transported object such as a

plate. [ Tone et al., [92], p.6 ]

Manipulation modeling for non-rotating objects

The second condition is related to the friction coefficient and the an-
gle of the slope generated when a magnetic field is applied to the
robotic sheet. Fig. 2.5 shows the schematic view of the force acting
on the object when it is placed over a convex shape generated by
the application of a magnetic field. In Fig. 2.5, the x-axis is a hor-
izontal axis parallel to the surface, and the y-axis is a vertical axis
perpendicular to the convexity. To simplify the computations, the
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curved surface can be approximated by using a straight line and a
convex surface as a rigid body. The motion of the object is governed
by Eqs.(2.16) and (2.17).

m
d2X

dt2
= mg sin θ − Fα (2.16)

m
d2Y

dt2
= F −mg cos θ (2.17)

In these equations, α is the coefficient of the thin film, m is the mass
of the object, θ is the slope angle, g is the force of gravity, and F
is the force applied by the ferrofluid. If the right side of Eq.(2.16) is
greater than 0, then the object moves along the slope. Eq.(2.17) can be
omitted because of the normal forces acting on the fluid surface; thus,
assuming that in Fig. 2.5, the only direction in which the object can
move is in the x-direction. It is possible to determine the minimum
value of angle θ from Eqs.(2.18) and (2.19) to ensure the generation
of a convex shape that can be used as a propulsor to move the object
along the robot surface. By satisfying Eq.(2.19), the object can slide
or rotate on a convex surface.

θ = arctan
h

w − l
(2.18)

h

w − l
> α (2.19)

l and w are the displacement of the upper and the bottom side of the
convexity, and h is the height of the convexity as shown in Fig. 2.5.

Manipulation modeling for rotating objects

h

w

Robotic sheet

Object
θ

x yl

X = 0

V

FIGURE 2.6: Geometric representation of the slope and
the acting forces over the transported object such as a

ball.

The second condition is also related to the object velocity and the
angle of the slope generated when a magnetic field is applied to the
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robotic sheet. Fig. 2.6 shows the schematic view of the force acting
on the spherical object when it moves to the convex surface gener-
ated by the application of a magnetic field. The x-axis is a horizontal
axis parallel to the surface, and the y-axis is a vertical axis perpen-
dicular to the convexity. The spherical object easily moves on the
slope. However, the velocity also easily increases and it is difficult
for the system to stop the movement of the object using the convex
surface. Then, the velocity range in which the object can stop due to
the surface deformation is derived. The convex surface is regarded
as a trapezoid, and the condition that the motion stops is that the
velocity of the object becomes 0 on the convex slope. By satisfying
this condition, the robotic sheet can control the velocity of the ob-
ject and transport it to a designated goal. The motion of the object is
governed by Eqs.(2.20) and (2.17).

m
d2X

dt2
= −mg sin θ − Fs (2.20)

Fs =
I

R2

d2X

dt2
(2.21)

I =
2

5
mR2 (2.22)

m is the mass of the object, g is the force of gravity, R is the radius of
the object, Fs is the friction between the object and the robotic sheet,
and I is the moment of inertia. From these equations, the moving
distance of the object is defined as Eq.(2.23). If the object stops and
its velocity is 0 on the slope of the convex, the object movement can
be controlled by our proposed system. This condition is expressed as
Eq.(2.24). From these equations, the velocity is shown as Eq.(2.25).

X = V t− t2

2(m+ I
R2 )

mg sin θ (2.23)

X ≦
√

(w − l)2 + h2 (2.24)

V ≦
√

10gh

7
(2.25)

l and w are the displacement of the upper and the bottom side of the
convexity, and h is the height of the convexity as shown in Fig. 2.6.

2.4 Manipulation method

In this section, methods of the flat transportation and channel trans-
portation are explained. In the flat transportation, the robotic sheet
is set on the flat surface and transports objects on the surface of the
robotic sheet. In the channel transportation, the robotic sheet is set
on the channel-shape surface and moves a spherical object through
its channel.
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2.4.1 Flat transportation

Fig. 2.7 shows the schematic of the flat transportation using the
robotic sheet. An object transportation is realized by making the

Robotic sheet

Aluminum plate

Camera

Electromagnets

Electromagnetic

controller

Micro
controller

PC

PC

FIGURE 2.7: Schematic diagram of the flat transporta-
tion system. This system mainly composed of the
robotic sheet and electromagnets. By controlling ac-
tivation of each electromagnet, the surface of Robotic

sheet is controlled. [ Tone et al., [92], p.3 ]

object slide or roll down along a surface gradient pointing down-
wards. This surface gradient is generated from the concave region
made from one or several convexities. When a target object cannot
move due to friction even if a thin film with a low friction coefficient
is used, oscillation is used to reduce the friction between the target
object and the film. First, the principle of the oscillating transporta-

Convexity on the robotic sheet

Object

F

Oscillation 

direction

Forming convexity Eliminating convexity

F’

FIGURE 2.8: Image showing the behavior of the sur-
face in the presence of a magnetic field (left picture)
and at the time of degaussing the magnetic field (right
picture). F and F’ indicate the normal force. [ Tone et

al., [92], p.4 ]

tion method is introduced. Fig. 2.8 shows the schematic explaining
the method of oscillating transport. When an electromagnet is acti-
vated, an object moves in the direction perpendicular to the surface
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of the convexity. At this moment, a force supporting the convexity is
applied to the object, and the object clings to the surface because of
the static friction between the object and surface. After the magnetic
field disappears, the power vanishes, and the surface begins to fall.
The normal force to the object drastically decreases, decreasing the
static friction; therefore, by oscillating the surface, the friction can be
decreased, and the object moves horizontally along the surface.

Sphere transportation

Degaussed electromagnetActivated electromagnet

Transport object

Activated electromagnet 
(HIGH = 60ms, LOW = 60ms)

FIGURE 2.9: Transportation method for a sphere. First,
the system generates three convexities for making the
concave region and traps the transport object. Next,
the system degausses two of the electromagnets and
rolls the objects in the intended direction. [ Tone et al.,

[92], p.4 ]

Fig. 2.9 shows the transport method for the two spheres. The
robotic sheet moves the object by controlling three adjacent electro-
magnets. When these electromagnets are activated, three convexities
appear and a concave region is formed between them on the inter-
face to trap the object. Then, the system degausses the two electro-
magnets with the intended direction. A slope is formed due to the
remaining convexity, causing the object to roll down along the sur-
face gradient. When the movement of the objects is slow or stopped
at this concave region, the signal for the two electromagnets with the
intended direction as HIGH and LOW = 60 ms within 5 s is set. In
the transportation experiment, the robotic sheet oscillated its surface
for 1 s. By using the signal, the surface vibrates and the friction be-
tween the object and surface reduces. As a result, the object moves
faster with the oscillation than without it. After the object moves, the
robotic sheet again generates a concave region by using three other
electromagnets and traps the object to prevent it from straying out of
the transport route due to the surface crease or the object excessive
speed.
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When the robotic sheet moves several objects, there is a high pos-
sibility that the electromagnets are shared, and a race condition oc-
curs from the transportation algorithms interfering with each other.
To avoid this problem, all the operations of the robot are synchro-
nized when sharing the electromagnets for the same behavior. By
repeating activation and demagnetization of the electromagnets, the
robotic sheet transports an object along the transportation route.

Plate transportation

Degaussed electromagnet

Activated electromagnet 

(HIGH = 80ms, LOW = 40ms)

Activated electromagnets 

(HIGH = 20ms, LOW = 20ms)

Oscillating surface

Transport object

FIGURE 2.10: Transportation method for a thin circle
plate. An oscillating slope is generated along to the
direction of the transportation route with three elec-

tromagnets. [ Tone et al., [92], p.4 ]

In the case of a plate transportation, by using a thin film with
a low friction coefficient, it is possible to transport with a concave
region generated from a convex, like the flat transportation of a ball.
However, in the case of an object with a large mass or a high friction
coefficient, the friction between the sheet and the object is increased
and the plate cannot moves along the surface gradient. Then, this
method assumes a case where the object can not move with friction.

In order for the robotic sheet to move a plate in a desired direc-
tion, the system creates a slope and oscillates it using three adjacent
electromagnets. The oscillation starts at the same time the surface de-
formation starts, and its signal of one of the electromagnets is set as
HIGH = 80 ms and LOW = 40 ms and that of two of the electromag-
nets is set as HIGH and LOW = 20 ms, as shown in Fig. 2.10. When
HIGH > LOW, the height of the convexity at the peak electromag-
net is higher than at the other electromagnets due to the viscosity
of the ferrofluid, and a surface gradient is generated in the intended
direction. The period of one downward movement is in the range
of 5 to 20 s, and the oscillation continues during the period. In the
transportation experiment, the period of one downward movement
was fixed to 17 s. By repeating these operations, the robotic sheet
transports the plate along the transportation route.
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2.4.2 Liquid manipulation

As a target object in liquid manipulation, a droplet is used in this
study. In addition, as liquid manipulation methods, methods of mix-
ing droplets and transporting droplets are described. When the robotic
sheet moves a droplet on its surface, the entire system including
the robotic sheet uses a visual-feedback methods for controlling the
droplet movement. Therefore, as the droplet transport method, the
methods of the object detection, the activation of the electromagnets,
and Goal Position Setting are explained.

Liquid mixing

Robotic sheet Droplet A

Droplet B

Combined droplet

Combine droplet A and B Mixing droplets using vibration

Combined droplet

Vibration

FIGURE 2.11: The schematic image of mixing droplets.
By vibrating the surface of a robotic sheet using a
pulsed magnetic field generated from electromagnets,
combined droplets are stirred and mixing are realized.

Mixing droplets is realized using vibration. This vibration is oc-
curred by applying pulsed magnetic fields from the electromagnets
to the robotic sheet, and its frequency can be also controlled. The
control unit applies a rectangular voltage with duty ratio of 0.5 to
the electromagnets, and the electromagnets generate pulsed mag-
netic fields depending on the frequency of the pulsed magnetic field.
The voltage applied to the electromagnets is 24 V at HIGH and 0 V
at LOW. When the pulsed magnetic field is generated from multi-
ple electromagnets, these electromagnets are synchronized and the
robotic sheet surface to which the pulsed magnetic field is applied
vibrates.

Object detection for liquid manipulation

As shown in Fig. 2.12, the entire system detects and handles a target
object using a visual feedback method using a camera with a fre-
quency of 30 Hz. The position of the target liquid is recognized with
the camera by setting the pixel red-green-blue (RGB) values on an
area other than the target liquid to 0 and extracting the RGB values
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Original Image Processed Image

Goal

Electromagnet

Object

Processed Image

Activated 
electromagnets

Goal

Electromagnet

Object

Activated 
electromagnetsagelectromagnets

Operable area

Object

Robotic sheet

FIGURE 2.12: Processed target object using a web cam-
era mounted above the robotic sheet. The rightmost
image is the enlarged image. The coordinates of the
electromagnet were acquired beforehand. [ Tone et

al.,[91], p.2816 ]

of the target liquid. Some reflecting lights on the robotic sheet cause
noise. The color of the robotic sheet is black and the reflecting light
is white. The noise is mainly grey, and the dispersion of RGB values
of noise is much smaller than that of colored target liquid. Therefore,
when the difference between each of the RGB values and the aver-
age value obtained by combining these values is 30 or less, the RGB
value of this place is set to 0. By this process, the proposed system
can extract only the target object. A target position is obtained by
calculating the mean of X and Y coordinates of the target liquid at
its center. The position of each electromagnet is obtained in advance
and set to the proposed system.

Activation of electromagnets for liquid manipulation

Goal

G

O

Activated electromagnets

E1
Electromagnets

e2

e3e4

e5

e6 e7

Movement direction

Object

e8

FIGURE 2.13: Transportation method for an object. Us-
ing three activated electromagnets, the surface is lifted,
and the object descends along the slope, moving the

object. [ Tone et al., [91], p.2817 ]
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An automatic liquid manipulation is realized by activating three
adjacent electromagnets, creating a downward slope, and moving a
target liquid along it. Fig. 2.13 is a schematic image of the proposed
system. An area where the target object is always surrounded by four
adjacent electromagnets is defined as an operable area, as shown in
Fig. 2.12. The object within the operable area is always surrounded
by four electromagnets, E1, e4, e5, e8, as shown in Fig. 2.13. Elec-
tromagnet E1 is selected, which is farthest from the goal. Among six
electromagnets: e2, e3, e4, e5, e6, e7 adjacent to E1, the two electro-
magnets: e2, e7, which are farthest from the goal are selected. After
that, the surface is lifted up by activating three adjacent electromag-
nets and the target liquid is moved toward the defined goal due to
the downward slope. If the droplet sits on one of the electromagnets,
by activating three adjacent electromagnets near the electromagnet,
the proposed system moves the droplet slightly from the position of
the electromagnet. By repeating this algorithm, the proposed system
automatically moves the target liquid to the goal discretely. If the
object moves around the boundary of the operable area, and there
are only one or two adjacent electromagnets to be activated, the pro-
posed system activates these electromagnets.

Goal position setting for liquid manipulation

Object

Goal

Electromagnets

Movement Direction

Activating three electromagnets

Raised the surface

Raised surface prevents the object 

from exceeding goals.

FIGURE 2.14: Goal position setting near the boundary
of the electromagnets area. [ Tone et al., [91], p.2817 ]

A goal position should be set in order to prevent the liquid from
exceeding that goal and operable area. The method for setting a goal
position is proposed as shown in Fig. 2.14. When the object arrives at
the goal, by activating the three electromagnets on the opposite side
of the object with respect to the destination and lifting up the surface
of the robotic sheet to stop the object moving, the proposed system
prevents the object from exceeding the goal and operable area.
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2.4.3 Channel transportation of a ball

In channel transportation, the robotic sheet is set on a channel sur-
face and transports a ball through its channel. Fig. 2.15 shows the
transport method. When the robotic sheet moves the ball, two elec-

Object

A convexity on the robotic sheet

Electromagnets

Side view

Electromagnet

Aluminum plate

Ferrofluid-based robotic sheet

Magnetic field direction

FIGURE 2.15: Top view of the channel transportation
system. The system activates the two electromagnets
facing each other and generates two convexities to
push the object. By controlling the electromagnets and
moving the convexities, the channel ferrofluid-based
robotic sheet moves the object. [ Tone et al., [92], p.5 ]

tromagnets are activated in the opposite directions and a convexity is
generated on each side. The ferrofluid in the robotic sheet moves to-
ward the source of the magnetic field against the gravity and gathers
around it. Therefore, the channel width of the robotic sheet locally
decreases and the height of the bottom increases. The ball is pushed
by the two convexities and moves on the slope formed by the height
difference of the bottom of the channel. By switching the electro-
magnets with the pre-defined direction, the robotic sheet moves the
object within the channel.





27

Chapter 3

System Overview

3.1 Ferrofluid-based deformable robotic sheet

Two type of ferrofluid-based deformable robotic sheets are used in
this research. One is used for solid objects such as balls and plates,
and the other is used for flexible objects such as droplets. Some wrin-
kles with a height of about a few mm or less appears on the robotic
sheets to be explained, so that a ferrofluid deformation is not pre-
vented by the thin film. Because of the wrinkles of the sheets, the
distribution of the ferrofluid is not uniform. However, the ferrofluid
can freely move and gather to the source of the magnetic field.

273 mm

268 mm

Object

FIGURE 3.1: A ferrofluid-based deformable robotic
sheet for solid objects. Polyethylene films are used
as the thin film and a ferrofluid is wrapped with the

films. [ Tone et al., [92], p.3 ]

3.1.1 Ferrofluid-based deformable robotic sheet for solid
objects

This ferrofluid-based deformable robotic sheet is used for transport-
ing solid objects such as balls and plates. Fig. 3.1 shows the ap-
pearance of this robotic sheet. This robotic sheet is quadrilateral
shape and its four sides are thermally compressed. It has a lay-
ered structure and uses polyethylene film as the thin film since the
polyethylene film has a high robustness against damage caused by
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TABLE 3.1: Ferrofluid in the ferrofluid-based de-
formable robotic sheet for solid objects

Name DS-50 Sigma Hi-Chemical Inc.
Solvent Isoparaffin
Ferromagnetic particle Magnetite
Surfactant Oleic acid
Saturation magnetization 50.0 mT
Specific gravity 1.4
Mass 71.4 g
Viscosity (293.15 K) 50.0 mPa·s

contact with the target objects. Furthermore, an unbreakable and
easy processing material is preferable. A ferrofluid is wrapped with
the polyethylene film.

The size of this polyethylene film is 273 mm × 268 mm × 0.15
mm (thickness), and that of the robotic sheet is 273 mm × 268 mm
× 1.8 mm (thickness). The maximum height of the convexity of the
robotic sheet is 4.7 mm, and its diameter is approximately 60 mm.
By controlling the electromagnets, moving the position of the con-
vexity, and oscillating the surface of the robotic sheet according to
the transportation route, the system can move the balls and plates
on the surface. The ferrofluid used in this robotic sheet is shown as
Table 3.1.

3.1.2 Ferrofluid-based deformable robotic sheet for flex-
ible objects

Ferrofluid sheet

120 mm

1
3
1
 m

m

FIGURE 3.2: The ferrofluid-based deformable robotic
sheet for flexible objects. Polytetrafluoroethylene films
are used as the thin film and a ferrofluid is wrapped

with the films. [ Tone et al., [91], p.2816 ]

This ferrofluid-based deformable robotic sheet is used for trans-
porting flexible objects such as droplets. Fig. 3.2 shows the appear-
ance of this robotic sheet. This robotic sheet is quadrilateral shape
and its four sides are thermally compressed. This robotic sheet also
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Electromagnets: side view

Electromagnets

Not activated

Activated LOW HIGH

Electromagnets: top view

Robotic sheet

Droplet

FIGURE 3.3: By activating several electromagnets, the
surface can be deformed along with the number of

electromagnets. [ Tone et al., [91], p.2816 ]

TABLE 3.2: Ferrofluid in the ferrofluid-based de-
formable robotic sheet for droplets

Name DS-50 Sigma Hi-Chemical Inc.
Solvent Isoparaffin
Ferromagnetic particle Magnetite
Surfactant Oleic acid
Saturation magnetization 46.6 mT
Specific gravity 1.4
Mass 43.9 g
Viscosity (293.15 K) 88.0 mPa·s

has a layered structure and a ferrofluid is wrapped with polytetraflu-
oroethylene films as the thin film. Thin films with a high water and
oil repellency are suitable for droplet manipulation. The films should
be easy to process and also minimize the inhibition of ferrofluid de-
formation. Hence, I use a polytetrafluoroethylene (PTFE) film.

Fig. 3.3 shows the surface deformation with the electromagnets
activated. By activating several electromagnets adjacent to each other,
the surface to which the magnetic field is applied is lifted up. When
a droplet spreads on the surface of the robotic sheet as the volume
increases, a magnetic field is generated from multiple electromag-
nets to raise the surface of the robotic sheet, where the droplet and
robotic sheet are in contact since the droplet shape changes during
its moving and

The size of the PTFE film is 130 mm × 121 mm × 0.025 mm
(thickness), and that of the robotic sheet is 130 mm × 121 mm × 2
mm (thickness). The maximum height of the convexity of the robotic
sheet is 3.5 mm, and its diameter is approximately 30 mm. By con-
trolling the electromagnets automatically according to the position
of the droplets and the goal using the camera, the robotic sheet can
move droplets on the surface. The ferrofluid used in this robotic
sheet is shown as Table 3.2.
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3.2 Electromagnets

3.2.1 Electromagnets for solid objects

FIGURE 3.4: Arrangement of electromagnets used for
transporting solid objects.
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FIGURE 3.5: Structure of an electromagnet for solid ob-
jects and distribution of a magnetic field. [ Tone et al.,

[92], p.3 ]

The nine electromagnets (K.K Fujita, FSGP-40D) are arranged ad-
jacent to each other to reduce the space between the electromagnets
as shown in Fig. 3.4. A magnetic field is generated by electromag-
nets, which are supplied with DC 24 V and 0.24 A from a power
supply (K.K Fujita, FSC-2403-P13). The structure and magnetic field
of each electromagnet are shown in Fig. 3.5. The electromagnet has
an iron core, and its coil is surrounded by iron connected to the core;
thus, magnetic flux from the core gathers on the iron at the side of
the electromagnet. At the edge of the electromagnet, the magnitude
of the magnetic field drastically decreases. At this part on the robotic
sheet, the surface of the robotic sheet curves downwards. The pro-
posed system moves an object using this downwards part.
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3.2.2 Electromagnets for flexible objects

12 mm

1
 m

m

FIGURE 3.6: Arrangement of electromagnets used for
transporting flexible objects. [ Tone et al., [91], p.2816 ]
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FIGURE 3.7: Structure of an electromagnet for small
objects and distribution of a magnetic field. [ Tone et

al., [91], p.2816 ]

The 30 electromagnets (K.K Gigateco, TMB-1209G) are arranged
adjacent to each other to reduce the space between the electromag-
nets as shown in Fig. 3.6. A gap of 1 mm is set between electromag-
nets to avoid interference from both the conducting wire extending
from the electromagnet and the adjacent electromagnet. As shown in
Fig. 3.7, the diameter of the electromagnets is 12 mm. A DC voltage
of 24 V and a current of 0.192 A are supplied to each electromagnet,
and a control unit controls the power supply (K.K Fujita, FSC-2403-
P13). The magnetic field at the center of this electromagnet is 39.9
mT.

At the edge of the electromagnet, the magnitude of the magnetic
field drastically decreases. At this part on the robotic sheet, the sur-
face of the robotic sheet curves downwards. The robotic sheet moves
an object using this downwards part. In this research, the diameter
of the target droplet is a few centimeters or less. The diameter of the
convex on the ferrofluid sheet is about 3 cm, and the size of the con-
vex generated by an electromagnet is enough to move the droplet to
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an area where a convex is generated by an adjacent electromagnet. 30
electromagnets are used, but if the feasibility of moving and mixing
objects is established by this experiment, scaling it for other intended
uses is possible in the future. It is also possible to increase the reso-
lution by downsizing the electromagnet. When a droplet spreads on
the surface of the robotic sheet as the volume increases, a magnetic
field is generated from multiple electromagnets to raise the surface of
the robotic sheet, where the droplet and robotic sheet are in contact.

3.3 Manipulation system

3.3.1 Flat transportation for solid objects

Ferrofluid-based robotic sheet

Electromagnetic controller

Micro controller

Object

Aluminum plate

FIGURE 3.8: Overall system of the ferrofluid-based de-
formable robotic sheet for solid objects. [ Tone et al.,

[92], p.3 ]

Table 3.3 shows the system specifications. The entire system con-
sists of the ferrofluid-based deformable robotic sheet for solid ob-
jects, electromagnets, power supply, micro-controller (Atmega328P-
PU), PC, and camera, as shown in Fig. 3.8. The activation and deac-
tivation of each electromagnet is controlled using a microcontroller.
There are two configurations of transport methods for this robot: flat
transportation, in which the robotic sheet is set on a flat surface and
the robot transports the object on its surface, and channel transporta-
tion, in which the robotic sheet is curled up and the object moves
through it. In the flat transportation, between the robotic sheet and
the electromagnets, there are 0.5 mm thick aluminum plates to sup-
port the robotic sheet flat on the electromagnets. This plate is not af-
fected by the magnetic field because it is non magnetic. The camera
located above the robot tracks the position of the transport object and
sends the data to a PC. Currently, the camera is just used to record
the object movement.



3.3. Manipulation system 33

TABLE 3.3: System specifications of the robotic sheet
for solid objects

Power DC24 V, 2.16 A
Polyethylene film [mm] 273 × 268 × 0.15 (Thick)
Robotic sheet [mm] 273 × 268 × 1.8 (Thick)
Electromagnet [mm] 40 × 40 ( D × H)

3.3.2 Flat transportation for flexible objects

Ferrofluid sheet

Electromagnet

Micro-controller

Camera

Power supply

FIGURE 3.9: Overall system of the ferrofluid-based de-
formable robotic sheet for flexible objects.
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Arduino mega 2560

Circuit
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Robotic sheet

Acrylic table

Target object 24 V

Object coordinate Control Electromagnets

FIGURE 3.10: Schematic diagram of the robotic sheet.
[ Tone et al., [91], p.2815 ]

As shown in Fig. 3.9, the overall system is composed of the ferrofluid-
based deformable robotic sheet for flexible objects, electromagnets
(K.K Gigateco, TMB-1209G), microcontroller (Arduino Mega 2560),
power supply (K.K Fujita, FSC-2403-P13), PC, and web camera (Log-
itech Co Ltd., C615). Fig. 3.10 is the schematic diagram of the system.
A visual feed-back method is introduced to droplet manipulation.
The frequency of the feedback loop is 30 Hz.

Table. 3.4 shows the system specifications. The frequency of the
feedback loop is 30 Hz. The robotic sheet is installed on an acrylic
table, and the electromagnets are set beneath it to apply a magnetic
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TABLE 3.4: System specifications of the robotic sheet
for flexible objects.

Power DC24 V, 2.16 A
Polyethylene bag [mm] 131 × 120 × 0.02 (Thick)
Ferrofluid sheet [mm] 131 × 120 × 2.0 (Thick)
Electromagnet [mm] 40 × 12 ( D × H)

field to the bottom of the robotic sheet. A 2 mm gap is maintained
between the electromagnets and the acrylic board with a thickness
of 1 mm, to prevent the electromagnets from transmitting heat to the
robotic sheet. A control unit including a microcontroller and circuit
controls the activation of the electromagnets.

3.3.3 Channel transportation

Electromagnet

Aluminum plate

Ferrofluid-based deformable robotic sheet

Magnetic field direction

FIGURE 3.11: Schematic diagram of the channel trans-
portation system. [ Tone et al., [92], p.3 ]

Fig. 3.11 shows an overview of the channel transportation. The
robotic sheet for solid objects is curled up, and eight electromagnets
are symmetrically placed on the sides of the robotic sheet. The elec-
tromagnets are fixed to an aluminum block. The channel width is
33 mm in the absence of a magnetic field. Firstly, the ferrofluid in
the robotic sheet stays on the bottom of the channel owing to gravi-
tational force. Under the presence of a magnetic field, the ferrofluid
moves and gathers around the source of the magnetic field, creating a
convexity on the inner side of the channel. The convexity changes the
channel width and pushes the sides of the object in the robotic sheet
and moves it through the channel. This transport method mimics the
bionic movement, such as that of an esophagus.
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Chapter 4

Basic characteristics of robotic
sheet

In this research, the characteristics of the ferrofluid-based deformable
robotic sheets are verified and the object manipulation using it are
realized. The characteristics of a ferrofluid have already been elu-
cidated. However, the robotic sheet is composed of the ferrofluid
enclosed by the polyethylene or PTFE films, and these films affect
the deformation, the output force, and magnetic responsiveness of
the ferrofluid. Therefore, in this chapter, these effects are elucidated.

4.1 Surface deformation

Electromagnet

Ferrofluid

Aluminum angle members

Glass dish

Polyethylene sheet    ( the thickness: 0.1, 0.2, 0.3, 0.4, and 0.5 mm )

Put on the ferrofluid

FIGURE 4.1: Appearance of the equipment used in the
surface deformation. This equipment is simple version
of the robotic sheet, and the thickness of the ferrofluid
is measured using 3D-CT by changing the thickness of
the polyethylene sheet: 0.1, 0.2, 0.3, 0.4, and 0.5 mm. [

Tone et al., [92], p.7 ]

The verification of the effect of the polyethylene sheets on the
shape of the ferrofluid in the robotic sheet under the influence of
a magnetic field is explained. This verification was conducted to
obtain the knowledge required to formulate the shape model of the
robotic sheet. In this experiment, simple version of a robotic sheet
instead of the proposed robotic sheets were used for changing the
thickness of the polyethylene sheet on the ferrofluid, as shown in
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Fig. 4.1. This equipment consisted of polyethylene films and a fer-
rofluid with a volume of 51.6 mL in a glass dish with a height of
28 mm, an inner diameter of 148 mm, and a bottom thickness of 1.8
mm. Without the magnetic field, the thickness of the ferrofluid in the
dish was 2.1 mm. The electromagnet used for transportation of solid
objects was set under the dish, and the center axis of the electromag-
net and the dish were aligned. The magnetic field generated from
the electromagnet was sufficiently reduced at the edge of the dish,
and the edge did not affect the fluid shape. Four aluminium angle
members were set under the dish for supporting it. The height of the
members was the same as that of the electromagnet, and these mem-
bers were hardly affected by the magnetic field because aluminum is
non-magnetic material. Moreover, these members were more than 10
mm away from the electromagnet, and the magnetic fields were suf-
ficiently reduced at the points. The polyethylene sheet used in this
experiment was developed by piling up a polyethylene film with 0.02
mm thickness. The thickness of the polyethylene sheet was initially
0.5 mm and reduced by every 0.1 mm whenever the fluid shape was
measured. The shape of the ferrofluid without the sheet was also
measured.

Electromagnet

Ferrofluid

Electromagnet effect

Glass dish

FIGURE 4.2: Tomographic image. The red square is
the electromagnet and the white object over the elec-
tromagnet is the ferrofluid in the glass dish. There are
black lines on each images due to the electromagnet. [

Tone et al., [92], p.7 ]

4.1.1 Shape measurement method

3D-CT was used to measure the thickness of the ferrofluid under
the polyethylene sheet [93]. By using the 3D-CT, the measurement
accuracy could be maintained and the shape of the ferrofluid was
measured by using a magnetic field applied through a non contact
method. The 3D-CT uses an X-ray to take tomographic images of
the subject at 0.5 mm intervals. An X-ray is provided to the subject
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from an X-ray tube bulb; a part of the X-ray is absorbed by the sub-
ject, and the radiation detector on the other side of the X-ray tube
bulb measures the absorbed rate. The X-ray tube bulb and the radi-
ation detector quickly revolve around the subject. As shown in Fig.
4.2, the tomographic image could be obtained because the image was
reconstructed based on the X-ray obtained through Fourier transfor-
mation. The white parts on the image represent the subject while the
other part represents the background. The obtained image was ana-
lyzed through OsiriX (Pixmeo). The field of view of the 3D-CT is 240
mm, and the pixel matrix of the tomographic image is a 512 × 512
pixel matrix. The length of a pixel side is 0.46875 mm. Each pixel has
a pixel value derived from the X-ray absorption rate of the object and
is expressed as light and shade on the image. Based on the difference
in the light and shadow areas, I detected the boundary of the object
and measured the thickness of the ferrofluid.

4.1.2 Experiment procedure

The thickness of the sheet was initially 0.5 mm and was reduced by
0.1 mm after the tomographic image was taken; this process was re-
peated until the thickness was 0.0. The tomographic image was taken
more than 20 s after the electromagnet was activated because it took
more than 20 s for the ferrofluid deformation to stop under the pres-
ence of the ferrofluid. The ferrofluid boundary was extracted from
the tomographic images through the canny edge detection [94] after
the edges were emphasized.

4.1.3 Result

Fig. 4.2 shows the tomographic image taken through 3D-CT. The red
square represents the electromagnet and the white object over it is
the ferrofluid in the glass dish. Fig. 4.2 shows four black lines, which
occurred because the absorption rate of the electromagnet including
iron was higher than that of the other objects, and this effect was
maximum at the edge of the electromagnet. The two inside lines in
Fig. 4.2 express the inner edge of the coil in the electromagnet, and
the other lines express the outside edge. I extracted the thickness of
the ferrofluid by considering this effect.

Fig. 4.3 shows the experimental result when a magnetic field was
applied to the ferrofluid. The number at the upper left corner of each
image represents the sheet thickness, and the red line represents the
fluid interface. The maximum thickness of the ferrofluid with the
sheet was lower than without the sheet, and the width of the convex-
ity with the sheet was wider than without the sheet. The maximum
thickness of the ferrofluid decreased with the increasing sheet thick-
ness. As the thickness of the ferrofluid reached 0.0, two saliences ap-
peared on the fluid interface around the top of the convexity; these
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0.0

0.2

Surface 0.1

0.3

0.4 0.5

FIGURE 4.3: Result of the shape measurement. The
number at the upper left corner of each image indi-
cates the thickness of the polyethylene sheet. In the
first figure "0.0" means the sheet is not on the fluid.
The red lines on each picture represent the interface of

the ferrofluid. [ Tone et al., [92], p.7 ]

appeared as spikes caused by the instability of the ferrofluid [43], as
shown in Fig. 2.1. I extracted the fluid thickness on each sheet within
40 mm horizontally from the center of the electromagnet.

Fig. 4.4 shows the extracted data. This data includes the bot-
tom thickness of the glass dish. The black line represents the fluid
shape without the sheet, while other lines represents the fluid with
the sheet. At approximately X = 4 mm, the black line suddenly
changed. This part is represented by the spike on the ferrofluid. The
application of the sheet on the fluid caused the spike to disappear.
The fluid thickness decreased with increase of the sheet thickness.
At approximately X = 22 mm, the black line went below the other
lines. The effect of the magnetic field reduced sufficiently over X =
20 mm because the radius of the electromagnet was 20 mm; thus, the
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FIGURE 4.5: Relationship between the thicknesses of
the polyethylene sheet and the ferrofluid in the simple
version of the robotic sheet at the center of the convex-
ity (X = 0). The horizontal axis represents the thickness
of the polyethylene sheet and the vertical axis repre-
sents the thickness of the ferrofluid in the robotic sheet.

[ Tone et al., [92], p.8 ]

thickness of the ferrofluid without the sheet decreased sharply. How-
ever, when the sheet was placed on the ferrofluid, the internal pres-
sure increased because the fluid thickness at the deformed portion
decreased according to the weight of the sheet, and the fluid thick-
ness increased over 20 mm. As the distance increases horizontally
from the center of the electromagnet, it was confirmed that there was
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no difference in thickness of the ferrofluid inside the robotic sheet
caused by the difference in thickness of the film. Over X = 37 mm, the
thickness of the ferrofluid with the sheet sharply changed because a
bubble was inserted between the sheet and ferrofluid interface. Fig.
4.5 shows the relationship between the thicknesses of the polyethy-
lene sheet and ferrofluid at X = 0. The ferrofluid thickness gradually
decreased around the center of the convexity.

4.2 Force of Robotic sheet

The purpose of this experiment is to clarify the mass range of the ob-
ject which the robotic sheet lifts up and the relationship between the
mass range and the displacement of the convex surface of the robotic
sheet. The robotic sheet moves the object using the surface gradient
of the convex surface generated by its deformation. As shown in Eq.
2.14, as the mass of the object on the convex surface of the robotic
sheet increases, its displacement decreases. F in Eq. 2.14 includes dH

dz

as shown in Eq. 2.13, and dH
dz

increases as the distance between the
object and the source of the magnetic field decreases. It is difficult
to achieve the theoretical value of the mass range of the object due
to its non-linear relationship. Then, by measuring the relationship
between the mass of the object and the displacement of the convex
surface, the mass range of the object is elucidated. Also, it is verified
whether the relationship can be approximated linearly or not.

4.2.1 Experiment procedure

Electromagnet

h

“h” is measured by 
Laser positioning sensor

2 mm

5 mm

Object

Container

Ferrofluid

Thin film

FIGURE 4.6: Schematic image of this experiment. The
simple version of the robotic sheet is used. A sphere
object is put on the robotic sheet. The mass of the ob-
ject is changed and the displacement change is mea-

sured using a laser positioning sensor.
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Fig. 4.6 shows the experimental setup. In this experiment, the
simple version of the robotic sheet was used, in which a ferrofluid
was placed in a glass container with a bottom thickness of 5 mm and
a polyethylene sheet was placed on the interface of the ferrofluid.
The thickness of the ferrofluid from the bottom of the container was
2 mm. Under the glass container, the same electromagnet used for
solid objects was set. As the object used in this experiment, a capsule
ball with a diameter of 30 mm was used. The mass of this capsule
ball was changeable between 3 g and 11 g. As shown in Fig. 4.6, the
capsule ball was placed right above the electromagnet. The indicator
of this expreiment was the displacement before and after the defor-
mation of the robotic sheet in the state where the capsule ball was
installed. The displacement was measured by irradiating the laser
to the apex of the capsule sphere from the laser positioning meter
(Hokuyo Automatic Co., Ltd., PDA-25KT). The measurement was
carried out ten times with respect to each mass of the capsule ball.

4.2.2 Result
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FIGURE 4.7: Blue dots shows the top of the convex
surface of the robotic sheet when a magnetic field is
applied to it. Red dots shows the top of the surface of

the robotic sheet without a magnetic field.

Fig. 4.7 shows the result of this experiment. In this result, "0"
shows the surface of the robotic sheet when the object was not in-
stalled and the magnetic field was not applied to it. The blue dia-
monds in the graph indicate the displacement of the robotic sheet
when the magnetic field was applied to it and the object was put
on the convex surface. The red quadrangles in the graph show the
displacement of the robotic sheet when the magnetic field was not
applied to it and the object was put on the surface. Without the mag-
netic field, the magnetic force in the ferrofluid was not generated as
shown in Eq. 2.6, and the object on the surface of the robotic sheet
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sinked as shown in the red quadrangles. Then, the measured dis-
placement was less than 0. With the magnetic field, the mass of the
object and the displacement of the convex surface of the robotic sheet
were in a linear relationship as shown in the blue diamonds in Fig.
4.7. Moreover, it was elucidated that the displacement was less than
0 when the weight of the object to be installed exceeded 10 g. It was
found that the object with the mass of more than 10 g can be raised
with the shape change of the robotic sheet.

4.3 Magnetic responsiveness of a robotic sheet

The purpose of this experiment is to clarify the effect of the amount
of the ferrofluid and the number of electromagnets on the magnetic
response of the robotic sheet by measuring the displacement of the
robotic sheet with respect to time. In this experiment, the quantity

Robotic sheet

Activated Electromagnet

Tape : 5 mm X 5 mm

Laser displacement sensor

Laser

Electromagnets

Not activated

Activated Electromagnet

3 Electromagnets 4 Electromagnets 5 Electromagnets

7 Electromagnets

h [mm]

Tape
9 Electromagnets

FIGURE 4.8: Experimental setup for verification of
magnetic responsiveness of a robotic sheet. [ Tone et

al., [91], p.2817 ]

inside the robotic sheet and the number of electromagnets to activate
were changed, and the influence of these on the deformation and
oscillation amplitude of the robotic sheet were clarified. The robotic
sheet with PTFE films was used. The deformation of the robotic sheet
was measured using a laser positioning meter with a sampling fre-
quency of 500 Hz (OPTEX FA Co. Ltd., CD1-100N(J)) with a resolu-
tion of 30 µm, as shown in Fig. 4.8. "h" in Fig. 4.8 is the indicator of
this experiment, which shows the displacement before and after the
deformation. The ferrofluid could not sufficiently reflect laser light.
Thus, white tape with dimensions 5 mm × 5 mm was attached to
the part of the PTFE film which was at the center of the deformed
surface due to activation of the electromagnets. In the verification of
displacement, the deformation was measured for 2000 ms from the
start of activating electromagnets and from the start of demagnetiz-
ing electromagnets 30 s after the electromagnet was activated. Thirty
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seconds was required to wait for saturation displacement. High de-
formation speed was required for object manipulation using the pro-
posed system, so the displacement was measured for 2000 ms. It
was verified whether noise affected the measurement, and this re-
sult is shown as "Reference" in the results. In the verification of the
oscillation amplitude, it was measured 30 seconds after the pulsed
magnetic fields were applied. The mean and the standard deviation
of 40 peak-to-peak amplitudes were calculated.

4.3.1 Displacement with different amount of ferrofluid
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FIGURE 4.9: The process of lifting up the surface of the
robotic sheet. The three types of the robotic sheet in-
cluding a ferrofluid with mass of 19.8, 43.9, and 69.8
are used. Reference indicates that there is no large
noise. Each result shows the average value measured

seven times. [ Tone et al., [91], p.2818 ]

The three types of robotic sheets were used. The amount of fer-
rofluid contained in each robotic sheet was 19.8 g, 43.9 g, and 69.8 g,
and the thickness of the robotic sheet was about 1 mm, 2 mm, and 3
mm, respectively. Displacement was measured with respect to time
for each robotic sheet by activating one or seven electromagnets. The
number of measurements in each condition was seven times, and
the mean result is shown in Figs. 4.9 and 4.10. The robotic sheet
lifted up and declined its surface drastically within 200 ms after the
deformation started. By activating one electromagnet, the response
speed and deformation increased as the volume of the ferrofluid in
the robotic sheet decreased. Conversely, by activating seven electro-
magnets, even if the response speed of the robotic sheet with 69.8 g
of ferrofluid was highest, the deformation of the robotic sheet with
43.9 g of ferrofluid was largest. This result indicates that the PTFE
film prevented the deformation of the ferrofluid due to a lack of the
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FIGURE 4.10: The process of declining the surface of
the robotic sheet. The electromagnets are demagne-
tized 30 s after the saturation displacement. Reference
indicates that there is no large noise. Each result shows
the average value measured seven times. [ Tone et al.,

[91], p.2818 ]

wrinkles. In the declining result with one electromagnet, as the vol-
ume of the ferrofluid in the robotic sheet increased, the deformation
speed increased. In the declining result with seven electromagnets,
the deformation speed of 43.9 g and 69.8 g of the robotic sheet was
similar. Although the displacement of 43.9 g of the robotic sheet was
largest, the deformation speed increased as the amount of the fer-
rofluid increased. There are deviations in the declining result. This
deviation decreased as the amount of the ferrofluid increased. When
the content of ferrofluid is high, the thickness of the ferrofluid inside
the robotic sheet increases, and the dispersion of ferrofluid is fast ac-
cording to Hagen-Poiseuille flow.

4.3.2 Oscillation amplitude with different amount of
ferrofluid

The same three types of robotic sheets were used, and the peak-to-
peak amplitude was measured by applying a pulsed magnetic field
with a frequency of 2, 5, 8, 10, 15, 20, 25, and 30 Hz to each robotic
sheet from the seven adjacent electromagnets. The mean and the
standard deviation of 40 peak-to-peak amplitudes for each frequency
and robotic sheet is shown in Fig. 4.11. Until 8 Hz of the pulsed mag-
netic field, the peak-to-peak amplitude changed dynamically, and
from 8 Hz, the peak-to-peak amplitude hardly changed.

By considering this and previous results, since high deformation
speed and large deformation are required for a transportation, and
large peak-to-peak amplitude is also required for mixing liquid on
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the surface, the robotic sheet with 43.9 g of ferrofluid should be used
for a liquid manipulation.

4.3.3 Displacement with different number of electro-
magnets
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FIGURE 4.12: Response speed of a robotic sheet with
different number of electromagnets: 3, 4, 5, 7, and 9

electromagnets. [ Tone et al., [91], p.2818 ]

The deformation speed of the robotic sheet was determined with
43.9 g of ferrofluid by changing the number of activating electromag-
nets: 3, 4, 5, 7, and 9 electromagnets. The deformation process was
measured for 2000 ms and 7 times for each electromagnet configu-
ration. The mean result is shown in Fig. 4.12. As the number of
activating electromagnets decreased, the response speed increased.
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The deformation speed with the 3 adjacent electromagnets was high-
est, and the displacement with 7 adjacent electromagnets was largest.
When the proposed system moves an object, the surface should be
immediately lifted up when magnetic fields are applied, and a high
deformation speed of the robotic sheet is required. Therefore, in the
proposed transport method, moving an object using three adjacent
electromagnets is ideal.

4.3.4 Oscillation amplitude with different number of
electromagnets
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FIGURE 4.13: A peak-to-peak amplitude of a robotic
sheet by replacing the number of activating electro-
magnets: 3, 4, 5, 7, and 9 electromagnets. [ Tone et

al., [91], p.2819 ]

The peak-to-peak amplitude of the robotic sheet with 43.9 g of
ferrofluid was found by changing the numbers of activating electro-
magnets: 3, 4, 5, 7, and 9 electromagnets. The mean and the standard
deviation of 40 peak-to-peak amplitudes for each frequency is shown
in Fig. 4.13. After 20 Hz, since there was no difference in amplitude,
further amplitude increase was omitted. Even if the frequency of a
pulsed magnetic field changes, there was no large difference on each
peak-to-peak amplitude. From this result, even if the proposed sys-
tem mixes some droplets and increases the number of activating elec-
tromagnets according to the size of a droplet to be mixed, a similar
mixing result can be obtained.
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Chapter 5

Feasibility verification of object
manipulation with robotic
sheet

In this chapter, object manipulation is realized using the robotic sheet.
At first, using the robotic sheet with polyethylene films, two balls
and a thin circular plate are transported. Next, using the robotic
sheet with PTFE films, liquid manipulation is realized. In this liquid
manipulation, a water droplet is used as the target object, and droplet
transportation and mixing are conducted. Finally, the robotic sheet
with polyethylene films is placed like a groove shape and a ball is
moved within its inner surface. It is elucidated that the robotic sheet
can move the target object in the several environment.

5.1 Flat transportation of two balls

5.1.1 Experiment procedure

Electromagnets

Object A

Object B

Transportation

route

FIGURE 5.1: Conceptual transportation route of two
balls. The red line indicates the route of "Object A",
and the green line indicates the route of "Object B". [

Tone et al., [92], p.8 ]

The transportation of two spheres was verified by using the robotic
sheet with polyethylene films. The robotic sheet was set on the alu-
minum plate, and the nine electromagnets were set under this plate.
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Above the robotic sheet, the web camera was placed for recording
the object transportation. Fig. 5.1 shows the planned path whose
length was 280 mm. Two polystyrene balls (Object A and Object B
in Fig. 5.1) with a diameter of 30 mm and mass of 2.9 g were used.
These balls were simultaneously moved using the proposed method.
The surface of the ball was rubbed with sandpaper to prevent the ball
from clinging to the surface of the robotic sheet.

5.1.2 Result

The result of this experiment is shown in Fig. 5.2. Both the ob-
jects were transported in 11.9 s. The red and green lines show each
object trajectory which are the trajectories of the center of each ob-
ject and added to the video using an image processing. The robotic
sheet completed the object transportation by repeating the proposed
method. It was confirmed that the balls moved straight along with
the direction of the downward slope when the downward slope was
generated as shown in Fig. 5.2.(1.7s). Also, in the proposed method,
each ball was hold with concave region generated by three adjacent
convex surface during transportation, and it was confirmed that each
ball stopped and changed its moving direction at the concave region.
The results elucidated that the robotic sheet can transport an object
which can be rotated such as a ball by deforming its shape.

5.2 Flat transportation of a thin plate

5.2.1 Experiment procedure

The transportation of a thin plate is verified by using the robotic
sheet with polyethylene films. As the previous experiment, the robotic
sheet was set on the aluminum plate, and the nine electromagnets
were set under this plate. Above the robotic sheet, the web camera
was set for recording the object transportation. Fig. 5.3 shows the
planned path whose length was 200 mm. A thin circular plate with
a diameter of 40 mm, depth of 3 mm, and weight of 15.2 g is used.
With the height and slope of the convex surface on the robotic sheet,
the plate cannot rotate. Also, due to the friction between the plate
and the robotic sheet, the plate cannot slide on it. This plate was
transported by using the proposed method.

5.2.2 Result

This experimental result is shown in Fig. 5.4. The robotic sheet trans-
ported the pate in 97 s along the planned path. The trajectory of the
pate is represented as a red line which were the trajectory of the cen-
ter of the plate and added to the video using an image processing.
The plate almost moved along the transport path by using oscillation
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FIGURE 5.2: A thin plate transportation results on the
two-dimensional surface. The red line shows the tra-
jectory of object A, and the green line shows the trajec-
tory of object B. The elapsed time is shown at the top

left corner. [ Tone et al., [92], p.9 ]

of the robotic sheet and reducing the friction. In this experiment, the
robotic sheet prevented the plate from veering off the path, and this
operation can be shown at 56 s. It was confirmed that the movement
direction of the plate was changed as shown in Fig. 5.4.(14s, 42s, 56s,
and 70s), and the plate was moved along with the planned path by
repeating the proposed method.
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Electromagnets

Object

Transportation
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FIGURE 5.3: Conceptual transportation route of a thin
plate transported from right to left. [ Tone et al., [92],

p.9 ]

This and the previous results show that by vibrating and deform-
ing the shape of the robotic sheet, the robotic sheet can transport ob-
jects whose motion is rotation or slide.

5.3 Liquid manipulation

In this section, as liquid manipulation, a droplet mixing and droplet
transportation on the robotic sheet are realized. In the droplet manip-
ulation field, droplets of reagents are moved and mixed for analyzing
the chemical reaction. Therefore, the mixing and transportation are
focused on among the droplet manipulation methods.

5.3.1 Liquid mixing

Experiment procedure

An effect of the oscillation amplitude and frequency of the robotic
sheet containing 43.9 g of the ferrofluid on the result of the liquid
mixing by changing the oscillation frequency: 5, 10, 15, 20, 25, and 30
Hz is verified. In this experiment, a process for liquid mixing is quan-
tified and the mixing result and the peak-to-peak amplitude are com-
pared. As the target liquids, water colored with either blue or white
paint was used. The viscosity of water is about 1 mPa·s at 293.15 K.
The volume ration of water and paint was 100 : 1. Blue water with
a mass of 0.2027 g ± 0.0154 g and white water with a mass of 0.2042
g ± 0.0152 g were used. The video of the mixing process is taken by
a camera (Sony, α6000) and the 7 adjacent electromagnets generate
pulsed magnetic fields for oscillating the surface. When these fluids
are combined, each fluid is localized in the combined liquid and the
deviation of the saturation is significant. As the robotic sheet mixes
these fluids, the deviation of the saturation decreases, as shown in
Fig. 5.5. The RGB data of the target liquid is extracted from the video
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FIGURE 5.4: A thin plate transportation result on the
two-dimensional surface. The red line shows the tra-
jectory of the object transport. The elapsed time is

shown at the top left corner. [ Tone et al., [92], p.9 ]

and it is converted to the HSV model. In the experiment of droplet
mixing, in order to quantify the mixing process of droplets, the mix-
ing degree of color is used as this experiment indicator. In this exper-
iment, a white liquid droplet and a blue liquid droplet are mixed to
be a light blue liquid. In order to quantify this process, the blue dis-
persion value is used. However, since the brightness of light affects
the color of the droplet acquired by the camera, the RGB value varies
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FIGURE 5.5: Method of quantifying a mixing process.
The leftmost picture shows the state in which red and
white droplets are combined. The rightmost picture
shows the result of the droplet mixing. By using the
saturation of the picture, the mixing result is quanti-

fied. [ Tone et al., [91], p.2819 ]

depending on the position of the surface of the droplet. Therefore,
the RGB value is converted to the HSV value in order to eliminate
the influence of light and dark. H, S, and V in HSV models are Hue,
Saturation, and Value (Lightness), respectively. Hue indicates kinds
of colors in the range of 0 to 360. Saturation indicates color vividness
in the range of 0 to 100 %. Value indicates a color brightness in the
range of 0 to 100 %. As blue color mixes with white color, the blue
color gradually becomes lighter and it becomes light blue. Therefore,
it is possible to quantify this process by Saturation. Also, in the pro-
cess of mixing, the droplets locally have thin parts and dark parts. As
the mixing progresses, the lighter and darker parts disappear. Then,
the standard deviation of the saturation is used for measuring the
process of liquid mixing. HSV can be converted from RGB values
[95] and the method of converting RGB to Saturation is shown in Eq.
5.1. Minimum value of each RGB is 0.0 and it maximum value is 1.0.

S =
Max−Min

Max
(5.1)

Max or Min is maximum or minimum value of any of R, G, and B
values.

Liquid mixing was performed seven times for each frequency. In
the liquid manipulation experiments, the weight of the droplet was
measured using a digital scale. The droplets were placed on the
robotic sheet using an ejector, and by comparing the weight of the
ejector before and after placing the droplet on the robotic sheet, the
weight of the droplet was measured.
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FIGURE 5.6: Standard deviation of saturation of col-
ored liquid during mixing. The robotic sheet with 43.9
g of ferrofluid is used and frequency of a pulsed mag-
netic field is 5, 10, 15, 20, 25, and 30 Hz. [ Tone et al.,

[91], p.2819 ]

Result

Fig. 5.6 shows the mean result of 7 measurements for each frequency,
in which the combined value of the standard deviations of the satu-
rations for each frequency are exhibited. At zero second, the white
and blue water were combined on the robotic sheet, and until 60 sec-
onds, the droplet remained combined. After that, the robotic sheet
oscillated its surface and continued to mix until 240 seconds. In the
oscillation frequency of 5 and 10 Hz, there was no difference in the
way of decreasing the standard deviation before and after oscillation
start. In the oscillation frequency from 15 to 30 Hz, the standard de-
viation of the saturation dramatically changed after 60 seconds, and
the standard deviation of the saturation for each frequency is sim-
ilar. Compared to Fig. 4.13, the 10 Hz amplitude is similar to the
amplitude behavior at frequencies after 15 Hz but was found to be
insufficient for mixing. It was clarified that the mixing of water used
in the robotic sheet has a dominant influence on the mixing result
rather than the amplitude.

5.3.2 Liquid transportation

Experiment procedure

The transportable volume range and velocity of droplets and the in-
fluence of the droplet volume on the accuracy of droplet transporta-
tion using the proposed method are clarified. As shown in Chapter.
2, the proposed system transports droplet by using a visual feed-
back method. Since the shape of the droplet is changed during the
movement, the position of the center of gravity of the droplet moves.
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FIGURE 5.8: The average velocity of the droplets. [
Tone et al., [91], p.2820 ]

Even if the same droplet moves on the same slope, the droplet does
not always move in the same direction. By using a visual feedback
method, the robotic sheet activated the proper electromagnets along
with the position of the droplet and moves it to the goals.

At first, the transportable volume range and velocity of the liquid
was detected by using the volume of 0.174, 0.186, 0.198, 0.246, 0.297,
0.343, 0.396, 0.446, 0.495, 0.607, 0.693, 0.903, 0.990, 1.114, and 1.211
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FIGURE 5.9: The trajectories of the droplet with a vol-
ume of 0.186, 0.396, 0.693, and 1.114ml. In each graph,
gray dots are the trajectory, orange dots are the goal,
black dot is the start point, and red dot is the point in

which the target droplet stops after 300 s.

ml of a blue colored liquid, the same as the one used in the previous
experiment. The volume of the droplet was converted from the mass
of water obtained by subtracting the mass of the paint contained in
the droplet from the mass of the colored droplet after measuring the
mass of the colored droplet. The velocity was calculated by divid-
ing the transportation length by the transportation time. The robotic
sheet transported the droplet for 300 s. Three goal positions were
set, and the system continued to move the droplet to all of the goal
position for 300 s. The transportable volume and velocity of droplets
were obtained through this experiment, as shown in Fig. 5.7. Then,
the accuracy of the droplet transportation was clarified by using the
volume of 0.297, 0.495, 0.693, and 0.990 ml of the same blue colored
water, as shown in Fig. 5.7. The robotic sheet moved each droplet
so as to turn around three preset goals sequentially for 180 s. This
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FIGURE 5.10: The average and standard deviation of
the distance of one round of the transported droplet
with a volume of 0.297, 0.495, 0.693, and 0.990 ml. [

Tone et al., [91], p.2820 ]

experiment was done five times for each volume of droplet and the
mean and standard deviation of the distance of one round was cal-
culated.

Result

The transportable volume range and velocity of the liquid result is
shown in Fig. 5.8. By using the proposed method, the droplets with
the volume range of 0.186 to 1.114 ml were transported. The target
droplet with 0.174 ml was not moved with the ferrofluid deformation
and that with 1.211 ml moved out of the robotic sheet.

The trajectories of the transported droplet with the volume of
0.186, 0.396, 0.693, 1.114 ml are shown in Fig. 5.9. This result shows
that it was difficult to transport the droplet through the shortest path
connecting with 3 goals due to the deformation of the droplet with
the increase of the volume of the droplet. This result also shows that
even if the shape of the droplet changes, it is possible to transport
droplets to the destination by using visual feedback.

The transport accuracy of the droplet with the volume of 0.297,
0.495, 0.693, and 0.990 ml is shown in Fig. 5.10. The shortest path of
one round was 84.1 mm. As the droplet volume increased, the aver-
age and standard deviation of the distance of one round increased.

These results indicate that as the volume of a droplet increased,
the velocity increased and the transportation accuracy decreased due
to increasing the average and standard deviation of the distance of
one round.
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White droplet Blue food coloring
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Acrylic table Acrylic table

FIGURE 5.11: Initial state of the liquid application ex-
periment. Transportation and mixing are conducted in
one sequence. At first, a white droplet moves to a red
droplet. After these droplet are combined, the com-
bined droplet are mixed using oscillation. The mixed
droplet moves to blue powder, and the droplet and

powder is mixed.

5.3.3 Liquid application

Experiment procedure

Through the liquid mixing and liquid transportation experiments,
the result showed that the robotic sheet was able to transport the
droplets automatically and realized mixing of the droplets and the
mixed droplet and powder on its surface. Based on the results, in
this experiment, movement and mixing of droplets are realized in
a series of sequences. Also, the effect of surface deformation of the
robotic sheet due to transportation of a droplet on the other droplet
and the feasibility of mixing of the droplet and powder were veri-
fied. This powder was used as non-liquid material. Fig. 5.11 shows
the distribution of the droplets and powder. The target droplets were
manually moved in this experiment. However, by introducing recog-
nition systems for multiple objects such as [96], multiple object ma-
nipulation can be realized. As the target droplets, two types of liquid
with a volume of 0.2 ml were used, which were colored white and red
at a volume ration of water to paint of 50 : 1. As the power, blue food
coloring is used.

Result

The results are shown in Fig. 5.12. At first, the white droplet was
moved to the red droplet due to the surface deformation of the robotic
sheet. After the white and red droplets were combined, vibration at
a frequency of 20 Hz was applied to the combined droplet for 260 s,
and the combined droplet was mixed. The mixed droplet with a vol-
ume of 0.4 ml was moved to the blue food coloring, and vibration at
the same frequency was applied to the droplet with food coloring for
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FIGURE 5.12: Liquid transport results. The upper left
in each picture shows the experiment time. [ Tone et

al., [90], p.780 ]

490 s. Both the transfer of the droplet and the mixing of the droplet
and powder were realized as expected.
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FIGURE 5.13: Channel transportation route. The
robotic sheet is set on channel-like surface. By activat-
ing the electromagnets and changing the inner surface
of the channel, the ball is moved from right to left. [

Tone et al., [92], p.9 ]

5.4 Channel transportation

Experiment procedure

The transportation of a ball using a channel-like shape of the ferrofluid-
based deformable robotic sheet is realized and the feasibility of the
transportation is clarified even if the robotic sheet is set to adapt its
shape to its surrounding environment. Fig. 5.13 shows the planned
path whose length was 120 mm. As the target object, the capsule
ball was used as the same ball in the flat transportation experiment.
In this section, a pair of electromagnets facing each other is called
an electromagnet pair. At first, the ball was set between the adja-
cent electromagnet pairs. By changing activation of the electromag-
net pair one after the other in the moving direction of the ball, the
ball was moved.

Result

The result of this experiment is shown in Fig. 5.14. First, the robotic
sheet activated the rightmost electromagnet pair and generated a
convexity on each side of the object, as shown in Fig. 5.14. As the
convex appeared on each side, the height of the bottom in the groove
also increased because the ferrofluid inside the robotic sheet gath-
ered around the activated electromagnet pair. Therefore, the ball
moved in the advancing direction, as shown in Fig. 5.14.(2). After
the object arrived at the next pair of electromagnets, the electromag-
net pairs were switched and the new convexities were generated, as
shown in Fig. 5.14.(3). However, the object did not move immedi-
ately as a sufficient amount of the ferrofluid did not gather to move
the ball. After a few seconds, the object moved as shown in Fig.
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FIGURE 5.14: Ball transportation result through the
channel ferrofluid-based robotic sheet. The frames are
sequential, starting at "(1)" and ending at "(6)". [ Tone

et al., [92], p.10 ]

5.14.(4) after which the robotic sheet completed the object transporta-
tion by repeating the proposed method.
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Chapter 6

Discussion

In this chapter, the conducted experiments and ferrofluid-based de-
formable robotic sheet are discussed.

6.1 Surface deformation

Using 3D-CT, the deformed shape of the robotic sheet under the in-
fluence of magnetic field were measured. As the thickness of the
polyethylene film increased by 0.1 mm, the mass of the film linearly
increased and the ferrofluid could not support the film; thus, the fer-
rofluid thickness in the robotic sheet gradually decreased around the
center of the convexity. The fluid thickness at the center of the con-
vexity is shown in Fig. 4.5. As the ferrofluid thickness decreased and
the surface of the robotic sheet approached the activated electromag-
net, the intensity of the magnetic field at the fluid surface increased.
The magnetic stress (Eq.(2.6)) applied to the film also increased with
the decrease in the fluid thickness. The magnetic field is inversely
proportional to the square of the length. The relationship between
the thickness of the film and fluid is expected to be nonlinear. How-
ever, the result showed that this relationship was linear. Therefore, it
is assumed that this relationship will be linearly approximated.

The width of the convexity was extended and its gradient was
gentle, as shown in Fig. 4.3. Although the thickness of the ferrofluid
in the robotic sheet sharply decreased over X = 20 mm, its thickness
with the film gradually decreased. The fluid pressure and film stiff-
ness increased with an increase of the film, thus making the gradient
gentle. Therefore, it is assumed that the tensile stress of the film af-
fect the ferrofluid shape when a magnetic field is applied. The fluid
shape is mainly determined through magnetic field distribution [43,
44]. By approximating the relationship between the thickness of the
film and fluid linearly and combining the ferrofluid shape model and
the magnetic field distribution, the shape of the robotic sheet can be
estimated.
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6.2 Force of the robotic sheet

The mass range of the object which the robotic sheet lifts up was
clarified. The result elucidated that the robotic sheet could lift up the
object with the mass of no more than 10 g with the electromagnet
activated. This indicates that by activating several electromagnets
simultaneously and lifting up the surface, the robotic sheet can lift up
the object with the mass of more than 10 g. If the object is raised by
activating several electromagnets, the surface area where the robotic
sheet contacts the object to be lifted is required to be larger than the
surface area raised by activating the electromagnet. Therefore, by
measuring the mass and size of an object to be raised in advance,
it is possible to estimate the number of activated electromagnets for
transporting the object.

Also, the result showed that the relationship between the mass of
the object and the displacement of the robotic sheet was linear. When
an object is transported on the surface of the robotic sheet, its move-
ment is realized by using the downward gradient of the convex as
shown in Chapter 2. As the mass of the object increased, the displace-
ment of the robotic sheet declined, and the surface decreased. The
surface decreased by the weight of the object is the actual transport
surface on which the object moves. Assuming that the relationship
between the displacement of the robotic sheet and the mass of the
object is linear at the other points on the surface of the robotic sheet,
using the shape model of the robotic sheet, it is possible to estimate
the actual transport surface on which the object moves. By using the
height and gradient of this transport surface and the transport model
shown by Chapter 2, it is possible to estimate the transport possibil-
ity, the transport speed, and the transport time of transport objects.

6.3 Responsiveness of the robotic sheet

The experiment results showed that the amount of the ferrofluid
greatly influenced the magnetic responsiveness of the robotic sheet
due to Hagen-Poiseuille flow. The robotic sheet containing 43.9 g
of ferrofluid was the largest for displacement magnitude. As the
amount of ferrofluid increases, the films wrapping a ferrofluid in-
hibit the deformation of the ferrofluid because the elastic modulus
of the thin film greatly affects deformation. Therefore, by using a
film with low elastic modulus it is possible to output large displace-
ment even if it contains more ferrofluid than 43.9 g in the same size
robotic sheet. In the magnetic response of the robotic sheet with dif-
ferent numbers of electromagnets, the smaller the number of elec-
tromagnets, the more displacement speed increased. The ferrofluid
inside the robotic sheet was drawn in the direction of the magnetic
field by activating multiple electromagnets simultaneously. The film
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wrapping the ferrofluid was also drawn and the thickness of the por-
tion of the robotic sheet where the magnetic field was applied tem-
porarily decreased. The ferrofluid flow was prevented since the flow
path narrows. Therefore, the displacement speed decreased. There-
fore, the responsiveness of the robotic sheet decreases because the
flow path narrows. Even if the number of activating electromagnets
was changed, the oscillation amplitude of the robotic sheet after the
steady state did not differ greatly. Also, increasing the amount of fer-
rofluid inside the robotic sheet reduced the flow path problem. From
this, it was confirmed that the amount of ferrofluid dominantly af-
fects the magnetic response of the robotic sheet than the number of
activating electromagnets, and it was suggested that by using a film
with low Young’s modulus it is possible to obtain greater displace-
ment and magnetic field responsiveness than the present system.

6.4 Flat transportation

On the flat surface, the movement of the object was rotation or slide.
In the transportation experiments of the flat transportation, two balls
and a thin plates were selected as representative objects to perform
these movements. The proposed system moved these object to the
destination along the pre-defined transport path by repeating the
transportation method. The results suggest that the system has the
ability to transport several types of objects. When the robotic sheet
handled the spherical objects, the robotic sheet controlled the move-
ment of the objects by using the concave surface and downward
slope. Also, when the robotic sheet handled the thin plate, the robotic
sheet oscillated the surface and controlled the friction between the
object and surface. Flexible objects are deformable and cannot ro-
tate on the surface of the sheet as well as the thin plate while being
transported. Therefore, it is assumed that the oscillating method is
adopted for the transportation of the flexible objects.

6.5 Liquid mixing experiment

This experiment was done by solely using water droplets, and the
viscosity of water is approximately 1.0 mPa·s. Mixing of liquids by
vibration was realized by stirring the interior of the liquid by vi-
brations. The stirring inside the liquid depends on the viscosity of
the liquid to be mixed. Therefore, liquids such as ethyl acetate hav-
ing viscosity less than the viscosity of water can be mixed by the
proposed method. When the viscosity of the liquid to be mixed in-
creases, the liquid attenuates the influence of vibration as with the
damper. In this case, since the magnitude of the amplitude increases
by lowering the frequency of the pulsed magnetic field, mixing can
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be realized by using low frequencies. As the amount of droplets in-
creases, the contact area between the ferrofluid sheet and the droplets
increases. Therefore, in order to apply vibration to the whole contact
area, it is necessary to increase the number of electromagnets that
output the pulsed magnetic field. Therefore, if the amplitude of the
oscillation of the robotic sheet accompanying the increase of the elec-
tromagnet has a large difference, the result of mixing of the droplets
will be different as the amount of the droplet increases. However, as
shown in Fig. 5.6, even if the number of electromagnets is increased,
there is almost no change in amplitude of vibration, and it was ob-
served that the frequency of vibration has a greater influence on the
result of mixing than the amplitude of vibration. Even if the amount
of droplets is increased, similar mixing results can be obtained.

6.6 Liquid manipulation experiment

The velocity linearly increased until about 0.6 ml. As the volume
of the target droplet increases, the shape of the droplet is collapsed
and its diameter is larger than the electromagnet used in the liquid
manipulation experiment. The droplets were in a state in which
a plurality of droplets is combined into one droplet. The droplets
were moved while deforming and the center of gravity of the droplet
changed. This affected the velocity and accuracy of the droplet trans-
portation. However, this indicates that although the shape of a droplet
changed variously during transportation, the robotic sheet had an
ability to transport the droplet to the goals. Also, by introducing
visual processing to recognize transparent liquids [97, 98], even if
the target reagents are transparent, the proposed system can move
them. The frequency of the feedback loop was 30 Hz. The frequency
was not a limitation for the droplet velocity. Higher frequency can
be achieved by using GPU and parallel processing. An image filter
can be implemented in the proposed system for detecting transpar-
ent liquids, which may cause the calculation cost to increase. If the
calculation cost increases and feed-back loop frequency decreases,
by using a GPU and parallel processing, the same feed-back loop
frequency can be maintained. Although the wrinkles are required
to allow the ferrofluid deformation, they disturb the droplet move-
ment with small volumes. To solve this problem, a thin film which
has a low Young ’s Modulus should be used. Then, by developing
such films, development of new robotic sheets can be developed. In
the droplet manipulation, there is also adhesive objects in the target
transport object, such as blood. By using PTFE film as a thin film of
the robotic sheet, it is possible to prevent adhesive substances from
sticking to the surface of the robotic sheet.

The relationship to control the liquid movement is addressed.
Fig. 6.1 shows the system state while transporting a droplet. A white
object is a target droplet. The areas (e 1, e 2, e 3, e 4) surrounded by
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FIGURE 6.1: Left schematic image shows the system
state at Step: t. Right schematic image shows the sys-

tem state at Step: t+1
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FIGURE 6.2: Object movement on the convex surface
of the robotic sheet

the four electromagnets are divided into areas (Area: e 1, e 2, e 3 and
Area: e 1, e 3, e 4) constituted by three electromagnets. The method of
object movement proposed in this study discretely moves the center
coordinates of the target object from Area: e1, e3, e4 to Area: e1, e2,
e3. By repeating this process, the object is moved to the target coordi-
nates. The number of areas composed of the three electromagnets re-
quired up to Goal is represented by N. The minimum distance (Lmin)
of the object is the straight line distance connecting the initial point
of the object and Goal. Using this method, the object moves mean-
dering, and the moving distance increases more than the minimum
distance. The moving distance of the object is represented by L. L is
assumed to be expressed as Eq. 6.1 with a factor J(V, ρ) multiplied
by the volume V of the object and viscosity (ρ) with respect to Lmin.
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From this, the average of the moving distance of the object by one
traveling stroke can be expressed as shown in Eq. 6.2. Also, it is as-
sumed that the shape change of the robotic sheet is a convex surface
with no concavity as shown in Fig. 6.2, and the droplet slides down
while maintaining a certain contact area with the roboticsheet. The
initial state of Step: t + 1 in Fig. 6.2 can be obtained from the equation
of motion of the droplet as shown in Eq. 6.3 from the droplet veloc-
ity (v) and height h as the initial slope θ and frictional force R of the
convex surface and the initial condition.

L = V Lmin (6.1)

Lmean =
Lmin

N
(6.2)

ρV
dv

dt
= ρV gsinθ −R (6.3)

It is possible to obtain the movement time and the average speed
from this motion equation and Lmean to the destination arrival.

6.7 Channel transportation

The robotic sheet moved the capsule ball in the channel by chang-
ing the inner surface. This result suggests that the system can apply
a force to the object three-dimensionally by moving the ferrofluid.
Therefore, it is assumed that the system can increase the object ele-
vation by moving the convex surface upward due to the ferrofluid
deformation. In this study, the robotic sheet was placed like channel-
shape. By rounding the robotic sheet in a tubular shape, the robotic
sheet can be a tube-type shape. More than four electromagnets are
set around this tube-type robotic sheet for closing the inner space due
to the convex surface of the robotic sheet. These electromagnets are
named electromagnet group. This electromagnet group is equivalent
to the electromagnet pair in the proposed method. If the electromag-
net groups are set like the proposed method and activated one after
the other in the moving direction of the object, the object in the tube-
type robotic sheet is also moved. When one end of the tube-type
robotic sheet is set higher than its another end which an object is put,
it is possible to move the object through the tube-type robotic sheet.
In this state, the system satisfies Eq.(2.15). A research related to this
method presented transport systems that transport objects by the ex-
pansion and contraction of the inner diameter of a peristaltic pump
[59, 99]. The transportation method generates only discrete waves,
thus complicating object elevation in the channel because the system
cannot generate the convexity between the electromagnets. By us-
ing a traveling wave, it is assumed that the continuous wave on the
surface can be realized as shown in [61]. There are several research
projects that use traveling waves. For this application, it is possible
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to decrease the size of our system and still deform the shape of the
robotic sheet.

6.8 Ferrofluid-based deformable robotic sheet

The characteristics of the robotic sheet was verified and the object
manipulation: transportation and mixing was substantiated. From
the results of the flat and channel transportation experiments, by ap-
plying a magnetic field to the ferrofluid sheet three-dimensionally,
the ferrofluid sheet can apply the force to an object three-dimensionally.
Therefore, it is assumed that the robotic sheet can be adopted to
transport and grab the object such as a conventional manipulator.
Owing to the fluidity of the ferrofluid, the robotic sheet does not
damage the object and it is appropriate for the robotic sheet to op-
erate the flexible materials.

In the droplet manipulation, the smaller the size of the droplet,
the greater the effect of wrinkles on the movement of the droplet. In
the current system, wrinkles are left intentionally so as not to dis-
turb the deformation of ferrofluid due to the polytetrafluoroethylene
(PTFE) sheet. Therefore, by using a film having Young’s modulus
smaller than that of PTFE and having water repellency and oil repel-
lency equal to or higher than that of PTFE, it is possible to reduce the
influence of wrinkle on the movement of the droplet.

φ mm

Electromagnets

Robotic sheet
kφ mm

d mm

Droplet

w mm

FIGURE 6.3: Schematic diagram of deformation of the
robotic sheet

Fig. 6.3 shows the schematic diagram of deformation of the robotic
sheet. It is a condition that mixing and movement of the droplet can
be performed by one convex surface. The convex shape of the robotic
sheet depends on the magnetic field distribution of the electromag-
net. Therefore, a strict model is required to clarify the relationship
between the electromagnet and the convex shape. At this time, the
condition of the figure is simply considered. It is assumed that the di-
ameter of the convex shape is simply k times the diameter (Φ mm) of
the electromagnet and the inclination of the convex shape starts from
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the edge of the electromagnet. The diameter of the convex plane is
kΦ mm, the diameter of the contact area between the droplets and
the robotic sheet is l mm, the distance between the electromagnets is
d mm, and k is a constant.

In order to move an object to an area where an adjacent electro-
magnet can move the object by changing the surface shape of the
robotic sheet, the size of the convex plane needs to be kΦ > 2(Φ+ d).
It is assumed that mixing can be given to the droplet by moving the
droplet to the central part of the electromagnet using a convex plane
and droplet can move by detaching from the center. The influence of
friction and surface between droplet and robotic sheet are not con-
sidered.

In the proposed system, since Φ is 12 mm and kΦ is 30 mm, k =
2.5 and d = 1 mm. These values satisfy the above conditions. It is as-
sumed that the minimum size of the target liquid is 30 ml which Yang
et al. succeeded in moving [82] and the contact area when the droplet
contacts the robotic sheet is a circle. At this time the diameter of the
circle is about 0.5 mm. Therefore, in order for the droplet of this size
to be mixed and moved, the diameter of the electromagnet can be
downsized down to approximately 0.5 mm. Since the magnitude of
the magnetic field generated from the electromagnet is simply pro-
portional to the number of turns of the polyurethane wire, by chang-
ing the length of the electromagnet, it is also possible to develop an
electromagnet having a small diameter as described above. When
the size of the system is reduced with keeping k = 2.5, the diameter
of the convex plane is 1.25 mm. In the proposed system of this pa-
per, the distance d between electromagnets is 1 mm, but in order to
satisfy this condition, d should be smaller than 0.125 mm. The diam-
eter of the polyurethane wire used for the electromagnet is 0.1 mm
and the distance d between the electromagnets can be made smaller
than 0.125 mm by installing the part supplying electric power to the
electromagnet at the bottom of the electromagnet. Since the direct
contact between the electromagnets interferes with the discharge of
heat, a space of 0.1 mm is set. As a result, if 30 electromagnets are
arranged as in the present situation, the area where the shape of the
robotic sheet can be changed by the electromagnet becomes 2.9 mm
in width and 3.1 mm in length.

6.9 Limitation of a ferrofluid-based deformable
robotic sheet

In this paper, the transport object is limited to non-magnetic mate-
rials. Magnetic materials react to a magnetic field and stick to the
surface of the robotic sheet, and the robotic sheet cannot moves them
using its deformation. The non-magnetic material includes various
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materials, such as cells, blood, and liquid reagents, used in the sev-
eral fields of chemical or biological analysis. Therefore, even if the
target objects is limited to non-magnetic materials, assuming that the
application fields of this research is still wide.

Also, In this research, sticky objects is not considered as transport
objects of the robotic sheet. The adhesive force of the sticky objects
depends on the surface properties of materials which the sticky ob-
ject contacts with. By using a thin film which can reduce the adhesive
force of the sticky object, it is possible to transport it using the pro-
posed transport methods.
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Chapter 7

Conclusion and Future
Directions

In this study, the ferrofluid-based deformable robotic sheet and ob-
ject manipulation using its deformation characteristics with mag-
netic field control have been described. Through the object manipu-
lation experiment, the applicability to the droplet manipulation field
was verified.

The robotic sheet had a layered structure of a ferrofluid and thin
films and its shape was a sheet-type shape. The robotic sheet was
flexible and adapted its shape to a target object and its surrounding
environment. In the robotic sheet, the ferrofluid freely moved and
gathered around a source of magnetic field. A ferrofluid can deform
its shape under the influence of a magnetic field generated by the
electromagnets. Using this deformation characteristics, the robotic
sheet changed its surface shape and a convex appeared on it. An ob-
ject moved on a downward gradient of the convex. By controlling the
activation of the electromagnets, the robotic sheet transported target
objects. Two types of the robotic sheet have been proposed. One used
the polyethylene films as thin films, and the other used polytetraflu-
oroethylene (PTFE) films. The former was used for transporting two
balls and a thin plate since the polyethylene films have a high ro-
bustness against breakage due to contact with the objects. The latter
was used for transporting droplets since the PTFE films have a high
water and oil repellency. Also, the manipulation methods for a ball,
a plate, and a droplet have been proposed.

Since the ferrofluid was encapsulated by thin films, these films af-
fected the ferrofluid deformation characteristics. Therefore, the char-
acteristics of the robotic sheet was verified. Three experiments were
conducted: verification of the effect of the thin film on the ferrofluid
deformation in the robotic sheet, measurement of the mass range of
the object which the robotic sheet lifts up, and measurement of the
magnetic responsiveness of the robotic sheet.

In the first experiment, The effect of the polyethylene sheet on
the ferrofluid through 3D-CT were verified. It was found that the
displacement of the ferrofluid in the robotic sheet under the influ-
ence of magnetic field decreased according to increasing thickness of
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the polyethylene film. Also, the linear relationship between the fer-
rofluid displacement and the thickness of the polyethylene films was
elucidated.

In the second experiment, the mass range of the object which the
robotic sheet raised was measured. The capsule ball was used as the
weight and its mass was changed from 3 g to 11 g. It was found that
the robotic sheet could raise the object with the mass of no more than
10 g using one convex and the relationship between the object mass
and the displacement of the robotic sheet was linearly approximated.

In the third experiment, the magnetic responsiveness of the robotic
sheet was verified. The amount of the ferrofluid inside the robotic
sheet and the number of the activated electromagnets were focused
on, and these effect on the magnetic responsiveness of the robotic
sheet were clarified. The amount of ferrofluid dominantly affected
the magnetic response of the robotic sheet than the number of ac-
tivating electromagnets, and it was suggested that by using a film
with low Young’s modulus, it is possible to obtain greater displace-
ment and magnetic field responsiveness than the present system.

The object manipulation was also realized using the robotic sheet.
In this paper, the robotic sheet was set on a flat and channel-like sur-
face, and the object manipulation was realized.

On the flat surface, two balls and a thin plate was transported
using the robotic sheet with polyethylene films and a droplet was
transported and mixed using the robotic sheet with PTFE films us-
ing the proposed methods. Object movements on the robotic sheet
are rotation or slides. Therefore, the ball and plate was used as the
target object. By realizing these manipulation, it was found that the
robotic sheet could handle several types of objects. In the manipu-
lation of a droplet, droplet mixing and droplet transportation were
realized. Through the droplet mixing, it was found that the oscilla-
tion frequency with 15 Hz was enough to mix colored droplets and
the oscillation frequency largely affected the mixing result. More-
over, through the droplet transportation, it was found that colored
droplets with the volume range of 0.186 to 1.114 ml were transported,
and the transport accuracy decreased as the volume of droplets in-
creased using the proposed method.

On the channel-like surface, a ball was moved through the chan-
nel of the robotic sheet with polyethylene films by changing the inner
surface of the channel. This indicated that our system can apply force
to the object three-dimensionally.

7.1 Contribution of this work

7.1.1 Contribution to Soft Robotics

Deformable / Inflatable robots such as our proposed system are called
soft robots in Soft Robotic, and these soft robots have a high affinity
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to its environment due to its softness and flexibility. As artificial in-
telligence has been developed, robot functions have also been sophis-
ticated. Therefore, consumer robots have been gaining attention. De-
mand for these robots is not only in daily life but also in various fields
such as welfare and medical fields. Therefore, it is assumed that
scenes where robots supports our lives will increase. These robots
help us by doing some tasks, such as cleaning, talking, and moni-
toring. However, these robots may cause unintended contact its sur-
roundings. Conventional robots are composed of hard materials and
easily damages its surroundings. Avoidance systems has also been
researched. However, it is difficult to make a robot avoid uninten-
tional contact completely. Then, a system that reduces the impacts on
its surroundings due to the collision is necessary. Soft robots are flex-
ible and have a high affinity to its surrounding environment. There-
fore, even if the soft robots collide with its surroundings, the injury
and damage can be reduced. However, Soft Robotics are still fun-
damental research fields. For developing this research fields, many
researchers have tried to develop new soft robots by using flexible
materials which had not been used for robot components. Through
these research, knowledge such as development method and con-
trol method of soft robots accumulates. Then, I focused on con-
structing new materials and developing and control methods among
them, and I developed a ferrofluid-based deformable robotic sheet
and proposed its control method for object manipulation using its
shape deformation. In Soft Robotics, some soft robots using a fer-
rofluid had already been proposed. However, a method of three-
dimensionally handling solids or flexible objects by controlling the
shape of the fluid inside the robot had not been elucidated. There-
fore, I believe that this study contributes to Soft Robotics by revealing
the new method.

In addition, since the robotic sheet was controlled by using a mag-
netic field generated by the electromagnets, it was possible to sepa-
rate the robotic sheet from the electromagnet and remotely control
it. By introducing these findings to Soft Robotics, this research can
contribute to soft robots used in complex environments such as the
body and disaster sites. Robots used in complex environments need
to adapt their shape according to their environment. Soft robots are
flexible and suitable for use in complex environments. On the other
hand, it is difficult to separate the power source and the actuator
like the conventional robotics, and the working area of the robot is
limited. By introducing this method, it is possible to operate the ac-
tuator part remotely, and it becomes possible to extend the working
area. this study will build a new soft robot technology that three-
dimensionally manipulates objects, such as transportation, coales-
cence, and separation on a substrate. The achievement contributes
to the technology for soft robotics and advanced control, opening
new aspects for fluid-based three-dimensional manipulations.
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7.1.2 Contribution to Human Informatics

At first, "Information", "Human information", and "Human Infor-
matics" are defined as follows. "Information" has already been de-
fined in Oxford Dictionaries [100]

Information: Facts provided or learned about something
or someone.

Human information: Facts provided or learned about Hu-
man, such as stimuli given to human sense organs, a brain
activity processing it, a biological signal, a psychology, an
emotion, an action.

Human informatics: Academic field in all processes where
human information is generated, collected, processed and
utilized.

Human Informatics is an academic discipline to handle Human in-
formation. Human information includes psychological information
which was hard to be used as information. This study has not used
Human information. However, this research contributes to Human
Informatics through contribution to Soft Robotics. As I explained in
the previous section, soft robots have a high affinity to its environ-
ment due to its softness and flexibility. The high affinity to the sur-
rounding environment of soft robots is an important function to be
introduced for robots used in daily life. Also, since living creatures
are composed of flexible materials as well as soft robots, many soft
robots referring to the movement of living things have been studied.
Softness and creature-like motions can give peace of mind to people,
and robots with such functions are actually used in therapy [6, 101–
103]. This indicates that soft robots can create peace of mind. There-
fore, from the definition of Human Informatics, I assume that Soft
robotics are strongly related to Human Informatics. Soft Robotics is
still at the stage of basic research. For developing Soft Robotics, the
materials, structure, and control methods are required. By develop-
ing a new soft robot and clarifying new control methods and opera-
tions, this study contributes to Soft Robotics. As the related research
to Human Informatics, I believe that this study can also contribute to
Human Informatics.

7.2 Future Directions

The application field of this study is the droplet manipulation field.
The droplet manipulation field is applied to the chemical and bio-
logical analysis using droplet reagent for reducing the analysis time
and reagent volume. This study elucidated that the robotic sheet
can transport solid objects such as balls and a plate and a droplet by
controlling its surface deformation. Conventional studies can ma-
nipulate and analyze a reagent with only one piece of equipment. A
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reagent can be moved in channels on a plate by controlling the repel-
lency of the plate surface or by adding additives such as electrolytes
or magnetic powder to the reagent and using magnetic or electric
fields [83–87]. The robotic sheet does not require channels or addi-
tives and moves droplets and solid objects; therefore, users can freely
move a liquid and solid reagent and choose the mixing and analysis
area without considering the effect of the additives on the reagent.
In addition, since the main components of the proposed system are
ferrofluid and electromagnet, simple mechanism for making the sur-
face deformation can be achieved. Also, as I mentioned in Chapter
6, the size of the proposed can be 2.9 mm in width and 3.1 mm in
length. By introducing this study to the droplet manipulation field,
It is possible to spread reagents usable in droplet manipulation field
from liquid to solid and to expand the applicable range of the droplet
manipulation field.

Moreover, the robotic sheet can be controlled remotely by using a
magnet or an electromagnet capable of generating a larger magnetic
field. Although attenuation of a magnetic field should be considered,
since it is possible to install only the robotic sheet at the action area,
it becomes possible to use it in a complex environment, such as an
internal body and disaster area.
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