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Abstract

In this paper, we newly develop a finger-type manipulator driven by the sliding actuation with miniaturized

brushless DC (BLDC) motors. The mechanism allows the usage of the maximal capacity of actuators by employing the
distributed actuation principle while maintaining the small size. Thanks to the high thrust force of the BLDC motors, the
maximum fingertip force of the developed robot finger is remarkably enhanced. Through experimentation, the fingertip
force of the proposed robot finger is assessed and compared with the former version with the ultrasonic motors.
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1. Introduction

The hand is one of the most important parts of the human
body, and the high functionality of hands allows a number
of delicate tasks, such as the grasp, lifting, or manipulation
of objects. The uniqueness of human hands has been
recognized and discussed extensively in the literature [1-3].
Likewise, a dexterous robot hand is necessary for various
applications such as the end-effector of industrial
manipulators, prosthetics, surgical robots, and surveillance
robots.

Artificial robot hands commonly adopt electrically
geared motors for actuation. For example, DLR-HIT hand Il
[7], KH hand [8], and the smart hand [9] utilize several
electrical motors for dexterous motions together with
complicated torque transmission mechanisms.

In [6], the excessive weight of a robot hand is one of the
main hindrances for use as a prosthetic device. To
overcome the disadvantages of the robot hands driven by
electrical motors, light weight actuators, such as a shape
memory alloy (SMA) wire, can be adopted for prosthetic
hands [10, 11]. An SMA wire has a large power density, but
the absolute contraction force may not be sufficient to
generate a large grasping force. Also, the slow response due
to the heating and cooling processes, and low strain [11] is
the typical drawbacks of SMA wires.

Robot hands using pneumatic muscle actuators have been
proposed in [12-14]. These robot hands may generate larger
power per weight than the SMA wire based robot hands do.
However, for generating a large grasping force, a large
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capacity compressor should be employed to produce high
pressure. Recently, in [16], a DC motor and an SMA wire
were combined for the robot hand. In [15], the robot finger
utilizing the stacked EAP actuator is also proposed.

Despite efforts to develop anthropomorphic hands, the
performance, such as the grasping force with respect to the
size or weight, may not be satisfactory today. To address
this problem, the distributed (or sliding) actuation principle
was proposed in [4]. It utilizes the spatial freedom of the
actuation location as an additional design parameter to
maximize the fingertip force of the robot finger. The
fingertip force was shown to be widely adjustable by only
controlling the positions of the sliders.

However, the use of ultrasonic motors leads to absolutely
small fingertip force. Motivated by the weakness of [4], in
this paper, to enhance the maximum fingertip force, we
newly developed a robot finger driven by tiny BLDC
motors based on the distributed actuation mechanism.

By optimizing the positions of the sliders, the fingertip
force can be remarkably increased. To verify the
effectiveness of the idea, simulation and experiments are
performed. The paper is organized as follows. In Section II,
the distributed actuation principle is shortly revisited and
the BLDC motor driven manipulator is newly introduced.
Section Il is devoted to numerically assessing the
performance of the developed robot finger. Section 1V
describes the experimental results. Finally, conclusions are
drawn in Section V.

2. Development of Robot Finger

2.1. Distributed Actuation Mechanism

Based on the observations of human finger muscles, the
distributed actuation mechanism was proposed in [4]. The
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muscles distributed on each phalange of a finger play an
important role of multiple actuations for bending or
extending the finger. To abstract the features of muscles in
a human finger, the mechanism is effectively implemented
as shown in Fig. 1(a). A slider can move along a link, and
two sliders at each joint are connected by a connecting rod
at each joint. Therefore, by changing the positions of the
sliders, the desired join tangle can be achieved, as shown in
Fig. 1(b). Also, in particular, the sliders may be relocated

along the links while the joint angle is fixed as shown in Fig.

1(c). It would give a different joint torque. This allows an
additional design factor to optimize the joint torque at each
joint. This feature was verified by the simulation and
experiments in [4], in which an earlier version of
finger-type manipulator 1 (FM 1) was reported. The
structure of FM | adopting tiny ultrasonic motors results in
a robot finger design of small size and light weight.
However, the fingertip force of FM 1 is very small due to
the small thrust forces of ultrasonic motors.

connecting rod

(c) Relocation of sliders without changing the joint angle
Figure 1. A concept of a distributed actuation mechanism

2.2. BLDC Motor-based Design
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Figure 2. Comparison of two developed robot fingers
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To overcome the shortcoming of FM I, we newly designed
a finger-type manipulator, the so-called FM II, by
embedding the BLDC motors, as shown in Fig. 2(a) [5]. FM
Il consists of four links with three joints. The linear motions
of sliders can be achieved by the miniaturized BLDC motors
with lead screws, except for the slider of Link 3. Note that,
due to the short length of Link 3, the slider is wired to and
driven by the motor at Link 0. Also, by using a tensile spring,
the slider can be pushed away. The connecting rods are for
connecting two sliders around a joint. The motor has a gear
with a ratio of 1:125, a diameter of 6 mm, and a maximum
torque of 0.0190 Nm.

According to [19], the thrust forces of sliders can be

calculated by
E _2r zd, —ul
d, | +7zud,

Where | is the lead pitch, dy, is the mean diameter of the lead
screw, u is the Coulomb friction coefficient, and t is the
motor torque. With the values such that | = 1mm, d,, = 3mm,
u =145 and t = 0.0190 Nm, the maximal thrust force is
calculated with 6.87N.

For the exterior shape similar to a human finger, the
three-dimensional profiles (STL model) for each phalange of
the middle finger bone model were obtained by using the 3D
laser scanning device (Vivid 9i, Konica Minolta Sensing,
Inc.). Then, the data was converted to a solid model by using
3-D CAD programs (Rapid Form, CATIA P3V5R17). Then,
using a rapid prototype machine (Object Eden 330), we
manufactured a robot finger frame and the components, such
as the connecting rods and the sliders, as shown in Figs. 2(b)
and (c). The design parameters for FM 1l are summarized in
Table 1 in comparison to FM | (shown in Fig. 2(d)). Because
of the usage of BLDC motors, the weight of FM Il was
increased, but the thrust force of sliders was remarkably
enhanced by 12.8 times. Note that the movable range of the
sliders is restricted within 12 mm, which allows a joint angle
between 0° to 90°.

Table 1. Design parameters of the developed fingers
Finger-t Fi -
ltems _ ger-type |nger type
manipulator | [5] Manipulator 11
12(H) x 20(W) x 6.3(H) x 15.9(W) x
Sizeqmm) (H) x 20(W) (H) x 15.9(W)
110(L) 176.0(H)
Weight(gf) 14.7 334
Ultrasonic motor Brushless DC motor,
Actuators (Piezo-Technology ¢6, 3.5gf (Faulhaber
Co. Ltd.) Corp.)
Thrust force(N) 0.537 N 6.87
Degree of freedom 3 DOF (four links with three joints)
Joint angle range 0°<6<90°, j=1,2,3.

3. Assessment of Finger-Type
Manipulator Il

In this section, the fingertip force of FM Il is assessed by
simulations. As shown in Fig. 3, the fingertip force is
defined in a normal direction and can be computed by

f(6,%)=|Fen 6

Where 6, is the angle at Joint 1, Xs = [X11, Xo1, Xa1]" is the
position vector of independent sliders, n is the unit normal
vector, and F is calculated by using the Jacobian matrix [5]
(see Appendix for details). For simplicity, it is assumed that
Fi = 0 so that the sliders with X;;, Xz1, and xz move
independently with specified thrust forces.

Note that, in (1), the normal force can be expressed only
with a joint angle g1 and the slider positions X.. In Fig. 3,
one may observe that, given a fixed end-point at (13.9 mm,
113.7 mm), the joint angles 6, and &3 should be uniquely
determined if 6, is fixed. This implies that 6; is a single
parameter to determine the posture of FMII. Now, even
with a fixed posture of FM I, the sliders may have different
locations, denoted by x;. This clearly shows that the
fingertip force varies depending on the location of the
sliders, which was called the distributed actuation effect in

Q).

(13.9,113.7)

Figure 3.
units)

Notations of common parameters for simulation (all in the mm

The calculation results of fingertip force with the values
in Table 2 are shown in Fig. 4, and the important aspects of
FM 11 can be summarized as follows:

« The redundancy of posture allows a various range of
fingertip force. Observe that the maximum curve
significantly increases by simply changing the posture
of FM 1l (i.e., through 6,).

+ The distributed actuation provides an additional design
freedom to maximize the fingertip force of FMII. For
instance, at a fixed posture (e.g. 8; = 70°), the fingertip
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force varies from 1.67 N to 2.22 N by relocating the
sliders. This means that the fingertip force can be
maximized by optimizing the slider positions at a
specific posture.

» Moreover, the distributed actuation enables a wide
range of fingertip force control. For example, if we fix
a posture at ql = 70°, the fingertip force can be
controlled between 1.67N and 2.22N by changing the
sliders. This feature can be adopted for a delicate force
control when grasping fragile objects.

Table 2. Summary of common simulation parameters ((Xe, Ye) = 13.9 mm,
113.7 mm)
Items Specifications
Link, lj(mm) 1,=53.35, 1,=49.7, 1;=26.5

Connecting rod, cj(mm) €1=C,=17.4,¢c3= 20

Friction coefficient a1 = o1 = s = 1.45

Fiu=Fu=F3=6.87

Thrust force, Fji(N)

Thrust force, Fji(N) Fio=Fp=F3=0

Mechanical offset
hjk, J = 1,2,3, k= 1,2

h11= hy=h5=5.5,
h12= o= h3,=5.5

24 . . . I
— Maximum curve
23k Minimum curve |
%~[12.09.48 134] — S ne=2.22N
22 > |
21 F |
= 27 |
=4
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1or positioning B
faw=1.77N
1.8 A
YT ¢ el B. ]
Jfrin=1.68N - S 16N
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Figure 4.  Fingertip force of FM Il depending on &; and xs (A, B, and C
denotes the cases that will be tested experimentally

4. Experiments

4.1. Description of Experiments

To verify the performance of FM Il having sliders with
high thrust forces, we measured the fingertip force under the
experimental environment as shown in Fig. 5. Given a target
position, (13.9, 113.7) mm, we selected three different cases,
A, B, and C, as marked in Fig. 4 and measured the output
forces. The specific conditions for three cases are
summarized in Table 3. The fingertip force was measured
by a load cell (BCL1kgf, CAS Corp.). To measure the
fingertip force, first, the fingertip was located by a position
feedback control at the target position. Then, the position
control was turned off, and the feed forward control with

constant thrust force was turned on at the target position.

4.2. Experimental Results and Discussions

The measured forces are shown in Fig. 6, and the
averaged fingertip forces for 3 seconds between 15 sec and
18 sec are summarized in Table 3. It is noted that the
measured fingertip forces approximately match the
simulation results.

In fact, the experimental results for the three cases
demonstrate the effects of the slider positions and the
posture of FM 11. As expected in Fig. 4, Case A results in a
small fingertip force. However, by changing the posture (at
gl = 70.4°), the fingertip force varies from 1.56N (Case B)
to 2.19N (Case C). As a result, in terms of the fingertip
force, the redundancy of posture, and distributed actuation
by relocating sliders jointly enhance the fingertip force of
FM Il. These features generically allow the usage of the
maximal capacity of the BLDC motors to increase the
fingertip force.

Overall, by adopting miniaturized BLDC motors to
implement the distributed actuation, the fingertip force has
been significantly enhanced by 17.3 times compared with
FM I. To demonstrate this, an experiment to lift a weight of
200 gf was conducted, as shown in Fig. 7, and lifting such
weight was not possible with FM 1. Table 4 summarizes the
performance parameters for comparison.

Loadcell,
BCL 1kgf

Figure 5. Experimental setup for measurement of fingertip force
Table 3. Experimental conditions for three cases
. Fingertip force (N)
Case Posture & slider -
Sim. Exp.
61, 05, 03 49.3°,56.1°, 1.54°
A X11, X1, Xa1 8.85,17.0, 10.1 1.77 1.73
X12, X22, X32 5.1,8.0,10.1
01, 02, 03 70.4°,0.1°,70.7°
B X11, Xa1, Xa1 19.5,8.0,21.0 1.67 1.56
X12, X22, X32 8.0,9.36, 10.2
01, 02, 03 70.4°,0.1°,70.7°
C X11, Xa1, Xa1 12.0,9.48,134 2.22 2.19
X12, X22, X32 16.8, 8.0, 18.6

(xj1 & xj2 denote the target positions of the sliders inmm-unit.)
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Table 4. Comparison of fingertip force

Finger-type Finger-type
Manipulator | Manipulator 11
Maximum thrust force (N) 0.537 6.87
Maximum measured
fingertip force (N) 0.126 219
Anadustable range of |6 o4 £ 0196 | 167<F<219
fingertip force (N)
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—— experiment
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T ]
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(c) Measured force for Case C

Figure 6. Experimental results for measurement of fin

16 18

gertip force

# Before liting

Figure 7. Demonstration of fingertip force enhancement by lifting a
weight of 200 gf. Before lifting (top), after lifting (middle)

5. Conclusions

In this paper, an improved version of a finger-type
manipulator was newly proposed. By implementing the
distributed actuation principle with miniaturized BLDC
motors, we achieved a high fingertip force while
maintaining the light structure. The newly developed robot
finger merely weights 33.4 gf, but produces a maximum
fingertip force of 2.19 N. Thanks to the large thrust forces
of the sliders, the fingertip force increases remarkably
compared with the former version. By simulation and
experiments, the effect of the distributed actuation principle
and the feasibility of the proposed mechanism were
verified.
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APPENDIX

Derivation of Torque at Joints and Fingertip Force
Let us consider the torques at the joints as follows:
X, tany . +h,
rj(Fjl,le,al):Fu& (A1)
1+ py, tany
where Fj; is the thrust force, x;; is the slider position, and
ci —x?cos’ 6, }

2
i

-1
v, =tan {tan 0,

c+ xj? sin? 0,

Via :Hj Vi

X;, ==X, COS O, +./—szlsin2 6, +c; for j = 1,2,3. Under

the joint torques presented above, the fingertip force can be
described by

Fo {(JH’lJT ) JH’l}r (A2)
where 7:= [z, 75, 73], and HeR*® and JeR?*® are the joint
space kinetic energy matrix and the Jacobian matrix,
respectively.
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