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Abstract. In our previous study, we found that a normal DC motor can be used
for vibro-tactile and pseudo-force presentation. In the present study, we devel-
oped a new vibration actuator using a DC motor that can generate much stronger
vibrations than a normal DC motor and produce very low frequency of vibra-
tions. We proposed that the stator of the motor could be used as both the
vibration mass and fixed rotor of the actuator. To evaluate this design concept,
we developed a prototype actuator that can be driven in two modes: stator mode
(i.e., the new design concept) and normal mode. The experiment results revealed
that stronger vibrations can be obtained on a fingertip in stator mode because the
fixed part that comprises the rotor was lighter and the vibration mass using the
stator was heavier. We also confirmed that the actuator can be driven at very low
frequency (1 Hz) in stator mode.
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1 Introduction

Vibration actuators are important for haptic feedback and for simulating tactile expe-
riences. They are currently used in mobile phones, game controllers, and guiding
devices for visually impaired persons, to alert or provide environment information to
users [1-3]. Eccentric rotation mass (ERM) and linear resonant actuator (LRA) vibra-
tion motors are commonly used in these devices because they are small and light-
weight, but are still able to produce a strong vibration [4]. However, because of the lack
of haptic information, they are not suitable for simulating certain types of tactile
experience, such as button clicks [5, 6], heartbeats [7], or the sensation of touching a
texture or shape [8, 9]. Successful actuators that are used to provide high-fidelity
vibration for tactile experience are the voice coil [10], the Haptuator from Tactile Labs
Inc. [11], and the Force Reactor from Alps Electric Co. [12]. These actuators were also
found to be able to produce a pseudo-force when the input signal is asymmetric [13—
15]. However, they are not suitable for operation in the low-frequency range (e.g., the
peak amplitude of vibration is about 100 Hz for the Haptuator and above 200 Hz for
the Force Reactor).

In our previous study, we found that a normal DC motor can produce high-fidelity
vibration and a pseudo-force, comparable to the voice coil type actuators [16]. The
frequency response characteristics were similar to those of the Haptuator when
vibrations were applied to a human fingertip, and the peak amplitude was about 40 Hz.

© Springer International Publishing Switzerland 2016
F. Bello et al. (Eds.): EuroHaptics 2016, Part II, LNCS 9775, pp. 317-325, 2016.
DOI: 10.1007/978-3-319-42324-1_31



318 V. Yem et al.

The advantage of using a DC motor is that it has a potential to produce low-frequency
vibrations because the rotor can be used as a vibration mass to rotate infinitely without
collision with the stator (i.e., the case of the motor), and it does not have a spring
component that is the cause of resonance characteristics.

In the present study, we present a new design concept for a vibration actuator that
uses a DC motor which is able to produce strong vibrations than those of a normal DC
motor and able to generate low frequency of vibrations (under 10 Hz). We constructed
a prototype actuator based on this design and evaluated its performance.

2 Vibration Actuator Using a DC Motor

2.1 Counterforce of a DC Motor

The counterforce of a DC motor is generated on the stator when the rotor is accelerated
or decelerated (Fig. 1 (left)). The changing value and direction of the counterforce
creates vibrations. The torque, 7}, developed on the rotor and the counterforce, Fi, on
the stator can be expressed as follows:

T.=kxi (1)
I

Fy=—— 2
- )

where £ is the torque constant, i is the current flowing in the motor, and R is the radius
of the stator.
The mechanical characteristics of a DC motor can be expressed as follows:

do
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T, Stator

T, Stator, mass M

Skin, mass m Skin, mass m

Fig. 1. Schematic for design concept. The stator is fixed and load is added to rotor to obtain high
counterforce and smooth movement (left). The rotor is fixed and stator is used instead of load to
make the actuator lighter and obtain strong acceleration of skin (right).
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where J, w, and % are the moment of inertia, angular velocity, and angular acceleration
of the rotor. D is a viscous friction coefficient and F; represents the mechanical
resistance, such as the internal magnetic loss, which depends on the mechanical
characteristics of the motor.

According to Egs. (2) and (3), to obtain a strong counterforce, we must quickly
accelerate the rotor (i.e., produce a high value of ‘2—‘;’). For high-frequency vibration
modality, high angular acceleration can be produced by quickly changing the rotational
direction of the rotor. However, it is impossible to achieve this at low frequency
because acceleration over such a long period will cause the rotor reach to a maximum
velocity, at which the acceleration becomes zero, the current is steady (i.e. no load
current) and only a very small counterforce is generated as described by the following
equations:

T.=Dx w+F (4)
D F
FS:—L—'_’ (5)
R

Moreover, at low frequency of vibration modality, the rotor rotates in high
amplitude of angle and due to the changing of orientation of magnetic fields, it pro-
duces torque ripple. Torque ripple produces noise and we cannot obtain a smooth
movement of rotor [17]. Adding flywheel (load) to the rotor is a classic method to solve
these issues (Fig. 1 (left)) [18, 19]. By increasing moment of inertia, J, and energy
storage in flywheel, we can reduce the increase of velocity (i.e., the value of %
becomes low) and obtain smooth rotation of rotor during acceleration or deceleration.
This, however, adds weight to the actuator, which is undesirable for wearable appli-
cations, such as a haptic glove. Instead of using flywheel, our idea is using the motor’s
stator as a load and the rotor as fixed part of actuator because the stator consists of two
magnets which are significantly heavier than the rotor (Fig. 1 (right)).

2.2  Amplitude of Skin’s Acceleration of a Finger

When the counterforce of the motor, Fj, is applied to skin, the skin starts to move with
an acceleration, a, that can be expressed as follows (Fig. 1 (right)):

ax m+M,)+cxvtk Xx=F; (6)

where v, and x are velocity, and displacement of the skin, respectively. m and M, are
the mass of the skin and the rotor (fixed part), and ¢ and &, are constants which depend
on the stiffness of the skin. Thus, acceleration of the skin can be calculated as follows:

a:Fx—cxv—k,-xx (7)
(erMr)
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According to the above equation, we can expect to obtain stronger vibration (ac-
celeration is higher) because the mass in the fixed part (M,) becomes lighter compare to
that (M,) of the case where the stator is fixed.

2.3 Actuator Design

The design figure and prototype of our vibration actuator are shown in Fig. 2. We
created a cover and attached it to the shaft of the rotor (Fig. 3 (left)). The cover makes it
easy to fix the rotor to the fingertip of a glove (Fig. 4). To allow the stator of the motor
to infinitely rotate without the problem of cable winding, we created a secondary brush
attached to the cover (the primary brush is inside the DC motor).

Fig. 2. Design (left) and prototype (right) of the vibration actuator. A cover with a secondary
brush was attached to the shaft of the DC motor, which was connected to the rotor.

Fig. 3. A cover with a secondary brush (left), the Maxon DC motor (middle), and the rotor coil
used in the motor (right).

With this kind of mechanism, we can drive the actuator in either of two modes:
normal mode and stator mode. In normal mode, the power supply cables are connected
to the primary brush, the cover is free, and the stator is fixed to the fingertip of the glove
(Fig. 4 (left)). In this case, the cover is considered as a load and the vibration mass is
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Fig. 4. Vibration actuator operating in normal mode (left) and stator mode (right).

the total mass of the rotor and cover. In stator mode, the power supply cables are
connected to the secondary brush, the cover is fixed, and the stator is free and acts as
the vibration mass. To obtain stronger vibration in this mode, the mass of the stator
needs to be much greater than the total mass of the rotor and cover.

We chose a Maxon DC motor (RE 1.5 W, 118396) for the actuator because its rotor is
lightweight, comprising only a coil and a shaft without an iron or steel core (Fig. 3 (right)).
In the normal modality of a motor, the lightweight rotor reaches the target rotation angle in
a short response time. In the proposed vibration modality, a larger differential mass
between the rotor and stator provides a stronger vibration in the stator mode, as
demonstrated in the equations above. The total mass of the rotor and cover is just 2 g,
which is significantly lighter than the stator (9 g). The actuatoris 12 mm X 31 mminsize
and has a total weight of 11 g, making it suitable for integration into mobile devices.

3 Evaluation

We experimentally evaluated the proposed design concept and compared the strength
of vibration of our prototype actuator in the stator mode to that in normal mode, as
detailed in this section.

3.1 Apparatus

To evaluate the actuator vibration, similar to our previous study [16], we opted not to
use a mass of 100 g, which is the typical mass used in other studies [4, 10]. Instead, we
attached our prototype actuator to the index fingertip of a glove (Fig. 4) to more
accurately reproduce a practical situation. The glove was made of titanium and had a
weight of 5 g. To observe the vibration on the whole fingertip, the actuator was fixed
on the back side and the accelerometer was fixed on the palm side of the finger. Only
the index finger of the right hand of the author was used in this evaluation.
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A micro-controller (mbed NXP LPC1768) was used to interface with the PC, and to
operate the accelerometer (MPU9250, InvenSense; 200 Hz low-pass filter and 1 kHz
sampling rate). The input signal was produced by the Pure Data programing software
and amplified by an audio amplifier (M50, MUSE Audio Technology). A 1-Q resistor
was serially connected to the actuator to observe the flowing electrical current. An
oscilloscope (TDS 1002C-EDU, Tektronix) was used to simultaneously observe the
voltage across the actuator and current (a voltage across a 1-Q resistor) applied to the
actuator, and to measure the power (voltage X current) applied to the actuator. To
obtain a fairly comparison result, we did not fix the voltage, but fixed the power to
0.3 W for all conditions. We chose low power in this experiment because we wanted to
avoid improper vibration due to the rotor reaches to the maximum velocity.

3.2 Procedure

One of the authors sat on a chair and wore the fingertip glove with the accelerometer
and actuator in either stator mode or normal mode. During the measurement, the author
held their hand on the table in a natural, relaxed position. The input was a sinusoidal
wave that ranged from 10 to 200 Hz. The author changed the volume of amplifier to
adjust the power supply to 0.3 W for all frequencies. The measurement were conducted
five times for each condition.

3.3 Result

In Fig. 5, the frequency response results for each actuator mode are shown. The vertical
and horizontal axes represent the amplitude of acceleration and the input frequency,
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Fig. 5. Frequency response for each mode. (Color figure online)
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respectively. The peak amplitude of vibration is at a frequency of 50 Hz for both
modes. For almost all frequencies, the vibration amplitude of the stator mode is higher
than that of the normal mode.

4 Discussion

The result of the experiment revealed that the stator mode produced a stronger vibration
than normal mode for all frequencies. This demonstrates the effectiveness of our design
concept. We can explain it by using the Eq. (7). It shows that the acceleration of the
skin is inversely proportional to the total mass of the fixed part of the actuator and the
skin. In stator mode, the rotor was lighter than the stator. Therefore, the total mass of
the fixed part of the actuator was lighter, which generates stronger vibrations than in the
normal mode where the stator was fixed.

As mentioned above, the amplitude of vibration also depends on the mass of the
skin. In the case that the skin is much heavier than the fixed part and vibration mass,
changing from normal mode to stator mode does not give us a stronger vibration. In our
experiment, we observed the different of vibration amplitude between the stator mode
and normal mode when the device was mounted on the skin of the index finger. We did
not conduct a user study to confirm whether the amount of increasing amplitude is
detectable. However, this study gave us a clue that to obtain higher percentage difference
between the modes, we need to choose a motor with a higher mass ratio of stator to rotor.

In addition to the experiment described above, we tested our prototype at a very low
frequency of 1 Hz. For the normal mode, we could not increase the power supply to 1 W
despite increasing the voltage to the level of the 9 V (the nominal voltage of the motor is
6 V) because the flowing current was very low. Moreover, the vibration was not smooth,
which might be due to the maximum velocity of the rotor. Therefore, it is not suitable to
drive it at a very low frequency. By contrast, in the stator mode, we could adjust the
power supply to 1 W and obtained smooth sinusoidal motion of vibrations.

We considered that our actuator can also be used to present the sensation of
pressure, as it is known that a mechanical receptor of Merkel cell that provides
information on pressure is sensitive at low frequency (about 1 to 3 Hz) whereas that of
Meissner corpuscle is active at a little higher frequency (about 5 Hz) [20, 21]. To
confirm this consideration we asked five participants to wear a fingertip of glove
attached with our actuator in stator mode as shown in Fig. 6. We presented 1 W of

Fig. 6. The actuator was vertically attached to an index finger for providing pushed force
sensation by presenting the low frequency (1 Hz) of vibration
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power supply and 1 Hz of vibration and asked for their comments. All of them reported
that they sensed as if their finger was pushed to move forward and backward but the
force pushed from the palm side was stronger.

5 Conclusion and Future Work

The purpose of our study was to develop an actuator that produces strong vibrations at
low frequency. We used a DC motor, which we found to be able to provide
high-fidelity vibration for this development. According to the design concept, we did
not apply a high load to obtain strong vibrations at low frequency, but instead used the
stator as a vibration mass. This design has two advantages: the actuator is light and the
amplitude of vibration is higher than that of a normal DC motor. To test this design, we
created a prototype that can operate in two modes: stator mode and normal mode.
Comparative evaluation showed that the vibration strength of the stator mode is higher
than that of the normal mode. In our future work, we will develop an algorithm (for a
vibration signal at very low frequency) using our actuator to elicit pressure sensation to
a human fingertip.
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