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Abstract: To be used as five-fingered myoelectric hands in daily living, robotic hands must be lightweight with the size of human
hands. In addition, they must possess the DoFs (degrees of freedom) and high grip force similar to those of human hands. Balancing
these requirements involves a trade-off; ideal robotic hands have yet to sufficiently satisfy both requirements. Herein, a power
allocation mechanism is proposed to improve the grip force without increasing the size or weight of robotic hands by using redundant
DoFs during pinching motions. Additionally, this mechanism is applied to an actual five-fingered myoelectric hand, which produces
seven types of motions necessary for activities of daily living and realizes a ~60% improvement in fingertip force, allowing three
fingers to pinch objects exceeding 1 kg.

Key words: Five-finger multi-degree of freedom (DoF) robotic hand, power allocation mechanism, interference driven link based on
wire mechanism.

e Structured like a human hand: The robotic hand
must have five fingers and be equivalent in size to a

1. Introduction

Mpyoelectric hands are externally powered

human hand.
e Lightweight: The robotic hand should not weigh
more than the lost part of the human body.

prosthetics controlled by EMG (electromyogram)
signals. They are designed to aid physically impaired

people by replicating numerous functions.
e Comparable in DoFs to a human hand: The DoFs

Consequently, the requirements for myoelectric hands

are drastically different from those for industrial of the robotic hand must be sufficient to actualize

robotic hands. In particular, studies on myoelectric
hands focus on four key elements: (1) robotic
substitution of the human hand; (2) an information
processing system to recognize EMG activity; (3) a
biofeedback system to substitute for the senses; and (4)
braces to attach the myoelectric hand. In this paper, 18
the development of a five-fingered robotic hand with
multiple DoFs (degrees of freedom) as a myoelectric
hand is described.
Specifically, the following four criteria are
considered for the use of a robotic hand as a

myoelectric hand in daily living:

Corresponding author: Tatsuya Seki, Ph.D. candidate,
research fields: robotic hand, interference driven mechanism
and myoelectric hand. E-mail: t.seki@uec.ac.jp.

finely controlled and precise actions.

e High grip force: The robotic hand must possess
sufficient power to perform gripping and pinching
motions.

None of the myoelectric hands developed thus far
[1-6] satisfy all of these criteria because they lack
adequate actuators and transmission mechanisms
equivalent to muscles. For example, a lightweight
multi-DoF myoelectric hand sized like a human hand
lacks sufficient gripping force. Conversely, a multi-DoF
myoelectric hand with high gripping force is too heavy
and large. To realize a powerful multi-DoF myoelectric
hand, a mechanism that effectively allocates power to
many small actuators in the fingers is required.

We have previously proposed a five-fingered robotic
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hand with tendon- and interference-driven mechanisms
[7]. However, the grip force with a subset of the five
fingers is significantly lower than that with all five
fingers because each DoF uses an independent
mechanism. More than half of all human hand motions
in ADL (activities of daily living) are grip motions with
some subset of the five fingers (e.g., precision grip,
lateral pinch, tripod grip). ‘

Herein we propose a power allocation mechanism
for a multiple DoF robotic hand with tendon-driven and
interference mechanisms to resolve the issue of weak
grip force. The proposed scheme involves a type of
interference mechanism in which power is allocated
among the fingers with power allocation wires that link
the tendon wire of a finger to the tendon wires of other
fingers. These power allocation wires transfer the
power allocated from the non-gripping fingers to the
gripping fingers. Consequently, the grip force is
improved without increasing the size and weight of the
myoelectric hand and without a high power actuator or
transmission mechanism. Moreover, the power

allocation mechanism is implemented in a
five-fingered robot hand, and the improvement in grip

force is evaluated.

2. Development of Multi-DoF Myoelectric
Hand with High Grip Force

To realize human hand motions in ADL, the
myoelectric robotic hand must reproduce various hand
motions: power grip (used in 35% of ADL), precision
grip (used in 30% of ADL), lateral pinch (used in 20%
of ADL), hook grip, tripod grip, finger-pointing, and
gesturing (e.g., counting) [8].

To achieve these motions in ADL, the thumb and
each individual finger flexion motion must be
controlled via an independent actuator. Furthermore,
the robotic hand must be capable of applying
sufficient gripping force to grasp objects.

2.1 Myoelectric Hand with Tendon-Driven and

Interference-Driven Mechanisms

In a previous study, a five-fingered multi-DoF

robotic hand with tendon- and interference-driven
mechanisms to achieve a multi-DoF myoelectric hand
with high grip force was developed [7].

The five-fingered robotic hand is driven by
servomotors via tendon wires. Fig. la shows the
finger mechanism of this robotic hand. Every finger is
equipped with two actuators: one drives only the MP
(metacarpophalangeal) joint via the MP Tendon Wire
(Fig. 1b), whereas the other drives the MP, PIP
(proximal interphalangeal), and DIP ()distal
interphalangeal joints via the MP/PIP/DIP Tendon
Wire (Fig. 1c). Using a tendon-driven mechanism to
connect the actuator and finger joint with a tendon
wire reduces the size and weight of the robotic hand.
This hand can adapt itself to various object shapes and
external forces owing to the underactuated mechanism
in the PIP and DIP joints.

Additionally, the MP joint, which requires the
highest driving power among all finger joints, is
driven by the MP and MP/PIP/DIP Tendon Wires (Fig.
1d). This
allows cooperation between the two actuators in the

interference-driven mechanism, which

MP joints, realizes a high grip force.

Through these mechanisms, our robotic hand
achieves 13 DoFs (Fig. 2) while remaining lighter
than a human hand [9]. The weight of the hand
without the actuators is 350 g, and the total weight is
1.1 kg. The actuators use a servomotor (2BBMG
made by GWS, 0.551 N'm @4.8 V) and have a
variable tractive force on the tendon wire. The
maximum grasping force of the robotic hand for a
power grasp is 55 N, and the maximum pinching force
with 3 fingers: thumb, index finger, and middle finger
is 30 N.

Although this robotic hand can grasp a 500-mL
plastic drink bottle, its pinching force is inadequate [10].
For example, it cannot precisely grip objects that weigh
over 300 g by using the 3 fingers mentioned above
because the pinching force is much smaller than that
applied by a human hand. Therefore, to use the robotic

hand for ADL, its pinching force must be improved.
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Fig. 2 Outline of power allocation mechanism.

2.2 Power Allocation Mechanism for Five-Fingered
Robotic Hand

Generally, a high-power actuator and or
transmission mechanism is used to improve the grip
force of a robotic hand. However, these solutions are
not applicable to a myoelectric hand owing to the

significant increases in size and weight.

We considered human hand motions and the drive
mechanism of the robotic hand. More than half of the
human hand motions in ADL are grip motions that use
a subset of five fingers: precision grip, lateral pinch,
and tripod grip. Currently, the grip force of the robotic
hand is smaller than that with five fingers, and the
subset of the actuators is redundant because each DoF
in most robotic hands is driven independently. If the
power of these redundant actuators is reallocated from
the non-gripping fingers to the gripping fingers, then
the grip force with a subset of fingers should be
improved without increasing the size and weight.

On the basis of this idea, we propose a power
allocation mechanism for a five-fingered multi-DoF
robotic hand with tendon-driven and interference
mechanisms (Fig. 3). In our previous robotic hand, the
tendon wires, which transfer power from the actuator to
the joint of a single finger, depend on the interference
mechanism. However, the tendon wires of the five
fingers are independent. The proposed mechanism is an
interference mechanism that allocates driving power
among the fingers via power allocation wires that link
the tendon wire of a finger to the tendon wires of other
fingers.

In the proposed mechanism, the coupling of tendon
wires prevents flexion joint angles, which are
independently controlled. This constraint is not a fatal
defect for a human robotic hand because the human
hand has an analogous constraint. In a human hand,
common digital extensor tendons are coupled, thereby
preventing flexion joint angles. For example, the ring
finger cannot be flexed as the pinky finger is extended.
The flexion angles in existing robotic hands are
redundant because the tendon wires of the fingers are
independent.

Fig. 4 outlines the proposed power allocation
mechanism. Fig. 4a depicts a power allocation wire that
links the tendon wires between gripping and
non-gripping fingers, in which the driven power of the
non-gripping finger is allocated to the gripping finger.
When two fingers are flexed and the flexion joint angles
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Fig.3 Outline of power allocation mechanism.

of the non-gripping finger are larger than those of the
gripping finger, the proposed mechanism improves the
grip force of the gripping finger because the actuators
of the two fingers exert traction on the tendon wire of
the gripping finger via the power allocation wire.

If the gripping and non-gripping fingers are always
linked, finger flexion motion cannot be independently
controlled. In the proposed mechanism, a wire-driven
mechanism is used instead of a mechanically driven
mechanism (e.g., gears). The wire-driven mechanism
transfers the driven power from the actuator to the
finger joint only when a wire is not slack. In the power
allocation mechanism, the status (independent or
coupled) of the fingers is shunted by this attribute of
the wires. When the difference between the gripping
and non-gripping fingers coupled by the power
allocation wire is large, the grip force of the gripping
finger is improved because the power allocation wire
transfers the driven power of the non-gripping finger to
the gripping finger (Fig. 4b). However, when the
difference between the fingers is small, the grip force
of gripping finger is not improved because the power
allocation wire is slack and does not transfer the driven
power (Fig. 4c). Therefore, the gripping finger and
non-gripping finger are independently controlled. The
length of the power allocation wire is an important
parameter because it controls the difference of the
fingers coupled by the wire when the status (independent

Povwar Allotaring Wire
(a) Outline of proposed mechanism

N
'

o
[1
I

~
(b) A large difference between two fingers leads to the
allocation of the driven force

v

P

(c) A small difference between the positions of two fingers
leads to each being independent
Fig. 4 Behavior of power allocation mechanism (left: side
view; right: finger pad view).
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or coupled) of the fingers is shunted. Consequently,
appropriately engineering the lengths of the power
allocation wires can improve the grip force of the
gripping fingers via the power allocation mechanism
without a fatal defect in the DoF or increasing the size
and weight of the robotic hand.

3. Implementation
Robotic Hand

in a Five-Fingered

The power allocation mechanism is implemented in
our five-fingered robotic hand. The Power Allocation
Unit is implemented between the fingers in the robotic
hand and the actuators. The mechanism of the robotic
hand and actuators is identical to that of our existing
robotic hand. Fig. 5 shows a photograph of the new
robotic hand whose weight is increased to 40 g (i.e., a
3.6% increase in total weight).

3.1 Power Allocation Mechanism

Because the power allocation mechanism is used as
the wire-driven mechanism, the driven power can be
allocated between any number of fingers. Herein the
power allocation unit is modeled on the couplings of a
common digital extensor tendon of the human hand.

Although the thumb is necessary to produce a more
powerful force, it is precluded from power allocation
because it does not have tendon couplings and the DoF
must be independent for the human hand motions of
lateral pinching and gesturing. In the fingers, flexion
joint angles, which independently control each finger,
are prevented because the common digital extensor
tendons are coupled in the human hand. Therefore, the

AT g

| Power Alloention Unirifitig)

pwe “allocation

Fig. 5 Five-finger roboti
mechanism.

driven power is allocated between neighboring fingers
by the power allocation unit from the ulnar to radial
side.

Here we consider power allocation and human hand
motions. The power allocation unit can use all
actuators during a four-finger gripping motion (thumb,
index finger, middle finger, and ring finger). However,
the actuators of the pinky and ring finger cannot be
used during a two-finger gripping motion (thumb and
index finger). Additionally, the actuators of the pinky
cannot be used, and the index finger is not allocated
power during a three-finger gripping motion (thumb,
index finger, and middle finger). Therefore, power
allocation from the pinky to the index finger is added
for a two-finger gripping motion and a three-finger
gripping motion.

The aforementioned mechanism is implemented in
the new robotic hand for two types of tendon wires: the
MP wire, which drives only the MP joint; and the
MP/PIP/DIP wire, which drives the MP, PIP, and DIP
joints (Fig. 2). Thus, the new robotic hand has eight
power allocation patterns.

3.2 Power Allocation Unit

Fig. 6 shows that the simplest mechanism to directly
link tendon wires by using the power allocation wire is
shaped in the form of an H. Fig. 7 outlines the power
allocation mechanism for the new five-fingered robotic
hand. The mechanism has a torus structure in which
four H-shaped mechanisms are arranged along four
sides.

The driven power during power allocation T is T
and T, resultant forces. 7 is given as

T, e
(T,’ cos( B Hj +7, cos( ‘ Hj}
T L+T, n+T, L
+| 7, sin 2 6 |-T,sin 4 %
L+7, - \I+L

where 4 is as follows:

d
0o ©)

and d and L are the dimensional parameters of the
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H-shaped mechanism (Fig. 6). When T increases and
the allocation loss decreases, d must be as small as
possible and L must be as large as possible. In the new
robotic hand, d is 5 mm, which is the minimum size
feasible for the outer tube stopper needed to protect the
tendon wires and transfer of tractive force. L for the
MP and MP/PIP/DIP wires is 50 and 70 mm,
respectively, because these are the necessary lengths to
join flexed fingers.

3.3 Length of the Power Allocation Wires

The lengths of the power allocation wires must be
engineered appropriately to ensure that the difference
in the fingers coupled by power allocation wires is
controlled when the status (independent or coupled) of
the fingers is shunted. To realize human hand motion,
the DoF of the robotic, myoelectric, or master-slave
controlled hand must be sufficient. The DoF constraint
of a human hand is measured with a data glove
(CyberGlove). On the basis of this data, the lengths of
the power allocation wires are defined by the geometry
model of the robotic hand. Because individuals greatly

differ, we also use the DoF constraint data of the first
author.

Fig. 8 verifies that the DoF of the new robotic hand
achieves the human hand motions required for ADL.
Among the various gesturing motions, herein we select
the rock-paper-scissors motion. For a precision grip,
the non-gripping fingers are either extended or flexed.
In the latter case, the power allocation mechanism
improves the grip force of the gripping finger. In
contrast, in the former case, the power allocation
mechanism encumbers the grip force of the gripping
finger. Thus, non-gripping fingers must be flexed while
gripping a heavy object by using the precision grip.
Although finger-pointing and gesturing require the
same motions, this is not a fatal defect because these

motions do not require a grip force.
4. Performance Evaluation

Here the performance of the new robotic hand was
evaluated. First, the fingertip force of the gripping
fingers was measured to determine whether the grip
force is improved. Second, the success counts of a pick
and place task were measured to confirm grip force
improvement by the proposed mechanism and the
impact of the DoF constraint of the robotic hand on the
task.

4.1 Measurement of Fingertip Force

The gripping force of the robotic hand depends on
the fingertip force of the robotic hand, object shape,
and friction between the robotic hand and object.
Therefore, the fingertip force of the gripping fingers
was measured by a semiconductor pressure sensor
(Force Sensing Resistors: FSR made by Interlink
Electronics). Comparing measurements with and

without power allocation revealed that power
allocation improves fingertip force. The gripping
motions occurred in one and three motions without and
with power allocation, respectively.

* Gripping motion with all fingers and thumb;
criteria fingertip force without power allocation;

* Gripping motion with index finger and thumb;
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(a) Power grip ‘ (b) Precision grip

1hger—ntng \ (2 Gesrm

Fig. 8 Robotic hand metions.

e Gripping motion with index finger, middle finger,
and thumb;

* Gripping motion with index finger, middle finger,
ring finger, and thumb.

Table 1 shows the fingertip force of the robotic hand.
Fingertip forces without power allocation were around
33 N. However, the power allocation mechanism
improved the fingertip force by 24% to 63%.
Compared with our previous robotic hand, the new
robotic hand is only 3.6% heavier in total weight, with
a negligible increase in volume. Therefore, the power
allocation mechanism improved the grip force without
significantly increasing the size and weight of the
robotic hand.

4.2 Pick and Place Task

The new robotic hand was applied to a myoelectric
hand system we developed previously [7], and the
success counts were measured in the pick and place
task. The weight of the gripped object was measured.
To be considered successful, each pick and place task
had to be completed in 30 s and cover a distance of

Table 1 Fingertip force of pinching and increase with
power allocation mechanism.
(a) All digits (no power allocation)

Finger Average (N) (SD)

Index 33.6(1.14)

Middle 32.6 (1.67)

Ring 32.2(2.28)

Pinky 33.6 (1.04)

(b) Index and thumb

Finger Average (N) (SD)  Increment (%)
Index 54.8 (2.59) 63

Middle - -

Ring - -

Pinky - -
(c) Index and middle fingers, and thumb

Finger Average (N) (SD)  Increment (%)
Index 46.0 (2.54) 37

Middle 45.4 (3.10) 39

Ring - -

Pinky - -
(d) Index, middle, and ring fingers, and thumb

Finger Average (N) (SD)  Increment (%)
Index 41.6 (3.85) 24

Middle 35.0(1.41) -

Ring 41.4 (2.07) 29

Pinky - -

approximately 40 cm; in addition, the object had to be
placed in the target area without being dropped. The
examinee was a male in his thirties with a below-elbow
amputation. The gripping motion was a three-finger
grip using the thumb, index finger, and middle finger;
the driven power of the non-gripping fingers was
allocated to the gripping fingers. The fingertip, thumb
phalanges, and palm of the robotic hand consisted of
natural rubber sheets to achieve adequate friction
between the robotic hand and gripped object. Table 2
shows the dimensions of the gripped objects. In the
task, the object size and gripping motions of the
robotic hand were both constant.

Fig. 9 shows the success counts of the pick and place
task, where the dashed and solid lines indicate success
counts with and without power allocation, respectively.
The success counts with power allocation were fairly
constant for all grip objects; that is, the DoF constraint
by the power allocation mechanism effectively
executed the pick and place task. Additionally, the power
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