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portable and safer as it is not powered by the mains. The developed
device was rated to achieve a common-mode rejection ratio (CMRR) of
over 90 DB with a high input impedance of 20 GQ which is comparable
to the commercial device. In addition, test results also showed that the
baseline noise amplitude was similar with or without the right-leg drive.
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INTRODUCTION

The electromyogram (EMG) is a biological electric signal that manifests around the muscle
when a contraction is performed. Muscle contraction continues if the EMG exists around
the muscle. Since the EMG signal directly relates to body movement, the EMG signals can
be harvested with electrodes, and the corresponding signals can be used by a machine to
replicate the n motion (Yung & Wells, 2013).

While the EMG is widely applied in healthcare for diagnosing neuro-muscular conditions
(Park et al., 2012) and designing prosthetic equipment (Hargrove et al., 2013), it is also
accepted as a viable alternative to machine control interfaces. Owing to its advantages,
EMG has been studied as the control signal for variants of machine interface, including
human-computer interface (HCI), human-machine interaction (HMI) and human-robot
interface (HRI).

EMG-based techniques are capable of accurately distinguishing natural human motion such
as subtle finger movements and wrist motions by directly sensing and decoding muscular
activity (Zhang et al., 2018). Since these signals are produced just before limb movement;
therefore, they can be used to predict human motion intent and offer a higher degree of
safety than physical signals (Artemiadis, 2012). In addition, EMG signals also carry
information about the state of the body, such as muscle contraction level, stiffness,
fatigue, and contraction speed, and can provide multiple observation indices for human-
robot interaction (Rechy-Ramirez & Hu, 2015). Due to these properties, various EMG
devices have found applications in portable/wearable equipment fitted closely to the
human body and also for interaction and auxiliary control of remote systems (Ajoudani et
al., 2012).

OVERVIEW OF EMG ACQUISITION

The harvesting of EMG signals begins at the skin level. Typically, electrochemical
electrodes are used to couple the electric potentials on the skin to copper wires that
connect to the signal conditioning and amplification stage.

When the electrode is connected to the skin, the cell circuit is complete allowing the current
to flow into the amplification stage. A bipotential setup, as shown in Figure 1 provides the
basis of modern bio-signal amplifiers (Northrop, 2001). The differential amplifier (DA)
rejects the common-mode voltages while amplifying the EMG signal amplified. The
resulting output signal is defined as Vo = Vi-Vi'.

In some designs, the right-leg drive (RLD) feedback loop is used instead. This addition
further improves the CMRR, but also presents some stability issues (Alnasser, 2014). The
impedance on the skin-electrode interface, Zsin and the electrode-amplifier stage,
Zelectrode should match to eliminate the common mode voltage (Jones, 2015). The DA
with an input buffer stage allows impedance matching and forms an instrumentation
amplifier, which is more commonly used in EMG circuits.

The following filter stage is responsible for removing unwanted signals at the extreme ends
of the frequency spectrum. The offending noises usually are low-frequency movement
artefacts, high-frequency electromagnetic radiation (EMI) and 50/60 Hz power line
interference (PLI). Filtering is usually done with a bandpass filter of 10 -1000 Hz, and a
50/60 Hz notch filter. Filtering can be done with hardware (Wang et al., 2013) and software
(Malboubi et al., 2010).

A wide range of EMG acquisition equipment from various manufacturers is commercially
available in specifications to suit medical (Noraxon, Delsys) or consumer (Myo)
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applications. Nevertheless, customized designs are continuously introduced in recent
works as the commercialized devices may not be accessible or unsuitable for the works.
Benatti et al. (2015), Tomasini et al. (2016) and Meattini et al. (2018) introduced an ARM-
based embedded amplifier aimed at a high-performance portable EMG amplifier to the
consumer-grade Myo. Their design incorporated a real-time SVM classifier which Myo
lacks. (2008) proposed the design of a low-cost single amplifier with an SVM classifier that
is efficient and can train in 30 s. Yoo et al. (2019) developed an Arduino-based cost-
effective six-channel amplifier that provided output quality comparable to commercial
systems. Avila et al. (2020) proposed a higher-density 16-channel amplifier with built-in
electrodes already configured to SENIAM recommendations.
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Figure 1. Equivalent circuit of the electrode in bipotential mode when

connected to the skin and amplification stage (Source: Northrop, 2001)

PROBLEM STATEMENT AND OBJECTIVE

Commercial-grade EMG amplifiers are expensive and generally beyond the means of the
independent researcher. For instance, full-featured multi-channel systems from Noraxon
can cost RM10,000 upwards while single-channel amplifiers (e.g., Motion Labs Z03) can
cost above RM1000 per channel. On the other hand, low-cost systems from various
manufacturers such as Myoware and Groove cost between RM100 - RM300. However,
these classes of system typically provide only integrated (amplitude level) outputs, which
are more suited for basic machine control and may be unsuitable for temporal and
frequency-based EMG analysis. On the other end of the spectrum, the basic components
of the EMG amplifier are commonly available. Today, instrumentation amplifiers,
operational amplifiers and high-precision discreet components can be purchased at a
reasonable price, thus the EMG amplifier can be built and customized at a desired cost.
However, custom-made EMG amplifiers normally suffer from low performance, particularly
in the common-mode rejection ratio (CMRR), which is caused by the differential input
impedance mismatch, inadequate shielding, filtering, or signal oscillation due to circuit
instability.

In this work, the focus is on improving the CMRR by introducing a front-end filter to the
common EMG amplifier design. The objective of this work is to propose a design which is
low-cost while being able to provide an acceptable CMRR of above 90 dB. Apart from the
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circuit design, validation also includes baseline measurement with or without the right-leg
drive, and simulation and measurement of the input impedance and CMRR.

METHODOLOGY

The research process is divided into the circuit design, followed by the RLD test, input
impedance simulation and CMRR measurement. The proposed design is then benchmarked
against a commercial-grade EMG amplifier (Motionlabs Z03).

CIRCUIT DESIGN
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Figure 2. Schematics of EMG amplifier built with an instrumentation amplifier

The proposed EMG amplifier is shown in Figure 2. The EMG amplifier is built with the
INA121P (IC1) instrumentation amplifier as the main unit. The inputs Vi,1 and Vin; provide
the inverting and non-inverting differential input. This is followed by two second-order
Sallen-Key active filters with op-amps, IC3A (high-pass filter) and IC3B (low-pass filter).
Another op-amp, IC4A which is configured in non-inverting mode provides an additional
adjustable gain.

The corner frequency, passband gain and Q factor of the second-order Sallen-Key filters
are given in (1), (2) and (3) respectively. Based on the resistor and capacitor values in
the schematics, the corner frequency, passband gain and Q factor for the filter stage are
computed in Table 1. Since the energy spectrum of the EMG signal is between 20 to 500
Hz, the bandpass region of the design is adequate. The gain value was set as such to
obtain a Q factor between 0.7 to 1.0 to achieve the steepest roll-off possible. Keeping a

higher Q factor in conjunction with a gain greater than one can also reduce circuit noise
(Steffes, 2012).
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Table 1. Filter design parameters of the bandpass filter

HPF LPF
Corner frequency, fc 18.97Hz 709Hz
Passband gain, K 1.625 1.625
Q factor, Q 0.727 0.727

INPUT FILTER CONSIDERATION

In a biopotential recording, the main obstacle towards clean signals is the common-mode
(CM) signal. Acquisition circuits will have to extract in the region of millivolts (ECG, EMG)
and microvolts (EEG) from a CM signal of up to 1 V. There are many advanced methods
to achieve a good signal-to-noise (SNR) ratio. Measurement systems that offer good SNR
are due to the many filtering stages and adaptive correction (Staudenmann et al., 2006,
Kim et al., 2011), and even customised signal processing devices. Other research
optimized the performance of the fundamental circuit by improving the composition of
basic components (Spinelli et al., 2003, Wang, 2013).

The heart of the biopotential amplifier is the instrumentation amplifier (INA) is a proven
effective device for the job. It operates by a differential principle across two points, P; and
P, giving (4)

Vour = K(Vinl - Vinz)- (4)

The difference at the input is here amplified by a gain of K. In reality, the input signal, Vi,
is defined as a collection of the EMG signal, Vewec and the CM signal, Vem and interference
from RF sources, Vgr and other biopotential signals within the body, V. This
understanding gives (5).

Vin = {VEMGr Vems Vees Vbios Vdc}- (5)

The scope of this research does not include Vgzr and V5. Consider the major interferences
as Vewm and Vg, which gives (6).

6
Vout = K[(Veme1tVemr + Vaer) — (Veme2tVemz + Vacz)] ©)

However, in reality, Vem and Vo measured at P; and P, are rarely identical. The phase and
amplitude of Vew can vary slightly across different points of the body due to skin
impedance. Vpc, on the other hand, is dependent on the electrode contact pressure and
variance of the half-cell electrolyte itself. Therefore, some baseline noise is always present
at the output since the input signals Vi,; and Vin> were never identical in the first place.
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INPUT FILTER EVALUATION

Next, the three simple input filters are considered. Figure 3 (a) shows the EMG amplifier
connected directly to the electrode. With no filter, the output Vo is prone to error due to
DC offset. Figure 3 (b) is a simple filter, but the CMRR depends on the component
tolerance, and CMRR can degrade due to the potential voltage divider (Huhta & Webster,
1973).

Figure 3 (c) is a design by Spinelli (2003). This design has a high CMRR but still requires
the RLD. An improved design in Figure 3 (d) proposed by Wang (2013) does not require
the RLD. This procedure aims to determine the Vgzp vs AV, of the INA with the filters in
place, as against unfiltered results from Figure 3.8(a). The procedure was performed by
repeating the procedures with the filters in Figure 3.8 in place. All filters were set up to
have a corner frequency of 0.156Hz.

The practical application of the four circuit designs was tested with actual muscle
contraction. Two Ag-Cl electrodes, E1 and E2 were placed over the flexor digitorum
superficialis muscle (FDS) and a third electrode, E3 was switched between the direct
grounding and the RLD circuit, as shown in Figure 4. The electrodes were connected to the
instrumentation amplifier with a shielded cable of 1.5m in length.

Readings were taken from the INA output, Vou:, the common-mode voltage tapped from
the gain resistors output, Vs and the RLD output, Vrip. When the subject flexed the
forearm, the FDS muscle output was acquired. The output of Vou: was recorded, and the
EMG signal versus baseline noise was compared across the different filters and not using
the filter at all. The procedure is repeated for all the designs in Figure 3. All filters were
configured to have the same roll-off frequency. With C = 1 mF and R = 10MOhm, the roll-
off frequency is 0.156 Hz.
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Figure 3. Input filter under test for DC rejection. (a) Direct input coupling,
(b) standard RC filter, (c) design by Wang (2013) and (d) design by Spinelli (2003)

118


about:blank

Journal of Social Sciences and Technical Education, 4(1), 113-126
http://myjms.mohe.gov.my/index.php/jossted

U3 OPA2134
RS 390k

R4 390k

Figure 4. General Setup for measuring default DC offset. Vinl and Vin2 were connected to a DC
voltage supply and varied between -0.25 V to 0.25 V. The grounding can be grounded or switched
to RLD.

INPUT IMPEDANCE, CMRR SIMULATION AND COMPARISON TO COMMERCIAL DEVICE

In differential amplifier design, a high input impedance and common-mode rejection ratio
(CMRR) are important to ensure the signal is amplified correctly. The input impedance
must be high to prevent signal attenuation and distortion. Modern instrumentation
amplifiers have input impedance in the MQ to GQrange TINA SPICE. The CMRR is defined
as the logarithmic ratio of the differential gain, Asn» to the common mode gain Aqn given
as (7).

CMRR = 2010g10A"”" (7
Acm

As a validation measure, the performance of the amplifier was compared to a commercial
unit Motion Labs Z03 EMG Preamplifier. During the time of testing, the unit was in use for
muscle load analysis (Burhan et al., 2017). To measure the CMRR, a 0.01 V, 50 Hz sin
wave signal was connected to the input of the amplifier. In differential mode, one input
was connected to the source while the other was grounded. In common mode, both inputs
were connected to the source.

RESULTS AND DISCUSSION

Figure 5 shows the sample amplified output of the results of the various filter designs in
this study. The absence of the input filter in Figure 5(a) shows a DC offset of -0.35 V. In
addition, the application of the RLD feedback circuit resulted in a high-frequency oscillation
which distorted the baseline signal. In Figure 5(b), the RC filter provided a better CMRR
for both direct grounding and the RLD method, with the RLD providing only marginally
better performance. In Figure 5(c), the filter design by Wang et al. (2013) shows an
improvement in floor noise level compared to the RC filter. The result of using the design
by Spinelli et al. (2013) is shown in Figure 5(d), where it must be used with the RLD. A
summary of the noise levels is provided in Table 2. The direct grounding data of Spinelli’s
design is not available as it can only work reliably with the RLD. As a result, the design by
Wang (2013) was selected because it provided the lowest baseline noise and did not
require the RLD circuit.
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Fig. 5: Comparison of (a) direct input coupling, (b) RC filter, (c) design by Wang (2013) and (d)
Spinelli (2013) without input filter for (top) direct ground method and (bottom) RLD

Table 2: Summary of the output signal of the compared filters
Filter type Vpp (V) Vavg(V) Vims(V)
GND RLD GND RLD GND RLD
No filter 0.016 0.05 -0.35 -0.35 0.3202 0.3417

RC 0.022 0.022 0.001 0.001 0.64 0.065
Wang 0.01 0.01 0.001 0.001 0.031 0.033
Spinelli N/A 0.01 0.001 0.001 N/A 0.031

Apart from direct input coupling shown in Figure 5(a), the baseline noise amplitude is
similar between the RLD method and direct grounding. As for the case of the filter design
of Wang et al. (2013), the result obtained in this study is consistent with their study.

To eliminate DC offset, front-end input filters can be used. The application of these filters
can effectively reject DC offset and also improve the CMRR of the amplifier. Of the three
filters in this study, the filter designed by Wang et al. (2013) produced the most favourable
performance. This design is also preferred for future work due to its ability to work without
the RLD.

Next, in EMG acquisition, the direct grounding method provided satisfactory noise suppression. The added
complexity attributed to the RLD circuit did not provide a significant advantage. Furthermore, the RLD
circuit requires careful implementation; in this experiment setup, the shock could be felt occasionally at
the RLD electrode when it was driven to saturation due to DC offset. The reason for the shocks was not
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investigated as it is beyond the scope of this research. The direct grounding method will remain as the
design for the final circuit.

INPUT IMPEDANCE, CMRR AND COMPARISON TO COMMERCIAL DEVICE

The simulated input impedance of the designed amplifier in Figure 6 (a) shows the
expected trend of the design. The differential mode input impedance is constant at 20 MQ,
with a gradual drop beyond 10 kHz. On the other hand, the common-mode impedance
peaks at 20GQ, in agreement with (C. S. Wang, 2013). Although in direct comparison
these results are not as high as the rated specifications of the instrumentation amplifier,
the application of the filter provides regulation towards DC offset and noise. In Figure 6
(b), the CMRR of the amplifier with the filter can reach above 120 dB. Although it is lower
than the rating from the INA129 datasheet (130dB), it is important to note that CMRR also
degrades from unbalanced input impedance. Thus, this design allows for a balanced
impedance even if the components are not symmetrically matched.

Practical measurement and comparison to the Motion Labs Z03 were performed to rate
the CMRR and general performance, as shown in Table 3. Figure 7 shows the physical
comparison between the two amplifiers. For comparison purposes, the gain of the
proposed design was adjusted to match the gain of the Z03, which is 300. The Z03
amplifier was attached with a propriety cable. Thus, the signal measurement was taken at
the end connector of the cable. For the Z03, the rated CMRR is above 100 dB; however,
the practical measurement was 96.34 dB. Similarly, the rated CMRR based on the INA129
is 120 dB, while the measurement was 93.36 dB. In this setup, the rated CMRR was not
achievable due to a few reasons: first, the signal was produced by a single source function
generator, and crocodile clips and breadboard jumpers were used to connect between the
source amplifier under test and data acquisition unit. While all efforts were taken to ensure
cables and components were spaced equally, it was difficult to ensure the occurrence of
impedance or capacitive coupling at the connections.

However, using the Z03 amplifier as a reference, the difference between the measured
CMRR of the proposed design is not far behind (-3dB). A comparison of recordings shown
in Figure 8 shows the raw signal recording for both devices. The baseline noise is measured
at 0.03 Vgums, similar in both devices. The baseline noise is negligible; however, in the
sample recordings, some apparent noise post-offset was due to residual EMG activity from
the muscles.
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Figure 6. Simulated input impedance (a) and (b) CMRR of the proposed EMG amplifier design
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Figure 7. Comparison between (a) Motion Labs Z03 and (b) the proposed design

Table 3. Results of CMRR measurement

Motion Lab Z03 This design (INA129P)

With filter Without filter
Rated CMRR >100dB 120dB (50 Hz, 100 x)
Measured CMRR Direct 96.34 93.36 79.85
coupling
Witha 1.5m N/A 92.14 78.64
ECG cable
Rated input >100MQ >20GQ, 150Hz
impedance (common-mode)

20MQ (differential
mode)
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Figure 8. Comparison between the output of (a) Motion Lab Z03 and (b) the proposed design

CIRCUIT FABRICATION

The final circuit includes two non-inverting amplifiers to provide variable gain for the raw
output and the linear envelope output. The CNC-milled circuit board of a single channel is
shown in Figure 9(a). The design provides the flexibility of two outputs: a linear envelope
and raw EMG. The circuit also features a two-gang power supply that facilitates connection
to multiple boards. In Figure 9(b), the battery pack consisting of eight 18650 batteries
(3.7 V lithium-ion) is connected to a voltage regulator followed by an over-current
protection circuit and housed in an electronic casing.

The voltage regulator also functions as a voltage divider to provide the dual-voltage power
supply to the op-amps. Figure 9(c) shows the internal arrangement of the six EMG
amplifiers and their wiring. The completed device was connected to the battery pack as
shown in Figure 9(d). The device is mobile and can be taken to any location easily. The
electrodes are connected to the DB-15 connector, while the amplified analogue output is
connected to the 4 mm banana plug outputs. The resulting cost of the amplifier was
calculated at RM200 per channel. In addition, the amplifier draws 0.01 A of current when
supplied with 12 V. This low power consumption is ideal for mobile applications.
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(c) (d)
Figure 9: The EMG amplifier was developed in-house, (a) PCB, (b) power supply with short circuit
protection, (c) assembly into the enclosure, (d) completed and functional equipment

CONCLUSION AND RECOMMENDATION FOR FUTURE WORK

In this work, we have shown proposed an EMG amplifier and validated its performance by
physical measurement and comparison with a commercial device. Therefore, it can be
concluded that the required performance from an EMG amplifier can be achieved at a low
cost. For future works, the circuit can be further miniaturized by using surface-mount
(SMD) components. The addition of an analogue-digital conversion (ADC) would eliminate
the reliance on external acquisition devices.
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