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Abstract

This study embarks on the development of a novel variable stiffness mechanism for addressing
a pivotal challenge in soft robotics. Such mechanisms, crucial in replicating the flexibility and
adaptability of living organisms, allow robots to transition between states of varying stiffness. This
capability is vital in tasks requiring stability, and adaptability, particularly in the disaster field
and medical applications.

Soft robotics, the field at the core of this research, focuses on robots made from flexible materials,
such as elastomers and compliant polymers. The defining characteristic of soft robots is their ability
to mimic biological systems, offering high degrees of freedom and safe interaction with humans and
delicate objects. These robots excel in unstructured environments, adapting their shape and
movements to complex and unpredictable surroundings. However, their inherent flexibility often
leads to challenges in maintaining stability and bearing loads, which is a significant drawback,
particularly in applications requiring precise control.

The introduction of variable stiffness mechanisms offers a promising solution to these challenges.
By enabling soft robots to alter their stiffness on demand, these mechanisms provide the necessary
stability and load-bearing capacity without sacrificing the inherent advantages of soft robotics. This
approach allows to maintain flexibility and adaptability when needed, and to become rigid for tasks
requiring precision and load support. It bridges the gap between the flexibility of soft robotics and
the stability and control traditionally found in rigid robotics.

In the field of variable stiffness mechanisms, conventional research has focused on two primary
methodologies. The first involves controlling deformation through opposing rigid components,
which can be further classified into mechanical and friction-based methods. The second approach
deals with modulating the rigidity of the components themselves, known as the material method.

Mechanical and friction-based methods are generally driven by either electric or fluidic actuators.
Mechanical methods leverage geometric constraints and include designs such as latches, ratchets,
dog clutches, cam-based mechanisms, and hydraulic locks. These are advantageous for their high
locking force and lower operational energy, but are constrained by their discrete locking positions
and limited force adjustability. Friction methods, conversely, encompass electromagnetic locks,
piezoelectric locks, statically balanced locks, overrunning locks, nonbackdrivable gears, self-
amplifying locks, capstans, and various particle, layer, or segment-based locks. While offering
continuous locking positions and adjustable locking force, these methods usually provide a lower
locking force and demand higher energy consumption compared to mechanical methods.

The material method in variable stiffness involves altering the physical properties of the
materials used, utilizing techniques such as phase change, glass transition, functional fluid

approaches, area’s moment of inertia. In these approaches, to alter the rigidity of the components



themselves, it is necessary to modify the stimuli based on the physical properties of the materials
used.

This research adopts a novel approach, employing a variable stiffness mechanism that alternates
between flexible and high-stiffness states using positive pressure through friction and air. This
design aims to achieve high locking force, adjustability, and a wide range of deformation, suitable
for collaborative tasks in sensitive environments.

The proposed structure transforms the expansion force during pressurization into a friction-
based locking force, effectively controlling the expansion deformation of a pressurized chamber.
This design involves placing components strategically to limit expansion deformation, particularly
of rubber tubes, and employing these components to generate locking force upon expansion. The
research includes a comprehensive evaluation of the locking force for both radially expandable and
axial contraction types of the mechanism through theoretical modeling, finite element analysis,
and empirical measurements.

The study is detailed across several chapters:

In Chapter II, the study explores a radially expandable type mechanism featuring ball-type joints
combined with rubber tubes. The focus here is on the ease of assembly, preventing dislocation
during pressurization, and achieving joint holding torque through friction. Experiments were
conducted to assess the holding torque of this mechanism, using theoretical modeling, finite
element analysis, and empirical measurements. The results indicated a consistent performance
within a 30% margin of error between theoretical and empirical values.

Chapter III evaluates a radially expandable type mechanism, merging ball joints and rubber
tubes with a lever for clamping a wire. This chapter assesses the locking performance theoretically
and empirically, with a particular emphasis on the anisotropy of the holding torque attributed to
wire arrangement. Comparative analyses of the holding torque with and without the lever were
performed, demonstrating that the friction-based holding torque between the ball joints and the
lever-wire system aligns within a 20% margin of error between theoretical and empirical values.

Chapter IV delves into an axially contraction type mechanism combining bowl-type joints with
McKibben-type artificial rubber muscles. The chapter quantitatively evaluates the shape-locking
and shape-restoration performances. The holding torque evaluation, based on theoretical models
and empirical measurements, showed a discrepancy within a 20% margin of error. Additionally,
the recoverable angles under varied pressurization flow rates were measured, confirming the
feasibility of controlling the restoration angle through flow rate adjustments.

The study further extends to the application of these mechanisms in a snake-like robot for
alternately propulsion in confined spaces. This robot, leveraging the radially expandable type
mechanism, demonstrates the advantages of alternately propulsion, which minimizes friction and
enables efficient navigation in tight environments. The propulsion procedure involves alternating
stiffening and flexing of the robot segments, allowing it to navigate by pushing. The prototype's
design, featuring a hollow multi-layered structure, optimizes this alternate propulsion method,
showcasing its practical utility in experimental setups.

This study presents a significant advancement in soft robotics by introducing a variable stiffness
mechanism that is highly scalable, adaptable, and capable of high locking force. The mechanism's
potential in enhancing soft robot capabilities in diverse applications, particularly in medical and

caregiving settings, is evident, marking a promising direction for future innovations in the field.
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Chapter I Introduction

Section 1.1 Research background of variable
stiffness mechanism in soft robotics.

In recent years, soft robots formed from soft materials like rubber, capable of
passive or active bending and twisting deformations, have garnered attention due
to their flexibility, which allows them to adapt to their environment and move with
the dexterity of living organisms [1]-[3]. These soft robots, devoid of hard parts or
structures, pose no risk of harm or destruction to humans or the surrounding
environment. Consequently, their application in collaborative tasks with humans,
particularly in medical and caregiving settings, is highly anticipated.

However, these soft robots face a challenge: when pushing an object or when an
object is placed on them, they cannot support the weight without undergoing
deformation. Additionally, the unpredictability of this deformation may
compromise stability during support tasks. These are especially problematic in
scenarios requiring precise control, as they can increase the difficulty of tasks and
operations.

One proposed solution to this problem is the implementation of a mode-switching
mechanism that alternates between a flexible mode, which allows deformation,
and a high-stiffness mode, which restricts it [4]-[6]. This approach would permit
deformation when the robot is not supporting an object, and prevent it when
support is needed. For instance, applying this mode-switching functionality to
endoscopes or robotic grippers could enhance their utility. An endoscope [7]-[9]
could be made flexible for insertion and high stiffness for tasks like removing
foreign objects, thereby maintaining its posture during the procedure. Similarly, a
gripper [10]-[12] could conform to the shape of an object in its flexible state and
then maintain that shape to grasp the object firmly in its high-stiffness state
(Fig.1).
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Fig. 1 Behavior of the robotic gripper in flexible and high stiffness modes: In the flexible
mode, the gripper deforms to transfer to the shape of the object. In the high stiffness mode,
1t maintains the shape of the object while being grasped.

To enable the switching between these flexible and high-stiffness modes, there
are methods involving either constraining the movement of multiple rigid
components that are oppositely positioned in the robot, or by altering the rigidity
of the components themselves [4][6] (Fig.2).

When configuring a robot with components arranged in opposing positions, it is
essential to control the relative posture between these components. To allow
deformation of the entire structure of the robot, constraints can be turned off;
conversely, to suppress deformation, these constraints can be activated (Fig.2(a)).

On the other hand, to change the rigidity of the components themselves, it's
necessary to modify parameters that affect rigidity, such as the Young's modulus
or the second moment of area. To facilitate deformation, the rigidity of the

components can be reduced; to prevent deformation, their rigidity can be increased

(Fig.2(b)).
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Section 1.2 Previous research of variable stiffness
mechanism.

This chapter discusses previous research on variable stiffness mechanisms that
consist of structures with multiple components arranged in opposing positions to
control the robot's deformation, and mechanisms that achieve deformation control

by altering the rigidity of the components themselves.

Subsection 1.2.1 Previous methods to switch between flexible
and high stiffness modes by arranging components opposite
each other.

Variable stiffness mechanisms that feature structures with components
arranged in opposing positions can primarily be categorized into two types:

mechanical methods, which utilize geometric constraints, and friction methods,
4
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which employ constraints based on sliding. These methods exhibit trade-offs in
aspects such as the magnitude of locking force, the presence or absence of lock force
adjustment capabilities, and the number of locking points.

The mechanical method of variable stiffness mechanisms locks based on the
shape and position of components. As it relies on geometric constraints, this
method can lock even without friction. Components used in this method include
latches, where locking occurs through the interference of one or multiple hooks
with a pawl [13]-[22][114][128][133][134], ratchets, which lock in primarily one
direction through the interference between a round gear and a pawl [23]-[26], dog
clutches, which lock when the male and female parts fit together [27]-[30], cam-
based mechanisms that lock through interference between multiple cams [31]-[34],

and hydraulic locks, which lock by closing valves in a hydraulic circuit, thereby
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obstructing the flow of fluid [35]-[38] (Fig.3).

In the mechanical method, due to its reliance on geometric constraints, a high
locking force is achievable. Additionally, as there is no need to actuate the hook
after stopping rotational or translational motion, this method consumes less
operational energy. However, it also has the characteristic of having discrete
locking positions, making it difficult to adjust the locking force.

The friction method controls the restraining force through the normal force
between components and the coefficient of friction. Components used in this
method include electromagnetic (EM) locks, which control the interference of two
friction surfaces using electromagnets [39]-[42], piezoelectric locks that use
piezoelectric actuators to control the interference of two friction surfaces [43]-[47],
statically balanced locks, which control the interference of two friction surfaces
using springs [48], overrunning locks that work based on the relative rotational
speed of two concentric rings with interposed cylinders or balls [49]-[53],

nonbackdrivable gears such as worm gears for locking [54]-[59], self-amplifying
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locks that amplify braking force through leverage [60][61], capstans that amplify
the locking force while locking through drums and cables [62]-[67], and particle
[10][68]-[72], layer [73]-[78]1[135], or segments [79]-[87][136] based locks, which
employ the frictional force between two or more objects (Fig.4).

In the friction method, which employs sliding to control locking, it is possible to
adjust the locking force, and the locking positions are continuous, contrasting with
the mechanical method. However, the locking force is less than that of the
mechanical method, and this approach often results in higher energy consumption
as 1t requires continuous operational energy to maintain contact between
components.

To control the interaction caused by interference between components, it is
common to employ either an electric method using motors or piezoelectric elements,
or a fluidic method using air, water, or hydraulic fluid as the working medium. The
reason these methods are applied is that, in both mechanical and friction methods,
controlling the lock typically requires changing the relative position of the
components through translational or rotational motion. Electric and fluidic
actuators can easily produce such translational or rotational movements, making
them suitable for use in both mechanical and friction methods, especially when the
volume of the locking device can be disregarded.

In the case of electric methods, mechanical methods employ components such as
ratchets [26] (Fig.5) and dog clutches [28] (Fig.6), while friction methods use brakes
[42] (Fig.7), joints [83] (Fig.8), and clutches [47] (Fig.9) for switching locks. These
methods provide high locking force and shorter lock on/off switching times.
However, they may lead to an increase in the number of actuators required
depending on the volume of the locking device and the number of locking points,

which can make it challenging to reduce the weight of the device.
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Fig. 7 Clutchable series-elastic actuator knee using electromagnetic blake [42].



Fig. 8 Articulated robotic probe with frictional locking mechanism by pulling wire using
motor [83].
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Fig. 9 Design of shape-lockers and distal disks using piezo wire clamp mechanism by
friction [47].

In contrast, fluidic methods can achieve equivalent locking force and lock on/off
switching times as electric methods, with the added potential for easier lightening
of the lock device compared to electric methods. In fluidic actuation, mechanical
methods employ components like latches [22] (Fig.10), while friction methods use
cylinders [86] (Fig.11), rubber tubes [87] (Fig.12), particles [70] (Fig.13), or layers
[78] (Fig.14) for switching locks. To achieve high locking force, it suffices to set a
high supply pressure. Although the lock on/off switching times may be longer
compared to electric methods, they can be shortened depending on the supply
pressure. Additionally, when using a fixed volume of fluid, the device can be made
lighter by employing low-density gasses and, depending on the design of the flow
paths, it is possible to control all locking elements with a single actuator regardless
of the number of locking points, further facilitating weight reduction.
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Fig. 10 Rigid-flexible outer sheath model with mechanical locking by the gear rack of the

slider and air pressure [22].

Fig. 11 Tool holding articulated arm with frictional locking using air sylinder [86].
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Fig. 12 Pressure-driven manipulator becomes high stiffness owing to the friction between

the rubber chamber and rigid walls [87].
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Fig. 14 Tubular snake-like manipulator prototype with tunable stiffness based on layer
jamming [78].

Subsection 1.2.2 Previous methods to switch between flexible
and high stiffness modes by adjusting the stiffness of
components.

In variable stiffness mechanisms that alter the rigidity of the components
themselves to control the robot's deformation, the primary method is the material
method, where the constraining force is determined by the stiffness of the
materials used in the components. Existing research includes phase change
approaches utilizing low melting point alloys [88]-[92][137] / polymers [93]-[97]
(Fig.15), glass transition approaches using shape memory alloys [98]-[102][138] /
polymers [103]-[106][139] (Fig.16), functional fluid approaches employing MR
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materials [107]-[109] and ER materials [109]-[111][140][141](Fig.17), and
approaches that vary stiffness by deforming the cross-sectional area and structural
interactions, such as the area’s moment of inertia [112][113][142] (Fig.18).

In these approaches, to alter the rigidity of the components themselves, it is
necessary to modify the stimuli based on the physical properties of the materials
used. This may involve applying heat, electric/magnetic fields, or inducing
deformation (such as bending or curving). Additionally, increasing the area
moment of inertia through structural interaction is also a viable method.

When utilizing heat, the phase transitions and glass transitions of the material
are exploited. This results in high locking force at low temperatures, and an
increased capacity for deformation at higher temperatures. However, a tendency
for prolonged switching times is observed, with the transition occasionally taking
several minutes.

In the context of magnetic and electric fields, functional materials such as MR
(Magnetorheological) and ER (Electrorheological) particles are utilized. This
approach allows for lockable positions with continuous, and the switching time for
locking is relatively short. However, as these functional materials primarily alter
resistance through viscosity, there tends to be a lower locking force.

The trade-off between locking force and the duration of lock on/off switching
times in the area’s moment of inertia approach depends on the deformations. This
can allow for high locking force and reduced switching times by using thin sheets,
However, in this method, no shape-locking is possible, and the initial configuration
1s the only stable one.

The area moment of inertia method, facilitated through structural interaction,
employs a mechanism where the layers remain separated under flexible conditions
and bond together in a state of high rigidity, functioning collectively as a single
large beam characterized by a substantial area moment of inertia. An increase in
the number of layers correlates with enhanced locking strength. Nonetheless, the
rigidity achieved is anisotropic relative to the deformation direction, limiting

lockable positions with continuous control to 1-axis direction.
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Subsection 1.2.3 Comparison of locking methods between
arranging components in an opposite manner and adjusting
the stiffness based on performance.

This subsection presents a comparison of the performance of the conventional
methods previously discussed, as shown in Table I and II. These tables detail, for
each type of locking mechanism, the ratio between the maximum and minimum
stiffness, maximum locking values, switching time, energy consumption at the
moment of switching, lockable positions (continuous or discrete or initial),
adjustable locking force, presence or absence of a total lock activation feature
operated by a single actuator.

In Table I, one of the parameters, the ratio of high-stiffness mode to flexible mode,
is calculated by dividing the maximum lock force by the minimum lock force. A
larger ratio indicates a greater locking force in the high-stiffness mode, allowing
for a comparative assessment of locking performance using this ratio.

Additionally, Table I includes the lock switching time. It should be noted that the
energy consumed at the moment of locking can increase with longer lock switching
times. For instance, phase change and glass transition methods that utilize heat
tend to have longer heating and cooling durations, potentially leading to increased
energy consumption.

Table II presents the energy consumption associated with each method following
switching. This comparison is based on the necessity of continuing actuator
operation post-actuation. For the mechanical, phase change, and glass transition
methods, post-actuation operation of the actuator is not required. Conversely, the
friction, functional material, and area's moment of inertia methods necessitate
sustained actuator operation to maintain their locking states.
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Also, Table II presents the lockable positions, where a continuous design allows
for a greater number of lockable postures, whereas a discrete design results in
fewer locking points. The term 'Initial' refers to a mismatch between the locking
force in the initial and deformed shapes. For example, in the second moment of
area method, where the cross-sectional shape is altered, there can be discrepancies
between the desired locking force and the amount of displacement due to the
varying stiffness with displacement.

Table II explains the presence of locking force adjustment

Moreover,

functionality and the ability to operate all locks with a single actuator. Possessing

the capability to adjust locking force helps to avoid applying excessive force, thus

TABLE I

COMPARISON OF PREVIOUS LOCKING METHODS BASED ON PERFORMANCE WITH RATIO
BETWEEN THE MAXTMUM AND MINIMUM STIFFNESS, MAXIMUM LOCKING VALUES,
SWITCHING TIME, ENERGY CONSUMPTION AT THE MOMENT OF SWITCHING.

TABLE II

Ratio between the maximum A Locki i Switching Time Energy consumption
and minimum stiffness SaxpnLocinus il for Lock On/Off at the moment of switching
Mechanical ( Electric ) [28][128] Until breaks [28][128] 100 kg [28], 6.8Nm [128] Short Low
Mechanical ( Fluid ) 2.5-6 times [133][134] / 29.55 Nem [133), 3N [134]/ . -
Negative[133]134)/Positive[22][114] Until breaks [22][114] 400 mNm [22], No data [114] Mediir M
Friction ( Electric ) [47][135] No data [47], 7 times [135] 1.5 N/mm [47]/ 6 N [135] Short Low
Friction ( Fluid ) 13.5-56 times[70][78] / 280Nmm [70], 2.7Nmm [78] / " .
Negative[70][78) Positive[87][136] 184 times[87](136] 170Nmm [87], 0.24N/mm [136] Mdiitn Medinm
Phase Transition 25-10° times[88][137)/ 371.2Nem? [88], 40MPa [137)/ - =
LMPA[88][137)/LMPP[93][95] 14-86 times [93][95] 2828MPa [93].190MPa [95] -ong 8
Gilass Transition 8-10 times [138]/ No data [98], 2 N [138] / Lot High
SMA[98][138]/SMP[104][139] 2-10 times [104][139] 1000 Nmm/rad [104], 6500 N/m [139] £ &
Rheological Materials 8.8-31.5 times [107][108)/ 106 kPa [107], 31.5 Nm [108] / Shiait 155
MR[107][108)/ER[140][141] 10 times [140][141] No data[140] , 300kPa [141] o o
Area’s Moment of Tnertia [112][142] | 8.7-34.5 times [112][142] 81 mN/mm [112] /0.69Nm [142]  |Short [112]/ Medium [142]| Low[112]/Medium [142]

COMPARISON OF PREVIOUS LOCKING METHODS BASED ON PERFOMANCE WITH ENERGY
CONSUMPTION AFTER SWITCHING, LOCKABLE POSITONS (CONTINUOUS OR DISCRETE OR
INITIAL), ADJUSTABLE LOCKING FORCE, PRESENCE OR ABSENCE OF A TOTAL LOCK

ACTIVATION FEATURE OPERATED BY A SINGLE ACTUATOR.

15

Enerayiconsumnbion Adiustable Locki Presence or absence of a total
f gy hi P Lockable Positions :Continuous/Discrete/Initial | Justabie LOCKINE | [ock activation feature
ACESWIGOUIE B operated by a single actuator
Mechanical ( Eleetric ) [28][128] Low Discrete No No
Mechanical ( Fluid ) i G .
Negative[133][134]/Positive[22][114] Law Dissste Mg 1
Friction ( Electric ) [47][135] High Continuous Yes No
Friction ( Fluid ) . o ) ) i
Negative[70](78)/Positive($7][136] High om0 Yes Ves
Phase Transition e )
LMPA[S8][137]/1.MPP[93][95] Low Continuous Yes Yes
Glass Transition —
SMA[98][138])/SMP[104][139] Low Continuous Yes Yes
Rheological Materials . o ; <~ s
MR[107][108]/ER[140][141] High Continuous Yes No
Area's Moment of Inertia [112][142] High Initial[112] / Continuous( 1-axis direction) [142] Yes No [112]/ Yes [142])




reducing the likelihood of damage and failure. Additionally, reducing the number
of actuators relative to the number of locking points can prevent the structure from

becoming overly complex.

Section 1.3 Proposed principle: variable stiffness
mechanism structured with oppositely arranged
components, controlling locking wvia friction and
positive-pressure.

This study focuses on developing a variable stiffness mechanism capable of high
ratio of high-rigidity mode to flexible mode and a lockable position with continuous,
and reducing lock on/off switching times, enabling adjustment of locking force and
the ability to operate all locks with a single actuator.

As derived from Table I and II, a locking mechanism is adopted that combines a
friction method with components arranged in opposing positions, where the locking
points can be arbitrarily determined, and a fluidic method using air, a fluid with
minimal environmental impact in case of leakage. The use of positive pressure,
which can be increased based on the pressure resistance of tubes and joints,
enables the realization of high locking force. The friction method, employing flat
surfaces, is highly suitable for achieving a lockable position with continuous, as it
allows for arbitrary locking positions. The use of air, combined with the friction
mechanism, enables the adjustment of locking force. Moreover, shortening the lock
on/off switching times can potentially be achieved by increasing the pressure.
Utilizing fluidic actuation allows for the distribution of the working fluid
throughout the entire structure depending on the flow path design; for instance, in
planar structures, a single actuator may suffice if the flow paths are interconnected.

In addition to these performance achievements, the fluidic method allows for
energy transmission over long distances or to fine structures, and is characterized
by minimal energy attenuation, such as sliding resistance, in the process of

transmitting force throughout the structure.

Section 1.4 Research purpose of this study.

The objective of this research is to develop a design methodology for a positive-
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pressurized variable stiffness mechanism that can arbitrarily switch between
flexible and high-stiffness using friction and air pressure. To achieve this objective,

the following four areas are addressed:

(1) Investigation of structures that can output frictional shape-holding torques by
expansion forces during positive-pressurization.

To construct a variable stiffness mechanism through positive-pressurization, it
1s necessary to materialize a structure that can suppress the expansion
deformation of the pressurized chamber while outputting the frictional shape-
holding force unlike negative-pressurization. Rubber tubes, suitable for achieving
high degrees of deformation freedom, typically undergo expansion deformation
when pressurized, making it difficult to maintain arbitrary shapes. Therefore, it is
essential to position components ahead of the expanding direction of the rubber
tube to suppress its deformation (Fig.19).

The desired attributes of a component engineered to mitigate the expansion
deformation of a rubber tube while outputting the friction-based holding force
include a hollow structure for the tube's passage, the strength to suppress the
tube's expansion force, and a high degree of freedom in responding to deformation.
To control the rubber tube's expansion, it should be situated inside the component,
which in turn must have the strength of components to endure significant forces
generated by pneumatic pressure. Furthermore, for the component to lock in
various shapes, its design necessitates multiple degrees of freedom.

This research focuses on the spherical surface joint as a structural solution to
fulfill these requirements. In this study, I have adopted a structure that involves
the oppositional arrangement of spherical surface joints with rubber tubes
enclosed within multiple joints. This structure allows for locking in arbitrary
shapes when pressurized and enables high holding force and force adjustment
depending on the supply pressure. Unlike the negative pressure method that fills
components inside a rubber membrane bag, this proposed method encloses the
rubber tube, thus eliminating contact with sharp objects like blades, aiming for
improved durability. Also, the system is limited to applying a maximum negative
pressure of 0.1 MPa, while it is capable of supplying an internal pressure exceeding

0.1 MPa for positive-pressurization.
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Fig. 19 Classification of variable stiffness mechanism by friction using pneumatic
pressure. They can be roughly classified into two groups negative-pressure and positive-
pressure methods. The common points are that the variable stiffness function is
maintained by changing the structure and arrangement of the chamber and components.

Fig. 20 illustrates the method of forming multi-joint structures using spherical
surface joints and rubber tubes. When employing spherical surface joints, it is
possible to create multi-joint structures. The arrangement of these joints can be
categorized into two types: an interlinked structure where the joints are physically
connected, and a partitioned structure where the joints are physically separated.
These joint structures are further classified based on the direction of the expansion
force during positive-pressurization. In Fig. 20, the vertical entries represent the
direction of the force as radial and axial, while the horizontal entries classify the
direction of force as positive (expansive) and negative (contractive).

In the radial direction, the combination of expansive force, which is a positive
force, and an interlinked structure is found to be suitable. In this scenario,
enclosing the rubber tube inside the joint is considered a positive direction, as it
leads to rubber tube expansion. Conversely, placing the rubber tube outside the
joint, which causes the joint to compress, is deemed a negative direction. The
positive direction allows for locking under positive-pressurization. However, in the
negative direction, where the rubber tube is placed externally, it is impractical as
it necessitates an additional component around the tube to suppress its expansion.

In the axial direction, the combination of extension force, which is a positive force,
with an interlinked structure is appropriate, as is the combination of contractive
force, a negative force, with both interlinked and partitioned structures. For axial
extension force considered positive, an interlinked structure can achieve a holding
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force. However, in a partitioned structure, the joints would separate, making
locking unfeasible. In contrast, for axial contractive force by using the pneumatic
artificial muscle, perceived as negative, both interlinked and partitioned
structures can achieve holding force as the joints come into contact.

Interlinked Spherical Dyad Joint

Positive or negative
direction of force

Positive direction | Negative direction
Direction of force

Ll L
sddbbd iy
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Partitioned Spherical Dyad Joint

Positive or negative
direction of force

Positive direction | Negative direction

Direction of force
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Fig. 20 Method of forming multi-joint structures using spherical surface joints and rubber
tubes. The arrangement of these joints is categorized into two types: an interlinked
structure where the joints are physically connected, and a partitioned structure where the
joints are physically separated. The vertical entries represent the direction of the force as
radial and axial, while the horizontal entries classify the direction of force as positive
(expansive) and negative (contractive).

Radial direction

Axial direction
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(2) Theoretical development, analysis, and empirical measurement of holding
torque during positive-pressurization in the proposed mechanism.

To evaluate the holding performance of the proposed radially expandable type
and axially contraction type mechanisms, theoretical development, finite element
analysis, and empirical measurements of the holding torque are conducted. Since
the holding torque of the proposed mechanism varies depending on the material
and shape of the joints and rubber tubes, theoretical development is undertaken
to calculate the holding torque based on the design values of the joints.
Furthermore, finite element analysis, including the highly non-linear rubber tubes,
and empirical measurements using the designed and realized joints are conducted

to determine the holding torque.

(3) Development of a hollow multi-layered structure variable stiffness snake-like
form capable of alternate propulsion in narrow spaces.

As one of the applications and expansions of the proposed mechanism, a
prototype of a variable stiffness snake-like form with a hollow multi-layered
structure is realized. The effectiveness of the principle of alternate propulsion is
verified through push force measurement experiments using the internal and
external snake-like actual device. The positive-pressurization method is suitable
for this mechanism since it allows for an increased driving pressure in accordance
with the pressure resistance of the joints and chambers, and the process of
converting expansion force into frictional force results in minimal attenuation of
holding force regardless of the tube structure's volume, thus facilitating energy
transmission even in elongated structures like a snake. The effectiveness of the
conceived principle is verified through propulsion tests using the actual prototype

of the variable stiffness snake-like form.

(4) Comparisons of the previous and proposed methods in terms of the locking
performance via theoretical and empirical measurements.

First, comparing the holding torque obtained from each model will clarify the
locking performance of the proposed mechanism. For evaluating the locking
performance of proposed mechanism, this study performs a theoretical comparison
under conditions where internal pressure, joint radius, rubber tube radius, friction

coefficient, and angle of shell range to the tip of male joint are standardized.
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Also, this research indicates the comparison of the previous and proposed
methods in terms of the ratio between maximum and minimum stiffness. Fig. 21
illustrates the comparative ratio of the flexible mode to the high-stiffness mode for
each previous method outlined in Tables I and II. The locking performance of the
proposed mechanism is analyzed by calculating its flexible-to-high-rigidity mode
ratio and comparing this ratio against those of the previous methods. Additionally,
this investigation will include a detailed discussion on strategies to optimize these

ratios.
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Fig. 21 Comparison of the previous methods in terms of the ratio between maximum and
minimum stiffness.

Section 1.5 Structure of the thesis.

Fig. 22 schematizes the structure of this thesis.

This study discusses the three proposed mechanisms according to Fig.20.
Chapters III and IV mechanisms enhance the fundamental, radially expandable
type mechanism of Chapter II. Also, this study introduces one application

mechanism (Chapter V) using the proposed mechanism of Chapter II. The details
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of each section are explained as follows.

Chapter II evaluates the locking performance of a radially expandable type
mechanism combining ball joints with slits and rubber tubes. The assembly
feasibility of multi-joint structures, dislocation prevention during pressurization,
and joint holding force are the focus, with ball joints designed and fabricated based
on theoretical principles. The radially expandable type joints, being ball joint-
shaped and enclosing rubber tubes, facilitate the assembly of link structures and
prevent joint dislocation due to tube elongation under pressure. The joint holding
torque is clarified through theoretical models, finite element analysis, and
empirical measurements.

Chapter III conducts an evaluation of the locking performance of a radially
expandable type mechanism, which combines ball joints and rubber tubes, levers
clamping wires. The ball joint in this mechanism is characterized by its absence of
slits, demonstrates enhanced joint strength and a markedly reduced risk of
dislocation. The holding performance of this mechanism, which maintains shape
through frictional holding forces between ball joints and between levers and wires,
1s assessed both theoretically and empirically. The proposed mechanism's
anisotropic holding torque in the bending direction, due to the use of wires, is
investigated to determine its maximum and minimum holding torques. Moreover,
a comparison of holding torques with and without levers clarifies the impact of
wire clamping alone on holding torque.

Chapter IV assesses the shape holding and shape-restoration performance of an
axially contraction type mechanism combining bowl joints with McKibben-type
pneumatic artificial muscles. In this mechanism, the control of locking is governed
by contraction forces, fundamentally resolving the issue of dislocation caused by
the extension of the chamber during positive-pressurization. The joint holding
torque in the axially contraction type is evaluated based on theoretical models and
empirical measurements, elucidating the relationship between internal pressure
and joint radius. Regarding shape-restoration effects, the shape-restoration angles
under varying flow rates are measured to establish the relationship between flow
rate changes and shape-restoration angles.

Chapter V evaluates the propulsion performance of a hollow multi-layered
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structure variable stiffness snake-like form capable of alternate propulsion. Using
a prototype of the variable stiffness snake-like form developed in this research,
sliding resistance between prototypes during alternate propulsion is measured to
verify its effectiveness. The procedure for alternate propulsion involves initially
bending the tip of the internal prototype in the direction of propulsion when
connected to an actively bending mechanism. Then, the internal prototype is high-
stiffened, and the external prototype, in a flexible state, is pushed along the shape
of the internal prototype to its tip. Subsequently, the external prototype is high-
stiffened, and the internal prototype is pushed out in its flexible state, repeating
this action. This confirms the ability to push the flexible prototype without losing
the shape of the propelled prototype against the resistance during alternate
propulsion.

Finally, Chapter VI presents the Comparisons of the previous and proposed
methods in terms of the locking performance via theoretical and empirical

measurements, conclusion and future aspects of the study.
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Chapter I  Tube Mechanism with 3-axis Rotary
Joints Structure to Achieve Variable Stiffness Using
Positive Pressure

Section II.1  Abstract of Chapter II.

In this chapter, variable stiffness mechanism via frictional force using positive-
pressurization consists of single rubber tube enclosed inside a 3-axis rotary ball
joints with slits is discussed. The prototype of proposed mechanism has an
articulated structure based on a linked joint that can deform freely when internal
pressure 1s not applied and achieves to lock joint angles when internal pressure is
applied (Fig. 23).

This method facilitates variable stiffness functions by expanding force in an
enclosed chamber. For the joint shape in proposed method, although it is necessary
to provide an expandable hemisphere in the ball joint type, only a hollow male-
female joint structure is required. Although the number of joints increases with
the total length of the structure, the only components required to form an
articulated structure were the joints, chambers, and fittings to keep the chambers

sealed. In addition, the proposed mechanism does not have any sliding resistance.

Specifications
630 mm
200 g
Outer diameter 14.0 mm
Inner diameter 12,0 mm

Radial expandable
hemispheres diameter

Shell thickness 2.5 mm

25.0 mm

\ A% batery |

Fig. 23 Prototype of the proposed mechanism and prototype specifications. The joints and
levers are made of acrylic resin and are manufactured using a 3D printer (AGILISTA,
Keyence, Japan).
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This chapter explains the design method of the proposed mechanism’s joints
based on the interaction of a theoretical model, finite element modeling with non-
linear analysis, and actual measurements. The theoretical and experimental
values of the performance, assemblability, and limitations of critical parameters
were evaluated, such as whether the expandable hemisphere fits into the shell,
whether the expandable hemisphere dislocates from the shell during
pressurization, and the joint holding torque.

Using a theoretical model of the torque required to lock the joint angle, I
simulated the holding torque using finite element modeling analysis and measured
the holding torque in the pitch and roll direction when internal pressure was
applied. Based on the interaction of the theoretical model, measurement, and FEM
analysis, I evaluated the theoretical, measured, and FEM value of the holding

torque by performing pairwise numerical comparisons.

Section II.2  The basic principle of the proposed
variable stiffness mechanism with single rubber tube
and 3-axis rotary ball joints.

Subsection I1.2.1 The design method of pressure driven
variable stiffness mechanism.

Previous research has been conducted on positive-pressurization methods, such
as rescue manipulator [114], tubular jammed beam [115], and tool holding
articulated arm [86], pressure-driven manipulator [87]. Rescue manipulator [114]
uses a semicircular duplex mechanism to propel itself in an arbitrary direction.
However, the robot consists of numerous parts and has a complex structure.
Tubular jammed beams [115] and multiple tubes have been placed inside a thin-
walled pipe and expanded to increase the stiffness through contact between the
tubes. The principles and structures are simple; however, when the tube is
expanded, its shape becomes straightened. Tool holding articulated arm [86]
becomes highly rigid by contacting the ball joint, presser, and housing pushed by
the spring when no pressure is applied. When pressure is applied, the arm becomes
flexible as it does not contact these parts. However, this arm has a complicated

structure and sliding resistance because it contains an air cylinder. Pressure-
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driven manipulator [87] comprises a link structure that connects single-axis rotary
joints, and the structure becomes highly rigid owing to the friction between the
rubber chamber and rigid walls. However, this mechanism includes only one
degree of freedom for the joints and uses multiple chambers.

In this study, I devised a variable stiffness mechanism via frictional force using
positive pressure with a 3-axis rotary joint and a single chamber. The proposed
mechanism has an articulated structure based on a linked 3-axis rotary joint that
can deform freely when internal pressure is not applied and achieves high stiffness
when internal pressure is applied. For the joint shape in proposed method, only a
hollow male-female joint structure is required. Although the number of joints
increases with the total length of the structure, the only components required to
form an articulated structure were the joints, chambers, and fittings to keep the
chambers sealed.

The 3-axis rotary ball joint of the proposed mechanism is shown in Fig. 24 The
ball joints have a hemispherical rigid shell and a radial expandable hemisphere
with slits in the longitudinal direction. This shape simplifies the structure when
the ball joint is assembled. The shell cannot be deformed, thereby preventing the
rubber tube from being damaged by sharp external objects.

Fig. 25 shows the working principle of the proposed mechanism. This mechanism
has a linked structure with 3-axis rotary ball joints and an enclosed rubber tube
that passes through the structure. The expandable hemisphere is deformed by
pressurizing the enclosed rubber tube, and contact pressure is obtained between

the expandable hemisphere and shell.

Radial expandable
hemispheres
A

Rigid shell

OO

Fig. 24 3-axis rotary ball joint with slits design of the proposed method.
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Ball joint type
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gjm Pressurised
%)

Small gap

Rubber tube

Fig. 25 Principle of the proposed method for variable stiffness. The redial expandable
hemispheres don’t contact to shell when no pressure. The expandable hemisphere is
deformed by pressurizing the enclosed rubber tube, and contact pressure is obtained between
the expandable hemisphere and shell.

Subsection I1.2.2 Theoretical model of the expandable
hemisphere that can be fitted to the shell.

Here, I explain the model of the expandable hemisphere and shell. Fig. 25()
shows a cross-sectional view of the expandable hemisphere before fitting it into the
shell. Here, L is the total length of the expandable hemisphere, a is the length of
the base of the expandable hemisphere, b is the length of the contact area between
the expandable hemisphere and the shell, ro is the outer radius of the expandable
hemisphere at a <x <L, ro'is the inner radius of the expandable hemisphere; 6. (0
< 62 <ml2) is the angle to contact point A, and 61 is the range from the central axis
to the tip of the expandable hemisphere.

When the shell is fitted onto the expandable hemisphere, I assume that the shell
is a rigid body and that the shell and expandable hemisphere come into contact at
point A, as shown in Fig. 26. As the shell slides further, the expandable hemisphere
1s deformed, and the edge of the shell reaches point A’. Because the cross-sectional
shape of the contact area between the ex-pandable hemisphere and the shell is
axisymmetric, the angle to point A' is 62, as shown in Fig. 25@i).

I consider a stepped cantilever deflected by a concentrated load F applied to point
A (Fig. 27). For the expandable hemi-sphere to fit into the shell, the deflection ¢ at
X =a + b/2 must be larger than ro(1-sind2). The distance to point A is a + (b/2) + rocosé:
=t, moment of inertia of area 0 <x <ais |1, and moment of inertia of area a<x<L

1s lo.
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Because the moment of inertia of area |2 1s non-uniform, I must consider it as a
function of x. To obtain I, I consider the cross-section of the stepped cantilever at
an arbitrary point X = a + (b/2) + rocos#, as shown in Fig. 28. The range of §is 61 <6
<mu/2. Here, r is the radius to the differential area, a is the angle to the differential
area on the y-z plane, a1 is the angle to the edge of the cantilever on the y-z plane,
hz is the distance to the neutral axis, and y2 is the distance from the neutral axis to

the differential area, and can be represented as follows.

y, =rsina — h, . (D

I |
(i) Before the expandable hemisphere (ii) After the expandable hemisphere
fit into the shell fit into the shell

Fig. 26 Fitting of expandable hemisphere on shell.

L
a b

Fig. 27 Stepped cantilever under concentrated load.
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Fig. 28 Moment of inertia of area I..
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Fig. 29 Moment of inertia of area ..

To obtain the moment of inertia of area Iz at an arbitrary point, 6 is converted to X

as follows.

b
0 = cos™! S

(2)

To
Next, the moment of inertia of the area l2 about the z-axis is calculated as follows:
% rosin @
I, = f f (rsina)?-r-doa-dr. 3
o rol

Additionally, the cross-sectional area Az at a<x <L is as follows.

T —2x
Ay = (ry? sin? 6 — 1"?) ——— 4
s = (% sin” 0 = 1p') @
The distance h2 to the neutral axis is obtained as follows.
% 19 sin @
Zf f (rsina—h,) r-da-dr=0. (5)
aq TOI

From these equations, the moment of inertia of area |2 about the neutral axis is
expressed by the parallel-axis theorem, as follows:

I =1,;— hzzAz . (6)

Similarly, the moment of inertia of area 0 <x<a s |1 shown in Fig. 28 is as follows.

y, =rsina—h, , (7
s
2 ("
I, =2 f (rsina)? r-da-dr, (8
aq 7'0’
T — 2(11

Ay =n(r® —1'"%)

2’ ©)
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2

&t
2 f (rsina—hy)-r-da-dr=0, (10)
T

!
a1 Y7o

L =1, - h12A1 . (11)

where y1is the distance from the neutral axis to the differential area, r1 is the outer
radius of the expandable hemisphere at 0 <x <a, lz1 is the moment of inertia of the
area, A1 1s the cross-sectional area at 0 <x <a, and h: 1s the distance to the neutral

for 0 <x<aand a<x<t, respectively, are expressed below.

lz = (t ) (0<x<a) (12)
> A x) 0<x<a), 12
lz = (t ) (a<x<t) (13)

2= 5, x) (@a<x<t), 13

where E is Young's modulus. Here, the 5th order Taylor expansion is calculated
around x=a to reduce the computational cost of the differential equation of
deflection for a < x <t. x=a is used as an expansion point because of the boundary
of the stepped beam, and the deformation at this point must be accurately
estimated. The accuracy of the approximate deformation of the beam near x =L is
not critical.

Additionally, the boundary condition is as follows.

y=0(x=0), (14)
d
Y0 (x=0), (15)
dx
dy _ &y (16)
dx|x=a—0 dx|x=a+0 ’
Yix=a-0 = Y|x=a+0 - (17)

From the boundary conditions, F can be calculated when the deflection is ¢ = ro(1-
singz) at x = a + (b/2). Consequently, the bending stress ¢ owing to the maximum
bending moment Mmax (x = 0) at F is obtained. Bending stress o is expressed as

follows:

Mmax
I

o =

Ft
(n—hy) = E (ry —hy). (18)

From (18), it can be inferred that the expandable hemisphere can fit into the shell

without breaking if the maximum bending allowable stress ¢’ is not exceeded.
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Specifically, 62 (0 < 62 <n/2) should be greater than a specific threshold value for the
shell to fit without breaking the expandable hemisphere.

Subsection I1.2.3 Theoretical model of expandable
hemisphere that does not dislocate from the shell when
pressurized.

Here, the mechanism of the expandable hemisphere dislocates from the shell is
explained. When pressurized with the expandable hemisphere fitted in the shell,
expansion forces are generated in the radial and axial directions of the rubber tube
at the contact point A’ in Fig. 30. If the expandable hemisphere has no stiffness,
the following conditions must be fulfilled to prevent the shell from dislocating
owing to the expansion force:

u(PSsiné, + T cos 8,) + PScos 6, > Tsinb, , (19)
u(PSsin@, + PS' cos 6,) + PS cos B, > PS'sinf, . (20)

where, u is the static friction coefficient, P is the internal pressure, T is the

expansion force in the axial direction, 62 is the range of the shell covering the

expandable hemisphere, S is the pressure area in the radial direction, and S’ is the

pressure area in the axial direction. The pressure areas S and S’ are expressed as
follows:

S =2mr,'L, (21)

S'"= ry?sin?6, . (22)

ro' is the inner radius of the expandable hemisphere, L is the total length of the
expandable hemisphere, ro is the outer radius of the expandable hemisphere at a <
X <L, 61 1s the range from the central axis to the tip of the expandable hemisphere.
The force in the radial direction is determined by the pressure area of the radial
expandable hemisphere, including the slits. The axial direction force is determined
by the pressure area of the air plug and the inner sphere of the shell.

If the expansion in the radial and axial directions of the rubber tube and the
deformation in the expandable hemisphere are minimized, it can be assumed that
there is no internal pressure loss owing to these deformations.

From (20), if the frictional and radial tangential forces are larger than the

tangential force in the axial direction, the expandable hemisphere will not

33



PSsing> PS !

Fig. 30 Expansion force at the contact point A’.

dislocate.

However, because (20) does not consider the stiffness of the expandable
hemisphere, it can be inferred that the limit values of the internal pressure and
the range of the shell when the expandable hemisphere does not dislocate are
greater than the theoretical values. Therefore, in addition to the theoretical model,
I use the FEM and prototype to discuss the prevention of expandable hemisphere
dislocation from the shell considering the stiffness in subsection I1.3.1, I1.3.2 and

I1.4.1.

Subsection I1.2.4 Theoretical model of holding torque in the
pitch and roll directions.

I constructed a model to calculate the theoretical values of holding torque in the
pitch and roll directions. The normal directional force on the differential area of
the shell is calculated (Fig. 31). The distance from the center of rotation of the joint
to the differential area is ro. The angle around the z-axis is 6, while that around the
X-axis 1s f.

The holding torques in the pitch and roll directions are 71 and 72, respectively; the
distances to the rotation center of these torques are different. The radius r; to the
differential area on the circumference of radius rosind and the radius rx to the

diffrential area on the circumference of radius ro in Fig. 30 are as follows:

1, = To4/sin2 O sin B + cos2 6. (23)
T =Ty siné. (24)

(23) and (24) indicate the distance to the rotation center of the holding torque in

the pitch and roll directions, respectively.
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Fig. 31 Normal force on differential area of joint shell.

fn1 and fn2 are the normal forces obtained from the radial and axial forces in a
differential area, respectively. At this time, the tangential force caused by the
expansion of the rubber tube cancels out; thus, it does not affect the holding torque.

The expansion force in the radial direction of the rubber tube is assumed to be
transmitted in the vertical upward direction. The expansion force of the rubber
tube in the radial direction is transmitted to the shell on a spherical surface within
the range of 62 <0 <n-61 and 0 < f <n/2. The expansion force in the axial direction
is transmitted to the shell within the range of 62 <6 <n/2 and 0 < <n/2.

The expansion force in the radial direction fi1 and the expansion force in the

axial direction fn2 are obtained as follows.

fn1 = PSsiné@ , (25)
frnz = Tcos@ = PS' cos @ . (26)

From (25) and (26), the stresses o1 and o2, which are forces per unit area in the

radial and axial directions, are as follows.

fi
0= ——— nl , (27)
4 |2 0, '1,d0 -1y sin @ dp
0, = f‘l’lZ (28)

m T "
4f07f972 10d6 - 15 sin 8 dp
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From (23) to (28), the holding torques 71 in the pitch direction and 72 in the roll

direction are expressed by

Y

2 7'[—91

T, = 4] f [0y *To+/sin2 O sin2 B + cos2 6 - 1,d6 - 1, sin 8 df
o Jo,

Y T
2 (2

+4f f 11 037o+/sin? O sin2 B + cos2 6 - 1,d6 - 1, sin 6 dfs . (29)
o Jo,

g 71'—91
12=4f f Uoy "1y sinf - rydf - rysin 6 df
0 /o,

Y v
2 (2
+4J f Loy TySind - 1ydf - 1ysinfdp . (30)

In particular, (29) and (30) indicate that the holding torque in the roll direction is
approximately 1.41 times larger than that in the pitch direction.

Section II.3  Mechanism design of the proposed
variable stiffness mechanism with single rubber tube
and 3-axis rotary ball joints.

Subsection I1.3.1 Design method of 3-axis rotary ball joint.

In this subsection, based on the theoretical models presented in Subsections
I1.2.2 and I1.2.3, I discuss the design of a joint that can be assembled, and that is
not dislocated when a positive pressure is applied. In this paper, the joints were
machined using MC nylon (MC901) because of its high dimensional stability, high
mechanical strength, abrasion resistance, and high toughness.

First, based on the theoretical model discussed in Subsection I1.2.2, I determined
the shell range 62 for designing a joint that could be assembled. Table III lists all
the parameters necessary to design the joint. The result of calculating the shell
range 62 using the parameters shown in Table I and the numerical analysis
software “MATLAB” is as follows.

0, = 64.22 [deg]. (31)

Here, 62 must be larger than the value in (31) to design a joint that can be
assembled. Therefore, I set 62 to 65 degrees, considering the reliability of the
assembly and because the movable range of the joint and the maximum angle of 62
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TABLE III
PARAMETERS FOR DESIGNING 3-AXIS ROTARY BALL JOINT.

Total length of the expandable hemisphere L [mm] 15.5
Length of the base of the expandable hemisphere a [mm)] 3.0
Length of the contact area b [mm] 12.5
Outer radius of the expandable hemisphere ro [mm] 12.5
Inner radius of the expandable hemisphere ro’ [mm)] 8.0
Range from the central axis to the tip of the expandable hemisphere 0 n/3
Angle to the edge of the cantilever on the yz plane o 3n/8
Outer radius of the expandable hemisphere at 0 <x <a ri [mm] 10.0
Young's modulus E [MPa] 3530
Maximum bending allowable stress o’ [MPa] 110
Coefficient of static friction U 0.1735
Pressure area in the radial direction S’ [mm?] 779.1
Pressure area in the axis direction S’ [mm?) 368.2
are m/2.

Additionally, I substituted the determined 62 into (20) in II1.2.3 and examined
whether the expandable hemisphere dislo-cates from the shell at internal
pressures of 0.1 MPa, 0.2 MPa, and 0.3 MPa. I confirmed that the left side of (20)
was greater than its right side at all internal pressures. Therefore, the shell range

62 in this paper is 65 degrees.

Subsection I1.3.2 Design method of the prototype of the
proposed mechanism.

This subsection explains the assembly method of the prototype for the proposed
mechanism. This prototype is used for evaluating whether the expandable
hemisphere fits into the shell, whether the expandable hemisphere dislocates from
the shell during pressurization, and the joint holding torque.

Fig. 32(a) shows the 3-axis rotary ball joint based on Subsection I1.3.1 and Table
I. The shell thicknesses of the joints in this paper are 2.5 mm. Eight expandable
hemispheres are required to unify the arrangement of the expandable hemispheres
in both the pitch and yaw directions. The gap between the expandable hemispheres
1s 1 mm, which is the same thickness of the rubber tube used. Additionally, the gap

between the expandable hemi-sphere and the shell 1s 0.1 mm.
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(e) Experirﬁen.tal unit

Tube fitting Air plug fixing fitting Female ball joint
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Air plug holder / Male ball joint Rubber tube Air plug

(f) Assembly method of the experimental unit

Fig. 32 Parts and assembly of prototype for the proposed method. (a) 3-axis rotary ball
joint based on Subsection I1.3.1 and Table I. (b) Rubber tube is made of Ecoflex 00-50. (c)-
(d) Air plugs for gluing the ends of the rubber tube. (¢) Experimental unit for evaluating
whether the expandable hemisphere fits into the shell, whether the expandable
hemisphere dislocates from the shell during pressurization, and the joint holding torque.
(f) Assembly method of the experimental unit.

The rubber tube (Fig. 32(b)) has outer and inner diameters of 14 mm and 12 mm,
respectively, and a thickness of 1 mm. This is because the inner diameter of the
expandable hemisphere is 16 mm, and the pressure loss owing to the expansion of
the rubber tube is ignored. The rubber tube is made of Ecoflex 00-50, the same

material and fabrication as the rubber tube used in [87].

The air plug (Fig. 32(c) and (d)) for gluing the ends of the rubber tube consists of
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a taper. The diameters of the tapered tip and tapered root are 12 mm and 13 mm,
respectively, and the length of the tapered part is 12 mm. The plugs are made of
resin-containing glass (Rigid 10 K) and manufactured using stereolithography
(Formlabs, Form 3, USA). The plug on the root side is divided into two parts for
ease of assembly.

The assembly method for the experimental unit is shown in Fig. 32(e) and (f).
The tip and root air plugs are glued to a rubber tube. A rubber tube with an air
plug is inserted into the female joint, and the air plug is connected to the female
joint. The male joint fits into the female joint. Finally, the root air plug is in-serted
into the holder and the tube fitting is fixed to the root air plug. The expandable
hemisphere of the male joint was not broken when the experimental setup was
assembled. In addition, the expandable hemisphere of the male joint was not

dislocated from the shell of female joint when 0.2 MPa is applied.

Section II.4  Simulation and experiment of the
proposed variable stiffness mechanism with single
rubber tube and 3-axis rotary ball joints.

Subsection II.4.1 Simulation of holding torque using finite
element analysis.

In this subsection, I performed a finite element analysis using Abaqus/CAE
(Dassault Systems, France) to evaluate the holding torque obtained using the
proposed mechanism, including the rubber tube. A 3D model was created using
Abaqus to compare the theoretical model values with the actual measured values.
The joint and rubber tubes were of the same scale as the model used in the
experiment. However, the air plug used a model without a taper to constrain it
using a rubber tube. The diameter of the constraining part of the air plug was 12
mm, which is the same as the inner diameter of the rubber tube.

I explain the definitions of the joints and rubber tubes in Abaqus. The material
of the joint and air plug is MC nylon (MC901), and according to the datasheet,
Young's modulus and Poisson's ratio are 3530 MPa and 0.4, respectively. The
material of the rubber tube is Ecoflex 00-50, which is defined by the 3rd order of

the Ogden hyper elastic model from the material parameters in [87].
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Male ball joint

Female ball joint

S, Mises
(Avg: 75%)

+1.,168e+01
+1.071e+01
+9,737e+00
+8.763e+00
+7,790e+00
+6.,816e+00
+5,842e+00
+4,869e+00
+3; + .
150910:00 (a) No internal pressure.
+1.947e+00
+9,737e-01
+0.,000e+00

)

Roll rotation

Pitch rotation

(b) Internal pressure 0.1MPa is apllied.
Fig. 33 3D experimental setup in FEM simulations for evaluating the holding torque. To

obtain holding torque in pitch direction, rotate female joint around the CP in the x-axis.
To output holding torque in the roll direction, rotate female joint around the CP in y-axis.

The coefficient of static friction between MC nylon (MC901) is 0.1735, and the
coefficient of static friction between MC nylon (MC901) and Ecoflex 00-50 is 1.431.
These values are measured according to the ISO 15113:2005 (Rubber -
Determination of frictional properties) standard (Procedure A).

Internal pressures of 0.1, 0.125, 0.15, 0.175, and 0.2 MPa are applied to the inner
wall of the rubber tube and the air plug constraining the rubber tube, and then
obtained the joint holding torque from the radial and axial forces. After confirming
the prevention of expandable hemisphere dislocation from the shell, the female
joint was rotated at a maximum angle of 5° in the pitch and roll directions, and the
maximum value of the moment around the central point (CP) for rotation was the
output (Fig. 33). The FEM values are shown in Subsection I1.4.2 along with the

theoretical and measured values.
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Subsection I1.4.2 Measuring the holding torque in the pitch
and roll directions.

In this subsection, I present the measurements of the holding torque in the pitch
and roll directions for comparison with theoretical and FEM values. Fig. 34 and
Fig. 35 show the devices used to measure the holding torque in the pitch and roll
directions, respectively.

I measured the tensional force in the pitch and roll directions when the wire
connector was rotated to measure the maximum static friction force when using an
experimental setup. In this experiment, the wire connector was pulled by a wire
with a spring that was tied to a tensile testing machine (Model 3343, INSTRON,
Japan) when internal pressure was applied. The pulling force at each internal
pressure was measured five times, and the average values of the friction force were
obtained accordingly. The holding torque was calculated by multiplying the
obtained maximum static friction force value and the length from the center of
rotation to the tip of the wire connector. The wires used in the experiments were
made of stainless steel. A high-precision regulator (IR1020-01, ISE30A-01, SMC,
Japan) was used to control the internal pressure.

Experimental conditions:

« The applied pressures were 0.1, 0.125, 0.15, 0.175, and 0.2 MPa.

+ The moment arm lengths were 63.23 mm in the pitch direction and 50 mm in
the roll direction, as shown in Fig. 33 and Fig. 34, respectively.

» The pulling velocity was 30 mm/min.

« The product number of the spring used was 3.96 X 79.3 of the 200PC SPRING

ASSORTMENT. The spring constant was determined to be 0.783.

+ The maximum pulling extension was 10 mm to measure the maximum static

friction force in the pitch and roll directions.

Fig. 36 shows the theoretical, FEM, and measured values of the holding torque
in the pitch and roll directions for each internal pressure. Tables III and IV show
the magnified FEM values between the pitch and roll directions and the
magnification of the measurement values between the pitch and roll directions,
respectively. Tables V and VI present the error values between the measured and

FEM values as well as the measured and theoretical values, respectively.
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P, A, /e

(a) Front view (b) Side view

Air Pressure

(c) Isometric view i
Fig. 34 Experimental setup for measuring the holding torque in the pitch direction. This
setup offset the moments due to the weight of the arm from the measured value. Holder

and connector are made of resin containing glass (Rigid 10K) and are manufactured using
stereolithography (Formlabs, Form 3, USA).
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(a) Front view (b) Side view

h\
Female Joint

Male joint holder
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‘ .
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(c) Isometric view

Fig. 35 Experimental setup for measuring the holding torque in the roll direction. Wire
connector is made of machined duralumin (A2017).
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Fig. 36 Results of theoretical, FEM and measured values of holding torque in pitch and
roll directions. The error bar indicates the standard deviation of the measured value.

TABLE IV
MAGNIFICATION OF HOLDING TORQUE IN PITCH AND ROLL DIRECTION AT EACH INTERNAL
PRESSURE ON FEM SIMULATION.

Internal pressure [MPa] 0.1 0.125 0.15 0.175 (3.2
Magnification of holding torque 1.40 1.41 1.43 1.45 1.45
TABLEV

MAGNIFICATION OF HOLDING TORQUE IN PITCH AND ROLL DIRECTION AT EACH INTERNAL
PRESSURE ON MEASUREMENT.

Internal pressure [MPa] 0.1 0.125 0.15 0.175 0.2
Magnification of holding torque 1.80 1.53 1.45 1.57 1.65
TABLE VI
ERROR VALUES OF HOLDING TORQUE IN PITCH AND ROLL DIRECTIONS BETWEEN MEASURED
AND FEM VALUES.
Internal pressure [MPa] 0.1 0.125 0.15 0.175 0.2
Error in the pitch direction [%] 6.5 3.8 5.7 9.4 6.8
Error in the roll direction [%] 20.3 12.6 7.1 18.4 21.4
TABLE VII
ERROR VALUES OF HOLDING TORQUE IN PITCH AND ROLL DIRECTIONS BETWEEN MEASURED
AND THEORETICAL VALUES.
Internal pressure [MPa] 0.1 0.125 0.15 0.175 0.2
Error in the pitch direction [%] 21.0 8.6 1.2 7.3 8.3
Error in the roll direction [%] 1.2 0.97 1.4 19.3 27.0
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In the theoretical model, the magnification between the holding torques in the
pitch and roll directions is approximately 1.41 times, Table IV indicates that the
FEM values of the holding torque in the roll direction are on average 1.43 times
larger than those in the pitch direction. Table V indicates that the measured values
of the holding torque in the roll direction are on average 1.60 times larger than
those in the pitch direction.

Table VI shows that the average errors between the measured and FEM values
were approximately 6.5 % and 16.0 % in the pitch and roll directions, respectively.

Table VII shows that the average errors between the measured and theoretical
values were approximately 9.3 % and 10.0 % in the pitch and roll directions,
respectively. Therefore, the results in Section II.4 show that the theoretical,

measured, and FEM values are similar.

Section II.5  Discussion of Chapter II.

The rubber tube inside the structure may become twisted owing to the rotation
of the ball joint in the rolling direction in the absence of pressure. Therefore, it is
necessary to suppress rotation in the roll direction through geometrical constraints,
for example, by placing a pin on the surface of the joint or covering it with a rubber
membrane. However, it should be ensured that the maximum radius of curvature
in the pitch direction is not decreased.

As the positive-pressurized mechanism in this study encloses a rubber tube, it
has an extension effect in addition to the effect on the holding torque during
pressurization. The soft actuator utilized the extension action generated by
pressurizing each of the multiple chambers. Hence, it may be possible to change
the characteristics of the mechanism by varying the material, shape, number, and
arrangement of the chambers to be enclosed and adding the function of active
extension in addition to variable stiffness.

Contrary to the tubes and airbags, the proposed mechanism does not form a
linear shape when pressurized. When a nonstretchable tube is pressurized, it
approaches a linear state corresponding to the maximum volume. In contrast, in
the proposed mechanism, the internal volume of the rubber tube is constant

regardless of the joint angle; thus, the fluid pressure does not generate torque
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around the joint angle. Although the fluid does not affect the rotation, the bending

moment caused by the rubber tube material increases as the joint angle increases.

Section II.6  Conclusion of Chapter II.

Chapter II presents a design method of variable stiffness mechanism with a ball
joint with slits and rubber tubes that switches stiffness under positive pressure.
The design method of the proposed mechanism’s joints is constructed by the
interaction of a theoretical model, finite element modeling with non-linear analysis,
and actual measurements.

First, the theoretical and experimental values of the assemblability, and
limitations of critical parameters were evaluated, such as whether the expandable
hemisphere fits into the shell, whether the expandable hemisphere dislocates from
the shell during pressurization. The design method of ball joints in this chapter
allows that the expandable hemisphere of ball joints can fit into the shell without
breaking the expandable hemisphere and the expandable hemisphere of male joint
was not dislocated from the shell of female joint when 0.2 MPa is applied.

Moreover, using a theoretical model of the torque required to lock the joint angle,
the holding torque is simulated by using the FEM and measured the holding torque
in the pitch and roll directions when the actual pressure was applied. It was
confirmed that the holding torque in the roll direction was approximately 1.41
times larger than that in the pitch direction for each value of internal pressure.
This magnification can potentially be applied to other methods that use a 3-axis
rotary joint. Furthermore, I also evaluated the FEM, theoretical and measured
value of holding torque by numerical comparison.

In the future, I believe that this mechanism can be developed and applied in a
wide range of fields. A potential application in the medical field is the use of guide
endoscopes to design the structure of the proposed mechanism such that it is

actively bendable (e.g., using the wire-driven method).
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Chapter III.  Tube Mechanism to Achieve Positive-
Pressurization Variable Stiffness Mechanism by
Lever and Wire

Section III.1  Abstract of Chapter III.

In this chapter, as one of the methods using the friction force of a single rubber
tube under positive pressurization, a novel mechanism with a linear structure is
presented, in which a wire for structure locking is actuated by leverage through
positive-pressurization.

The proposed novel variable stiffness mechanism using a wire clamp with a lever
achieves not only a high joint-locking-like layered structure [79][82], but also
active bending [47][116]. Because the shape holding is performed using a lever, it
is possible to achieve a high holding force because it depends not only on the
performance of the actuator but also on the number of locking points in the joint
structure (Fig. 37).

The purpose of this chapter is to investigate the effect of the wire-cramping force
by comparing the holding torque with and without a lever. The holding
performance of the proposed mechanism is evaluated by theoretical and
experimental. In addition, as the proposed mechanism uses multiple wires, there
is anisotropy in the holding torque in the bending direction; therefore, the
maximum and minimum values of the holding torque were measured.

Using a theoretical model of the holding torque in the proposed mechanism, the
holding torque was evaluated based on the measured holding torque in the bending
directions when the actual pressure was applied. It was confirmed that the holding
torque increases with the presence of wires at each internal pressure. Moreover,
the results of this study show that the holding torque, both with and without wires,
was evaluated through a combination of theoretical models and actual

measurements.
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Female ball joint

One unit set

Male ball joint

(a) Prototype of proposed mechanism
and cross-sectional view of levers and wire.

Pressurized

Non-pressurized
| A % NN
(b) Wires are cramped by rotated lever when positive pressure is applied.

Fig. 37 (a) Prototype of the proposed mechanism and cross-sectional view of levers and
wires. (b) Wires are cramped by rotated lever when positive pressure is applied. The joints
and levers are made of acrylic resin and are manufactured using a 3D printer (AGILISTA,
Keyence, Japan). The wires are made of stainless steel (SC-75, Osaka Coat Rope, Japan).

Section II1.2 Basic principle of variable stiffness
mechanism by leverage through  positive-
pressurization.

Subsection II1.2.1 Ball joint and rubber tube with lever
and wire.

This subsection presents a solution to the issue described in Chapter 2, where

the radially expanding joints were weak and at risk of bursting under positive-
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pressure. The low strength of these joints was attributed to the use of radial
expandable hemispheres to generate joint-holding torque due to radial expansion
forces.

To resolve this issue, a method is considered that constructs a structure capable
of converting radial expansion forces into holding forces without relying on the
deformation of the joint itself. Specifically, instead of relying on joint deformation
for displacement, a locking mechanism is activated using translational or
rotational displacements. This approach eliminates the need for a deforming
section in the joint, thereby ensuring joint strength.

Based on this design principle, this subsection introduces a mechanism that
generates holding force by rotating a lever, which can amplify the cramping force,
using radial expansion force. The proposed mechanism is a radial expansion type
of variable stiffness mechanism consisting of ball joints without slits, a single
rubber tube, levers, and wires (Fig. 38). The main difference between the ball joint
in the mechanism in this study and the one in Chapter II is that in this design, the
male hemisphere and female shell are separated into two distinct joints (as
depicted in Fig. 39 and Fig. 40). A rubber tube was enclosed within the joints. In
addition, both the male and female ball joints were equipped with levers for wire
clamping (as illustrated in Fig. 41 and Fig. 42).

Female ball joint

Hexagonal pillar

i
S Q‘\‘ J]
[ | el
-— | | — ==
——— | =
| A
f 23

4
v
9 i
i |
== — A\

|
i

Male ball joint

Fig. 38 Assembled all components of the proposed mechanism.
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(b) Side view

Pin hole for lever rotating

(a) Isometric view \_\\BW

(c) Cross-sectional view A-A

Fig. 39 Design of the male ball joint of the proposed method.

Separation line

Hexagonal pillar A

Female ball joint

|
(b) Side view

Pin hole for lever rotating

M

(a) Isometric view (Assembled) —

(c) Cross-sectional view A-A

Fig. 40 Design of the female ball joint of the proposed method.

In the proposed mechanism had no slit, whereas the joint in Fig. 39 consisted of
two symmetrically aligned male components. These male joints were connected by
hexagonal pillars. A lever was positioned between these male components, and a
hole near the lever allowed the passage of the wire.

In Fig. 40, the joint features two symmetrically arranged female components
that mirror the configuration of the male joint. These female joints are connected

by hexagonal pillars. The levers have also been inserted between these female
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components, and a hole near the lever facilitated passage of the wire. The female
joint is designed to be separable, which allows it to connect the male joint to the
shell of the female joint. After a

male joint is connected to a female joint, the male joint can be encased in another
female joint.

Fig. 41 illustrates the arrangement of the lever on the ball joint in the axial
direction with maximum and minimum holding torques, whereas Fig. 42 outlines
the fundamental principle of the proposed mechanism. A single rubber tube is
enclosed within the ball joint, which includes the lever. Under positive pressure,
the L-shaped lever rotated upon contact with the expanded rubber tube, allowing
the joint to be locked by clamping the wires with the levers.

The shape-holding torque of the proposed mechanism is influenced by the
number of wires and the lever length. The holding torque can be enhanced by
increasing the number of wires and the length of the contact area with the rubber
tube in relation to the length of the clamping area of the lever. However, it is
important to note that due to the presence of multiple wires, the holding torque in
the bending direction is anisotropic.

These wires can also be used to actively bend articulated structures. The holding
torque varies with the number of wires. However, for applications involving active
bending, it is ideal to use four wires; this can be achieved with two actuators. When
no pressure was applied, it was advantageous that the wire and lever did not come
into contact with each other, which prevented interference with the active bending

motion.

Pin hole for
lever rotating

Pin hole for Wire
lever rotating

(a) The arrangement when the maximum locking torque  (b) The arrangement when the minimum locking torque

Fig. 41 Arrangement of the lever and wire on the ball joint.
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Female ball joint =~ Male ball joint

(Wire cramped |

Hexagonal pillar

Rubber tube

Fig. 42 Principle of the proposed method for variable stiffness. The wires are cramped by
rotated lever when positive pressure is applied.

Subsection II1.2.2 Theoretical model of holding torque by
frictional force between lever and wires, between ball joints.

A model was constructed to calculate the theoretical values of the holding torque
in the bending direction. The purpose of this model is to estimate the effects of wire
cramping and frictional force between the ball joints. The wire clamping was per-
formed using the radial force of the rubber tube and the holding force between the
ball joints was determined using the axial force of the rubber tube.

Fig. 43 shows the theoretical model of the holding torque with four levers when
positive pressure is applied. In the Fig. 43, 7 is the holding torque in the bending
direction. In addition, the clamping force on the left side of Fig. 43 does not affect
the value of torque because the left side wire does not slip. First, the clamping force
exerted by the levers is explained. Equation (32) shows the clamping force Fradial

per lever,

Fragiar = kPS1/4, (32)

k is the magnification factor between the length of the contact area with the rubber
tube and the clamping area of the lever, P is the internal pressure, S is the pressure
area in the radial direction.

Equation (33) shows the k,

k=21, (33)



l1 is the length of the contact area with the rubber tube and Iz is the length of the

clamping area of the lever.
Equation (34) shows that the pressure acts in the radial direction.

S, = 4als . (34)
ais the length of the lever that contacts the rubber tube, I3 is the length of the joint
gap.

From equation (32) to (34), the holding torque of the lever cramp tiever cramp iS as

follows,
Tiever cramp = 211 FrqaiqiR(sin 6 + cos 6;) (35)

w1 1s the static friction coefficient between levers and wires, R is the length from

the center of the joint to the wire, 01 is the angle from center line of ball joint to the

wire.

t (bending
direction)

(a) View of lever arrangement (b) Cross-sectional view of ball joint
Fig. 43 Theoretical model of holding torque with four levers when the positive pressure is

applied.
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Fig. 44 Holding torque due to the extension force applied to the contact surface of the

segment by the rubber tube.
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Next, the extending force in the axial direction is indicated by pressurizing a
rubber tube. Fig 44 shows the normal directional force via axial force on the
differential area of the male ball joint. The distance from the center of rotation of
the joint to the differential area is ro. The angle from z-axis to the tip of male ball
joint is 62, while that around the x-axis is a.

The radius r; to the differential area on the circumference of radius rosingz in Fig.

44 is as follows:

T, = ro4/sin? B, sin? @ + cos? 6, . (36)

(36) indicates the distance to the center of rotation around the z-axis of the holding
torque in the bending direction.
Equation (37) shows the extending force Faxial.
Faxiar = PSz, (37)

P is the internal pressure and S: is the pressure area in the axial direction.
Equation (38) indicates that the pressure areas in the axial direction.

SZ = 7'[1‘02 ) (38)

ro is the outer radius of the male joint. From (36) to (38), the expansion force in the

axial direction fn2 is obtained as follows.

fnZ = Fyxiq1€0S0, . (39)

From (39), the stresses o1, which is forces per unit area in the axial directions is
as follows.
fn2

— :
4 [21ysin 6, da

0, = (40)
The expansion force in the axial direction is transmitted to the bowl joint within
the range of 0 <a <n/2. The reason for this range is that, in this study, it is assumed
that the joints are in line contact with each other.
From (32) to (40), the holding torque of the proposed mechanism 7 is as follows,
T = 21 FrgqiqyR(sin 8, + cos 6,)

v

2
+4f [0, * o/ SIN2 B, sin? a + cos2 B, - 1, sin 6, da. (41)
0

(2 1s the static friction coefficient between the ball joints.

The holding torque of the proposed mechanism change according to the value of
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01. The holding torque is maximum when 61 =7n/4, and minimum when 61= 0 or n/2.
From (41), the maximum holding torques zmax and the minimum holding torque zmin

are expressed as follows:

B

Tmax = 242 U1 FrgaiarR + 4[ U0 -ro\/sin2 0, sin? a + cos? 0, - 1, sin 0, da (42)
0

T

2
Tmin = 2M1FragiaR + 4f [0, " To\/SIN2 B, sin? a + cos? 6, * 1, sin 6, da (43)
0

Equations (42) and (43) indicate that the maximum holding torque via wire

cramp is V2 times larger than the minimum holding torque.

Subsection I11.2.3 Bending angle of the ball joints and
shell scale for preventing joint dislocation.

In this subsection, the shell scale and the bending angles of the ball joints, which
are critical for preventing joint dislocation are explained in detail (Fig. 45). In the
proposed mechanism, it was imperative to design a joint that prevents dislocation
of the joint during positive-pressurization. When formulating a joint design, joint
dislocation can be prevented by considering the radius of the female joint relative
to that of the male joint and the bending angle of the ball joints.

To prevent joint dislocation, the angle between the pivot point of the joint and
the end of the shell 62 is smaller than n/2. If 62 exceeds n/2, it becomes impossible
to prevent joint dislocation if a positive pressure is applied.

In addition, defining the bending angle of the joints as 63, it is preferable if 03 is
greater than 6.. Ensuring that 63 exceeds 62, maintains that the rubber tube

remains enclosed when the joint is maximally bent, preventing joint dislocation.

Fig. 45 Shell scale and ball joint bending angle, which are crucial for preventing joint
dislocation.
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Section III.3 Mechanical design of variable stiffness
mechanism by leverage  through  positive-
pressurization.

Subsection II1.3.1 Design method of the ball joint and
lever for measuring the holding torque.

In this subsection, the designs of the ball joints, levers, rubber tubes, and air
plugs are discussed. Figs. 46, 47, and 48 depict the prototypes of each component.
Table VIII lists the parameters for these components, which were determined
based on the theoretical model outlined in Subsection II1.2.2 and Subsection I11.2.3.

The male joint consists of a component with a spherical surface connected to the
female joint and another component that secures the tip of the rubber tube (Fig.
46 (a) and (b)). These components were assembled by adhering them to hexagonal
pillars. The wires were clamped with these hexagonal pillars and levers, and the
tip of the rubber tube was secured with a set screw. The male joints were
manufactured using a 3D printer (Markforged, Mark Two) with microcarbon fiber-

filled nylon (Markforged, Onyx).

s
(b) Components of male joint

(c) Assembled female joint (b) al%nfemalé joi;it o
Fig. 46 Male and female joints of the proposed mechanism. The diameter of these joints
is 40 mm. The inner radius of joints is 8.0 mm.

® .
Fig. 47 Levers for wire cramping. The outer radius of the spherical surface where the

lever contacts the rubber tube is 7.0 mm.
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Fig. 48 Rubber tube and plugs of the proposed mechanism.

c

TABLE VIII
Parameters of ball joints, levers and rubber tube.

Magniﬁcation factor between the length of the contact area i 20
with the rubber tube and the length of the lever's clamping area

Length of the contact area with the rubber tube [; [mm] 14.0
Length of the lever's clamping area [z [mm] 7.0
Length of the lever that contacts the rubber tube a [mm] 8.66
Length of the joint gap [; [mm] 5.5
Outer radius of male joint re [mm] 12.5
Length from the center of joint to the wire R [mm] 14.0
Angle from the center of rotation of the joint to the end of the shell - 691/180
Bending angle of the joints s 751/180

The female joint consists of a component with a shell that connects to the male
joint and another component that secures the base of the rubber tube (Fig. 45 (c)
and (d)). These components were assembled in the same manner as the male joint
by adhering them to a hexagonal pillar. The base of the rubber tube is fixed using
a set of screws. The material was used for the female joints as for the male joints.

Fig. 47 shows the levers used to clamp the wires. The lever has a pin hole for
rotating itself. The levers were machined using A5052 because of their high
mechanical strength. When a positive-pressure of 0.2 MPa is applied, the
deformation of the lever is minimal. The thickness of the lever is 5 mm.

Fig. 48 (a) depicts the air plugs. The air plug was attached to the ends of a rubber
tube with a tip diameter of 12 mm and a gluing section length of 12 mm. These
plugs were fabricated from resin-containing glass (Rigid 10 K) using
stereolithography (Form-labs, Form 3, United States).

Fig. 48 (b) show the rubber tubes assembled with the air plugs. The rubber tube

with outer and inner diameters of 14 and 12 mm, respectively. The rubber tube
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was composed of Ecoflex 00-50. The length of rubber tube is approximately 69.5

mm. The rubber tube is fabricated by using a mold.

Subsection II1.3.2 Assembly method of the prototype.

The assembly method for the experimental unit is illustrated in Fig. 49. First,
the male and female joints were assembled by adhering them to the hexagonal
pillars. The levers are inserted into the joints with pins. The air plugs at the tip
and root are glued to a rubber tube. A single rubber tube with an air plug was
inserted into the male joint and the tip of the rubber tube was fixed to the male
joint using a set of screws. The separated female joint fits into the male joint, and
the other female joint is covered on the male joint and rubber tube. The rubber
tube root air plug was inserted into the base holder and the root air plug was
attached to the female joint with a set of screws. The moment arm holder was fixed
to the male joint. Finally, stainless-steel wires (SC-75, Osaka Coat Rope, Japan)
were threaded through the holes in the joints.

Male joint connector

¢ \ Wire
[

l'ube litting

\

\WVal
Air plug holder

Air plug (root)

\ Rubber tube

Female joint connector \Air plug (tip) \Moment arm holder

Hexagonal pillar

(b) Assembly method of the experimental unit
Fig. 49 Components and assembly of prototype for the proposed method.
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Section III.4 Experiment of variable stiffness
mechanism by leverage  through  positive-
pressurization.

Subsection I11.4.1 Measurement of the cramping force
and calculation of the coefficient static friction between wires
and levers.

In this subsection, the measurements of the cramping force are presented, and
the coefficient of static friction between the wires and levers is calculated. The
purpose of this experiment is to experimentally determine the value of the static
friction coefficient between levers and wires ua.

To measure the clamping force under positive pressurization, an experimental
setup, as shown in Fig. 50, was used. This setup involved pulling the wire clamped
by a lever along the axial direction. In this experiment, the wire attached to the
prototype fixed on the device was connected to a force gauge (RZ-5, Aikoh
Engineering, Japan) mounted on a single-axis translation stage (RS306B, Misumi,
Japan). When positive pressure was applied, the force gauge was moved at a
constant speed to pull a single wire and measure the maximum static frictional
force. It was important that the male joint, which passed through the bearing, did
not rotate during wire pulling. An accurate pressure regulator (IR1020-01,
ISE30A-01, SMC, Japan) was used to control the internal pressure.

Next, how the static friction coefficient is calculated based on the measured
maximum static frictional force is explained. The pulling force was measured five
times for each internal pressure, and the average values of the pulling force were
calculated accordingly. The static friction coefficient was determined using the
average value of the tensile force at each measured internal pressure and (32). The
formula used is as follows:

F measured_wire cramping

nkPS, /4 '

1 = (44)

n is the number of ball joints and Fmeasured_wire cramping 1S the average value of the tensile

force at each measured internal pressure.
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(c) Isometric view
Fig. 50 Experimental setup for measuring the clamping force under positive
pressurization. The holder and arm are made of resin containing glass (Rigid 10K) and
are manufactured using stereolithography (Formlabs, Form 3, United States).
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Fig. 51 Raw data of the last measured cramping force at each internal pressure. The first
peak of the measured tensile force is the maximum static frictional force.
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Fig. 52 Raw data of the last measured cramping force at each internal pressure.
TABLE IX
Static friction coefficient values for each internal pressure
Internal pressure [MPa] 0.1 0.125 0.15 0.175 0.2
Static friction coefficient 0.345 0.365 0.342 0.335 0.332

Experimental conditions:

The applied pressures were 0.1, 0.125, 0.15, 0.175, and 0.2 MPa.
The pulling distance was 20 mm.
The pulling velocity was 5 mm/s.

The number of ball joints n was 2.

The magnification factor between the length of the contact area with the rubber

tube and the length of the lever's clamping area k was two.

Fig. 51 shows the raw data for the last measured pulling force at each internal

pressure. Based on these raw data, the pulling force that initially reached its first

peak value was designated as the maximum static friction force. The average value

of the maximum static frictional force determined for each internal pressure was

substituted into (44).

Fig. 52 shows the average values of the maximum static frictional force for each

internal pressure, whereas Table IX lists the values of the static friction coefficient
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for each internal pressure, calculated from the data in Fig. 52 using (44). According
to these results, the value of 11 in this paper is established as 0.344. This value is

used to evaluate the holding torque in Subsection IV.4.2

Subsection I11.4.2 Measurement of the holding torque in
the pitch direction with and without wires.

In this subsection, the holding torque measurements in the bending directions
are presented, including the maximum and minimum values, with and without
wires. Fig. 53 shows the devices that were used to measure the holding torque in
the pitch direction.

I measured the maximum and minimum pulling forces with wires and without
wires, in the bending directions when the male joint was rotated to determine the
maximum static frictional force using an experimental setup. The position of the
experimental unit was adjusted to measure the maximum and minimum pulling
forces of the wires. In this experiment, the wire connectors of the male joints were
pulled using a wire connected to a spring attached to a tensile testing machine
(Model 3343, INSTRON, Japan) when the internal pressure was applied. The
pulling force at each internal pressure was measured five times, and the average
values of the friction forces were obtained. The holding torque was calculated by
multiplying the determined maximum value of the static frictional force by the
length between the center of rotation and the pulling wire. The pulling wire used
in the experiments was made of stainless steel (SC-120; Osaka Coat Rope, Japan).
A high-precision regulator (IR1020-01, ISE30A-01, SMC, Japan) was used to
control the internal pressure.

Experimental conditions:

« The applied pressures were 0.1, 0.125, 0.15, 0.175, and 0.2 MPa.
+ The moment arm lengths were 66.75 mm in the pitch directions, as shown in Fig.

52.

» The pulling velocity was 30 mm/min.
« Atension coil spring (JB-311, TOKYO HATSUJYO MANUFACTURING, Japan)

was used in the experiment. The spring constant was determined to be 0.7.

+ The maximum pulling extension was set to 40 mm to measure the maximum

static frictional force in the bending direction.
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Fig. 563 Experimental setup for measuring the holding torque in the bending direction.
This setup offset the moments due to the weight of the arm from the measured value. The
holder and connector are made of resin containing glass (Rigid 10K) and are manufactured
using stereolithography (Formlabs, Form 3, United States).

+ The coefficient of static friction between ball joints u2 was 2.03, which was

determined from the experimental values of the average holding torque tmeasured no

wire at all internal pressures without wires and the following equation (45).

Tmeasured_no wire
Wy = —% ) (45)
4 foz 0, * Toy/Sin2 0, sin? a + cos2 B, - 1 sin @, da

Fig. 54 shows the raw data of the last measured maximum and minimum pulling
forces with the wire in the bending direction and the pulling force without the wire
when 0.2 MPa was applied. During the experiment, the male joint was pulled by a
spring-loaded wire while a positive pressure was applied, causing the spring to
extend. The spring contracts when the male joint rotates. The tensile force
observed when the spring is compressed represents the maximum static frictional

force. The holding torque was calculated by multiplying the tensile force observed
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when the spring was compressed by the distance between the center of rotation
and the tension wire.

Fig. 55 shows the theoretical and measured values of the maximum and
minimum holding torques with and without wires in the pitch direction at each
internal pressure. Table X lists the magnification factors between the maximum
and minimum holding torques for each measured internal pressure. Table X lists
the errors between the theoretical and measured values of the maximum and
minimum holding torques with and without wires in the bending direction for each
internal pressure.

Fig. 55 and Table XI show that there is an anisotropy in the holding torque
contingent on the wire arrangement. In the design parameters of the prototype in
this paper, the magnification factors between the maximum and minimum holding
torque with wire of the theoretical values were 1.09 times, and Table IX shows that
the average magnification factors for each internal pressure of the experimental

values were 1.24 times.
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Fig. 54 Raw data of the last measured pulling forces with the wire in the bending
direction and the pulling force without the wire when 0.2 MPa was applied. The
frictional force at the circle point is the maximum static friction force for
calculating the holding torque under each condition.
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Fig. 55 Results of the theoretical and the measured values of holding torque in the
bending directions. The error bar indicates the standard deviation of the measured
value. This graph validates that the holding torque increases with the presence of

wires at each internal pressure.

TABLE X
Magnification factors between the maximum and minimum holding torque for each

internal pressure measurement

Internal pressure [MPa] 0.1 0.125 0.15 0.175 0.2
Magnification of locking torque 1.21 1.16 1.18 1.40 1.23
TABLE XI

Errors between the theoretical and measured values of the maximum and minimum

holding torques with wires and the holding torques without wires

Internal pressure [MPa] 0.1 0.125 0.15 0.175 0.2
Error (With wires Maximum) [%] 1.6 0.26 1.7 15.0 10.1
Error (With wires Minimum) [%] 8.6 6.0 5.5 10.5 1.9
Error (No wires) [%0] 1.2 2.1 4.0 1.6 3.3

Fig. 55 and Table XI display the average errors between the measured and

theoretical values, indicating a 5.7% difference for the maximum holding torque,

6.5% for the minimum holding torque, and 2.5% for the holding torque without

wire.
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The larger average errors in the holding torque with wires compared to the
holding torque without wires imply the increased number of contact surfaces
resulting from wire usage, and a reduction in the contribution of the wire clamping
force generated by the lever in certain situations. The results in this paper indicate
that slipping on the spherical surface of the joint and slipping between the lever
and wire do not occur simultaneously.

One way to evaluate the contribution of only wire clamping is to design a locking
mechanism that relies solely on levers and wires, without the use of joints. Also, if
there is slack in the wire, the effectiveness of the wire clamp in generating holding
torque decreases, whereas the influence of the frictional force between the ball
joints becomes more prominent. Methods to eliminate wire slack include winding

the wire around a pulley and using a shape-memory alloy wire.

Section III.5 Discussion of Chapter III.

In the proposed mechanism, the rubber tube is occasionally cut when positively
pressurized, which causes difficulty maintaining airtightness. This problem arose
because the rubber tube strongly contacted the corner of the lever, which led to the
formation of holes on the rubber tube surface. There are several strategies to
mitigate this problem and prevent damage to the rubber tubes. These include
minimizing the sharpness of the lever corners, using a material more resistant to
cuts such as Dragon-skin, instead of Ecoflex, and considering the use of a protective
covering for the rubber tube made from a material with more resistance to cuts.

The wire crushing caused by lever clamps must be considered. Under the
conditions of this prototype, I did not confirm to detect any wire crushing after
several experiments. However, the effects on the wire during long-term operation
cannot be dismissed. Therefore, a durability test of the wire is necessary for the
practical application of the proposed mechanism.

It 1s necessary to determine the appropriate distance between the levers in the
axial direction for the shape-holding and joint-bending angles. If the distance
between the levers in the axial direction is large, the wire may buckle when the
joint angle is changed, causing the cramping force to cease functioning. However,

1t must be taken into account that if the distance between the levers in the axial
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direction is small, the maximum bending angle of the joint will be limited.

The cramping force acts mainly in the bending direction when the wires are
arranged linearly, thereby limiting their effectiveness in the twisting direction. An
example of a wire positioning that can exert a cramping force in the twisting
direction is a spiral shape similar to that of a mesh tube. Nevertheless, considering
the active bending function, it may be necessary to accommodate helical and linear
wire arrangements.

Configurations that can further improve the holding torque in the proposed
mechanism include changing the lever length and using the same ball joint as in
the radial expansion type of Chapter II. Because this mechanism uses a boost
mechanism, known as a lever, the configuration of the lever and wire may enable
the attainment of a significant holding torque, even at pressures of one atmosphere
or less.

In addition to ball joints, there are other methods for controlling the expansion
of rubber tubes, such as hoses. The advantage of this approach is that the use of a
ball joint results in discrete bending deformation of the linear structure, whereas
using a hose allows for continuous deformation.

A concrete example of a structure that requires only two actuators for wire-based
active bending is an actuator arrangement such as a toroidal origami monotrack
[117]. By positioning two active pulleys driven by motors at the base of the linear
structure and winding each wire diagonally, active bending in the pitch and yaw

directions became feasible.

Section II1.6  Conclusion of Chapter III.

In this chapter, a novel mechanism is presented featuring a linear structure in
which a wire is actuated for structure locking by leverage using positive
pressurization. Positive pressure expands the enclosed rubber tube, causing the
lever to pivot around the pin and subsequently clamp the wire with the pillars. The
proposed variable stiffness mechanism achieves not only a high joint-locking but
also active bending.

Using a theoretical model of the holding torque in the proposed mechanism, the

holding torque based on the measured holding torque in the bending direction was
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evaluated when pressure was actually applied.

It was confirmed that the holding torque increased in the presence of wires at
each internal pressure. Moreover, the results of this study show that the holding
torque, both with and without wires, was evaluated through a combination of
theoretical models and actual measurements.

In the future, I intend to explore applications for the proposed mechanism, such
as employing it in soft manipulators designed for challenging environments like
underwater, inside of MRI, and in radiation-exposed settings. It's important that
the proposed mechanism can be constructed using materials different from those
outlined in this paper, and its locking function remains intact as long as the tube
remains undamaged. By selecting materials for the proposed mechanism that are
well-suited to the intended environment, there is a prospect that the mechanism

will operate reliably, even in the aforementioned conditions.
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Chapter IV
Articulated Tube Mechanism with
Variable Stiffness and Shape

Restoration Using a  Pneumatic

Actuator
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Chapter IV Articulated Tube Mechanism with
Variable Stiffness and Shape Restoration Using a
Pneumatic Actuator

Section IV.1  Abstract of Chapter IV.

In this chapter, an articulated structure with a pneumatic artificial muscle that
enables to change the rigidity and shape restoration by positive pressurization is
explained. This mechanism consists of a single McKibben pneumatic artificial
muscle [118][119] as a soft actuator enclosed in a link structure of connected rigid
hollow segments (Fig 56).

The mechanism enables it to deform freely and achieve a high stiffness; it can
also continuously change the holding torque based on a change in internal pressure.
Furthermore, because the structure of the proposed mechanism is multi-jointed, it
can hold arbitrary joint angles owing to the contraction force generated when a
pressure is applied thereto. In addition, the shape of the hollow segment is simple,
and its strength can be increased; consequently, its pressure resistance is high.

Moreover, since the McKibben pneumatic artificial muscle enclosed inside the
link structure returns to a linear shape due to the force of elasticity and inner
pressure, this mechanism can also obtain an actuation effect. The shape
restoration occurs because the volume of the McKibben pneumatic artificial muscle
when it is pressurized is most stable when it has a linear shape. This restoring
actuation can be controlled by adjusting the time of rigidity from the root to the tip
of the structure by changing the flow rate of air. There is a possibility that it can
be applied for actuation [120]1[121] by using the restoration effect through this flow
rate adjustment.

I measured the torque in the bending direction due to friction when the internal
pressure and inner segment diameter were changed. I confirmed that the error
between the measured and theoretical torque value was within a 20% at any inner
diameter.

Also, since a pneumatic artificial muscle is enclosed inside the structure, an
actuation effect can occur when the pressure is applied. I measured the restoring

angle and force of this effect when the valve opening ratio and inner segment
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Fig. 56 Prototype of the proposed variable stiffness mechanism consisting of a pneumatic
artificial muscle enclosed in a link structure.

diameter were changed. I confirmed the function that can change the shape
restoration characteristics by changing the flow rate with a single pneumatic

artificial muscle.

Section IV.2  Basic principle of variable stiffness and
shape restoration.

Subsection IV.2.1 Driven method by  McKibben
pneumatic artificial muscles.

The various variable stiffness mechanisms have been researched that increase
stiffness using friction, such as a method in which hollow segments contract by
pulling a wire (Fig. 57(a)). However, in this mechanism, it was difficult to generate
an actuation other than contraction when the wire 1s pulled.

In a previously proposed method on ball joint-type segments using positive
pressure in Chapter II (Fig. 57 (b)), there is a thin-walled hemispherical rigid shell
and a radial expandable hemisphere with slits in the longitudinal direction. Fig.
56(b) shows the internal workings of the proposed mechanism, which consists of
an articulated structure with a ball joint connection and a rubber tube running

through the structure. The hemisphere of the ball joint is deflected by pressurizing
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Fig. 59 Internal workings of the proposed mechanisms.
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the rubber tube, and contact pressure is generated between the hemisphere and
shell.

However, because this previous mechanism requires a radial expandable
hemisphere to be fitted to the rigid shell, if the gap between the shell and
hemisphere is large, the segments will dislocate during pressurization. Moreover,
the enclosed rubber tube has a tendency to twist when it is not pressurized.

I devised a positive-pressurized variable stiffness mechanism that utilizes the
axial contraction force generated by pneumatic artificial muscles to solve these
problems (Fig. 57(c)). In this mechanism, pneumatic artificial muscles are enclosed
inside the link structure connecting the hollow segments. To increase the stiffness,
the segments come into contact because of the contraction force generated by
pressurization. Moreover, the separation risk between each hollow segment can
also be eliminated. Fig. 58 shows the principle of the pneumatic artificial muscles,
and Fig. 59 shows the internal workings of the proposed mechanisms, which
consist of an articulated structure with a hollow segment connection and
pneumatic artificial muscles running through the structure.

The proposed mechanism not only provides such variable stiffness by applying
positive-pressure but also enables the actuation from a curved shape by adjusting
the flow rate of air. Furthermore, when the proposed mechanism is twisted, the
enclosed pneumatic artificial muscle creates a rotational force around the axial

direction.

Subsection IV.2.2 Theoretical model of holding torque in
the pitch direction.

This subsection explains the constructed model to derive the theoretical values
of holding torque in the bending direction in the proposed mechanism. The purpose
of this model is to estimate the value of the holding torque. In addition, modeling
the holding torque in the bending direction serves as an index for estimating the
limit against which the linear structure can extend.

Fig. 60 shows the normal directional force on the differential area of the male
bowl joint. The distance from the center of rotation of the joint to the differential
area is ro. The angle from z-axis to the tip of male bowl joint is 61, while that around

the x-axis is a.
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The holding torques in the bending direction is 71. The radius r; to the differential

area on the circumference of radius rosinf: in Fig. 59 is as follows:

1, = rpy/sin? 6 sin? a + cos? 6 . (46)

(46) indicates the distance to the center of rotation around the z-axis of the holding
torque in the bending direction.

fn1 is the normal forces obtained from the axial forces in a differential area. At
this time, the tangential force caused by the expansion of the rubber tube cancels
out; thus, it does not affect the holding torque.

The expansion force in the axial direction is transmitted to the bowl joint within
the range of 0 <a <n/2. The reason for this range is that, in this study, it is assumed
that the joints are in line contact with each other.

The expansion force in the axial direction fn1 is obtained as follows.

fn1 = Fcosb; . (47)

Here, F is the measured axial force applied by the pneumatic artificial muscle. The
value of F is to be determined using measurements obtained from the experimental
setup described in Subsection IV.4.1, which will be elaborated upon later in this
part. The segment moves in the axial direction and is grounded on the contact
surface of the segment; however, the segment does not deform at this time.

From (47), the stresses o1, which is forces per unit area in the axial directions is
as follows.

fa1

V3
4 [21ysin 6, da

0, = ) (48)

From (46) to (48), the holding torque 71 in the bending direction caused by the

internal pressure can be calculated by the maximum static friction force with

respect to the distance to the center of rotation as follows:

Vi

2
T, = 4[ oy T/ Sin2 B, sin? a + cos? 6, - 1y sin 6, da. (49)
0

u 1s the coefficient of static friction. This model considers only the contraction force
of the pneumatic artificial muscle. Here, assuming that the central axes between
joints are horizontal and coaxial. Also, the model shows that the torque is

proportional to the radius of the segment and the coefficient of static friction, the
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Fig. 60 Holding torque due to the contraction force applied to the contact surface of the

segment by the pneumatic artificial muscle.

axial force applied by the pneumatic artificial muscle. The effect of the shape-
restoring actuation is directly measured by comparing the theoretical value of the

holding torque with the contraction force and measured value of the holding torque.

Section IV.3 Mechanism design of prototype.

This section explains the assembly method, which is shown in Fig. 61(a). The air
plug was inserted into the cap and then glued to it using an adhesive bond. The
hollow segments were connected to form a linear structure. The pneumatic
artificial muscle’s root was glued to the connector, and the connecter was attached
to the locking head. Finally, the head was fixed to the hollow segments and the
tube fitting was inserted into the connector.

Fig. 55 shows the prototype, Table XII lists the specifications, and Fig. 61(b)
shows the fabricated hollow segment. The outer diameter of the hollow segments
1s the same value as the prototype in Chapter II.

The segment of the prototype is made of acrylic resin and is manufactured using
a 3D printer (AGILISTA, Keyence, Japan). The coefficient of static friction of this
resin is 0.427 [79]. The mesh tube (BTUB-UL20-10, Misumi, Japan) is made of

polyester monofilament, and the braid angle is 20°. The rubber tube is made of
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silicon rubber (custom-made product, Hagitec, Japan) with a shore hardness of 55.

A detailed discussion of tube materials is a topic for future work, but these tubes

were used because they are easily deformed by external force when no pressure is

applied.

The prototype could vary its joint angles arbitrarily when not pressurized and

could hold the joint angle when pressurized. Fig. 61(c) shows the maximum radius

of curvature, which was 25 mm. The maximum bending angle per segment was 26°

and the prototype had 21 segments. So, the total bending angle was 546°.

Tube fitting  Connector holding head

Pneumatic artificial muscle connector

N TSHEAT ==

Mesh tube

Fig. 61 Prototype of the proposed method. (a) Assembly method of the linear structure.
(b) Fabricated hollow segment. (c) Maximum radius of the curvature of the prototype.

TABLE XTI
Specification of the prototype.
Length [mm] 330
Mass [g] 130.6
Outer segment diameter [mm)] 25.0
Inner segment diameter [mm] 13.0
Outer diameter of the mesh tube [mm] 10.0
Inner diameter of the mesh tube [mm)] 9.0
Outer diameter of the rubber tube [mm] 7.0
Inner diameter of the rubber tube [mm)] 6.5
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Moreover, when the flow rate of the air was changed in this prototype, the
amount of restoration differed. To indicate the amount of change from the position
of the tip of the prototype, the prototype was placed on a Teflon sheet and
pressurized by changing the flow rate [L/min]. When the flow rate was high (Fig.
62), the position change of the prototype tip was about 7 mm because the
restoration effect was enhanced. In contrast, when the flow rate was low (Fig. 63),
the restoration effect was weakened, the tip position changed significantly, the

movement distance was 61 mm.

Fig. 62 Results of the shape-restoring actuation when the flow rate is increased using the
prototype.

Fig. 63 Results of the shape-restoring actuation when the flow rate is reduced using the
prototype.
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Section IV.4  Experiment for evaluating the
performance of prototype.

Subsection IV.4.1 Measurement of holding torque in the
pitch direction.

This subsection presents the measurements of the holding torque in the bending
direction and compare them with the theoretical values. I evaluated the effect of
pneumatic artificial muscles on the holding torque when the joint angle is
horizontal, by measuring the holding torque when the segment inner diameter and
internal pressure are changed. The reason for measuring the holding torque in the
horizontal state is to prevent the bulging pneumatic artificial muscle from coming
into contact with anything other than the inner wall of the segment.

Fig. 64 shows the devices used to measure the holding torque in the pitch
direction. In this experiment, the moment arm was pulled upward by a wire that
was tied to a tensile testing machine (Model 3343, INSTRON, Japan) under
pressure. Furthermore, because the wire used in the experiments was made of
stainless steel, the wire itself was long and not included in the model. A high
precision regulator (IR1020-01, ISE30A-01, SMC, Japan) was used to control the
air pressure. A pneumatic artificial muscle with a drive length of 100 mm, and
outer diameter of 5 mm (PMJ40x100-UK-Q, Koganei, Japan) were used to measure
the holding torque. A force gauge was attached to the base of the pneumatic
artificial muscle, and the contraction force was measured simultaneously by
moving the force gauge fixed to the linear guide and the segment at the base
together. The material of the segment was machined duralumin (A2017) treated
with white alumite with a surface roughness of Ra 3.2. I machined the metal to
reduce the deformation of the segment due to contraction force and measure the
coefficient of static friction.

Fig. 65 shows the cross-sectional view of the experimental device and split collar.
The root segment has an internal thread, which was fixed with a truncated cone
point screw so that the collar did not shift. The chamfer angle of the collar was 30°.
If the bending angle was 30°, the cross-section of the pneumatic artificial muscle

would not be crushed by the segment.
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Fig. 64 Experimental device for measuring holding torque in the pitch direction. (a)
Experimental setup. (b) Method of measurement for holding torque. (c) Experimental
setup about segment. (d) Pneumatic artificial muscle. (e) Split collar for adjusting inner
segment diameter.
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Fig. 65 Cross-sectional view of the experimental device for measuring holding torque in
the pitch direction.

The force required for pulling at each pressure was measured five times, and the
average value of the maximum static friction force was obtained. The holding
torque was then calculated by multiplying the obtained maximum value of the

static friction force by the length from the center of rotation to the tip of the arm.

Experimental conditions:

+ Pressures of 0.2, 0.25, and 0.3 MPa were applied. Here,0.3 MPa is the
maximum working pressure, and 0.2 MPa is the pressure required to obtain a
torque of about 0.1 Nm.

+ The inner segment diameters were 5, 6, 7, 8, 9, 10, 11, 12, and 13 mm. The split
collars having diameters 5, 6, 7, 8, and 9 mm were made from machined
duralumin (A2017), while those with diameters 10, 11, and 12 mm were made
of ABS-like resins (Tough 2000) by using stereolithography (Formlabs, Form 3,
United States). Here, 5 mm was the same value as the outer diameter of a
pneumatic artificial muscle, and 13 mm was the maximum inner diameter of
the experimental segment when the split collar was not used.

+ The outer segment diameter was 25 mm.

+ The moment arm length L was 0.06 m.
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+ The mass of tip segment is 106 g.
+ The pulling velocity was 0.25 mm/s.

The axial distance between the segments was 0.5 mm. When the pneumatic

artificial muscle constructed by 0.5 mm, the outer diameter of the pneumatic

artificial muscle became 5.5 mm.

pulling extensions was 2 mm.

The axial distance between the segments was 0.5 mm.

The angle from z-axis to the tip of male bowl joint 8; is (43.51/180).

To measure the maximum static friction force in the pitch directions, the

The coefficient of static friction was 0.574, which was determined from

exuation (49) and the experimental values of average holding torque at all

diameters.

Tmeasured_bending

w=— , (50)
4 fOZ 01 *Toy/SIN2 0, sin2 a + cos? 6, - 7 sin 6, da
TABLE XIII
Theoretical value of the holding torque for each internal pressure
Internal pressure [MPa] 0.2 0.25 0.3
Locking torque [Nm] 0.084 0.116 0.149
0.15 [} U] i as |
2 i . " ]
L -
5 01
S ’ , [
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Theoretical value (0.3MPa)
Theoretical value (0.25MPa)
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Fig. 66 Comparison of the theoretical and measured values of holding torque in the pitch
direction. The error bar indicates the maximum and minimum of the measured values,

and the average of five trials is shown.
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Fig. 67 Results of the measured values of contraction force. The error bar indicates the
maximum and minimum of the measured values, and the average of five trials is shown.

TABLE XIV
Error values of the holding torque in the bending direction between measured and
theoretical values for each internal pressures and inner diameters.

Inner diameter [mm]
Internal pressure [MPa] 5 6 i 8 9 10 11 12 13
0.2 37% |191% | 45% | 7.7% | 53% | 1.4% | 1.4% [10.6% | 3.8%
0.25 6.6% |155% | 43% |13.3%| 84% | 59% |0.93%[11.7%(12.7 %
0.3 1.6% | 14.4%10.56% | 7.1% [ 5.7% | 4.1% |0.45%[11.5% | 8.6 %

Fig. 66 compares the measured and theoretical values for each inner diameter
and internal pressure. The moments due to the arm’s self-weight were offset from
the measured values. Table XIII shows the theoretical value of the holding torque
for each internal pressure.

Fig. 67 shows the actual values of the contraction force generated when I
measured the holding torque. These results show that the difference in contraction
force is small even when the inner segment diameters are changed.

As these results and Table XIV show, the error between the measured and
theoretical torque value was within 20% at any inner diameter. So, assuming that
the central axes between joints were horizontal and coaxial, the holding torque is
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not affected by the value of the inner segment diameter.

It was possible to estimate the theoretical maximum total length of the prototype
that can retain the linear shape with the current model of holding torque. From
the theoretical value, when assuming the mass of the prototype is 130.6 g, the
maxi-mum total length of the prototype that can retain the linear shape was 131

mm at 0.2 MPa, 182 mm at 0.25 MPa, and 233 mm at 0.3 MPa.

Subsection IV.4.2 Measurement of the restoring angle
and force using the pneumatic artificial muscle.

In this subsection, the effect of the shape-restoring actuation by the pneumatic
artificial muscle is evaluated by measuring the restoring angle and force when the
inner segment diameter and flow rate are varied. The restoring angle and restoring
force are expected to increase as the flow rate with the valve opening ratio. This is
because the restoring angle and the restoring force depend on the actuation time.

Fig. 68 shows the devices used to measure the restoring angle and force. In this
experiment, the experimental device used to measure the holding torque in the
pitch direction is rotated by 90°, and the restoration effect is measured using
motion capture. Markers were attached to the tip of the segment, and their
trajectories were recorded by a motion capture system (OptiTrack Flex 3, Acuity
Inc., Japan). A speed controller for air pressure (IB-Series IB-Flow Takt Time
Controller, Koganei, Japan) was used to control the valve opening. The flow rate of
air at each valve opening was measured with a flow meter (PFM711S-C6-A-M,
SMC, Japan).

The restoring angle and force at each valve opening and segment inner diameter
were measured five times. The restoring angle 0 is defined from the rotation central
axis to the position to which the arm is moved by pressurization (Fig. 69). The
restoring force is calculated by measuring the acceleration using motion capture
and multiplying the acceleration by the mass of the segment. The angles and forces
restored by the pneumatic artificial muscles during pressurization were both
measured. I used a cylinder to stop the rotation of the segment during non-
pressurization. By pressurizing the pneumatic artificial muscle and the cylinder
at the same time, the restoration effect of the pressurized pneumatic artificial

muscle was measured while removing the restraint on rotation.
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Force gauge Reflective Markers

Air cylinder
for locking

Fig. 68 Experimental device for measuring the restoration angle and force using the
pneumatic artificial muscle.

Experimental conditions:

A pressure of 0.3 MPa was applied.

The valve openings of the pneumatic artificial muscle were 0, 25, 50, 75, and
100%. The flow rates at each valve opening were 0 L/min (0%), 4 L/min (25%),
8 L/min (50%), 11 L/min (75%), and 14 L/min (100%).

The valve opening of the cylinder for fixing the rotating segment was 100%.
The flow rate was 14 L/min.

The mass of tip segment is 106 g.

The inner segment diameters were 5, 6, 7, 8, 9, 10, 11, 12, and 13 mm.

The bending angle was 30 degrees.

The outer segment diameter was 25 mm.

The axial distance between the segments was 0.5 mm.

84



-3 E -1
- | =
" i | g3

(a) The valve opening was 10

100 'nll

BTPNAIATY

by
oy
CIE N A

| B
=T -
| | ] L
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Fig. 69 Shape-restoring actuation. Here, 6 is the restoring angle, which is defined from
the rotation central axis to the position the arm moved by pressurization. (a) The restoring
angle decreased when the valve opening is increased. (b) The restoring angle increased
when the valve opening is decreased.

Fig. 70 shows the measured values of the restoring angle for each inner diameter
and valve opening. The restoring angle in-creased when the flow rate was reduced,
and the restoring angle decreased when the flow rate was increased. For a low flow
rate, the restoring angle was large when the inner diameter was 9 mm or more,

while the restoring angle was small when the inner diameter was 8 mm or less.
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Fig. 71 shows the measured values of the restoring force for each inner diameter

and valve opening. For a low flow rate, the restoring force was large when the inner

diameter was 9 mm or more, while the restoring force was small when the inner

diameter was 8 mm or less. There was no difference in the restoring force when

the flow rate was high, regardless of the inner diameter.

The results show that the restoring angle and restoring force depend on the
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segment inner diameter. The cause of this difference is thought to be the frictional
resistance caused by the pneumatic artificial muscle contacting the inner wall of
the segment. In order to enhance the restoring effect, the inner diameter of the
segment should be increased to avoid the pneumatic artificial muscles from
contacting the inner wall of the segment.

For only one segment, I confirmed a strong restoring effect that allows the shape
to be restored to a linear shape from a state bent by 30 degrees. However, for the
structure in which multiple segments are concatenated, inertial and friction may
resist the segments to become a straight line by single pressurization. Thus, pulse
actuation will be one of the solutions to realize this motion (see supplementary
video). Also, increasing the diameter of the artificial muscle enclosed inside may

1mprove the shape restoration performance.

Section IV.5 Discussion of Chapter IV.

A parameter that affects the shape-restoring actuation is the distance between
the segments in the axial direction, and changing it could be considered in addition
to the method described in Subsection IV.4.2 to measure the restoring angle and
force. Furthermore, because the time until the contact force is generated can be
adjusted by changing the distance between the segments, the distance between the
segments in the axial direction is an effective method for increasing the restoring
angle. In other words, it is possible to enhance the performance of the shape-
restoring actuation by increasing the distance between segments and reducing the
flow rate of air.

To do this, it is thought that a tensioner mechanism that can arbitrarily adjust
the distance between segments is required. Increasing the inter-segment distance
means that the contraction rate of the pneumatic artificial muscle increases and
the holding torque decreases. Therefore, it would be necessary to implement a
function to arbitrarily switch between shortening the inter-segment distance when
a high holding torque is required and increasing the inter-segment distance when
a high shape-restoring actuation is needed.

It is thought that implementing a tensioner mechanism can solve the limitations

of the current prototype. The limitations are that the prototype does not return to
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its initial shape and the possibility that the locking of an arbitrary shape might be
hindered by the restoration operation. The restoration effect is easy to work around
if there is a gap between the segments. In contrast, the absence of a gap can reduce
the restorationability through a pressing force that does not hinder movement
during flexing of the prototype. In other words, inputs other than that provided by
the pneumatic artificial muscles is required to eliminate the restoration angle.

It is an application goal for the link structure connecting the segments, but it is
also applied to grippers. When this mechanism forms a branch structure, a
variable stiffness is possible to be provided to the entire structure using a single
actuator, so the proposed mechanism can be applied to soft grippers. In addition,
by enclosing the pneumatic artificial muscle inside this branched structure and
changing the flow rate of each of the pneumatic artificial muscles, it is thought
that the amount of displacement when the branched link structure moves will

daffer.

Section IV.6  Conclusion of Chapter IV.

In this chapter, I developed a new fluid-driven mechanism that switches stiffness
via friction through positive pressurization of a McKibben pneumatic artificial
muscle. The proposed mechanism consists of a pneumatic artificial muscle
enclosed in a link structure of connected hollow segments. This mechanism not
only provides such variable stiffness by applying positive-pressure but also enables
the actuation from a curved shape by adjusting the flow rate of air.

This chapter evaluated the effect of pneumatic artificial muscles on the holding
torque when the joint angle is horizontal, by measuring the holding torque when
the segment inner diameter and internal pressure are changed. The torque in the
bending direction due to friction when internal pressure and inner segment
diameter were changed was measured, and it was confirmed that the error
between the measured and theoretical torque value was within 20% at any inner
diameter.

Moreover, the restoring angle and force when flow rate and inner segment
diameter were changed were measured. I confirmed an un-precedented function

that can change the shape restoration characteristics by changing the flow rate
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with a single rubber tube.

In the future, I will design a tensioner mechanism for arbitrarily changing the
distance of the segments in the axial direction. Additionally, it will be necessary to
investigate the holding torque, restoring angle and force when the distances of the
segments are changed. Also, it is necessary to perform an FEM analysis on the
torque when the joint angle, frictional force between the McKibben pneumatic
artificial muscle and the inner wall of the segment, and frictional force between

individual segments are changed as well as for the shape-restoration.
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Chapter V Pneumatic Driven Hollow Variable
Stiffness Mechanism Aiming Alternately Insertion of
Telescopic Guide Tubes

Section V.1  Abstract of Chapter V.

The proposed mechanism, which utilizes positive-pressurization and friction,
enables the distribution of the working fluid across the entire device with a single
actuator based on the flow path design, facilitating its application to various
configurations like elongated (snake-like), branched, and planar structures, as
depicted in Fig. 72. The locking function is preserved regardless of changes in the
volume or structure of the locking device. Consequently, it is possible to maintain
a high holding force in each of these three structural forms. Although there exists
a method to replace the rubber tube used for holding a joint angle at will with a
wire, in snake-like forms, shape-holding is possible even with the tension of a
single wire. However, the loss of wire tension due to sliding resistance between the
joint and wire imposes a limitation on the total length of multi-jointed structures.
Moreover, in branched and planar structures, it is difficult to hold all joints with a
single wire. While a differential mechanism can be employed in branched and
planar structures, the wire-tension decreases as the number of wires increases.

In this study, I focused one of the applications of snake-like forms for aiming to
construct the disaster robots with the variable stiffness mechanism using positive
pressure. The proposed mechanism maintains stiffness at long distances due to its
positive-pressurization-based variable stiffness design.

Disaster robots that can work safely and quickly in complex and fragile
environments are required for collecting information from debris for initial
response and recovery work. Various types of snake-like robots have been proposed
with the aim of propelling through the rubble, such as the wheeled, the continuous
track, modular articulated, vibrating cilia, and the push-in type that can be
inserted into a confined space.

This chapter introduces a novel variation of snake-like push-in types featuring
a dual radial-layer structure. This design enables propulsion along an arbitrary

trajectory by alternately sliding its two coaxial tubes and modulating their
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stiffness through internal pressurization. The innovative variable stiffness
mechanism of this design incorporates a hollow structure, which not only simplifies
the overall design but also facilitates activation by positive pressure.

The prototype of snake-like forms is consisted of a single rubber tube enclosed
inside 3-axis rotary ball joint with slit in the Chapter II. The rationale for using
the mechanism proposed in Chapter II, as compared to other proposed mechanisms,
lies in its ease of constructing a hollow structure for aiming alternately propulsion.
To form a hollow structure while sealing a rubber tube, it is necessary to encase a
hose within the tube. However, the mechanism in Chapter III faces challenges in
securing space for the hose due to the presence of levers. Furthermore, the
mechanism in Chapter IV is difficult to maintain the contraction of artificial
muscles on the hose.

A prototype model was developed for evaluating of principle, and the average
pulling forces required to actuate either the inner or the outer tube when the other
tube is bent at 1/225 and fixed were measured to be namely 67.6 N and 5.66 N,
respectively. This evaluation experiment validated the proposed principle of

contactless propulsion mechanism.

Basic elements

N —
’\ Expansion = Deployment '?\

B Multi-branched |
structure

Fig. 72 Applications of the proposed variable stiffness mechanism via friction and positive-
pressurization.

Snake-like form

—Planar structure —
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Section V.2 Application examples of snake-like
robots with the variable stiffness mechanism using
positive pressure.

When a natural or a human-made disaster, it is necessary to collect information
from the collapsed buildings and the debris for the initial response and recovery
work. For the purpose of safety, it is not advisable for humans to enter such
complex and fragile environments and pass through the heavy debris. Therefore,
there is a need for robots that can work safely and quickly [122].

Snake-like robots can enter confined spaces because of their long and thin shape
during disaster. Research on various snake-like robots has led to their
categorization into two primary classes: those guided by virtual tracks and those
guided by physical tracks. The virtual track type actively acquires trajectory
information by continuously measuring the overall posture of the snake-like form
during propulsion. In contrast, the physical track type passively obtains trajectory
data using a snake-like form with higher rigidity.

One example of the virtual track type is the wheel-type [123][124] (Fig. 73(a)),
crawler-type [125][126] (Fig. 73(b)), modular type [1271[128] (Fig. 73(c)), ciliated
vibrating type [129]. The wheel, crawler, modular-type can be propelled in an
uneven environment by controlling the joint angle of the robot according to the
three-dimensional shape of the ground. As a ciliated vibrating type, Tadokoro et al.
proposed an active scope camera [129] (Fig. 73(d)) has inclined cilia on the entire
surface of the body and is propelled by vibration while crawling on the ground.
This robot type can be constructed with a smaller diameter and lighter weight
compared to wheel-based, crawler, or modular types.

Conversely, within the realm of physical track types, the push-in type has been
introduced as a methodology for snake-like robots. One of the push-in type robots,
the rescue manipulator [114] allows for the left and right manipulators to be
pushed alternately to propel the robot in any direction, by using the duplex
mechanism (Fig. 74). One of the drawbacks of this type is the complexity of the
structure owing to the large number of parts and the difficulty in protecting the
sliding parts with a dustproof cover. There is also a pre-bent telescopic tube [130]

depicted in Fig. 75. This allows propulsion along any trajectory by alternately
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(b) Crawler-typed snake robot.

B Flexible tuba

L((:) Modular typed snake robot.
Fig. 73 Previous snake-like robots have been proposed with the aim of propelling through
the rubble, such as the wheeled [123], the continuous track [125], modula robots [127] and

the vibrating cilia [128].

(d) Ciliated vibrating typed snake robot.

pushing coaxial tubes and twisting them. However, as it doesn't offer variable
stiffness, the tube needs to be pre-bent just before pushing. Then, there is the
robotic catheter navigation [131] shown in Fig. 76. This technique permits the
tube's stiffness to be changed by pulling a wire threaded through multiple beads.
By pushing the articulated structures in alternation, the robot can move in any
trajectory. However, similar to the semicircular duplex manipulator [130], the left
and right manipulators are alternately pushed in, leading to an issue where
stiffness becomes anisotropic based on the bending direction.

In this chapter, I focused on the basic push-in type robot and developed a snake-
like robot with a two radial-layer structure. This robot is propelled on an arbitrary
trajectory by sliding two coaxial tubes alternately and switching stiffness with the
help of internal pressurization. This robot is assembled by connecting hollow ball
joints with rubber tubes inside. The tip of the robot can be actively bent by applying
tension in a wire. The tubular variable stiffness mechanism is newly proposed and,
owing to its simple configuration, positive pressure fluid drive, and a hollow
structure, this snake-like robot has the following functions that were not

previously available: (i) The structure makes it easy to pass through cameras,
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LEDs, wires, and actuators, simplifying the process of adding cable parts. (ii) It
can steer and propel in any direction in three-dimensional spaces, and can be
propelled without any contact with the environment. (iii) The supply pressure of a
single chamber can adjust all the joints of the robot to a uniform stiffness. In
addition, since a positive pressure is used instead of a negative pressure, there is
no limit to the supply pressure in principle. (iv) Due to the absence of a motor in
the body, it is lightweight and therefore, it is easy to develop a structure which is

waterproof and dustproof.
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Movement of the proposed manipulator.

Locking mechanism.

Fig. 74 Semicircular duplex manipulator.
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Fig. 75 Pre-bent telescopic tube.
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Fig. 76 Robotic catheter navigation.

Section V.3 Basic principle of propulsion method
with the variable stiffness mechanism.

As this configuration does not come into contact with the environment, I focus
on a propulsion system with two variable-rigidity structures connected by sliders,
which propel and change the stiffness alternately. This method is also used in the
duplex mechanism [130], where a variable-rigidity structure is successfully

propelled by alternately pushing out the left and right variable-rigidity structures.
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In this chapter, I consider a method which differs from conventional methods in
that it uses a variable stiffness tubular structure with inner and outer tubes which
coaxially slide on each other. Fig. 77 shows the configuration of the mobile unit
used to achieve this operation. It consists of outer and inner variable stiffness tubes
where the diameter of the inner tube is slightly smaller than that of the outer tube.
Either end has an active bending mechanism that can curve in an arc shape.
Variable stiffness tubes have high stiffness in any direction when the rigidity is
high. Conversely, in the case of low rigidity, the stiffness is reduced in the bending
direction, but the longitudinal stiffness remains high. In addition, the coefficient
of friction between the inner and the outer tubes is small, and they slide easily.

The coaxial structure has various advantages in terms of design, function, and
performance. For example, a simple thin PTFE-coated tube can be used to slide
the two variable stiffeners, eliminating the need for bucky guide parts and rollers
as used in [130]. Additionally, there is no anisotropy in the bending stiffness
depending on the bending direction. Furthermore, the push-in lengths of two
variable-stiffness structures are equal regardless of the trajectory, which facilitates
the control of the amount of push-in. However, since the diameters of the inner and
the outer tubes are different, the bending rigidity varies between the tubes, and
this needs to be considered in the design and the operation.

Based on this configuration, Fig. 78 shows the principle of the slide motion for
moving on an arbitrary trajectory. The active bending mechanism is connected to
the inner tube. Initially, the active bending mechanism is carried out in accordance
with the direction of the propulsion. Next, the stiffness of the inner tube is
increased, and the outer tube with lower stiffness is pushed out to the tip of inner
tube. Then, the stiffness of the outer tube i1s increased, and the inner tube with
lower stiffness is pushed out. Thereafter, these actions are repeated.

The curving mechanism bends in an arc, which propels the object along a
trajectory of interconnected arcs. Therefore, the smaller the amount of bending of
the inner tube, the smoother the trajectory that can be drawn. The trajectory is not
limited to a two-dimensional plane and is also applicable in three-dimensional
space.

In this study, the variable stiffness mechanism using friction and positive-
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pressurization consists of a single rubber tube enclosed inside 3-axis rotary joint is
applied to for switching the stiffness of a snake-like robot. Because of the using
proposed mechanisms, the conditions required for a variable stiffness mechanism
are, that its rigidity does not decrease even if it is extended over a long distance,

that a hollow structure can be constructed, and that a high rigidity can be achieved.
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Fig. 77 Basic configuration of the proposed robot.
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Fig. 78 Steps for sliding motion.
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Section V.4  Mechanical design of prototype with
the variable stiffness mechanism using positive
pressure.

The joint was designed and the first prototype model of a snake-like robot with
a two radial-layered structure was realized. The specifications of the prototype

model (Table XV), its cross-sectional view, and the air infiltration path are shown,
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respectively (Fig. 79). The joints of the single variable stiffness tube used in the
prototype were made of acrylic resin and were 3D-printed. An elastic tube made of
natural rubber is enclosed in the tubular body to keep it airtight. In addition, a
hose is placed inside the rubber tube through which the variable stiffness tube
passes. The inner variable stiffness tube consists of a metal coil-filled hose and the
outer one contains a duct hose from the tip to the root. Since the configuration
requires the addition of pressurized air between the rubber tube and the hose, it is
necessary to use a hose that does not easily buckle towards the inner radial
direction due to the pressure. The inner variable stiffness tube does not collapse
when external pressure of 0.2 MPa is applied. Since the duct hose used in the outer
variable stiffness tube has a larger diameter than the inner tube and is more
collapsible, it can be applied only up to 0.1 MPa.

The prototype was fabricated using the following process. First, a rubber tube is

glued to the hose through which the variable stiffness tube is passed, and a cap

Rubber Tube
W/\‘?@;—\ﬂ Air Pathway )

ey,
=

Quter Joint

(a) Cross Sectional View

Tube Fitting

Inner Joint

(b) Whole View

Fig. 79 Cross-sectional view and air infiltration path of the prototype internal/external
slider.
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Rubber Tube
A

Fig. 80 Cross-sectional model of the tip-side end.

Air Pathway

Rubber Tube
AN

Fig. 81 Cross-sectional model of the root-side end.

TABLE XV
Specification of the prototype.
Length 1250mm
Mass 490g

Inside Diameter 18.00mm
Inner Ba]']' SOCket HuberTube Outside Diameter 20.00mm
Joint Tube Convex Diameter 25.00mm
Segment Concave inner Diameter | 25.06mm
Concave outer Diameter | 29.06mm

Length 1000mm
Mass 1428g
Inside Diameter 50.00mm
Ruber Tube
Outside Diameter 52.00mm
Convex Diameter 60.00mm
Segment Concave inner Diameter | 60.04mm
Concave outer Diameter | 68.04mm
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(a) Ball joint with wire holes

(b) Ball joint cap with bearings
Fig. 82 Joint and cap used in the active curved part of the inner tube.

with a rigid hemisphere is attached to the end of the hose (Fig. 80). Next, the
radially expandable hemisphere of the joint is inserted into the rigid hemisphere
of the cap. Finally, the seals are maintained by gluing the roots of the rubber tube
and hose to the joint with the tube fitting, as shown in Fig. 82.

As shown in Fig. 80 and Fig. 82, the inner variable stiffness tube has a hole in
the joint that is used in the active curvature of the inner variable stiffness tube to
pass a wire through. The wire is fixed at one end by a joint 250 mm from the tip
and bent back through a bearing at the tip to the root. The wire is then passed
through a coil-filled hose, and the tip of the inner variable stiffness tube is actively
bent by pulling the wire at the bottom. The wire is better suited to be installed and
passed inside the hose through the joint owing to its compact design. Therefore, it

1s passed through the inner tube and not the outer one.

Section V.5 Experiment for evaluating of basic
principle.

Subsection V.5.1 Required pulling force to insert the tube in
the other bent tube.

There is a concern that a large amount of friction may occur between the inner
and outer tube when they are slid along the curved shape. Therefore, I measured
the pulling force generated when the tube is slid along the curved shape in a two-

dimensional plane, as shown in the Fig. 83 and Fig. 84.
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The base of the tube and the arm are fixed to a linear guide, and one end of the
wire is attached to this arm. The wire is then wound by a motor to slide the tube.
A force gauge is used to measure the tension generated when the wire is wound up.

To reduce the friction, talcum powder was applied to the inner layer of the hose,
through which the tube passes, and a PTFE coated sheet was placed on the contact
surface between the tip of the tube and the floor. The outer tube is clamped to the

base at equal intervals beginning at 250 mm from the tip to the root.

6) Measuring Method:

+ The joint is locked by filling air into the rubber tubes enclosed in the inner and
the outer tubes causing them to expand. A pressure of 0.2 MPa is applied to
the inner tube and 0.1 MPa to the outer tube.

+ The inner tube is 1.25 m long, and the outer tube is 1 m long.

« The wire is wound up by a motor with a rotation speed of 30 [min-1] to slide
the tube

+  When the inner tube is in a flexible state and the outer tube is in a highly rigid
state, the inner tube is pulled in the left direction shown in Fig. 83.

«  When the outer tube is in a flexible state and the inner tube is in a highly rigid
state, the inner tube is pulled in the left direction shown in Fig. 84.

« The tube is bent at 250 mm from the tip of one end and has four different radii
of curvatures (Fig. 85 and Fig. 86): 1/750, 1/450, 1/300, 1/225 to measure the
pulling force generated for each radii of curvatures five times and to obtain the

average value of the maximum wire tension measured.
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(b) Method of measurement for pulling force

Fig. 83 Experimental device when the inner tube is in a flexible state and the outer tube
is in a highly rigid state.

/e

Pulling direction

(a) Experimental setup

Pressurised

Connected

(b) Method of measurement for pulling force

Fig. 84 Experimental device when the outer tube is in a flexible state and the inner tube
is in a highly rigid state.
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(i) When the guide rail is
used for retaining the outer tube.
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Fig. 86 Methods for retaining the tube by using the guide rail.

(ii) Results:

The experimental conditions for measuring required pushing force and the
measurement results of the pulling force are shown in Table XVI and Fig. 87. The
value of the y-axis shown at the origin of the x-axis is the measurement result of
the pulling force when the tube is not bent. The error bars show the maximum and
minimum experimental values. It was found that the average pulling forces
required to actuate either the inner or the outer tube when the other tube is bent

at 1/225and fixed were measured to be namely 67.6 N and 5.66 N respectively, and
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TABLE XVI
Experimental conditions for measuring required pushing force.

Inner 0.2

Internal Pressure  [MPa]
outer 0.1

Rotational speed [min'] 30.0

Radius of curvature[mm™] | 1/750, 1/450, 1/300, 1/225

80.0
I 67.6
L T 641 7645 !
60.0 | T53" 1 ! l
Z 500 |
]
= g —e—Quter tube is in high rigidly state
ch 40.0 F /
2 300 | o —e—[nner tube is in high rigidly state
& 30.
12.0
20.0 F
[
100 } 4.09 435 4.90 4.80 5.66
s & >r-——— 3
00 T 1 1
0 0.001 0.002 0.003 0.004 0.005

Radius of curvature [/mm]

Fig. 87 Relationship between the radius of curvature and required pushing force.

the pulling force increased when the radius of curvature is larger. The shape of the
outer tube can be sufficiently retained the shape against the pulling force
generated when inner tube is slid. But the shape of the inner tube is not well the
shape against the pulling force generated when the outer tube is in a flexible state

and the inner tube is in a highly rigid state, the inner tube is slid.

Subsection V.5.2 Test on a Curved Narrow Environment.

In order to verify whether a alternately propulsion is possible using the first
prototype model, an alternating propulsion test was conducted with an obstacle in

place (Fig. 88). A mesh tube was attached to the prototype model to reduce the
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friction between the floor and the model because the test was conducted with the
prototype model on a plane.

It was found that the prototype model can be propelled without touching an
obstacle, when a pressure of 0.2 MPa is applied to the inner tube and 0.1 MPa is
applied to the outer tube, by alternately switching the inner and outer rigidity of
the slide.

Fig. 88 Test on a curved narrow environment. 1,3,5 : the inner tube is in a flexible state
and the outer tube is in a highly rigid state. 2,4,6 : the outer tube is in a flexible state and
the inner tube is in a highly rigid state.
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Section V.6 Discussion of Chapter V.

To reduce the resistance, it is necessary to construct a snake-like form with no
steps. This is due to the small holding torque as well as the large resistance
generated between the inner and outer tube surfaces when they are alternately
slid. This is because the surface of the prototype model is slightly uneven and
hangs down under its own weight, which can easily get stuck in the tip of model.

In addition, even if the resistance force generated between the tube surfaces is
small, as shown in Fig. 87, when the curvature of the trajectory is large, a large
pushing force is required at the root of the tube. If the resistance force generated
between the tube surfaces is too large, the method of attaching the rollers to the
model, rather than slipping and reducing the resistance force by friction is also
considered.

The tube does not draw a complete arc but rather, an approximate curve of the
arc by the repetition of the bending of each joint. Since it is difficult to align the
central axis of the tube, that the trajectory of the movement can shift slightly when
the alternate sliding is repeated. Attaching a cilium to the surface of the tube
enables the alignment of the central axis.

One of the drawbacks when the tube is moved in the air is that a large moment
1s applied to the root of the tube. Therefore, it 1s also considered to be effective to
ground the tip at regular intervals before it reaches the limit of the holding torque.
The feasibility of this method needs to be verified in the future.

Due to the geometric constrains of the joint design, the current maximum
bendable radius of curvature is 1/225. The radial expandable hemisphere is
extended longitudinally in order to increase the curvature of the tube. However, it
1s difficult to assemble the rigid hemisphere owing to the lack of space for the
rubber tubes and hoses, and the small diameter of the entrance to the rigid
hemisphere. Therefore, it will be difficult to extend the radially expandable
hemisphere further in the future.

When retrieving the robot inserted in the debris field, it is possible in principle
to avoid touching the debris by pulling the robot while alternately switching the

stiffness.
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Section V.7 Conclusion of Chapter V.

In this chapter, a snake-like robot 1s devised, with two fluid-driven tubular
variable stiffness mechanisms in the radial direction, capable of alternately
propulsion by mutual sliding. The basic principles of alternately propulsion and
the fluid-driven tubular variable stiffness mechanism are presented.

In order to verify whether an alternately propulsion is possible using the
prototype, first the average pushing forces required to actuate either the inner or
the outer tube when the other tube i1s bent and fixed were measured. Next, the
bending angle, at which the tip of outer tube is investigated when the inner tube
1s propelled. And finally, an alternating propulsion test was conducted with an

obstacle in place.
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Chapter VI

Conclusion and future aspects
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Chapter VI  Conclusion and future aspects

Section VI.1  Overall discussions of proposed
mechanism about the holding torque via theoretical
comparison.

In this section, to conclude which mechanism among those proposed in Chapters
II, III, and IV demonstrates superior holding torque, I perform a theoretical
comparison under conditions where internal pressure, joint radius, rubber tube
radius, friction coefficient, and angle of shell range to the tip of male joint are
standardized. While the theoretical values of torque in Chapter IV were derived
using actual measurements of the contraction force of artificial muscles, for the
comparisons in this chapter, to align the diameters of the rubber tubes, I refer to
the theoretical model of the contraction force Fpneumatic artificial muscle of McKibben-type

artificial muscles, based on reference [132], as detailed in the following equation.

T 1 \?
Fpneumatic artificial muscle = ZDOZP (sin 9 ) {3(1 - 8)2 COSZ 60 - 1} . (51)
0

In this context, Do represents the initial diameter of the artificial muscle, P denotes
the internal pressure, 6o is the initial knitting angle of the fibers constituting the
mesh tube, and ¢ signifies the axial contraction ratio, defined as the contraction
displacement divided by the initial length.
The additional conditions pertaining to the artificial muscle when calculating
torque are as follows.
+ Initial diameter of the artificial muscle : 14 mm
« Initial knitting angle of the fibers constituting the mesh tube : 20 degrees
«  Axial contraction ratio : 0 (Constrain the artificial muscle at its initial length)
Furthermore, the internal pressure, as well as the coefficients of friction between
the joints and between the wire and the lever, and the angle of shell range to the
tip of male joint are set as follows.
+ Joint radius: 12.5 mm
+  Rubber tube diameter: 14 mm
« Internal pressure: 0.1, 0.125, 0.15, 0.175, 0.2 MPa

«  Coefficient of static friction between the joints: 0.3

110



600
—Chapter I1_Ball joint
500 f _
—Chapter III no wire
g
E 400 Chapter I1I_wire Max
= Chapter IV_Mckkiben
300
[_‘
an
==
% 200
=]
o
100 | - o
0 e = _; L 1 1
0 0.05 0.1 0.15 0.2 0.25

Internal Pressure [MPa]
Fig. 89 Theoretical comparison of holding torque in proposed mechanisms across chapters.

o  Coefficient of static friction between wire and lever: 0.3

+  Angle of shell range to the tip of male joint: 657/180

Under the aforementioned conditions, Fig. 89 presents the theoretical values of
the holding torque in the pitch direction at each internal pressure for each
proposed mechanism when the angle between the joints is 0 degrees. Chapter 11
involves a ball joint with slits combined with a rubber tube, Chapter III comprises
a ball joint without slits coupled with a rubber tube, lever, and wire, and Chapter
IV consists of a bowl-shaped joint with a McKibben-type rubber artificial muscle.
Fig. 89 displays the holding torque in the pitch direction for each mechanism;
however, only Chapter III, due to the anisotropy in torque resulting from its wire
arrangement, shows both the maximum torques with wires and the torques
without wires.

As evident from Fig. 89, the mechanism combining the bowl-shaped joint with
the McKibben-type rubber artificial muscle exhibits superior holding torque. This
1s attributed to the fact that the huge output force during positive-pressurization
1s achieved when using artificial muscles. Under the current analysis conditions,
the force amplification by the lever used in Chapter III was twofold, whereas the

amplification achieved through the artificial muscle was fourteenfold. Additionally,
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this mechanism not only provides high holding torque when the angle between the
joints 1s 0 degrees but also prevents the dislocation of the joints.

Furthermore, the mechanism in Chapter IV, characterized by its significant
holding torque due to contraction force, is deemed suitable for miniaturization. To
enhance the holding torque performance of the mechanisms in Chapters IT and I1I,
an increase in the joint and chamber radii is inevitable. However, this increase in
radii leads to a reduction in the ratio of holding torque to the weight of the device.
In contrast, the use of McKibben-type pneumatic artificial muscles is expected to
increase the holding torque relative to weight.

However, it is important to note that in the mechanism of Chapter IV, an
increase in the bending angle between the joints may lead to a decrease in the
contraction force. An increase in the bending angle fundamentally compresses the
enclosed artificial muscle, increasing the initial knitting angle of the fibers and
thus reducing the holding torque. While changes in stress do occur with an increase
in the bending angle between joints in the mechanisms in Chapters II and III, the
use of rubber tubes results in minimal changes in expansion force, thereby
mitigating a significant decrease in holding torque.

Furthermore, in the proposed mechanisms, the holding torque due to radial
forces decreases as the bendable angle per joint decreases, whereas the holding
torque due to axial forces reduces as the bendable angle increases. This is because
the radial force is at its maximum when the shell range is at n/2, and the axial
force 1s maximum when the shell range is 0. The proposed mechanisms in Chapters
II and III are expected to increase bendable angles per joint, but increasing
bendable angles in the Chapter IV mechanism may prove challenging.

Therefore, if concerns such as low holding torque and enlarged joint and chamber
radii are not issues and an increase in joint angles is desired, the radial force-based
methods of Chapters II and III are recommended, while for scenarios where
increasing joint angles is unnecessary and the focus is on miniaturization and high

holding torque, the axial force-dependent approach of Chapter IV is advisable.
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Section VI.2 Comparison of the previous and
proposed methods in terms of the ratio between
maximum and minimum stiffness.

This section discusses the comparison of the variable stiffness mechanism ratios
between previous methods and the proposed method in this study, both in high-
stiffness and flexible modes, and explores approaches to enhance these ratios.

To compare the ratios, the holding torque in the pitch direction at 0 MPa was
measured in Chapters II, ITI, and IV. The measured results showed that the torque
in the pitch direction at 0 MPa for Chapter II was 2.54 Nmm, for Chapter III was
a maximum (with wire) of 6.61 Nmm and a minimum (with wire) of 17.6 Nmm,
without wire was 14.9 Nmm. Also, Chapter IV was 8.02 Nmm (5 mm), 8.99 Nmm
(6 mm), 7.79 Nmm (7 mm), 8.46 Nmm (8 mm), 8.36 Nmm (9 mm), 8.28 Nmm(10
mm), 8.32 Nmm(11 mm), 7.93 Nmm (12 mm), 7.35 Nmm (13 mm).

Dividing these values by the maximum holding torque obtained in the actual
measurement for each chapter, the ratios are as follows: 104 times for Chapter II,
150 times for the maximum (with wire) and 46 times for the minimum (with wire)
in Chapter III, 41 times without wire. Also, 18 times (5 mm), 14 times (6 mm), 19
times (7 mm), 19 times (8 mm), 19 times (9 mm), 19 times (10 mm), 18 times (11
mm), 17 times (12 mm), 22 times (13 mm) for Chapter IV.

Fig. 90 compares the ratio of the proposed method with the ratio between the
high-stiffness and flexible modes of the conventional method as shown in Chapter
I. The graph indicates that the highest ratio is achieved when using a low-melting-
point alloy, attributable to its exceptionally high stiffness. This principle of high
stiffness is also applicable to the geometric approach and the second moment of
area method. The maximum value of shape-locking force is determined by the
stiffness of the components used, and it is impossible to achieve locking forces
beyond the yield stress. Moreover, it implies that it is challenging to enhance the

locking force up to the yield stress using the friction method.
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Fig. 90 Comparison of the previous and proposed methods in terms of the ratio between
maximum and minimum stiffness. In Chapters II, III, and IV, the ratios are determined
by dividing the peak actual torque value by the actual torque value measured at 0 MPa.

Section VI.3 Conclusion of the thesis.

This study focused on the development of a novel variable stiffness mechanism
capable of transitioning between different stiffness states. The proposed
mechanism is characterized by exceptional design scalability, high and adjustable
locking force, and a greater range of deformation. To realize such a high-
performance mechanism, I adopted a method that controls the relative positioning
of components arranged in opposition, using positive pressure exerted through
friction and air. This approach was selected for its capability to design arbitrary
flow paths, the high pressure achievable through positive-pressurization, and the
incorporation of spherical friction surfaces.

The study aimed to devise a positive-pressure-activated variable stiffness
mechanism that utilizes friction and air, demonstrating its potential as a

groundbreaking locking device in the field of soft robotics. This objective was
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pursued by developing a variable stiffness hose capable of navigating narrow
spaces, using the proposed mechanism. The study involved the development of
structures that output the friction-based holding force by expansion force during
positive-pressurization, a quantitative evaluation of the holding performance in
the mechanism, and the construction of a hose with a hollow, multi-layered
structure capable of variable stiffness.

Initially, I developed a structure that effectively outputs the expansion force
while controlling the expansion deformation of a pressurized chamber. To limit the
significant expansion deformation of a rubber tube, components were placed in the
direction of the tube's expansion. The holding force through friction is outputted,
resulting from the expansion force of the rubber tube, by positioning components
with hollow shapes and spherical surfaces on the exterior of the tube. This design
ensures that the components contact and lock when the tube expands.

Following this design principle, I conducted a quantitative evaluation of the
holding torque for both radially expandable and axial contraction types of the

proposed mechanism. Each mechanism is detailed in the subsequent chapters.

[ Chapter II ] For the radially expandable type, I designed and fabricated a ball-
type joint combining a deflection part and a shell with a rubber tube. This design
focuses on ease of assembly, prevention of dislocation during pressurization, and
joint holding torque via friction. The holding torque of this mechanism was verified
through theoretical modeling, finite element analysis, and empirical
measurements, ensuring that the results were consistent within a 30% margin of

error.

[ Chapter III ] This chapter evaluated the performance of a radially expandable
type combining a ball-type joint and rubber tube with a lever for clamping a wire.
This study evaluated the holding performance theoretically and empirically,
focusing on the anisotropy of the holding torque due to wire arrangement and the
comparative analysis of the holding torque with and without the lever. This
research confirmed that the theoretical and empirical values of the friction-based
holding torque between the ball joints and the lever-wire system were within a

20% margin of error.
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[ Chapter IV ] This chapter quantitatively evaluated the shape-locking and
shape restoration performances of the axially contraction type, which combines a
bowl-type joint with male and female spherical surfaces and a McKibben-type
artificial rubber muscle. The evaluation of the holding torque, based on theoretical
models and empirical measurements, confirmed that the discrepancy between the
theoretical and empirical values was within 20% margin of error. Additionally, I
measured the recoverable angle during varied pressurization flow rates,
confirming the feasibility of controlling the restoration angle through flow rate

adjustment.

Finally, to assess the propulsion performance of a variable stiffness hose with a
hollow multi-layered structure that enables alternating propulsion, I constructed
a prototype hose using the radially expandable type. I measured the sliding
resistance between hoses during alternating propulsion to validate its

effectiveness.

The insights derived from this study substantiate the efficacy of a novel positive-
pressurization and friction-based locking mechanism in the field of soft robotics,
corroborating its robust locking performance. Moreover, the scalability and
adaptability of the proposed mechanism indicate its potential to make a
substantial contribution to the evolution of soft robotics. This advancement is
projected to broaden the spectrum of applications and enhance interaction

capabilities across diverse environments and a multitude of tasks.

Section VI.4  Future aspects.

The proposed variable stiffness mechanism conceived in this study, due to its
simple structure, offers high scalability. Compared to traditional methods, it is
conceivable to expand its applications not only to lengthening and coaxial
multilayering but also to branching and planar structuring. Applications such as
soft grippers, which utilize multiple branched linear elements as fingers to conform
to the shape of an object and generate high gripping force, and crawlers that
conform to road surfaces for enhanced traversability and stability with their planar
structure, are also conceivable.

Future work will explore the application and expansion of proposed mechanism
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Fig. 91 The application of the mechanism proposed in Chapter III for above-water and

underwater operations using a snake-like form. The application of the mechanism
introduced in Chapter IV for underactuated soft grippers without restoring cable.

of Chapter III and IV to robotics elements beyond disaster response snake-like
forms with Chapter II and V (Fig,91). The mechanism proposed in Chapter III,
while having a multitude of components and a suboptimal torque-to-weight ratio,
also features a wire that is clamped by a lever and possesses an active bending
function. Consequently, it holds potential for application in both above-water and
underwater operations, where the influence of root moment due to its own weight
1s minimal. The mechanism introduced in Chapter IV operates by pressurizing
while altering the flow rate, thereby creating variability in the shape restoration
effect of the artificial muscle. This method allows for the achievement of two effects
—increased rigidity and actuation — with a single input of pressurization. It shows
potential for application in underactuated soft grippers.

Additionally, when quantitatively comparing the holding performance of
variable stiffness mechanisms, I believe it is possible to compare not only the ratio
of maximum to minimum holding force but also the switching time of the lock. In
the future, I plan to conduct quantitative comparisons using both the ratio of
maximum to minimum holding force and the lock switching time. When selecting
a method for the variable stiffness mechanism, if the length of the switching time
is not a concern and the goal is to increase the ratio of maximum holding force to
minimum holding force, the low-melting-point alloy (phase change) method is
suitable. On the other hand, if the priority is to reduce the switching time over the

ratio, the electric or fluidic method is more appropriate. Thus, I believe it is
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necessary to expand the criteria for quantitatively evaluating variable stiffness
mechanisms beyond the ratio of maximum to minimum holding force and lock
switching time, in order to develop indicators for selecting the optimal variable

stiffness mechanism method according to the use case.
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