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Abstract—A 64-channel surface electromyogram (EMG)
measurement sheet (SEMS) with 2 V organic transistors on a
1 m-thick ultra-flexible polyethylene naphthalate (PEN) film
is developed for prosthetic hand control. The surface EMG
electrodes must satisfy the following three requirements; high
mechanical flexibility, high electrode density and high signal in-
tegrity. To achieve high electrode density and high signal integrity,
a distributed and shared amplifier (DSA) architecture is proposed,
which enables an in-situ amplification of the myoelectric signal
with a fourfold increase in EMG electrode density. In addition, a
post-fabrication select-and-connect (SAC) method is proposed to
cope with the large mismatch of organic transistors. The proposed
SAC method reduces the area and the power overhead by 96%
and 98.2%, respectively, compared with the use of conventional
parallel transistors to reduce the transistor mismatch by a factor
of 10.

Index Terms—Electromyogram, organic large-area electronics,
surface EMG measurement.

I. INTRODUCTION

S URFACE electromyogram (EMG), which measures a
voltage waveform produced by skeletal muscles on a

skin, is an important tool for applications detecting the human
will of motion, such as for prosthetic hands [1]–[3]. In this
paper, electrodes for measuring surface EMG are focused on,
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Fig. 1. Prosthetic hand control system with surface EMG.

as shown in Fig. 1. In the application to a prosthetic hand, the
electrodes must satisfy the following three requirements to
achieve reliable and precise hand control.
1) High Mechanical Flexibility: The EMG electrodes are

placed on the skin and if the electrodes are rigid, measurement
over a long time period is annoying. Thus, the electrodes should
be mechanically flexible.
2) High Electrode Density: Amultipoint EMGmeasurement

is required to precisely control the hand [4], [5].
3) High Signal Integrity: As shown in Fig. 1, the EMG sig-

nals on the electrodes are obtained through wires. These wires
are sensitive to cable motion artifacts [6]. The number of the
wires between the electrodes and the front-end circuits increases
with increasing number of measurement points, which degrades
signal integrity of EMG. Signal integrity should be taken into
account, since the voltage of the measured surface EMG is sig-
nificantly small, typically ranges from tens of micro-volt ampli-
tude to several milli-volt amplitude [7], [8].
It is difficult for the conventional passive electrodes [4], [5],

[8]–[10] and active electrodes [11] to satisfy all of these require-
ments. Thus, a surface EMG measurement sheet (SEMS), on
which an EMG electrode array and a front-end amplifier array
with 2 V organic transistors are integrated on a 1 m-thick
ultra-flexible film, is developed in this paper to address these
challenges. The front-end amplifiers in the proposed SEMS can
reduce the output impedance and increase the S/N ratio, which
improves the signal integrity.
The design challenges of organic circuits for the amplifier

array are as follows: 1) the decrease in the electrode density due
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Fig. 2. Developed 64 channel surface electromyogram measurement sheet (SEMS).

to the large area of the amplifier, and 2) the mismatch of ampli-
fiers due to the large mismatch of organic transistors. To solve
these problems, we propose 1) a distributed and shared amplifier
(DSA) architecture for the in-situ amplification of the myoelec-
tric signal with a fourfold increase in EMG electrode density,
and 2) a post-fabrication select-and-connect (SAC) method that
reduces the area and power overhead by 96% and 98.2%, re-
spectively, compared with the use of conventional parallel tran-
sistors to reduce the transistor mismatch by 1/10 times. Both the
DSA architecture and the SAC method will be essential in the
large-scale-array measurement of biomedical signals with flex-
ible and printed electronics.
The feasibility of SEMS has been demonstrated in [12]. The

major contributions of this paper beyond the preliminary work
are as follows: 1) The gain of amplifiers with a pMOS-only
inverter is analytically evaluated, and 2) Two types of the SAC
method are proposed and compared in terms of the area and
power overhead.
This paper is organized as follows. Section II describes the

details of the developed SEMS and DSA. The proposed SAC
method is explained in Section III. Section IV shows measure-
ment results of the organic amplifier implemented SEMS and
measured waveforms of the surface EMG obtained by SEMS.
Finally, Section V concludes this paper.

II. SURFACE ELECTROMYOGRAM MEASUREMENT SHEET

A. Overview

Fig. 2 shows a photograph of the developed 45 40 mm
64-channel surface EMG measurement sheet (SEMS). In
SEMS, an 8 8 EMG electrode array sheet and an 8 2
front-end amplifier array sheet with 2 V organic transistors
are stacked. These organic transistors are fabricated on a 1
m-thick polyethylene naphthalate (PEN) film, which enables
ultra-flexibility as shown in Fig. 3.
We use 2 V organic pMOS transistors with the organic semi-

conductor of DNTT [13] and the gate dielectric of a self aligned
monolayer (SAM) technology [14], as shown in Fig. 4, which
requires a pMOS-only circuit design. SAM technology enables
a total gate oxide thickness of 6 nm and 2 V operation, and

Fig. 3. Photograph of ultra-flexible SEMS, which is fabricated on 1 m-thick
PEN film with 2 V organic transistors.

Fig. 4. Device structure of 2 V organic pMOS transistor.

DNTT is stable material with a high mobility of 1.0 cm /Vs
[15]. The minimum gate length is 20 m. The minimum gate
length is determined by the metal mask resolution [16]. The
details about the organic transistors fabricated on the ultra-thin
PEN film have been described in [17]. The mechanical stability
of the transistors has been also demonstrated in [17].
Table I compares SEMS with the conventional EMG elec-

trodes. The passive electrodes can be implemented on flexible
substrates [4], [5], [8]–[10], which enables high mechanical
flexibility and high electrode density, since they only include
electrodes and do not include any active devices, such as
amplifiers. The previous works about the EMG electrodes
for the prosthetic hand control [4], [5] have reported that the
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TABLE I
COMPARISON BETWEEN CONVENTIONAL ELECTRODES AND SEMS

electrode pitch of from 5 to 7 mm and the electrode density of
from 64 channels per 31 cm to 130 channels per 27 cm are
used to achieve precise control. However, signal integrity of
the passive electrode is low, because amplifiers are not located
near electrodes. In the active electrodes [11], on the other hand,
amplifiers are located near electrodes, and hence high signal
integrity can be achieved. However, the amplifiers are rigid
and large, which makes mechanical flexibility and electrode
density low. Although the flexible active electrodes have been
demonstrated in [18], the electrodes are not arrayed and the
gain of the amplifier of the active electrodes is small.
Therefore, it is difficult for the conventional passive and ac-

tive electrodes to satisfy all the three requirements of electrodes
for the prosthetic hand control; high mechanical flexibility, high
electrode density, and high signal integrity. In contrast, both the
surface EMG electrodes and organic amplifiers are fabricated
on the 1 m-thick PEN film in the proposed SEMS, which en-
ables ultra-flexible electrodes with high electrode density and
signal integrity as shown in Table I.

B. Distributed and Shared Amplifier (DSA) Architecture

One of the design issues of organic circuits is the increase
in electrode density due to the large area of the organic ampli-
fier, which will be explained in Section II.C. To address this
issue, distributed and shared amplifier (DSA) architecture for
the in-situ amplification of the myoelectric signal is proposed.
Fig. 5 shows the circuit schematic of SEMS to which the pro-

posed DSA is applied. In SEMS with DSA, one amplifier is
shared with four EMG electrodes, which increases the electrode
density fourfold. In addition, the EMG electrode array and the
amplifier array are fabricated on separate sheets and the sheets
are stacked [19] to further increase the electrode density.
In Block00, one of the four EMG electrodes is selected

by local word line (LWL) signals LWL0 to LWL3, and the
source-followered signal is amplified by the amplifier. Then,
the two outputs of the amplifiers are selected by global word
line (GWL) signals GWL0 and GWL1. Although eight columns
(LWL0–LWL7) are implemented in the developed SEMS as
shown in Fig. 5, the columns of SEMS can be easily expanded
by adding GWL signals.
With the proposed DSA architecture, the electrode pitch of

5 mm and the electrode density of 64 channels per 18 cm
are achieved. It corresponds to 3.6 channels/cm and is compa-
rable with that of the conventional passive electrodes as listed
in Table I.

Fig. 5. Circuit schematic of SEMS with proposed distributed and shared
amplifier (DSA) architecture.

C. Inverter-Based Amplifier Design

As described in Section II.A, we use organic pMOS process,
which requires a pMOS-only circuit design. Therefore, an am-
plifier based on a pMOS-only inverter is investigated in this
section.
In pMOS-only circuit design, it is difficult to increase the

gain of an amplifier. An amplifier based on a pseudo-CMOS
inverter [19], [20] shown in Fig. 6(a) achieves a high gain [19],
although it requires a negative voltage [ in Fig. 6(a)]. There-
fore, in this work, a pMOS-only amplifier with an AC-coupled
load based on [21] is used, which does not require a negative
voltage. Fig. 6(b) shows a circuit schematic of the pMOS-only
amplifier with the AC-coupled load. For comparison, a conven-
tional diode load is also shown. In Fig. 6, is required to de-
termine the bias voltage of the input signal of the inverter-based
amplifier.
In this section, the frequency dependences of the gains of

the pMOS-only amplifiers with the diode load and AC-coupled
load analytically are evaluated. In this evaluation, the gain of the
inverter is discussed when an AC signal is input to the pMOS-
only inverter as shown in the inset of Fig. 7. For simplicity,
any parasitic resistances and capacitances of the transistors are
ignored.

denotes the gain of the pMOS-only amplifier with the
diode load and is given by

(1)

where and are the transconductance and output
conductance of transistor M1(M2), respectively.
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Fig. 6. Circuit schematic of amplifier with 2 V organic pMOS. (a) Ampli-
fier based on pseudo-CMOS inverter [19]. (b) Amplifier based on pMOS-only
inverter.

Fig. 7. Gain dependence on frequency of pMOS-only amplifiers.

Typically, is much larger than and . Thus,
is approximated as

(2)

This equation indicates that the gain of the pMOS-only amplifier
with the diode load is small.
In contrast, the gain of the amplifier with the AC-coupled load
is expressed as

(3)

The frequency dependence of is shown in Fig. 6. can be
approximated as

(4)

where and are lower and higher cutoff frequencies, respec-
tively, and they are expressed as

(5)

(6)

Equation (4) indicates that the gain of the amplifier with the
AC-coupled load is much larger than that with the diode
load (shown in (2)), since and are typically smaller
than .
One of disadvantages of the amplifier with the AC-coupled

load is that the pseudo-CMOS inverter has a constant gain,
whereas the gain of the amplifier with the AC-coupled load
decreases in the low frequency region as shown in Fig. 7.
Since the lower cutoff frequency is inversely proportional
to as indicated in (5), must be determined such
that satisfies the frequency band required for the surface
EMG, which is typically 10-to-500 Hz [7]. In addition,
in Fig. 6 also determines the lower cutoff frequency. In this
paper, and are 47 nF, and and are implemented
by always-off (i.e., the gate voltage is always tied to )
transistors. and are typically larger than 100M , and the
influence of resistance variations in and is small because
large enough capacitances and of 47 nF are used. The
measurement results of the amplifier with AC-coupled load
will be shown in Section IV.

III. SELECT-AND-CONNECT METHOD TO REDUCE MISMATCH

A. Overview

Fig. 8 shows the measured - characteristics of 11 or-
ganic pMOS transistors. As shown in this figure, variations of
characteristics of organic transistors are large. Therefore, one of
the design challenges of organic circuits for the amplifier array
is the mismatch of amplifiers due to such large mismatch of or-
ganic transistors.
In order to reduce such largemismatch, parallel transistors are

conventionally used. However, the area and power overhead in
the conventional parallel transistors are large. In this paper, a
post-fabrication select-and-connect (SAC) method that reduces
the transistor mismatch with small area and power overhead is
proposed. Fig. 9 explains the proposed SAC method. The SAC
method is divided into the following three steps.
First (step 1), the I-V characteristics (e.g., threshold voltage

andON-current ) of each transistor aremeasured. 2Nmea-
surements are required when the number of parallel transistors
is N.
Then (step 2), and transistors are selected from the left

and right groups, respectively, as shown in Fig. 9(c), on the basis
of the results of calculation to minimize the target mismatch.
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Fig. 8. Measured - characteristics of 11 organic pMOS transistors.

Fig. 9. Conventional and proposed transistor mismatch reduction techniques.
Post-fabrication select-and-connect (SAC) method is proposed. (a) Single
transistor. (b) Parallel transistors. (c) Proposed select-and-connect (SAC)
method.

In this paper, two types of the transistor selection methods are
considered; SAC-1 and SAC-2. In SAC-1, and are fixed
to a certain value . is chosen
independently of N. In SAC-2, and are equal to or less
than . The numbers of combination of SAC-1
and SAC-2 are listed in Table II.
Finally (step 3), the selected transistors are con-

nected by inkjet-printed interconnects. Fig. 10 shows a photo-
graph of inkjet-printed interconnects when N is 4 and is 2.
In this work, the width of interconnects is 10 m. In [22], it has
been demonstrated that the minimum line and space of inkjet-
printed interconnects is 1 m. In contrast, the width of metal
wire lines in SEMS is several hundreds of micrometers. There-
fore, it is feasible to print interconnects by the inkjet printer.

TABLE II
COMPARISON BETWEEN CONVENTIONAL PARALLEL TRANSISTORS AND

PROPOSED SAC

Fig. 10. Photograph of inkjet-printed interconnects used in proposed SAC
method when N is 4 and N1 is 2.

Although the proposed SAC is too costly and hence it is imprac-
tical in the silicon VLSI technology, the SAC takes advantage
of the printed/printable electronics.
Table II summarizes the comparison between the conven-

tional N parallel transistors and the proposed SAC method in
terms of the number of combinations, area, power, and mis-
match. In the SAC method, the mismatch and power are less
than -fold and N-fold, respectively, at the cost of an N-fold
area increase. The details about the mismatch reduction and the
area and power overhead will be discussed in Section III.B.

B. Simulation Results

In this work, the target mismatch is . It should be noted
that the proposed SAC is also applicable to the mismatch re-
duction of other characteristics, such as threshold voltage. On
the basis of the measured and mismatch
is simulated by Monte-Carlo simulations assuming that is
normally distributed, and the conventional parallel transistors
(Fig. 9(b)) and the proposed SAC (Fig. 9(c)) are compared. It
should be noted that SAC can reduce any random variations,
which cause mismatch, and does not depend on their distribu-
tions. The number of trials of the Monte-Carlo simulations is
one million.
Fig. 11 shows the simulated N dependence of mismatch.

The mismatch of the parallel transistors is proportional to
according to Pelgrom's law. In contrast, the mis-

match of the proposed SAC is much smaller than that of the con-
ventional parallel transistors and SAC-2 is always better than
SAC-1 in terms of the mismatch reduction at the identical N.
The number of combinations of SAC-2 is, however, larger than
that of SAC-1 as listed in Table II, which means the cost to find
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Fig. 11. Simulated N dependence of mismatch.

Fig. 12. Simulated N dependence of average .

the optimum combination in SAC-2 is larger compared with
SAC-1.
Fig. 12 shows the N dependence of ( average

power). of the conventional parallel transistors is pro-
portional to N. In SAC-1, the number of selected transistors is
fixed to regardless of N, and hence does not depend
on N. In SAC-2, on the other hand, rises as N increases
because the number of selected transistors in SAC-2 is less than
or equal to N. In both SAC-1 and SAC-2 the mismatch and
power can be reduced compared with the conventional parallel
transistors at the same N (= area).
Finally, SAC-1 and SAC-2 are compared in Fig. 13 in terms

of the area and power. In this figure, the case where the mis-
match is reduced by a factor of 10 is considered. In the con-
ventional parallel transistors, is required, because the
mismatch of the parallel transistors is proportional to .
Consequently, 100-fold power ( is required. In con-
trast, N is just 4 in SAC-2, which corresponds to 96% and 98.2%

Fig. 13. Proposed SAC-1 and SAC-2methods are compared with conventional
parallel transistors in terms of area and power to reduce mismatch by 1/10 times.

Fig. 14. Simulated dependence of mismatch on correlation coefficient
in conventional parallel transistors and proposed SAC method when is
normally distributed with correlations. Number of parallel transistors (N) is 4.

reductions in the area and power overhead, respectively, com-
pared with those of the parallel transistors. If the area is not a pri-
mary concern, SAC-1 ( and ) can further reduce
the power by 44% at the cost of 25% area increase compared
with SAC-1. This means that the SAC-1 method achieves the
1/10 times reduction in the mismatch with the smallest power
overhead and the SAC-2 method achieves it with the smallest
area overhead. Therefore, which method is better differs case by
case. In both cases, the area and power are much smaller than
those of the conventional parallel transistors. The measurement
cost of SAC is one of the problems. However, N is just 4, which
means only 8 measurements need to be taken, to reduce the mis-
match by a factor of 10. Therefore, the measurement cost is not
large.
In the abovementioned discussion, it is assumed that is

normally distributed without correlations. Finally, we investi-
gate the case when is normally distributed with correla-
tions. Fig. 14 shows the simulated dependence of mis-
match on the correlation coefficient in the conventional par-
allel transistors and the proposed SAC-2 method when N is 4.
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Fig. 15. Photograph of pMOS-only amplifier with AC-coupled load. Circuit
schematic is shown in Fig. 6(b).

Fig. 16. Measured frequency dependence of gain of amplifiers with different
loads.

Even if is distributed with correlations, SAC-2 is still ef-
fective, and can reduce mismatch by 92% compared with
the conventional parallel transistors, regardless of the correla-
tion coefficient.

IV. MEASUREMENT RESULTS

The photograph of the pMOS-only amplifier with the
AC-coupled load used in this work is shown in Fig. 15. The size
of the amplifier is 20 mm 5 mm. and are implemented
by MIM capacitors, whose capacitance is 700 nF/cm [19], and
and are implemented by always-off transistors.
Fig. 16 shows a measured frequency dependence of the gain

of the amplifiers when the supply voltage is 2 V. The gain of
the amplifier with the AC-coupled load is much higher than that
with the diode load, which agrees the analytical evaluation de-
scribed in Section II.C. The power consumption of the ampli-
fiers with the AC-coupled load is 30 W. The target specifica-
tions of the amplifier are “gain at 100 Hz dB” and “gain at
500 Hz dB”, because the typical amplitude and frequency
band of the surface EMG are from tens of micro-volt to several
milli-volt and from 10 Hz to 500 Hz, respectively. In Fig. 16, the
measured gains at 100 Hz and 500 Hz are 21 dB and 10 dB, re-
spectively, which satisfy the target specification. The measured
unity gain frequency is 2 kHz. In Fig. 16, The gain of the ampli-
fier with the diode load is less than 0 dB, because is smaller
than in (2).
Fig. 17 shows the measurement setup and measured wave-

forms of the surface EMG with the organic amplifier. In this
measurement, two electrodes are used. Wires are connected to
the organic amplifier using a conductive epoxy. The maximum

Fig. 17. Measurement setup and measured raw waveforms with organic
amplifier.

Fig. 18. Power spectrum of measured waveforms shown in Fig. 17. (a) Open
hand. (b) Closed hand.

amplitude and the frequency of the waveforms with closed hand
are 35mV and 100Hz, respectively. Fig. 18 illustrates the power
spectrum of the measured waveforms shown in Fig. 17. When
the hand is open (Fig. 18(a)), only harmonics of 50 Hz are ob-
served, whereas signals between 50–150 Hz are observed when
the hand is closed (Fig. 18(b)). From the shape of the power
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Fig. 19. Band-pass filtered waveforms of the raw data shown in Fig. 17. Cutoff
frequencies are 20 and 500 Hz. (a) Open hand. (b) Closed hand.

TABLE III
KEY FEATURES AND PERFORMANCE SUMMARY

spectrum, these signals are considered as the surface EMG and
the signals below 50 Hz may be caused by motion artifacts. This
means the difference between the waveforms with open hand
and closed hands is clearly observed. Fig. 19 shows the wave-
forms that are band-pass filtered with the cutoff frequencies of
20 and 500 Hz [7], [23]. In this paper, it is assumed that such
filtering is performed in signal processing in Fig. 1.
Table III summarizes key features.

V. CONCLUSION

In this paper, a 64-channel surface electromyogram (EMG)
measurement sheet (SEMS) were developed for prosthetic hand
control. For reliable and precise hand control, the following
three requirements must be satisfied for the surface EMG elec-
trodes; high mechanical flexibility, high electrode density and
high signal integrity. The developed SEMS was fabricated on
1 m-thick ultra-flexible PEN film with 2 V organic transis-
tors and the distributed and shared amplifier (DSA) architec-
ture was applied for the in-situ amplification of the myoelec-
tric signal, which enables ultra-flexibility, high electrode density
and high signal integrity. Furthermore, we have to deal with the
large mismatch of organic transistors. To address this challenge,
the post-fabrication select-and-connect (SAC) method was pro-
posed in this paper. To reduce the transistor mismatch by a
factor of 10, the proposed SAC method can reduce the area and
the power overhead by 96% and 98.2%, respectively, compared
with the use of conventional parallel transistors.
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