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Abstract

The number of robots in operation around the world continues to increase, and this

trend is expected to continue in the future as the population of people engaging in the

robotics industry increases. Therefore, in order for robots to continue to expand their

activities around the world, they must be able to operate without human involvement.

The aim of this dissertation on self-healing robot systems has been to achieve robot sys-

tems that can continue to operate without human intervention, eliminating the need for

periodic maintenance and other performance maintenance actions. Despite extensive

research into self-healing materials and methods, few have been adapted to robots due

to a lack of mechanical properties, although a lot of self-healing materials and methods

have been studied. As a result, this dissertation proposes melting-solidification phe-

nomena as a self-healing method capable of both strength and self-healing efficiency.

In order to incorporate self-healing employing melting-solidification phenomena into

the robot system, mechanical design requirements such as sealing the healing material

inside the mechanism and using two types of materials to maintain the structure are

proposed. Moreover, a linear-acting type transmission element and a rotating type

transmission element are developed based on the proposed requirements for the trans-

mission element that transmits the output of the actuator and an external force, and

their self-healing performance is evaluated. Furthermore, this dissertation introduces

these self-healing transmission elements into the robot joints and shows that the robot

joints acquired self-healing performance in evaluation experiments.

Because the self-healing process requires actuation, a self-healing transmission ele-

ment capable of transmitting linear motion is developed as a self-healing linear actuator

unit. The healing material in this actuator unit is thermoplastic resin, which has a

high viscosity during melting, but evaluation experiments show that the healing mate-

rial must be sealed inside the mechanism using a thermal gradient to maintain a high

self-healing efficiency. In addition, evaluation experiments are conducted by mount-

ing the developed linear actuator unit on a single-joint, tendon-driven robot joint. As

a result, it is confirmed that the self-healing transmission element prevents the wire

from being broken because the thermoplastic resin breaks down when overloaded and

that the broken robot joint can be self-healed. Therefore, it has been shown that the

self-healing performance of a robot can be improved by equipping it with a self-healing

linear motion transmission element.
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The transmission elements capable of transmitting rotational motion are made of

low-melting-point metal as the healing material. The healing material is completely

sealed inside the mechanism, and induction heating is used to simplify the mecha-

nism structure by allowing non-contact heating during the self-healing process. In

the performance evaluation experiment, the self-healing efficiency of nearly 100% is

maintained even after 30 self-healing cycles. For evaluation experiments, the newly

developed rotatory self-healing transmission element is mounted on a motor-driven

single-joint robot. As a result, it has been confirmed that when an overload occurs in

the joint, the low-melting-point metal part of the transmission element breaks down,

preventing damage to critical parts of the robot such as the motor and reduction gear.

Furthermore, it has been confirmed that self-healing enables the broken robot joint to

re-operate. Therefore, incorporating a self-healing transmission element into a robot

improves its reliability.

The mechanical design theory of a self-healing robotic system using melting solidi-

fication phenomena is presented at the end of this dissertation by dividing the design

requirements into structural and material properties based on the results of evalua-

tion and demonstration experiments. According to the findings of this research, the

structural design requirement is that the healing material can be sealed inside the

mechanism, and the material property design requirement is that the healing material

can re-form broken bonds between molecules or atoms via the melting-solidification

phenomena and self-heal, and that the healing material can bond with the structural

materials. Prospects include the realization of self-healing robot systems in combina-

tion with other self-healing methods and robot systems that can adapt to the operating

environment and target tasks by focusing on the fact that the shape of parts can be

freely changed due to the melting and solidification phenomena.
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Chapter 1

Exordium

1.1 Research Background

As shown in Figure 1 [1], the number of robots working in society is increasing year by

year. The number of operating robots in 2020 has tripled compared to 2010, and the

trend of increasing operating robots around the world is expected to continue. How-

ever, current robots require periodic maintenance, and when robots are damaged, they

need to be repaired by humans. Therefore, it can be said that human intervention is

necessary for robots to continue their operation. In addition, human resources required

to maintain robots as they become more widespread in the world will only increase in

the future [2]. Many approaches to overcome this limitation have been investigated

and can be divided into two main categories.

1. Multiple robot systems complement each other and become independent of hu-

mans.

2. Complete with a single stand-alone robot system and independent of humans.

The independence of a robot system from humans means reducing the need for repair

and periodic maintenance, and ultimately, a robot system that can continue to operate

in an unmanned environment can be said to be completely independent of humans.

The major difference between the two categories is whether multiple robot systems are

involved and independent of humans or whether a single robot system is independent

of humans.

Research in which robots build robots [3] and research in which robots are modu-

larized [4–6] are examples of the first type, in which various robot systems are involved
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in a complementary manner and are independent of humans. Although humans are

still involved in some tasks at present, robots are being produced by robots in several

factories, and robots are becoming increasingly independent of humans [7]. In addi-

tion, modularization of robots can reduce the number of human maintenance tasks [4],

which is synonymous with less human intervention. Finally, when all robots consist

only of modules [5] and robot systems even removes and replaces the modules [6, 8],

it can be said to be independent of humans. Other ideas include a system in which

robots are repaired and maintained by dedicated robots that fix other robots, just as

humans have doctors [9,10]. The first approach is to make robot systems independent

from humans by having multiple robot systems mutually complement each other.

Research on self-healing materials and robot systems [11, 12] falls into the second

area of research that aims to establish independence from humans using only a single

robot system. Self-healing means that when some damage occurs in the system and

the system cannot operate, it repairs the damage by itself and restores the system

to a state where it functions normally. If a material has a self-healing function, it

can heal cracks and scratches that occur in the material so that robot systems are not

affected [11]. In addition, if a robot system has a self-healing function, it restores its own

functionality by repairing the cause of inoperability by itself [12]. When humans are

not involved in this self-healing process, the robot system can be said to be independent

of humans. The second approach is to attempt independence from humans through

its own functions alone, without intervention from other robot systems, by combining

self-healing capabilities.

Although the two approaches have been described as independent with respect to

the methods by which robot systems become independent of humans, they can coexist.

For example, self-healing capability can improve the module’s ability to continue oper-

ating. By adding self-healing capabilities to non-modularized pieces, a system can also

continue to operate for a long period of time without maintenance. As a result, the

robot system requires less frequent maintenance and refurbishment of parts, reducing

the frequency of human intervention. Alternatively, the number of robot systems that

can be managed by a single maintenance-only robot system can be increased, allowing

more robot systems to operate independently of humans. Thus, it can be said that

the realization of robot systems that continue to operate independently of humans will

require research on both systems in which multiple robot systems complement each

other and systems that aim for independence on their own. Based on this background,

2



1.2. RELATED RESEARCH 3

this dissertation focuses on the self-healing of robot systems.

Figure 1.1 Total number of robots in operation worldwide [1]. The number of robots in operation
around the world is increasing each year.

1.2 Related research

1.2.1 Self-healing methods of materials

Self-healing utilizing intermolecular forces

Self-healing using reversible reaction and intermolecular forces, such as hydrogen bonds

and van der Waals forces, is one of the most studied methods of self-healing materi-

als. In these methods, the chemical bonds are modified simply by bringing the cut

surfaces into contact with each other, allowing for self-healing. Dingwei Zhao et la.,

at the Beijing Institute of Technology, for example, developed a self-healing gel with

high-strength for a material mainly based on intermolecular forces, using the layered

structure of PAMSA hydrogels produced by mixing polyacrylamide (PAM) hydrogel

with sodium alginate (SA) solution. The stable cross-linked network by dynamic hy-

drogen bonds was produced by mixing PAM hydrogels with an aqueous SA solution,

and the gels had high-strength and self-healing ability as materials mainly using inter-

molecular forces [13]. In addition, there was some research on self-healing films as a

practical application of self-healing materials using hydrogen bonding [14, 15]. These

3



4 CHAPTER 1. EXORDIUM

studies concluded that it was possible to make thin films transparent again by self-

healing through the formation of hydrogen bonds, even if the films became cloudy due

to cuts and scratches.

However, self-healing materials that use only intermolecular forces have limited

mechanical properties. Therefore, research on self-healing gels forming other bonds in

addition to hydrogen bonds has been actively conducted to improve the mechanical

properties and self-healing performance. For example, hydrogels based on hydrogen

bonding and dual metal-carboxylate coordination bonds have achieved both a self-

healing rate of over 90% and high mechanical strength [16]. In addition, self-healing

materials using hydrogen bonding and physical cross-linking induced by crystalline

polymers have also been studied, and the polymer can withstand stresses of up to

nearly 10 MPa has been developed, although the self-healing rate is about 40% [17].

Moreover, various researches on self-healing materials using intermolecular forces have

been conducted [18–21].

Self-healing utilizing microstructures built-in the material

One of the approaches of healing strengths of materials is to construct microstructures

in the materials [22]. In many methods, the microstructures are capillary structures,

and one or two types of liquid self-healing agents are flowed into the capillaries. The

principle is shown in Figure 1.2. When the capillary structures break down and healing

agents inside the capillaries flow out, the healing agents mix and react with each other

or with catalysts inside a material to self-heal the broken part. There are several

methods for constructing capillary structures inside materials. For example, there are

methods in which the shapes of capillaries are formed using a macro-nozzle like a 3D

printer, the main material of the resin is hardened together with the formed structure,

and the capillary structures are constructed by removing the resins that are initially

formed [23], or in which capillary structures are formed by placing tubes in grooves

dug in the material and sandwiching it with the other materials [24]. Another example

is the study of self-healing materials by embedding tubes in the material to construct

capillary structures and flowing healing agents through it [25,26].

However, multiple cycles of self-healing cannot be achieved with these methods be-

cause the inside of the capillaries is solidified by the healing agents due to the previous

fracture if the exact same location as previous fracture is occurred is fractured again.

4
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Recently, research has been conducted on materials with a three-dimensional arrange-

ment of capillary structures to complicate the supply path of healing agents [27, 28],

and on materials with capillary structures with multiple suppling paths for self-healing

materials [29, 30] in order to improve self-healing performance. In addition to the

research discussed here, there has been research on self-healing using capillary struc-

tures, including research on membranes with self-healing performance [31], research

on materials that self-heal even after a large hole is made [32], research on increasing

the number of self-healing cycles by supplying healing agents into the capillaries by

applying a load to the material [33], and research on adding self-healing performance

to materials other than resin [34].

Figure 1.2 Principles of self-healing materials by capillary structure adapted from B. J. Blaiszik,
et la., 2011 [11]. 1) A self-healing material including capillary structures; 2) Overload added to the
material; 3) Failure of the material and outflow of the healing agent in the capillaries; 4) Self-healing
by the healing agents.

Self-healing utilizing microstructures built-in the material

One method of adding a self-healing capability to materials is to place microcapsules

in them. The principle is shown in Figure 1.3. The microcapsules contain liquid-

type healing agents or microorganisms that produce healing agents, and when the

5
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material breaks down, the microcapsules also break down and release the healing agents

or microorganisms (Figure 1.3, (ii)), and the fractured part of the material is then

self-healed by the released healing agents (Figure 1.3, (iii)). Research on self-healing

materials using microcapsules can be divided into research on the generation method of

microcapsules [35,36] and research on the evaluation of the self-healing performance of

the material that has microcapsules inside [37,38].The research on self-healing materials

itself is focused on here. The development of self-healing coating materials is one of

the research area utilizing the characteristics of microcapsules [39, 40]. The diameter

of the microcapsules is very small, approximately tens to hundreds of micrometers,

allowing the self-healing material to be applied thinly to the surface of other materials,

which cannot be done with other types of self-healing methods. In addition, research

on self-healing by mixing microcapsules inside materials to self-heal cracks inside the

material and the strength of the material itself has also been actively conducted. For

example, there were research on materials that self-healing by the reaction between

healing agents in microcapsules and catalysts in the material [41–43], materials that

self-heal by placing microcapsules with multiple types of healing agents and by using

the reaction of these different healing agents [44, 45], and self-healing concretes using

microorganisms encapsulated in microcapsules that produce calcium carbonate [46,47].

Furthermore, there was also research on self-healing materials using microcapsules with

multiple cores to improve the continuity of their self-healing ability [48].

Self-healing with added energy

This section focuses on methods for self-healing by adding energy. In comparison

to other approaches, these methods can produce self-healing materials with relatively

high strengths. However, unlike previous ways, these self-healing methods do not

automatically self-heal in response to material failure, but instead self-heal by adding

energy to the fractured area after the fracture. Electrical energy, light energy, and

thermal energy make up the bulk of the energy load for self-healing.

The electric and magnetic fields generated by electricity are used when harnessing

electrical energy for self-healing. For example, there were studies of self-healing using

dielectrophoresis generated by a non-uniform electric field between electrodes [49, 50].

These studies were on the self-healing of flexible or stretchable electrical wiring, which

enabled conductive self-healing by collecting metal particles near the broken wiring by

6
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Figure 1.3 A principles of self-healing materials using microcapsules, adapted from Tim S. Coope, et
la. 2011 [42]. (i) a crack beginning to appear in a material, (ii) a crack in the material propagates and
destroys the microcapsules, causing the healing agents inside the capsules to flow out, (iii) Self-healing
by the spilled healing agents.

dielectrophoresis. There was also research on the self-healing of strength by adding

electrical energy [51, 52]. In these studies, an aqueous solution containing ions of a

metal is placed around the metal to be self-healed, and electricity is applied to the

metal and the aqueous solution to generate a metallic plating on the fractured surface

for self-healing. This method is mainly used for self-healing of metallic materials and

could heal up to 96% of the original strength [51].

UV light is used in the majority of self-healing treatments that use light energy.

This is because of the enormous energy contained in UV light. By irradiating the

material with UV light when the fracture surfaces are in contact with each other, the

chemical reaction near the fracture surfaces is promoted, and self-healing occurs. In

addition, most of the self-healing materials in this method are polymeric materials. For

example, self-healing methods and materials that respond to UV light using coumarin

[53], cinnamic acid [54], anthraquinone [55], thymine [56], disulfide bond material [57]

have been studied. In addition, self-healing elastic materials of polyurethane with

fracture strength of about 27 MPa was studied [58]. Furthermore, in combination

with the aforementioned self-healing method of placing microcapsules in materials,

research has been conducted on self-healing materials that are effective even in extreme

7
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environments such as space environments [59, 60], and on concrete that self-heals by

UV light or sunlight [61].

When thermal energy is used, the chemical reaction of the material is accelerated

by adding energy while the fracture surfaces of the material are in contact, as when

light energy is used. Among the polymers that self-heal using thermal energy, self-

healing materials using the Diels-Alder reaction ofent have high strength [62, 63]. A

number of materials have been studied for their self-healing performance by the Diels-

Alder reaction upon heating. For example, Pengfei Du et al. of Shanghai Jiao Tong

University synthesized a self-healing material that can recover 80% of its strength [64].

Other research on self-healing epoxy resins using the Diels-Alder reaction has enabled

self-healing with even higher strength than the previously described methods, and the

self-healing of fiber-reinforced resin materials have also been discussed [65]. Other

methods of self-healing using thermal energy has also been used to self-heal metallic

materials. For example, shape-memory alloys were placed in the metallic material to

allow contact with the fracture surfaces even when large deformation occurs during

fracture, and when the microcapsules containing the low-melting-point alloy placed

inside the metallic material were heated in the destroyed state, the melting low-melting-

point metal was released only around the destroyed surface, enabling the metallic

material to self-heal [66, 67]. Moreover, many studies have been carried out on such

things as 3D printer materials in the form of photolithography that combine both

shape-memory and thermal self-healing properties [68], and self-healing materials using

heat generated from microwaves, IR light, electromagnetic radiation, and electricity,

etc. [69–72].

1.2.2 Research on self-healing robot systems

Research on self-healing actuators and mechanisms is still limited. However, there are

three kinds of studies, and these are introduced

Hydraulically amplified self-healing electrostatic (HASEL) actuator

The structure and operating principle of the HASEL actuator are shown in Figure 1.4,

and the principle of self-healing is shown in Figure 1.5. The HASEL actuator consisted

of electrodes, elastomeric shells, and liquid dielectrics. When several tens [kV] were

applied to the electrodes (Figure 1.4a), the electrodes were attracted to each other

8
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and the liquid dielectric between the electrodes was pushed out (Figure 1.4b). When

the electrodes were completely attracted to each other, the thickness of the actuator

itself increased (Figure 1.4c), and the actuator operated. However, the electrodes of

the HASEL actuator approached each other in close proximity and were subjected to a

high voltage, which caused a short circuit between the electrodes (Figure 1.5a). At this

time, the elastomeric shell was broken, and the electrodes became conductive, but liquid

dielectric flowed into the broken part (Figure 1.5b), which insulated the electrodes and

restored the function of the actuator (Figure 1.5c). Research on robots using HASEL

actuators have been also underway. Research on a gripper of HASEL actuators [73]

and actuators with complex structures [74], on mimicking biological shapes [75], and

on creating HASEL actuators and sensors using 3D printing technology [76] have been

conducted until now.

Figure 1.4 Structure and principle of operation of HASEL actuators adapted from E. Acome, et la,
2018 [1]. a) the state when no voltage is applied to the HASEL actuator; b) the state when voltage is
added to the actuator and it starts to deform; and c) the state when the actuator is fully deformed.

9
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Figure 1.5 Self-healing principle of the HASEL actuator is adapted from E. Acome, et la., 2018 [1].
a) A short circuit occurs between the electrodes, destroying the elastomeric shell of the HASEL; b)
Liquid dielectric flows into the destroyed area; and c) The liquid dielectric insulates the short-circuited
area, causing the actuator to self-heal.

Self-healing for fluid leakage

One of the research on self-healing adapted to robot systems is to prevent fluid leakage

by self-healing [77–79]. Leakage is defined as the release of internal fluid through holes

that occur in the tire or in the fluid circulation path, and self-healing is defined as the

automatic healing of the holes that caused the leakage. The principle of self-healing of

tires is shown in Figure 1.6.a, and the principle of self-healing of liquid circuits is shown

in Figure 1.6.b. Both are similar self-healing methods. The liquid installed in the tire

or the circulating liquid in the circulation path seeped out through the hole formed in

the tire or the circulation channel. These leakage liquids had the property of solidifying

when they came into contact with air, thus plugging the holes that were the source

of the leakage. As a result, fluid outflow could be prevented. Research on self-healing

pump systems has also discussed robots that use these self-healing liquid circulation

systems, and demonstrations of robots with built-in actuators that use liquid movement

have been conducted.

Robots and mechanisms using self-healing materials based on the Diels-
Alder reaction

Among self-healing materials, materials based on the Diels-Alder reaction have a high-

strength. Therefore, there is research on robots and mechanisms using self-healing

materials according to this principle [12, 80–83]. These materials using Diels-Alder

reaction for self-healing are elastic. Hence, when the polymer was molded into a hollow

structure and air was pumped into the interior, it expanded to enable actuation. The

self-healing material itself could be used as the structures and actuators of the robot

10
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Figure 1.6 a) A principle of self-healing tires adapted from Kosuke Nagaya, et la., 2006 [77]. Polymer
gel installed in the tire leaks out through the hole and seals the hole, which self-heals by solidification
when the gel comes into contact with air. b) A principle of self-healing adapted from Wei Tang, et
la, 2018 [79]. Circulating liquid leaks out of the holes in the circulation path and comes into contact
with air and self-heal by solidification.

11
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to add self-healing performance to the entire robot [12, 80]. In addition, there were

several studies that made it possible to provide self-healing performance for some of the

functions by placing self-healing materials inside the robot [81,82]. The mechanism was

not equipped with heaters or other heating devices, and the surrounding air was heated

to promote the chemical reaction that allowed the material to heal itself. Materials that

can undergo the Diels-Alder reaction in a greenhouse have recently been developed,

and research has been conducted on robots that can self-heal without the healing

process [83].

1.3 Self-healing of materials and robot systems

There are various self-healing methods, as described in the related research section,

and self-healing materials have the following two points in common.

1. The self-healing process reconstitutes the broken bonds between atoms or molecules

and restores the fractured area.

2. During the self-healing process, the fracture surface is in contact with another

fracture surface or healing material.

Self-healing of materials chemically reconnects broken bonds between atomic molecules.

The self-healing processes by which bonds are reformed are varied and include self-

healing by the addition of energy such as heat or electricity to a material to promote

chemical reactions or phase changes [52, 62, 63], and self-healing by releasing healing

agents contained in the material at the fracture site and causing chemical reactions

when the healing agents contact other healing agents or catalysts to create new bonds

in the fracture site [42, 43]. There are also self-healing materials in which the fracture

part is healed by bonds different from those of the base material because the healing

agents and those base materials are different [41, 84]. In any self-healing process, the

chemical reactions required for self-healing occur when atoms and molecules collide with

each other with sufficient energy. Therefore, for a material to self-heal, the fracture

surface to be healed must be in contact with another fracture surface or healing agents.

All self-healing materials are characterized by the fact that they eventually regain their

strength by reforming the atomic and molecular bonds at the fracture site.

12
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On the other hand, two things are common in self-healing methods for robot sys-

tems.

1. Self-healing by utilizing the properties of materials used in the system.

2. The structure of the robot systems is used for self-healing.

Self-healing robot systems utilize some material properties, but do not necessarily

require re-formation at fracture sites. For example, the HASEL actuator self-heals

its actuation function by utilizing the insulating nature of the operating oil inside

the mechanism and a mechanism shape that allows the operating oil to flow into the

broken parts [73]. Research on self-healing pumps has made it possible for the pumping

function to self-heal by utilizing the property of the circulating liquid to solidify when

exposed to air and the structural feature that the circulating liquid does not come into

contact with air except at the point of breakage [79]. In this case, the circulating fluid

can be regarded as healing agents and the air as a catalyst that promotes the chemical

reaction. However, the self-healing principle of the pumping system is that healing

agents are solidified by exposure to air through plug holes created in the circulation

channel. This means that the mechanical properties of the system have not been

healed. These self-healing robot systems that do not re-form bonds between atoms and

molecules like self-healing materials, can functionally repair, but they do not restore

the strength and durability of the destroyed area. The number of destructive locations

in the robot system increases with the number of self-healings, and eventually the

system becomes inoperable. On the other hand, there are robot systems that heal

themselves by reconstructing bonds in the fracture site, similar to self-healing materials.

Studies using self-healing materials based on the Diels-Alder reaction as actuators

appear to rely solely on the properties of the material for self-healing [12]. However, if

reversible reactions such as the Diels-Alder reaction are used for self-healing, adhesion

can occur when materials remain in contact with each other and undergo a self-healing

process [80, 85]. Therefore, the independently operating parts must be structurally

non-contact, and the fracture surfaces to be self-healed must be structurally in contact

with each other. Thus, whatever material properties are used, both material properties,

such as self-healing performance and insulation, and structural properties of the system

must be exploited in order to achieve self-healing robot systems.

13
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1.4 Research Purpose

A lot of research on self-healing has been conducted and has recently gained momentum

[86–90]. However, few have been applied to mechanical and robot systems. This is

because the elemental components of a robot system require strength and rigidity

that are difficult to achieve with conventional self-healing methods, or the self-healing

process and conditions are special and difficult to incorporate into robot systems. In

addition, previous studies on self-healing robot systems have focused on systems related

to soft actuators or flexible robot system elements [12,73,79].In these studies, instead of

providing the entire robot system with self-healing capability, only a couple of elements

of the system are given self-healing capability to recover their functions and strength

in the event of damage, thereby improving the ability of the system to continue to

operate.

No previous studies have applied self-healing performance to the actuation of robot

systems that require strength and rigidity because conventional self-healing methods

are difficult to adapt due to a lack of mechanical properties. However, the operation

continuity of robots can be greatly improved by adding self-healing capability to parts

subjected to large loads. Robot systems can always collide with people or objects and

be destroyed by unexpected overloads when operating in a complex environment, such

as a human living environment, since a robot cannot avoid all collisions with objects

or humans by its own sensing alone [91]. The self-healing robot systems that have

been studied in the past have only added self-healing capability to some parts, and

they cannot self-heal when an overload occurs and a part that requires strength is

destroyed. In addition, many self-healing methods cannot fully recover the strength

of the fracture after self-healing. Hence, a self-healing robot system cannot perform

as well after self-healing as it did before the fracture. Furthermore, the self-healing

soft actuator systems that have been studied are difficult to control precisely, have a

small output, and have a small range of adaptability. On the other hand, self-healing

performance can be provided to structural components and actuation parts for which

self-healing has not been applicable at present by establishing a high-strength self-

healing method. This means that self-healing performance can be added to high-power

robots such as industrial robots, leading to an expansion of the range of self-healing

application.

Therefore, this dissertation has the following three objectives.

14
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1. Proposal of high-strength self-healing method applicable to robot systems.

2. Development of self-healing robots using the proposed method.

3. Proposal of uniform requirements for the design of robot systems that can self-

heal by the proposed method.

Conventional self-healing methods lack mechanical properties in terms of stiffness

and strength, and some self-healing processes are difficult to adapt to robot systems.

Hence, a self-healing method that is adapted to the robot system while referring to

the research on conventional self-healing methods is proposed. This proposal discusses

methods with high-strength and high rate of recovery of strength after self-healing by

considering the self-healing performance of materials and robot systems and self-healing

methods that are easy to adapt to robot systems. Furthermore, two self-healing mech-

anisms that can be adapted to linear motion and rotational motion, respectively are

proposed, since many robot systems operate in both directions. The self-healing perfor-

mance of the proposed method is evaluated by focusing on three factors: self-healing

efficiency, self-healing time, and strength of the self-healing. Self-healing efficiency

means the percentage of strength recovered after self-healing compared to before self-

healing. Self-healing time means the time required for the self-healing process, and

the strength of the self-healing process means the maximum tension of a linear mo-

tion mechanism or the maximum transmission torque of a rotational mechanism. After

evaluating the performance of each mechanism, the proposed mechanism is mounted on

a single-joint robot to evaluate the robot system’s self-healing performance. The eval-

uations of the self-healing performance of robot systems verify that single-joint robot

arms that are destroyed due an overload and rendered inoperable can self-heal and

operate again. Furthermore, this dissertation finally summarizes the unified require-

ments for the design of self-healing robot systems based on the self-healing evaluation

experiments.

1.5 Paper organization

Chapter 2 proposes self-healing robot systems that can self-heal actuation parts by

adding self-healing performance to the transmission elements. In addition, the melting-

solidification phenomenon is proposed as a self-healing method with high-strength and

15
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high self-healing efficiency for self-healing transmission elements. Designs for trans-

mission elements with self-healing using melting-solidification phenomena are also pre-

sented at the end of this chapter.

Chapter 3 summarizes research on the development of a linear motion mecha-

nism equipped with a transmission mechanism that can self-heal using the melting-

solidification phenomenon of thermoplastic resin. Details of the mechanical design of

using thermoplastics for self-healing are described. The method to achieve a higher

self-healing efficiency by simulating the temperature change of the self-healing trans-

mission element where the resin is placed is discussed. After that, the self-healing

efficiency and the strength of the self-healing mechanism are investigated to evaluate

the self-healing performance.

Chapter 4 summarizes the research on the adaptation of the linear motion mecha-

nism developed in Chapter 3 to a robot joint. This chapter shows that the use of the

melting-solidification phenomenon of the resin gives the robot self-healing capability

and that a joint that becomes inoperable due to overload can be made to operate again.

Chapter 5 summarizes research on self-healing torque transmission mechanisms

using the melting-solidification phenomenon in low-melting-point metals developed as

a rotary self-healing transmission element. The principle and mechanism of using

low-melting-point metals for self-healing are described, followed by a discussion of

the theoretical transmission torque of the mechanism. After that, the self-healing

efficiency and strength are investigated to evaluate the self-healing performance and

torque transmission capability.

Chapter 6 summarizes the research on adapting the torque transmission mechanism

developed in Chapter 5 to a robot joint. A method of incorporating a self-healing torque

transmission mechanism using the melting-solidification phenomenon of low-melting-

point metals into a robotic joint is shown. The joint that have become inoperable by

overload are confirmed to be able to re-operate through self-healing process at the end

of this chapter.

Chapter 7 summarizes results obtained in this dissertation, unified requirements

for the design of robot systems that can self-heal using the phenomena of melting and

solidification, and future works. Figure 2 shows the organization of this paper.
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Chapter 2

Self-healing for robot systems

2.1 Self-healing robot systems in this dissertation

At first, the self-healing that this dissertation aims to achieve is discussed. Self-healing

means that a system repairs damage by itself and restores the functions normally.

Related research on self-healing robot systems uses both material and structural prop-

erties to restore functionality after a fracture renders them inoperable. According to

related research, the system is self-healing if only the functional failure is healed and

the function of the system is restored, even if the strength deterioration of some parts

is not restored. Therefore, there is no need to recombine the broken bonds between

atoms or molecules. However, this definition of self-healing means functional recovery

and ignores the degradation of the mechanical properties of the robot system after

the function is restored. Therefore, these self-healing robot systems that only restore

function eventually fail due to the degradation of the mechanical properties of the

structures. The final goal of a self-healing robot system is to continue to operate in-

dependently of humans, and functional recovery alone is not an essential solution to

the problem. Hence, the damage to be healed by self-healing is not only functional

damage but also strength damage to components, and both function and durability of

the robot system should be restored after self-healing by restoring atomic or molecular

bonds, as in self-healing materials.

This dissertation aims to create robot systems that can self-heal the broken bonds

of atoms and molecules and the function of the robot, but it is difficult to provide

all components of the robot system with self-healing functions. For example, motors

have a complex structure and require material properties that cannot be achieved by

conventional self-healing methods, and gears require machinability in addition to the
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strength and rigidity of self-healing materials. Therefore, in order to build self-healing

robot systems, this dissertation focused on the transmission element. This is because

transmission elements have the role of transmitting many forces, such as transmitting

the output from an actuator to a driving part or transmitting external loads to an actu-

ator that is the end point for receiving forces. Hence, it is suitable for the transmission

element to have the high strength self-healing function. In addition, in the event of

an overload condition caused by high output or external forces, the transmission ele-

ment breaks and interrupts the load, preventing losses to critical and non-self-healing

components such as actuators. This performance is known to be obtained by placing

a torque limiter or clutch between the actuator and output section [91]. Furthermore,

the breakdown of the transmission element can be healed by the self-healing function,

although the broken transmission element is not able to transmit the load and the

robot system can’t operate. In other words, the self-healing function of the transmis-

sion element allows the robot to re-operate without human intervention even after it

has been destroyed and is inoperable. Moreover, because transmission elements are

employed in many robots, it is easy to adapt a self-healing function to robot systems

if self-healing performance can be added to only one transmission element. Thus, the

aim of this dissertation is to make a self-healing robot system by adding self-healing

capability to a transmission element.

In summary, the transmission elements with self-healing functions are used to pro-

vide self-healing performance to robots in this dissertation. Robots can self-heal be-

cause of self-healing capability of transmission elements that can recover the transmis-

sion function and the strength of the broken part, respectively, by self-healing after

the transmission function is lost because of overload. This self-healing process aims

to restore the broken atoms’ or molecules’ bonds, enabling the transmission of the

same load as before the breakdown. The reason for providing self-healing performance

to transmission elements is that they connect the actuation and output sections, and

that most loads, such as robot output and external forces, are transmitted through the

transmission element. Transmission elements with self-healing capability prevent the

destruction of components that are fatal to the system because the transmission ele-

ments are broken preferentially and the destroyed transmission element can self-heal,

allowing the system to re-operate independently of humans.
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2.2 Comparison of self-healing transmission elements,

clutchs and mechanical fuses

Clutches and mechanical fuses are conventional mechanisms used in robot systems to

connect and disconnect transmission forces. These mechanisms and elements work sim-

ilarly to self-healing transmission elements. Therefore, the possibility using self-healing

to overcome problems with these conventional mechanisms are shown. Clutches can be

classified into five types based on how they transmit force: Positive contact, friction,

magnetic overrunning, and fluid coupling [92]. Positive contact, friction, and magnets

are used to connect and disconnect power transmissions. Overrunning and fluid cou-

pling are not compared here because they are both commonly used for one-way rotating

transmissions and as torque converters. Positive contact refers to a claw clutch that

uses mechanical coupling, is smaller than the clutches used by the friction and magnetic

methods, and can achieve a larger transmission force. However, power disconnection

and reconnection require a dedicated linear actuator, such as a solenoid or hydraulic

pressure, which limits the miniaturization of the system as a whole. The necessity to

detect overloads and actively cut power further complicates the control system. On the

other hand, the friction and magnetic methods are more reliable as overload prevention

devices than positive contact because slip occurs on its own if power transmission is

not interrupted during overloading. However, when the transmission force grows, these

methods tend to increase the size and complexity of the mechanism, making it difficult

to achieve both a high transmission force and a small mechanism. Mechanical fuses are

also categorized according to how they break: tensile [93], bending [94], and shear [95].

Because all mechanical fuses are designed to absorb energy due to fuse breakage when

power is interrupted, they have the effect of interrupting overloads and reducing the

damage generated by overloads to the structure around the fuse. However, each time

an overload is prevented, the fuse components are damaged, resulting in the need to

replace parts. In particular, robot structures tend to be complex, and fuse replacement

maintenance can be a hassle for robots. Furthermore, designing the robot so that fuse

components are exposed on the robot’s surface to reduce maintenance effort may limit

the robot’s performance.

As described above, the conventional mechanism has the following problems: (1)

it is complicated, (2) it is large, and (3) it requires part replacement at each fracture.

However, a self-healing transmission element, like positive contact clutch, can transmit
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force by the strength of the material itself, and the mechanical structure can be sim-

plified because the element can use the bonding between atoms and molecules of the

material as the transmitting force. Therefore, self-healing transmission elements can

be smaller and have a greater transmitting force than clutches that rely on friction or

magnetism for transmitting force. In addition, unlike a positive-contact clutch, self-

healing transmission elements do not require an actuator to disconnect or reconnect

the power because the power is disconnected by breaking the self-healing material and

reconnected by self-healing. Hence, transmission elements smaller than conventional

clutches can be achieved. Furthermore, energy absorption occurs due to the breakdown

of self-healing materials, which can be expected to reduce damage to the surrounding

structure in the same way that mechanical fuses do when power is interrupted, and

the self-healing capability allows the system to continue to operate without the need

for maintenance in the event of a fracture.

2.3 High-strength self-healing methods for robot

systems

Many self-healing methods have been studied, but only a few of them are relevant to

transmission elements. Internal capillary structures or microcapsules in self-healing

materials offer better strength and stiffness than previous techniques [11, 37]. This is

because the healing system breaks down the internal microstructure of the material

and releases the healing agents in the fracture area, which requires a strong and hard

foundation material. However, self-healing using the microstructure of the material

makes it difficult to heal fractures in the same location because a single self-healing

uses most of the healing agents around the fracture area. All the healing agents in

the fracture zone is used in a single fracture in the case of self-healing materials that

encapsulate microcapsules [37]. Self-healing via capillary structures seems to replenish

the healing agents many times. However, throughout the self-healing process, the mi-

crostructure of the fracture zone is destroyed, and the self-healing performance for the

same area is reduced. Some research has studied materials having microcapsules with

multiple nuclei inside [48] or has studied the deformation of the material to fill healing

agents [33] in order to increase the number of self-healing cycles, but the effect has

been limited. Therefore, self-healing materials based on microstructures are unreliable

because multiple self-healing cycles make the material fragile and impossible to self-
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heal. Furthermore, materials with capillary structures cannot be processed, limiting

the shapes of the parts [11].

On the other hand, self-healing methods that use the base material property of

a reversible reaction without using microstructures can self-heal multiple times, but

many of these methods are inferior in terms of mechanical properties such as strength

and stiffness compared to self-healing methods that use microstructures [37]. How-

ever, some research is being conducted to increase the strength of self-healing materi-

als. Table 2.1 summarizes the research of self-healing methods with a strength of 20

MPa or greater that re-form the bonds of the base material without using microstruc-

tures. For each self-healing material, this table lists the self-healing mechanism (S-H

mechanism), fracture strength (Strength), strain at failure (Fracture Strain), Young’s

modulus (E), self-healing process (S-H process), self-healing efficiency (S-H efficiency),

and the number of self-healing cycles performed in the paper (S-H cycle) for each self-

healing material. Because some of these publications contain viscoelastic materials,

young’s modulus values are only summarized in the papers where they are mentioned.

The self-healing efficiency is expressed by the following equation (2.1).

fS−H =
FS−H

Fvirgin

(2.1)

fS−H is the self-healing efficiency, Fversin is the strength of the material before self-

healing, and FS−H is the strength after self-healing. When multiple cycles of self-

healing experiments are conducted in a paper, the self-healing efficiency is referred to

FS−H at the time of the last self-healing cycle. Strength refers to Fvirgin, and the S-H

cycle is indicated when self-healing is performed two or more times. The materials

listed in Table 2.1 have a wide range of properties, from 21 to 89 MPa in strength and

1.6 to 1600% in strain, and most of them are ductile materials. In addition, there is

only one case in which the self-healing efficiency exceeded 90% and multiple cycles of

self-healing were conducted [114], while the other research with a self-healing efficiency

exceeding 90% only performed self-healing once. Furthermore, strength decreased with

increasing self-healing cycles in most of the research in which multiple self-healing cycles

were performed. However, the exceptions are found in some research [110, 112, 114].

What these studies have in common is that they are all self-healing using phase change,

especially through the phenomena of melting and solidification. Sang-Hyub Lee, et la.,

at Chonbuk National University used disulfide and imine bonds for the self-healing

mechanism of the material, and the bonding of the material was re-formed at 170°C,
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well above the glass transition temperature of 50°C of the proposed material, during

the self-healing process [114]. Shen Yu, et la., at Nankai University did not describe

the self-healing efficiency in the paper and Table 2.1 did not have the value of self-

healing efficiency, but the self-healing efficiency in which the material was indicated

completely melted and re-formed showed the self-healing efficiency of almost 100% of

its strength [112]. Pengfei Du, et la., at Shanghai Jiao Tong University, conducted 5

self-healing cycles with a self-healing efficiency of 61%, but this was self-healing under

conditions where melting-solidification phenomena were not used, and the strength

of the material recovered before self-healing when the material was melted and re-

formed. [110]. Thus, melting-solidification phenomena can be used to achieve both

many self-healing cycles and high self-healing efficiency.

When the melting-solidification phenomenon is exploited for self-healing, thermal

energy must be added to the self-healing material. This means that self-healing does

not occur automatically, and that when self-healing using melting-solidification phe-

nomena is applied to a robot system, it is necessary to recognize the destruction and

undertake self-healing. Although this appears to be a defect in the self-healing system,

the materials that have automatic self-healing functions, such as room temperature

self-healing, will bond to each other if the self-healing materials remain in contact

with each other for an extended period of time [85]. Therefore, unexpected points

may become glued if the robot continues to maintain the same posture. However, the

possibility of self-healing working in an unintended location is low when a self-healing

process is executed after detecting a breakdown. Hence, the feature to specify the

points of self-healing can be an advantage for systems such as articulated robots in

which contact between mechanical elements inside the mechanism or contact with the

outside change by the robot’s posture.

Therefore, the self-healing mechanism applied to the transmission element in this

dissertation is the melting-solidification phenomenon. The most important reason for

this is that it is possible to achieve both a high self-healing efficiency and a high number

of self-healing cycles. Because the transmission element can be destroyed several times

by overwhelming or overloading, it is important to be able to perform multiple self-

healing cycles in a stable manner. In addition, it is important to designate self-healing

during the self-healing process.
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2.4 Mechanical Design for self-healing using melting-

solidification phenomena

It is impossible to construct the entire mechanism out of healing materials because they

melt throughout the self-healing process and do not maintain mechanism structure.

Thus, a mechanism with a self-healing function that employs the melting-solidification

phenomenon must be composed of healing materials for self-healing and structural

materials to maintain the mechanism’s structure, and the healing materials and struc-

tural materials need to be bonded. There are two methods to join healing materials

and structural materials.

1. Utilize the atomic and molecular bonds that occur between healing materials and

structural materials.

2. Utilize mechanical bonds that occur between healing materials and structural

materials.

Utilizing atomic and molecular bonding means using chemical bonds, such as inter-

molecular forces that occur between materials. By using the melting-solidification

process, self-healing can repair the fractured parts of the healing materials while simul-

taneously healing the atomic and molecular bonds between the healing materials and

the structural materials. This method can also be used for metal-to-metal and resin-

to-metal bonds [119], but it is not applicable to all materials because bonding may not

occur depending on the material to be bonded. On the other hand, mechanical bonding

is a method that utilizes mechanical coupling between parts, such as fastening with

screws or transmitting torque with mechanical keyways. This method is expected to

have high transmission forces because the strength of the material can be used as the

force and can be adapted to a lot of materials. However, while utilizing this procedure,

the healing material should be metal since the bond strength depends on the strength

of the material [120].

The molten healing material is fluid during the self-healing process, even if the

mechanism can be composed of structural and healing materials. Therefore, when the

melting-solidification phenomenon is applied to robot systems, it is necessary to take

measures to prevent molten healing material from flowing out of the mechanism. Here

are two possible measures to prevent leakage.
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28 CHAPTER 2. SELF-HEALING FOR ROBOT SYSTEMS

1. Materials with high viscosity when melted are used as healing materials.

2. healing materials are structurally sealed inside the mechanism.

Outflow Measure 1: it is expected that using a material with high viscosity when

melted prevents material from dripping due to gravity. Although the viscosity value

varies depending on the material, if the viscosity is approximately 107 Pa · s or higher,

the material does not drip under its own weight, thus preventing the healing material

from spilling [117]. However, most thermoplastic resins become viscosity value below

107 Pa · s as temperature increases. In addition, the viscosity of the liquid metal is

very small, ranging from 6.16Ö10−3 to 4.76Ö10−4 [118]. If the viscosity of the molten

healing material is low, structural sealing (Outflow Measure 2) is necessary to maintain

the self-healing efficiency.

2.5 Design for Self-healing Transmission element

The majority of robot systems are driven by two types of motion: linear motion and

rotational motion. Therefore, design overviews of linear and rotary self-healing trans-

mission elements are shown in Figure 2.1. The linear and rotatary transmission ele-

ments have one component made of healing material and two transmission partts made

of structural material in common. The structural material’s strength is higher than

that of the healing material. In addition, common is that the healing material joins

two structural materials. The two transmission parts are the transmission parts A and

B shown in Figure 2.1. These transmission parts are assumed to be connected to an

actuator or an output. The healing material bonds the two transmission parts in order

to enable the transmission of force between the transmission parts, and the bond by

the healing material is destroyed and the transmitting ability is lost in the event of

overload. Self-healing repairs the ability of the two transmission portions to transfer

force by repairing these fractures and reconnecting them.

2.5.1 Self-healing linear transmission element

Linear motion type ”Fracture” in Figure 2.1 shows that the bond between the healing

material and the transmission part B breaks down, separating the fracture surfaces.

Even if the transmission performance is lost due to the failure of the healing material

28
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Figure 2.1 Overview of self-healing linear and rotary motion transmission elements.

rather than the bond between the healing material and the transmission parts, the

failure surfaces are separated from each other in the linear type. The healing material

loses its original shape due to plastic deformation caused by fracture of the healing

material or breaking of the bond between the melted healing material and the trans-

mission parts. Therefore, even if the mechanism has a sealed structure to prevent the

healing material from leaking out, the seal function cannot be maintained due to the

healing material after the fracture, and the material leaks out during the self-healing

process. Hence, it is necessary to use a healing material made of resin that has a

high viscosity when it melts and does not easily flow out during a self-healing process

in a linear transmission element (Outflow Measure 1). In addition, when mechanical

bonding is utilized to combine healing material and transmission parts, the clearance

between the healing material and the transmission parts needs to be very small to

eliminate play. Consequently, the deformation of the healing material during fracture

prevents the spatial connection of the transmitting portions and healing material from

being restored to its pre-fracture state. Hence, the linear self-healing mechanism does

not use mechanical bonds but rather utilizes the atomic and molecular bonding that

occurs between the healing material and the transmitting parts.
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A heat source, such as a heater, can be used by the linear self-healing mechanism

to provide thermal energy for the melting phenomenon during self-healing. The heat

source can supply energy by wire since linear motion has a fixed range of movement.

Therefore, the healing material melts and self-heals using a heat source installed in the

structural material.

2.5.2 Self-healing rotary transmission element

The rotary motion type ”Fracture” in Figure 2.1 shows that the bond between the heal-

ing material and the transmission parts B and A breaks down, but the fracture surfaces

makes contact with each other. Furthermore, the positional relationship between the

healing material and transmission parts A and B between before and after the fracture

changes only in the torsional direction relative to the axis of the transmitted rotational

motion. Therefore, the healing material can be sealed by using machine components,

such as an oil seal that can be sealed against the spinning shaft (Outflow Measure 2).

In addition, because the transmission parts are stronger than the healing material, they

can remain sealed within the sealed structure even if the healing material plastically

deformed during fracture. Hence, a sealing structure can prevent leakage of the healing

material, which has low viscosity during the self-healing process, and a metal material

with greater strength than resin can be used as the healing material. The availability

of high-strength healing materials also makes it suitable for mechanically connecting

the healing material to the transmission parts.

It is difficult to install a wire-powered heat source in the transmission part of rotary

transmission elements, as is the case with linear motion type, in order to provide

energy for self-healing. This is because the installation of a wired heat source on the

transmission part limits the rotation of the self-healing transmission element. Power is

delivered to the rotating shaft by several connectors, such as slip rings, but their use

limits the amount of power supplied to the heat source and complicates the mechanism.

Therefore, the healing material is heated by induction heating because it is a non-

contact heating method that does not limit the number of rotations of the self-healing

mechanism. In addition, induction heating can be used to directly heat the healing

material since it is metal. Furthermore, induction heating requires only the installation

of a coil around the periphery of the mechanism, simplifying its structure and enabling

it to be reduced.
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Chapter 3

Linear actuator with self-healing
transmission element

3.1 Introduction

This chapter designed and tested a linear motion transmission element with self-healing

capability based on the melting-solidification phenomenon. A linear self-healing mech-

anism requires that the fracture surfaces come into contact with each other before the

self-healing process. When the transmission element includes an actuator only to bring

the fracture surfaces into contact, the transmission element structure becomes more

complex and larger. Therefore, the same actuator was used for the linear motion and

actuation for contact with the fracture surface, resulting in the development of a small

linear actuator unit. After that, the value of the transmission force, self-healing time,

and self-healing efficiency of the linear self-healing transmission element were evaluated

using the developed actuator unit.

3.2 Concept of self-healing using thermoplastic resin

Figure 3.1 shows the concept of thermoplastics’ self-healing. Figure 3.1 A is the struc-

tural parts, C is the thermoplastic, and B is the boundary between A and C, respec-

tively. When structural parts are subjected to a considerable load (Figure 3.1 STEP

1), the lowest strength point, such as B or C, will fail (Figure 3.1 STEP 2). After

fracture, the fractured parts are reconnected by heating and melting the thermoplastic

resin while contacting the fractured surfaces (Figure 3.1 STEP 3), and self-healing is

completed (Figure 3.1 STEP 4).
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Figure 3.1 Conceptual diagram of self-healing using thermoplastic resin

3.3 Self-healing actuator unit

3.3.1 Structure of self-healing actuator unit

Figure 3.2 shows a schematic diagram of a linear actuator unit developed in this disser-

tation. The developed mechanism is about 211 mm Ö 31 mm Ö 35 mm. in size. The

proposed mechanism is a linear actuator mechanism that connects in series a motor,

a ball screw, and a self-healing linear transmission element. To stabilize the linear

motion and prevent the ball screw from generating a moment, the linear transmission

element is coupled to a linear guide. In addition, by using a ball screw as the motor’s

reduction gear, a large thrust force and high positioning accuracy are obtained for

the linear motion mechanism. It is necessary to make contact between the fractured

surfaces when they are self-healing. However, if actuators are installed in order just to

contact the fractured surfaces, the mechanism becomes complicated and large. There-

fore, a compact actuator unit is achieved by using a single actuator for performing

linear motion and contacting the fracture surfaces.

The assembly diagram of the linear transmission element is shown in Figure 3.3.

During the self-healing operation, structural parts bonded to the thermoplastic resin in

the mechanism need to be heated to a high temperature in order to melt the thermo-

plastic resin. Therefore, a separating part with a heat-insulating effect is used between

the structural part and the rest of the parts to prevent the entire mechanism from

becoming hot and to efficiently use the thermal energy for melting the thermoplastic
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resin. The thermoplastic resin is heated using a ceramic via a structural part. The

heater is equipped with a thermocouple to control the temperature of the heater so

that it does not exceed the specified value. To measure the load created in the actua-

tor portion, a load cell is connected between the ball screw and the linear transmission

element.

Figure 3.2 An overview diagram of the self-healing linear actuator unit. The mechanism is 35 x 31
x 211 mm in size. A motor and a ball screw are connected via gears in this actuator unit, and the
ball screw is connected to the linear transmission element on the motor side. A thermoplastic resin
connects the structural part on the motor side and the structural part on the output side.

3.3.2 Self-healing of linear actuator unit

The flow of the self-healing process from the state in which the proposed mechanism

is working normally to the state in which it reoperates after breaking due to overload

is described in three stages (Figure 3.4 states A to C). This section also explains the

operation of the mechanism and the self-healing process in each stage.

Step A Self-healing actuator unit can operate normally (Figure 3.4A)

In state A, the thermoplastic resin joins the two structural parts (motor side and

output side) into one. Therefore, the motor’s power is transmitted to the output

part via the ball screw and linear transmission element, enabling linear motion.

Step B Self-healing actuator unit is broken by overload (Figure 3.4B)

The linear transmission element receives the overload generated by the robot

system. The linear transmission element’s thermoplastic resin breaks down due

to the transmitted overload, absorbing the impact load’s energy. In addition, the
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Figure 3.3 Assembly of a linear transmission element. A load cell is installed between a part that
connects to a ball screw and a part that connects to the thermoplastic. Insulation material is inserted
between the load cell and a structural part. Between a structural part on the other side and an output
part, a heater and a thermocouple are incorporated. In addition, a heat insulator is inserted between
the heater and the output part.

structural parts of the linear transmission element are physically separated into

two parts to relieve the load on the actuator and mechanical elements other than

the linear transmission element. In order to create a fracture at the thermoplastic

bonding site, the resin’s bonding strength is set to be smaller than that of the

other points. The proposed mechanism is equipped with a load cell that detects

the failure of the linear transmission element and starts the self-healing process.

Step C Self-heal of broken actuator unit (Figure 3.4C)

The fracture surfaces are first brought into contact with each other. Since the

proposed mechanism’s linear motion is constrained by the linear guide, the frac-

tured surfaces can be positioned by simply touching them with the motor. After

contacting the fractured surfaces, the linear transmission element is heated by

a heater to melt the thermoplastic resin and heal the fracture. The heating is

performed using the thermocouple feedback control of a ceramic cartridge heater.

In addition, crimping the fractured surfaces together with a motor during heating

enables the thermoplastic resin to contact the fractured surfaces evenly, thereby

attempting to achieve a high self-healing efficiency. Because the self-healing ef-
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ficiency varies depending on the time required to melt the resin, it is necessary

to verify the appropriate heating time through experiments. After heating, the

temperature of the thermoplastic decreases with time, and the bonds are recon-

stituted when the temperature drops below the softening point. The actuator

unit returned to state A when the thermoplastic resin reached room temperature

(25 °C).

3.4 Performance evaluation of the linear transmis-

sion element

3.4.1 Design and healing performance of structural parts

The design of structural parts and the self-healing process (heating time) are considered

important for improving the following three criteria for the performance of the self-

healing linear transmission element in this dissertation:

ˆ Self-healing efficiency

ˆ Required healing time (healing time)

ˆ Fracture strength of thermoplastic resin bonds of the linear transmission element

There are two reasons why the self-healing efficiency of the linear transmission element

using thermoplastic resin is not stable. As shown in Figure 3.5, one is insufficient

heating of the thermoplastic resin during self-healing, and the other is overheating.

The thermoplastic resin cannot be completely melted, and the bonding area between

the resin and the structural parts becomes smaller than normal if the heating time is

not sufficient. On the other hand, in the case of overheating, the thermoplastic resin

remains in the liquid state longer during self-healing. This causes the resin to flow

out of the linear transmission element, resulting in a shortage of the resin required for

healing and defects in the thermoplastic portion of the healing mechanism. In both

cases, the fracture strength is lower than the normal state, which directly leads to a

decrease in the self-healing efficiency. Therefore, the heating time during self-healing

and the shape of the structural parts are important to prevent the flow of thermoplastic

resin.
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Figure 3.4 Self-healing procedure of the proposed mechanism. The towing of a wire is depicted in this
illustration as an example of the use of the proposed mechanism. In state A, the thermoplastic resin
binds the structural parts together so that the power of the motor can be transmitted to the output
part to which the wires are connected. When a substantial load is applied to the output portions
through wire, the thermoplastic bond breaks, reducing the load on the robot in state B. In state C,
the fractured part is healed by heating and melting the thermoplastic resin, with the fractured surface
crimped by a motor.
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The healing time is the time required for all thermoplastics involved in the self-

healing process to reach the softening point. When the proposed mechanism is mounted

on a robot, the healing time is synonymous with the time required for the robot to

resume normal operation. Therefore, the healing time should be as short as possible.

The cause of the change in the healing time is considered to be the difference in the

amount of heat transferred to the resin depending on the shape of the structural parts

and the contact area between the structural parts and the thermoplastic resin. As a

result, the healing time depends on the design of the structural parts.

It tends to be less strong than metal parts since the linear transmission element

is bonded with thermoplastic resin. The small strength of the linear transmission

element contribute to a reduction in the adaptive application range of the proposed

mechanism because various robotic systems are composed of metal. Therefore, the

strength of the linear transmission element should be as high as possible. The linear

transmission element’s fracture strength is considered to vary depending on the bonding

area between the structural parts and the thermoplastic resin. Hence, structural parts

are important in order to achieve a linear transmission element with higher strength.

This dissertation evaluates the aforementioned three items for various structural

parts with different shapes and discusses the design of the structural parts for self-

healing mechanisms.

3.4.2 Design of structural parts

This dissertation compared the self-healing performance of three different shapes of

structural parts shown in Figure 3.6, Shapes A through C in order to evaluate the

change in self-healing performance depending on the shape of the structural parts.

Figure 3.7 shows the diagram when each structural part is bonded by the thermoplastic

resin. The thermoplastic resin contact point is a cylinder with a diameter of 16mm

and a height of 4mm for the structural part on the output side and a cylinder with a

diameter of 13mm and a height of 5mm for the structural part on the motor side, which

is a fixed parameter for each part. Shape A is the reference shape for comparison with

others (Figure 3.7 Shape A). Therefore, the part to be bonded to the thermoplastic

resin is flat. Shape B focuses on increasing the contact area between the thermoplastic

and the structural parts (Figure 3.7 Shape B). The thermal resistance can be reduced

and the healing time can be shortened by increasing the contact area. Simultaneously,
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Figure 3.5 Causes of non-reproducibility in self-healing strength. Insufficient heating results in in-
complete bonding. Overheating results in defects due to outflow of resin.

the fracture strength is expected to increase due to the increase in the bonding area

between the thermoplastic and the structural parts. Shape C is attempted to prevent

the thermoplastic resin from flowing out during self-healing (Figure 3.7 Shape C). In

this design, the thermal gradient generated by heating a heater causes the melted

thermoplastic to be sealed by the unmelted resin, and it is possible to achieve a high

self-healing efficiency by preventing the resin from flowing out. However, since this

design uses more thermoplastic than the other two shapes, it is projected that self-

healing will take longer.

3.4.3 Thermal simulation experiment

The performance of self- healing using thermoplastic resin varies greatly depending

on the resin’s heating time. Therefore, before the performance evaluation experiment

utilizing actual mechanisms, thermal simulation experiments were conducted for each

structural part’s configuration to estimate the healing time. Based on the experimental
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Figure 3.6 Shapes of structural parts. This figure shows 3D views of each structural part and the
3D shape of the thermoplastic resin when sandwiched between the structural parts as viewed from
the output side and motor side.

Figure 3.7 Sectional view of bonding structural parts to thermoplastic resin. The fixed parameters
of the connected parts are shown for shape A.
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results, this dissertation compared the temperature change between Shapes A and B

and discussed the shape of the structural parts that required less time for self-healing.

This dissertation also confirmed that a thermal gradient occurred for Shape C that

could prevent the thermoplastic resin from flowing out.

The simulations were performed on only four elements: a heater, two structural

parts, and thermoplastic resin sandwiched between the structural parts, as shown in

Figure 3.8, assuming that heat conduction was completely blocked by the insulation

material. The part that contacted the outside air was calculated as the heat dissipation

when the temperature was 25 °C. PPET1008 of Toa Gosei Co., Ltd. was used as the

thermoplastic resin, and its softening point is 95 °C. The output of the heater was set

to 7.6 [W] which was the output of the heater mounted on the actual mechanism when

13 V was applied, and the material information of silicon was set to carbide which

was the main component of the heater. The material information of A6063 used in

the actual machine was set for the structural parts. In addition, a quarter-symmetric

model was used in this simulation to reduce the calculation time.

The simulations started at 25°C which was the same as the room temperature, and

this dissertation measured the time that it took for the temperature of all thermo-

plastics involved in fracture strength to exceed the softening point and the time which

it took for the temperature of all components to reach a steady state upon heating.

The time when the temperature of all thermoplastics exceeds the softening point was

also measured in order to estimate the time when the resin flow prevention effect will

perform for Shape C.

The results of the thermal simulation for each coupling part are shown in Figure

3.9. A-1, B-1, and C-1 of Figure 3.9 are the results immediately after the start of

simulation, and A-2, B-2, and C-2 are the results when self-healing is completed after

the healing time of each shape has elapsed. The healing time was shorter for Shapes

B, A, and C, in that order. It could be seen that a thermal gradient occurs inside the

thermoplastic resin in C-5, which was an enlargement of C-2. C-3 is the result of the

time when all the thermoplastic resin inserted in Shape C reached a softening point,

and C-6 is an enlarged view of the resin part at this time. A-3, B-3, and C-4 are the

results of the time when the heating by the heater is balanced with the heat radiation to

the outside and the simulation reaches steady state. Therefore, the thermal simulation

was terminated because no change in the temperature state occurred after this time.
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Figure 3.8 Thermal simulation settings. The simulation model was a 1/4 model to reduce calculation
time. The output power of the heater was 7.6 [W], and the set values of each material were the physical
properties of A6063 for the structural parts and silicon carbide for the heater. The room temperature
was 25 °C.

3.4.4 Self-healing performance evaluation experiment

Experiments were conducted to evaluate the self-healing performance of the developed

linear actuator unit in order to confirm the relationship between the healing time con-

firmed by the simulation and the actual healing efficiency and fracture strength of the

linear transmission element. Based on the results of this experiment, the relationship

between the fracture strength and the contact area of the resin and the structural parts

was discussed by comparing Shapes A and B. In addition, this dissertation confirms

whether the healing efficiency of Shape C has improved.

Fracture strength measurement and self-healing were repeated with the healing time

as a fixed parameter in this experiment. The experiment procedure is described based

on the self-healing procedure of Figure 3.4. To begin with, a thermoplastic resin was

inserted into the actuator unit without material in the linear transmission element,

and the linear transmission element was heated during the healing time to bond the

structural parts, thus putting the actuator in state A. Heating was performed by ap-

plying 13[V] to the ceramic heater, and feedback control by thermocouples was used

to prevent the heater from exceeding the maximum usable temperature of 300°C. The

amount of thermoplastic resin to be inserted was 0.15 g for Shapes A and B and 0.25 g

for shape C. The system shifted to state B by generating a load on the wire connected

to the actuator unit in state A and overloading the output side structural part. The
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Figure 3.9 Results of the thermal simulation experiment. The color bar indicates the temperature of
the structural parts and the thermoplastic resin. The simulation environment was PTC Creo Simulate
3.0, and the solver was a direct solver.
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load was gradually increased until the healing mechanism was broken. The load ap-

plied to the actuator during this procedure was measured by a load cell to detect the

fracture strength of the linear transmission element. Self-healing was performed before

this measurement, so it was treated as the 0th self-healing. Following the devastation,

the system moved to the self-healing process of state C. The healing time and heating

conditions in state C were the same as when state A was first created. When the ther-

moplastic resin returned to room temperature after the healing time had elapsed and

stopped heating, the self-healing process was complete, and it was shifted to state A

to measure the fracture strength. The total number of measurements was five at each

healing time since the measurements at the time of self-healing and fracture strength

measurement were performed four times in succession.

The relationship between the healing time, the number of self-healing cycles, and

the fracture strengths for Shapes A, B, and C is shown in Figures 3.10, 3.11, and 3.12

respectively. Table 3.1 also shows the mean fracture strength and standard deviation for

each shape and each heating time. Fracture strength fundamentally tends to decrease

with each self-healing cycle. However, even after repeated self-healing, the fracture

strength of Shape C, whose healing time was 6 minutes, did not become smaller than

that of the 0th measurement. The average fracture strength after self-healing was the

highest for Shape C, with a healing time of 6 minutes. The heater temperature was

controlled to interrupt heating when it exceeded 300°C, but it never exceeded 300°C

during the experiment. Therefore, the heating condition was constant at 7.6 W for any

healing time.

3.5 Discussion

3.5.1 The design of the structural parts and healing time

The design of the structural parts that reduces the healing time is discussed based on

the results of the thermal simulation experiment in this section. It can be seen that the

healing time of Shape B was shorter by comparing the results of the thermal simulation

of Shape A and Shape B. There was no difference in the shapes except that the contact

area of Shape B was 47% larger than that of Shape A. This suggests that the increased

contact area led to an increase in the amount of heat flowing into the thermoplastic

resin and shortened the healing time. Next, Shape C is considered to have a shorter
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Figure 3.10 Results confirming healing performance (Shape A)

Figure 3.11 Results confirming healing performance (Shape B)
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Figure 3.12 Results confirming healing performance (Shape C)

Table 3.1 Mean and standard deviation of fracture strength for each heating time
and of each shape

Shape Heating time [min] Mean value [N] Standard deviation [N]
A 5 83.5 13.9
A 10 66.8 17.2
A 15 106.7 13.9
B 5 109.7 33.0
B 10 129.3 23.2
B 15 149.6 38.6
C 5 124.8 20.5
C 6 173.8 8.1
C 7 141.6 24.5
C 8 151.6 33.8
C 9 134.0 17.8
C 10 161.5 22.6
C 15 138.6 30.5
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healing time because it has a 154% larger area in terms of the contact area between the

resin and the structural parts when comparing Shape A and Shape C. However, the

simulation results show that the healing time was shorter for Shape A. This is because

the effect of the increase in the amount of resin required by the mechanism was larger

than the effect of the increase in heat influx in the contact area with the resin. The

thermoplastic resin used in this dissertation had a lower thermal conductivity and a

higher specific heat capacity than the structural parts (A6063). Therefore, the healing

time is prolonged because the heat transfer time and the amount of heat required for

melting the resin increase. Therefore, it is considered necessary to design the structural

parts so that the amount of thermoplastic resin used in the linear transmission element

is reduced and the contact area between the structural parts and the thermoplastic

resin is increased in order to shorten the healing time.

3.5.2 The design of the structural parts and fracture strength

A comparison between Shapes A and B is discussed by using the result of the self-

healing evaluation experiment of an actual mechanism in this section. Tables 3.2 show

the contact area, average fracture strength, and average fracture stress of the struc-

tural parts and thermoplastic resin for Shapes A and B. The increase in contact area

with resin and the average fracture strength of Shape B over A were 47 % and 51 %,

respectively. The direction of the surface of the increasing contact area was the direc-

tion in which the adhesive surface between the thermoplastic and the structural parts

broke down in the shear direction when the linear transmission element was loaded.

Therefore, the fracture strength of the linear transmission element using thermoplastic

resin can be increased by increasing the contact area between the structural parts and

the thermoplastic resin, regardless of the direction of the load.

Table 3.2 Comparison of the structural parts of Shapes A and B

Parameter Shape A Shape B
Contact area [mm2] 132.7 195.6
Average strength [N] 85.7 129.5
Average fracture stress [kPa] 645.6 662.1
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3.5.3 Causes of unstable fracture strength

The causes of unstable self-healing efficiency in self-healing evaluation experiments

using an actual mechanism are discussed in this section. Figure 3.13 shows the states

of the healing mechanism before fracture and the fracture surface after fracture for

each design. Shapes A and B show images of the 15-minute healing time, whereas

Shape C shows images of the 6-minute and 15-minute healing times in Figure 3.13,

respectively. The photographs of each shape before fracture in Figure 3.13 show that

the resin melts in a hanging state at 15 minutes for Shapes B and C and completely

melts down for shape A. When the condition following the fracture was confirmed,

no bubbles were observed at 6 minutes for Shape C, while bubbles were observed at

15 minutes for Shapes A, B, and C when the condition following the fracture was

confirmed. As a result, the outflow of resin during self-healing and the inclusion of

air bubbles may be the causes of the decrease in strength. According to Figure 3.10,

3.11, and 3.12, the fracture strength values of the proposed mechanism fluctuated.

Except for the condition with a 15-minute healing time for Shape A and the condition

with a 6-minute healing time for Shape C, the fracture strength values exhibited a

declining trend. The cause of this strength reduction trend is that the thermoplastic

resin liquefied due to heating during self-healing, and the resin flowed out to areas not

related to fracture strength, resulting in an insufficiency of resin and air bubbles inside

the linear transmission element, as can be seen in the 15-minute photographs of Shape

A, Shape B, and Shape C in Figure 3.13.

In contrast, the fracture strength might increase after the 1rt or more self-healing

rather than the 0th as the heating time increases, and this situation was noticeable

in the 15-minute condition of Shape A in Figure 3.10. The reason for this is because

during the initial heating of the evaluation experiment, the thermoplastic resin adhered

to the periphery of the structural parts in the opposite direction of gravity, resulting

in state A. Due to gravity, liquid resin flows into the gap between the structural parts

during self-healing. Therefore, the fracture strength increases. The photograph of

Shape B before fracture in Figure 3.13 shows that the resin also existed on the opposite

side of the gravity direction. When this resin flowed into the healing mechanism due

to overheating and bubbles were expelled to the outside, an unexpected increase in

strength may occur.
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Figure 3.13 Images of structural parts before fracture and images of fracture surfaces. The structural
parts before breaking are shown on the left, the broken surfaces on the motor side are shown in the
middle, and the broken surfaces on the output side are shown on the right.

48



3.5. DISCUSSION 49

3.5.4 Design of the structural parts and self-healing efficiency

This section discusses whether Shape C can prevent the flow of dissolved resin and lead

to stable fracture strengths based on the results of thermal simulation experiments and

self-healing performance evaluation experiments using actual equipment. During self-

healing, the liquid thermoplastic resin generally flows out through the gaps between

the structural parts, resulting in strength loss. However, in the state of C-5 in Figure

3.9 which is the result of the thermal simulation experiment, the thermoplastic resin

in the part that was related to the fracture strength was completely melted, but the

other parts of the resin were not completely melted, and there were parts that were a

mixture of liquid and solid due to the occurrence of a thermal gradient. In addition,

in order for the entirely liquid resin to flow out of the linear transmission element in

this condition, the liquid resin must pass through the mixture of solid and liquid resin.

Therefore, the resin, which is a mixture of solid and liquid, such as the state of C-5,

has a sealing effect that prevents the liquid resin from flowing out. Furthermore, by

minimizing liquid resin leakage, the fracture strength can be stabilized. However, at

the state of C-6, 60 seconds after C-5, all of the thermoplastic resin is liquid, and

the outflow of the melted resin cannot be prevented. Hence, if the heating time is

unsuitable, the repeatability of fracture strength is likely to suffer.

The results of the self-healing evaluation of Shape C by the actual machine in Figure

3.12 show that stable self-healing was performed when the healing time was 6 minutes.

During the four self-healing cycles in this experiment, the healing efficiency never fell

below 100% with an average self-healing efficiency of 110% and the highest self-healing

efficiency of 115% during the third cycle. No resin leakage occurred in the 6 minutes

of Shape C in Figure 3.13, and the clean formation of the resin film indicates that

there were no air bubbles on the fracture surface. On the other hand, the amount of

heating was not sufficient, and the bond between the resin and the structural parts

was not sufficiently reformed when the healing time was 5 minutes, so that the fracture

strength decreased with each repetition of self-healing. In addition, the outflow of the

thermoplastic resin could not be prevented at healing times of 7 minutes or longer, and

the fracture strength tended to decrease with repeated self-healing. It is observed that

the resin flowed out and bubbles were mixed in the resin, confirming the 15-minute time

of Shape C in Figure 3.13. In other words, it is confirmed that the fracture strength is

not stable when the healing time is not appropriate, even for Shape C.
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3.5.5 Fracture strength of the linear transmission element

The physical properties of the thermoplastic resin used in this dissertation are shown

in Table 3.3, and the theoretical fracture strength and the measured strength of the

healing mechanism are shown in Table 3.4. Shape C(1) in Table 3.4 is calculated

assuming that the resin is bonded to the entire surface of the coupling part without

considering the thermal gradient, while Shape C(2) is calculated assuming that the

resin is not bonded in the shear direction due to the thermal gradient. The theoretical

fracture strength is calculated according to Equation (3.1), assuming that there are no

bubbles in the thermoplastic resin.

F = Atσmax + Asτmax (3.1)

At and As are the areas of the coupling parts loaded to forces in the tensile and shear

directions, and σmax and τmax are the maximum tensile stress and maximum tensile

stress of the thermoplastic resin, respectively. Table 3.4 shows that the measured

strength of Shapes A and B is only approximately 60% to 80% of the theoretical

strength. This is because of the presence of bubbles as well as the occurrence of adhesion

failure in the healing mechanism. The failure principle of the healing mechanism is

explained as follows. The healing mechanism consists of two coupling parts joined

by a thermoplastic resin. The failure modes of the joint can be divided into four

categories [121] when two materials are joined by a material that is different from the

two materials. Explanations of these fracture modes are shown in Figure 3.14. The

first type of failure is adhesive failure, shown in Figure 3.14 (a), in which the boundary

between the coupling parts and the thermoplastic resin is torn off and fractures. The

second type of failure is cohesion failure, shown in (b), in which the thermoplastic

breaks down. The third is a mixture of adhesive failure and cohesive failure, shown

in (c). The fourth is substrate failure, shown in (d), in which the coupling parts

break. Confirming the fracture surfaces in Figure 3.13, the fractures of the healing

mechanisms of Shapes A and C are a mixture of adhesive failure and cohesion failure,

as shown in Figure 3.14(c). Fracture surfaces of the healing mechanisms of Shape B

are adhesive failures. The reason substrate failure does not occur is that the coupling

parts are made of A6063, which has greater strength than thermoplastic resin. A

mixture of adhesive/cohesion fractures indicates that the bond strength between the

coupling parts and the thermoplastic resin is not sufficient. Therefore, The values are
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expected to be close to the theoretical strengths shown in Table 3.4 by increasing the

bond strength between the coupling parts and the thermoplastic resin through surface

treatment that can be expected to have an anchoring effect and by ensuring that only

cohesive failure occurs when the healing mechanism breaks down.

The measured strength values exceeded the theoretical strength of Shape C(2) from

Table 3.4. This is because the theoretical strength of Shape C(2) assumed that only the

resin in the tensile direction was bonded due to the thermal gradient, but some of the

resin in the shear direction was bonded to the structural parts when the strength was

measured. The strength of Shape C(1) should be reached when the resin is completely

bonded to the structural parts of the shape. However, the measured strength is lower

than this value. Therefore, it is considered that the structural parts and the resin were

partially bonded to the part subjected to shear force.

Table 3.3 Physical Properties of Thermoplastic Resin

Melt viscosity [Pa·s] 4
Softening temperature [°C] 95
Hardness [Shore D] 40
Tensile strength [MPa] 1.4
Tensile shear strength [MPa] 0.8
Peeling strength [N/25mm] 70

Table 3.4 Fracture strength without bubbles

Parameter Shape A Shape B Shape C(1) Shape C(2)
Theoretical fracture strength [N] 185.8 261.2 283.8 185.8
Measured strength[N] 121.8 225.2 202.4 202.4

3.5.6 Thermal simulation and actual healing time

In the thermal simulation experiment, the healing time to reach a state where spillage

could be prevented is 283.5 seconds. However, the actual tranismission element required

6 minutes, which was longer than the simulation results. This is because the simulation

does not consider the outflow of heat from the insulation part in order to shorten the

simulation time. The heat insulator used this mechanism was a mixture of silicate

binder and glass fiber, and had a heat transfer coefficient of 0.24 W/m·k. The heat

outflow was calculated to be 1.5 W when the thermoplastic resin temperature reached

100°C, which reliably softens the thermoplastic resin. This corresponded to 20% of the
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Figure 3.14 Adhesive failure modes. (a) Adhesion Failure: This occurs when the bonding surface
between the structural part and the thermoplastic resin is torn off. (b) Cohesion failure occurs
when the thermoplastic breaks down. (c) Adhesion/cohesion failure is a mixture adhesion failure and
cohesion failure. (d) Substrate failure when the structural part breaks down.

heater’s output, and heat dissipation from the insulation created the difference between

simulation and reality.

3.6 Conclusion

In this chapter, a self-healing actuator unit with a linear transmission element using

melting-solidification phenomenon was developed. The developed actuator unit was

used to evaluate the value of the transmission force, self-healing time, and self-healing

efficiency of the linear self-healing transmission element. Based on thermal simula-

tions, the proper healing time and the design of the structural parts to reduce the

healing time were discussed first because the self-healing time had a large impact on

the viscosity of thermoplastic resin during self-healing. The transmission force and

self-healing efficiency were evaluated for the three types of structural parts while vary-

ing the healing time. The experiment results show that the self-healing efficiency

decreased if the healing time was not appropriate, such as when the heating time was

5 or 7 minutes. In addition, an average self-healing efficiency of 110 % was achieved

after four self-healing cycles using structural parts that can prevent thermoplastic resin

from leaking out by utilizing a thermal gradient. These results indicate that the linear

self-healing transmission element based on the melting-solidification phenomenon can

self-heal with no reduction in strength from that before the fracture. It was also found
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that the transmission force of the linear transmission element is proportional to the

contact area between healing materials and structural materials and to the strength of

healing materials from the discussion of the theoretical transmission force.
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Chapter 4

Robot Joint with Self-Healing
Linear Actuator Units

4.1 Introduction

The self-healing linear actuator unit developed in Chapter 3 was introduced to a single-

joint robot with a tendon-driven mechanism, in this chapter, to evaluate the self-healing

performance. To introduce the actuator unit for the tendon-driven mechanism, the

actuator unit was also provided with a mechanism that allowed wire attachment and

length adjustment. An overload was generated to destroy the transmission element

and render the robot joint inoperable, and it was confirmed that the broken robot joint

could be reactivated by self-healing.

4.2 Self-healing for tendon-driven mechanism

The self-healing linear actuator unit that was developed was introduced in a single

robot joint of the tendon-driven mechanism. Tendon-driven mechanisms are expected

to be applied to a variety of fields because of their many advantages, such as flexibility

in actuator placement, weight reduction, and mechanical flexibility [122]. On the other

hand, tendon-driven mechanisms are mechanically fragile and have a short lifespan

because the wires used to transmit power are prone to rupture. The reasons for wire

rupture are mainly classified by the two types listed below.

1. A wire and the body of the mechanism rub against each other and the wire

deteriorates due to friction heat or the wire’s wear, resulting in a decrease in

tensile strength and rupture.
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2. The impact on the mechanism propagates to the wire, and the wire cannot with-

stand the impact load and breaks.

Mechanical and control solutions to the two causes of fracture have been studied.

A wire that self-heals at the point of wear [123] and a method to suppress wire wear by

liquid lubrication [124] have been proposed as wear countermeasures. If these methods

can be implemented in robots, they can greatly reduce the deterioration of wires during

operation by self-healing. On the other hand, to deal with shocks, a method of control-

ling the wire by absorbing the shocks generated by the wire using a spring [125] was

proposed. However, this method decreases the robot’s controllability, and there is a

limit to the amount of shock that can be absorbed by the shock-absorbing mechanism,

and the wire may break due to shock that cannot be fully absorbed. Therefore, if a

shock is applied when the strength of the wire has decreased due to wear or thermal

degradation, the wire may break even if it has sufficient strength to move the mech-

anism, resulting in a short life span for the tendon-driven mechanism. Therefore, the

self-healing actuator unit proposed in this dissertation can be introduced as an actu-

ator for wire traction, which is expected to solve the problem of mechanical fragility.

A self-healing transmission element is inserted between the wire and the actuator by

introducing the linear actuator unit into the tendon-driven mechanism. The inserted

transmission element breaks before the wire breaks under overload since the transfer-

able load of the transmission element is small in relation to the strength of the wire.

The transmission element can self-heal, enabling the robot joint to resume operating.

This allows the mechanism’s service life to be extended until the wire wears out and is

no longer strong enough to operate the mechanism.

4.3 Self-healing tendon-driven mechanism

4.3.1 Wire length adjustment mechanism

Because the tendon-driven device is powered by a wire, the wire length needs to be

strictly adjusted. However, the robot itself often has a mechanism for adjusting the

wire length because the wire is tied to an anchor or pulley by hand. Therefore, a

mechanism to adjust the wire length is also installed in the dissertation’s self-healing

linear actuator unit. The adjustment mechanism is shown in Figure 4.1 along with

the linear actuator unit. Figure 4.1 also shows the rack gear for driving the wire
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length adjustment mechanism described below. The wire length adjustment mechanism

locates between the self-healing transmission element and the wire attachment pulley

(wire pulley).

The detailed and exploded views of the wire length adjustment mechanism are

shown in Figure 4.2 and 4.3 respectively. The exploded view of Figure 4.2 shows the

decomposition along the two linear assembly directions. The principle is explained in

the following. A rack gear converts the actuator’s linear action into rotating motion.

At this time, the combination of a gear and a one-way clutch enables the mechanism

to extract power only in the direction of wire winding, and the extracted rotation is

transmitted to the worm gear. The worm gear transmits power to the worm wheel,

and it is possible to wind the wire since the worm wheel is fixed to the wire pulley

using a machine keyway. In addition, the use of a worm gear in the middle of the wire

length adjustment mechanism eliminates back-drivability and enables the mechanical

structure to receive the high tension of the wire. In order to wind the wire, the

adjustment mechanism is moved back and forth near the rack gear to generate the

winding power using a short rack gear installed at the end of the mechanism shown in

Figure 4.1 in order to wind the wire.

Figure 4.1 Self-healing linear actuator unit and wire length adjustment mechanism. The wire length
adjustment mechanism allows fine adjustment of the wire length when mounted on the tendon-driven
mechanism. To drive the adjustment mechanism, a rack gear is installed near the limit of the self-
healing unit’s range of motion. The adjustment mechanism is mounted adjacent to the self-healing
transmission element, and the wire is applied to the transmission element through the adjustment
mechanism.
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Figure 4.2 Wire length adjustment mechanism. A worm gear is attached to the wire pulley. There-
fore, the gear supports the wire’s tension. The wire pulley has no back-drivability, and the wire does
not sag under tension.

4.3.2 Robot joint with the self-healing linear actuator unit

A robot joint with a self-healing linear actuator unit is shown in Figure 4.4. The robot

joints are connected to the joint axes by long and narrow enclosures of 330 mm each,

and the actuator units and wire anchors are installed in each enclosure. One side of

the tendon wire is fastened to the wire pulley inside the actuator unit installed in the

enclosure, and the other side of the tendon wire is fastened to the anchors installed

in the enclosure on the side across the joint. Therefore, the joint can be extended by

the actuator unit towing the wire. Since the purpose of this dissertation is to evaluate

the self-healing performance of the robot joint, the original tendon-driven mechanism

requires a pair of wires to move a single-joint; however, the actuator is installed only

on the extending side of the joint and a spring is used to power the bending direction

(Figure 4.5). Therefore, when the wire is loosened, the spring put into the joint can

bend it. In addition, the wire of the robot joint passes through the pulleys installed in

the chassis to limit the wire path.

4.4 Evaluation of self-healing tendon-driven mech-

anism

The evaluation experiment of the self-healing tendon-driven mechanism confirmed the

joint flexion and extension movements as well as self-healing performance. During the

assessment experiment, the robot joint is fixed as shown in Figure 4.6. Due to the

weight of the self-healing linear actuator unit and the robot joint housing, the joint
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Figure 4.3 An exploded view of the wire length adjustment mechanism. The rack gear is combined
with a one-way clutch to extract power only in the direction of winding the wire.

is subjected to a maximum load of 4 Nm. The evaluation experiment was conducted

according to the following four procedures.

Step 1 Flex the robot joint to confirm that the actuator unit can withstand the load

of flexion and extension and fix the joint in the extended position.

Step 2 Drop a 2 kg weight on the tip of the robot joint to generate an overload on

the actuator unit. This load destroys the self-healing transmission element

connected via wires and prevents power transmission to the joint.

Step 3 The actuator unit performs self-healing. The self-healing operation has a

heating time of 6 minutes. After heating, the mechanism is left at room

temperature for 15 minutes to dissipate heat.

Step 4 Confirm that the actuator unit has self-healed by performing the same oper-

ation as in Step 1 and that the robot joint can move again.

Figure 4.7 shows the bending and stretching motion in the evaluation experiment.
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Figure 4.4 Robot joint with a self-healing linear actuator. A 330 mm frame is installed for each side
of the joint. A self-healing linear actuator unit is installed on one frame, and a fastener to hold the
wire is installed on the other. It weighs about 3 kg in total, and the joint has springs to assist in
driving one side of the rotation. Since this mechanism is an experimental machine, it lacks a power
supply and needs to be powered from an external source .

Figure 4.5 A view of the kick spring incorporated into the joint. Tendon-driven mechanisms usually
require the use of a pair of wires to drive a single-joint. However, since the purpose of this experiment
is to test a self-healing linear actuator unit on a robot, one of the rotations employs a spring to drive
the joint. The spring consists of two kick springs that are installed on the shaft of the joint.
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However, the figure for Step 4 is omitted since the movement in Step 4 was exactly

the same as in Step 1. Steps 1 (a) and (b) in Figure 4.7 show the state of the joint in

flexion and extension, respectively. Even during extension, when the load was greatest,

the actuator unit was able to operate without destroying the transmission element.

Steps 2 of a and b in Figure 4.7 show a weight being dropped on the paw of the

robot joint and the linear transmission element being destroyed by the falling weight,

respectively. When a weight fell, the transmission element of the actuator unit was

destroyed, and the power could not be transmitted to the wire. Step 3 shows that the

linear transmission element was crimped and heated for self-healing. In this procedure,

it is possible to self-heal the destroyed transmission element and tow the wire again

by performing the self-healing operation described in the previous chapter. Step 4

confirmed that the robot joints could be flexed and extended as in Step 1.

Figure 4.6 Evaluation setting of robot joint. The robot is fixed by clamping the frame, without the
linear actuator unit, horizontally to the ground. Therefore, the weight of the actuator unit as well as
the frame is added as a load to the joint. Therefore, the joint is subjected to a maximum load of 4
Nm.

4.5 Self-healing of a tendon-driven joint

The self-healing actuator unit mounted on the tendon-driven mechanism enabled the

joint to re-operate via self-healing even when the joint was overloaded. When over-

loads or impact loads occur, normal tendon-driven mechanisms become inoperable due
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to wire rupture. Therefore, each time an overload develops, maintenance is required to

replace the wires and adjust the operation’s accuracy. However, it can be re-operated

without the need for manual maintenance by installing a self-healing linear actuator

unit. Furthermore, actuator units equipped with self-healing capabilities based on the

melting-solidification phenomenon can self-heal many times without strength degrada-

tion. Thus, self-healing actuator units enable the robot to self-heal and to continue to

operate independently of humans.

4.6 Conclusion

The self-healing linear actuator unit in the previous chapter was installed in a robot

joint with a tendon-driven mechanism in this chapter to evaluate the behavior of the

joint under flexion, extension, and overload, as well as self-healing joint remotion.

Therefore, the proposed actuator unit can operate the robot joint, as demonstrated in

this chapter. This chapter also confirmed that even if an overload occurs in a joint,

the transmission element in the actuator unit can protect the wires of the tendon-

driven mechanism, and that self-healing enables the joint to operate again after an

overload. Hence, it is shown that by mounting the self-healing linear motion transmis-

sion elements developed in Chapter 3 on robot joints, the robot can achieve self-healing

performance.
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Figure 4.7 Evaluation experiment using robot joints. Step 1a shows that the actuator is bending the
joint, and Step 1b shows that it is stretching it. The joint is under maximum load in Step 1b. Step2a
shows the load applied to the robot joint by dropping a weight on it, and Step2b shows the destroyed
actuator unit. The self-healing transmission element has been destroyed at the location highlighted
in Step 2b. Step 3 shows that the actuator unit is self-healing while the motor is heating the linear
transmission element while crimping it.
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Chapter 5

Rotary-type self-healing
transmission element

5.1 Introduction

This chapter developed and evaluated a self-healing rotary transmission element. Un-

like the linear motion type, the self-healing transmission element of the rotary-type

did not require an actuator for the self-healing process. Therefore, only a rotary trans-

mission element could be developed. In addition, induction heating, which is used

as an energy application method for melting, has rapid heating function and energy

efficiency [126] and could reduce the healing time to tens of seconds, whereas other self-

healing methods require tens of minutes or more. As a result, the self-healing time was

fixed to the time when the healing material inside the transmission element completely

melted, and the maximum transmission torque (transmittable torque) and self-healing

efficiency were assessed in the evaluation experiment. The displacement at the torque

disconnection was also used to calculate the amount of energy absorbed at the time of

fracture.

5.2 Self-healing rotary transmission element

5.2.1 Design of a self-healing rotary transmission element

Figure 5.1 shows an exploded view of the self-healing rotary transmission element. The

main component of the mechanism has two structural parts (shaft A and B) and a low-

melting-point metal for healing material. Figure 5.2 shows the overall appearance of

the complete mechanism. Figure 5.1 shows the disassembled parts of the mechanism,
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and the roles of each part and the detailed internal structure will be explained in the

next section on ”Internal structure of the self-healing rotary transmission element”.

Figure 5.2 shows the assembled internal structure with three-quarter sectional views

of the coil guide, the coil for induction heating, and shaft B. A coil for generating

electromagnetic induction is placed on the outermost side of the proposed mechanism

to melt the low-melting-point metal in the mechanism using induction heating. The

mechanism is connected to a plastic coil guide for coil installation via bearings installed

on shaft A and shaft B. Figure 5.2 is attached to shaft B as an example. The coil guide

is made of resin because, if it were made of metal, the coil guide would be heated

preferentially when induction heating was performed, and the low-melting-point metal

would take time to heat. Electromagnetic induction is formed near the surface of shaft

B if the coil guide is made of resin, and the time until the low-melting-point metal is

heated is shortened.

The incorporation of induction heating into the suggested mechanism is intended

to simplify the mechanism’s construction. When using a wired heater, a slip ring or

another mechanism to convey electric power is required because the suggested mecha-

nism transmits rotational power, making the mechanism larger and more complicated.

Induction heating, on the other hand, can heat the mechanism without making con-

tact. As a result, the proposed mechanism can be simplified simply by putting a coil

outside the mechanism. In addition, because the heating process uses eddy currents

generated by electromagnetic induction, induction heating can heat the metal more

efficiently and faster than other heaters, such as ceramic heaters.

5.2.2 Internal structure of the self-healing rotary transmission
element

Figure 5.3 depicts the internal structure of the rotary transmission element. However,

the coil and coil guide are omitted to show the internal structure of the proposed

mechanism, and three-quarter of the mechanism is shown in cross-section in Figure

5.3. The structure has a cylindrical shape, a diameter of 13 mm, a height of 13 mm,

an input shaft, and an output shaft. Shafts A or B can be used as the input and

output shafts. Two bearings keep shafts A and B are kept concentric. Shaft A has

four keyways that are 2 mm wide, 1 mm deep, and 3 mm long, while shaft B also

has four keyways that are 3 mm wide, 1 mm deep, and 3 mm long. These keyways
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Figure 5.1 Exploded view of the self-healing rotary transmission element. Each elemental part of
the proposed mechanism is disassembled and arranged in the order in which it is to be assembled.

Figure 5.2 External view of the self-healing rotary transmission element. To show the intricate
internal structure, the coil, coil guide, shaft B, and bearing in a three-quarter section. It also shows
which sections are heated preferentially by induction heating.
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are constrained by filling the space between shafts A and B with low-melting-point

metal, which allows torque transmission between shafts A and B. When the proposed

mechanism is subjected to an overload, the low-melting-point metal component filled

between shaft A and shaft B fails and interrupts the torque transmission. After the

fracture, the low-melting-point metal parts are melted and solidified by heating to

self-heal and enable torque transmission again. At this time, there is a possibility

that the melted metal will flow outward since the viscosity of the molten metal is

low. Therefore, the space filled with the low-melting-point metal is sealed with two

O-rings to prevent the molten metal from flowing out. In this dissertation, Bi-26In-

17Sn (melting point 78 ◦C) is used as a low-melting-point metal. Although volume

change usually occurs when metals melt and solidify, the proposed mechanism does

not cause backlash because alloys containing more than 55% Bi have the property of

expanding during solidification [127]. In addition, the pressure between the shaft A

and the low-melting-point metal is created by the expansion of the low-melting-point

metal. As a result, not only torque transmission by the keyway structure but also

torque transmission by friction occurs between shafts A and B, making the mechanism

capable of transmitting a larger torque.

Figure 5.3 Internal structure for a self-healing rotary transmission element. The proposed mechanism
is shown in the three-quarter section. The mechanism is cylindrical in shape, with a diameter of 13mm
and a height of 13mm, and it contains two shafts. Two bearings keep the shafts concentric, and two O-
rings prevent melted metal from leaking. There is also room for the low-melting-point metal between
shafts A and B. The combination of this low-melting-point metal and the keyway structures on the
shaft allows for torque transmission.
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5.2.3 Assembly of self-healing rotary transmission element

Figure 5.4 shows a schematic diagram of the proposed mechanism’s assembly. During

assembly, the proposed mechanism needs to enclose the alloy inside the mechanism.

Therefore, it is necessary to assemble the mechanism when the metal is in the molten

state. Bearing 1 is first installed on shaft B and connected to shaft A. Then, O-ring

1 is inserted between shafts A and B (Process 1). The bearing 1 fixes the positional

relationship between shafts A and B, and the O-ring 1 prevents the melted low-melting-

point metal from entering the bearing side during assembly. Next, a thin rod-like

low-melting-point metal is inserted between shafts A and B keeping shaft B heated

by heater at 150 ◦C. This allows the space between shafts A and B to be filled with

melted, low-melting-point metal (Process 2). Thereafter, O-ring 2 is inserted inside the

mechanism, which is followed by the installation of bearing 2 in the mechanism (Process

3). This O-ring 2 prevents the low-melting-point metal from flowing out. Finally, the

low-melting-point metal is solidified to complete the assembly of the mechanism by

cooling it to a temperature of 25 ◦C (Process 4).

5.2.4 Self-healing process of metals using melting–solidification
phenomenon

Figure 5.5 shows an overview of the operation of the proposed mechanism. Figure 5.5(a)

shows the cutting plane of the cross-section shown in (b) and the direction in which

the cross-section is viewed. The three figures in Figure 5.5(b) show the mechanism in

cross-section and outline its operation in three different states. In all figures of Figure

5.5, the coil and coil guide are omitted as in Figure 5.3. In State A, shafts A and B are

constrained by low-melting-point metal entering the keyways in each shaft, and rotary

powers can be transmitted between shafts A and B. State B shows what happens when

an overload occurs between shafts A and B. When an overload occurs, the low-melting-

point metal that restrains the keyway portion of shaft A breaks down. Following the

breakdown of the low-melting-point metal, the shaft A and the low-melting-point metal

slip. At this point, there is no torque transmission between shafts A and B because

shaft B and the low-melting-point metal are mechanically bonded, but shaft A and the

low-melting-point metal are not. State C shows the process of self-healing for the rotary

transmission element. To cure the fracture and return to State A, the fractured low-

melting-point metal is heated, melted, and solidified. In other words, in State C, the
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Figure 5.4 Assembly instructions for the self-healing rotary transmission element. In Process 1,
insert bearing 1 into shaft B to fix the positional relationship between shafts A and B. In addition, an
O-ring1 is installed to prevent low-melting-point metal from entering the bearing 1 side. In Process
2, a thin rod of low-melting-point metal is inserted into contact with the heated shaft B, melting the
metal. In Process 3, the bearing 2 is installed while the O-ring 2 is installed to prevent the molten
metal from flowing out. In Process 4, air cooling completes the assembly.
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torque transmission is reconnected by self-healing the broken part using the melting–

solidification phenomenon of the low-melting-point metal. Figure 5.5(c) depicts the

condition when the heating during self-healing is insufficient. The low-melting-point

metal is heated from the point where it contacts the shaft B, since the mechanism heats

from the surface of the shaft B. Therefore, if the heating is insufficient, the low-melting-

point metal in the keyway structure of shaft A does not reach its melting point, and

the broken part is not healed. Hence, it does not self-heal, and torque transmission

continues to be impossible.

Figure 5.5 Principle of the self-healing torque transmission mechanism. (a) shows the cross-section
and the direction of the figure shown in (b) and (c). (b) shows an overview of the operation of the
proposed mechanism by dividing it into three states. State A shows the normal state, State B shows
the breakdown of the internal low-melting-point metal due to overload, and State C shows the self-
healing state. (c) shows what happens when the heating is insufficient during self-healing.

5.2.5 Transmission torque of the self-healing mechanism

The maximum transmission torque of the proposed mechanism is determined by two

factors: the strength of the low-melting-point metal keyway structure and the friction

generated between the shaft A and the low-melting-point metal. In other words, the

proposed mechanism’s transmittable torque is expressed by the following Equation
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(5.1).

Tall = Tkey + Tf (5.1)

Tall is the transmittable torque, Tkey is the torque value depending on the kayway

structure, and Tf is the torque value generated by friction.

On shaft A, the proposed mechanism has four keyways. The low-melting-point

metal enters the keyway grooves, and the shaft A and the low-melting-point metal are

mechanically bonded. When an overload occurs, low-melting-point metal in the keyway

structures breaks down, eliminating torque transmission by the Tkey and slippage occurs

between shaft A and shaft B. The value of Tkey is determined by the critical cross-section

area and the shear strength of the low-melting metal, which can be obtained by the

following Equation (5.2).

Tkey = nrAkeyτmax (5.2)

n is the number of keyway structures on the shaft A, r is the radius of the shaft A,

Akey is the area of the critical cross-section per keyway structure, and τmax is the shear

strength of the low-melting-point metal.

In the proposed mechanism, a low-melting-point metal of bismuth alloy is used, and

bismuth alloys containing more than 55% Bi have the property of expanding during

solidification [127]. When melting and solidification occur in the mechanism, friction

occurs between shaft A and the low-melting-point metal. The torque generated by this

friction between shafts A and B is calculated by the following Equation (5.3).

Tf = rAfPµ′ (5.3)

Af is the contact area of shaft A with the low-melting-point metal excluding keyway

structures P is the pressure generated between the low-melting-point metal and shaft

A, and µ′ is the coefficient of kinetic friction. The proposed mechanism’s load torque

reaches its maximum value when the keyway structure is destroyed by the overload,

and at this time there is a slight slip angle between shaft A and the low-melting-point

metal, which is why the coefficient of kinetic friction is used instead of the coefficient

of static friction.
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5.3 Self-healing performance evaluation of rotary

transmission element

The following three items should be evaluated as the performance of a self-healing

rotary transmission element.

1. Value of the maximum transmission torque (transmittable torque) of the pro-

posed mechanism

2. Self-healing efficiency of strength by self-healing (reproducibility of transmittable

torque)

3. Energy absorption at the time of proposed mechanism breaking

The transmittable torque measures the amount of power that can be transferred, and

the energy absorption measures the amount of energy that can protect the robot from

collision or overload. The self-healing efficiency is an important factor in evaluating

the mechanism’s performance since it is closely related to the repeatability of the

transmittable torque of the mechanism.

Therefore, the following three experiments were conducted to evaluate the perfor-

mance of the rotary transmission element.

1. Measurement of transmittable torque

2. Measurement of transmission torque by friction

3. Measurement of energy absorption at the proposed mechanism breaking

In the transmittable torque measurement experiment, the maximum torque loaded

on the mechanism was measured to confirm the value of the transmittable torque of

the proposed mechanism. In addition, the change in the transmittable torque in the

mechanism was measured to confirm the strength could be recovered by self-healing.

At the same time, the relationship between the slip angle of shafts A and B and the

transmission torque were also measured to investigate the characteristics of the torque

transfer due to the mechanism. In the second experiment, the transmission torque by

friction was measured to investigate the effect of friction on the transmittable torque

of the proposed mechanism. The keyway structure of the proposed mechanism should

73



74 CHAPTER 5. ROTARY-TYPE SELF-HEALING TRANSMISSION ELEMENT

always generate the same transmission torque by self-healing. However, friction can

be an unstable element. Therefore, the transmission torque due to friction and their

stability were measured in order to confirm its effect on the reproducibility of the

transmittable torque. The third experiment involved measuring the amount of energy

absorption at the time the mechanism broke and examining how the amount of energy

absorption changes as the rotating speed of the mechanism is changed.

The relationship between the slip angle of shafts A and B and the load torque

of the proposed mechanism was measured in the evaluation experiments using the

experimental device shown in Figure 5.6. The proposed mechanism was installed in

the experimental device with two bearings such that the axes of rotation of shaft A

and shaft B were coincident. In the experimental device, the motor and the torque

sensor were connected to the shafts A and B of the proposed mechanism via couplings.

Therefore, the torque could be applied to the proposed mechanism by a motor, and the

torque could be measured by a torque sensor. The side of the torque sensor that was

not connected to the proposed mechanism was connected to the experimental device,

and it could not rotate against the device. Hence, an encoder attached to the motor

could measure the slip angle between shaft A and shaft B. The minimum angle to be

measured by the encoder was 0.001875 degrees. The torque sensor used is a DR-2477

from LORENZ Messtechnik GmbH. The experimental procedure is as follows: Step1-3.

Step 1 Initialize the slip angle and torque sensors of the experimental setup with the

proposed mechanism installed but without applying any voltage to the motor.

Step 2 To generate a load torque on the suggested mechanism, the motor is rotated.

The rotation speed control adjusts the rotation speed so that it does not

exceed a certain value when the torque is loaded in order to keep the conditions

at the time of fracture as constant as possible.

Step 3 Since the suggested mechanism’s torque transmission is disrupted, the mecha-

nism is heated to self-heal the low-melting-point metal parts. For 20 seconds,

induction heating is performed at 12 V, 8.7 A, and 300 kHz. After heating,

the mechanism is allowed to cool for at least 10 minutes at room temperature.

74



5.3. SELF-HEALING PERFORMANCE EVALUATION OF ROTARY
TRANSMISSION ELEMENT 75

Figure 5.6 Experimental device for measuring torque and sliding angle. Torque and sliding angle
are measured using an experimental instrument. Shaft couplings connect a motor and a torque sensor
to the proposed mechanism. Because the motor is equipped with an encoder, the slip angle of the
proposed mechanism can be measured. The torque sensor is completely fixed to the experimental
device and does not move. Therefore, the motor torque and slip angle of the proposed mechanism can
be measured.

5.3.1 Measurement of transmittable torque

Steps 1-3 were repeated 30 times to measure the stability of torque transmission per-

formance and the relationship between the transmitted torque and the slip angle of the

proposed mechanism shown in Figure 5.3. In step 2, the rotation speed of the motor’s

output shaft was set to 0.3 deg/s or less, and the rotation angle of the motor was set to

720 degrees or more in order to measure the effect of the slip angle on the transmission

torque.

Figure 5.7 shows the values of the transmittable torque and Table 5.1 shows the

mean, standard deviation, maximum and minimum values after 30 measurements. The

transmittable torque is the value of the maximum torque at each measurement. The

minimum and maximum transmittable torques were 2.95 N-m and 3.33 N-m respec-

tively, and the average transmittable torque was 3.11 N-m with a standard deviation

of 9.46 × 10−2 N-m. Even after multiple cycles of transmittable torque measurment

with self-healing, the transmittable torque did not fall below 2.9 N-m. The standard

deviation of the measurements from the 26th to the 30th was also less than 0.1 N-m.

Therefore, there was no large fluctuation in the value of the transmittable torque.

Figure 5.8 shows the relationship between the slip angle and the torque applied

to the mechanism during a single measurement. When the torque load applied by

the motor starts, the torque increases and reaches its maximum value when the slip

angle is between 0 and 10 deg. The low-melting-point metal inside the mechanism was
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destroyed, and torque transmission became impossible, as shown in state B in Figure

5.5(b). Figure 5.8 shows that after kayway breakage, the torque decreases rapidly and

finally reaches a constant value. In this condition, slippage occured between the low-

melting-point metal and shaft A, and the torque was transmitted only by friction. In

this experiment, the maximum torque was set as the transmittable torque, and Figure

5.8 also shows that the value of the transmittable torque was reached immediately after

the slip angle occured. Table 5.2 shows the results of calculating the slip angle when

the transmittable torque is measured at each measurement time. The average slip

angle of transmittable torque during the 30 measurements was 5.83 ◦, with a minimum

value of 2.15 ◦, a maximum value of 10.56 ◦, and a standard deviation of 2.01 ◦.

Figure 5.7 Relationship between the value of transmittable torque and the number of self-healing.

Table 5.1 Sliding angle when measuring the transmittable torque

The mean value [N] 3.11
The standard deviation [N] 9.46× 10−2

The maximum value [N] 3.33
The minimum value [N] 2.95
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Figure 5.8 Relationship between torque applied to the mechanism and sliding angle.

Table 5.2 Sliding angle when measuring the transmittable torque

Average [◦] 5.83
Standard deviation [◦] 2.01
Minimum [◦] 2.15
Maximum [◦] 10.56

5.3.2 Measurement of transmission torque by friction

Figure 5.9 shows a mechanism without keyway structures on shaft A, prepared for

an experiment to investigate the effect of transmission torque through friction on the

transmittable torque. To quantify the relationship between the slip angle and the load

torque, this experimental mechanism was connected to the experimental device shown

in Figure 5.6. In step 2, the rotation speed of the output shaft of the motor was set

to 7 deg/s or less, and the rotation angle of the motor was set to 720 degrees or more.

The measurements were taken 35 times to investigate the trend of torque transmission

change due to self-healing.

The results of 35 torque measurements are shown in Figure 5.10. The torque shown

in Figure 5.10 is the average of the values from the minimum to the maximum slip angle

that may reach the transmittable torque shown in Table 5.2, since this experiment is

to verify the effect of friction torque on the transmittable torque.

The transmittable torque tended to increase when the number of self-healings was

between 1 and 20. On the other hand, the transmission torque did not fall below 0.6

N-m, and there was no increasing trend after the 21st self-healing measurement. The
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average torque from the 16th to the 35th measurements was 8.22 × 10−1 N-m, with

a standard deviation of 1.25 × 10−1 N-m. The results of the average and standard

deviation calculations for each of the five measurements are shown in Table 5.3. The

result in Table 5.3 shows that the standard deviation gradually increased after the 16th

measurement, when the torque was stable, at 0.6 N-m or higher.

Figure 5.9 Proposal mechanism without keyway structure. The surface of shaft A is smooth to
measure the transmission torque by friction. The other structures are identical to Figure 3 except for
the surface of shaft A.

Table 5.3 Average values and standard deviation values of five frictional transm-
mision torque measurements each

The number of self-healings 1-5 6-10 11-15 16-20 21-25 26-30 31-35
Average [×10−1 N-m] 4.64 5.06 5.55 8.48 7.48 8.79 9.03
Standard deviation [×10−2 N-m] 3.99 1.33 7.11 3.04 4.64 4.25 8.43

5.3.3 Measurement of energy absorption

During the torque interruption, the suggested mechanism is considered to absorb some

of the energy required for the breakdown of the low-melting-point metal during the

torque interruption. Therefore, by varying the rotation speed of the motor, this ex-

periment measured the relationship between the transmission torque and slip angle

and calculated the amount of energy absorption by the proposed mechanism when the

torque transmission was interrupted. When the low-melting-point metal parts inside
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Figure 5.10 Relationship between the value of transmission torque caused by friction and the number
of self-healing.

the proposed mechanism were destroyed, the motor was rotated at five different speeds.

At each rotation speed, five measurements were taken.

The amount of the energy absorption was calculated using the following Equationb

(5.4) based on the motor rotation angle and torque data.

Q =

∫ θb

0

T (θ)dθ (5.4)

Q is the amount of energy absorbed by the proposed mechanism, θ is the slip angle

between the proposed mechanism’s shaft A and shaft B, and T (θ) is the torque loaded

on the proposed mechanism during the experiment. Figure 5.11 shows the explanation

of θb. θb is the angle at which the keyway structures of the low-melting-point metal

part inside the proposed mechanism completely break down. It is difficult to estimate

the slip angle when the transmittable torque is measured. Therefore, when the critical

cross-section of the keyway structures of the low-melting-point metal part with shaft

A does not completely overlap with the critical cross-section of the keyway grooves on

the shaft A, the keyway structures are regarded as completely destroyed, as shown in

state B of Figure 5.11.

The amount of energy absorption of the proposed mechanism under overload is

shown in figure 5.12. The horizontal axis of the Figure 5.12 shows the speed at which

shafts A and B slip and rotate when the mechanism is loaded, and the vertical axis is
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the amount of energy absorption. The energy absorption of the proposed mechanism

increased as the rotational speed under load increased. However, the rate of increase in

energy absorption was at most 5% compared to the average, and the overall standard

deviation was 9.37× 10−2 J.

Figure 5.11 State when the keyway structure of a low-melting-point metal is completely destroyed.
The angle at which the keyway structures completely break is determined geometrically because deter-
mining the angle from the experiment results of transmittable torque measurement was problematic.
When the critical section area of the low-melting-point metal part and keyway grooves of shaft A
completely cease to overlap, the keyway structures are considered destroyed.

5.4 Discussion

5.4.1 Transmission torque of friction and torque stability

Table 5.4 shows the average and standard deviation calculated from the transmittable

torques shown in Figure 5.7 for each of the five self-healing times. The table shows that

as the number of self-healings grew, the transmittable torque of the self-healing rotary

transmission element increased marginally. In addition, Figure 5.10 shows that when

the number of self-healing times increased, the transmission torque by friction increased

to 1 N-m. Based on these results, it can be inferred that the cause of the increase in

transmittable torque with the increasing number of self-healings was not a change in

keyway structure strength but frictional transmission torque. The enlarged views of
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Figure 5.12 Energy absorbed by the mechanism when torque transmission is interrupted.

the surface of shaft A before and after the friction test are shown in Figure 5.13. Since

the proposed mechanism was assembled without any modification after the parts were

fabricated, the surface property of shaft A before the experiment was rather smooth

(Figure 5.13B). However, the surface property was roughened after the experiment

by sliding with the low-melting-point metal, resulting in the formation of unevenness

(Figure 5.13C). The reason why the transmission torque by friction increased as the

number of self-healings increases that the frictional force increases by the deterioration

of the surface properties as the shaft is rubbed by friction. Next, the number of self-

healing cycles until the transmission torque stops increasing is compared. It can be seen

that more than 15 self-healings were required before the transmission torque reached a

constant value in the experiment measurement of the transmission torque by friction

from Table 5.3. On the other hand, the torque became a constant value after about 10

measurements of the transmittable torque, including the keyway structure from Table

5.4. This is because the cross-section where the keyway structures were destroyed

had a worse surface than the other surface, and the areas around the shear failure were

deformed by plastic deformation, which increased the pressure generated between shaft

A and the low-melting-point metal. Therefore, the slippage distance required before

the surface properties of shaft A affect the transmittable torque is smaller than when
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only friction was measured.

The maximum difference in the transmittable torques values between the 30 mea-

surements in Figure 5.7 is 3.74 × 10−1 N-m. This means that a torque difference of

about 12% compared to the average value has occurred. This torque difference was

caused by the above-mentioned transmission torque via the friction effect. The friction

torque difference in Figure 5.10 was 6.83 × 10−1 N-m. Because the keyway structure

section did not generate any transmission torque due to friction, the difference in trans-

mission torque was larger than the difference in transmittable torque measured with

the keyway structure. Therefore, the frictional transmission torque had a greater im-

pact on the apparatus for measuring friction effect, which had more friction surfaces.

The friction area of shaft A with the keyway structure was 54.3 mm2, and the area of

shaft A for friction torque measurement was 75.2 mm2 each. Therefore, the effect of

friction in the measurement of the transmittable torque is considered to be about 70%

of that in the measurement of the transmission torque due to friction. Furthermore,

the standard deviation value was larger for the 11th to 30th measurement than for

the 1st to 10th measurement in Table 5.4. Table 5.3, which shows the transmission

torque due to friction, also shows a tendency for the fluctuation of the torque value to

increase as the number of self-healings increased. Therefore, the cause of the increasing

fluctuation of the value of the transmittable torque with the increase in the number of

self-healings could be attributed to the effect of the transmission torque due to friction.

The value of the transmission torque by friction was about 0.9 N-m at most, which was

about 1/3 of the transmittable torque. In addition, the frictional transmission torque

fluctuation was about 0.6 N-m. Hence, the maximum transmittable torque fluctuation

of the proposed mechanism is estimated to be ±9.5%.

Table 5.4 Average values and standard deviation values of five transmittable
torque measurements each

The number of self-healings 1-5 6-10 11-15 16-20 21-25 26-30
Average [N-m] 3.04 3.05 3.15 3.10 3.17 3.17
Standard deviation [×10−2 N-m] 4.79 2.67 6.58 12.8 5.02 9.73

5.4.2 Transmission torque and slip angle

Figure 5.14 shows an enlarged graph of the graph in Figure 5.8 when the slip angle

is from 0 ◦ to 40 ◦ in order to confirm what happens when the slip angle is small in
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Figure 5.13 Enlarge surface of shaft A: (b) before the experiment, (c) after the experiment. The only
irregularities in (b) are the cutting marks from machining, whereas in (c), the irregularities generated
by rubbing against low-melting-point metal are visible.

the evaluation experiment of the self-healing rotary transmission element. The torque

increases rapidly from 0 to 2 ◦ focusing on the slip angle between 0 and 10 ◦, and

remained constant at around 2.75 N-m from 2 to 10 ◦. The reason for the sudden

increase in the torque value from 0 ◦ to 2 ◦ is that the low-melting-point metal part

in the mechanism and the keyway structure of shaft A started to be loaded, and the

reason for the constant torque value from 2 ◦ to 10 ◦ is that the sliding angle increased

while the keyway structure of the low-melting-point metal part gradually broke down.

Bi-26In-17Sn which is used in the proposed mechanism is a ductile material which has

caused the behavior of the torque value to become constant after a sudden increase

in torque. The phenomenon that the value of the slip angle fluctuated between 2 ◦

and 10 ◦ when the transmittable torque was measured was caused by the fact that

the measured torque reached its maximum value in the process of breaking the keyway

structures of the low-melting-point metal part. Therefore, the fact that the sliding angle

when the transmittable torque is measured is not perfectly constant is a characteristic

of this mechanism. The torque value then gradually decreased until the slip angle

reached around 25 ◦, due to the progressive breakdown of the keyway structures of

the low-melting-point metal part. Furthermore, as the slip angle increased, the torque

amount stayed constant because the friction generated in the mechanism caused the

transmission torque.
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Figure 5.15 shows the graph of the relationship between the slip angle of shaft A

and shaft B and the torque measured in the experiment of measuring the transmission

torque by friction to confirm the relationship between the transmission torque generated

by friction and the slip angle, and Figure 5.16 shows an enlarged graph of the area

where the slip angle is around 0 ◦. When the slip angle was around 0 ◦, the torque

rose with nearly no slippage between shafts A and B, as shown in Figure 5.16. When

the torque exceeded a particular threshold, slippage occurred between shaft A and

the low-melting-point metal part, causing the transmission torque to drop. This is

because a shift in the main factor of torque transmission from static friction force

to dynamic friction force (Figure 5.16). The play of the transmission part of the

experimental machine, such as the coupling and gear, generated a modest variation in

the slip angle under static friction force. When torque transmission by dynamic friction

force was continuously performed, the transmission torque steadily decreased (Figure

5.15). Each measurement corroborated the phenomenon that the torque decreased as

the sliding angle between shafts A and B increased. The torque decreased is caused

by low-melting-point metal powder that becomes the rotating body by the rubbing of

the low-melting-point metal parts and shaft A. Figure 5.17 shows that the powder of

low-melting-point metal was adhered to the shaft A after the experiment. Since the

magnitude of the transmittable torque was recovered in each test, the powder seems to

have melted during the heat of the self-healing mechanism and been integrated with

the low-melting-point metal part.

5.4.3 Energy consumption

Although the amount of energy consumed by the proposed mechanism increased when

the rotation speed was increased at the time of torque transmission interruption, the

rate of increase was about 20% as a result of the torque interruption. The energy

required for the breakdown of the keyway structures of the low-melting-point metal

is absorbed. An enlarged view of the fracture surface of the keyway structure of the

proposed mechanism is shown in Figure 5.18. The figure shows that large irregularities

formed on the fracture surface and infers that very large plastic deformation occurred.

In other words, during overload, the low-melting-point metal parts underwent ductile

deformation, and most of the energy absorption occurred through plastic deformation.
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Figure 5.14 Relationship between transmission torque and slip angle of shaft A and B when the
sliding angle is 0 ◦ to 40 ◦. When the slip angle is 0 ◦ to 2 ◦, the transmission torque is suddenly
increase. When the slip angle is 2 ◦ to 5 ◦, the torque is constant value around 2.75 N-m. When the
slip angle is 2 ◦ to 25 ◦, the torque gradualy decrease. When the slip angle is over 25 ◦, the torque is
approximately constant value.

Figure 5.15 Relationship between frictional transmission torque and slip angle of shaft A and B when
the sliding angle is 0 ◦ to 720 ◦. The torque is gradually decreasing and eventually becoming constant.
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Figure 5.16 Relationship between transmission torque by friction and slip angle of shafts A and B
when the sliding angle is 0 ◦ to 5 ◦. The transmission torque is caused by static friction at first, and
the torque switches to dynamic friction when the slip angle exceeds a certain level.

Figure 5.17 Low-melting-point metal powder adhering to shaft A. The left picture is shaft A, and
the right picture is an enlarged view of the surface of shaft A.
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Figure 5.18 Fracture surface of keyway structure. The left picture is shaft A, and right picture is an
enlarged view of the keyway structure. The fracture surface of the low-melting-point metal is uneven,
indicating that a large plastic deformation has occurred.

5.4.4 Theoretical and real transmission torque

The parameters, such as the shear strength of Bi-26In-17Sn, a low-melting-point metal

used in this dissertation, and the transmittable torque determined by the calculated

keyway strength, are shown in Table 5.5. The value of Tkey calculated by equation

(5.2) using the parameters in Table 5.5 is 2.31 N-m, which is about two-thirds of the

actual measured transmittable torque. Equation (5.3) which calculates Tf used the

coefficient of dynamic friction to calculate the transmission torque due to friction. The

maximum load torque of the proposed mechanism with the keyway structure occurred

when shafts A and B had a slight slip angle, as shown in figure 5.14. Because the

kinetic friction force is acting when measuring the transmittable torque, the use of the

dynamic friction coefficient in Equation (5.3) is correct. However, the surface pressure

generated on shaft A is difficult to measure, and the coefficient of dynamic friction

varies depending on the surface properties of shaft A. Therefore, experiments must

be conducted in order to confirm the transmission torque related to frictional force.

Experiments in this dissertation revealed that the transmission torque due to friction

was estimated to be 0.4 to 0.9 N-m.
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Table 5.5 Parameters and calculated results of the transmission torque based on
the keyway structure

n 4
r [mm] 3.0
Akey [mm2] 5.22
τmax [MPa] 42.0
Tkey [N-m] 2.31

5.4.5 Supercooling of low-melting-point metal

The proposed mechanism uses the melting–solidification phenomenon of low-melting-

point metals to perform self-healing. Because of the use of induction heating, the phase

change from solid to liquid occurred quickly. On the other hand, the mechanism did

not have a special cooling operation. In addition, when induction heating was done,

the air around the proposed mechanism was heated, and the proposed mechanism

was sealed by the resin guide and bearing for the heating coil installation, so that

the proposed mechanism was insulated by an air layer. Therefore, the cooling of the

proposed mechanism requires more time than usual.

Supercooling may occur when materials transition from the liquid to the solid phase.

Supercooling is a phenomenon in which the temperature of materials decreases while

they remain a liquid without changing phases, even when their temperature is below

the freezing point. Metals undergo supercooling as well. In particular, the cooling of

the low-melting-point metal inside the proposed mechanism was slow, indicating that

this is a temperature change where supercooling is likely to occur. Supercooling has

an effect on the ductility and strength of metallic materials. Therefore, supercooling

has an effect on the performance of the proposed mechanism.

Bi-26In-17Sn, a eutectic alloy, is the low-melting-point metal used in this disserta-

tion. Eutectic alloys are characterized by their resistance to undercooling because the

concentration fluctuations in the liquid act as nucleation sites for solidification [128].

In addition, the proposed mechanism was designed with a low-melting-point metal

surrounded by shafts A and B made of stainless steel (SUS303). Therefore, because

they are impurities for the low-melting-point metal, shaft A and shaft B could be re-

garded as nucleation sites. Hence, undercooling is considered to be even less likely to

occur. In summary, supercooling is expected to have little effect on the mechanism’s

performance, such as torque performance.
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5.5 Conclusion

This chapter developed and evaluated a self-healing rotary transmission element based

on the melting–solidification phenomenon. In the evaluation experiment, the transmit-

table torque and self-healing efficiency were measured using an experimental device. As

a result, the transmittable torque was proven to be around 3 N-m, the self-healing time

was only 20 s, and no reduction in transmittable torque occurred after multiple self-

healing cycles. It was also confirmed that the transmittable torque of the mechanism

was affected not only by the healing material’s strength but also by the friction gener-

ated between the healing material and the structural parts. In addition, the fracture

of the healing material of the low-melting-point metal resulted in an energy absorption

of approximately 1.5 J. Furthermore, theoretical considerations of the transmittable

torque shows that the transmittable torque of rotary transmission elements is propor-

tional to the contact area of healing materials and structural materials, the strength of

healing materials, and the diameter of the component made of the structural materials.
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Chapter 6

Robot joint with self-healing rotary
transmission elements

6.1 Introduction

The self-healing rotary transmission element established in the previous chapter, which

utilizes the melting–solidification phenomenon of a low-melting-point metal, is adapted

to a joint of a robot in this chapter. Because the developed rotary transmission element

has no backlash and great rigidity, the rotary transmission element can be installed

on high-precision robots. However, due to the melting–solidification phenomenon, the

mechanism must be able to withstand the heat generated by self-healing. Therefore,

the temperature immediately after the proposed mechanism’s self-healing was mea-

sured, and the results were reflected in the design of the robot joint. In addition, the

transmittable torque of the transmission element is as small as 3 N-m. Therefore, it

was necessary to design a robot joint that could be driven even by the transmission

element. As a result, the robot joint was designed to be able to output the required

torque using a reduction mechanism.

6.2 Adaptation of a rotary transmission element in

a robot joint

6.2.1 Effects of heat generated during self-healing

The temperature of the rotary transmission element after self-healing was measured

in order to estimate the effects of the heat generated by induction heating on the sur-
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rounding environment. Figure 6.1 shows two measurement points. The center surface

of the structure that seals the low-melting-point metal of shaft B is the measuring point

1. The measurement point has the highest temperature of all the locations that can

be measured since it is where induction heating occurs. The measurement point 2 is

the surface of the output part of shaft A. This is the point where the rotary transmis-

sion element comes into contact with other mechanical elements, and therefore has the

greatest impact on the surrounding mechanisms. A thermocouple was used to measure

the temperature 10 seconds after the induction heating was applied. This 10-second

period was necessary to remove the coil installation guide. The measurement results

show that measurement point 1 had a temperature of 118 ◦C and measurement point

2 had a temperature of 94 ◦C. Since the heat resistance temperature of many mechan-

ical components exceeds 100 ◦C, there is no need to demand special heat resistance

performance in the robot design in order to adopt the suggested mechanism. However,

some resin parts have low heat resistance. To employ these resin parts, it is necessary

to take measures such as separating them from the proposed mechanism .

Figure 6.1 The rotary transmission element’s temperature measurement sites. The figure shows the
location of the temperature measured immediately after self-healing. Because it is directly heated
by induction heating, temperature measuring point 1 is directly under the coil and is expected to be
the most affected by the heat generated for self-healing. Measurement location 2 is chosen because it
is the connecting point with the shaft joint and therefore has the most influence on the mechanical
design.
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6.2.2 Structure of a robot joint

Figure 6.2 shows a robot joint equipped with a rotary transmission element. The robot

joint is connected by 270mm frames, and the distance from the joint rotation axis to

the ends of the frames is 300 mm. The robot joint weighs around 2.5 kg. Figure 6.3

shows a picture of the mechanism with the joint area enlarged. The joint consists of a

motor, a rotary transmission element, and a joint drive unit, all of which are connected

via gears. Because an encoder is linked to the motor, the drive angle of the robot joint

can be measured. The reduction ratio from the motor to the proposed mechanism is

2, and the reduction ratio between the proposed mechanism and the joint drive shaft

is also 2. Therefore, the motor can generate the necessary torque to destroy the low-

melting-point metal part inside the proposed mechanism. In addition, the proposed

mechanism can be loaded with twice the transmittable torque to drive the joints. Shaft

joints connect the proposed mechanism and the two gears. These shaft joints are used

at temperatures of more than 100 ◦C to withstand the heat generated by the proposed

mechanism during self-healing. A coil is wrapped around the proposed mechanism

to perform self-healing by induction heating, and a Zero Volt Switch (ZVS) circuit is

connected to the coil.

6.3 Evaluation of the self-healing robot joint

Figure 6.4 shows the evaluation experiment setting of the robot joint. One side of the

frame of the robot joint was fixed on the base (Figure 6.4a). A weight installation

component was mounted to the other end of the frame (Figure 6.4b). A weight of 1 kg

was connected to this part that generated a maximum load of approximately 3 N-m

on the robot joint. A microcontroller connected to a motor driver controlled the motor

used to drive the joint, and the drive angle was controlled using Proportional-Integral-

Differential (PID) control.

This evaluation experiment confirms that the robot joint equipped with the pro-

posed mechanism can be driven and can self-heal its strength by utilizing the melting–

solidification phenomenon of low-melting-point metals. The evaluation experiment was

conducted in the four steps listed below.

Step 1 The weight is lifted by the motor until the robot joint reaches a posture that
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Figure 6.2 Robot joint that equipped with self-healing rotary transmission element. The figure is
divided into two parts, one showing the right side of a robot joint and the other showing the left side.
The proposed mechanism connects the input shaft to the motor through gears with a reduction ratio
of 2, and the output shaft to the joint drive shaft via gears with a reduction ratio of 2. The joint is
300 mm from the tip of the robot frame, and the total weight of the robot joint is about 2.5 kg.

places the most load on the joint. This operation is repeated three times to

confirm that the rotary transmission element can withstand the weight load.

The robot joint is then fixed in the extended state by controlling the motor.

Step 2 Another weight of 2 kg is dropped on the tip of the robot joint, overloading

and destroying the rotary transmission element. To ensure that the torque

transmission mechanism has been completely cut off and the robot joint has

been destroyed, use the motor to lift the weight in the same way as in Step

1. If the torque transmission of the rotary transmission element is cut off at

this time, the robot joint cannot lift the weight.

Step 3 Power is applied to the ZVS circuit to generate inductive heating in the torque

transmission mechanism in order to self-heal the mechanism’s low-melting-

point metal part. As in the self-healing mode, induction heating is performed

for 20 seconds at 12V, 8.7A, and 300kHz. After heating, the rotary trans-

mission element is left at room temperature for 30 minutes to dissipate the

heat.
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Figure 6.3 Detailed view of a robot joint. Shaft joints connect the input and output shafts of the
rotary transmission element and gears. The shaft joint has a heat resistance temperature of more than
100 ◦C to withstand the heat generated during self-healing of the proposed mechanism. The proposed
mechanism is covered by the coil in this figure. This coil is connected to the Zero Volt Switch (ZVS)
circuit for induction heating.

Step 4 Perform exactly the same operation as in Step 1 to confirm if the rotary

transmission element can withstand the load.

The evaluation experiment is shown in Figure 6.5. Step 4 is omitted because the

robot joint works the same as in Step 1. The Figure 6.5a and 6.5b of Step 1 respec-

tively show the joint in bending with no load on the rotary transmission element and

the joint in extending with the most load on the mechanism. It was confirmed that

the torque transmission mechanism did not break even when the joint was stretched

and the load was applied, and that it followed the control of the motor. At this time,

a current of about 650 mA was flowing in the motor. Figure 6.5a and b of Step 2 show

the dropping of the weight and the driving of the motor after the destruction of the

joint. When the weight dropped on the frame of the robot joint, the low-melting-point

metal in the rotary transmission element was destroyed, and the power of the motor

was not sufficiently transmitted to the joint. The weight attached to the frame could

be lifted slightly, as shown in Figure 6.5b of Step 2, because the rotary transmission

element could transmit a small torque by friction even when the low-melting-point

metal part in the mechanism was broken. However, when the load torque was high,
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slippage occurred between the input and output shafts of the rotary transmission ele-

ment, and lifting the weight was no longer possible until the joint was fully extended,

as it was in Step 1. The current flowing through the motor was also small, about

120 mA, indicating that after the mechanism was damaged, power transmission was

interrupted. Step 3 in Figure 6.5 shows the rotary transmission element self-healing via

electromagnetic induction. The rotary transmission element cannot transmit torque

when the low-melting-point metal inside the mechanism becomes completely liquid due

to electromagnetic induction. Therefore, the power transmission between the motor

and the joint drive was completely released. When this state was reached, heat dissipa-

tion allowed the mechanism’s low-melting-point metal to solidify, and self-healing was

complete. In Step 4, it was confirmed that the self-healing worked effectively because

the robot joint could bend and stretch. The evaluation experiment was exactly the

same as in Step 1, and the current flowing to the motor is about 650 mA, the same

as before the destruction, and the weight can be lifted to the position where the joint

is stretched. The evaluation experiment confirmed that the self-healing mechanism in

the robot joints can repair the function of a robot joint that is destroyed and becomes

inoperable due to an overload and make it operable again through the self-healing

process.

Figure 6.4 Evaluation experiment setting of the robot joint. The figure on the left shows one of the
frames connected to the joint being clamped and fixed to the base. A ZVS circuit, a motor driver, and
a control circuit are installed on this frame. The right figure shows the point of the opposite frame.
A 1 kg weight is attached to the end of this frame, and as the joint stretches, a load is generated in
the rotary transmission element.
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Figure 6.5 Evaluation experiment of the robot joint operation. Step 4 is omitted because it duplicates
Step 1. Step 1 shows that the rotary transmission element is working properly and that the robot joint
is stretched while lifting the weight. Step 2 shows the rotary transmission element being destroyed by
dropping another weight and the attempt to extend the joint. After the rotary transmission element
is destroyed, the weight is lifted only slightly due to the slight torque transmission by friction in case
b. Step 3 shows the self-healing process. Even after the breakdown of the low-melting-point metal
pieces, a small amount of torque transmission occurred due to friction. The input and output shafts
are completely opened when the low-melting-point metal inside the mechanism melts and liquefies.
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6.4 Operation continuity of the self-healing robot

joint

By incorporating a self-healing rotary transmission element into a robot joint, it is

confirmed that the joint could re-operate by self-healing even after it is destroyed by the

overload. Due to the damage caused to transmission elements or actuators because of

overloads and impact loads, normal robot joints require manual maintenance. However,

by adding self-healing capability to the robot joints, the robot can heal the fracture

and re-operate on its own. In other words, the self-healing capability enables the robot

to continue operating without human intervention.

6.5 Conclusion

Based on the melting–solidification phenomenon of low-melting-point metals described

in the previous chapter, this chapter developed a single-axis robot joint equipped with

a self-healing rotary transmission element. The developed robot joint was used to

conduct evaluation experiments on the joint flexion and extension, behavior due to

overload, and self-healing function. Hence, it was possible to drive the joint equipped

with the proposed transmission element. It was also confirmed that the joint function

can self-heal even if the torque transmission mechanism of the joint is destroyed due

to an overload and the joint becomes inoperable. Therefore, a self-healing rotary

transmission element can be mounted to give the robot joint self-healing function.
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Chapter 7

Conclusion

7.1 The achievements of this dissertation

This dissertation focuses on robot self-healing and develops a high-strength healing

approach adaptable to robot systems based on the melting-solidification phenomenon.

In addition, self-healing transmission elements were developed, and their self-healing

performance was evaluated. Furthermore, the proposed mechanisms were mounted on

robot systems to evaluate their self-healing capabilities. The achievements obtained in

each chapter of this dissertation are listed below.

Chapter 1 summarized previous research aimed at achieving robotic systems that

could continue to operate without human intervention and described the position of

research on robot self-healing. This chapter also summarized research on self-healing

materials and robot systems, pointed out the similarities between self-healing meth-

ods for materials and robot systems, and described the differences between the two

methods. At the end of this chapter, it was shown that a self-healing method with

high-strength was needed for the robot to self-heal.

Chapter 2 showed that providing self-healing performance to the transmission ele-

ment was effective for self-healing robot. In addition, melting-solidification phenomena

were proposed as a self-healing method for robot systems by organizing related research

based on strength and self-healing efficiency. Moreover, the chapter concluded with an

explicit description of design methodology for adapting melting-solidification phenom-

ena to robot systems and the design of self-healing transmission elements.

Chapter 3 developed an actuator unit incorporating a linear transmission element

with self-healing performance using the melting-solidification phenomenon and eval-
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uated its self-healing performance. The reason for using an actuator unit instead of

only a transmission element was that a linear transmission element required actua-

tion for the self-healing process. In the first step of the evaluation experiments, the

self-healing time that affected the self-healing efficiency was estimated by thermal sim-

ulation. Subsequently, self-healing cycles were repeated to measure the transfer force

of the self-healing transmission element, and the transmittable force and self-healing

efficiency were evaluated. These evaluation experiments showed that the self-healing

linear transmission element could self-heal multiple times without loss of strength with

the proper self-healing process.

Chapter 4 evaluated the self-healing performance of the single tendon-driven robot

joint with the actuator unit developed in Chapter 3. A wire attachment mechanism

and a length adjustment mechanism were additionally installed in order to attach the

actuator unit to the tendon-driven mechanism. In the evaluation experiment, it was

confirmed that the robot joint that broke because of an overload generated by a weight

drop could self-heal. This evaluation experiment revealed that the linear actuation

robot system had self-healing performance by adding self-healing capability to the

transmission element.

Chapter 5 developed a rotary transmission element with self-healing performance

using melting-solidification phenomenon and evaluated its self-healing performance.

The self-healing time of the self-healing rotary transmission element was reduced by

adopting induction heating for the self-healing process. In the evaluation experiments,

transmittable torque and self-healing efficiency were evaluated by repeating torque

measurements and self-healing cycles on an experiment device with an actuator. The

results showed that the transmission element could self-heal after 30 self-healing cycles

without deterioration of strength.

Chapter 6 evaluated the self-healing performance of a single robot joint with a self-

healing rotary transmission element developed in Chapter 5. The robot joint design

for installing the self-healing transmission element and the effect of temperature on the

surrounding mechanical components during the self-healing process were discussed.

In the evaluation experiment, it was shown that the robot joint broken by overload

could re-operate by self-healing using induction heating for melting low-melting-point

metal. This evaluation experiment showed that the rotary actuation robot system had

self-healing performance by adding self-healing capability to the transmission elements.
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7.2 Self-healing robot design theory using melting-

solidification phenomenon

There were two mechanical design requirements to introduce self-healing into a robot

system using the melting-solidification phenomenon, and two solutions were presented

for each requirement. However, healing materials are assumed to be able to self-

heal by re-forming the broken bonds of molecular atoms via the melting-solidification

phenomenon.

Requirement1 Combining healing material with structural material since the entire

mechanism cannot be composed of the healing material.

1. Utilize the atomic or molecular bonds that occur between healing and structural

materials.

2. Utilize the mechanical bonding that occurs between healing and structural ma-

terials.

Requirement2 Preventing melted healing material from leaking out of the mecha-

nism during self-healing.

1. Use healing materials with high viscosity during melting for self-healing.

2. Structurally seal the healing material.

The first requirement is discussed initially. By satisfying this requirement, mech-

anisms that use the melting-solidification phenomenon as a self-healing method are

achievable, using two types of materials: the healing material that melts for self-healing

and the structural material that constitutes the mechanism. When two different ma-

terials are used to build a mechanism, the strength of the mechanism is related to the

strength of the two materials and the bonding force between them. In this scenario, the

bonding force is usually the weakest. To create a high-strength self-healing mechanism,

a high bonding force between the healing material and structural material is required.

This dissertation used atomic or molecular bonding to formulate the force Equation

(1) in the development of a linear transmission element in Chapter 3 and mechanical

bonding to formulate the force as Equations (1), (2), and (3) in the development of

a rotatory transmission element in Chapter 5. The binding force was expressed as
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the product of area, such as the critical section and contact area, and material stress

in these equations. This means that the strength of self-healing mechanisms using

melting-solidification phenomena can be increased by expanding the area involved in

bonding and enhancing the healing material’s strength.

The second requirement is then discussed. This requirement is necessary to pre-

vent defects from occurring in the healing material or in the bond between the healing

material and the structural material due to leakage of the healing material and to

achieve high self-healing efficiency. Experiments on the self-healing performance eval-

uation of the linear transmission element using thermoplastic resin showed that the

method of using a material with high viscosity when melted for the healing material,

which was mentioned as a solution to requirement 1, could prevent a rapid decrease

in the self-healing efficiency. However, the experiments also showed that the healing

material outflow could not be completely prevented. On the other hand, high self-

healing efficiency was maintained when the resin was sealed using a thermal gradient

during self-healing in Chapter 3. In addition, structurally sealing the healing material

inside the rotatory transmission element mechanism by O-rings could maintain the self-

healing efficiency close to 100% in Chapter 5. Therefore, the viscosity of the healing

material during melting has a supplementary role in material leakage prevention, and it

is necessary to structurally seal the healing material inside the mechanism to maintain

the self-healing efficiency for self-healing using the melting-solidification phenomenon.

Self-healing robot systems must utilize structural and material properties, respec-

tively, as shown in Chapter 2. In accordance with this theory, the following structural

and material property design requirements must be satisfied to consist of self-healing

robot systems using the melting-solidification phenomenon.

Structural design requirement

ˆ The mechanism structurally seals healing materials to prevent the

melting healing materials from leaking out during the self-healing pro-

cess.
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Material property design requirement

ˆ Healing materials can self-heal by re-forming broken bonds between

molecules or atoms through the melting-solidification phenomenon.

ˆ Healing materials and structural materials can be bonded.

The transmission force of self-healing transmission elements using the phenomenon

of melting and solidification was discussed by the formulation in this dissertation.

As a result, the following were found for linear and rotary transmission elements,

respectively.

ˆ Transmission force of a linear transmission element is proportional to

the contact area of the healing materials and structural materials and

to the strength of the healing materials.

ˆ The transmission torque of a rotary transmission element is propor-

tional to the contact area of the healing materials and structural ma-

terials, the strength of the healing materials and the diameter of the

part made of the structural materials.

Therefore, the transmission force of a self-healing transmission element is proportional

to the fracture strength of healing materials. It can also be said that the transmission

force of a self-healing linear transmission element is proportional to the square of its

dimensions, while the transferable torque of a self-healing rotary transmission element

is proportional to the cube of its dimensions.

7.3 Implications of this dissertation

The implications of this dissertation can be divided into three main categories. The

first implication is to point out the differences in self-healing between materials and

robot systems and to clarify that self-healing robot systems also need to recombine

broken atomic or molecular bonds for healing mechanical properties. There are nu-

merous reviews on self-healing materials and applications of self-healing materials.

However, these reviews did not focus on self-healing robot systems; they summarized

self-healing materials or applications whose self-healing methods were limited to specific

methods. Therefore, this dissertation presented comprehensive analyses of research on
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self-healing methods for various materials and self-healing robot systems and showed

the commonalities. In addition, the dissertation also pointed out that some self-healing

robot systems equate functional recovery with self-healing and the problems associated

with this approach. Moreover, the requirements for self-healing robot systems, such as

the need for strength restoration by healing bonds between atoms or molecules as with

self-healing materials, were also presented. The clarification of these requirements for

the consistence of self-healing robot systems is a logical contribution of this dissertation

to the achievement of self-healing robots.

The second implication is to propose melting-solidification phenomena as a self-

healing method that can be applied to robot systems and achieves both strength and

self-healing efficiency and to clarify the design theory of a self-healing robot using

melting-solidification phenomena. Chapter 2 summarized the related research on self-

healing materials with a strength greater than 20 MPa and showed that the self-healing

efficiency of most materials decreased with an increase in the number of self-healing cy-

cles in research with multiple self-healing cycles. In addition, this dissertation focused

on melting-solidification phenomena as a method that could maintain strength and self-

healing efficiency after multiple self-healing cycles. Furthermore, design methods for

installing self-healing materials by melting-solidification phenomena into robot mech-

anisms were proposed. In Chapters 3 and 5, self-healing transmission elements based

on the proposed design method were developed, the theoretical equations of trans-

mission force for each mechanism and the self-healing performance were evaluated,

and it was demonstrated that the proposed design method can consist of self-healing

robot systems. This design theory makes it possible to introduce self-healing using the

melting-solidification phenomenon with high self-healing efficiency into robot systems

and makes self-healing performance applicable to robot systems in general, which has

only been applied to soft robots. Therefore, the proposal of a self-healing method using

melting-solidification phenomenon that can maintain a high self-healing efficiency after

multiple self-healing cycles and the design theory that makes self-healing by melting-

solidification phenomena adaptable to robot systems have practical implications.

The third implication is to show self-healing transmission elements can be incorpo-

rated into robots to protect critical robot parts and provide self-healing capabilities to

robot systems. It was known from previous research that clutches and mechanical fuses

in robot joints could provide mechanical protection and prevented fatal damage [91].

Chapters 4 and 6 of this dissertation demonstrated that the self-healing transmission
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elements could protect critical parts of the robot, as well as clutches and mechanical

fuses, when the robot was overloaded by experiments using robot joints equipped with

the developed self-healing transmission elements. In addition, the self-healing function

of the transmission element enables the broken robot joints to self-heal and re-operate.

The fact that these evaluation experiments showed a design method for installing self-

healing performance in robots makes it possible to achieve robots that keep the robot

operating with less maintenance and repair. This is the practical implication of this

dissertation.

7.4 Limitations

As described above, this dissertation proposed and demonstrated a design theory for

self-healing robot systems using melting-solidification phenomenon. This section dis-

cusses the limitations of this dissertation.

Self-healing mechanisms using the melting-solidification phenomenon are easy to

miniaturize because of their simple structure, but they are not suitable for applications

that require larger sizes. This is because the volume and weight of the healing material

required increase rapidly with the increase in size of the mechanism because it is filled

with the healing material. The use of clutches or mechanical fuses can make the

design more compact if only disconnecting or connecting the transmitting power is

required, because the internal structure can be more complex when the mechanism

size is large. Therefore, while this dissertation method is suitable for miniaturization,

it is not suitable for larger sizes.

Because the self-healing process of the melting-solidification phenomenon employs

thermal energy, there are two limitations that occur due to temperature changes. The

first limitation is the limited ambient temperature at which the self-healing mechanism

of the melting-solidification phenomenon can be used. When the ambient tempera-

ture is higher than the temperature at the time of the self-healing process, the healing

material is always in a liquefied state and cannot transmit force. On the other hand,

when the ambient temperature is extremely low, the healing material cannot be heated

sufficiently and the melting phenomenon does not occur, resulting in the failure of self-

healing. These problems can be solved by adjusting the phase-change characteristics

of the healing material. When a type of healing material is utilized, the range of am-
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bient temperatures that can be accommodated is limited. The second is the limitation

caused by the effect of the melting phenomenon of the healing material on the sur-

rounding mechanical parts. The self-healing process heats up, raising the temperature

around the self-healing mechanism. Measures such as inserting insulation between the

transmission element and other elements and using components with a higher oper-

ating temperature than the melting point of the healing material were taken in this

dissertation. However, this method was only effective because the melting points and

glass transition temperatures of the healing materials used in this dissertation were

below 100 °C. When the melting point of the healing material is high, further precau-

tions are required. For example, when an aluminum-based material with a melting

point exceeding 600°C is used as a healing material, the useful temperature range of

most resin materials is exceeded. As a result of the melting-solidification phenomenon,

resin materials cannot be used in the vicinity of the self-healing mechanism. Thus,

there are limits due to the usable temperature of the mechanism that self-heals by the

melting-solidification phenomenon and limits due to the effect of temperature change

on the surroundings caused by the self-healing process.

7.5 Embodiment informatics and self-healing robot

system

Embodiment informatics is a field that integrates machine technology with informa-

tion and communication technology. Robotics is the study of the mechanical body as

embodiment and the intelligence to move the body as information. Therefore, robotics

can be said to be included in embodiment informatics. However, most of the research

on robots to date has focused on either their bodies or their intelligence. For exam-

ple, there is research that aims to accomplish a task no matter what kind of body

a robot has by learning the robot’s motion by moving multiple robot bodies through

reinforcement learning [129], and research that learns to perform a task even if a part

of the robot’s body becomes inoperable [130]. These studies focus on intelligence in

learning how to move the robot body to accomplish a task. On the other hand, as

has been dealt with in this dissertation, research on robot bodies discusses new phys-

ical characteristics of robots but rarely discusses the intelligence of movements using

these bodies. Thus, although robotics is included in embodiment informatics in that

it focuses on either the physicality or intelligence of robots and deals with both, it
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should essentially focus on both embodiment and information. When research on self-

healing robot systems is viewed as embodiment informatics, ”embodiment” includes

proposals for self-healing using the melting and solidification phenomenon and the de-

velopment of self-healing transmission elements, and ”information” includes algorithms

for detecting destruction by detecting anomalies and transitioning robot system state

to a self-healing process. In other words, self-healing robot systems require research

that focuses on both ”embodiment” and ”informatics” in this way, and thus belong to

embodiment informatics.

7.6 Summary of this dissertation and prospects

In this dissertation, the melting-solidification phenomenon was proposed as a high-

strength self-healing method and self-healing transmission elements were created and

assessed. The results showed that self-healing using the melting-solidification phe-

nomenon was capable of performing multiple self-healing cycles while maintaining high

self-healing efficiency. In addition, the principles of the transmittable force of the trans-

mission elements were clarified, the transmittable force was formulated, and a design

policy for transmission elements with a higher transmittable force was also presented.

Furthermore, for structural and material property design needs, the design theory of

self-healing transmission elements based on the melting-solidification phenomenon was

presented separately for structural and material property design requirements. More-

over, when the proposed transmission elements were placed on the robot systems, this

dissertation demonstrated that the robot systems could acquire a self-healing function.

Although the robot system with a self-healing function using the phenomenon of

melting and solidification proposed in this dissertation has many limitations, it is a

widely applicable method in that it can add self-healing functions to the actuation

part of conventional robot systems. This dissertation implies that industrial products

such as heavy machinery using the mechanical fuses and robot arms using torque lim-

iters can acquire self-healing functions by installing the proposed mechanism instead

of mechanical safety devices. In addition, self-healing using melting-solidification phe-

nomenon can be applied to more than just drive systems. Figure 7.1 shows an image

of its development. For example, even if parts wear out, they can self-heal to their pre-

wear state by melting while taking in the surrounding wear debris. If the robot frame

is made of a self-healing material with a viscosity large enough that gravity does not
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cause dripping when melted, multiple partial self-healing can be performed by applying

thermal energy to the fractured area, no matter where the fracture or crack occurs.

The ability to heal a broken part repeatedly also makes it possible to reseal an opened

hermetically sealed container by the phenomenon of melting and solidification. There-

fore, self-healing using the melting-solidification phenomenon can produce containers

that can be opened and completely sealed multiple times. One of the ultimate goals is

to achieve self-healing robot systems using the melting-solidification phenomenon and

other self-healing methods.

Finally, the prospect of using the melting-solidification phenomenon to build self-

healing robot systems that adapt to their operating environment and task is examined.

Self-healing is a function of healing the broken part, and most self-healing methods only

restore degraded mechanical properties or allow a system that has become inoperable

to restart. However, self-healing using the melting-solidification phenomenon can not

only self-heal the fractured part but also change the shape of the robot body. This

means that in addition to the self-healing function, a robot system that adapts to tasks

and operating environments by changing its body can also be achieved simultaneously.

A system image of an adaptive robot system is shown in Figure 7.2 as a cycle diagram

of the process by which the robot system adapts to the task and operating environment.

Situation judgment

Analyze the task and operating environment. The robot system’s behavior and

the results of performing tasks are also evaluated.

Decision of physical demands

Determine a better body shape based on the results of the analysis and evaluation

performed in the situational judgment.

Body generation

The body of the robot is generated by melting-solidification phenomena according

to the determined body shape.

Performing tasks

The robot system executes the task.

The robot system gets increasingly flexible to its operating environment and task by

repeating steps 1-4. Self-healing methods that allow a material to alter shape freely,
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such as the melting-solidification phenomenon, may enable a robot system that can

adapt to tasks and the environment and evolve.

Figure 7.1 Development of self-healing using the melting-solidification phenomenon. The develop-
ment of a self-healing robot system can be divided into three steps: investigation of self-healing
principles, development of self-healing elements, and achievement of a self-healing system. The self-
healing principle was investigated in this dissertation, and self-healing elements were developed.

109



110 CHAPTER 7. CONCLUSION

Figure 7.2 Cycle diagram of the process of an adaptive robot system using the melting and solidifying
phenomenon.
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and wife for supporting my life. Thank you so much.
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what I have received so far and to be a person who supports others. Thank you for

everything.
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