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Abstract

This study proposes a method for gaining a large amplified output force of a robotic component
out of a much smaller input force of the actuator, with the aid of an internal force compensation
mechanism that steplessly converts the actuation displacement to the force amplification state.

Considering the reduction of the response time, operation duration, and power consumption, one
of the desirable features of powerful energy-efficient machines is the ability to shift their force
amplification state flawlessly. For example, an actuator of a robotic gripper initially selects a high-
speed state until its finger touches the object to execute quick clamping. Subsequently, by enabling
the force amplification feature, the actuator switches to a high-torque state to complete clamping
and sustain the finger position. Likewise, initially, a variable stiffness gripper in a low-rigidity state,
with the jamming media in the fingers free of frictional resistance, is deformable to fit in the shape
of the target object in contact. To activate the high-rigidity state, the actuator increases pressure
on the jamming media such that its resistance increases, resulting in the fixation of the fingers in
the posture they are in when surrounding the object.

To avoid increasing the mechanism volume and mass, the main single actuator of the finger
should also take charge of these state transitions without adding degrees of freedom. Conventional
grippers use sensors to detect an object and then regulate the current or switch the reduction rate
of the decelerator. However, such software approaches are inapplicable to machines without enough
computational resources, and they are disadvantageous in situations where circuits get damaged
or signal transmissions get interfered with by conditions such as extreme temperatures and
radioactive rays. Thus, the study aims to develop a hardware approach that enables a machine to
mechanically react to the changes in the operation process and switch its force amplification state.
This is important for improving not only the energy—performance efficiency of the robotic
components by allowing the selection of a smaller, weaker, and lighter actuator, but also for
extending their applicability to extreme environments and conditions such as disaster fields,
nuclear decommissioning, and scientific explorations.

Based on this motivation, the study proposes displacement—force converter (DF converter), a
mechanism that allows an actuator to regulate a force's intensity in response to its internal
components displacement. This device is based on the force compensation principle; it cancels a
known, designated, or predictable load (e.g., object with a certain mass) by applying an equal
counterpart load (e.g., tension of a spring) in the opposite direction to always maintain their
connection point at the equilibrium of the forces regardless of its displacement. An important
property is that this compensating relation is symmetrical such that its input and output can be



reversed. In this context, the initially compensated load is called a “reverse spring” because its
behavior is opposite to that of a spring. By extracting the state of change of the spring and reverse
spring, the DF converter realizes the force amplification corresponding to their deformation
regulated by a much smaller control force. The study aims to devise two different reverse springs
that exemplify the design methodology of the DF converter: one using a noncircular cam—follower
transmission and the other using nonlinearly increasing magnetic attraction. Moreover, to
demonstrate the usefulness of the force-amplification feature in robotics, they are applied to three
major robotic components: parallel gripper, variable stiffness gripper, and electromagnetic brake.

First, a preliminary proof-of-concept prototype model of the proposed DF converter is introduced
to prove its ability to regulate the elastic tension. The model is composed of a pulley—wire system
that balances the torques generated by a linear spring connected to a circular pulley and a mass
connected to a noncircular pulley as a reverse spring. To overcome the difficulty of maintaining a
deviation angle between the pulley tangent and the vertical direction of the radius, which would
cause a decrease in the compensation accuracy, a cam—follower system designed through a
numerical analysis based on a first-order ordinary differential equation was developed. The
prototype successfully showed that the maximum control force required to extend the spring was
reduced by 23.2 %, and the difference between the extension and compression shrank decreased
from 543.0 % to 48.7 %. This uniformization allows the selection of an actuator with a smaller
maximum output. Moreover, it was incorporated into a variable-stiffness mechanism of a fire-
resistant gripper as a wire tensioner to regulate the rigidity of its finger continuously, thus,
replacing a conventional massive pneumatic actuator.

Another DF converter that uses a permanent magnet as a reverse spring was also introduced.
This converter is based on the internally balanced magnetic unit (IB magnet), an attraction device
used to attach it to a ferromagnetic surface, such as a wall or ceiling. Converting the attraction
work of the magnet to the potential energy of a compressed spring allows the IB magnet to be easily
detached, without using a large external force, by releasing the stored energy. In a parallel gripper
equipped with this device, the spontaneously intensifying attraction enhances the clamping; this is
the first study aimed at extracting a pressing force, rather than an attractive force, from the IB
magnet. This method is novel for its ability to adjust the amplified clamping force from zero to the
maximum value continuously by regulating the attraction distance, compared to existing methods
that employ load-sensitive grippers with binary toggles and clutches. The development of the
prototypes was followed by that of nonlinear springs: parameter optimization, simplification of the
design procedure, and downsizing while maintaining precision. The gripper successfully
demonstrated that the maximum clamping force increased to 137.5 % while the increase in energy
consumption was suppressed, resulting in the force—energy efficiency ratio increasing to 138.7 %.
Furthermore, A width-adjustment mechanism using a lever was also devised to achieve a more
steady and predictable clamping force independent of the target object width by splitting the
actuation of the finger and compensation mechanism. This linearized the width—force characteristic
with an inclination of 0.15 N/mm, which was an insignificant influence of 0.3 % on the major output
of approximately 50 N.

Furthermore, as another configuration of the gripper, an electromagnetic brake was developed
by equipping the fingers of the gripper with brake pads. To solve the problem of the pad having to
be actuated for a long compensation stroke to fully disable braking, a novel multistage spring,
comprising two linear springs connected in series, was devised. In addition to decreasing its spring
constant for compensation, the multistage spring detaches the pad with a small displacement. The
developed prototype was superior to the contrasted EM brake when braking for longer than 0.43 s
while keeping the responsiveness comparable; for example, the output dynamic friction torque—
input energy ratio increased to 451.1% when braking for 1.0 s.

In these ways, the research outcomes validated both the effectiveness of the proposed DF
converter for stepless force amplification and its applicability to robotic components. With more
application instances, such as the variable stiffness gripper using a magnetorheological fluid and
an electropermanent-magnetic jumping mechanism, the study proved an impactful contribution of
the DF converter to the performance improvement of machines in extreme environments with
design and operation restrictions.
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Part 1

Introduction



Part 1 Introduction

Chapter I.1  Research background: attempts to
achieve efficient actuation through state transition

A machine works against a large load using its actuator. Considering the
reduction of the response time, operation duration, and power consumption, one of
the desirable features of powerful energy-efficient robotic components is the ability
to shift its force amplification state flawlessly.

For example, as illustrated in Fig. 1 (a), an actuator employed in a robotic
gripper initially selects a high-speed state until the finger touches the object to
quickly execute clamping. Then, by enabling the force amplification feature, the
actuator switches to a high-torque state to complete clamping firmly and sustain
the finger position [1], [2]. Likewise, as depicted in Fig. 1 (b), a variable stiffness
gripper that is initially in a low-rigidity state, with the jamming media in the
fingers free of frictional resistance, is deformable to fit the shape of the target
object in contact. By transitioning to a high-rigidity state, the actuator increases
pressure on the jamming media such that the resistance increases, resulting in the
fixation of the fingers in the posture they are in when surrounding the object [3]—
[5].

To avoid increasing the mechanism volume and mass, the main single actuator
used to actuate the finger should also take charge of these state transitions without

adding other degrees of freedom.
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(a) Parallel gripper (b) Variable stiffness gripper
Fig. 1 Examples of robotic grippers that switch their states when handling their target
objects.



Most conventionally, a clamping system integrated as a gripper uses sensors to
gather information to recognize the object between the fingers and then regulates
the current supplied to the actuator once the object is detected. However, such
software approaches require a certain load on the calculation processing for
control; therefore, inapplicable to machines without enough computational
resources (including human tools). These approaches are disadvantageous in
situations where electronic circuits such as processors and memory elements get
damaged or signal transmissions of sensor values and actuation controls get
interfered with, such as by extreme temperatures and radioactive rays [6]—[8].

For this reason, this study develops hardware approaches that mechanically
(and thus spontaneously) react to changes in the operation process and switch its
force amplification state, which is important for extending their applicability to
extreme environments such as disaster field, nuclear decommissioning, and
scientific explorations in addition to improving the energy—performance efficiency
of the robotic components by allowing the selection of a smaller, weaker, and lighter

actuator.



Chapter I.2  Previous research: compensation
mechanisms

The simplest way to make a machine capable of working against a large load is
using powerful actuators. The larger the target load is, the higher the required
performance and thus the energy consumption of the actuators. Therefore, there
lies a vicious cycle to be avoided when designing a machine, in which the required
power is further increased due to an increase in the mass and volume of the entire
system by selecting more powerful but heavier and bulkier actuators [9]-[11].

To reduce the maximum output force required by the load, force amplification
mechanisms such as levers, wedges, and gears have been applied to most machines.
These mechanisms typically convert the input with a small force F;, and a long
distance d;, to an output with a large force F,,; and a short distance d, providing
the machine with a mechanical advantage (MA) [12]. The force amplification ratio

1s defined as

— Fout _ din _ Nout

MA = = (D
Fin dout Ni
din N
[]nu! v
Work '
F m <\iul
Load
(a) Lever (b) Gears

Fig. 2 Conceptual diagram of force amplification performed by simple machines that
achieve MA that is greater than one.

While sufficiently providing MA, major amplification mechanisms are
inconvenient in terms of responsiveness because the extension of the actuation
distance affects the duration of operation (resulting in the cumulative energy
consumption after all), reflecting that they are more popularly called “reduction
mechanisms” or “decelerators.” Therefore, this research regards a force
amplification that can achieve both high MA performance and energy efficiency

without “reduction” as ideal.



Force amplification without reduction is possible when the load of a target object
is fixed, known, or predictable; applying an equal load in its opposite direction can
relieve the control force of a load without affecting the actuation distance, as
1llustrated in Fig. 3. This is called “force compensation” or “force balancing”, which
represents the cancellation of the control force by always maintaining the driven
part at the equilibrium point of the forces regardless of its displacement or
orientation angle [13], [14]. For better clarification, the following sections

enumerate the representative examples of the compensation mechanisms.

Self weight

Counterweight

Load,
self weight m

Counterweight
(a) Elevator (b) Robotic arm, crane boom, crossing gate
Fig. 3 Conceptual diagram of the weight compensation mechanism.



Section 1.2.1 Self-weight compensation for mechanisms
working for internal loads

The most typical target load to be compensated is the self-weight, because most
machines are installed under the influence of gravity. For example, light stands
[15] and railroad crossing gates [16] have long arms that bear both the
concentrated load on the tip and the distributed load on themselves. To relieve the
input torque exerted by the actuator or power required to raise their arms, these
machines tend to extend their arms in the opposite direction around the pivot to
mount counterweights such that the compensation torque of these “tails” balances
the load torque of the arms by following the principle of leverage. Ideally, the
control torque can be reduced to zero, while the compensation error, which results
from the difference between the torque to be compensated and the compensating
torque, remains.

Weight compensation is the conversion of the potential energy generated by the
driven part (here, light bulb and stop bar) to the energy consumed by the
compensating part (counterweight), or vice versa. This internal energy
conservation system virtually allows the mechanism to produce a larger output on
the load, compared to the input of the actuator without changing the required
actuation distance, resulting in a high MA, if the system carries an equal load and

does not exert force externally like a seesaw.

Section 1.2.2 Weight compensation for mechanisms
working for external loads

Like the self-weight compensation for mechanisms working for internal loads,
elevators, crane booms, and robotic arms [9], [17] have counterweights used to
balance their self-weight such that their actuators only have to deal with the
increased load applied by the target luggage. Some of these mechanisms can adjust
the compensating torque in accordance with this change in the load by increasing
either the mass of the counterweight [18] or the length of the counter arm [19]—

[21], resulting in a less load torque required from the actuator.



Slewing Axis

Fig. 4 Robotic arm with a weight compensation mechanism that uses a counterweight
[22].

-

Fig. 5 Actively adjustable weight compensation mechanism realized by moving the weight
fluid between tanks (8, 9) using a pump (11) [11][18].

i X //’, "
\ gl /" Movable counterweight

Fig. 6 Passively adjustable weight compensation mechanism realized by a movable
counterweight [21].



Section 1.2.3 Compensation mechanisms without
counterweights

While adding weight is a simple design method, it causes problems to emerge;
the total mass of a machine increases not only due to the weight but also due to
the structural reinforcement for ensuring tensile strength; responsiveness declines
due to the increased inertia. The overweight is especially problematic when the
machine is installed at unstable and fragile scaffolding. Therefore, various self-
weight compensation mechanisms for robotic arms [10], [23], [24] and light stands
[15] using tension springs instead of weights have been proposed. The
translational displacement or rotational angle of the load is converted to the
deformation of springs via links, pulley—wire, or cam—follower systems that are
designed to follow the displacement—force characteristics of the load.

Unlike powered suits that augment human body movement by providing
additional muscle forces using articular actuators such as motors and pneumatics,
some assistive suits use mechanical and unpowered compensation mechanisms
such that they can operate without electricity, independent of the battery capacity.
For example, highly elastic rubbers are embedded in the back and buttock parts of
an assistive harness [25], and they stretch when the user bends forward to grab an
object on the ground and then shrink when they stand, generating an assistive

force to pull the body and object upwards.

Spring Spring

(a) Using an extended lever (b) using pulley
Fig. 7 Conceptual diagram of compensation mechanisms using springs instead of weights.
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Fig. 8 Anglepoise lamp with a weight compensation mechanism using springs [15]
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Section 1.2.4 Compensation mechanisms for the magnetic
attraction force

The internally-balanced magnetic unit (IB magnet) is a mechanism that
compensates for the magnetic attractive force, and it is used for attraction devices
that enable robots to climb ferromagnetic surfaces [27], [28].

During the attaching process, its attractive force increases nonlinearly in close
proximity to the target attraction surface. Simultaneously, a nonlinear spring gets
compressed, increasing its repulsive force with a displacement—force characteristic
identical but opposite in sign to that of the magnetic attraction, resulting in the
cancellation of the control force of the magnet. By converting the attraction work
of the magnet to a potential energy stored in the compressed spring, the IB magnet
allows itself to be detached easily without requiring a large external force, by
releasing the compressed spring.

In this way, the IB magnet allows robots to use attraction devices efficiently, and
thus, it has been incorporated into various structures such as magnetic wheels [29]
and magnetic crawlers [30]. Further details of the IB magnet will be discussed in

Subsection 111.2.7.1.

Point of equilibrium shifted ' Follow the nonlinearity
by a minimal control force of the attraction force
Compensation spring

e.g. Leaf springs
Cam

Internal force F,

\ Attractive force F_

inter

Forces on the magnet F

m 4 y
Control rod Outer frame

Attraction by counterforce of Spring

Magnet-target distance x

Fig. 11 Conceptual diagram of the internally balanced magnetic unit (IB magnet).
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Chapter I.3  Proposed principle: conceptual
expansion from the “compensation mechanism” to the
“displacement—force converter (DF converter)”

Balancing the internal forces in a mechanism, a load element (e. g., a weight)
with a certain displacement—force characteristic, and a counter-element (e. g., a
counterweight or a spring) with the characteristics that are identical but opposite
in sign, makes their coupling part the point of equilibrium of forces, whose position
can be altered by a minimal external force.

The 1important characteristic is that, as this compensation relation 1is
symmetrical, the compensation mechanism can be generalized as a mechanism
that also allows the force produced by the compensating counter-element, such as
the spring, to be controlled efficiently, when regarding its input and output
elements reversely, as depicted in Fig. 12 and more schematized in Fig. 13. In this
context, the initially compensated load element is called a “reverse spring,” an
irregularly behaving spring whose elastic force is exerted in the opposite direction
to assist with its further deformation when displacement is applied, in contrast to
the usual spring that resists its deformation when displacement.

This point of view is noble in that there have seldom been applications of
compensation mechanisms that are mainly aimed at adjusting the internal force
generated within the mechanism, as most mechanisms are expected to exert forces
outside themselves. However, if a metrology of extracting the change in the
internal force of a mechanism to interact with external objects and circumstance
(at the expense of some energy loss to overcome the antinomy of “outputting the
internal force”) can be established, machines and robots receive a great profit of
becoming capable of working against a large load with small, lightweight, and
weak (less energy-consuming) actuators. Mobile robots with strict limitations on
mass, size, and power source can efficiently perform tasks for a longer time, robotic
equipment in a factory can reduce their cumulative electricity cost, and electric
cars can expand their mileage. Human tools without electricity can also be
operated with a smaller force with the aid of a DF converter. In these ways, the DF
converter is expected to widely contribute to universal technological solutions that

will realize a society with sustainable development.
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Based on this motivation, this research proposes the internally balanced
displacement—force converter (DF converter) and systemizes the application

methods on robotic components to introduce its practicality.
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Fig. 12 Symmetrical relationship between the weight compensation mechanism and
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Fig. 13 Conceptual diagram of the reverse spring of the proposed DF converter.

12



Chapter I.4  Research purpose: proposal of the DF
converter, establishment of the design method of its
reverse springs, and verification of its usefulness
through applications

In the preliminary research summarized in Chapter II.3, the conceptual
principle of the DF converter was verified to be effective for force amplification.
However, as described, it posed some issues for application to robotic components:
using a weight increases the mass and limits the usable posture of the mechanism:
a pulley is unsuitable for generating zero compensation torque, and the direction
of the compensating force from the wire tension does not coincide with that of the
tangency of the pulley, resulting in compensation imprecision.

Solving these problems, this study aims to achieve three objectives.

First, by developing new reverse springs that generate a compensating force or
torque using mechanical components other than weight and a pulley, a solution to
the mentioned design challenges of the proposed DF converter is provided.
Specifically, the property of a cam—follower system, instead of the pulley—wire
system, 1s featured, whose torque depends on its rate of change, in addition to the
cam radius, which results in a variable pressure angle between the cam and
follower. Moreover, the characteristic of a permanent magnet whose attractive
force increases to pull itself even closer to the target object is also expected to be
useful to create a reverse spring with less components.

Second, by identifying issues of the DF converter and seeking mechanical
solutions to realize concrete examples of robotics applications, the study aims to
demonstrate the usefulness of the idea of the proposed principle that makes robotic
components exerting large loads drivable by smaller, lighter, and weaker actuators
through force amplification without reduction. Prototype models of a wire tension
regulator for a variable stiffness mechanism in a fire-resistant soft gripper, parallel
gripper with an arbitrarily adjustable clamping force, and an energy efficient
electropermanent-magnetic brake using the proposed converter are developed.
Subsequently, evaluations are made on the changes in the energy consumption of
the actuator, output force, and responsiveness of these mechanisms, compared to

those driven solely by the actuator without compensation.
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Third, primarily, these sophisticated design methods of the proposed DF
converter and its application examples are conducted to widely publicize the
practicability of the idea of compensation for force amplification, which effectively

minimalizes the power consumption for controlling robotic components.

Chapter I.5  Structure of the thesis

Fig. 14 schematizes the structure of this thesis.

In Part II, a preliminary proof-of-concept (POC) prototype model of the proposed
DF converter was introduced first and proved its ability to regulate the elastic
tension. To overcome the compensation imprecision due to the deviation angle
between the pulley tangent and vertical direction of the radius, its pulley—wire
compensation system, a reverse spring using a cam—follower system, and its cam
radius calculation process based on a simplified numerical analysis of a first-order
ordinary differential equation were developed. The POC prototype model was built
to conduct experiments to verify its effectiveness. As an application example, the
converter is embedded in a continuous wire tensioner for a variable stiffness
mechanism in a fire-resistant soft gripper to replace a massive and bulky
pneumatic actuator.

Next, in Part III, another DF converter was introduced that uses a permanent
magnet as a reverse spring, which generates a spontaneously increasing attractive
force with the proximity to the target surface. For developing a robotic gripper
whose clamping force is amplified by this proposed DF converter, existing
attraction devices that allow the distance between a pair of magnets (and thus the
attraction force between them) to be easily regulated were explored. Then, the
principle and design procedure of the selected method employing an IB magnet
(introduced briefly in Section 1.2.4 in advance) were described in detail to clarify
1ts advantages to adopt it to the gripper. The IBM gripper was developed to achieve
coexistence of spontaneousness and steplessness on force amplification by
continuously regulating the attraction distance of the magnet, which has not been

accomplished by existing load-sensitive grippers using binary toggles and clutches.
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In Chapter III.3, to realize the basic POC model of the IBM gripper, a one-sided
(single-parting) gripper that has an active finger with an IB magnet embedded in
it and another fixed finger with a target attraction surface was developed. The
performance of the proposed gripper was examined through simple man-powered
experiments, and the validity of the spontaneous force amplification achieved by
attaching the magnet was inspected. To simplify the design procedure of the
nonlinear spring of the IB magnet, a new compensation method using a pair of
magnets facing like poles as a magnetic spring was invented.

In Chapter II1.4, a bi-parting gripper that has two active fingers with an IB
magnet embedded in each, to enhance dexterity, was developed. Because the
magnetic spring was unsuitable for this configuration, as there was a mismatch of
the approach speed of the magnets and compression speed of the springs, the focus
shifted to the nonlinear property of the conical coil compression spring. A
continuous regulation of the displacement of the magnets and fingers by a DC
motor connected to a bidirectional screw revealed the validity of the steplessly
adjustable force amplification feature of the IBM gripper. The performance
evaluation experiment visualized the conditions in which the efficiency of the
output clamping force relative to the power consumption maximizes.

In Chapter IIL.5, to solve the problem discovered in Chapter III.4 (the clamping
force is nonlinearly affected by the width of the target object), a clamping-width
adjustment mechanism was newly developed and implemented in the IB magnet
bi-parting gripper to enhance its versatility. To make the clamping force more
arbitrarily adjustable and predictable, the active finger and the IB magnet
embedded in it must be actuated by a single actuator, but their displacements must
be independent of each other such that the compensation does not get disturbed by
the existence of an external object that mismatches the actuations of the magnet
and spring. To mechanically suspend them while loosely connecting them when
there is no external load, a lever—follower system was chosen to realize a clutch
mechanism with a low transmission loss. The experiments showed that the clutch
successfully minimalized and linearized the influence of the object width on the
clamping force while sustaining the steplessly adjustable spontaneous force-

amplification effect of the DF converter.
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Furthermore, in Part IV, the structure of the one-sided gripper with a fixed width,
designed in Chapter II1.3, was turned into a brake mechanism by equipping the
fingers with brake pads to introduce an application example of the IBM gripper, in
which the target object has a known clamping width. To solve the problem of the
pad having to be actuated for a long compensation stroke to fully disable braking,
a novel multistage spring comprising two linear springs in series was devised. The
multistage spring not only decreases its spring constant for compensation but also
detaches the pad in accordance with a small displacement. By realizing an
electropermanent configuration, the DF converter made the brake capable of
exerting larger and more energy-efficient braking torques for both short- and long-
span braking while sustaining the responsiveness comparable to it, compared to
an existing electromagnetic brake.

In Part V, based on these research outcomes, common features of the DF
converter observed throughout the study, problems left unsettled, and their
possible solutions are discussed. Furthermore, other applications of the DF
converter such as a variable stiffness gripper using a magnetorheological fluid and
electropermanent-magnetic jumping mechanism are briefly introduced. These
symbolize a further versatility of the idea of the DF converter for regulating not
only elastic tension, magnetic attraction, and pressing but also magnetic repulsion
and magnetic flux strength by a minimal external force. The expected significance
and impactful contribution of the DF converter implied in the study, which include
value creation on enhancement of energy efficiency in robotics and performance
improvement of machines in extreme environments with design and operation
restrictions, are discussed.

Finally, Part VI presents the conclusion and future aspects of the study.
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Part 11

Development of the DF converter with a

reverse spring comprising a cam-—
follower system, and its application to a

variable stiffness gripper
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Partll Development of the DF converter with a
reverse spring comprising a cam—follower system,
and its application to a variable stiffness gripper

Chapter II.1  Abstract of Part I

In this part, a new compensation method for the DF converter, which uses a
noncircular cam as a reverse spring, is introduced.

First, a preliminary POC prototype model of the DF converter using a pulley—
wire system was developed, and its ability to regulate the elastic tension was
proven. This model balances the torques generated by a linear spring connected to
a circular pulley and a mass connected to a noncircular pulley as a reverse spring.

To overcome the compensation inaccuracy due to the deviation angle between
the pulley tangent and the vertical direction of the radius, a cam—follower system
designed through a simplified numerical analysis on a first-order ordinary
differential equation was developed. This generates a compensation torque by the
contact force of the follower, which is split in the tangential direction of the cam by
the pressure angle varying in accordance with the rotation.

The prototype demonstrated that the compensation decreased the maximum
control force required to extend the spring by 23.2 % and the difference of the
control force between extension and compression from 543 % to 49 % . This
uniformization allows the selection of an actuator with a smaller maximum output.
Moreover, it was incorporated into a variable stiffness mechanism of a fire-
resistant soft robotic gripper as a wire tensioner to regulate the rigidity of its finger

continuously, thus, replacing a conventional massive pneumatic actuator.

Fig. 15 Appearance of the POC model of the proposed displacement—force converter using
the pressure angle method.
20



Chapter I1.2 Application of the DF converter #1:
wire tension regulator for a fire-resistant variable
stiffness robotic gripper

This chapter proposes the first specific example of the practical use of the DF
converter, and thus, it clarifies how the stepless and energy-efficient control of
deformation of a spring is useful in robotic components.

Fig. 17 illustrates a variable stiffness structure named the line jamming
mechanism, a series of beads that changes its stiffness state due to the frictional
force between neighboring beads according to the tension of the wire penetrating
them. The cup-shaped beads in Fig. 17 (b) are used in a heart stabilizer during
surgery, as shown in Fig. 18 [31], and in the fingers of a cut- and fire-resistant soft
robotic gripper, as shown in Fig. 19. The latter is developed by the author’s
research team to grasp burning, sharp, and unshaped debris in a disaster field, as
demonstrated in Fig. 20. Its jamming media, the beads and wire, can be made of
durable materials such as metal. This characteristic is highly advantageous to
existing variable-stiffness grippers composed of a soft membrane filled with
powder (more specifically described in Section V.2.2) that cannot sustain its
functionality once the membrane is damaged.

Conventionally, the line-jamming mechanisms have been regulated by a hand-
driven toggle or a pneumatics to switch the wire tension in a binary manner.
Inserting the DF converter between the mechanism and a weak actuator would

enable the mechanism to change its stiffness arbitrarily, steplessly, and efficiently.

A High rigidity

Fig. 16 A conceptual diagram of a variable stiffness gripper that switches its operational
state between low-rigidity and high-rigidity states.
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(a) Line-Jamming with Ball Beads ; (b) Line-Jamming with Cup-shaped beads
Fig. 17 Principle of the line-jamming mechanism. By optimizing the shape of the bead

units and the wire path, the application of tension (a) restores or (b) maintains the relative
posture between beads in contact.

Fig. 18 Surgical instrument with the line-jamming mechanism that is used to fix the
relative position of the heart-stabilizing tool relative to the surgical site [31].
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Chapter II.3  Preliminary study: development of the
first prototype POC model of the DF converter

Fig. 21 shows the appearance of the preliminary conceptual prototype model of
the proposed DF converter, whose structure is illustrated in Fig. 12. As the most
representative example of the reverse spring, a weight connected to a noncircular
pulley is balanced to a linear spring connected to a circular pulley such that both

loads possess linear displacement—torque characteristics.

Force indicator Non-circular pully

==

Tension spring . Motor
Feed nut

Weight

Motor I

PSS IS IS

(a) Basic Configuration (b) Prototype Model

Fig. 21 Preliminary prototype model of the DF converter for proof of principle.

Section II.3.1  Design procedure of the noncircular pulley
of the DF converter

Here, the torque T, to be compensated, generated by a linear spring (as the
simplest example) with a spring constant k, connected to a circular pulley of
constant radius |R4| = R, 1s designed to be balanced with the torque T,. T, is
generated by a constant load of a weight m under gravity g connected to a

noncircular pulley of variable radius |R;| = 7(g). 1 is derived as follows: First, the

torque applied to a circular pulley T, is expressed as
Ty =Fy X Ry = (kRcO)(Rc)e, (2)

as the elastic force F; increases proportionally with the rotation angle 6 of the
pulley. Note that e, is the unit vector facing toward the front of the paper.
23



Next, the torque T, applied to the noncircular pulley by a constant load mg is

determined by the pulley diameter R, as
T, = F; X Ry = —(mg)(r)e, 3)

as the load F, is constant, regardless of the rotation angle. Substituting (2) and
(3)inT, + T, = 0 generates (4), thereby showing that r is an Archimedes’ spiral

that increases proportionally to the rotation angle, as plotted in Fig. 22.

kRE
T'(g) = m—gce (4)

=21

Fig. 22 Archimedes’ spiral representing the pulley radius profile.

Fig. 23 The definition of the coordinate systems. The curve on the xy-plane is rotated from

the XY-plane of the mechanism by angle 6 around the Z-axis.
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Section I1.3.2  Basic operation experiment of the DF
converter

To demonstrate the effectiveness of the DF converter, an experiment was
conducted using the prototype, as shown in Fig. 24. A hand-powered input was
applied on the point of equilibrium using the tip of a mechanical pencil, and the
output was expressed as the tension force of the spring measured by a loadcell
(Kyowa Electronics, LUR-A-2KNSA). As shown in the figure, the point of
equilibrium can be shifted to the right and left directions, resulting in an increase
and decrease in the internal force generated by the spring, with a control force
reasonably smaller than the output force such that the fragile pencil lead does not

break.

Fig. 24 Basic operation experiment of the DF converter. (1)—(3) The point of equilibrium
was first shifted rightward, during which the spring stretched and the pulley radius
increased, resulting in an increase in the output force. (4)—(6) The point was then shifted
leftward, during which the spring got compressed and the pulley radius decreased,

resulting in a reduction in the output force.
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Section I1.3.3  Performance evaluation experiment of the
DF converter

By powering the DC motor as the input actuator, the properties of the output
and input forces were inspected according to the change in displacement. In
addition to the loadcell attached to the spring, a force gauge was connected to the
point of equilibrium to measure the operation force. Offset stroke b was inserted
between the spring and pulley to observe the effect of compensation accuracy.

The results are shown in Fig. 25. When b = 0, the spring deformation was
successfully controlled with an input force of 0.3 % of the output force in average,
both linearly increasing as the spring further extended. In addition, when b = 10
and 20 mm, an extra force was required for the operation, but the control force
remained at 5 % and 8 % of the output, respectively. Because the force required to
control the input point has an approximately constant displacement—force
characteristic on a macroscopic view, it can be concluded that the DF converter can
be driven by an actuator with a stable and weak output force, verifying the

proposed principle.

25
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Fig. 25 Result of the performance evaluation experiment of the DF converter.
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Chapter II.4 Disadvantages of the DF converter

In the preliminary study [32], the conceptual principle of the DF converter was
verified. However, it posed some issues: the use of a weight increases the mass and
limits the usable posture of the mechanism; the direction of the compensating force

from the wire tension does not coincide with that of the tangency of the pulley.

Section I1.4.1  Deviation of the tangency of the noncircular
pulley from the tension direction of the wire

In case of a circular pulley, the wire is stretched perpendicularly to the radius at
any rotation angle as long as a tension is applied in a certain direction. However,
as illustrated in Fig. 26, achieving strict compensation with a noncircular pulley
having a radius simply proportional to the rotation angle is difficult. This is
because the vertical direction of the radius r(g) at the rotation angle 6 (the segment
OR) is diverted from the tangential at R by a deviation angle ¢. This indicates that
the wire cannot extend perpendicularly to the radius from R for an accurate
generation of compensation force because the tension force stretches the wire along

the tangential direction of the pulley.
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\ \S ! Z\Q),.‘-"' 7 @ % Wiredirection
Ll % vertical to radius
o /\/ v at point R
g H_ —————— o )
O“ = 7 4 - »«\.
’ m

/ tangent to cam

Fig. 26 Deviation angle ¢ between a vertical line to the radius and a tangential line at
point R in the noncircular pulley—wire system.
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The equational analysis of the deviation angle is as follows. First, considering

r' =dr/df, the slope of the tangent @ at a certain ry) on the pulley curve is

expressed as

dy r+r'tanf
e e — 5
tana dx 7r'—rtan@ ®)

Since ¢ is the residual of the deviation angle between the radius and the tangent

angle B(= a — ), (6) and (7) are obtained from (5) as follows:

tana —tan 6

tanf = tan(a — 0) = 1+ tanatané

) (6)
=== tan(90° — ¢)

r
< cotp = = (7)

Equation (7) plotted in Fig. 27 shows how the deviation angle increases as 6
decreases; ¢ even reaches 90° at & = 0. This deviation of direction leads to a
misalignment of the departing point of the wire from the pulley, which is
ununiform beyond the current radius, as illustrated in Fig. 27. Thus, it is
ineffective to make the radius proportional to the rotation angle especially in a

small range of rotation angle 6.

90 4
o1}

45

Deviation Angle @ [deg]

0 Vam n Yam 2n

Angle of Rotation @ [rad]
Fig. 27 Deviation angle between a line perpendicular to the radius and a tangential line.
The actual direction of the wire is also illustrated in red.
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Therefore, in some studies on weight compensation for robotic arms [10], [23],
[24] and a variable-force pantograph for inner-pipe locomotion [33], numerical
analysis methods for determining the pulley radius were proposed by modeling the
geometric relationship of this misalignment. However, since severe and complex
constraints on establishing the assumptions of the analysis were used, iterations

are required for the optimization of the design variables, as exemplified in Fig. 28.

f 1. Set structural design parameters a, b in Fig. 3, as well as
. initial arm angle 6, and desired torque profile 7(6).

2. Set spring stiffness k, natural length xo, initial tension Fy.
In case of an ordinary lincar spring, spring force F, can be
expressed as Fy = kx + F, where x is displacement.

3. Numerical design starts with maximum displacement

SMA Xmax Of the spring, where initial pulley radius is rp =
. ﬂ"())/l"mvl .
Bias Spring 4. Draw a tangent linc of a circle /o to intersect the fixed point

of the spring Pg in Fig. 3, where the center of the circle is
O and its radius is ry. Define Cy which is intersection of [,
and X axis.

spring

5. Draw a circle with radius of OP, and define points

Py, P, ..., P, with constant incremental angle A# in the

\ motion range (6y < @ < Opq). This is because an analyt-
’ ical procedure is to be taken in which the pulley curve is
drawn around the rotating center O by inversely rotating
the spring supporting point P; (instead of rotating the pul-
ley) and unwinding the flexible part at the spring end from

X the pulley side.
0 } 6. Choose a random point « on the tangent line /. Obtain the
displacement x,, of the spring stretched between the seg-

ment aP, and distance r, of the straight line P, from
the origin O. The variation of the displacement of the
spring stretched from the point « is (@Pp — aP;) because
the flexible part wound around the pulley is supposed to
be non-ductile. Consequently, the displacement is x, =
Xmax— (@Pg —aPy), where spring force is Fy, = k-x, + Fo.

7. Perform the operation in which the position of the point «
is shifted until it agrees with the desired torque profile =(6)
by Fj, - r, by means of a convergent calculation.

8. Make the position of a the point Cy, which is the first ver-
tex of the pulley configuration to be polygonally approxi-

mated.
N

9. Assume a new point « on the straight line C, P, and repeat
the calculations of 6.- 8. for the points a and P; to obtain
C,.

P"i—: P 7 10. Repeat the above-mentioned procedure until the displace-
{ ’ 95 h ' o ™, e T UM -
///////””//////////”// /] ment becomes 2610 of € = Gpax.

Fig. 28 An example of the iterative calculation process of designing a weight compensation
mechanism using a pulley—wire system for assisting a shape memory alloy actuator [10].
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Section I1.4.2  Design restrictions due to the use of a weight
and pulley for the reverse spring

As described in Chapter 1.2, the reverse spring using weight obviously become
heavy, resulting in the increase in the total mass of the machine, while the purpose
of DF converter is to amplify the output force of the machine without using large
actuator, contractively. Additionally, because the load of the weight is applied only
vertically downward, the installable posture of the machine is limited, in which
the room for the weight to move up and down is available.

Furthermore, as the weight generates a constant load, the pulley radius has to
become 7=y = 0 instead when the spring deformation and the torque to be
compensated is zero. Making the radius zero precisely is impracticable not only
because of its design inconvenience but also because there is a large deviation
angle between the pulley tangency and wire direction, as analyzed in Section I1.4.1.

To resolve these problems, new kinds of reverse springs that do not include

weights are required.
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Chapter I1.5 Proposed principle: Variable pressure-
angle method of the cam—follower system

This chapter is aimed at developing a new cam compensation system for a DF
converter that generates compensating torque using not only the variable cam
radius but also its rate of change which results in a variable pressure angle
between the cam and follower. The proposed method admits and makes use of the
existence of the deviation angle ¢, which is inevitable if the radius changes, even
if adopting a cam—follower system defined in Fig. 29 instead of the pulley—wire

system.

Contact Force F ”
:

Cam Follower

Perpendicular-to-radius
Component F., of Contact Force -+

Fig. 29 Definition of the coordinate systems of the proposed compensation method for a
DF converter using the pressure angle between the cam and the follower.
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Fig. 30 illustrates how a follower is in contact or is pressed against a noncircular
cam and generates a force component F, perpendicular to the radius. Equation
(7) provides the pressure angle ¢ between the cam and follower, by which the force
applied by the follower is divided into directions perpendicular and parallel to the
tangential first, and then into directions perpendicular and parallel to the radius.
Once the pressure angle is designed to produce an appropriate compensating
torque over the range of angles to be used, the total cam profile can be calculated
using integration.

This method also allows the initial cam radius r) = r, to be more than zero by
setting the pressure angle to zero instead, while the previously mentioned pulley
had to consider r(5) = 0 to generate zero-compensation torque, which is impractical.
This characteristic of the cam-—follower system significantly improves the

flexibility in design of the axis of rotation.

Fig. 30 Definition of component forces applied to the cam by the follower.
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Similar studies using the contact force between the cam and follower for weight
compensation of robotic arms have been conducted, but as these arms behave in a
their torques were limited to a sine function [11], [34]—[36]. This study differs from
them in that its purpose is to generalize the compensation to any displacement—
force characteristic for deforming an elastic element by reversing the relationship

between input and output components.

a b
l ¢
g
base circle, ll( A\ knife-edge follower
B W
O cam rotation axes
/' no connection to follower
pitch N(q) = —=
curve interior cam F, = ks(q) o (k- s @ cosa(q)
SRS ek o S
. ; h_ s(q) /
k counter balancing —— — — :
spring = \
: >M. (q) =\—N(q)5ina(q)[R o S(q)]

g

Fig. 31 Weight compensation mechanism using an interior cam—follower system for a
robotic arm [34].

assist
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L

kspring Fspring

=e====s | ine of variable pivot position

Fig. 32 Weight compensation mechanism using an interior cam—follower system for a
robotic arm, with a variable pivot of a lever [35].
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Based on the concept, the characteristic equation representing the cam radius
for compensating a linear spring is derived from the following process. First, the

torque T4 applied to the circular pulley is equated to (2), which gives:
Ty =Fy X Ry = (kRcO)(Rc)e, (8)

If the follower diameter is zero (point contact), the torque T, applied to the

noncircular cam is expressed as
T, =F, xR, = —(F:cos¢)(r)singpe, 9

as the partial force component F, = F-cos¢ in the tangential perpendicular
direction of the pushing force F; (assumed to be constant here) is applied to the
dynamic diameter of the cam by the follower. Moreover, the tangential deviation of
the tangent angle is taken further along the direction of the rotation angle. From
(6) and the definition of the trigonometric functions, the following transformation
holds.
sin ¢ cos ¢ = cos(90° — ¢) sin(90° — ¢)
B r’ . r (10)
- V2 +77% Jrz 4112
As in the conventional method of Chapter II.3, (11) is obtained by substituting
(8)—-(10) inT; + T, = 0.

2y’

—F
r2 42 ¢

kREO = (11)

As 12 +1'2 £ 0 for any 8, multiplying both sides of (11) by r? + r'? yields the

following equation:
(kRZO)1"? + (—Fcr®)r’  + (kREOT?) =0 (12)

Solving (12) by setting rg=qy = 1 > 0 gives 1’ (9=¢) = 0 and dividing both sides
by kRZ6 for 6 + 0 gives a quadratic:

/2+ FCT'2 /_I_( 2)_0 13
T krZg)" T = (13)
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With a constant C = F¢/kRE, (14) is obtained as the quadratic formula of r’ as

Cr? 1 Cr? 2
' 2 14
r 20 2\/< 0 ) Ar (14

Hence, once the mechanical parameters included in the constant C are

follows:

determined according to the design requirement of the converter mechanism, the
cam profile 7y can be calculated numerically by solving (15) as a first-order
ordinary differential equation. The monotonically decreasing characteristic of 7
1s 1llustrated in Fig. 33.
0 (6 =0)
r_ 2 2
e B <2_22> . @50 (15)

Compared to the existing cam—follower self-weight compensation mechanisms
[11], [34]-[36], a numerical analysis is still required for the proposed method.
However, its only initial parameter to be optimized is r,, and its condition for the
radius to always have a real value within the range of 0 is already clear as ry >
26max/C. Therefore, the restrictions of the proposed method are much fewer than
those of the conventional pulley—wire methods used in previous self-weight
compensation and DF converters, whose convergence conditions of parameters for

recursive numerical analysis are not found symbolically.

'

Proposed Cam

Pulley

Al

Previous

~
------

Fig. 33 Comparison of the monotonously increasing pulley radius of the conventional
method (dashed line) and the monotonously decreasing cam radius of the proposed method
(solid line).
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Since the actual follower diameter is always greater than zero, the cam and
follower placed at a rotation angle 6 are in contact with each other at an angle
slightly less than 6. To avoid this error resulting in the compensation, using an
offset curve rpg) containing a set of points P shifted from the points R on the curve
T(g) in the perpendicular direction by the length of the follower radius Ry, as
depicted in Fig. 34, is necessary.

It is verified in this section that a change between the compensation torques
generated before and after applying the offset does not ideally exist. Analyses of
the effects of offsetting have been done, but they assume a more general use of the
cam—follower mechanism, in which the cam as the driving component transfers
force to the follower for lifting it up and down (e.g., [37]). However, these analyses
are mainly used to confirm that the pressure angle is within its proper range, and
none of them have considered the transferred torque in detail so far. Therefore, it
is stated here as follows.

Once the corrected radius OP is obtained as (16) by applying the cosine theorem
to AORP, the angle of deviation of the contact point 2ROP (correction angle 1) at
each 0 1s uniquely determined using (7) and another geometric relationship in
AORP is expressed as (17). Note that ZORP = ¢ from the definition of the offset

curve.

OP? = OR? + PR? — 20R PR cos ¢

(16)
=12+ R} — 2rR;cos ¢

r = Rrcos ¢ + OP cos A (17)

The corrected torque T3 is obtained from (18) using (17), as the component force
of the follower in the rotational direction of the corrected follower force is inclined

by an angle A.

T, = F, X rp = (Fccos ¢)(OP) sin(¢p + 1) e,

r — Ry cos
0s A

= Fcrsing cos ¢ e, + Fccos? ¢ {(r — Recos p) tan A — Resingle,

= Fccos ¢ ¢ (sin¢g cos A + cos ¢ sind)e, (18)
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The first term equals T, in (9) and another geometric relationship in AORP
expressed as (19) transforms (18) into (20). Hence, the compensating torques

before and after offsetting are ideally equal, allowing an arbitrary diameter of the
follower with an appropriate load-bearing capacity.

(r — Rrcos @) tan A = R¢sin ¢

> <

(19)
T’2 = Tz + FC cos? (p (O)ez = TZ

(20)
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Fig. 34 Definition of component forces applied by the follower to the cam with an offset
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Chapter I1.6 Embodiment of the DF converter using
the cam—follower system

Section II.6.1  Design and development of the DF converter
using the cam—follower system

Fig. 35 shows the image and dimensions of the prototype of the proposed DF
converter for the POC of the pressure angle method. Its specifications, listed in
TABLE I, were designed following the procedure mentioned below.

First, a constant-load spring was adopted in the POC model here for generating
a pressing force of the follower. In the preliminary study [32], a weight was used
as the compensating element for easily generating a constant force, but this limited
the posture of the mechanism strictly horizontally. Not only can the constant
spring extend in an arbitrary direction, but it can also sustain a load much greater
than its own weight (10.7 times in this case). Thus, a pair of a linear spring to be
compensated and a corresponding constant spring for compensation was selected
such that the maximum elastic force of the former was approximately twice that
of the latter.

Second, the transmitting medium of the spring force to be compensated was
changed from a conventional pair of a wire and a circular pulley to a pair of a rack
and a pinion in this POC model after considering the durability and elongation
fatigue of the wire. The gear transmission is also selected as it translates the
displacement of the spring to the rotation of the cam even when extending the
spring in which a wire would sag after losing its tension. A 40-mm pitch diameter
of pinion was chosen as the reasonable size, and then it was confirmed that the
maximum operating distance of 2mR: = 125.7 mm, the circumference of the pinion
with a rotation range of 0 < 8 < 2m (can be set beyond 27 if needed), fits within the
maximum permissible extension of the linear spring from its free length.

Substituting the constants determined as stated before in (15), whose double
sign was substituted to + to prevent the excessive steepness of the curve, the cam
profile was calculated and is plotted in Fig. 36. The transition of the pressure angle
was also obtained from (7). The minimum integer value under these conditions

was determined as the initial radius ry.
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Noncircular Cam
Compensation Torque
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720
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Fig. 35 Appearance and design sketch of the POC model of the proposed displacement—
force converter using the pressure angle method. The wire of the constant spring
penetrates the cam axis through its side hole. The cam made of stainless steel is coated
with electroless nickel-phosphorus plating for better visibility.

TABLE I
MECHANICAL COMPONENT VALUES USED FOR CAM PROFILE CALCULATION

Linear spring Spring Constant k 0.39 N/mm
to be compensated || Max. Spring Force | F| (0=21) 60 N
AWY20-175 Pinion Radius

R. 20 mm
Constant spring || Const. Spring Force £ 35.6 N

for compensation || Max. Cam Radius |7, 149 mm

NWT3.0-1-R Follower Radius R, 12 mm

f

’_1504 .......... S~ A60 qb)D
= ; e ——— =,
g Radius S B! s
= 100 0 o
E /30 &
3 <
~ 50 20 o
e

£ Pressure Angle 10 2
72

O — > L
0 Vom T Yo 2n A

Rotation Angle of Cam 6 [rad]

Fig. 36 Transition of the radius and pressure angle of the POC model of the proposed
displacement—force converter using the pressure angle method.
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Section I1.6.2  Performance evaluation experiment of the
DF converter using the cam—follower system

First, a basic operation of the proposed DF converter was conducted to verify its
principle. It was evaluated based on whether the control force required to extend
and compress the spring, represented by the power consumption of an actuator, is
reduced due to the compensation by the cam.

The system constituents and the experiment procedure are shown in Fig. 37, in
which a load cell (Kyowa Electric, LUR-A-2KNSA) is mounted on the fixed end of
the spring to indicate the tension applied by the spring, and an encoder (Omron,
E6A2-CW3C 360P/R 0.5M) is attached to the rotation axis of the cam. The other
end of the spring is connected to a nut of the feed screw, where the spring force is
coupled to and balanced with the compensation force via the rack. A DC motor
(Pololu, 3057) drives the screw with a constant power supply of 12 V.

The processes of spring extension and subsequent compression were repeated
five times for each contrasted configuration—with and without the follower in
contact with the cam generating the compensating force so that the motor actuated

the screw only with its own driving force.
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DC motor
Load cell

A

Fig. 37 Operation process and current consumption of the POC model. (a) The initial
tension measured by the linear spring was 0 N. (b) The spring tension and cam rotation
angle increased with the extension of the feed screw, and (c) the spring force reached its
maximum at a displacement of x = 27R¢.

--------
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Fig. 38 displays the results of the measured power consumption during the
processes. When compensation was used, the power consumption reproducibly
changed suddenly in the range x = 28/15nr (discussed in Chapter I1.7) in addition
to fluctuations due to inrush and stall currents around x = 0 and x = 2wR¢. As the
displacement xg is now regarded as the farthest point for the stable compensation
in this prototype, a comparison of the performance with and without compensation
was conducted in a range 0 < x < xg for further analysis.

In the extension processes plotted in Fig. 38, the power consumption is seen to
increase monotonously with the displacement of the spring as well as with its
elastic force when the nut connected to the spring had to be moved by the motor
thrust alone without compensation. By contrast, using compensation, the increase
in power consumption became moderate, while the same elastic force was
generated. The energy consumed during one cam rotation was reduced by 4.1]
(23.2 %) using compensation, indicating that the operating force is successfully
reduced using the proposed mechanism.

In the compression processes without compensation, the power consumption was
almost constant (close to the ideal value at no load operation) because the spring
tension was exerted in the helping direction of the thrust of the screw. By contrast,
the energy consumption increased by 1.8 ] (25.4 %) per rotation with compensation
because the compensating force suppressed the abovementioned assistance of the

spring.
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Fig. 38 Transition in power consumption with respect to displacement x of the spring
(equals the counts of the encoder multiplied by the gear ratio and the lead of the screw).
The estimated cam rotation angle 8 was calculated by dividing x by the pinion radius Rc.
Solid black lines represent the moving averages of the interval at 36, which is three times
the counts per rotation of the motor.
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The maximum control force exerted by the lead screw and the entire energy
consumption per operation were then calculated in this range and are plotted in
Fig. 39. The compensation reduced the total energy consumption by 2.3] (9.3 %)
per operation of extension and then compression in the range 0 < x < x5 (Fig. 13
(a)). The operating force at position xs, where the largest energy is required, was
reduced by 46.2% in the extension process and increased by 132.7 % in the
compression process (Fig. 13 (b)). Thus, the difference of the maximum operating
forces between extension and compression shrank significantly from 543.0 % to
48.7 % relative to compression force. This uniformity enables the spring to be

controlled by an actuator with smaller maximum output and current fluctuations.

A A 913
20.0 ]7§6 100.0 % Without
13.5 Compensation
15.0 75.0 <
- 49.1 ) \\\
10.0 7.0 50.0 \ 33.0
50| N @% 25.0 42 With
@ Compensatlon
0.0 0.0
Extension = Compression Extension  Compression
(a)Energy Consumption [J] (b)Control Force of Lead Screw [N]
per operation 0=x= *%1swR at x, = ®isnR .

Fig. 39 (a) Energy consumption in the range 0 < x < xg. (b) Thrust force of the feed screw
at xg calculated from the motor performance table [38].
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Also, as observed in Fig. 40, the actual cam rotation angle 8 was monitored by
the encoder. The angle was found to deviate by approximately 4-5° (1.1- 1.4 % of
one rotation) from the value assumed as the spring displacement x, regardless of
whether compensation was used.

The delay in the rotation angle with respect to the feed amount first emerged at
the origin for each outward route of extension and lasted till the end of a rotation.
Without compensation, the return route of compression went through practically
the same transition. With compensation, however, the rotation angle delayed at
the beginning of the return route in the same way as extension and then returned
to the origin like a hysteresis loop.

The occurrence of these phenomena depends on the direction of the internal force
on the nut to be actuated that remains even after compensation due to its
inaccuracy and friction. This force bias made the feed screw to actuate the nut
more than expected to fill the gap of the alignment. The gap here is a backlash that
occurs In two stages: one between the screw and the nut, and the other between

the rack fastened to the nut and the pinion.
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Fig. 40 Difference between the rotation angles of the cam calculated from the
displacement and as measured by an encoder.
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Furthermore, to investigate whether its constitution has overcome the
gravitational effect on operation, the same procedure was repeated for systems in
which the POC model was placed vertically. For the conventional self-weight
compensation mechanisms and DF converter used in the previous study [32] with
a counterweight, tilting to an arbitrary posture was impossible because the wire
extending to a weight would drop out of the pulley if the cam plane does not remain
horizontal. Since the proposed method abolishes the pulley and the weight, the
POC model should be able to operate at any posture.

The image on the left in Fig. 41 shows the POC model installed in two ways:
cruciformly (spring extends upward) and inverse-cruciformly (downward). The
results of the measured power consumption are shown on the right-hand side.

It is seen that the power consumption slightly increased by 1.4 — 22.7 % in each
process compared to Fig. 38 when placed inverse-cruciformly (Fig. 41 (b)). When
placed cruciformly, the power consumption increased more significantly by 38.3 —
123.0 %, however, the compression process with compensation decreased by 4.7 %
(Fig. 41 (a)).

While the force required to extend the spring was reduced by compensation as
intended even when placed vertically, gravity was found to disturb the force
equilibrium on the actuated nut by including the weight of components (especially
the stainless rack) in the balancing. The position of the center of gravity of the
rotating cam also must be centered for minimizing the effect of its gravitational
torque as a future task on optimization. Even without these factors, improvements
on the guide elements receiving the load from the spring and the pinion connected

to the screw nut are obviously required for a higher performance.
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Fig. 41 Transition in power consumption on the system placed vertically.
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Section I1.6.3  Application experiment of the DF converter
using the cam—follower system in the line-jamming
mechanism

As an example of application, the developed DF converter was implemented to
the line jamming mechanism as its wire tensioner, as illustrated in Fig. 42. The
fixed end of the spring that used to be pinned on the mechanism structure was now
connected to a wire of the line jamming mechanism, so that the converter can
adjust the wire tension by the elastic deformation of the spring arbitrarily. It
resulted in the behavior of the finger that could (a)—(b) deform passively in the
low-stiffness mode, (c)—(d) maintained its own posture but was unable to hold an
extra weight on the tip in the medium-stiffness mode, (e)—(f) and supported the
weight in the high-stiffness mode.

The experimental results successfully verified that implementing the POC
model of the converter allows line jamming to switch its mode of stiffness steplessly
and with a low power consumption due to the compensation effect of the cam
follower. By miniaturizing, as discussed in the next chapter, the proposed DF
converter has the potential to replace conventional actuators, such as pneumatics

that require large external devices for generating tension or pressure.

Variable, adjustable stiffness

| Rigid |

Fig. 42 Line jamming mechanism with ¢12 beads of aluminum alloy whose wire tension
1s controlled by the proposed displacement—force converter.
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Chapter II.7 Discussion of the characteristics of the
DF converter using the cam—follower system

If an 1deal compensation could have been achieved, the increase in power
consumption from the no-load state would have been minimal and equal for both
the compression and extension processes. The possible factors that affected the
accuracy of compensation are discussed below, in addition to the gap of the angle

originating in the backlash at screw—nut and rack—pinion transmissions.

Section I1.7.1 Effect of an excessive increase 1n the
pressure angle

First, the nonuniform and sharp increase in the consumption power in the range
x > xg, as observed in Fig. 38, can be attributed to an excessive increase in the
pressure angle ¢. As plotted with the cam characteristics in Fig. 36, the pressure
angle at the end of rotation exceeds 30°, which is a standard practical design limit
for converting the radius of the cam to the lift amount of the follower [37], [39]. In
this study, it was found that pressure angles less than ¢g_y./r.) = 23° are
desirable when the purpose is to transmit torque to the cam from the follower.
Increasing the initial radius r, is effective in replacing the increase required in ¢

to satisfy this condition.

Contact Force {
Follower

Possiblé
Slippage

\ /

]:' ‘l
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Fig. 43 Slippage of the cam—follower system at a large pressure angle ¢.
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Section I1.7.2  Efficiency of the torque transmission
between the rack and pinion

Second, the loss in efficiency of the torque transmission between the rack and
pinion was underestimated. While the force component generated by the pressure
angle between the cam and follower was used for compensation, the generated
compensating torque was not properly applied to the coupling point of the spring
and rack. This is possibly because the force transmitted between the rack and
pinion is split into component forces due to the existence of a pressure angle of 20°
at the teeth. Furthermore, the component force perpendicular to the linear motion
of the spring was assumed to be ineffective but is possibly disadvantageous because
it can increase the frictional resistance on the slider guide, thereby amplifying the
resistive effect of the assembly error on the movement. An improvement can be
achieved by substituting F. in (14) with eF;, where e represents an efficiency

factor.

\ Pressure Angle

Rack \f_

>» F

T,—F,Rt

Initial Torque

F, = F cos’a

T . . 0.88F 20
['ranslational Force (@ )
transmitted on Rack i B i Y

Fig. 44 Loss of force transmission efficiency between the rack and pinion.
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Section I1.7.3  Constancy of the constant spring

Third, in the numerical analysis of the cam profile, the force of the constant
spring Fc was strictly defined to be constant and that of the linear spring F;
proportional to the displacement without an intercept. However, as shown in Fig.
46, the characteristic of the constant spring fluctuates (a) and that of the linear
spring results in a smaller displacement until the external force exceeds the initial
internal tension of its elasticity (b). The latter results in the steep initial rise of
force lasting till the end as an average excess of 11.3 N from the supposed value to
be compensated, corresponding to the initial rise of the power consumption in the
extension process and the final fall in the compression process, as observed in Fig.
38. Therefore, for a higher accuracy, F; and F, should be corrected to functions of 6
following their actual nonlinear, possibly hysteretic properties. This generalization
also allows configurations other than the pair of springs in the POC model, thus,
increasing the flexibility of design. The follower may be pressed to the cam by a
linear spring, for example, so that the contact force increases according to the
rotation and replaces the increase in the pressure angle, thus, miniaturizing the

cam.
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Fig. 45 Force of constant load spring measured by a material testing machine (Instron,
3343). F was defined by the average of the highlighted section, whose range corresponds
to the displacement of the follower.
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Fig. 46 Force of the linear spring measured in Experiment 1 by the load cell.

Chapter I1.8 Conclusion of Part II

In this part, the preliminary prototype model of a DF converter using a pulley—
wire system was introduced and its difficulties on maintaining the deviation angle
were analyzed. To overcome the difficulties, an entirely new iterative numerical
calculation theory was developed for a cam—follower system; it can generate a
compensation torque with a contact force split by the pressure angle between the
cam and the follower.

The prototype POC model demonstrated that the devised DF converter
successfully decreased both the energy consumption and control force required to
extend the spring. Thereby, uniformization of force such that the difference of the
maximum control force between extension and compression allows the selection of
an actuator with a smaller output. This also indicated that the proposed cam—
follower system is valid for generating a compensation torque with a simplified
calculation process of the cam radius, replacing the conventional pulley—wire
system with a design method that uses a complicated numerical analysis,
contributing not only to the development of the DF converter but also to the

improvement of existing compensation mechanisms.
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Moreover, this was incorporated into the variable stiffness mechanism of a fire-
resistant soft robotic gripper, as its stepless wire tensioner, to regulate the rigidity
of its finger continuously, implying the applicability of the DF converter in
replacing conventional massive and powerful actuators such as pneumatics and
hydraulics. This resulted in a performance enhancement of robots equipped with
them.

For further development, an efficient structure for achieving a higher
compensation performance by directly driving the cam and making the
compensating force adjustable, i.e. using a variable pivot [35], can be designed. In
addition to replacing fluid-driven actuators for the variable stiffness mechanism,
the application will be expanded to the study of robotic components, such as a load-

sensitive joint structures with a passive compliance.
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Part 111

Development of the DF converter with a

reverse spring comprising permanent
magnets, and its application to a

parallel robotic gripper
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Part III Development of the DF converter with a
reverse spring comprising permanent magnets, and
its application to a parallel robotic gripper

Chapter III.1 Abstract of Part III

In this part, another new compensation method for the DF converter is
introduced. This method uses a permanent magnet as a reverse spring. In a
parallel robotic gripper using the IB magnet as a DF converter, the attraction
movement of the magnet generates an assistive pressing force that increases the
clamping force. Reflecting the research process, this part is composed of three
major chapters.

In Chapter III.3, to improve the design procedure and the trade-off relationship
between compensation precision and the mechanism volume of the IB magnet, a
magnetic spring was invented, and its reduction rate of 13.0 % was found to be
comparable to those of conventional IB magnets. Subsequently, it was modified to
a one-sided IBM gripper with a fixed clamping width. The experiment revealed
that applying magnetic attraction spontaneously amplified the direct the input
into an output equal to the control force of the magnet by 2.0.

In Chapter III.4, a new conical spring was developed to manage both
compactness and followability to the nonlinear characteristic of the magnet suited
to a bi-parting constitution for a higher dexterity. The prototype of the gripper
successfully amplified its clamping force continuously from zero to at most 292.2 %
by the magnetic assistance, while suppressing the increase in power consumption
of a DC motor to 11.8 % through compensation, resulting in the multiplication of
the force—energy efficiency by 2.6.

In Chapter III.5, a new stepless width-adjustment mechanism using a lever
toggle was featured to achieve a more steady and predictable clamping force
independent of the target object width. The developed gripper recorded a force—
energy efficiency ratio multiplied by 1.39 in average. Furthermore, it realized the
linearization of the width—force characteristic with an inclination of 0.15 N/mm,
which was an insignificant influence of 0.3 % on the major output that was

approximately 50 N.
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Chapter III.2 Application of the DF converter #2:
spontaneous force amplifier for a parallel robotic

gripper
Section II1.2.1  Abstract of Chapter II1.2

This chapter proposes the principle of a parallel robotic gripper as an application
mechanism that lets the DF converter exert a clamping force on an external object.
To compensate the force to grasp an object, a clamping mechanism that can
spontaneously and steplessly generate an attractive force to assist clamping
movement using a pair of permanent magnets was invented. Comparisons are
made among the proposed gripper and other existing grippers that have passive
force amplification mechanisms.

For realization, various methods used to detach a permanent magnet using a
control force much smaller than its original attractive force were explored, and the
internally-balanced magnetic unit (IB magnet) was found to be the best for this
application. This mechanism has been applied to magnetic attraction devices such
as wall-climbing robots, ceiling-dangling drones, and modular swarm robots. Its

fundamental principle, design procedure, and optimization process are analyzed.

N()l)lino:n'
spring Spring compensates
Z8Wl the internal force

IB magnet

Permanent
magnet

Ferromagnetic surface LS Force adjustable by
(a) High-speed state (b) High-torque state minimal control force

Fig. 47 Principle diagram of the proposed gripper with a force amplification mechanism
using the IB magnet (IBM gripper).
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Section IT1.2.2 Research background: Realization of an
energy-efficient clamping operation of a robotic gripper
through force amplification

A parallel robotic gripper can be raised as another representative example of a
mechanism that can derive a benefit from the implementation of the proposed DF
converter. Robotic grippers with less power consumption are effective for reducing
the cumulative electricity cost of a factory line, as they are repetitively used for
long periods. They also help to extend the operation time of robots and mileage of
mobilities with a limited power supply, such as battery and solar cells.

Considering the reduction of the response time, operation duration, and power
consumption, one of the desirable features of robotic grippers (i.e., actuator-driven
clamps or vises) is the ability to switch its actuation states, between a high-speed
state, until the finger touches the object to complete the clamping and a high-
torque state after the finger touches the object to firmly sustain the clamping
position [1], as illustrated in Fig. 48.

To avoid increasing the mechanism volume and mass, this state transition
should be achieved by the main actuator that drives the finger without adding
another degree of freedom. Most conventionally, sensors have been used to provide
information regarding the existence of the object to be clamped between the fingers
and by regulating the current for the actuator. However, such software approaches
require a certain load on the calculation processing for control and are especially
disadvantageous in situations where signal transmissions of sensors and control

may be interfered with, such as by radioactive rays.
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Fig. 48 A conceptual diagram of a robotic gripper that switches its operational state.
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Section II1.2.3 Previous research: spontaneous force
amplification by load-sensitive mechanisms

To reduce the complexity of the control, grippers with assistive mechanisms that
activate reduction spontaneously (independent of the electric control of the
actuator) have been proposed. They can be driven passively by a small low-power
actuator of the gripper, ideally without increasing the actuation load at any
displacement. Then, they begin force amplification when they mechanically detect
that the gripper has touched or reached the target object to be clamped. Most of
them are categorized as load-sensitive mechanisms, as they decide the timing for
changing the state by sensing the increase in the load, not by displacement. This

section enumerates the representative examples of the compensation mechanisms.

Subsection II1.2.3.1Toggle mechanism using a lever

The mechanism [2] shown in Fig. 49 employs two pairs of feed screws and nuts
along a single shaft. (1) The motor first actuates the active finger (“output jaw”)
via gear 1-gear 2 transmission, as the latter is fastened on Feed-screw 2. Feed-
screw 1, with a larger pitch, enables a quick motion of the finger. (2) After the
finger touches the target object, the load on the finger (that equals the clamping
force) increases and stops the rotation of the shaft. (3) By further driving Gear 1,
Gear 2 becomes loosened and begins to move along Screw 2. (4) The freed Gear 2
shifts the toggle lever to push in the entire shaft system to the direction of the fixed

finger, which generates a large clamping force.
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Fig. 49 Force amplification mechanism using a toggle lever [2].

59




Subsection II1.2.3.2 Worm drive used as a rack and pinion

The mechanism shown in Fig. 50 switches the usage of a worm drive according
to the actuation state [1]. (a) In a high-speed state, the input worm screw and
output worm gear pair is regarded as a rack and pinion pair. The translational
extension of the screw pushes out the tread of the gear, resulting in its faster
rotation than its original reduction rate. (b) When the output load exceeds the
designed threshold, the connection between the actuator and screw gets separated,
and the mechanism turns into a high-torque state; the rotation of the screw drives

the gear with the initial large reduction rate.

- oM =
|11 R 111 A
(a) High Speed Mode (b) High Torque Mode

Fig. 50 Force amplification mechanism using a worm drive [1].

Subsection II1.2.3.3 Toggle using a lever and worm drive

The gripper [40] in Fig. 51 can be regarded as a combination of those in
Subsection I11.2.3.1 and Subsection I11.2.3.2. This gripper has two actuators, one
for the worm drive connected to the finger and the other for the “three-dimensional
toggle,” and for assembling tension rods that are initially twisted. (a) In a high-
speed state, the worm drive actuates the finger normally. (b) Once the load exerted
on the target object is detected, the toggle stretches and forcibly pushes the worm
screw 1n its axial direction as a rack, resulting in a further rotation of the worm

gear as a pinion.

Worm Wheel

Worm Screw

3D Toggle Harmonic Drive

Fig. 51 Force amplification mechanism using a toggle lever and worm drive [40].
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Subsection II1.2.3.4 Toggle using a linkage

The transformable linkage [41] in Fig. 52 has a folding link with a torsion spring
inserted. (a, b) In the high-speed state, the load is small enough, such that this
folding link is extended to its maximum length, resulting in a fast actuation of the
finger by a four-bar linkage. (c, d) In the high-torque state, when the finger touches
the target object, the counter torque of the load exerts the resistive force of the
torsion spring and shortens the folding link, resulting in a rigid fixation to a three-
bar linkage. The mechanism is applied not only to grippers but also to a knee joint
of a leg mechanism such that it can switch between the swing and stance phases

smoothly [42].

Fig. 52 Force amplification mechanism using a linkage [41].

Subsection II1.2.3.5 Screw using oblique and decentered feed

The oblique screw [43], [44], as illustrated in Fig. 53, is combined with a nut that
has a larger inner diameter than that of the screw such that the nut becomes
oblique and decentered to the rotation axis. (1) In the high-speed state, the nut has
a small effective diameter resulting in an actuation with a small reduction rate.
(2) In the high-torque state, the load causes the nut and screw to align coaxially

such that they engage at the original reduction rate.

spring

20| male screw reduction ratio: Small

)
@

reduction ratio: Iarge
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reduction ratio: iNfinity

Increased reduction ratio |

V

Fig. 53 Force amplification mechanism using an oblique screw [43].
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Section IT1.2.4 Disadvantages of the previous spontaneous
force amplification: binarity of the state switching

As generalized in Fig. 54, the load-sensitive mechanisms for passive force
amplification listed in Section III.2.3 typically use mechanical joints, such as
toggles and clutches, to restrict a further movement of the actuated position by
placing them to the dead center when the finger touches the object. In other words,
the detection of the load or displacement triggers a switch in the reduction state
by increasing the internal rigidity of the mechanism to infinity in the direction of
movement.

These mechanisms do not require an additional operation energy to sustain the
clamping position and force. However, they cannot adjust the clamping force
because they tend to allow only a binary state of clamping (either zero or maximum
force), even if another actuator is added (which is against the development policy
of force amplification and state switching by a single actuator) to adjust the
clamping width or a sensor is used to detect the load. This is problematic when the
robotic system must handle heavy or fragile objects: a lack in force leads to

dropping the object, and an excessive force leads to crushing or damage.

Motor
[ Drives fast at a low reduction rate | [ Maintains position w/o power consumption |
T, L’{.{l 3
Nut oBR=
2] Active
finger
Screw Target
D object
Fixed finger However-+- I-'S;Ee'unad’j.us"fablé.“
(a) High-speed state (b) High-torque state may damage or drop

Fig. 54 Generalized principle diagram of a conventional gripper with a force amplification
mechanism.
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Section IT1.2.5 Proposed principle: Spontaneous force
amplification using magnetic attraction, and its application to
a robotic gripper

To solve these problems, a robotic gripper with a force amplification mechanism
1s proposed. This uses a permanent magnet embedded in the active finger to
enhance the clamping action through an attraction to the ferromagnetic body
embedded in the fixed finger, as shown in Fig. 55. Unlike binary toggles and levers,
a magnet gradually and spontaneously increases its attractive force in proximity
to the ferromagnetic surface, allowing the output clamping force to be adjusted
continuously and arbitrarily by shifting the implemented magnet in and out. As
the magnetic attractive force follows a nonlinear but pre-measurable function of
the distance between the magnet and target surface, the encoder of the actuator
1deally becomes the only sensor required to control the output clamping force.

To enable the control force to withstand the strong attractive force of the magnet
when close to the ferromagnetic surface, the gripper requires an actuator with a
minimal backlash and a large stiffness, such that it can control its own
displacement precisely, or a mechanism that allows the actuator to easily detach

the magnet against its permanently exerted load.

Attached magnet
restricts the
finger movement

Permanent
magnet

S
Ferromagnetic surface ILTER Force adjustable by
(a) High-speed state (b) High-torque state adhesion distance

Fig. 55 Principle diagram of the proposed gripper with a force amplification mechanism
using a permanent magnet.
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Section II1.2.6  Previous research: detaching mechanisms of
a permanent magnet

In this section, the representative examples of the mechanisms that allow a
permanent magnet to be detached with a force that is much smaller than its
original attractive force are enumerated.

Magnetic attraction is one of the most widely used attraction methods alongside
vacuum adsorption, static cling, and van der Waals adhesion [45]. It has been
applied to various machines, such as robots that run on walls and ceilings for
cleaning and inspections [46]-[53], grippers and chucks that clamp ferromagnetic
objects [54], [55], jamming soft grippers and powder brakes that change their
internal stiffness by applying magnetic flux on a magnetorheological fluid [56], and
machines that sort equipment to screen ferromagnetic contamination [57], [58].
Compared to other attraction methods, the magnetic force acts at a certain
distance; thus, it can generate a large force even if the contact is partial or
incomplete. Therefore, it is suitable for use in the proposed gripper. Because a
magnet cannot choose non-ferromagnetic objects as its attraction target, the
application of magnets has been limited to mechanisms that enable a direct
attraction to artificial objects and environments that contain iron, as listed above.
By employing a mechanism that involves the attraction target, the proposed

gripper removes this restriction.

Fig. 56 Inspection robots for body of vessels using magnetic wheels [52], [53].
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There are two types of major magnetic attraction devices: permanent magnet
and electromagnet, as illustrated in Fig. 57. The former is better when considering
the battery capacity of the machine, as it retains its magnetization without
external energy and thus heat generation unlike the latter. This characteristic also
works as a failsafe system for a sudden cut from the power source.

The permanent magnet has two problems: its magnetic flux per volume and
mass tends to be smaller than that of the electromagnet; it continuously requires
a large external force to be detached and then pulled away from the target object,
as it permanently exerts a magnetic force once it gets magnetized. If a bare magnet
is directly attached to an actuator, the attractive load becomes large such that
controlling the displacement precisely becomes difficult for a weak actuator.
Moreover, selecting a strong actuator is against the objective of this study.
Therefore, to solve the second problem for implementing the permanent magnet in
the proposed gripper, this section lists and compares existing conventional
methods for switching the attraction state of the magnet with a small external

control force.

Heat generation
Control force
Current input

Attractive force

(a) Permanent magnet (b) Electromagnet
Fig. 57 Magnetic attraction methods.
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Subsection II1.2.6.1 Detaching using the law of the lever

The simplest method is to use of the law of the lever. As mentioned in Chapter
1.1, levers and wedges with mechanical advantages of more than one can convert
the detachment process of the magnet consisting of the product of a large control
force and short control distance to the work, consisting of the product of a small
force and long distance. Simple objects such as screws [59] and cam [60] are widely
used in magnetic devices of hand-power tools but tend to require long strokes and
thus long switching time to decrease the magnetic attractive force enough for

detachment.

Fig. 58 A pair of window-cleaning robots with a magnetic distance adjustable by a screw
[61].

Subsection II1.2.6.2 Electropermanent magnet

The combination of a permanent magnet used for attraction and an
electromagnet for cancelling out the magnetic flux of the permanent magnet is
called an electropermanent magnet. As it requires electric current only when
disabling magnetic attraction, the electropermanent magnet is suited for long-time
continuous attraction. There are various mechanisms using electropermanent
magnets such as a ceil-tangling anchor for drones [62], expandable actuator for
position control [63], magnetorheological fluid jamming gripper [56], slip moving
mechanism using vibration [64], magnetically floating table [65], and an

electromagnetic brake with a fail-safe ability [66].
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Fig. 59 Magnetic flux supplier of the MR fluid jamming gripper [56].
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Subsection II1.2.6.3 Yoke switching

There is a method of switching the flow of the magnetic flux of the permanent
magnet by changing its relative position to the yoke such that the flux, which
usually flows into the target object, gets disconnected (or circumvents the object),
resulting in the loss of the attractive force. Here, a yoke is piece of soft magnetic
material with a higher magnetic permeability than surrounding objects. Originally,
the yoke is used to form a magnetic circuit, in which the magnetic flux of the
magnet flows into the target object without leakage.

As shown in Fig. 60, there is a magnetic wheel with this yoke-switching
mechanism, which switches (a) a fully attractive state with a flux flowing into the
yoke for a complete stop on the wall and (b) a partially attractive state with a flux
flowing into the roller for moving on the wall by rotating the magnet to change the
orientation of the poles [67]. Moreover, magnetic chucks for fixing ferromagnetic
processes [68], [69] and magnetorheological fluid-jamming grippers [70] using this

method also exist.

Adhesion Yoke Roller
(a) Patternl (b) Pattern2
Fig. 60 Magnetic circuit switching mechanism of a wall climbing robot [67].

67



Subsection I11.2.6.4 Active shunting

Similar to yoke switching, the method illustrated in Fig. 61, called active
shunting [71], combines a pair of magnets in the direction (a) in which their like
poles align to externally exert magnetic flux as a single large magnet, and by
rotating one side, in the direction (b) in which their unlike poles align to close the
flux inside them. The magnetic chucks, clamps, wheels, and grippers that apply
this mechanism have been developed.

Likewise, there is an electropermanent magnet that combines a permanent
magnet and a weakly magnetized permanent magnet aligned in the direction in
which their like poles align. By applying momentary electric current and thus
magnetic flux to the latter, the magnetization rotates, resulting in the internally

closed magnetic circuit [72].

(a) Attached state (a) Detached state

Fig. 61 Principle diagram of active shunting [73] (translated in English).

In these ways, various methods for detaching a magnet have been developed.
They momentarily require a large current consumption for electromagnets or large
external force for actuators to switch from the attraction state to detaching state,
resisting the existing magnetic attractive force. Relieving this loss of energy would
lead to a further power saving, downsizing, and lightening of the actuator and
power source such that the cumulative electricity cost of numbers of robotic arms
in a factory production line that is working continuously can be reduced, and the
operation time of mobile robots operated in outdoors and disaster fields without
enough power supply can be extended. Therefore, developing a mechanism that
allows magnets to be detached at a minimal external force plays an important role

in improving the usability of any magnetic devices for machines.
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Section IT1.2.7 Selected detaching mechanism: Internally-
balanced magnetic unit (IB magnet)

Subsection II1.2.7.1 Principle of the IB magnet and the IBM
gripper

Comparing the mechanisms of detaching a permanent magnet as listed in
TABLE II, the internally-balanced magnetic unit (IB magnet) [27] shown in Fig.
63 was regarded as the most suitable object to use for the proposed gripper, with a

magnetic force amplification mechanism “IBM gripper” in a way illustrated in Fig.

64.

TABLE II
MECHANICAL COMPONENT VALUES USED FOR CAM PROFILE CALCULATION
trol trol
Actuation Contro C.0n o Characteristic
force distance
Permanent magnet translation Large - Requires large control force
Permanent magnet . . .
. rotation Small Longer Requires large control distance
with lever or wedge
Permanent magnet Extra iron or magnet components
with switchable yoke rotation Large 90° or 180° . i P
. . increase mass
or active shunting
IB magnet translation Small Asis Become multi-component
o s Requi 1 lectricit
Electromagnet electrification None equlr.es e e .r1c1'y
for continuous magnetization
o s Requi 1 lectricit
Electropermanent magnet electrification None equ%res S r}c1 y
for continuous demagnetization

The IB magnet is composed of a permanent magnet used for attraction held by
the control rod and a nonlinear spring for internal balancing, which is held by a
control rod and the mechanism frame. The spring is designed such that it has a

displacement—force repulsion characteristic Fo 1dentical, but opposite in sign, to

the displacement—force attraction characteristic of the magnet, as expressed in Eq.
(21). Consequently, the sum of these displacement—force characteristics, which is
the internal force exerted on the control rod, calculated as (22), is zero. Because
the control rod is at the equilibrium point of force at any displacement x from the
target object, ideally zero control force is required for shifting the control rod to
attach and detach the magnet. Meanwhile, the entire system is still attracted to

the target object by the counterforce exerted on the frame by the spring.
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By = ~Fngo (21)

Finter(x) = m(y) + E‘(x) =0 (22)

Point of equilibrium shifted Follow the nonlinearity
by a minimal control force of the attraction force

Compensation spring Internal force F,
e.g. Leaf springs

inter Attractive force F
Cam :
- \l ..... ST . “xl
1 }g' X Repulsive force F,
K K K

Forces on the magnet F
(]

e

Magnet-target distance x

Fig. 63 Appearan

Nox)linear
spring Spring compensates
28 the internal force

IB magnet

Permanent
magnet

Ferromagnetic surface LSRR Force adjustable by
() High-apeed state Dy (A minimal control force

Fig. 64 Principle diagram of the proposed gripper with a force amplification mechanism
using the IB magnet (Repost of Fig. 47).
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Subsection II1.2.7.2 Design methodology of the conventional IB
magnet

As illustrated in Fig. 62, the conventional nonlinear spring for IB magnets is
composed of multiple linear springs (leaf springs, for example). Its state transition
1s controlled by the displacement x of the control rod. To trace the displacement—
force characteristics of the magnet increasing nonlinearly in close proximity to the
attracted object, the cam on the frame is designed to be a multistage object, which
increases the number of activated linear springs stepwise as the rod gets pushed
in further as exemplified in Eq. (23) (e.g., with n = 3 springs). This compensates
the control force required to shift in and out the control rod, while the counterforce
of the spring applied on the outer frame E,, following (24), pushes the entire system
to the target surface, resulting in an attraction with the ideally identical force of
the magnet.

ki+ky,+ks (0<x<x3)

k(x) = kl + k2 (x3 <Xx S xz) (23)
k, (x, < x < xp)
Fay = ~Fny = Frn (24)

In a statics perspective, the spring can be regarded as a mean of storing
attraction work as elastic energy, which gets released as repulsion work when the
control rod is pulled out to detach the magnet from the target object. Therefore,
(25) holds in an ideal situation in which self-weight, friction, and plastic
deformation of the spring can be ignored, meaning that the law of conservation of
mechanical energy stands in a process of actuating the control rods from complete

desolated state x = o to complete attached state x = 0 and also in one in the reverse

direction.
Woo—)O = WO—)oo
= F; dx = f E + E dx
L 1nter(x) 0 { m(x) r(x)} (25)
= f Odx=0
0
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Fig. 65 shows a basic example of an IB magnet used for demonstrations with a
nonlinear spring composed of compression springs. The chosen springs do not only
have different spring constants k, and compression timings x, but also free
lengths, such that their ditches on the frame have a different depth to true up the
extruded lengths of the springs. The ditches on the control rod also determine their
compression timing. For the springs to exert a force on the center of the mechanism,
each k, is divided by an integer and springs of that number are arranged

concentrically.

; (AN bt cery) I (Roter)]
Fig. 65 Example design sketch and appearance of the IB magnet using compression
springs.

Subsection II1.2.7.3 Novelty of the proposed IBM gripper

Because it drastically reduces the external force to switch the attracted state of
a strong permanent magnet, the IB magnet has been applied to various robotic
devices such as a magnetic handle and wheels for locomotion on walls [74], [75],
an anchor for a drone to dangle on a ceiling [76], and a connection joint for modular
robots [77], [78]. The research team the author belongs to also has developed an IB
magnet wheel that allows its operator to easily remove the body of the robot from
the surface it is attracted to and an IB magnet crawler that suppresses the
locomotion resistance and vibration of each magnetic track pad at the contact
surface [19].

While validating the practicability of the IB magnet, these existing applications
have been limited to attraction mechanisms. No research has ever realized the
nature of an IB magnet that can also control a repulsive propping force or indirect
pressing force generated by the compensation spring. Therefore, this study is
different and unique in that it generalizes the application of the IB magnet to any
robotic component that exerts an adjustable mechanical force by regulating the

displacement of the control rod.
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Chapter II1.3 Proof of principle of the spontaneous
amplification effect of the IBM gripper

Section II1.3.1  Abstract of Chapter II1.3

In this chapter, to realize the first POC model of the gripper using the IB magnet
depicted in Fig. 55, a one-sided, single-parting gripper that has an active finger
with an IB magnet embedded in and another fixed finger with a target attraction
surface was developed. The performance of the proposed gripper was examined
through simple man-powered experiments, and the validity of the spontaneous
force amplification effect by the magnet was examined through an observation in
which the net clamping force achieved with the magnet was found to be 2.0 times
larger than the original clamping force exerted by the actuator.

In contrast to its significant reduction rate regarding the control force, during
the development, it was found during that the nonlinear spring of the IB magnet,
which serves the purpose of cancelling out the internal force on the magnet, has
two major problems. These problems include the complicated design procedure and
the trade-off relationship between balancing the precision and the volume of the
mechanism. To simplify the design procedure of the nonlinear spring of the IB
magnet, a new compensation method using a pair of magnets with like-poles facing
each other as a magnetic spring is proposed. The repulsive force of the magnetic
spring should equal the attractive force of an unlike-pole pair. To verify the
proposed principle, a prototype of the IB magnet was designed using a magnetic
spring and verified through experiments such that its reduction rate 13.0 % is

comparable to those of conventional IB magnets.

Fig. 66 Appearance of the POC model of the IBM gripper using a magnetic spring.
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Section IT1.3.2 Elemental technology: Simplification of the
design procedure of the nonlinear spring of the IB magnet

First, the problems of the IB magnet observed during the development of its

demonstration model in Fig. 65 and their solution are introduced in this section.

Subsection II1.3.2.1 Problems of the conventional nonlinear
springs of the IB magnet: complicatedness of the design procedure
While the IB magnet enables a significant reduction of the control force of
magnetic mechanism, its applications have not been widespread. One of the
reasons is the difficulty to design a nonlinear spring that is both compact and
precisely balanced because of the trade-off relationship between the compensation
precision and the volume of the mechanism. More kinds of linear springs are
required to let the spring characteristic reproduce the nonlinearity more smoothly.
Another reason is that the nonlinear spring has a complicated design procedure.
As seen in , the conventional nonlinear spring for the IB magnet is composed of
multiple linear springs. This requires an optimization process that cannot be
achieved via a hand calculation. Referring to the previous research [27], [28], the

design procedure of the spring can be described as follows:

1.Measure the displacement—force characteristic of the attractive force exerted

between the magnet and the target object.

11.Define the stroke of the mechanism and the number of linear springs n to
use. The more springs that are used, the higher the balancing precision
(smaller control force and thus smaller energy loss AE) that will be achieved.

111.Draw the displacement—force characteristic graph of the spring by placing n
tangent lines to the characteristic of the magnet at x, and calculate their
inclination equivalent to K,,.

iv.Determine the linear springs with spring constants that are close to k,, and
measure their free length.

v.Using k,,, provide feedback to the graph to determine the starting positions
X, of the springs and calculate the depth X,, of the cam on the frame.
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To improve the balancing precision, an optimization method using the following
equations was developed. First, the loss of energy AE at conversion from attraction

work to elastic energy is calculated by the attraction work as following Eq. (26).

AE = .[-00 {Fr(x) - Z ky,x (x < xn)} dx (26)

This integrates the out-of-balance force at every unit of displacement dx from
the target surface x = 0 to the maximum stroke of the rod, x = xyax. Next, this
optimization minimizes the AE by choosing spring constants K, (K, = 0) at
tangent points X,, (X,, < X,,_1, X, = 0) for the characteristics of the magnet and
solves Eq. (27) to find x,. This is the intersection where the tangent lines meet

with the spring constants K, and K,,_;.

E

(KuXn = Kn-1Xn-1) + (F ) @7)

x I'(Xp)
" Kn - Kn— 1

Finally, the range (0, x,) defines the stroke of a single linear spring with a spring

constant k, that is calculated by using Eq. (28) and (29).

dF;.(x)
K, = = Z kn (28)
dx X, ~
kn =Ky, —Kn_1 (29)

For an example of the unsophisticatedness of the multistage spring, the bi-
parting gripper in Fig. 67 and Fig. 68 with n = 6 built for structure consideration
became unreasonably larger and heavier than the magnets. This occurred because
six pairs of springs were placed point-symmetrically around the screw for each

finger, requiring 24 springs in total.
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Permanent Magnet

Fig. 67 Appearance of the preliminary prototype of the bi-parting IBM gripper using
multistage linear springs.
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Fig. 68 Displacement—force characteristics of the spring and the pair of the magnets of
the preliminary prototype of the bi-parting IBM gripper using multistage linear springs.

Subsection II1.3.2.2 Proposed principle: IB magnet using the
magnetic spring

To solve the abovementioned problems, a new internal balancing method using
a magnetic spring was invented as depicted in Fig. 69. It focuses properties of a
pair of magnets: the repulsive displacement—force characteristic of a like-pole pair,
which is called a magnetic spring, is ideally identical, but opposite in sign, to that
of the attractive force of an unlike-pole pair. This happens because both the
attractive and repulsive force interacting between magnetic poles m; and m,
(m;m, > 0 for repulsion, m;m, < 0 for attraction) at a distance x with a magnetic

permeability u follow the Coulomb’s law of force formula (30).

1 mm,
F(x) = —Fp(x) = P

(30)
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Fig. 69 Conceptual diagram of the IB magnet using the magnetic spring.

Because the sum of their force always equals zero for any displacement, just
aligning two pairs of magnets each in the same distance establish the
compensation. Therefore, the proposed magnetic spring drastically simplifies the
design procedure compared to the conventional multistage spring, which can be
even ignored if the stroke can be determined by an abstract physical sense of the
designer, especially for human tools, showing the high degree of design flexibility

of the IB magnet using the magnetic spring:

1.  Measure the displacement—force characteristic of the attractive force exerted
between the pair of magnets.
11. Define the stroke of the mechanism, which is equal to the maximum

displacement of the magnetic spring.

The IB magnet using a magnetic spring is innovative in that it is composed of
only four identical magnets while expected to keep or even improve the
compensation precision. Because the magnetic spring acts remotely, its contactless
and thus frictionless force transmission restrains the material fatigue of the
mechanism structure that causes malfunction, unlike conventional springs that
require contact to both the control rod and outer frame to generate repulsive force.
Furthermore, point-symmetric feature of the magnetic springs made of disc or ring
magnets gives the IB magnet applicability to endlessly rotating mechanisms that

need compensation independent of the angle of the control rod relative to the frame.
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As this study intends to utilize the IB magnet using the magnetic spring in a
gripper, an embedded magnet in the fixed finger is specified as the attraction target.
On the other hand, if attaching to any ferromagnetic objects other than the
1dentical magnet used in the IB magnet, the repulsive force of the magnetic spring
always exceeds the attractive force. A similar phenomenon happens to any IB
magnet, in which the spring exerts too large or too weak repulsive force, as its
displacement—force characteristic is designed to follow that of the attractive force
between the magnet and a specifically designated target object. The excess of
compensation force leads to sudden unexpected detachment of the control rod due
to vibration or shock, while the lack leaves the control force unaffordable by the
selected weak actuator.

To adjust the control force, an offset on the distance between the magnetic spring
can be added so that its repulsive force decreases, admitting some loss of control
work, as illustrated in Fig. 70. In that sense, the merit of the magnetic spring can
be summarized as the coexistence of simplicity and the balancing precision,

especially for applications that can embed a magnet inside as a target.

Ferromagnetic
surface

1. Attractive force decreases
from the supposed value

Attractive force F’m

Repulsive force F’,

Forces on the magnet F
=

{ 2. Adiust the repulsive force
' by shifting the spring

Magnet-object distance x

Fig. 70 Force adjustment of the IB magnet using the magnetic spring.
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Subsection I11.3.2.3 Verification of the effectiveness of the IB
magnet using the magnetic spring

I11.3.2.3.1 Design and development of the prototype model of the IB magnet
using the magnetic spring

Based on the proposed principle, a POC prototype of the IB magnet using a
magnetic spring in Fig. 71 was developed and its specification is listed in TABLE
III. Ring magnets were selected so that a tube-like rod and dry bearings can be
placed through the holes for lubrication and future expandability. The latter
includes, but is not limited to, controlling the rod by the side of the attraction
magnet, rotating the control rod relative to the frame and/or target surface, and
ducting fluids. Their exposed surface is shielded by a cover with a thickness of
1 mm to avoid ferromagnetic sand. The stroke was defined as 7.5 mm, where a
material testing machine (Instron, 3343) measured the attractive force between
the magnets 0.5 N, reasonably small enough.

Fig. 1 displays the embodied proof-of-concept prototype of the proposed IB
magnet using a magnetic spring. A 3D-printed acrylic material (Keyence, AR-M2)
is used for the structure for the sake of rapid prototyping. Materials with a higher

stiffness such as polycarbonate and aluminum can be used for better durability.

Proposed IB Magnet
v y .
s NNV 1 Control Rod
. Repulsion Magnets . 157

I s T A § >
|_as Magnetic Spring - '/

Retaining Ring

AA Battery
for Size Comparison o »

‘A -Scale
Fig. 71 Design and appearance of the prototype of the IB magnet using the magnetic
spring.

CUross Bection A-A

TABLE III
SPECIFICATION OF THE PROTOTYPE OF THE IB MAGNET USING THE MAGNETIC SPRING
Type Number | HXCWI18-12-3
Outer Diameter 18 mm Diameter 28.0 mm
Magnet Inner Diameter 12 mm Maximum Length 58 mm
Thickness 3Imm Stroke 7.5 mm
Weight 29g Weight H43g
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I11.3.2.3.2 Basic operation experiment of the prototype model of the IB
magnet using the magnetic spring

A basic attraction operation of the IB magnet using the magnetic spring was
conducted to demonstrate its usability as recorded in Fig. 72. The IB magnet lifts
up an object in a following process. (a)—(b) First, the IB magnet is placed on the
target object, an iron cuboid block with a mass of 491 g (4.82 N in weight). (c)—(d)
The control rod was pushed down so that the attraction magnet on the rod
approaches the target object, during which the magnets of the magnetic spring also
get closer and increases repulsive force for compensation. (e)—(f) Once the control
rod is fully pushed in, pulling up the outer frame results in the lifting up of the
target object attracted to it. (g)—(k) The attractive force was found to be strong
enough to keep the attached state against the shaking movement. (1)—(o) Without
applying detaching force between the outer frame and the target object, pulling out
the control rod led to loss of the attractive force, resulting in the drop of the object.

The process of the experiment qualitatively revealed that the prototype

successfully behaved as an IB magnet.
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Fig. 72 Basic operation of the prototype of the IB magnet using the magnetic spring.
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111.3.2.3.3 Performance evaluation experiment of the prototype model of the
IB magnet using the magnetic spring

To evaluate the internal force compensation effect of the proposed magnetic
spring, this study conducted an examination using the material testing machine
as illustrated in Fig. 73. The IB magnet was placed on and attached to a target
acrylic plate with the target magnet buried 1 mm deep. A T-shape hook was
attached to the testing machine to pull up the jig connected either to the frame or
to the control rod at the rate of 0.5 mm/sec and to the maximum displacement of
15 mm (twice the stroke). Thus, the values of the control force required to detach

the IB magnet by pulling its frame and its control rod were measured.

Pulling Jig

Frame

~._(AA Battery:

; Control Rod

(b)Control Rod Pulling

Fig. 73 System constituents of the performance evaluation experiment of the prototype of
the IB magnet using the magnetic spring.

Fig. 74 shows the typical transition of the measurements and Fig. 75 shows the
five-time average net maximum control force. (a) When the ascending T-shape hook
touches the jig that is connected to the frame, the control force suddenly reaches
the highest net value of 8.4 N. This is identical to the maximum attractive force of
the original magnet. Afterwards, the detached magnets gradually decrease the
control force, so it matches the weight of the whole mechanism and the jig. (b)
When the jig is connected to the control rod, the control force likely increases;
however, the highest net value 1.1 N is apparently reduced to 13.0 % of the value
during frame pulling. The control force then decreases to the total weight with one

rising edge when the rod touches the frame at its maximum stroke.
82



Ideally, the maximum control force is expected to be recorded at the origin where
the magnets are in contact and thus their attractive force becomes the largest. The
reason the actual peaks were with displacement is thought to be that the tension
force applied on the mechanism and the jigs was large enough to deform them. For
a more precise evaluation, replacement to nonferromagnetic materials is suggested.

The interference between the magnet for attraction and the one for the frame
was not strictly considered but was regarded as weak enough since the shortest
distance of 20 mm between them results in a magnetic force of less than
2.0 X 1073 N, which is 2.3 X 1072 % of the maximum attractive force. It is expected
that the interference can be effectively eliminated by magnetically isolating them
from each other using magnetic shields.

The reduction ratios of the control force of conventional IB magnets are reported
to be 11.8 % for a multistage spring comprising six kinds of coil springs and 15.4 %
for a rubber ring spring with a nonlinear cam [14], which are the values
comparable to that of the proposed magnetic spring. In these ways, this experiment
successfully validated the effectiveness of the proposed magnetic spring and likely

reduced the ratio with a simpler structure and an easier design procedure.

1074 Frame Pulling
% 5 Control Rod Pulling
g Total Weight
L:n " Max. RPF + Total Weight
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% 4 // RPF + Total Weight
.
E-J" 2 r\ Lm,hm*ﬁé‘%
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0 2.5 ) T 10 leih 15

Pulling Distance mm

Fig. 74 Transition of the control forces for pulling out the outer frame and control rod of
the proposed IB magnet using the magnetic spring.

83



10

8.39

1.09

0

Maximum Control Force N

Frame Pulling Control Rod Pulling

Fig. 75 Direct comparison of the net maximum control forces for pulling out the outer
frame and control rod of the proposed IB magnet using the magnetic spring.

Subsection II1.3.2.4 Elemental technology: rescaling of the IB
magnet using the magnetic spring for reinforcement

While small magnets are chosen for a rapid proof of concept, larger magnets with
stronger force more suit to embed in a gripper. So, also to evaluate the scalability

of the magnetic spring, a reinforced IB magnet using larger magnets was developed.

I11.3.2.4.1 Design and development of the reinforced IB magnet using the
magnetic spring

As displayed in Fig. 76 and TABLE IV, the prototype of the reinforced IB magnet
using the magnetic spring is composed of 3D-printed polymer (Stratasys, ABS-
P430) and non-magnetic steel (SUS304). To maximize the attractive force, the
attraction magnet is press-fitted to expose its surface. the interfering force between
the magnet on the frame for the spring and the attraction magnet was measured
to be 3.4 x 1073 N, which is 1.1 x 1073 % of the maximum attractive force.

To avoid the sudden and unintended release of the control rod by a shake or
vibration that results in the forced separation from the target object, which
occasionally happens as the internal force is too balanced, a twisting lock
mechanism was installed. This ensures not only the complete attraction state, but

also the complete detached state of the magnet to and from the target object.

84



- 3all Be
Contrel Rod . _ Ball Bearing
A 0
Twist Lock o - AT onppere
i e - _

: | I 'R ulsion Magneis
rmm"\_‘ : = 5 l’ f‘_’ C-E{ag.ml ic Spring Control Rod
) e e M S | y s , o\
Alum. Frame ™. § | g7 R e |1 T ¥ A
for Extention ~ O EAP A (Ruler)
1 % i1+ . 0l Free Bushing ’
_'—_:-ﬂ'; s E Tie - 1
. .._".—g—._. | '|-"¢.' . qar a2 ’
| A &
o Y -

L Attraction Magmet 4
Croves Sochion Ak (AA Ballcry)
Fig. 76 Design and appearance of the reinforced IB magnet using the magnetic spring.

TABLE IV
SPECIFICATION OF THE REINFORCED IB MAGNET USING THE MAGNETIC SPRING.

Type Number | NOR391
Quter Diameter 54 mm Diameter 80 mm
Magnet | Inner Diameter | 38 mm Maximum Length 160 mm
Thickness 5 mm Stroke 20 mm
Weight 408 g Weight 683.4 ¢
I11.3.2.4.2 Basic operation experiment of the reinforced IB magnet using the

magnetic spring
A basic operation of the reinforced IB magnet using the magnetic spring was
conducted as recorded in Fig. 77. (a)—(b) First, the IB magnet is placed on an iron

plate of 15.4 kg. (¢)—(d) The control rod was pushed down and then twisted to lock.
(e)—(f) Pulling up the outer frame results in the lifting of the target object.

(a)

Surface Plate o
) -

Fig. 77 Basic operation of the reinforced IB magnet using the magnetic spring.
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111.3.2.4.3 Performance evaluation experiment of the reinforced IB magnet
using the magnetic spring

The measurement depicted in Fig. 78 was conducted under the same condition
as I11.3.2.3.3 The result in Fig. 79 showed that the magnetic spring is even valid

for a larger scale but with a lower compensation precision of 31.7 %.

IB Magnet

Magnetic
Plate

(a) Frame Pulling (b) Control Rod Pulling

Fig. 78 System constituents of the performance evaluation experiment of the reinforced
IB magnet using the magnetic spring.
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Fig. 79 Direct comparison of the net maximum control forces for pulling out the outer
frame and control rod of the reinforced IB magnet using the magnetic spring.
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Subsection I11.3.2.5 Discussion on the characteristics of the IB
magnet using the magnetic spring

The experiments of the prototype of the proposed IB magnet using the magnetic
spring showed a measurable compensation impreciseness that results in a non-
zero control force. The causes are expected as followings, in addition to the
individual difference in the magnetization of the magnets. Analyses on the static

magnetic field would be effective to comprehend these phenomena.

I11.3.2.5.1 Property of the magnetic circuits

It 1s hypothesized that the cause of this phenomenon could be the difference
between the shape of the magnetic circuits of the like-pole pair and unlike-pole
pair of magnets. As a result, the deviation between the attraction and repulsion
characteristics around the origin (where the facing magnets meet) may have
become larger and more apparent as the volume and the magnetic flux became

larger for the enlarged version of the IB magnet using the magnetic spring.

I11.3.2.5.2 Magnetic interference

Also, the magnets for attraction and repulsion would have been placed too closely
to each other such that their magnetic circuits interfered, resulting in the loss of
balancing precision. In the prototype model for POC, the attraction magnet on the
control rod and repulsion magnet on the outer frame were facing their like poles.
To avoid the effect of their repulsive force on the control force, the IB prototype was
designed such that approach 20 mm at the closest, in which they exert force less
than 0.01 N. In observation of the realized prototype, however, a bias of the control
force was found such that the attractive force exceeded the repulsive force. The
cause is a leak in the magnetic circuits via the structure of the mechanism that
unintendedly interfere with each other. Therefore, locating the magnets apart in a

further distance or inserting a magnetic shield would become solutions.

87



I11.3.2.5.3 Magnetization of the target object

As stated in Subsection II1.3.2.2, if attaching to any ferromagnetic objects other
than the identical magnet used in the IB magnet, the repulsive force of the
magnetic spring always exceeds the attractive force. The excess of compensation
force requires a continuous external force on the control rod to sustain the attached
state or leads to sudden unexpected detachment of the control rod due to vibration
or shock.

This phenomenon is caused by the fact that a ferromagnetic object first exerts
attraction force when it gets magnetized by an external magnetic field (in this case,
that of the attraction magnet on the control rod), aligning the magnetic moment of
its constituent elements so that the whole object behaves as a single magnet. As a
ferromagnetic object has a smaller magnetic susceptibility than magnetic
materials, the induced magnet made of it cannot be stronger than the original
attraction magnet which is the source of the magnetic field. This results in the lack
of the attraction force between a magnet and a ferromagnetic object compared to
the repulsive force between a pair of magnets.

According to the previous research that intendedly designs a spring weaker than
the magnetic attraction [27], this bias is useful for preventing the sudden
unintended release of the control rod due to shock or vibration, which happens as
the balanced control rod is weak to external disturbance. In another research, an
adjustment mechanism of the compensation force was developed to deal with the
decrease in the attraction force due to nonmagnetic paint coating or rust on the
surface of the attraction target [79]. Its linear springs that compose the nonlinear
springs can be shifted on the control rod to make an offset that corresponds to the
thickness of the coating, likely to the way introduced in Fig. 70.

For any causes of the compensation disturbance, implementation of an
adjustment system that mechanically detects the change in the attraction force
and then relieves the repulsive force would be effective for generalization of the IB
magnet applicable to any unknown target objects with various shape, susceptibility,

and permeability.
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Section II1.3.3 Embodiment of the one-sided IBM gripper
with a fixed clamping width

Subsection II1.3.3.1 Design and development of the one-sided
IBM gripper with a fixed clamping width

Based on the proposed principle illustrated in Fig. 64, a hand-powered prototype
of the proposed IBM gripper was designed as depicted in Fig. 81. The clamping
width between fingers is fixed to 35 mm, adjustable by inserting shim plates.
Indicating the ease of embedding the IB magnet using the magnetic spring in an
application mechanism, the mechanism is designed simply by containing the IB
magnet of Fig. 76, whose outer frame is extended as the active finger, while its
attraction target magnet is embedded in the fixed finger. The IB magnet can be
shifted upward for more than its stroke to fit to objects that are wider than the

designed clamping width.
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Fig. 80 Principle diagram of the proposed gripper with force amplification mechanism
using the IB magnet (repost of Fig. 64).
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Fig. 81 Design and appearance of the reinforced IB magnet using the magnetic spring.
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I11.3.3.1.1 Basic operation experiment of the one-sided IBM gripper with a
fixed clamping width

A basic operation of the one-sided IBM gripper with a clamping width of 39 mm
was demonstrated as recorded in Fig. 82. (b)—(c) First, a tape of 40 mm width as a
target object was placed between fingers. (d) Clamping just by the self-weight of
the active finger is not strong enough such that the tape can be moved by an
external force. (e)—(f) Attaching the magnet by shifting down the control rod
activates the force amplification, resulting in a clamping strong enough to hold the
object firmly. The process of the experiment qualitatively revealed that the IBM

gripper has an ability to spontaneously increase the clamping force.

(b)

i 1

27. 26(s]

Fig. 82 Basic operation of the one-sided IBM gripper with a fixed clamping width.
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I11.3.3.1.2 Performance evaluation experiment of the one-sided IBM gripper
with a fixed clamping width

To evaluate the spontaneous amplification of the proposed IBM gripper with a
clamping width of 34 mm, an examination was conducted as featured in Fig. 83
and the results are presented in Fig. 84. This experiment occurred as follows: (b)
The loadcell (Kyowa Sangyo, LUR-A-2KNSA) with a width of 34 mm was inserted
between the parallel fingers. (¢) The initial load on the loadcell exerted by the
weight of the active finger was measured to be 12.9 N, which is the gravity bias of
the clamping force. (d) The maximum control force 94.9 N (represented as a mass
of 9.68 kg) was required to shift the control rod up and down. When it was applied
on the rod in the fully pulled-out state, the net clamping force without the
spontaneous reduction was measured to be 18.5 N. (e) The control rod was shifted
down by hand. (f) The net clamping force with the spontaneous reduction by the
magnet was measured to be 36.9 N, which is 2.0 times the original clamping force
(d). The experiment successfully validated the effectiveness of spontaneous

amplification effect of the proposed IBM gripper quantitatively.

Load Cell

(8) Parallel Finger Gripper

27.08(s] 36. 15(s 38, 27(s

Fig. 83 Performance evaluation of the one-sided IBM gripper with a fixed clamping width.
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Fig. 84 Direct comparison of the net maximum clamping forces of the one-sided IBM
gripper with a fixed clamping width.
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Subsection I11.3.3.2 Discussion on the characteristics of the one-
sided IBM gripper with a fixed clamping width

II1.3.3.2.1 Observation on the actual behavior

The observation on the behavior of the realized prototype model of the gripper
revealed that the clamping procedure is more complicated than expected in Fig. 64,
as illustrated in Fig. 85. The larger the deviation of the object width and the
designed clamping width between the fingers, the earlier the active finger meets
the object before the frame approaches the target surface. Therefore, the
compensation is disturbed by this gap and the linear actuator has to supply a
larger control force to shift in the magnet than expected at the design step. As the
control rod is pushed in, the attraction magnets increase the attractive force and
so as the deformation of the target object and the finger, resulting in the
requirement of further actuation of the finger by the actuator control force and
magnetic assistive force to exceed the elastic force of the relating bodies. The
control rod continues the process of clamping through this nonlinear interaction.
Therefore, modelling and its analysis of the relationship among the control force,
attractive force and clamping force are expected to be complicated and too specified

unsuitable for general use, as long as adopting the current structure.

{a)Finger approaches to the target (b)Finger contacts the target

(c)Spring starts compression {(d)Attraction completes

Fig. 85 Actual clamping process of the one-sided IBM gripper with a fixed clamping width.
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The compensation precision is decayed because the situation is against the
premise of the IB magnet that the magnet—target surface distance and the spring
compression distance are strictly synchronized. However, the assistance of
clamping an object by spontaneous magnetic attraction and the keeping the state

of clamping without continuous external force supply is successfully accomplished.

Section II1.3.4  Conclusion of Chapter II1.3

In this chapter, to prove the concept of the proposed IBM gripper, a one-sided
prototype model with a fixed clamping width was developed.

To solve the problems of the conventional nonlinear spring used for the IB
magnet, including its complicated design procedure and trade-off relationship
between volume and compensation precision, the principle for a new balancing
method that uses a magnetic spring was also proposed. An experiment was
conducted to show that the reduction rate of the magnetic spring 13.0 % 1is
comparable to those of conventional IB magnets while its structure became much
simpler.

Then, a reinforced version of the IB magnet that uses the magnetic spring was
introduced in the gripper, and an evaluation experiment revealed that the net
clamping force achieved with the spontaneous amplification by the magnetic
assistance was measured to be double the original clamping force generated by the
single input of the actuator. In this way, the effectiveness of a spontaneous force
amplification by the IB magnet as a DF converter was verified.

To further improve compensation precision, an electromagnetic field analysis on
the magnetic spring and the mechanism structure can be conducted to establish

magnetic circuits with a less leakage and interference.
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Chapter II1.4 Proof of principle of the continuous
amplification effect of the IBM gripper

Section II1.4.1  Abstract of Chapter I11.4

In this chapter, a bi-parting gripper that has two active fingers with an IB
magnet embedded in each, to enhance dexterity, was developed. The magnetic
spring was unsuitable for this configuration, as there was a mismatch between the
approach speed of the magnets and compression speed of the springs; therefore,
the focus shifted to the nonlinear property of the conical coil compression spring to
ensure both precision and miniaturization.

By actuating the gripper with a DC motor connected to a bidirectional screw, the
basic operation experiment revealed the validity of the steplessly adjustable force
amplification feature of the IBM gripper. The performance evaluation experiment
visualized the conditions in which the efficiency of the output clamping force
relative to the power consumption maximizes. Relative to the constitution with a
motored screw only, the prototype successfully amplified the grasping force to at
most 292.2 %, assisted by the magnetic attraction, while achieving an increase in
power consumption of the DC motor only by 11.8 %, making the force—energy
efficiency 2.6 times larger. Thus, it was verified that the proposed gripper enables

the use of actuators and current supplies that require less power.

Fig. 86 Appearance of the prototype of the bi-parting IB magnet using the magnetic spring
with a fixed clamping width.
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Section I11.4.2 Elemental technology: further
miniaturization of the compensation spring

Subsection II1.4.2.1 Disadvantages of the IB magnet inherent in
bi-parting constitution: mismatch of approaching speeds

While simplifying the design procedure and reducing the number of components,
a magnetic spring was found to be improper when applied to a bi-parting
constitution because of the mismatch of approaching speeds of the pairs of magnets
for magnetic springs and the pair of magnets for attraction. As depicted in Fig. 87,
the distances between the magnets for attraction and repulsion are both xpax
when the frames first come into contact and stop their movement. However, the
control rods and magnets on them are pushed in by the screw into the center plane
of the symmetry at a certain speed, while the magnets for attraction also approach
each other at a relative double speed.

Desynchronizing these approaching speeds by splitting the attraction and
repulsion parts of the control rod may solve this issue. However, adding reduction
mechanisms such as reduction levers or gears would increases design complexity
and energy loss, which is against the study purpose.

Developing a nonlinear spring with a re-scaled displacement—force

characteristic that achieves Foo = =Py 1s also effective to solve this problem.

However, as the preliminary prototype assembled for design consideration appears
in Fig. 67, the conventional multistage spring unignorably increases the mass and

volume of the entire mechanism compared to the output clamping force.
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Fig. 87 Mismatch of approaching speeds of magnets in the proposed bi-parting IBM
gripper using magnetic spring.

Subsection II1.4.2.2 Proposed principle: conical coil spring

To attain both the miniaturization and re-scaling of the displacement—force

characteristic to achieve R =—h the nature of a conical coil spring was

m(2x)°
focused on. It has either a varying diameter or pitch or both, such that its part with
a smaller spring constant becomes compressed first, followed by the part with a
larger spring constant, thereby nonlinearly increasing the displacement—force
characteristic by only a single elastic body. In addition, its conical structure allows
each spiral to fit inside the neighboring spiral, making the fully compressed volume
smaller than those of the other compression springs. Using these features
effectively, the repulsive characteristic of the conical spring for the IBM gripper

was adjusted to follow —Fin () OD every millimeter of the compression length by

rectifying the pitch and diameter as recorded in Fig. 88, in contrast to an usual
compression coil spring whose spring constant is monitored at only two
compression length. Still, the tolerable tracking error of the force must be set to
+10 % due to production constraints, resulting in an integrated absolute deviation
of forces of 11.4 %, which equals the loss of control energy. Therefore, the major
problem of the adopting a conical coil spring to the IB magnet would be its

productivity.
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Fig. 88 Appearance of the conical coil spring.
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Fig. 89 Displacement—force characteristics of the conical coil spring and the attraction

magnets to be compensated (data provided by the manufacture, Yamato Spring
Corporation).
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Section II1.4.3 Embodiment of the bi-parting IBM gripper
with a fixed clamping width

Subsection II1.4.3.1 Design and development of the bi-parting
IBM gripper with a fixed clamping width

Fig. 90 shows the design sketch and dimensions of the prototype of the proposed
bi-parting IBM gripper. The structure was designed in the following process under
a policy of miniaturization. First, a ring magnet was chosen such that a
bidirectional feed screw could penetrate the entire mechanism, and the frame of
the IB magnet could fit inside the control rod. Next, a conical spring was produced
to fit the characteristics of the chosen magnet, and then the M3 screw was selected
as a reasonable size smaller than the minimum inner diameter ¢6 mm of the
spring. The minimum clamping width was designed to be 40 mm, as it was
sufficiently large to clamp a loadcell for later experiments. The stroke of the control
rod xyax was designed to be 10 mm, in which the magnet decreased its attractive

force the necessary to be pulled out by the actuator without compensation.

Linear Guide »

Ring Magnet 52
Cross Section A"A Cross Section BB

Fig. 90 Design and appearance of the prototype of the bi-parting IB magnet using the
magnetic spring with a fixed clamping width.

TABLE V
SPECIFICATION OF THE PROTOTYPE OF THE BI-PARTING IB MAGNET USING THE MAGNETIC
SPRING WITH A FIXED CLAMPING WIDTH.

Quter Diameter 54 [mm] Min. Clamping Width 40 [mm]
Ring Magnet Inner Diameter 38 [mm] | Max. Frame-Frame Distance || 35 [mm]
NOR391 Thickness 5[mm] | Stroke of the Control Rod || 10 [mm]
Mass 40.8 [g] Total Mass 860 [g]
No-Load Performance || 220 [RPM], 60 [mA] (at 12 [V])
DCMotor = ¢,/ £.iapolation || 176 [Nmm], 750 [mA] Gat 12 [V])
Pololu-3053 \ -

Feed Speed Approx. 5 [mm/s]
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Subsection II1.4.3.2 Basic operation experiment of the bi-parting
IBM gripper with a fixed clamping width

First, a basic operation of the proposed IBM gripper was conducted to
demonstrate how it grasps an object, as shown in Fig. 91. A 4kg plastic bottle
stuffed with lead beads was chosen as the target object to be lifted, and a pad made
of ABS polymer was attached to each finger to adjust the clamping width. (a)
Fingers on the frames were set apart. (b) The screw drove the fingers to the center
until the frames met. (c)—(d) The control rods started to shift to xyax while
increasing the clamping force by the magnetic attraction. (e) The clamping force
achieved the maximum when the motor was stalled. (f) The gripper successfully
lifted the target object without a power supply. The fundamental utility of the IBM

gripper was successfully validated experimentally.

[ -
Fig. 91 Basic operation of the one-sided IBM gripper with a fixed clamping width.

B 14.04(5)

Subsection II1.4.3.3 Performance evaluation experiment of the
bi-parting IBM gripper with a fixed clamping width

Next, the clamping force and power consumption were measured to evaluate the
effects of force amplification and internal force compensation. The processes of
grasping objects with variable widths were repeated ten times for each contrasted
configuration listed in TABLE VI. Under configurations [C] and [DI], the control
rod was directly fixed on the frame and the finger without inserting spring. The

motor actuated the screw only with its own driving force under [D].
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TABLE VI

MECHANISM CONFIGURATIONS IN THE PERFORMANCE EVALUATION EXPERIMENT
Magnet
with without
[B] Variable Stiffness Gripper
adjustable by spring

with [A] IB Magnet Gripper
Spring

. [C] Screw Clamp
without

[D] Screw Clamp

assisted by magnet

Fig. 92 shows the system constituents and the experimental procedure, in which
a load cell (Kyowa Electric, LUR-A-100NSA) was mounted on one of the fingers to
measure the compressive load applied by the gripper. The DC motor was driven by
a constant power supply of 12 V, such that the current was proportional to the
measured power consumption. (a) The fingers (bordered with white lines for better
visibility) were 5 mm X 2 apart from each other. (b) The compressive load was
slight when the frames met. (c) The control rods started to push in for xpyax. (d) The
clamping force gradually increased until the motor stalled. (e) The maximum
clamping force at xyax was calculated as the average value in the timespan from

0.5 to 1.0 s after the current cutoff, waiting for stable values.
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Fig. 92 System constituents of the performance evaluation experiment of the bi-parting
IBM gripper with a fixed clamping width.
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Fig. 93 displays the results of the measured clamping force and power
consumption during the clamping operation under configurations [A] and [D], with
a load cell 3 mm wider than the minimum clamping width.

Although the motor was controlled such that the finger was always actuated for
15 mm (shifting out the control rod for xyax = 10 mm first and then out of the
frame for 5 mm) when opening the gripper, the actuation distance of the closing
finger exceeded it by approximately 0.4 mm. This seemingly overrun occurred
because of the backlash of the motor gears and flexibility of the coupling connecting
the motor and screw.

The maximum current corresponding to the stall current of the motor was stable
at 0.84 + 0.03 A regardless of the gripper configuration and object width. This
indicates that the IBM gripper may replace the conventional screw clamps without
upgrading the actuator with a higher rated current.

While closing the finger without the IB magnet [D], both the clamping force and
the power consumption remained constant (the former at 0 N and the latter close
to the ideal value of 0.7 W at no load operation [80]) in most part of the range of the
actuation distance of the screw y < 14 mm. In sequence, they steeply increased as
the control rods contacted each other and until the motor stalled, leaving less time
to stop the screw for controlling the clamping force at an arbitrary value between
zero and the maximum. The tendencies of the transitions of the clamping force and
power consumption were similar in the opening (or releasing) operations.

In contrast, when clamping with the help of the IB magnet [Al, the clamping
force started increasing immediately after y > 5 mm when the frames of the IB
magnets contacted each other (which also occurred with the power consumption).
As the slope of the displacement—force characteristic became gentler, the IBM
gripper could adjust its clamping force at a larger time allowance for control. The
power consumption of opening operations generally exceeded that of closing
operations because the spring force for compensation was designed to be no larger

than the magnetic force that resists the thrust of the screw.
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Fig. 93 Ten-times average transition in the clamping force and power consumption with
respect to the displacement of the screw (which equals the counts of the encoder multiplied
by the gear ratio and the lead of the screw).
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Fig. 94 shows the results of the measured maximum clamping force during the
clamping operation under configurations [A]-[D] with a load cell of variable widths.
To a higher or lesser extent, the clamping force first linearly increased with the
deviation of the object width from the minimum clamping width between the
fingers &, remained constant, and then gradually decreased for any configuration.
The use of spring [B] reduced the minimum width deviation § which provided the
first measurable clamping force, whereas the use of magnet [C] resulted in an
increase in the maximum clamping force compared to the values of the screw clamp
[D]. Therefore, the IBM gripper [A] exhibited an intermediate property between
[B] and [C]. The magnetic assistance on grasping was so strong that the motor
could not re-open the finger and burned out once the magnets fully stuck to each
other under configuration [C] (clamping supported by the magnet but not
compensated by the spring) for any 6. This fact emphasizes the necessity of

compensation when using permanent magnets.
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Fig. 94 Ten-times average maximum clamping force based on the deviation of the object
width from the minimum clamping width of the fingers 6.
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Likewise, the total energies as integrated power consumption of configurations
except [C] (whose opening procedure could not be measured) are contrasted in Fig.
95. Without magnetic amplification under [B] and [D], the energy consumption
roughly stabilized even when the width deviation 6 increased. The energy
consumption of the IBM gripper [A] first exhibited a likely value to [D] and then
gradually increased in accordance with §, indicating that the property of the IBM
gripper became like that of the variable stiffness gripper aided by spring.
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Fig. 95 Ten-times average energy consumption according to the deviation of the object
width from the minimum clamping width of the fingers 8.
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Fig. 96 shows the clamping efficiency of the gripper under configurations (except
[C]), which is an evaluation index calculated by dividing the average maximum
clamping force by the average power consumption. The efficiency of the IBM
gripper first increased linearly to § and then gradually decreased with a pinnacle
at § = 2 mm, surpassing the value of the screw clamp in the range § < 3.5 mm.

The calculated ratio of efficiency [A] to [D] is the largest, with a value of 2.61 at
6 = 1.5 mm, in which the maximum clamping force is amplified by 292.2 %, Fig. 94,
while keeping the increase in power consumption at 11.8 %, as shown in Fig. 95. If
extrapolated, the ratio would have been even larger at § * 1 mm. This coexistence
of force amplification by the magnet and compensation by the spring realizes a
gripper to clamp an object with an arbitrary value of force controlled by an actuator

with a smaller maximum output.
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Fig. 96 Clamping efficiency according to the deviation of the object width from the
minimum clamping width of the fingers é.
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In these ways, the results indicate that the effectiveness of the proposed
principle and mechanism constitution of the IBM gripper was successfully

validated.
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Section IT1.4.4 Discussion on the characteristics of the bi-
parting IBM gripper with the fixed clamping width

Subsection II1.4.4.1 Feature of the proposed gripper

The result of the measurements suggests that the assistive pressing of the
magnet by its attraction movement is especially effective in a situation in which
the deviation width is small. In other words, the clamping force of the gripper
under configuration [D] exceeded that of [A] when clamping an object with a large
clamping width. The cause of this phenomenon can be regarded as the decrease in
magnetic attraction when the deviation width is too large and thus the initial
distance between the magnets when the fingers first touch the target object become
too wide such that the actuator cannot receive enough assist to overcome the sum
of the repulsive force of the compensation spring and the elastic force of the target
object. The disturbed compensation of force resulted in the incomplete actuation of
the control rods, whose magnets cannot get in contact even when the motor stalled.
In that situation, the simple screw clamp [D] without springs that inhibit the
clamping exhibits a better performance. In that sense, the aptitude of this version
of the proposed IBM gripper is for a target object with a known width that has a

high rigidity and thus allows only a small amount of elastic deformation.

Subsection I11.4.4.2 Disturbance on compensation

As the spring is to cancel out the additional load on the actuator produced by the
application of the magnet, the increase in power consumption from screw clamping
would have been minimal if an ideal compensation could have been achieved. The
possible factors that affected the compensation accuracy are as follows.

First, in the design procedure of the conical spring, the target characteristic of
the attraction force of a pair of sampled magnets F,, was defined to be strictly
constant as an ideal model. However, the characteristics of a hand-made spring,
and those of a mass-produced magnet may fluctuate. Therefore, the compensation
error of 11.4 % as an integrated deviation of the absolute force may have become

larger owing to the individual differences.
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Second, because the object has to be wider than the fixed minimum clamping
width as long as the current design is used, the fingers first contacted the target
object before the contact of frames was completed, as shown in Fig. 91 (c) and Fig.
92 (b). Then the magnets on the control rods started to shift in, resulting in a slight
gap between the magnets at the end, as observed in Fig. 91 (e) and Fig. 92 (e). This
gap made the magnetic attraction less than expected and caused the loss of power
consumption as the excessive compensation by the spring disturbed the actuation.
This is the major reason the range of § was limited, in which the IBM gripper

outperformed the screw clamp in terms of force—energy efficiency.

Subsection I11.4.4.3 The potential for further development

As previously mentioned, the POC model in this study was not intended to grasp
an object thinner than the fixed minimum grasping width. To acquire versatility
while maintaining the force amplification and compensation effects, additional
mechanical components are needed for the gripper to be used without minimum
width restrictions, so that it can grasp any object. However, the current
constitution is already applicable and beneficial in power conservation to factory
lines and braking devices, in which the shape and material properties of target
objects to be clamped are known or controlled. The latter is realized in Part IV.

Similar to the jumping mechanism [81] and the MR fluid gripper [82] proposed
in the other studies by the author introduced in Chapter V.2 that incorporate the
IB magnet as their magnetic flux supplier, the gripper showed a technological
novelty in making use of the IB magnet as a built-in force amplifier. It was achieved
by including the target object of attraction inside the structure, and by regarding
the spring as a variable stiffness material that can arbitrarily adjust the internal
rigidity of the mechanism and thus the transmittable maximum output force,
unlike toggles and clutches that work only digitally. Likewise, it can be regarded
as an adjustable passive compliance body applicable to a mechanism structure
such as link of a robotic arm, as the stroke of the control rod works as deformable
length of a damper. This property is profitable for gripper too as the compliance of
the spring buffers the shock of the contact of rapidly actuated fingers with

unignorable inertia that may break the object to be clamped.
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These unprecedented applications of the IB magnet other than as an attraction
device will contribute to the development of new academic area of magnetic
mechanisms, in which permanent magnets are used for energy conservation of

actuators by workload reduction.

Section II1.4.5 Conclusion of Chapter I11.4

In this chapter, to overcome the difficulties of previously used compensation
methods when applied to a bi-parting constitution, a new conical spring was
developed to manage both compactness and followability to the nonlinear
characteristic of the magnet. The advanced prototype for POC successfully showed
that its clamping force was amplified by the magnetic assistance by at most
292.2 % relative to the constitution with a single motored screw, while the power
consumption of the DC motor increased by 11.8 %. The multiplication of the force—
energy efficiency by 2.6 verified that the proposed gripper enables the use of
actuators and current supplies that require less power.

For further development, a more efficient structure can be designed to achieve a
higher compensation performance and miniaturization. In addition, a numerical
model for estimating the exerted clamping force according to the object width and
elasticity is established to develop a control law. Not restricted by a linear actuator
in a parallel gripper, the applications of the variable stiffness mechanism achieved
by internal compensation will be generalized as and expanded to the studies of
labor-saving tools and robotic components such as a joint structure with passive

compliance.
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Chapter II1.5 Linearization of the amplified clamping
force of the IBM gripper relative to the object width
through a clamping-width adjustment mechanism

Section II1.5.1  Abstract of Chapter III.5

In this chapter, a new width adjuster using a lever to overcome the difficulty
discussed in Chapter III.4 is discussed. To make the clamping force arbitrarily
controllable and predictable, the adjuster eliminated the nonlinear influence of the
object width on the clamping force by temporarily separating the interlocked
movement of fingers, and they compensated magnets driven by a single actuator,
while sustaining the spontaneous force amplification feature of the IBM gripper.

The prototype POC gripper revealed that the adjuster successfully linearized the
width—force characteristic with an inclination of 0.15 N/mm, which is sufficiently
insignificant, compared to the major output force of approximately 50 N. The force
amplification effect coexisted with this phenomenon, such that the clamping force
was amplified to 137.5 % while maintaining the energy consumption of the DC
motor, and the force—energy efficiency was multiplied by 1.39. Thus, being drivable
by a weaker, smaller, and lighter actuator, the gripper contributes to the extension

of the operation time of robots with limited power supply.

Fig. 97 Appearance of the prototype of the bi-parting IB magnet using the magnetic spring
with the adjustable clamping width.
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Section IT1.5.2 Elemental technology: clamping width
adjustment mechanism

Subsection II1.5.2.1 Problems of the IBM gripper without the
clamping width adjustment mechanism

In the studies reported in Chapter III.3 and Chapter III.4, there were some
challenges in the constitutions wherein the IB magnet is simply inserted between
the finger and the actuator; the finger is simply fixed on the outer frame of the IB
magnet. First, as depicted in Fig. 98 (a), the initial distance between the fingers
defines the minimum clamping width of the gripper. If the object is even slightly
thinner than the clamping width, the outer frames meet each other first before the
fingers touch the object, resulting in a failure to clamp. Contrarily, if the object is
extremely wider by ¢ than the clamping width, the initial distance of the magnet
is insufficiently close to exert its attractive force, as described in Fig. 98 (b).
Therefore, the actuator has to push in the control rods of the IB magnets without
sufficient assistance, resulting in an increase in energy consumption. If the elastic
restoring force of the target object exceeds the thrust force of the actuator, the shift-
in of the control rods may stop before attraction is attained.

These problems occur because the compensation of the IB magnet works under
the major premise that the approaching displacement of the magnet is always
equal to the compression distance of the spring. Although the magnet and spring
have the origin of the stroke on the outer frame, the rod begins to be pushed in
depending on the finger contact to the object rather than the outer frame contact
to the attracted surface as the magnet and spring are fixed on the identical rod.
Furthermore, interactive deformation of the spring and target object occurs closely
linked to the progression of the actuator, making it difficult to predict the nonlinear
clamping force characteristics according to the input force, actuation displacement,

object width, and elasticity.
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The previous gripper had a strict limitation on clampable object width and a
complexity of nonlinear characteristics. If the width of the target object is known
and fixed, e.g., the products in a factory line and the wheel to be braked [13], these
inconveniences can be ignored. However, even then, their clamping width should
be able to realign to handle a variety of products and brake pad wear. Therefore, a
new mechanism must be introduced so that the actuation of the compensation
mechanism and the finger can be mechanically suspended when the fingers adjust

the clamping width.

e
1
H

“Fm(.\-:oﬂ-)
@Qw, >Ww bW, <<W

clamp object clamp object

Fig. 98 Problems in the previous one-sided structure of the IBM gripper.

Subsection II1.5.2.2 Previous research: classification of clutch
mechanisms

Because the IB magnet itself does not have a load-sensitive feature, another
degree of freedom would be required to adjust the clamping width to realign with
an object. As illustrated in Fig. 99, the simplest configuration has a coarse
movement lead screw with a larger pitch than a fine movement lead screw so that
the finger can be actuated quickly until it meets the target object. To restrict the
back drive due to the low reduction rate of the large lead, a kind of clutch
mechanism such as torque diode that inhibits the reverse rotation is needed to
resist to the force that works in the direction opening the gripper. However, as the
motivation to develop the gripper with an IB magnet as a spontaneous reduction
mechanism includes reducing the complexity of control, adding two actuators for

coarse actuation and for releasing the clutch shall be avoided.
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Fig. 99 Active clamping width adjustment by an additional actuator.

For the proposed gripper to be versatile for any application by solving the
abovementioned problems, adding a new passive interlocking clutch mechanism is
required that mechanically splits the IB magnet and the finger until the finger
meets the object and then locks their relative position firmly when clamping is
complete, so that the compensation of the magnet is independent of the absolute
displacement of the finger. That is, the finger should be loosely connected to the IB
magnet during its closing actuation, and the contact force of the target object must
not be transmitted to the IB magnet. A linear one-way freewheel clutch,
continuously activatable at any displacement and arbitrarily lockable by actuation,
must be installed to realize such a separation of force transmission.

TABLE VII categorizes the features of major existing clutches and similar
mechanisms. Spring-tensioned rollers or sprags were used to transmit either
rotational or translational movement by jamming between the input and output
surfaces. In the table, "forward" is defined as force or displacement transmission
from input to output, and "inverse" as from output to input, generally called a back
drive. Furthermore, "positive direction" means one direction of the input rotation
or translation (e.g., clockwise) and "negative" in the reverse direction (e.g.,
counterclockwise). Observing the table, the mechanism that fulfills features
required by the IBM gripper is unique in that it allows both forward and inverse
transmission in the positive direction only when the outer frame detects its origin
on the fixed finger. The wire gripper [83] illustrated in Fig. 101, a metal bracket to
hang canvas art on a wire, has a feature to release the jamming state but is not

applicable to the proposed gripper as it requires a feature to activate jamming.
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TABLE VII
CATEGORIZATION OF CLUTCH MECHANISMS

Both positive &

One direction onl; . L
v negative direction

Linear clutch
(one-sided) [84]
Force diode
(one-sided) [85]

Linear clutch [86]
Force diode [85]
Torque diode [87]

Forward transmission only

Sprag clutch

F d and i t issi . .
orward and inverse transmission Wire gripper [83]

(Rigid coupling)

As depicted in Fig. 100, the wedge was found to be unsuitable as its follower
invaded the gap between the wedge and the active finger rolled along the wedge,
feeding the finger in the reverse direction of the clamping motion. Furthermore,
the sprag cannot be pinned at an arbitrary point as the pressing force from the IB
magnet partially circumvents the finger via the positioning pin. This clutch can be
used not only with the IB magnet, but also with other compensation mechanisms,
such as those that balance a weight to a spring and output its repulsive force as a

tension load.

Wedge to jam

Sprag / \\..\ Positioning pin

Fig. 100 Width adjustment mechanism composed of a sprag and wedge.
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Pin

Fig. 101 Wire gripper that fixes its position on the inserted wire. It can actively release

the lock when the pin is pushed [88].
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Fig. 102 Linear clutch that hinders a reverse input, but only in one way [84].

o

Fixed Flame

Spring

Roller
o

—
3
£

/( A
ame

Fl
Fig. 103 Force diode that prevents inverse bidirectional input [85].

Fixed

Fig. 104 Torque diode that transmits rotation only in one direction [87].
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Subsection II1.5.2.3 Proposed principle:  width-adjustment
mechanism using a lock lever

Unlike existing clutches in TABLE VII that use wedges and sprags to jam, herein,
a pair of lever and follower were selected. Fig. 105 depicts the IBM gripper with a
newly devised width adjustment mechanism in which a lock lever and a circular
lever follower are inserted between the outer frame of the IB magnet and the active
finger. If they are rigid bodies, the lever and follower stay at a certain point,
independent of the object width and pressing force. Therefore, the spring of the
control rod can begin to get compressed at the identical displacement of the IB
magnet in all instances. In this manner, this clutch enables the IB magnet to
extract a pressing force from its fixed end of the spring, which was impossible as
the spring had to be pinned in a designated position to sustain compensation.

The mechanism operates as follows. (a) Starting from the initial position, both
the IB magnet and the active finger, loosely connected to the IB magnet via an
adequately weak buffer spring, approach the target object. The lever is now
disengaged by a separation spring and does not inhibit the actuation of the finger
as the lever follower is still free. (b) Once the finger is in contact with the object, it
stops further progress, resulting in the single actuation of the IB magnet. The
buffer spring continues to get compressed to comply with the object width. (c) Next,
when the outer frame of the IB magnet comes in contact with the lever follower, it
starts to stretch the lever to lock the position of the finger relative to the outer
frame of the IB magnet. The magnet approaches its attraction target with its
designed actuation distance to be compensated. (d) Finally, the control rod of the
IB magnet starts to move relative to the outer frame, increasing both the attractive
force of the magnet and the repulsive force of the spring, resulting in the
continuous increase of the force on the lever follower and thus the output clamping

force.
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Fig. 105 Principle diagram of the IBM gripper with the width adjustment mechanism
comprising a lock lever and a follower to push it down.
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Section II1.5.3 Embodiment of the bi-parting IBM gripper
with the adjustable clamping width

Subsection II1.5.3.1 Design and development of the bi-parting
IBM gripper with the adjustable clamping width

Fig. 107 shows the dimensions of the prototype model of the proposed IB magnet,
whose specifications are listed in TABLE VIII. To prevent the increase in the
mechanism volume, the axes of linear constraints, the bidirectional screw of the IB
magnet, and the linear guide of the lever follower are arranged to coincide. Further
miniaturization will be held in future to obtain a practical size and mass for
integration to a robotic system. The distance between the contact surface of the
finger and the axis of the lever is adjusted by inserting shims into the gap 6.
Furthermore, the single conical coil spring with a varying diameter, and the pitch
was customized to reproduce the nonlinearity of the magnetic attraction, unlike a
bulky compensation spring in a conventional IB magnet comprising multiple linear

springs that are activated stepwise to follow the nonlinearity approximately.

DC motor B_, Buk rectional screw
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Screw nut |
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1 Cross section A-A Cross section B-B
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(a) Fully opened, unlocked, (b) Fully closed, locked,
and free-of-force position and max. force position

Fig. 106 Design of the prototype of the bi-parting IB magnet using the magnetic spring
with the adjustable clamping width.
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Fig. 107 Appearance of the prototype of the bi-parting IB magnet using the magnetic
spring with the adjustable clamping width.

TABLE VIII
SPECIFICATION OF THE PROTOTYPE OF THE BI-PARTING IB MAGNET USING THE MAGNETIC
SPRING WITH THE ADJUSTABLE CLAMPING WIDTH

Outer Diameter 54 [mm] Min. Clamping Width 2 [mm]
Ring Magnet Inner Diameter 38 [mm] Max. Clamping Width 72 [mm]
NOR391 Thickness 5[mm] | Stroke of the Control Rod |35 [mm]
Mass 40.8 [g] Total Mass 5.7 [kg]
No-Load Performance || 35 [RPM], 80 [mA]
gcm?.gg; Stall Extrapolation | 176 [N-mm), 750 (mA] at12[v)
Feed Speed Approx. 1.0 [mmv/s] with M6 screw
Subsection I11.5.3.2 Performance evaluation experiment of the

bi-parting IBM gripper with the adjustable clamping width

First, a basic operation experiment was conducted using the prototype of the
proposed IBM gripper. Fig. 108 shows the system constituents and the
experimental procedure, in which a load cell (Kyowa Electric, LUR-A-100NSA) was
mounted on one of the active fingers to measure the compressive load to evaluate
the effects of force amplification and internal force compensation. The DC motor
was driven by a constant power supply of 12 V so that the current was proportional
to the power consumption. The processes of clamping objects with widths 38.5 =
Wopj = 63.5mm , incremented by 5mm by replacing stainless screws with
corresponding lengths, were repeated five times for each contrasted configuration
with and without magnetic attraction. Each IB magnet was initially arranged
Xmax = 35 mm apart from the center, resulting in the initial distance between

fingers Wy.x = 72 mm.
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Clamping Force

e

1

Fig. 108 Experimental system and the operation process of the prototype model of the
IBM gripper. (a) The fingers were set 72 mm apart. (b) The screw began driving the control
rods and fingers connected to them to the center. (c) The fingers stopped further actuation
once they met the object. Instead, the buffer springs began to get compressed and the lock
levers to lean against the fingers. (d) As the lock levers contacted the fingers, the control
rods were ready to transmit force via the compensation springs. (e)—(f) As the magnets
approached each other, both the magnetic attractive force and the spring repulsive force
increased, resulting in a stepless, gradual increase of the clamping force.
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Fig. 109 and Fig. 110 display the typical transitions of the clamping force and
power consumption measured with and without magnetic assistance when (a)
closing and (b) opening the fingers to clamp the load cell with Wopj = 53.5 mm.

During closing, the clamping force first increased to an almost constant value,
approximately 5 N, when the fingers contacted the load cell at the displacement
X = Xmax — (Winax — Wopj)/2 = 25.75 mm. It kept slightly increasing in linearly, until
the width adjustment by the buffer spring was completed. When the lever was first
pushed onto the finger by the control rod via the compensation spring at x = x4 —
X (discussed in Subsection II1.5.4.1), the lever locked the position of the finger on
the IB magnet. Then, as the spring further compressed, it transmitted the counter
force to the lever follower, gradually increasing the clamping force. As the actuator
can stop the position at an arbitrary displacement, the gripper can exert any
desired value of the clamping force from zero to the maximum in an analog (or
stepless) manner, as intended. With the aid of the magnets, the clamping force
after the compensation spring was compressed became larger, while the power
consumption remained almost unchanged from that of the constitution without
magnets. This can be regarded as even slightly less due to the deviation of
imperfect compensation, in which the internal force of the IB magnet that assists
the actuation is oriented to the center of the gripper.

During opening, the clamping force is relieved gradually by releasing the
compensation spring. After decreasing to zero, the clamping force is increased
again as the lever releases the finger that clamps the object loosely with its buffer
spring. The power consumption after inrush current at the beginning drops and
then increases because the compensation is adjusted to be most precise at the
origin where the attraction is originally the largest. The internal force after then
inhibits actuation to some extent, contrary to the property observed during closing.

With the IB magnet, a 1 mm-periodic fluctuation of the power consumption was
observed. It corresponds to the actuation by a lead screw with a pitch of 1 mm,
whose thread stuck the edge of the dry bush of the magnet holder inclined due to
gravity. To suppress this phenomenon, the bush shall be replaced with a longer one

or one with a stricter fitting.
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Fig. 109 A typical transition in the clamping force F,; of the IBM gripper with respect to
the displacement x of the control rod of the IB magnet.
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Fig. 110 A typical transition in the power consumption P of the IBM gripper with respect
to the displacement x of the control rod of the IB magnet.
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Fig. 111 illustrates the characteristic of the maximum clamping force
characteristic with respect to the object width with and without magnetic
assistance. E,. 1s defined as the average value of the force measured for 1.0 s in a
static state after the closing and the current cut off, while F,, is the maximum
value recorded during the closing operation.

Both E,,. and F,.x show similar increasing transitions for each constitution,
while the former exceeds the latter by less than 1.9 % for any condition (Let F,,
represent the maximum clamping force hereafter). The existence of the magnet
increased F,,. to 137.5 % in average, verifying the effectiveness of the magnetic
assistance in generating clamping force by its attraction movement.

Notably, F,. and F,.x show linear characteristics with inclinations around
0.15 N/mm, 0.3 % of the major clamping force 50 N and corresponding to the
nominal theoretical range 0.131-0.160 N/mm of the spring constant of the buffer
spring for width adjustment. By selecting an even weaker buffer spring, the
dependence on the clamping width can be reduced further. This property of

consistency is important for a gripper to be easily predictable and thus controllable.
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Fig. 111 Five-time average maximum clamping force max(F,,;) exerted by the IBM
gripper with respect to the clamping width W ;.
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Fig. 112 contrasts the graphs of Fig. 111 (E,,.) and Fig. 94 ([A] and [B]). The IBM
gripper discussed in Chapter III1.4 with a fixed minimum clamping width of
40.3 mm had a width—force characteristic with a nonlinearly convex property in a
tolerable clamping width range of 8 mm. Conversely, the figure emphasizes that
the newly developed IBM gripper with the adjustable clamping width acquired the

obviously steady characteristic in a much wider tolerable clamping width range.
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Fig. 112 Average maximum clamping force by the IBM grippers with and without the
adjustable clamping width, with respect to the clamping width W ;. Here, W,; = 6 +
40.3 mm for the graphs from Fig. 94.

124



Fig. 113 shows the (a) energy consumption as an integration of the power
consumption and (b) duration, measured separately during closing, opening, and
the entire process. As visually observed in Fig. 10, the compensation mechanism
slightly decreased E(josc and increased Egpen so that their sum Ey,, was barely
affected: it just decreased by 0.8%.

Contrary to the clamping force, both energy and duration showed unsteady but
similar transitions, fluctuating with deviation less than 4.5% for energy and 1.7%
for duration. This observation implies that these characteristics are affected by
other environmental factors such as lubrication and motor heating rather than the
clamping width. The reason why these characteristics resemble each other is

simple: the longer the duration, the more the power consumption.
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gripper with respect to the clamping width W,;.

125



Fig. 114 depicts the performance efficiency of the gripper, an index defined by
the maximum clamping force F,,. divided by the total energy consumption Ey¢,.
As the F,y, was linear to W,,; and the Eiy, was independent of Wy, the graphs of
their quotient also show linear characteristics. For a better intuitive
understanding, average results of F,,e and Eiy, in the range of W,,; are compared
in Fig. 115. While the clamping force was amplified by the magnetic attraction, an
additional external force required by the control rod to the actuator to push in and
pull out the magnet against the attractive force was cancelled out by the repulsive
force of the compensation spring, resulting in multiplication of the force—energy
efficiency by 1.39 in the mean.

In these ways, the experiment successfully validated the principle of the
proposed gripper by demonstrating characteristic-steady, force-amplified, and

energy-efficient clamping ability against objects of various widths.
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Fig. 114 Clamping efficiency of the IBM gripper defined as the average maximum
clamping force F,,. divided by the average energy consumption E,,, With respect to the
clamping width Wy,;.
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Subsection II1.5.3.3 Transmission Efficiency of the Lever—
follower system

The output clamping force was measured in relation to the input pressing force
applied to the lever follower to derive the transmission efficiency of the width
adjustment mechanism. The system constituents are shown in Fig. 116, wherein
the gripper is installed vertically in the material testing machine (Instron, 3343).
The finger below is fixed at the center of the system, and the finger above is free of
mechanical restraints except the linear guides. The moving part of the material
testing machine is equipped with a force transducer (Instron, 2516-104) with the
capacity of 500 N to regulate the constant input force 25 = F;, = 300 N incremented
by 25 N, and a cylindrical rod to push down the lever follower. The gripper clamped
the load cell with W,p,; = 38.5, 43.5, and 48.5 mm five times for each configuration.
Furthermore, for evaluating the effect of friction on the transmission, a friction-
improved version of the lever—follower system was inspected. As contrasted in Fig.
117, its contact surface of the finger to the lever was matt-finished by rough
electrical discharge machining, and the tip shaft of the lever that contacts the

finger was substituted with one with straight knurling.
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Fig. 116 Experimental system of the IBM gripper for measuring the transmission
efficiency of its lever—follower clutch system.
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(a) Basic version (b) Improved version V

Knurling

Fig. 117 Appearance of the (a) basic version and (b) friction-improved version of the lever
and the contact surface of the finger.

Fig. 118 compares the results of the measurements of the input—output force
characteristics and the average transmission efficiencies are listed in Fig. 119. Due
to the deformation, the lever broke through its leaning position against the contact
surface of the finger with an input force larger than 175 N for the basic version,
resulting in “unlocking” of the finger and thus no further records. This implies that
the rigidity of the mechanism, especially the lever, should be increased to avoid
this phenomenon without improving friction.

As the graphs show constant inclinations, the average transmission efficiency

was stable around 0.29 independent of the clamping width for the basic version
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and increased to 0.47 for the friction-improved version, indicating that enhanced
friction would multiply the clamping force and thus the force—energy efficiency of
the gripper by 1.62. However, the result of the measurement under the condition
Wopj = 43.5mm for the improved version was notably inconsistent with other
results. The cause of this outlier would be the difference in the engagement
position of the knurling of the lever tip in contact with the finger. By replacing the
lever tip with a continuously rough surface similar to the finger, the fluctuation

could be avoided and the transmission efficiency could be further increased.
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Fig. 118 Five-time average output clamping force F,,; exerted by the lever—follower
transmission mechanism with respect to the input pressing force F;,.
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Section II1.5.4 Discussion on the characteristics of the bi-
parting IBM gripper with the adjustable clamping width

Subsection II1.5.4.1 Transmission Efficiency

Referring to the dimensions in Fig. 107, the transmission efficiency of the lever—
follower system in the width adjustment mechanism can be estimated as follows:

Fig. 120 illustrates how a follower is in contact and pressed against the lever
with F, at point P by the pressure angle a. The force applied by the follower is
partitioned into those perpendicular and parallel to the surface of the lever, and
then into directions perpendicular and parallel to the actual moment arm OP with

elevation B, resulting in the effective force component F;, expressed as follows:
F;, = Fip cos a cos(B — a) 31D

Here, the elevation angle a of the lever tangent to the finger at Q equals the

pressure angle of the lever follower, which is expressed by design constants as:

-1 Ymax - (Rtip + 6) _

Llever

a = cos 7.4° (32)

max

Fig. 120 Definition of the coordinate systems, variables, and forces of the lever—follower
transmission.
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The torque T, applied to the finger by the tip of the lever is the that generated
by the follower T, = F,Lop’. Lop' 1s the length of the actual moment arm of the
actual contact point of the follower P'(X;, ¥;) to the lever axis O, expressed by the
coordinate of the apparent contact point P(X;, Y;) on the constraint axis of the

follower, where

Y? = Y + Rioliower Sin @ = 61.0 mm (33)

. 02
_ Yesin a + Rigyer + Rrollower SIN“ &

X{ = e = 12.5mm (34)
Lop' = /X;Z +Y/* =623 mm (35)
B = tan‘ly—ff = 11.5° (36)

The actual moment arm Lgq of Ty, With elevation angle y are also calculated by

geometric relationships as follows:

-1 Llever sina

Yy = tan =7.0° (37)
Yinax — 6
Lieyer Sin
Log =——— =95.0 38
0Q siny mm (38)

By balancing the torques T;, = Ty along O, the force applied on Q perpendicular
to the moment arm is derived as Fo,c = Tin/Loq, and its effective component parallel

to the translational direction of the finger as follows:

Lopr ,
Fout = Fout cOSY =L_Fin cosy (39)
0Q

Substituting the equations (2) and (6) in (1) yields F;, = 0.98 F;,, and then (1),
(5, (7), and (8) in (9) gives Fyy: = 0.64 F;;, . This result indicates that the
theoretical maximum transmission efficiency is 0.64, while the prototype model
satisfies only 45.4 % of this value with the basic structure but achieves 73.5 % with
the friction-improved version. In reality, the friction resistance proportional to the

normal force F,,; siny, the counterforce of the ineffective component of F,,;, should
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have decayed the clamping force by less than 1/8 of F;,;. Furthermore, mechanism
deformations, such as bending of the lever and widening of the distance between
the finger and the lever axis, result in the gradual decrease of the contact angle

and thereby the inclination of the lever, as the F;, increases during clamping.
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Subsection II1.5.4.2 Disturbance on Compensation

The increase in power consumption from screw clamping was minimal because
the spring cancelled out the additional load on the actuator caused by the magnet.
The point to be considered is that the input force on the lever follower must have
been approximately 150 N to exert the recorded output clamping force of 50 N on
an average, according to Fig. 118, while the displacement—force characteristic of
the pair of sampled magnets to which the spring was customized to follow,
demonstrated a maximum value of 300 N.

The factors that may have affected the decrease in the input force are listed as
follows. First, although mass-produced, the attraction force of magnets is known
empirically to vary 250-300 N by individual difference. Second, the characteristic
of each hand-made spring is designed to be less than the magnetic force for any
displacement with feasible production conditions of error within 10 % .
Furthermore, the mechanism deformation leads to a subduction of the contact
position X; of the follower to the lever, which also results in the compressed length
of the spring being less than designed.

Overall, the observation suggested that preparing a more precise one-to-one
spring specifically corresponding to the pair of magnets actually implemented in
each gripper and reinforcing its mechanical rigidity would yield more energy-

efficient and highly amplified clamping performance.

Subsection I11.5.4.3 Selection of Actuators

For prototyping, a simple bidirectional screw driven by a DC motor was selected
as an actuator, as it provides both sufficient torque and detailed positioning to
conduct evaluation experiments. However, the way the IB magnet is used in the
proposed gripper is categorized as a reduction mechanism, which does not restrict
the actuator; any other actuator with even weaker output, such as artificial
muscles made of shape-memory alloys, can be selected if the compensation spring
is designed with higher precision. Moreover, if the clamping state has to be only on
and off, two-state actuators without positioning ability, such as solenoids and

pneumatics, can be selected.
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Subsection II1.5.4.4 Technological Value of the Outcome

In conjunction with the jumping mechanism [19] and the MR fluid gripper [20]
proposed in other studies by the author that incorporate the IB magnet as their
magnetic flux supplier, the gripper in this study possesses a technological novelty
in the idea of embedding the IB magnet as a built-in force amplifier, contrary to
conventional applications of the IB magnets limited to attraction mechanisms. The
amplifier can be easily implemented by including both the IB magnet and its
attraction target inside the mechanism structure. Adjusting its magnitude of
attraction by shifting the equilibrium point of compensation, the control rod,
indirectly regulates the output force.

For the gripper, the difficulty of extracting a pressing force instead of non-contact
magnetic force is that the output destination to be utilized is not the magnet but
the fixed end of the spring, which is the outer frame of the IB magnet. As it is
“fixed,” its position has to be maintained at a certain position in the mechanism to
establish a precise compensation, or its misalignment leads to the unsteady
nonlinear output force with insufficient compensation, as observed in the previous
design in Fig. 98 (b). The desired application of the magnetic compensation
mechanism as a gripper was finally achieved in this study by implementing the
adjustment mechanism that made the position of the fixed end independent of the
finger and the actual output destination.

These unprecedented applications of the IB magnet other than as attraction
devices will contribute to the development of a new academic area of magnetic
mechanisms, in which permanent magnets are used for reinforcement and energy
conservation of robotic components that require large forces. Furthermore, as the
IB magnet can be activated even without electricity, the gripper can be powered by

human power as a tool or by an external mechanical force as a passive mechanism.
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Section II1.5.5 Conclusion of Chapter III.5

To achieve a more steady and predictable clamping force independent of the
target object width, this chapter features a new width-adjustment mechanism
using a lever toggle, which allows the mechanical separation of the fixed end of the
compensation that generates the pressing force and the finger that exerts it on the
object.

Experiments using the embodied prototype model were conducted to verify the
amplification feature of its magnets on the clamping force and the compensation
feature of its spring on the input control force. The gripper demonstrated that the
magnetic assistance increased the maximum clamping force while the spring
compensation prevented the energy consumed by the actuator from increasing,
resulting in the force—energy efficiency ratio multiplied by 1.39 in average,
compared to the constitution without magnets. Furthermore, the width
adjustment mechanism realized a linear width—force characteristic with a weak
inclination, and its lever—follower locking system exhibited a stable transmission
efficiency, drastically making the clamping force more predictable and controllable
than the gripper with the previous design.

In this manner, the proposed principle of the IBM gripper was successfully
validated, implying that conventional grippers can be replaced with a more energy
efficient, force-amplified, and control-free gripper with the aid of the DF converter.

Future studies will aim to adopt a more accurate compensation, enhanced
friction, and rigid structure to achieve a higher amplification rate and
transmission efficiency will be using the discussed methods. A design with a more
practical size and mass will be investigated for integration in robotic systems. In
addition, a numerical model for precisely estimating the exerted clamping force
according to the elasticity of the mechanism and clamped object will be established

to develop a control law.
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Chapter III.6 Conclusion of Part III

In this part, the DF converter using a permanent magnet as a reverse spring
was introduced. As its application example, a clamping mechanism implementing
a pair of permanent magnets to spontaneously and steplessly generate an
attractive force to assist with clamping movement was proposed. For realization,
various methods for detaching a permanent magnet using a control force much
smaller than its original attractive force were sought, and results revealed that the
mechanism employing an IB magnet was the best.

In Chapter I11.3, to verify the effectiveness of spontaneous force amplification, a
one-sided IBM gripper was developed using a magnetic spring, which is the
solution to the complicated design procedure and trade-off relationship between
compensation precision and mechanism volume of the conventional springs of the
IB magnet.

In Chapter II1.4, to verify the effectiveness of continuous force amplification, a
bi-parting IBM gripper was developed using a conical coil spring that manages
both compactness and followability to the nonlinear characteristic of the magnet
suited to a bi-parting constitution.

In Chapter II1.5, to decrease and linearize the effect of the clamping width on
the amplified clamping force, a bi-parting IBM gripper with a stepless width-
adjustment mechanism using a lever toggle was developed to achieve a more
steady and predictable clamping force independent of the target object width. The
width adjustment mechanism enabled the gripper both to acquire the enhanced
force—energy efficiency due to the spontaneous and continuous force amplification
by the DF converter and to linearize the width—force characteristic with a small
enough inclination.

In these ways, the prototype models showed the applicability of the IB magnet
as a DF converter in generating a large pressing force, in contrast to its existing
application mechanisms that regard the IB magnet only as an attraction device.
The enhanced performance of the grippers implies that replacing conventional
grippers with them can contribute to the extension of the operation time of robots
with limited power supply and to the reduction of electricity costs of robotic arms

in production lines. Furthermore, the idea of the width-adjustment mechanism is
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valuable for other compensation mechanisms to let them exert the change of the
internal state externally while sustaining the compensation precision. The
applications of force amplification mechanisms will be further expanded to the

studies of other energy-efficient robotic components and labor-saving tools.
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Part IV

Development of the DF converter with a

stroke-shortened spring, and its

application to an electromagnetic brake
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Part IV Development of the DF converter with a
stroke-shortened spring, and its application to an
electromagnetic brake

Chapter IV.1 Abstract of Part IV

In this part, contrary to the bi-sided IBM gripper with a variable clamping width
discussed in Chapter II1.5 for various objects with different widths, an application
example of the one-sided IBM gripper with a fixed clamping width for a known and
designated object was presented to show the applicability of the simplest
configuration of the IBM gripper illustrated in Fig. 64.

Equipping the fingers with brake pads to clamp a rotor turns the IBM gripper
into a brake mechanism. An electropermanent configuration made the brake
capable of exerting more energy-efficient braking torque for both short and long-
span braking, compared to an existing electromagnetic brake. The prototype of the
proposed mechanism was developed with a newly devised compensation spring
comprising two linear springs that shorten the pad-detaching stroke. The
maximum static and average dynamic friction torques increased to 161.0 % and
192.9 %, respectively, when identical pads of an EM brake were used for

comparison.

oa .

Fig. 121 Appearance of the POC model of the proposed electromagnetic brake using the
IB magnet.
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Power saving was also achieved when braking for longer than 0.43 s; the torque—
energy efficiency multiplied by 4.5 when measured for 1.0 s, successfully revealing
the effectiveness of the proposed principle. Further, based on the force —
displacement characteristic of the compensated magnet, the theoretical response
time was numerically analyzed as 13.6 ms, comparable to the contrasted EM brake,

validating the measured value of 14.0 ms.

Chapter IV.2 Application example of the DF
converter #3: spontaneous force amplifier for an
electromagnetic brake

Electric brakes are used in various mechanisms to control the speed of motion.
Because they do not require large and heavy external power sources such as
hydraulic or pneumatic pumps, EM brakes are favored for machines with strict
limitations of volume and mass [89].

An electromagnetic brake (EM brake) is a typical example of an electric brake
that engages the braking system by applying a current on the coil in the field to
magnetically attract the facing ferromagnetic armature. A braking force is
generated due to friction between the brake pads in these fields and the armature,
although there are some different implementations: an EM track brake is used in
rail vehicles that considers the rail as the armature [90]; an electric trailer brake
employs rounded brake shoes pressed outwards at the drum (rotating cylinder)
attached to the output axle [91]. Other EM brakes such as magnetic powder brakes
and magnetorheological fluid brakes use the magnetic flux generated by the coil to
bind ferromagnetic particles so that the braking torque is transmitted via shear
stress from the fixed field to the output shaft [92], [93].

The EM brakes, while being compact, highly responsive, and versatile as they
can be activated independent of the speed unlike dynamic brakes (which require a
relative speed of the target object to be braked, and therefore, a main brake to hold
it [94]), these EM brakes consume electricity to drive their coils. A long-time
application of current generates an unignorable amount of Joule heat, which
increases the coil resistance and thus degrades braking performance [95]. Active

cooling by fans or thermoelectric coolers requires even extra power.
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The abovementioned issue implies that energy-efficient EM brakes contribute to
the extension of the milage of robots and vehicles with an independent power
supply that has a limited capacity. This can be realized by saving energy both for
sudden braking and continuous idling. Such brakes also establish the reduction of
cumulative electricity cost required for robotic arms in production lines to lock
their joints intermittently. To achieve these objectives, the advantages of a
permanent magnet (PM) is utilized, i.e., permanent exertion of force, and thereby,
the elimination of the volume and mass of the power supply. Similarly, a few
existing EM brakes adopt an "electropermanent magnet (EPM)" structure that
reverses the engaging state relative to the current input. The magnetic flux of a
PM maintains the excitation of the brake, and a counter EM cancels this flux to
release the brake [96]. However, because they also consume electricity to keep the
brake released, both EM and EPM brakes exhibit limitations in terms of holding
either the enabled or disabled state continuously.

Therefore, the study aims to develop a braking system that allows a more
energy-efficient actuation of the brake pads via force amplification to verify the
effectiveness of the proposed system. In contrast to previous latching EPM brakes
and valves that regulate the magnetic circuit passing through the yoke [97]-[99],
the magnet itself gets actuated to switch between attached and detached states for
directly generating a pressing force, as an application of a compensated magnetic
mechanisms [81], [82], [100]. This method is advantageous in that its output is not
digital (on and off) when continuously regulating the distance between the
magnets and unique in that it would ultimately contribute to braking in any
machine and tool because its means of latching include, but are not limited to,
electric current in a coil, solenoid, and motor; even mechanical force and human

power can be used.
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Chapter IV.3 Proposed principle: brake mechanism
using the IB magnet (IBM brake)

Most machines use powerful actuators and large gearboxes to exert a large force.
On the contrary, the idea of force compensation to avoid affecting the compactness
property of the EM brake was adopted; the operating force of an actuator is
compensated by maintaining the actuated part (connected to the brake pad) at an
equilibrium point of the force regardless of its displacement or orientation by
applying an equal load in the opposite direction.

Regarding the IB magnet as a reduction mechanism, a concept of the IBM brake
mechanism illustrated in Fig. 122 is proposed. The outer frame of the IB magnet
1s 1dentified as the active brake pad driven indirectly by an actuator via the
compensation spring. The ferromagnetic surface fixed on the mechanism structure
(here, a magnet that faces its pole to the unlike pole of the active magnet on the
control rod) attracts the control rod such that the active pad approaches the
counterpart pad installed on the rotation axle to be braked. This mechanism can
be considered topologically equivalent to a nonmagnetic parallel gripper reinforced
by IB magnet with a fixed clamping width illustrated in Fig. 64, which extends the
outer frame as an active finger to grasp an object between a pair of IB magnets.

The spring for compensation has two roles: 1) It is a method for storing the
attraction work of a magnet as elastic energy and minimizing the load on the
actuator by assisting it with repulsion work when the control rod is pulled out to
detach the magnet. 2) It works as a variable stiffness material for the internal

rigidity of the brake pad by adjusting its compression width from the free length.
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(a) Deactivated State (b) Activated State
Fig. 122 Principle diagram of IBM brake. Gaps between the brake pads are exaggerated.
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Chapter IV.4 Embodiment of the IBM brake

Section IV.4.1 Embodiment of the 15t prototype of the IBM
brake with a single conical coil spring

Subsection IV.4.1.1 Design and development of the 1st prototype
of the IBM brake with a single conical coil spring

Fig. 123 shows the dimensions of the 1st prototype of the proposed IBM brake for
the proof of principle (POC), embedded in a measurement system specified in the
Japanese Industrial Standard for EM brakes [101]. The brake pads of an EM brake
(Ogura Clutch, AMB2.5) are diverted to those of the IBM brake such that the
translational contact force between these pads becomes the single variable that
affect the performance comparison of their friction torques. This measurement
system can test the EM brake by screwing its field to the mechanism structure.
The specifications of the contrasted brakes are listed in TABLE IX.

As shown in Fig. 62, a conventional nonlinear spring for the IB magnet
comprises multiple linear springs that activate stepwise. However, springs with
different spring constants are required to duplicate the nonlinear characteristic of
the magnetic attraction more precisely, which results in a bulky and heavy
constitution [28]. Therefore, the nature of a conical coil spring with a varying
diameter and pitch was utilized to achieve miniaturization such that its part with
a smaller spring constant becomes compressed first, followed by the part with a

larger spring constant [77], [102]; this nonlinearly increases its displacement—force

characteristic similar to a like-pole pair of magnets by only a single elastic body.
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(c) Magnified Cross-Section

Fig. 123 Design sketch of the 15t prototype of the IBM brake. Some parts and details are
omitted for better visibility. The colors of the components correspond to those of the
elements in the principle diagram shown in Fig. 122.

TABLE IX
SPECIFICATIONS OF THE 15T PROTOTYPE OF THE IBM BRAKE, EM BRAKE FOR COMPARISON,
AND MOTOR FOR DRIVING THE LOAD
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Components Mass EM Brake Power Rating || 3 [W]at 24 [V]
IBM Brake Mass of Magnet 40.8 [g] AMB2.5 Responsiveness | 10 [ms]
Conrat:‘Coil Spring 11.1[g] Motor Rotor Inertia | 2.15 ¢-3 [kg'm?]
Spring Control Rod 405.0 [g] BXM5120-A2 Rated Torque | 0.4 [N-mm] (continuous)
Active Brake Pad | 291.7 [g] 0.8 [N-mm] (continuous)



Subsection IV.4.1.2 Performance evaluation experiment of the
1st prototype of the IBM brake with a single conical coil spring

Using the 1st prototype, an experiment to measure the forces exerted by each
component of the brake is conducted to verify the proposed principle whether a
control force F, required to detach the magnets (and the brake pads) can be reduced
by the compensation provided via the nonlinear spring. The system constituents
and experimental procedure are shown in Fig. 124, wherein a material testing
machine (Instron 3343) actuates the control rod of the IB magnet with both the

magnets and the spring; the magnets only; and the spring only.

Load Cell ,”’ y - - HoX Disabled

Fixing Jig for EM Brake

- ’ . AEGULATED OC POWER S
.” Tensile Ji

Inertial Load

DC Motor

(a) Oblique View (b) Binary Braking by the EM Brake

Magnets

(c) Analog Braking by the proposed IBM Brake

Fig. 124 Experimental system of 1st prototype of IBM brake and its operation procedure.
(b) Field of EM brake pulls armature on the axle of the motor by electromagnetic attraction.
(c) Pad on the field is pressed on the armature directly by the spring and indirectly by the
control rod connected to the tensile jig of the material testing machine.
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The respective control force F., single attractive force F,, and single repulsive
force F. are recorded as shown in the graph in Fig. 125. Likewise, the attractive
force between the armature and field of the excited EM brake is measured after

fixing the field on the mechanism body of the experimental system.

4

200 |-% Attractive Force F_[N]

— Repulsive Force F, [N]

m

100 ~ Control Force F. [N]
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Magnet-Magnet Distance x [mm)]
Fig. 125 Five-time average forces exerted on the control rod of the IBM brake.
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Meanwhile, another measurement using a torque sensor (Kyowa Electronic
Instruments, TPS-A-2 NM) is conducted to evaluate the relationship between the
previously recorded forces and the friction torques of the proposed IBM brake and
EM brake for comparison. While the position x of the control rod (distance between
magnets) is kept by the material testing machine, the command value of the
velocity to a brushless motor (Oriental motor, BXM5120-A2) is gradually increased
so that the maximum static friction torque, i.e., the spike torque observed when
the motor-driven axle starts to slip against the brake, can be measured as shown

in Fig. 126.
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Fig. 126 Typical transitions of the friction torque of the IBM brake vary with the magnet—
magnet distance (or compression distance of spring) when the axle driven by the motor
begins to slip.
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Fig. 127 shows the results of the measurement of the maximum static friction
torque, stacked in Fig. 125. As the magnets approach each other, the repulsive
force of the spring steplessly increases and so does the pressing force (counterforce
of spring force) between the brake pads. This leads to a continuous increase in the
friction torque between the brake pads, whereas the control force remains smaller
than the pressing force. Comparing the integration of F, and K, in range 0 < x <
10 reveals that the spring compensation lessened the control work required to

disable the brake by 53.9 % (further analyzed in Subsection 1V.4.2.4).
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Fig. 127 Ten-time average maximum static friction torques exerted between the brake
pads appended to the upper half part of Fig. 125. The values of the EM brake are depicted
on the F-axis for convenience because they do not have a controllable pad—pad distance.
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The ratio of the friction torque to the control force (required to maintain the
current position of the control rod) is compared in Fig. 128. The value of the
proposed IBM brake is comparable to but less than that of the EM brake in the
range of 1.5 mm < x; however, it increases steeply as x approaches zero, where the
torque—force ratio is more than 18.1 times that of the EM brake. This occurs
because the positive correlation of the torque is established not with F. but with
the magnetic attractive force.

These results successfully prove the continuous force amplification effect by the
compensation on the control force, and it indicates that a considerably weaker,
smaller, and less power-consuming actuator can be chosen to drive the strong PM

of the proposed IBM brake.
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Fig. 128 Ratio of the maximum static friction torque to the control force required to
sustain the current magnet—magnet distance x. The value of the EM brake is depicted as
a dotted line for the same reason as in Fig. 127.
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Section IV.4.2 Embodiment of the 2rd prototype of the IBM
brake with a multistage nonlinear spring

Subsection IV.4.2.1 Problems of the 1st prototype of the IBM
brake with a single conical coil spring

While proven to be effective in reducing the control force, the IBM brake has a
peculiar inconvenience: the control rod needs to be pulled out for a large distance
to sufficiently weaken the pressing force (more than 10 mm in the current
constitution), although the brake pads that actually matter must be just slightly
separated to deactivate braking. This side effect of compensation with an apparent
reduction rate emerged because the spring transmits the attractive force of the
magnets to the brake pads as long as the spring is in contact with both the control
rod and the outer frame.

Further, the conical coil spring itself has a problem in production; its
characteristic was adjusted to follow that of the magnetic attraction on every
millimeter by rectifying the pitch and diameter, which results in a long lead time.
Its size and shape are uncontrollable if the compensation precision is prioritized;
therefore, the structural design of the brake is strongly limited by the spring. These
features are unfavorable for ensuring the flexibility of the mechanism design for
mass production, where each pair of magnets has its own attractive characteristic
for the spring to follow. Even magnets of identical models and lot numbers have
differences in their magnetization quality, as seen when comparing Fig. 127 and

Fig. 130.
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Subsection IV.4.2.2 Proposed principle: shortening of the stroke
by a multistage nonlinear spring

The brake pads should be separated in an actuation stroke as short as possible
to solve the travel distance problem of the control rod. However, simply inserting
a suspension spring between them affects the characteristics of the compensation
spring, and this results in an excess repulsive force that hinders the activation
motion of the brake.

Therefore, the 2nd prototype adopts a newly devised nonlinear spring composed
of two linear springs that realizes both the early separation of the brake pads and
the simplicity of design by exploiting the existence of that suspension spring.

As illustrated in Fig. 129, the compensation spring K, and suspension spring Kj,
are combined in series such that (a) around the free length, they work as a single
elastic body with a smaller spring constant k,, represented by

1 1\! KK
k12 = <_+ _> = a’b (40)
K, K, K, + K}

As the combined spring ki, is compressed, (b) the stopper located at the
switching point P, touches the connection point of the springs and inhibits further
movement of K. (¢) The multistage spring then has k,; = K, as the only
deformable body, which results in increased spring constant. This functionality is
similar to a top-out spring for a vehicle, supplementarily added to the main
suspension spring in series to react to both large bumps and small vibrations by

changing its spring constant based on the compressed length [103].

Connection Point ’ »
Stopper 10
Suspension Spring
\
(a) Composite Spring in Series  (b) At Switching Point (¢) Single Spring

Fig. 129 Multistage nonlinear spring composed of two linear springs.
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In this way, the brake pads can be separated in a stroke that is considerably
smaller than a single conical coil spring. In exchange, the pressing force applied on
the pads by K, is predicted to be weakened by the internal force generated by Kj,,
which results in a decrease in the friction torque to some extent. Therefore, an
apparent reduction rate emerges, which results in a trade-off relationship between
the actuation distance and force.

The spring characteristic illustrated in Fig. 130 was designed, and the linear
springs to be combined were selected in the following procedure. First, three
temporal points Py(0, Fy), P; (x4, F;), and Py(x,, 0) defined a compensation curve Fy,

with inclination k(y; and a suspension curve F;, with k;, as

O _R K
01(y) = —Ko1X + bo1 = ) x+Fp (41)
—I
F12(x) = —kix + b1y = —— x (x — x1)x (42)
2 X1

Once the separation point x; was fixed according to the mechanism design
requirement, the remaining parameters F,, F;, and x, were optimized by a
numerical analysis' minimizing the integral of the control force F. (difference
between E,, and F,) for the range of compensation, i.e., control work E., yields the
appropriate coordinates. Then, an actuator with an output force sufficient to pull

out and push in the control rod for its stroke x; > x; was selected.
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Fig. 130 Characteristic design of devised multistage nonlinear spring (x; = 1.5 mm) is
composed of two linear springs for the 2 prototype of the proposed IBM brake.
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An example of how the multistage spring is implemented in the IBM brake is
illustrated in Fig. 131. The suspension spring Kj, is inserted between the active
brake pad (driven indirectly by the control rod via the compensation spring K,) and
the rotation axle so that its own height can be ignored when fully compressed; the
brake pads can contact each other. A thrust bearing is installed in-between to

isolate the rotation and avoid friction between the axle and the spring.

Linear Actuator

Compensation Spring k,

Permanent

T

(a) Deactivated State (b) Activated State

Fig. 131 Principle diagram of the 2" prototype of the IBM brake using devised multistage
spring composed of two linear springs.
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Subsection IV.4.2.3 Design and development of the 22d prototype
of the IBM brake with a multistage nonlinear spring

Fig. 132 and TABLE X show the dimensions and specifications of the 2nd
prototype of the proposed IBM brake with a multistage spring displayed in Fig. 1
built by replacing the nonlinear spring and some parts for height adjustment on
the control rod from the 1st prototype.

In this study, a self-holding pull solenoid (Takaha Kiko, CD12400100) is selected
to regulate the control rod as an example of a weak, short-stroke actuator (half in
power and one third in mass and volume of CA16620040, for example, a pull
solenoid strong enough to actuate the 1st prototype but without self-holding
feature). It has the same voltage rating as the EM brake, and therefore, the
difference in the current directly represents the difference in power consumption,
which simplifies the performance comparison. Meanwhile, any translational
actuator can replace the role if they have sufficient capability to shift the rod for
the designed stroke.

This self-holding solenoid operates in the following manner. Initially, when the
brake is disabled, its internal PM holds keeps the control rod pulled out even
without applying a current. The current is applied to the electromagnet to cancel
out the flux of the internal magnet and enable the brake. The solenoid does not
have a return spring to push the rod, and therefore, the control force of the IB
magnet is adjusted to be weakly biased such that the attractive force is still left
after compensation and pulls in the rod automatically when the self-holding is
deactivated; this results in the activation of the brake. A current in the opposite
direction is applied to pull out the rod to release the brake. Brake pads are in
contact as soon as the magnet on the mechanism structure and the other on the
control rod are attracted to each other; therefore, the solenoid must be excited just

for a moment for activation.
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Fig. 132 Design sketch of the 224 prototype of the IBM brake.
TABLE X
SPECIFICATIONS OF THE 2"° PROTOTYPE OF THE IBM BRAKE AND SOLENOID FOR
ACTUATION
Components Mass Power Rating | 57 [W]at24 V]
Spring K, 24 ¢g] Duty Cycle 6 [%]
Spring K, 5.0(g] Mass 140.6 [g]

 Mass of Plunger 26.7 [g]
Self-Hold Force 10.5 [N]

Control Rod 441.7 [g]
Active Brake Pad 303.0 [g]
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Fig. 133 shows the appearance of the 2nd prototype and Fig. 134 shows its
magnified cross-sectional view. As designed, the multistage action of the springs
was observed as indicated in the pictures (1)—(3) corresponding to the states of
springs in the principle diagram shown in Fig. 129 (a)—(c) respectively: Two springs
form a composite spring, while the field (active brake pad) is suspended in stage
(1), and the suspension spring stops further compression as the brake pads meet
at (2), which results in the activation of the single action of the compensation

spring as seen in (3).

Compensation Springs

Y y 3 . : T
Brake Pads of EM Brake 7 -
(implemented for comparison . i

Fig. 133 Appearance and cross-sectional view of the 224 prototype of the IBM brake.

(a) Composite Spring in Series (b) At Switching Point (c) Single Spring
Fig. 134 Magnified cross-sectional view of the brake system of the 2»d prototype of IBM

brake.
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Subsection IV.4.2.4 Performance evaluation experiment of the
2nd prototype of the IBM brake with a multistage nonlinear spring

To investigate the property of the 2nd prototype in the same way as the
experiments in Subsection IV.4.1.2, its maximum static friction torque at magnet—
magnet (pad—pad for EM brake) distance x = 0 and control force in the range of
0 < x < 1.5mm were measured and integrated with respect to x to derive the
control work required for disabling the brake.

The results are shown in Fig. 135 with the values of the 1st prototype, indicating
that the multistage spring is also valid for nonlinear compensation. Although the
attractive force of PMs in the 2nd prototype is so strong that its control work E,,
required for an actuator to fully pull out the control rod is 796.8 % of that of the
EM brake Egy, the compensation reduced it to 27.4 % of Egy. Meanwhile, the
maximum static friction torque is increased to 161.0 % of that of the EM brake,
which makes the torque—energy ratio 5.87 times.

Comparing the results of two prototypes clarifies effects of shortening x;: E,,, gets
halved even without compensation, and the rate of reduction of Ejgy to Egym
improved from 53.9% to 96.6% . As a trade-off, the friction torque at x =0
decreased by 38.1 % as the contact force between the pads is hampered by the

repulsive force of the suspension spring.
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Fig. 135 Ten-time average maximum static friction torques exerted between the brake
pads and the five-time average control works required to actuate the brakes for their
designed maximum strokes.

159



To derive a performance index during braking of a rotating object, the dynamic
characteristics of the IBM brake were inspected. The experimental system was laid
horizontally so that the responsiveness is independent of the weight of the moving
parts. While a constant command value was input to the motor to ensure that the
motor attempts to maintain its rotation speed, the brake was activated for 1.0 s to
exert its dynamic friction torque.

The examples of transitions of power consumption, dynamic friction torque, and
rotation speed of the IBM brake and EM brake are compared as shown in Fig. 137.
The graph clarifies the difference in the timing of the brakes to consume electricity:
the EM brake requires constant consumption, and the IBM brake consumption
shows spikes at the beginning and end of braking. The IBM brake generated an
apparently larger dynamic torque than the EM brake while using identical brake
pads, which resulted in a larger deviation of the motor speed that emerges when
activated and deactivated.

Fig. 136 contrasts the results of the dynamic experiment. The dynamic friction
torque increased to 192.9 % of the EM brake; however, it required only 42.8 %
power consumption. The torque—energy ratio is then increased to be 4.51 times,
indicating that the proposed brake accomplished high performance in both braking
torque and energy efficiency, for both holding an idling object and braking a

rotating object.
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Fig. 136 Ten-time average dynamic friction torques exerted between the brake pads and
consumption energy required to apply the brake pads for 1.0 s.
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Fig. 137 Typical transitions of power consumption, friction torque, and rotation speed of
the EM brake and proposed IBM brake when they braked a motor, regulated to rotate at
1500 RPM, for 1.0 s. The solenoid was excited for 14.0 ms each time the IBM brake was
activated and deactivated.

The comparisons were made under the condition of applying brakes for 1.0 s.

However, they can be expanded to any braking duration t; The theoretical energy

consumption of the EM brake Egy and IBM brake Ejgy are calculated as

Exmy = 24.0[V] x 0.115[A] x t[s] = 2.76t[]] (43)

Epgy = 0.59[]] X 2 = 1.18[]] (44)

Solving Eem(y 2 Eim gives t = 0.43 s, which means that the proposed IBM brake

with current constitution exceeds the energy performance of the EM brake with
identical brake pads under any condition of continuous braking time longer than
this t (or less frequent than 1/t = 2.3 Hz); further, it surpasses in the generation
of braking torque because of the pressing force amplification effect caused by the
compensation. This implies that the IBM brake would not generate a tremendous
amount of heat even when braking for a long time. Therefore, the IBM brake can
be used in a variety of applications, to which the use of conventional EM brakes
has been inadequate owing to the duty cycle. For example, 72 % of cars in Japan
wait for the signal crossing for 5 s on average [104], sufficiently long for the EM

brake to heat up.
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Chapter IV.5 Discussion of the characteristics of the
IBM brake

Section IV.5.1 Responsiveness of braking

For the 2nd prototype of the IBM brake, the excitation time of the solenoid was
empirically set to 14.0 ms, which is the shortest duration for a stable behavior in
any posture wherein the rotation axle of the system lies horizontally; the maximum
duty cycle becomes 35.7 Hz. If the current was applied for less than this duration,
the control rod could not be fully pushed in and the magnets did not meet, which
resulted in a forced deactivation of the brake. A numerical analysis was conducted
to evaluate the reasonability of this responsiveness.

Let time T required for the self-holding solenoid to maintain its permanent
magnetic flux cancelled out by the EM equal the time required for the control rod
to reach a stroke X (distance from x); the integration of the control force F. on the

control rod with a mass m = 400 g gives its speed v as calculated below, where

X(t=0) = V(t=0) = 0.

X T dx T 1 , ,
fo Fe(yp dx = fo mi——dt = jo mov dt = Em(vm — V) (45)

2 rXo
= U(t) = EJO FCdX (46)

Given the speed of the rod at time moment nAt(n = 1,2,..), an iterative

calculation yields the required n for the x to reach x5 at the end of the stroke.
X(m) = X(n-1) + V(m)At (47)

As plotted in Fig. 138, the transition of the displacement and speed of the control
rod were numerically derived with At = 50 ps (defined considering the significant
digits), and the duration T to reach x; was 13.6 ms. The delay in the empirical
value may have resulted from friction in the translational movement of the control
rod. The inertias of the springs and their connection point (active brake pad in this
mechanism) also could have affected the responsiveness because the multistage

spring was designed using the synthesis of springs in series assuming they are
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negligible, whereas they do have mass in reality, as listed in TABLE X. Now that
the performance comparison is done, the massive brake pad (of the EM brake,
currently) can be replaced with a specifically dedicated design without unneeded
structures such as a coil, both to improve the responsiveness and to reduce the

gravitational disturbance on compensation, as discussed in the next subsection.
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Fig. 138 Numerically analyzed transitions of the distance between the magnets and the
actuation speed of the control rod of the proposed IBM brake.

Section IV.5.2  Effect of gravity

The control force and friction torque were measured in a controlled situation
such that the effect of the mass of moving parts on the translational pressing force
between the pads could be ignored; the compensation spring was designed such
that the minimization of the difference between the magnetic attractive force and
spring repulsive force was the priority.

Although the experiments sufficiently proved the concept of the IBM brake,
brakes can be installed in any orientation in practical applications, and the posture
of the belonging mechanism can vary when applied to locomotive machines such
as vehicles, robots, and robotic arms. Therefore, not only weight saving by the
miniaturization of the structure but also selecting an actuator with a margin to
obtain the weight of the control rod, designing the compensation spring with force
bias against the known gravity direction, and combining a weight compensation

mechanism should be considered for use in the actual environment.
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Section IV.5.3  Selection of actuators

A simple self-hold solenoid was selected as an actuator to drive the brake, and
experiments with dynamic performance were conducted only in a binary state of
braking: activated and deactivated. However, as shown in Fig. 124, the
intervention of the spring allows the pair of magnets to be separated from each
other at an arbitrary distance. Therefore, other actuators with weak and short-
stroke output but with more detailed positioning ability, such as artificial muscles
made of shape-memory alloy, make it possible for the IBM brake to adjust the
output torque in a more analog (or stepless) manner.

The constitution using an electromagnet (that contains a PM for self-holding
feature) to shift the position of a PM may affect the compensation precision if they
are aligned closely enough for their magnetic fluxes to interfere with each other.
Therefore, if considering miniaturization, it shall be more simplified and evolved
into an EPM relation. Hints for further improvement may lie in solenoid actuators
with internal force compensation; there are solenoid valves with an embedded PM
that use two-staged return springs to provide two flow rates or states of open and
close using one degree of freedom selectively [105], [106].

Still, while they are specified as EPM actuators, the way an IB magnet is used
in the proposed brake mechanism is categorized as a reduction mechanism that
does not restrict the actuator to drive. Therefore, it can be activated even without
electricity by human power as a tool or by an external mechanical force in the

environment as a passive (load-sensitive) mechanism.
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Section IV.5.4  Design of the multistage spring

In addition to the attractive force of the pair of PMs, linear springs also have
their own deviation of spring constants and free lengths from their catalog values.
The 2nd prototype of the IBM brake in this research absorbed by these errors insert
a few shim rings; however, it took an unreasonably long time to determine the best
adjustment as it required partial disassembly every time.

For the easier adjustment of the spring independent of its individual difference
considering a mass production in the future, another multistage spring made of a
single coil spring split in two by a connector can be composed, as shown in Fig. 139.
A spiral slit is engraved on the connector so that it can slide up and down on the
wire of the spring, while re-defining the spring constants (numbers of active coils)
of the two split springs. Weakening the suspension spring also allows the brake

pads to be realigned for reduced pad wear.

Spiral Slit
K
& Connection Point
P
v

Stopper
K /
UL,
(a) Current Composition (b) Future Composition
Composed of 2 Springs in Series Composed of a Single Spring

Fig. 139 Concept of the multistage springs composed of (a) two linear springs proposed in
this research and (b) a single coil spring split in two by a connector.
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Section IV.5.5  Effect of pad wear

Changes in the magnetic attractive and spring repulsive forces are dependent
on the translational actuation of the control rod. However, for the brake pads, the
contact surfaces of the outer frame and attraction target surface of the IB magnet,
wear with each use. This results in the incomplete compression of the spring
relative to the approaching surface of the pair of magnets.

Fig. 140 shows the predicted change in the displacement—force characteristics of
the multistage spring for the 2nd prototype of the IBM brake after wear. The wear
resulted in an increased gap between the pads measuring 0.4 mm, which is the
value at which new replacement pads are required for the implemented EM brake.
The point P;, where the spring changes its spring constant, shifts to the left because
the pads make contact at a later time than before wear. This results in a delay in
the increase of the repulsive force of the spring after the change to the larger spring
constant. The estimated maximum repulsive force decreases by 10.0%. This
indicates that the control force required by the actuator becomes larger with the
duration of the use, assuming that no mechanical countermeasures are taken to

adjust the repulsive force.
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Fig. 140 Predicted change in the characteristic of devised multistage nonlinear spring for
the 214 prototype of the proposed IBM brake owing to pad wear.
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Chapter IV.6 Conclusion of Part IV

In this part, the concept of an IBM brake was demonstrated by building the 1st
prototype that uses a conical coil spring. Experiments were conducted to verify the
amplification feature of its magnets on the braking torque and the compensation
feature of its spring on the input control force. The prototype demonstrated that
the torque—force ratio was at most 18.1 times that of the contrasted EM brake.
Further, the disadvantages of using a conical coil spring, that is, restriction in
characteristic design, inconvenience in production, and a long actuation stroke
required for pad separation, were analyzed.

Then, to overcome these problems, a novel nonlinear spring comprising two
linear springs in series was devised. One spring works for compensation and the
other for suspending the brake pads; however, they serve as a single synthesized
compensation spring when brake pads are separated; this resulted in switching
the spring constant to follow the nonlinearity of the attractive force of magnets. A
2nd prototype using this multistage spring was developed and verified to be
effective; the dynamic torque increased to 192.9 % of the EM brake torque while
only consuming energy when latching the braking state, resulting in a higher
torque—energy efficiency when braking took longer than 0.43s. The numerical
calculation results confirmed that the observed responsiveness of the brake was in
line with the theoretical value and comparable to the existing EM brake.

In this manner, the proposed principle of the IBM brake was successfully
validated, implying that replacing conventional EM brakes with the IBM brakes
would contribute to a significant increase in the mileage of vehicles. Furthermore,
the multistage spring would also be effective in shortening the stroke of an IB
magnet used as the DF converter and the conventional attraction devices for walls
and ceilings.

In future studies, the structural design will be improved and simplified. A
multistage single spring will be considered for achieving higher compensation
precision with an easier adjustment method, along with a weight compensation
mechanism to make the brake orientable to any installation posture. The feedback
from the research outcome also contributes to an improvement of the IBM gripper

by shortening the actuation distance of the control rod.
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Part V

General discussions
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Part V  General discussions

Chapter V.1 Common features of the mechanisms
realized in the study

As described through the paper, the author has developed various compensation
mechanisms that use a spring and a “reverse spring.” While they ideally cancel out
each other’s control force for deformation, in most cases the actuator increased its
energy consumption, meaning that the control force was required to an
unignorable extent. The mechanical advantages, the rate of maximum output to
input force expressed as Eq. (1), of the developed robotic components remained
realistic as revealed in Fig. 141, which would have been infinitely large if the
complete compensation was established.

Summarizing the discussions in the parts and chapters indicates the major
causes of difficulties of achieving a high compensation precision. First, forces
transmitted via cam—follower, rack—pinion, and lever—follower systems are split
into component forces due to the existence of a pressure angle, resulting in a
transmission efficiency of less than one. Acquiring proper lubrication is also
difficult, as the friction increases the energy consumption of the actuation, and it
is necessary for these transmission systems. Second, nonlinearity and individual
differences of displacement—force characteristic of linear springs, constant springs,
and magnets require the re-measurement of these characteristics and re-
calculation in the design procedure of the corresponding compensation spring for
each individual machine, leaving a difficulty for mass-production. Third, a lack of
sufficient rigidity and assembly precision of the mechanism structure required to
endure the large applied internal force results in an unintended deformation that
decreases the transmission efficiency and increases the phase difference between
the actuations of the spring and reverse spring. This tendency is more notable as
the system becomes more complicated mechanically with many components and
thus a long transmission route.

Improving the compensation precision of DF converters by solving these

problems left unsettled would yield with a much higher mechanical advantage.
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Fig. 141 Mechanical advantages of the prototype models using the DF converter developed
in the study. The approximate values of the bi-parting IBM grippers are calculated using
a general transmission efficiency 0.6 of the lead screws and the nominal stall torques of
the motors found at [38], [80].

Chapter V.2 Further applications of the DF
converter

Section V.2.1  Research expansion to “compensation
mechanics”

Not limited to the mechanisms that exert attractive and pressing forces, the
author has developed various designs that contain an IB magnet as the DF
converter inside themselves, as listed in Fig. 142. This includes a repulsive force
of the spring and the intensity of magnetic flux, which are briefly introduced in
this section. The research team named this comprehensive study “compensation
mechanics” and has tried to establish a new systemized academic field on its
common design methodology. There many additional ideas implied in the list, such
as torque compensation mechanism using diametrically magnetized circular
magnets, magnetic variable suspension mechanism, and floating display stand are

planned for possible research themes.
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fundamental principle, basic structure, and robotics applications of the displacement—
force converter (DF converter).
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Section V.2.2 Magnetorheological  variable  stiffness
robotic gripper using an IB magnet

Robotic grippers, the most major end effectors for manipulation, have various
designs customized to fit each designated shape of target objects to be handled.
Therefore, the handling system has to replace its gripper to correspond to items
with unique shapes, resulting in the loss of time, such as in the transportation
industry and high-mix low-volume production. Moreover, standalone robots with
strict limitations on the power source, size, and mass have difficulties in carrying
various end effectors to prepare for unexpected tasks, such as in disaster fields and
scientific expedition.

Universal soft grippers, whose contact surface deforms to fit an object of any
shape and size and then solidifies to hold it firmly have been developed under such
demand. They are also advantageous in handling fragile objects, as the grippers
do not exert the clamping force actively. This method is accomplished by reversible
variable stiffness phenomena such as granular [3]-[5], layer [107], [108], and wire
jamming [109], [110]. These grippers are commonly composed of a soft bag- or
torus-shaped membrane filled with jamming media such as powder, films, and
wires. Moreover, the study team has found that fusible alloy [111] and hot ice (a
supercooled solution of supersaturated sodium acetate that does not crystallize
under the melting point until a shock is applied) [112], [113] are also applicable.
These jamming media in low-rigidity state can move in the membrane fluidly,
allowing it to have an indeterminate form, and then fix their relative position in
the high-rigidity state once the gap among them is reduced by decompressing the
working fluid (typically air or water) inside the membrane. Therefore, contrary to
the dexterous advantages, these grippers have inconveniences of equipping a
massive and bulky pneumatic or hydraulic source.

To solve the abovementioned problems, two solutions were developed in this
study. One is the gripper using the line-jamming mechanism introduced in Chapter
I1.2, in which wire tension is used to switch the state of rigidity, and the other is a

gripper using the magnetorheological (MR) fluid.
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Here, the MR fluid is a functional fluid composed of a carrier oil and filler
magnetic particles. The particles are distributed in the oil under normal
circumstances, while they align along the magnetic flux to form chains to decease
fluidity once the magnetic field is applied, resulting in an increase of the apparent
viscosity. This feature has been used in electromagnetic brakes [93], dumpers [114],

fixtures [115], and variable stiffness grippers [56], [70], [116], [117].

Soft Working fluid m

Jamming media |

Soft membrane

Low density: fluid-lilke state High density: fixed state

Fig. 143 Principle diagram of variable stiffness robotic gripper using jamming
phenomenon.

. . |
Particles are flowing { Particles form a cluster
B

MR fluid

Magnetic flux

Carrier oil Target object |

©
e oo
Ferromagnetic particle <:::>

(a) Low viscosity, soft, released state | (b)High viscosity, rigid, holding state
Fig. 144 Principle diagram of an MR variable stiffness robotic gripper.

As illustrated in Fig. 145, there are multiple ways to supply the magnetic field
to MR fluid. The fact that they consume electricity to (a) actuate a permanent
magnet [116], (b) switch a magnetic yoke [70], (c) excite a solenoid of an
electromagnet, and (d) cancel the flux of an electropermanent magnet [56], [115],
[118] degrades the profit of the portability of the MR gripper by requiring a large
power supply to the robot, which makes it unsuccessful in energy saving or long-

time operation.
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Therefore, as illustrated in Fig. 146, the study proposes a new method of
supplying the flux using the IB magnet such that the permanent magnet can be
actuated by a much smaller force than its attraction force. As repeated, while
existing applications of IB magnets have been limited to attraction devices, the
proposed mechanism is unique in that the IB magnet is used as a magnetic flux
supplier that does not any exert force (or perform work) externally, which means
that the energy consumption for switching the stiffness can be ideally eliminated

if compensation is precisely established.
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P Yoke y "'
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(a) Changing Distance (b) Switching of Yoke (¢) Electromagnet  (d) Electropermanent
using Screw by Rotation magnet

Fig. 145 Conventional methods of providing magnetic flux to the MR variable stiffness
robotic gripper.
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Fig. 146 Principle diagram of the MR variable stiffness robotic gripper using an IB magnet.
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Based on the proposed principle, a POC prototype of the MR gripper using an IB
magnet was developed, as shown in Fig. 148. To design its nonlinear spring, the
attractive force between the magnet and the membrane filled with the MR fluid
was measured as recorded in Fig. 147. Observations revealed that
countermeasures are required to sustain the diffusion of the ferromagnetic
particles in the carrier oil and prevent the attractive force from increasing with
time and usage. Without countermeasures, the particles tend to either precipitate

owing to gravity or gather near the attraction surface.
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Fig. 147 System constituents and result of the performance evaluation experiment of the
prototype of the MR variable stiffness robotic gripper using IB magnet.
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Fig. 148 Design sketch and appearance of the prototype of the MR variable stiffness
robotic gripper using an IB magnet.
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A basic operation of the MR gripper using an IB magnet to handle a tube fitting
(PISCO, PE6, nonmagnetic, 11 g) was conducted as recorded in Fig. 149. (a)—(b)
First, the membrane in the low-rigidity state is pressed on the target object. (c)
The control rod is pushed down to attach the permanent magnet from the
membrane filled with the MR fluid, resulting in a transition to the high-rigidity
state. (d) The gripper successfully lifts the object captured on the deformed surface
of the membrane. (e)—(g) The membrane is rigid enough to not drop the object even
if the gripper is shaken. (h) Last, the control rod is pulled out to re-soften the
membrane and thus to release the object. By enabling the operation process with
a small hand-driven control force, the gripper successfully validated the

applicability of the IB magnet as an energy-saving magnetic flux supplier.

|IB Magnet MR Fluid Jamming (;ripper]

Control Rod

MR Fluid in
Soft Membrane

Tube Fitting Union

Magnet Array

Fig. 149 Experimental operation process of the prototype of the MR variable stiffness
robotic gripper using IB magnet.
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Section V.2.3 Electropermanent jumping mechanism
using the IB magnet

As a method for comprehensively searching a wide area at a disaster site, the
effectiveness of a swarm search robot, an operation form in which a many group
robots are thrown in has attracted attention [119]-[121]. Dropping from aerial
vehicles, throwing from a catapult, and hand throwing [122], [123] have been
proposed as the main methods for exploring wide areas efficiently for a rapid
disaster response. For this purpose, the platform robot should be small and
lightweight to transport objects and enter narrow spaces easily. However, if the
height of the step that can be overcome is reduced due to the smaller diameter of
the wheel caused by miniaturization, the mobility performance on rough terrains
would also decrease.

As a method of improving the mobility performance on rough terrains by wheels,
variable-shaped wheels [124], [125] that increase the diameter and jumping
mechanisms achieved by elastic bodies or compressed air [126], [127] have been
studied. However, these require high-power actuators, which imposes design
constraints on downsizing and weight reduction, and causes problems such as a
decrease in operating time due to large power consumptions. Therefore, this study
proposes a jumping mechanism that solves these problems by implementing the
IB magnet as a force amplifier for the actuator to compress the elastic body.

Fig. 150 shows the basic principle of the IB magnet jumping mechanism. (a) First,
the nonlinear spring embedded both for compensation and jumping is compressed
while relieving the external control force. (b) With the realization of the attached
state, the attraction work of the magnet is stored in the spring as elastic energy.
(c) Next, momentarily exciting the electromagnet cancels the magnetic field of the
permanent magnet, intentionally breaks the balance of the forces, and loses its
ability to keep the spring compressed. (d) The control rod now receives only the
repulsive force of the spring and thus gets pulled out rapidly. Then, the elastic
energy of the spring is converted into the kinetic energy of the control rod. (e) A
part of its momentum 1is transferred to the outer frame when it reaches the

maximum stroke point, which leads to the jump of the whole mechanism.
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The system requires only a weak force to compress the force and a short-time
current input to initiate the jump, providing a desirable energy-saving feature.
Furthermore, even the actuator can be omitted if exciting the electromagnet
iversely such that both the permanent magnetic and electromagnetic attractive
forces work to compress the spring, contributing to miniaturization and weight
reduction.

Only attraction mechanisms have been studied according to the IB magnet. The
concept of the proposed jumping mechanism is different from conventional
research in that the utilization of the repulsive force of the spring in the IB magnet
1s the main objective. Moreover, the jumping mechanism regards the sudden
detachment of the control rod as a positive phenomenon, which has been a serious
problem for IB magnets that are precisely balanced, and they are sensitive to

external disturbance such as vibration and shock.
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Fig. 150 Principle of the proposed jumping mechanism using an IB magnet.
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Based on the proposed principle, a POC prototype of the jumping mechanism
using an IB magnet was developed as displayed in Fig. 151. An electropermanent
magnet 1s used as the attraction magnet and magnetic spring composed of a pair
of permanent magnets as the compensation spring (at the expense of compensation
precision and mass, for a rapid prototyping).

A basic operation using it was conducted as recorded in Fig. 152. (a) First, the
mechanism was placed onto an iron block with the dimension of 50 x 50 x 15 mm?3
as the attraction target object. (b) The control rod was pushed in to attach to the
target object, as a usual operation for an IB magnet. (c) Soon after the
electromagnet was excited, the control rod was released, which led to a jump. In

this way, the experiment successfully validated the applicability of the IB magnet

as an energy saving generation of a repulsive force.

. . Magnetic Spring
IB Magnet Jumping Mechanism for IB Magnet
Control Rod ' Electropermanen
M agnet

Total: 298.3 [g]

Control Rod: 227.2 [g] - 1
Frame: 71.1 [g] b
Diameter: 40 [mm]

Stroke: 10 [mm]
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Permanent, NORS3S

Fig. 151 Appearance of the prototype of the proposed jumping mechanism using an IB
magnet.

Fig. 152 Experimental operation process of the proposed jumping mechanism using an IB

magnet.
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Chapter V.3  Significance and novelty of the study:
value creation on enhancement of energy efficiency in
disaster robotics

Section V.3.1 Applications to mobile robots

Disaster robotics i1s a study on robotic assistance and replacement of tasks in
extreme environments with severe conditions such as temperature, pressure,
altitude, vacuum, narrowness, debris, fire, underwater, and radiation. There,
remote and autonomous robots are expected to ensure safety, speed up, increase
the efficiency, reduce failure, and expand the applicable fields of tasks in areas to
which humans cannot enter or stay for a long time. Mobile robots that engage in
such disaster responses are mainly powered by an isolated battery or generator,
considering the versatility of independence on the target environment and
difficulty of handling the power cable. Furthermore, robots penetrating into debris
and drones flying for a long time, for example, have more strict restrictions on
dimensions, mass, and power source capacity. Therefore, for a robot to perform as
efficiently as possible with a limited operation time and number of trials, it has to
be equipped with components that have a higher ability per energy consumption,
which is expected to be accomplished by the proposed DF converter. This is one of
the common motivations of the series of the research developments, which has
been conducted to increase performance—energy efficiency of robotic components
including but not limited to a parallel gripper. This was done such that they can
be driven by small, lightweight, weak, and low-power actuators, which was
accomplished by embedding internal force compensation mechanisms inside these

components.
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Section V.3.2 Applications to machines other than mobile
robots

Not limited to disaster response, hardware development on field robotics has
tended to focus on mobility mechanism such as omnidirectional locomotion, multi-
legged locomotion, and transformable wheels. However, sometimes there occurs a
deviation between the technology proposed from the intellectual curiosity and
academic interest of robotic researchers and that required by the actual scene of
application, as the cost and technological matureness are not the only problem.

In the damage inspections and decommissioning of the Fukushima Daiichi
nuclear power plant, triggered by the tsunami in the 2011 Great East Japan
earthquake and carried through to the present, there have been situations in
which mobile robots were not evaluated as the best solution to apply. Those include:
no wide continuing passages to the working place are available for a ground vehicle
[128]; robots cannot be salvaged and repaired as they get severely radiated,
resulting in a large radioactive waste [129]; Workers wearing protective clothing
are more suited, and it is inexpensive to quickly breakthrough infrastructures
made for people such as stairs and ladders. In these situations, human workers
have not been replaced by robots, or they carry robotic equipment into a designated
point and install them at the risk of radiation exposure, which is considered to be
more precise and certain than mobile robots.

Other ongoing research and development that choose machinery resembling
heavy-duty construction equipment rather than mobile robots: ten-meter class
robotic arms are going to be adopted to a debris-collection task in the melted-down
reactor containment vessel that can skip over any terrain obstacles and be
relatively easily withdrawn by pulling out the base located far from the working
place in the worst case [130], [131]; long horizontal booms and platforms loading
cranes are going to be inserted from outside the reactor building into the spent fuel
pool to remove the fuel rods [132]. However, there is a negative loop of the mass
increase of equipment: for example, a substantially designed robotic arm requires
powerful, large, and heavy actuators to cover its large self-weight, resulting in a
requirement of even more rigid and massive structure. This also leads to another

concern; a long robotic arm tends to bend due to self-weight that may lead to an
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unintended contact and damage to the environment. To solve this problem,
methods such as self- and tip-weight compensation and outsourcing of actuators
by a pulley—wire system have been proposed to increase the liftable mass per self-
weight, whose effectiveness is evaluated through experiments [133].

Considering these facts, the idea of labor saving of robotic components by the
internal compensation proposed in this study provides one of the important
perspectives on the use of low-power and lightweight actuators that were recently
found to be necessary for further development of practical disaster response

technology.

Chapter V.4  Conclusion of Part V

In this part, the features common in the mechanisms built in the entire study
and their possible impact in disaster robotics were discussed. Further application
instances of the IB magnet such as jumping mechanisms and MR gripper were also
introduced, which indicate the unlimited expandability of the proposed DF

converter in wider situations.
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Part VI

Conclusion and future aspects
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Part VI Conclusion and future aspects

Chapter VI.1 Conclusion of the thesis

This study was focused on a method used to gain a large, amplified output force
of a robotic component out of a much smaller input force. The idea of the
displacement—force converter was invented by embedding an internal force
compensation mechanism inside a machine. This is designed to amplify the force
continuously and spontaneously by reducing the control force required to convert
the actuation displacement to the force amplification state, with the aid of a
compensating pair of a spring and reverse spring. By improving their
performance—energy efficiency, the DF converter was expected to allow robotic
components to select a smaller, weaker, and lighter actuator.

The study was aimed at devising two kinds of reverse springs for the purpose of
proving and proposing the concept of the DF converter, and at applying them to
three major robotic components for the purpose of demonstrating the usefulness of
their force amplification feature in robotics.

First, a preliminary prototype of the DF converter using a pulley—wire system
was built, its ability to regulate the elastic tension was proved, and the problem of
the deviation angle between the pulley tangent and the vertical direction of the
radius was analyzed. As a solution, a DF converter using a cam—follower system
was developed, and it successfully decreased the energy consumption and the
maximum control force required to extend the spring. The uniformization of the
forces for extension and compression implied applicability of an actuator with a
smaller maximum output. Moreover, it was incorporated into a variable stiffness
mechanism of a fire-resistant gripper as a wire tensioner in place of a conventional
massive pneumatic actuator to regulate the rigidity of its finger continuously,
indicating the possibility of the efficiency improvement of tasks of a disaster robot.

Next, another DF converter using an internally balanced magnetic unit was
developed to realize a parallel gripper with an ability to continuously adjust the
amplified clamping force from zero to the maximum by regulating the attraction
distance, unlike existing load-sensitive grippers with binary toggles and clutches.

By developing methods of parameter optimization, simplification of design
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procedure, and downsizing while maintaining precision of the nonlinear springs,
the IBM gripper successfully increased the maximum clamping force while
suppressing the increase in energy consumption, resulting in the multiplication of
the force—energy efficiency ratio, compared to the constitution directly driven by a
single actuator without compensation. Furthermore, a width adjustment
mechanism using a lever was also devised to achieve a more steady and predictable
clamping force independent of the target object width, by splitting the actuation of
the finger and the compensation mechanism. This realized the linearization of the
width—force characteristic to be sufficiently insignificant on the major value of the
output.

Furthermore, as another configuration of the IBM gripper, an electromagnetic
brake was developed by equipping the fingers with brake pads. To solve the
problem of the pad having to be actuated for a long compensation stroke to fully
disable braking, a novel multistage spring comprising two linear springs in series,
which detaches the pad in accordance with a small displacement in addition to
decreasing its spring constant to compensation, was devised. The prototype
verified to be superior to the contrasted EM brake in both static and dynamic
friction torque while keeping the responsiveness comparable.

Lastly, general discussions on the common features of the mechanisms observed
throughout the entire study, problems on compensation precision and
miniaturization left unsettled, and their possible solutions were made.

In these ways, it can be concluded that the research outcomes successfully
verified the effectiveness of the DF converter for stepless force amplification and
demonstrated its applicability to robotic components, achieving all of the objectives.
By introducing even further application instances of the expanding research field
named “compensation mechanics,” the study implied an impactful contribution of
the DF converter to the performance improvement of machines in extreme

environments with strict restrictions on design and operation.

Chapter VI.2 Future aspects

For further development of the mechanisms using the DF converter,

methodology of designing a sophisticated structure with a more accurate
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compensation precision, reduced friction, and rigid structure shall be established
with the aid of the finite element method to achieve a higher amplification rate
and transmission efficiency. This will lead to investigating the implementation-
oriented version of the robotic components with a more practical and practicable
size and mass for integration in robotic systems. An electromagnetic analysis is
expected to be effective to shield the magnetic flux such that the magnetic circuit
flows into the target surface without leaking out to the environment or interfering
with the component, such as its sensors and ferromagnetic structure. Moreover,
unlike developed prototypes assuming static movement of the point of equilibrium
of force, applications with rapid actuation shall be designed considering its
dynamic model with mechanical impedance of its spring and reverse spring.

Moreover, for a higher versatility, adding a weight compensation feature is
preferred to make the mechanism orientable to any installation posture. An
adjustable feature of the compensation force that realigns to changes of the
compensated force (e.g., mechanical fatigue of spring, demagnetization of
permanent magnet due to heat and radiation exposure) referencing methods such
as [19]-[21] may be integrated.

The feedback from the research outcome of application examples such as the
magnetic, conical coil, and multistage linear springs is expected to contribute to
the improvement of the IB magnet for realizing miniaturization, low-cost mass
production, and shortening the actuation distance of the control rod.

For software development, a numerical model for estimating the exerted
clamping force according to the elasticity of the mechanism and clamped object will
be established to develop a control law.

Evaluation methods with quantitative indices of performance per input force,
energy consumption, volume, and mass, would reveal the replaceability of the
conventional products by the proposed robotic components using a DF converter.

Then, the application will be expanded to the studies of hand-driven labor-saving
tools and powerless sensors to amplify the change in the environment used for

biologging and environmental observation.
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