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ith the advancements of robotic technology, robots
have been widely deployed in factory automation and

health care. One of the major applications of robots in

health care is the myoelectric artificial hand. It consists of a myo-

electric signal detector connected to a motor-controlled artificial
hand driving unit by wires. In the near future, they will be con-
nected wirelessly for convenience but this may pose an EMI risk

to the normal operation of the artificial hand. One possible source
of EMI is the electrostatic discharge (ESD) from a charged human

body. As the malfunction of a myoelectric artificial hand due to
ESD has a direct impact on human life, high immunity performance
is required. Yasuhiro Morinaga, Keinosuke Nagai, Jianging Wang,

and Daisuke Anzai from Nagoya Institute of Technology, Japan, look

into this impact and propose design improvements to enhance the

immunity of the myoelectric artificial hand against ESD in the paper

“Impact of Electrostatic Discharge on \Wearable Robotic Hand and
Improvement of Immunity Performance by Wireless Control.”

The growth of wirelessly-enabled medical devices are driven
by advances in wireless technologies. However, incorporating
wireless technology in medical devices has to be implemented
with care to ensure patient safety and device effectiveness.
This is particularly relevant to technologies that operate in unli-
censed spectrum bands, where Wi-Fi, Bluetooth and other
technologies operate. A method to evaluate wireless coexis-
tence of a medical device encompassing the risk assessment is
presented in the second paper “A Case Study of Medical
Device Wireless Coexistence Evaluation”, contributed by
Mohamad Omar Al Kalaa, Joshua Guag, and Seth J. Seidman

Practical Papers, Articles
and Application Notes

from Center for Devices and Radiological Health, U.S. FDA; and
Yao Ma and Jason Coder from National Institute of Standards
and Technology (NIST).

Impulsive noise modeling is an important part in analyzing and
designing communication systems. Man-made impulsive noise
can be due to intentional information exchange such as short-
burst transmissions with high power, as well as due to switch-
ing and industrial activities. The third and last paper “Using
Open-Source Software Defined Radio Platforms for Empirical
Characterization of Man-Made Impulsive Noise” describes the
use of affordable software-defined radio (SDR) platforms for
measuring and characterizing man-made noise with impulsive
components. Otilia Popescu and Dimitrie C. Popescu from 0Old
Dominion University, and John Musson from Thomas Jefferson
National Accelerator Facility, elaborate on the parameters that
characterize the Class A Middleton impulsive noise model and
how they can be applied for modeling of distinct RF environ-
ments, such as a medium-density office workspace, an urban
commute scenario, and a hospital campus.

This year is an unusual year, where the pandemic affects all of
us, be it socializing with friends, traveling with family, and work-
ing from home. Nevertheless, let me take this opportunity wish-
ing all a Wonderful Holiday Season and a Happy New Year. Do
enjoy reading these three papers and | look forward to more
interesting papers from you so that they benefit the EMC com-
munity. Please contact me at ekysee@ntu.edu.sg if you are hav-
ing the thought of contributing a paper in this column.
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Abstract: Myoelectric artificial hand is a typical wearable robotic
hand operated by motors based on detected myoelectric signals.
A wired connection between the myoelectric signal detector and

motor controller is currently the mainstream, but the wireless con-
trol is expected for convenience. In this study, focusing on a myo-

electric artificial hand, we performed electrostatic discharge
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immunity tests based on IEC61000-4-2 to clarify the mechanism of
malfunction with respect to electrostatic discharge noise. Using
an optical electric field sensor, we investigated the correlation
between the peak level, time duration, and energy of electric field
generated by electrostatic discharge and the malfunction rate of
myoelectric artificial hand. The measurement results showed that
the malfunction of myoelectric artificial hand was strongly corre-
lated with the peak electric field level, and the primary coupling
location of electrostatic discharge noise on the myoelectric artifi-
cial hand was the wires between the myoelectric signal detector
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and the motor controller. Based on these findings, we developed a
wireless myoelectric artificial hand to remove the above-men-
tioned wires and to increase the convenience. As a result, com-
pared to the wired control, the wireless myoelectric artificial hand
exhibited a much higher immunity level for the electrostatic dis-
charge noise. This is because the wires that were experimentally
identified to pick up noise were replaced by a wireless link where
a wideband modulation scheme resistant to electrostatic dis-
charge type impulse noise was adopted.

Index Terms: Wearable robot, myoelectric artificial hand, electro-
static discharge, immunity test, wireless control.

l. Introduction

In recent years, wearable robots are attracting a lot of attention in
the industrial, medical and health care fields [1]-[3]. Myoelectric
artificial hand is one of the typical examples. A myoelectric artifi-
cial hand consists of a myoelectric signal detector and a motor-
controlled artificial hand driving unit [4].

Currently they are connected by wires. However, it is expected to
be wireless for convenience. On the other hand, a wide range of
wireless technology applications have become a major cause of
electromagnetic interference on various wearable robots. Electro-
static discharge (ESD) from charged human body can also affect
the normal operation of myoelectric artificial hand [5]-[7] because
it produces a sharply rising peak electric field and a very wide fre-
quency component. Since malfunction of myoelectric artificial
hand due to ESD may affect human life, high immunity perfor-
mance is required. Although there are many studies related to ESD
immunity to various electrical devices, only a few focus on wear-
able devices or robots where the electrical circuit units are on the
human body. Ishida et al. measured the characteristics of dis-
charge currents through body-attached metal for modeling ESD
from a wearable device [8][9]. Kohani et al. evaluated the charac-
teristics of ESD events in wearable medical devices in [10], and
Liao et al. investigated an evaluation method for ESD-generated
interference on bio-sensors in [11]. An experimental study of elec-
trical stress of ESD on wearable devices was reported in [12]. The
immunity performance of wearable devices and robots may vary
greatly due to the presence of the human body. To clarify the
mechanism of malfunction due to ESD in myoelectric artificial
hand, we perform an immunity test under the IEC 61000-4-2 testing
conditions. Since our main purpose is to clarify the mechanism of
malfunction of myoelectric artificial hand, the tests focused on
indirect ESD with a standard ESD gun for a vertical coupling plane.
The IEC 61000-4-2 standard, however, only specifies a measure-
ment position of 10 cm away from the vertical coupling plane for
equipment under test (EUT). In view of that the electric field gen-
erated by ESD is not uniform on the vertical measurement plane of
10 cm away from the vertical coupling plane, the impact of ESD
noise on the EUT may vary depending on the placement and orien-
tation of the EUT.

In this study, we first measure the electric field distribution at the
measurement plane using an optical electric field sensor. Then,
using the myoelectric artificial hand as EUT, we extract various
parameters such as peak level, time duration, and energy of the
ESD-generated electric field pulse, and investigate the correlation

characteristics of these parameters regarding the malfunction
rate of myoelectric artificial hand at different positions and orien-
tations for clarifying the determinant of malfunction of myoelectric
artificial hand. Moreover, we attempt to identify the coupling loca-
tion of ESD noise, and show that the most of ESD noises are cou-
pled into the myoelectric artificial hand through the wires between
the myoelectric signal detector and the motor controller. As a
countermeasure, we propose a human body communication (HBC)
[13][14] based wireless technology which employs a wideband
impulse radio (IR) modulation scheme in the 10 - 50 MHz band [15]-
[17] to remove the wires, and demonstrate its high immunity per-
formance under the IEC61000-4-2 ESD testing conditions [18].
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Fig.1. Block diagram of a myoelectric artificial hand.

This paper is organized as follows. Section Il describes the speci-
fications of the myoelectric artificial hand as an EUT. Section IlI
investigates the dominant parameters of ESD-generated electric
field that cause the malfunction of myoelectric artificial hand, and
the position where the ESD noise is coupled. Section IV describes
our developed wireless myoelectric artificial hand and shows
higher immunity performance under the IEC61000-4-2 ESD testing
conditions than the wired control. Section V concludes this study.

Il. Myoelectric Artificial Hand

Fig. 1 shows a block diagram of myoelectric artificial hand used in
this study as a typical wearable robotic hand. In order to control
the myoelectric artificial hand, three myoelectric signals at the
flexor digitorum superficialis muscle, extensor digitorum muscle
and extensor pollicis longus muscle are used as shown in Fig. 2.
The myoelectric artificial hand acquires these myoelectric signals
using three pairs of sensing electrodes and a ground electrode for
grounding the human body. The myoelectric signals acquired by
the three pairs of sensing electrodes are first filtered and ampli-
fied, and then are sent to a controller board mounted in the myo-
electric artificial hand. The controller board is equipped with three
channel analog to digital converter (ADC) with a sampling fre-
quency of 2 kHz and a quantization of 12 bits, and performs digital
processing in a microcomputer to identify the signals. Rectified
smoothing value and power spectrum are used as identification
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functions in the microcomputer. The myoelectric artificial hand is
pre-trained by a neural network using training data and then per-
forms motion detection to determine motion commands that char-
acterize the current input myoelectric signal. The identified motion
command takes pulse width modulation (PWM) signal form and is
output to the servo motor for operating the myoelectric artificial
hand. In this way, the myoelectric artificial hand moves according
to the motion command generated from the detected myoelectric
signals.

Extensor pollicis
longus muscle

Flexor digitorum
superficialis muscle

f

Extensor

digitorum muscle

Fig.2. Detection of three myoelectric signals used to control a myoelectric
artificial hand.

lll. Mechanism of Malfunction of Myoelectric Artificial
Hand Under ESD Test Environment

Since the myoelectric artificial hand is attached to the human
body, it is assumed to be vulnerable to electromagnetic interfer-
ence such as ESD noise, and a high immunity performance to ESD
is required. However, the current IEC61000-4-2 standard does not
specify how to simulate the human body during wearable device
testing. It also does not specify the detailed position of EUT during
indirect ESD testing. If the electromagnetic field generated from a
vertical coupling plane is not uniform, the impact on the EUT will
depend on the test arrangement. Therefore, in this study, we
employed an arm-shaped gel phantom to simulate the actual
human arm for testing the malfunction of myoelectric artificial
hand. This system has already been reported in [7] and shown to
be valid. In addition, to clarify the mechanism of malfunction of the
myoelectric artificial hand, we first measured the electric field dis-
tribution near the vertical coupling plane under IEC61000-4-2 test
conditions. Then we extracted the peak level, time duration and
energy from the measured ESD-generated electric field pulse. By
comparing the correlation between the malfunction rate of myo-
electric artificial hand and the extracted parameters of ESD-gen-
erated electric field pulse, the dominant parameter causing mal-
function of myoelectric artificial hand was determined.

A. Electric Field Measurement

Fig. 3 shows the measurement environment of indirect ESD
based on IEC 61000-4-2, which consists of a wooden table, a ver-
tical coupling plane, a horizontal coupling plane, and an ESD
gun. An optical electric field sensor head (Seiko Giken, CS-1210)
was connected to an optical electric field sensor controller

(Seiko Giken, C3-1055) and a digital oscilloscope (Tektronix,
TDS6604) with a sampling rate of 20 GS/s and a frequency band-
width of 6 GHz to measure the electric field generated when the
ESD gun discharges to the vertical coupling plane. The measure-
ment plane was a vertical plane which is 10 cm or 45 cm away
from the vertical coupling plane. The height and position of the
optical electric field sensor head was adjusted at the measure-
ment planes by attaching it to a polystyrene foam. Table | shows
the measurement conditions.
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Fig. 3. Electric field measurement environment of indirect ESD.
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Fig. 4. Electric field measurement positions.

TABLE 1
MEASUREMENT CONDITIONS OF ESD-GENERATED ELECTRIC FIELD

Discharge method Contact discharge

Charging voltage _+2, +4kV

Coupling plane Vertical plane
Time interval of discharge 0.05s

Number of discharge 999
Distance from vertical coupling plane 10,45 cm
Number of measurement positions 9

Electric field component X, Y, Z

The measurement was under an indirect discharge test condition by
bringing the charged ESD gun to contact with the vertical coupling
plane. The ESD gun charging voltage was 2 or 4 kV, the discharge inter-
val was 0.05 seconds, and the number of discharge was 999 times in
total. As shown in Fig. 4, the measurement positions were 9 positions on
the measurement planes 10 cm or 45 cm away from the vertical cou-
pling plane. At each measurement position, the three electric field com-
ponents, i.e., the x, y, and z components were measured.

Fig. 5 shows an example of pulse voltage waveform measured
using the optical electric field sensor, where Vmax is the peak
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Fig. 5. Example of ESD-generated pulse voltage measured by the optical
electric field sensor.

voltage level, 77 and ¢2 are the zero crossing points for determin-
ing the time duration 7w of pulse. From the measurement results
using the optical electric field sensor, it was found that the polarity
and peak level of the ESD-generated pulse differ depending on the
measurement positions, field components, and ESD gun charging
voltage. In order to investigate the dominant parameters for mal-
function of the myoelectric artificial hand, we calculated the peak
level, time duration and energy of the ESD-generated electric field
at the 9 measurement positions. Figs. 6, 7 and 8 show the distribu-
tions of peak level, time duration, and energy of pulse electric
field, respectively, when the ESD gun charging voltage is 4 kV and
the measurement plane is 10 cm away from the vertical coupling
plane. The peak level Ep of electric field strength was obtained by

Ep[dBuV/m] = Ve [dBjV] + AF[dB/m] (1)
Tw =ty — 1 ()

and the energy of pulse was obtained by

to
U=>Y Vt) 3)

t=ty

where ¢; was the first zero crossing timing from Vimax to the left
side, and 7, is the first zero crossing timing from Vmax to the right
side in Fig. 5. It should be also noted that the energy obtained from
(3) is actually for a resistance of 1 Q.

Comparing the peak electric field components on the left side
(measurement positions 1, 4, 7), center part (measurement posi-
tions 2, 5, 8) and right side (measurement positions 3, 6, 9) of Fig. 4,
Ex was found to have almost the same peak level on the left side
and right side at all heights, approximately 15 dB higher at maxi-
mum than that on the center part. Conversely, the peak level of Ey
on the center part (measurement positions 2, 5, 8) was higher than
that on the left and right sides, and the difference was 1-7 dB. For
the peak level of Ez, it was confirmed to have a difference of 1 -2
dB on the left side, center part and right side, so Ez has a relative-
ly uniform peak field strength compared to other field components.
In addition, Ex and Ez have the almost same peak level at the top
(measurement positions 1, 2, 3) and middle (measurement posi-
tions 4, 5, 6) of the measurement plane. At the bottom (measure-
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Fig. 6. Peak level distribution of pulse electric field at the measurement
plane 10 cm away from the vertical coupling plane. The ESD gun
charging voltage is 4 kV.

ment positions 7, 8, 9) of measurement plane they were found to
be about 10 dB lower compared to that at the top and middle. On
the other hand, Ey was the weakest at the middle (measurement
positions 4, 5, 6), about 15 dB lower than that at the top and bottom
of measurement plane.

When the ESD gun charging voltage was +2 kV, the distribution of
peak level of electric field was similar to the case of +4 kV. But the
peak level was about 5 dB lower at all measurement positions.
When the measurement plane was moved to 45 cm away from the
vertical coupling plane, the peak level of electric field was found
to be more than 10 dB lower than when it was 10 cm away from
the vertical coupling plane. The shape of the peak level distribu-
tion at the two measurement planes was similar, although at some
measurement positions it showed different trends. In terms of the
time duration and energy of measured ESD-generated pulse elec-
tric field, they also depend on the field component, measurement
position and distance from the vertical coupling plane. As shown
in Fig. 7, the characteristics of time duration are not exactly the
same as the peak level of electric field, but in most cases the
higher the peak level, the longer the time duration is. Moreover, in
Fig. 8, the high peak level and longtime duration of the pulse elec-
tric field generate more energy. As such, any of the parameters
has the possibility to dominate the immunity test results.

B. Immunity Test of Myoelectric Artificial Hand

From the electric field measurement results, it was confirmed that
the ESD-generated electric field under the IEC61000-4-2 test con-
ditions differs depending on the field component and measure-
ment position. So, the malfunction rate should vary at different
positions and orientations. We performed an immunity test under
the IEC61000-4-2 test conditions to confirm this perspective.

Fig. 9 shows the ESD immunity test environment. In the immunity
test, three myoelectric signals were generated using a pseudo
biological signal generator [7] and sent to three pairs of input
electrodes embedded in an arm-shaped biological- equivalent gel
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Fig. 7. Time duration distribution of pulse electric field at the measurement
plane 10 cm away from the vertical coupling plane. The ESD gun
charging voltage is 4 kV.
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Fig. 8. Energy distribution of pulse electric field at the measurement
plane 10 cm away from the vertical coupling plane. The ESD gun
charging voltage is 4 kV.

phantom. The gel phantom was 30 cm long and 6 cm thick, and was
equivalent to 2/3 times the dielectric properties of muscle [19]. On
the other hand, three pairs of sensing electrodes were attached

on the phantom surface to detect the pseudo myoelectric signals.

The detected myoelectric signals were first filtered and differen-
tially amplified and then sent to the controller by wires to drive the
artificial hand. The myoelectric artificial hand was set 10 cm away
from the vertical coupling plane according to IEC61000-4-2, and
was placed laterally or frontally facing the vertical coupling plane
as shown in Fig. 10. As summarized in Table 2, the myoelectric
artificial hand was set to open and grasp repeatedly, and each
state of opening or grasping of the hand was maintained for 5 sec-
onds. The malfunction of myoelectric artificial hand was defined
as situations where it was not possible to maintain the state of
being open or grasped for 5 seconds or to change from the open-
ing/grasping state to the grasping/opening state of the hand
smoothly. Such a malfunction is known as soft failure. The soft
failure of ESD does not cause permanent damage (hard failure) to
the devices. To increase test reliability, the myoelectric signals
were acquired from 5 subjects and stored in the pseudo signal

generator in advance. The hand movement was repeated 50 times
in total for either lateral or front orientation. The ESD immunity test
conditions were the same as in Table .

TABLE 1T
MOVEMENT OF MYOELECTRIC ARTIFICIAL HAND
Number of subjects 5
Hand movement Open and grasp
Duration in each state Ss
Total number of hand movement 50
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Fig. 9. Immunity test environment of wired myoelectric artificial hand.

Fig. 11 shows the measurement results of malfunction rate at
the three positions when the myoelectric artificial hand was
laterally facing and frontally facing the vertical coupling plane,
respectively, under the ESD gun charging voltage of +4 kV.
When the myoelectric artificial hand was placed laterally fac-
ing the vertical coupling plane, the malfunction rate was 37%,
31% and 34% from the left position to right position. When the
myoelectric artificial hand was placed frontally facing the verti-
cal coupling plane, the malfunction rate was 30%, 32% and 33%
from the left position to right position. When the ESD gun
charging voltage was changed to +2 kV, the trend of malfunc-
tion rate by positions was similar. For example, the malfunction
rate when laterally placing the myoelectric artificial hand was
10%, 7% and 9% from the left position to the right position.
Therefore, the malfunction rate varies depending on the place-
ment of the myoelectric artificial hand, but the difference from
the placement is not so large. The highest malfunction rate was
found when the myoelectric artificial hand was placed laterally
on the left side of the vertical coupling plane. It can be consid-
ered as a preferred placement of the myoelectric artificial hand
to perform the worst case test.

C. Coupling Location of ESD Noise

From the immunity test results, we confirmed that the malfunction
rate of myoelectric artificial hand varies slightly depending on the
position and orientation of placement. In this subsection, we
attempted to identify the location of ESD noise coupling into the
myoelectric artificial hand and to examine which parameter of
ESD-generated pulse is more correlated with the malfunction of
myoelectric artificial hand.
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It is not difficult to imagine that the wires between the myoelec-
tric signal detector and the motor controller is one of paths that
pick up ESD noise. To clarify this point, we attached some ferrite
cores to these wires during the immunity test. Fig. 12 shows the
measurement environment with ferrite cores attached to the
wires between the myoelectric signal detector and the motor
controller. The only difference from the immunity test in the pre-
vious subsection was the attachment of the ferrite cores. The
myoelectric artificial hand was placed in the same three posi-
tions with lateral orientation.

ESD gun coupling
plane
y N\ -
] Myoelectric
] T}

Electrode

Biological
equivalent
phantom

Lateral

Left Center Right

Fig. 10. Placement of myoelectric artificial hand.
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Fig. 11. (a) Malfunction rate when the myoelectric artificial hand is lat-
erally facing the vertical coupling plane. (b) Malfunction rate when the
myoelectric artificial hand is frontally facing the vertical coupling plane.
The ESD gun charging voltage is 4 kV.
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Fig. 12. Immunity test environment of wired myoelectric artificial hand
with ferrite core attachment.

Fig. 13 shows the measured malfunction rate to be 10%, 7% and
9% from left position to the right position. Compared to Fig. 11 (a),
which has the same test conditions except for the presence of fer-
rite cores, the malfunction rate was reduced by approximately
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Fig. 13. Malfunction rate when the myoelectric artificial hand is lateral-
ly facing the vertical coupling plane and the ferrite cores are attached or
not attached to the wires between the myoelectric signal detector and the
motor controller. The ESD gun charging voltage is +4 kV.

30% by ferrite core attachment. This result suggests that most of
the ESD noise was coupled from the wires between the myoelec-
tric signal detector and the motor controller, and the effect is so
large that it explains the main cause of malfunction.

In addition, based on the results of electric field measurement and
immunity test, we investigated which parameter of the ESD-gener-
ated pulse electric field is dominate to the malfunction rate of
myoelectric artificial hand. We calculated the correlation coeffi-
cients between the peak level, time duration, energy of ESD-gen-
erated pulse and the malfunction rate of myoelectric artificial
hand for the 9 measurement positions at the vertical measurement
plane 10 cm or 45 cm away from the vertical coupling plane. The
ESD gun charging voltages were +2 and +4 kV, respectively. As a
result, the highest correlation coefficient of 0.88 was found
between the z-directed peak electric field level Epz at the mea-
surement positions in the lower part of the measurement plane
and the malfunction rate of myoelectric artificial hand. This finding
is consistent with the fact that the ESD-generated pulse noise is
mixed into the myoelectric artificial hand through wires along the
arm phantom on the wooden table. Since Epz is parallel to the
wires, the wires may act like antennas to pick up the noise.

IV. ESD Immunity Performance Improvement By
Wireless Control

A. Wireless Myoelectric Artificial Hand

Although a myoelectric artificial hand with internal wired connec-
tions is the current mainstream, wireless connections are highly
expected for convenience. From the point of views that myoelec-
tric artificial hands support user’s daily life, high immunity perfor-
mance is essential, so removing the wires between the myoelec-
tric signal detector and the motor controller may be effective. We
therefore developed a wireless myoelectric artificial hand [16]. Fig.
14 shows a block diagram of the wireless myoelectric artificial
hand. The myoelectric signals are acquired using three pairs of
sensing electrodes. Then the acquired myoelectric signals are
converted into digital signals and modulated in an HBC based
transmitter [16][17]. The human body itself acts as a communica-
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Fig. 14. Block diagram of wireless myoelectric artificial hand.
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tion route instead of the wires, which contributes to low path loss
and high reliability. To transmit the three channels of myoelectric
signals sampled with 2 kHz and 12 bit quantization in the ADC, the
packet is configured as in Fig. 15. Before and after the payload of
36 bits (3 channels x 12 bits), four start bits and stop bits are
added respectively. The packet rate is set to 2 kHz. In order to
avoid superimposing this frequency component on the myoelectric
signals in the range below 500 Hz, a low pass filter (LPF) with 500
Hz cutoff frequency is inserted to eliminate this influence.

The modulation employs an impulse radio multi-pulse position
modulation (IR-MPPM) scheme in the 10 - 50 MHz band. It
expresses information bits by temporally arrangement of multiple
pulses. As shown in Fig. 16, we use 8 pulses to represent one digi-
tal information bit. The pulse width is 100 ns and the bit width is
800 ns. So the data rate is 1.25 Mbps. This wideband modulation
scheme is particularly resistant to ESD-type impulse noises
because it can be demodulated from other remaining pulses even
if one or two pulses are interfered. The demodulation method is
energy detection. As shown in Fig. 17, we first summarize the total
energy in the specific time intervals. Then we compare the two
energy values. If the total energy 2 is larger than the total energy
1, the corresponding digital information bit is “0”. Conversely, if the
total energy 1 is larger than the total energy 2, the corresponding
digital information bit is “1”. This demodulation method does not
require a threshold to determine the bit of “0” and “1”, and is
implemented in a field programmable gate array (FPGA) evaluation
board (Xilinx, Virtex-6).

B. Immunity Test Environment

The ESD immunity tests were performed under the same condi-
tions for the wired and wireless myoelectric artificial hand accord-
ing to IEC61000-4-2 in order to compare their malfunction rates.
Based on the previously result, the myoelectric artificial hand was
placed laterally on the left side. All circuits and equipment used
for test, such as the transceivers, the pseudo myoelectric signal
generator, and a PC for FPGA control, were driven by batteries to
reduce unnecessary common mode noise influence. Table IlI
shows the ESD immunity test conditions, and Fig. 18 shows the
outline of the immunity test for the wired and wireless myoelectric

artificial hand. A scene of the test for wireless myoelectric artifi-
cial hand is shown in Fig. 19. Although the time interval of dis-
charge was set to 0.05 s in the previous section, the one second
interval was recommended here in order to approximate a more
realistic environment. The ESD charging voltage is specified as _2,
4,6, 8 kV in the IEC61000-4-2 standard, but in this test the charging
voltage was setto _1,2, 3, 4, 6, 8 kV for being easy to compare the
trend of malfunction. The movement of the myoelectric artificial
hand is the same as in Table Il, and the definition of malfunction is
also the same as in the previous section.
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Fig. 17. Energy detection demodulation.

TABLE III
ESD IMMUNITY TEST CONDITIONS FOR WIRELESS MYOELECTRIC
ARTIFICIAL HAND
Discharge method Contact discharge
Charging voltage +1,2,3,4,6,8kV
Coupling plane Vertical plane
Time interval of discharge Is
Number of discharge 50

C. ESD Immunity Test Results

Fig. 20 shows the malfunction rate as a function of ESD gun charg-
ing voltage. As can be seen, the malfunction rate increased as the
charging voltage increased for both wired and wireless myoelec-
tric artificial hand. It should be noted that the malfunction rate
was lower than that shown in Fig. 13 at the same =4 kV charging
voltage because the time interval of discharge was increased
from 0.05 s to one second. When the ESD charging voltage was 8
kV, the malfunction rate for wired control was approximately 35%,
but it was reduced to approximately 15% for wireless control, con-
firming that the malfunction rate was improved by 20%. From the
test results, it was confirmed that there are two types of malfunc-
tions of myoelectric artificial hand. One is when the operation is
performed by mistake. This is because the myoelectric signal is
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coupled with ESD noise and the myoelectric artificial hand recog-
nizes the wrong signal. The other is a malfunction which stops for
a moment during operation. This may be because the PWM signal
which controls the myoelectric artificial hand is directly affected
by the noise coupled into the controller circuit. The former mal-
function was confirmed especially in the wired control case, and it
was thought that the ESD noise was superimposed through the
wires between the myoelectric signal detector and the motor con-
troller. That is the reason why the malfunction rate of wired con-
trol was high. On the other hand, by adopting the wideband IR-
MPPM modulation scheme which is especially resistant to
impulse noise and an energy detection method which compares
the energy of multiple pulses, the possibility of bit errors occurring
in wireless control was significantly reduced. This is considered to
be the major factor which improved the malfunction rate by 20%
compared to wired control.

V. Conclusion

In this study, focusing on a myoelectric artificial hand as a wearable
robot, we have performed ESD immunity tests based on the
IEC61000-4-2 standard and clarified the mechanism of malfunction
against ESD noise. From the results of electric field measurement
and immunity test, we have analyzed the correlation between the
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Fig. 19. A scene of ESD immunity test of wireless myoelectric artificial hand.
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peak level, time duration, energy of ESD-generated pulse electric
field and the malfunction rate of the myoelectric artificial hand. It
has been clarified that the peak electric field level has the highest
correlation with malfunction. In addition, it has been confirmed that
the ESD noise is coupled into the wires between the myoelectric
signal detector and the motor controller, and replacing the wires
with an HBC-based wireless transceiver has shown a higher immu-
nity level for ESD-type impulse noise. This is because the wires pick
up noise and the wireless transceiver with a wideband modulation
scheme is strong against the ESD-type impulse noise. As a result,
the malfunction rate of myoelectric artificial hand with wireless con-
trol has been improved by 20% compared to wired control.

The future subject is to establish a standard immunity test method
for various increasing wearable robots. Based on some documents
[6] submitted to a working group of the International Electrotechni-
cal Commission (IEC) International Special Committee on Radio
Interference (CISPR), a discussion on methods to test the immunity
of a wearable robotic equipment has been initialized, and the IEC
Advisory Committee on Electromagnetic Compatibility is advising the
Technical Committee TC62/SC62D in charge of medical electronic
devices to investigate the possible immunity methods.
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