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Executive Summary

This paper discusses the device that is designed and prototyped that uses EMG to control a
game of Pong. A motivation for developing this device was in rehabilitation from stroke.

The project consists of three main parts, which will be further explained in the oncoming
chapters of this report: Analog Front End, Microcontroller, and Pong App. Figure 1 shows the
flow and components of the system.

Figure 1. System Design

The analog front end consists of the electrodes, circuitry, and housing. For the electrodes, an
armband was designed, and they are placed on the forearm to ensure more comfortable
movement for the user. These electrodes are connected to the circuitry, which consists of a
solder board circuit with the contents shown in the Figure below. The housing of the front end
is an armband with the solder board and a microcontroller unit.
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Figure 2. Analog Front End Components

The microcontrollers (MC) used for this project were NRF52840 by Nordic Semiconductors.
Segger Embedded Studio was used as the SDK, and C was the programming language of the
microcontroller. One microcontroller was used as the central node, and the other was used as
the peripheral node. While one node, the central one, stayed connected to the computer, the
other one, peripheral, was placed on the user on a secondary armband. In order for these
modules to communicate with one another and transmit data, a BLE protocol was established.
The data that is transmitted to the central node was sent to Matlab for further processing.

Figure 3. Microcontroller Process
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The application for the Pong game and the EMG processing was done in Matlab. The signal from
the two EMG channels on the arm are taken in as the data, in a multiplexed form, and they are
demultiplexed as the first step of the process. After that, the data from both channels go into
the signal processing function, and output as the cleaned EMG signals. The last step is to take
the difference between the processed signals, i.e., flexion EMG minus extension EMG, to assess
the direction and the intensity of the player’s desired movement. This finding is then used in the
Pong Game to control the paddle.

Figure 4. Matlab Software Flowchart

The final version of the system was tried on a sample dataset, and two individuals. We found
that there are different thresholds and values for each individual’s muscles, and the system is
adjusted to fit the voltage range for different settings. According to our findings, it is
recommended that the electrodes be placed as one that is very close to the elbow crease and
one that is far from the wrist, in the middle of the forearm, preferably applied with electrode
gel in between. The final appearance of the system is shown in Figure 5.
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Figure 5. Final System

In the future, the housing can be designed to provide a more secure placement of the
electrodes and more contact surface. Also, the circuitry can be turned into a PCB, to prevent any
possible errors or offsets with the wiring. Furthermore, the microcontroller should be decreased
in size to provide a more comfortable use (a smaller form factor is available), and the Matlab
program should be rearranged to provide a faster execution, and better communication with
the serial port.
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Abstract

This paper analyzes how electromyography (EMG) can be safely adapted to rehabilitation
and/or entertainment purposes in the form of games; for the scope of this project, Pong Game.
To answer this question, a system that is designed to be attached to the arm and assess the
EMG signals from a person was designed with the help of electronic circuitry, nrf52840
microcontrollers, Segger Embedded Studio, and C programming language, and MATLAB. Our
results have shown that there exists a strong correlation between the intensity of muscle effort
and the signal amplitude. Results also revealed that the accuracy of the signal acquisition
heavily relied on the placement of the electrodes and the contact area of electrodes with the
skin. sEMG usage for the Pong game can become an important tool for the physical therapy of
muscle or movement-related diseases, and an alternative to keyboard- or joystick-controlled
games.
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1. Introduction

Stroke is the third leading cause of death and disability in the world. Currently, over one
hundred million people are living with the effects of stroke aftermath [Feigin et al., 2022] which
include paralysis, numbness, pain in the hands and feet, and other physical, occupational, and
speech-related impairments [CDC 2, 2022]. Post-stroke, there are generally four defined clinical
stages: the first 2 weeks are defined as the acute stages, weeks 3-11 are defined as the subacute
stage, weeks 12-24 are defined as the early chronic stage, and more than 24 weeks is defined as
the chronic stage [Wu et al., 2015]. Approximately 50 - 80%  of stroke patients experience upper
limb impairment in the acute phase and 40-50% are affected in the chronic phase [Hussain et
al., 2018]. Patients who receive rehabilitation fewer days after stroke symptom onset have
better functional outcomes and shorter rehabilitation length of stay [Maulden et al., 2005].
However, in practice, the time and cost of rehabilitation can be a restriction for patients
[Hosseiniravandi et al., 2020].

Telerehabilitation approaches have been developed and tested to address the time and cost it
takes for upper-limb rehabilitation. Generally, there are three types of upper-limb
telerehabilitation approaches: virtual reality technologies, smart wearable devices, and robots
[Moulaei et al., 2022]. Mixed reality telerehabilitation technologies are computer-assisted
technologies that place the patient in a virtual or augmented environment with the purpose of
gamifying the rehabilitation process. For example, Feng & Winters utilized force-feedback
joysticks, driving wheels, and pointing devices in conjunction with computer software to
remotely assess and train patients with stroke-induced upper limb impairments [Feng &
Winters, 2005] while Tsekleves et al. used Nintendo Wii remotes [Tsekleves et al., 2014].
Generally, these systems, as well as robot-assisted rehabilitation systems [Razani et al., 2020]
[Gopura et al., 2009] [Chen, 2021], require expensive and stationary hardware that may not be
accessible to all patients. However, Qiu et al. used hand-tracking software to track, train, and
assess patients with stroke-induced upper limb impairments [Qiu et al., 202]. Although the
system is more accessible, it lacks direct biomedical signal feedback which can provide data on
motor unit recruitment capability, fatigue, synergies, co-contraction, etc. [Capanini et al., 2020]
and may help clinicians quantify muscle activity [Steele et al., 2020]. The wireless “Myo”
armband [Uncrate, 2022] and the armband by CTRL-Labs  [Rodriguez, 2022] have been
developed to use surface electromyography (sEMG) and inertial measurement unit (IMU) [CT1]
data in conjunction with motor assessments and gesture recognition [Maceira-Elvira et al.,
2019]. However, “Myo” armband has since been discontinued [Sawers, 2018] and CRTL-Labs has
been acquired by Facebook. sEMG systems developed by Noraxon and Delysis provide
high-quality data but at a relatively high cost [Delsys, 2022] [Noraxon, 2022]. Therefore, a niche
market for low-cost and open-source sEMG and/or IMU armbands is available. Yang et al. built a
wireless sEMG armband that utilized machine learning to control a dexterous robotic hand for
stroke rehabilitation [Yang et al., 2018]. Similar systems have been designed, however further
research is still needed on human-computer interaction applications [Razfar et al., 2021].
Therefore, this project focuses on the initial design of a low-cost open-source real-time
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wearable sEMG system used to control the game of Pong. This research aims to create a
user-friendly and cost-effective upper-body stroke rehabilitation and monitoring system.

1.1 User Requirements

For the initial design, the user requirements are focused on functionality and ease of use
because the system will be tested in an environment that requires rapid succession demos. At
minimum users will expect that they can simply don and doff the system and then proceed to
control a game of pong using sEMG.

1.2 Product Requirements

The product requirements are focused on the minimum features required to validate the system
idea which includes:

● An analog front end that transduces and processes the signals
● A controller that digitizes and transmits the signals to the device the application is

running on
● An application and device that uses the signals to control the game of Pong.

Each of the above sections makes up one of the three system modules and each module is
further broken down in chapters 4, 5, and 6.
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2. Literature Review

2.1 Electromyography

Electromyography (EMG), measures the electrical activity of the muscle as a response to nerve
activation [Johns Hopkins Medicine, 2022]. Electrical signals from the muscles can be observed
by attaching electrodes to the patient’s skin. Sometimes, the electrodes are attached beneath
the skin’s surface using a needle or wire to make direct contact with the muscle itself [Johns
Hopkins Medicine, 2022].

The EMG signal is the electrical expression caused by neuromuscular activation during muscular
contraction [Bronlund et al., 2013]. When the muscle is not contracted, there is no electrical
signal from the muscle.

The most elementary functional unit of a muscle is called a motor unit. A motor unit is
composed of a motor nerve and the muscle fibers that it innervates. When the motor unit is
activated, it creates a motor unit action potential (MUAP). Repetitive trains of MUAPs (MUAPTs)
from many active motor units create the EMG signal [Bronlund et al., 2013].

2.1.1 Parts of the Motor Unit Action Potential

The MUAP can be represented by five different parameters (see Figure 2): amp = amplitude; dur
= duration; p = phase; t = turn; BL = baseline [Rodríguez-Carreño et al., 2012]. Amplitude is the
voltage difference from minimum to maximum peaks. A MUAP’s amplitude is determined by the
few muscle fibers (typically less than eight) located within a 0.5mm radius from the electrode.
The amplitude of an EMG signal normally has a maximum peak-to-peak value of around 10 mV.
Amplitude varies depending on the size of the motor unit [Rodríguez-Carreño et al., 2012].
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Figure 2.1.1 Parts of the MUAP [Rodríguez-Carreño et al., 2012]

The phase is the section of the MUAP that falls between two baseline crossings. The number of
phases in a single MUAP usually ranges from two to four. A polyphasic MUAP has more than
four phases. In Figure 2.1.1, there are three phases, meaning this MUAP is considered normal
[Rodríguez-Carreño et al., 2012].

A peak (change in direction) in an EMG signal is called a turn. If a signal has more than five
turns, it is considered a polyturn or complex MUAP.

The MUAP begins at the start of activation of the motor unit and ends at the end of the
repolarization phase, the time in which the motor unit discharges and bioelectric changes take
place. This is known as the duration of the MUAP. The duration of the MUAP ranges from 8 to
14ms. Duration also varies depending on the size of the motor unit [Rodríguez-Carreño et al.,
2012].

Shapes and time between MUAPs in EMG signals provide information for the diagnosis of
neuromuscular disorders. This diagnosis is done via needle electrodes. The nature and
characteristics of the EMG signals can be understood using proper hardware [Hussain et al.,
2006]. Surface electrodes can be used to detect muscle activity to control prosthetics which aids
the physically disabled and amputated population [Jamal, 2012].
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Figure 2.1.2 Motor Unit with “n” Muscle Fibers [Rodríguez-Carreño et al.,
2012]

Figure 2.1.2 above represents a muscle motor unit with “n” muscle fibers. Each muscle fiber has
its own action potential (AP) which are summed together to represent the MUAP at that
moment in time.

The method of needle EMG seen in Figure 2 will not be the method used in this project. This
project will use surface electrodes, which transduce a summation of MUAPTs from a group of
motor units. Figure 2.1.3 shows a surface electrode attached to the skin.
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Figure 2.1.3 sEMG Signal Using Surface Electrode [Modified from De Luca
et al., 1982]

2.2 Wireless EMG Sensors

Traditional sEMG, as well as other patient data collection devices, are or have been wired.
However, as the world becomes increasingly interconnected through the internet of things (IoT)
the market for (IoT) continues to grow. It is estimated to be a 2.4 billion dollar United States
(U.S.) industry by 2029 [Fortune Business Insights, 2022]. As a result, wireless technology and
research continue to be improved such that data collection and transfer is fast, reliable, and
secure with respect to wired technologies. This is especially true for wireless body area
networks (WBAN) which are a collection of wireless sensors placed on the surface of or inside
the body to record physiological parameters such as the electrical signals of the muscles [Rahat
et al., 2018].

The term wireless body area sensor networks (WBASN), which is synonymous with WBAN, was
first used by Van Dam et al. in 2001 [Van Dam et al., 2001]. Although, the research dates back to
1996 in the work of Zimmerman on near-field intrabody communication [Zimmerman, 1996].
WBAN research has grown in popularity [Scopus Search Results], in part because it enables
medical practitioners and patients to monitor their health and track their progress outside of
traditional medical settings such as hospitals and doctor offices. And so, the portability of
wireless sensors that make up WBANs is a key characteristic of their success. But, WBANs come
with their challenges, including heterogeneous devices, traffic, energy efficiency, environmental
factors, security, authentication, privacy, biocompatibility, quality of signal, interference,
coexistence, and wireless propagation characteristics [Hasan et al., 2019].

Today, companies like Delsys and Noraxon have wireless sEMG systems available which are
intended for human movement research, clinical, and educational settings [Delsys, 2022]
[Noraxon, 2022]. However, such technology is not intended for consumers and for long-term
use. Current research looks at ways in which sEMG can be used for medical monitoring,
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rehabilitation, and control schemes. Yang et al. researched ways in which facial sEMG could be
used to monitor pain for patients who are unable to self-report [Yang et al., 2018a]. In addition,
they researched hand-gesture recognition using sEMG and machine learning to support the
stroke rehabilitation process [Yang et al., 2018b]. Similarly, Mendez et al. researched the
feasibility of using sEMG hand-gesture recognition for prosthetic control and in virtual reality
environments [Mendez et al., 2017]. Xi et al. researched how to detect falls and daily activities
such as walking using sEMG and machine learning  [Xi et al., 2017]. Likewise, Luo et al.
researched how to detect phases of the gait cycle [Luo et al., 2020].

2.3 Analog Front End

The analog front end of the wireless EMG sensing circuit must include transduction, filtering,
and amplification capabilities. The raw EMG signal contains noise artifacts from electronics
equipment, ambient noise, motion artifacts, and inherent instability of the signal itself  [Hussain
et al., 2006]. This section will discuss the characteristics of the EMG signal and how the signal
can be altered with an analog front end to extract the desired information.

2.3.1 Signal Characteristics

The typical amplitude of a sEMG signal ranges from 0 - 10 mV prior to amplification [Hussain et
al., 2006]. Amplitude varies depending on the size of the muscle [Rodríguez-Carreño et al.,
2012] and the effort level, among other factors. This signal must be amplified to be processed
digitally by the analog-to-digital converter (ADC). This amplification range is dependent on the
input voltage specifications of the ADC being utilized.

The typical frequency of an EMG signal ranges from 0-500 Hz, with the most dominant
frequency range being 50 - 150 Hz. The EMG signal is unfortunately susceptible to a large
amount of noise from various sources. Some external noise factors are impossible to avoid,
these being radio transmission devices, fluorescent lights, and power line interference from
electrical wires. Power line noise is found at 50 or 60 Hz and their harmonics.

Motion artifacts may also be created due to instability of the electrode skin interface and
movement of the electrode cables. These motion artifacts fall within the frequency range of 0 -
20 Hz [Jamal, 2012].

2.3.2 Maximizing EMG Signal Quality

To extract the desired information from an EMG signal, analog filtering techniques must be
applied on the front end of the system. A signal often undergoes  “signal conditioning stages”
prior to being digitized [De Luca et al.,  1982]

Maximizing the quality of the EMG signal can be done by having a high signal-to-noise ratio and
limiting distortion of the signal, especially on the signal peaks [Hussain et al., 2006]. The
signal-to-noise ratio is the ratio of signal power to unwanted signal or noise power [Cadence
PCB Solutions, 2022].
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2.3.3 Components of an EMG Sensor Analog Front End

An EMG sensor analog front end usually consists of three main stages: instrumentation
amplifier, band-pass filter, and selectable gain amplifier.

2.3.3.1 Instrumentation Amplifiers

An instrumentation amplifier is a type of differential amplifier that amplifies the difference
between two signals, while maintaining a very high input impedance. In the case of an EMG
sensor, the difference is between two EMG electrodes [Ibrahim et al., 2021].

The skin of a human has a high output impedance, which requires the input of the
instrumentation amplifier to have a high input impedance. This can be understood by thinking
of the skin’s impedance and the front end circuit impedance as two resistors in a voltage divider.
If both resistances are the same, only half of the input voltage will be measured across the
circuit. If the circuit impedance is greater than the skin impedance, more voltage will be applied
across the circuit. [megcircuitsprojects, 2022].

Figure 2.3.1 Voltage Divider Schematic [Sedra &
Smith, 2020]

The voltage divider equation, based in the voltage divider circuit shown in Figure 2.3.1, is as
follows:

𝑉
0

=  𝑉
𝑠
 (

𝑅
𝐿

𝑅
𝐿 

+ 𝑅
𝑆

)

[Sedra & Smith, 2020]

If we replace VS with the EMG signal, V0 with voltage being measured across the circuit, and
resistances RS and  RL with skin impedance and circuit impedance, respectively, we get the
equation:
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𝑉
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

=  𝑉
𝑠𝑖𝑔𝑛𝑎𝑙

 ( 𝐶𝑖𝑟𝑐𝑢𝑖𝑡 𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒
𝐶𝑖𝑟𝑐𝑢𝑖𝑡 𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 + 𝑆𝑘𝑖𝑛 𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 )

Since circuit impedance appears in both the numerator and denominator of this ratio, the
higher the circuit impedance, the more input voltage will be measured across the circuit.

A high input impedance can be obtained by using an instrumentation amplifier (Figure 2.3.2).
An instrumentation amplifier can be modeled using two non-inverting amplifiers and one
differential amplifier. The gain of the instrumentation amplifier is [Austerlitz, 2003]:

,𝑉𝑜𝑢𝑡 =  [𝐵 −  𝐴] *  𝑅4
𝑅2 1 +  2·𝑅1

𝑅3( )⎡⎣ ⎤⎦

where A and B are the two input voltages. The circuit provides a high input impedance and a
low output impedance and has tunable gain by adjusting the values of the resistors. Resistors R2
and R4 are often the same value, making R4/R2 = 1. R3 sets the gain of the amplifier circuit,
which is known as the gain resistor. It is helpful to add a large capacitor in series with R3 so that
the DC potential difference between the two inputs A and B (i.e., their offset) does not get
amplified.

Figure 2.3.2 Instrumentation Amplifier Model (Modified from Austerlitz,
2003)
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2.3.3.2 Band-Pass Filter

The second stage of the AFE circuit should include a band-pass filter. A band-pass filter consists
of a low-pass and high-pass filter.

Figure 2.4.3 Block Diagram of Band-Pass Filter [Modified from allaboutcircuits.com, n.d.]

The band-pass filter will remove noise artifacts that are not part of the desired EMG signal and
provide anti-aliasing filtering. As stated previously, the typical frequency of noise artifacts are
either 50 or 60 Hz (and their harmonics) from the power lines and 0 - 20 Hz from motion.
Filtering is needed to block these frequency ranges from passing through, as well as frequencies
above half the sampling rate.

In this project, the high-pass filter should come before the low-pass filter, as seen in Figure 5.
This configuration eliminates the DC offset from the instrumentation amplifier stage to avoid
saturation.

A band-pass filter can be used to eliminate noise that is outside the desired EMG frequency
range. The 0 - 20 Hz motion artifact from movement of the electrodes can be attenuated by a
high-pass filter and any frequencies above the desired EMG range can be attenuated by a
low-pass filter. The 60 Hz frequency from the United States power lines can be attenuated by a
narrow notch filter, if desired (In some systems, this filtering is performed digitally after
sampling by the ADC). The notch filter is a type of band-pass filter with a very narrow and steep
stop band [Electronics Tutorials, 2022]. This allows for the small frequency range of 10Hz from
the power lines that is within the EMG signal frequency range to be filtered out efficiently. This
notch is usually set for around 2 Hz to provide some buffer room to make sure all components
of the power line frequency are removed.

A common band-pass filter circuit topology is the Sallen-Key topology. High and low pass
Sallen-Key filters can be easily cascaded together, making it easy to create a well-functioning
band-pass filter. When designing the magnitude response of the filters, it is desired to have a
flat magnitude response in the pass band to accurately depict the EMG signal. This can be
achieved using a Butterworth low and high pass filter with Sallen-Key topology. Butterworth
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filters provide a flat magnitude response in the pass band which is desirable for an accurate
filtered signal [Electronics Tutorials, 2022].

Figure 2.3.4 Unit-Gain High-Pass Sallen-Key Circuit Topology [Electronics
Tutorials, 2022]

Figure 2.3.5 Butterworth Filter Cut-Off Frequency Equation  [Electronics
Tutorials, 2022]
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Figure 2.3.6 Low-Pass Sallen-Key Circuit Topology [Electronics Tutorials, 2022]

The output from the instrumentation amplifier stage is passed through to the input of the
high-pass Butterworth filter, then through the low-pass Butterworth filter to create the
band-pass filtering effect.

2.3.3.4 Non-Inverting Amplifier

A non-inverting amplifier will provide the correct amount of gain to the signal so that the signal
can be processed by the analog-to-digital converter. The amount of gain needed depends on the
voltage range of the ADC that is chosen.

Figure 2.3.7 Non-Inverting Amplifier Circuit  [Electronics
Tutorials, n.d.]

The gain equation of a non-inverting amplifier is:

𝐺𝑎𝑖𝑛 =  1 +  𝑅𝐹
𝑅2
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The output voltage of the non-inverting amplifier is calculated by Vin ● Gain:

𝑉𝑜𝑢𝑡 =  𝑉𝑖𝑛 (1 +  𝑅𝐹
𝑅2 )

An inverting amplifier could also be used instead of the non-inverting configuration. The
purpose of this amplification stage is to provide gain to the signal so that it can be processed by
the ADC, so the configuration of this stage (inverting vs. non-inverting) does not matter.

The input (Vin) to the non-inverting amplifier will be the output of the band-pass filter circuitry.
The output (Vout) will become the final desired EMG signal which then becomes the input to
the ADC. The ADC will take the signal and digitize it so that it can be used by the application.

2.3.4 Existing EMG Sensor Analog Front End

A previous MQP team from March 2021 completed a design of an analog front end circuit for
EMG use [Ibrahim et al., 2021]. Their design consists of two main stages: an instrumentation
amplifier and band-pass filter with selectable gain.

The instrumentation amplifier used in the March 2021 MQP was the AD620. This
instrumentation amplifier includes two internal resistors of value 24.7kΩ, for an overall internal
resistance of 49.4kΩ. The gain of the amplifier can be set by using an external resistor, RG. The

gain of this amplifier can be calculated by the following formula: .𝐺𝑎𝑖𝑛 = 49.4𝑘Ω
𝑅𝐺 +  1 

Figure 2.3.8 Pin Connections of AD620 Amplifier
[Analog.com]
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To test the circuit, the MQP team built the Multisim schematic in Figure 2.3.9. A 1kHz, 15mV
peak sine wave was used to replicate the raw EMG signal from the electrodes.  The RG value,
seen as R1 in the Figure, was chosen as 1kΩ to provide a gain of 50. The 100uF capacitor was
placed in series with R1 to ensure a gain of 1 at DC. Capacitors C5 and C6 were used as
decoupling capacitors to keep the input voltages stable.

Figure 2.3.9 EMG Instrumentation Amplifier
Simulation Circuit [Ibrahim et al., 2021]

This schematic in Figure 2.3.10 is a band-pass filter with selectable gain capability [Ibrahim et
al., 2021]. This circuit includes a fourth-order high-pass filter, a selectable gain stage, and
fourth-order low-pass filter. This portion of the analog front end takes care of filtering the
unwanted noise out of the raw EMG signal gathered by the electrodes.
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Figure 2.3.10 Band-Pass Filter with Selectable Gain [Ibraham et al., 2021]

The eighth-order band-pass filter stage is made up of a fourth-order, low-pass Butterworth filter
and fourth-order, high-pass Butterworth filter.

The high-pass filter stage (Figure 2.3.11) was created using capacitor values to provide a cutoff
frequency of 15 Hz and resistor values to provide a gain of 2.
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Figure 2.3.11 High-Pass Filter Stage [Ibraham et al.,
2021]

The low-pass filter stage (Figure 2.3.12) was created using capacitor values for a cutoff
frequency of 800 Hz and a gain of 1. No components were added to the negative feedback loop
to create the gain of 1.
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Figure 2.3.12 Low-Pass Filter Stage [Ibraham et al.,
2021]

The selectable gain stage was created using a non-inverting amplifier. The value of R3 can be
varied by the resistors in Figure 2.3.14 to create the change in non-inverting gain. The resistor
values available are 10kΩ, 20kΩ, 43kΩ, 100kΩ, and 300kΩ. The selectable gain was created to
make sure that the smallest possible EMG signal of 10 mV can be amplified to the 3.3 V range of
the ADC. An RC circuit was added to the output of the amplifier to eliminate any offset from the
previous two stages without altering the entire pass-band [Ibraham et al., 2021].
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Figure 2.3.13 Selectable Gain Stage [Ibraham et al., 2021]

2.4 MCU

A microcontroller (MCU) is a single-chip computer that, as the name suggests, is small and
intended to control applications [Ibrahim, 2014]. MCUs used for WBANs, and IoT applications
alike, are constrained to be cost-efficient and area-efficient while still meeting real-time
constraints and maximizing battery life [Chéour et al., 2020].

The first MCU was introduced by Intel back in 1976 as the 8048 which was part of the MCS-48
family [Raghunathan, 2021].  The 8048 was an 8-bit MCU that contained a central processing
unit (CPU), random access memory (RAM), read-only memory (ROM), and input and output
(I/O) pins [Raghunathan, 2021]. Since, MCUs have increased in bit size, i.e., the size of the
registers, the number of memory addresses, and the largest numbers that can be processed. In
addition, there have been improvements in the performance and or size of the processing units,
communication interfaces, and peripherals.

In 1971, the first CPU was released by Intel as the Intel 4004 [Cass, 2018]. From then to now,
improvements have been made to the size, speed, and use of the transistors that make up the
CPUs. In 1895, the first wireless communication device, known as the wireless telegraph, was
created by Guglielmo Marconi [Falciasecca & Valotti, 2009]. Then, in the late 1990s Bluetooth
was developed and released [Wells, 200], and later on, Bluetooth low energy was developed in
2004 and released in 2006 under the name of Wibree  [Honkanen et al., 2004]. During this time,
other short-range wireless communication technologies were also developed, released, and
integrated into MCUs including Zigbee, Thread, and near-field communication (NFC).
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As the technology has advanced over the years, opportunities for feasible information of things
(IoT) devices have grown resulting in a wide variety of MCUs catered towards IoT and wearable
applications. MCUs commonly used in IoT applications for medicine include the megaAVR
series, ABR x mega series, Arm Cortex M series, TI MSP 430, and Intel 8051 [Behmanesh et al.,
2020] [Chéour et al., 2020].

For this project, the Nordic nRF52840 development kit (DK) MCU is used. The MCU interfaces
with the nRF52840 system on chip (SoC) which supports a wide variety of short-range
communication technologies, including Bluetooth low energy, as well as a host of security
features and sub-power modes making it an option for IoT, advanced wearable, and interactive
entertainment devices [Nordic, n.d. a].

2.5 Bluetooth Low Energy

Bluetooth low energy (BLE) is a successor of Bluetooth classic and was designed by Nokia back
in 2004 to support low power-constrained applications [Honkanen et al., 2004]. In 2006, Nokia
officially publicized the technology under the name of “Wibree” and in 2010, the Bluetooth
Special Interest Group (SIG) first introduced the technology in their 2010 4.0 Core Specifications
document [Bluetooth SIG, 2010]. Since, SIG has updated the specifications in their 2021 5.3
Core Specifications document [Bluetooth SIG, 2021]. For this project, the 5.0 specifications are
used.

A stack is a set of protocols used to enable wireless communication. BLE supports two different
stacks, the BLE stack, and the Bluetooth mesh stack. This project will use the BLE stack which is
made up of nine layers as shown in Figure 2.5.1. The two architectural components of the BLE
stack are the host and controller which interface with each other via the host controller
interface. The functionality of each layer is described in Table 2.5.1. For this project, the
software that enables BLE communication comes embedded in the nRF52840 SoCs.
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Figure 2.5.1 BLE stack [Nordic, 2021]
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Layer Details

Physical Layer Defines how transmitters and receivers are used to encode and decode
digital data for transmission and receipt in addition to other radio-related
properties including symbol rate, protocol data rate, max application data
rate, error detection, error correction, time division, transmission power,
and receiver sensitivity

Link Layer Defines types of packets transmitted over the air and the rules of
communication. There are different states, as shown in Figure 2.4.2, that
affect how the link operates. Each state is described in Table 2.4.2.

Isochronous Adaptation Layer Allows different frame durations to be used by devices using isochronous
communication. If the frame duration of the transmitter differs from that
of the receiver, the isochronous adaption layer is used to resolve this
conflict.

Host Controller Interface The Host Controller Interface (HCI) defines a standardized interface via
which a host can issue commands to the controller and a controller can
communicate with the host.

Logical Link Control &
Adaptation Protocol (L2CAP)

Responsible for protocol multiplexing, flow control, and segmentation and
reassembly of service data units (SDUs). Service data units are packets that
have been transferred to a lower-level layer by an upper-level layer.

Attribute Protocol (ATT) A protocol used by an ATT client and an ATT server that allows the
discovery and use of data in the server’s attribute table. It defines how
data is represented.

Security Manager (SMP) Supports the execution of security-related procedures such as pairing,
bonding, and key distribution.

Generic Attribute Profile (GATT) Defines higher-level data types based on the attributes held in the
attribute table (see 11. The Attribute Protocol). Those data types are
called services, characteristics, and descriptors. It also defines a series of
procedures involved in using these data types via the Attribute Protocol
(ATT). The relationship between services, characteristics, and descriptors
are as shown in Figure 2.4.3.

Generic Access Profile (GAP) Defines procedures concerned with device discovery and establishing
connections between two devices.

Table 2.5.1 BLE layer descriptions derived from Nordic, 2021
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2.6 Analog-to-Digital Converter

Analog-to-digital converter (ADC) is a device that converts analog signals into digital signal form
by taking discrete samples from the continuous signal and representing them in binary form.
[Actel Corporation, 2007] While most data are characterized by analog signals, various
processors can gather, interpret and operate on data only in digital form. Sampling is the first
step in the conversion, in which the ADC performs the conversion periodically by taking samples
from the input rather than continuously performing the operation. This converter’s main
function is to convert the continuous time-domain analog signal to a discrete amplitude digital
signal [Jamuna S et al., 2018].

Figure 2.6.1 Analog-to-Digital Converter [Jamuna S et al., 2018]

ADCs are usually characterized in three ways: input voltage range, resolution, and bandwidth, or
conversion rate. [Actel Corporation, 2007]

Term Definition

Input Voltage Range The range of common-mode signal that the
ADCs operation will remain linear.
Determined by the reference voltage (Vref)
[Actel Corporation, 2007]

Resolution Function of the number of bits. The input
voltage value is approximated using 2n steps
(n = number of bits in ADC)  [Actel
Corporation, 2007]

Bandwidth (Conversion Rate) Represents the maximum number of
conversions that can be performed by the
ADC every second. The bandwidth is
restrained by the architecture and key
performance characteristics  [Actel
Corporation, 2007]

Table 2.6.1 General ADC characteristics
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ADC performance is measured using the effective number of bits (ENOB), along with SINAD
(Signal-to-Noise Distortion Ratio), SNR (Signal-to-Noise Ratio), THD (Total Harmonic Distortion),
THD + N (Total Harmonic Distortion plus Noise), and SFDR (Spurious Free Dynamic Range).

Measure Definition Generic Formula

Signal-to-Noise Ratio (SNR) Comparison of the desired signal
power and noise power [Kieser et
al., 2005]

10𝑙𝑜𝑔(𝑆𝑖𝑔𝑛𝑎𝑙/𝑁𝑜𝑖𝑠𝑒)
[Eq. 2.6.1]

Signal-to-Noise and Distortion
Ratio (SINAD, S/N+D, SNDR)

Variation between the ideal signal
and the measured signal for a
specified number of
measurements [intel.com, n.d.]

𝑃
𝑠𝑖𝑔𝑛𝑎𝑙

 + 𝑃
𝑛𝑜𝑖𝑠𝑒

 + 𝑃
𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑖𝑜𝑛

𝑃
𝑛𝑜𝑖𝑠𝑒

 + 𝑃
𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑖𝑜𝑛

=  (6. 02 * 1. 76𝐵),  𝐵 =  𝑛𝑜 𝑜𝑓 𝐵𝑖𝑡𝑠 𝑖𝑛 𝐴𝐷
[Eq. 2.6.2]

Total Harmonic Distortion (THD) Ratio of the RMS value of the
signal to the mean value of the
root-sum-square of its harmonics
[Kester, 2009]
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[Microsemi, 2015]
[Eq. 2.6.3]

Total Harmonic Distortion and
Noise (THD + N)

Ratio of the RMS value of the
signal to the mean value of the
root-sum-square of its harmonics
plus all the noise components
[Kester, 2009]
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[ni.com, 2022]
[Eq. 2.6.4]

Spurious Free Dynamic Range
(SFDR)

Ratio of the signal RMS value to
the worst spurious signal RMS
value [Kester, 2009]

20𝑙𝑜𝑔( 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝐹𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙 𝑅𝑀𝑆
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝐿𝑎𝑟𝑔𝑒𝑠𝑡 𝑆𝑝𝑢𝑟 𝑅𝑀𝑆 )

[ni.com, 2020]
[Eq. 2.6.5]

Effective Number of Bits (ENOB) Measure of analog-to-digital
converter through the test
frequency and signal-to-noise ratio
[maximintegrated.com, n.d.]

𝐸𝑁𝑂𝐵 =  𝑆𝐼𝑁𝐴𝐷 − 1.76 𝑑𝐵
6.02

[Kester, 2009]
[Eq. 2.6.6]

Table 2.6.2 Definitions and Formulas of ADC Performance Measures

2.6.1 Signal-to-Noise Ratio

Signal-to-noise ratio (SNR) is the fundamental frequency signal power level (PS) to the noise
power level (PN) ratio, which can be seen in Equation 1 above.

The ideal theoretical SNR is calculated directly from the resolution (N Bit), where an ideal ADC
with a linear characteristic is considered. The ADC would quantize the incoming signal, which
would include quantization noise in the system. The signal and noise power would make it
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possible to calculate the SNR. [Schaefer, 2011] In the case of using a full-scale sine-wave as the
input, the equation would be:

𝑆𝑁𝑅 =  (6. 02 *  1. 76𝐵)𝑑𝐵, 𝑤ℎ𝑒𝑟𝑒  𝐵 𝑑𝑒𝑛𝑜𝑡𝑒𝑠 𝑡ℎ𝑒  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑖𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝐴𝐷𝐶 (Eq. 2.6.7)

2.6.2 Signal to Noise and Distortion Ratio

SINAD is the fundamental frequency signal power level (PS) to the noise plus distortion power
level (PN+D) ratio, expressed in Equation 2. SINAD is the ratio of the amplitude of the input signal
to the RMS sum of all the other spectral components, except for DC. A higher SINAD value
signifies a better system. [Lundberg, 2002]

2.6.3 Effective Number of Bits

The ENOB is the number of bits when both noise and distortion are considered. As can be
viewed from the equation 2.6.6, ENOB is identical to SINAD, with a difference in vertical axis
scaling and offset. [Lundberg, 2002] ENOB is the number of bits in a quantizer that would
produce the exact same value of SINAD in a system with quantization as the entire source of
error. [LeRoy Corporation, 2011]

The derivation of the ENOB equation is laid out below for an ideal ADC. The maximum error of
an ideal converter when digitization is ±½LSB. The quantization error for any AC signal that
spans more than a few LSBs can be approximated by an uncorrelated sawtooth waveform
having a peak-to-peak amplitude of q, the weight of an LSB. This error is shown in Figure 3.
[Kester, 2009]

Figure 2.6.2 Ideal ADC Quantization Noise [Kester, 2009]
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The sawtooth error is calculated in Equation 6.

, where𝑒(𝑡) =  𝑠𝑡,  − 𝑞
2𝑠  <  𝑡 <  + 𝑞

2𝑠
s = Slope of the quantization noise as a function of time

[Eq. 2.6.8]

Figure 2.6.4 Quantization Noise as a Function of Time
[Kester, 2009]

The mean square value of e(t):

𝑒2(𝑡) =  𝑠
𝑞

−𝑞/2𝑠

+𝑞/2𝑠

∫ (𝑠𝑡)2𝑑𝑡

[Eq. 2.6.9]
Simple Integration and Simplifying:

𝑒2(𝑡) =  𝑞2

12

[Eq. 2.6.10]
Root Mean Square Quantization Error:

𝑅𝑀𝑆 𝑄𝑢𝑎𝑛𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑁𝑜𝑖𝑠𝑒 =  𝑒2(𝑡) =  𝑞
12

[Eq. 2.6.11]

While they need to alias back into the Nyquist bandwidth and produce an rms noise equal to

, this waveform forms harmonics extend past the Nyquist bandwidth of dc to .𝑞/ 12 𝑓
𝑠
/2

The quantization noise is roughly Gaussian and distributed approximately uniformly across the
Nyquist bandwidth from DC to fs/2, as pointed out by W. R. Bennett of Bell Laboratories. The
fundamental premise is that the quantization noise is incidental to the input signal. When the
sampling clock and signal are harmonically related, the quantization noise is correlated and the
energy is concentrated in the signal's harmonics, but the RMS value remains approximately
q/12. Assuming a full-scale sine wave, it is possible to calculate the theoretical SNR at this point:
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Input Full-Scale Sine Wave:

𝐼𝑛𝑝𝑢𝑡 𝑆𝑖𝑛𝑒 𝑊𝑎𝑣𝑒 =  𝑣(𝑡) =  𝑞2𝑁

2 𝑠𝑖𝑛(2π𝑓𝑡),  𝑤ℎ𝑒𝑟𝑒
𝑁 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑖𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝐴𝐷𝐶

[Eq. 2.6.12]
RMS Value of the Input Signal:

𝑟𝑚𝑠 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 =  𝑞2𝑁

2 2

[Eq. 2.6.13]
RMS Signal-to-Noise and Distortion Ratio for an ideal N-Bit Converter:

𝑆𝐼𝑁𝐴𝐷 =  20𝑙𝑜𝑔
10

𝑟𝑚𝑠 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝐹𝑆 𝑖𝑛𝑝𝑢𝑡
𝑟𝑚𝑠 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑞𝑢𝑎𝑛𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑛𝑜𝑖𝑠𝑒

[Eq. 2.6.14]

𝑆𝐼𝑁𝐴𝐷 =  20𝑙𝑜𝑔
10

𝑞2𝑁/2 2
𝑞/ 12

⎡⎢⎣
⎤⎥⎦
 =  20𝑙𝑜𝑔

10
2𝑏 +  20𝑙𝑜𝑔

10
3
2

[Eq. 2.6.15]

Therefore, the SINAD equation would be equal to Eq. 2.6.2, and the ENOB Equation would be
equal to Eq. 2.6.6.

2.6.4 Quantifying and Analyzing Noise Distortion
Figure 2 shows the setup for the analysis, which includes a Discrete Fourier Transform (DFT)
analysis to quantify noise distortion.

Figure 2.6.3 Generalized Test Setup for DFT Analysis of ADC Output [Modified From: Kester,
2009]

The DFT analyzes a spectrum of M/2 points in the frequency domain with a total frequency
range of dc to fs/2, where M denotes the number of samples used for the Discrete Fourier
Transform and fs denotes the sampling rate. fs/M accounts for the resolution of the DFT, and the
theoretical noise floor is equal to theoretical SNR plus the DFT process gain, 10*log(M/2). The
noise used for the SNR calculation is a noise that extends over the whole Nyquist bandwidth (dc
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to fs/2) - generally, a sinusoid, - and the DFT takes the role of a narrowband spectrum analyzer
with the  fs/M bandwidth. [Kester, 2009]

In addition to measuring the amplitude of the harmonic component of the digitized signal, the
DFT output can also be used to determine the amplitude of the harmonics and noise
components. The harmonics can be distinguished from the other components due to their
location in the spectrum. [Kester, 2009]

Figure 2.6.4 Harmonics in the Spectrum

2.6.4.1 SINAD Calculation using DFT

In an M-point DFT of a sine wave, with the fundamental signal being in frequency bin M and
having an amplitude Am, the SINAD can be calculated from the DFT Amplitudes, as shown in
Equation 2.6.4.1.1:

𝑆𝐼𝑁𝐴𝐷 =  10𝑙𝑜𝑔 𝐴
𝑚
2 (

𝑘=1

𝑚−1

∑ 𝐴
𝑘
2 +  

𝑘 = 𝑚+1

𝑀/2

∑ 𝐴
𝑘
2)

−1⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

[Eq. 2.6.16]

Usually, several bins around the fundamental frequency are ignored to avoid any spectral
leakage. SINAD is dependent on the input signal frequency and amplitude, and it degrades at
high frequency and power. Results should be represented in plots of SINAD vs frequency for a
constant amplitude input or SINAD vs amplitude of a constant-frequency input. [Lundberg,
2002]
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2.6.5 Increasing ADC Resolution
Even though ADCs mostly offer a specific number of bits of resolution, there are several
methods to enhance it: oversampling, averaging, and decimation. Figure 1 shows the plots for
10-bit resolution, as well as enhanced resolutions of 11 and 12 bits.

Figure 2.6.5-a. 10-Bit
Resolution Plot

Figure 2.6.5-b. 11-Bit
Resolution Plot

Figure 2.6.5-c. 12-Bit
Resolution Plot

Figure 2.6.5 Demonstration of original vs enhanced resolutions [Atmel Corporation, 2005]

2.6.5.1 Oversampling and Decimation

Sampling rate is the frequency at which the ADC samples the input analog signal, in Hertz. A
signal has to be sampled twice as fast as the bandwidth to accurately construct the waveform,
according to the Nyquist Theorem. If this is not achieved, there exists a folded-frequency, which
causes the signal to be aliased. Twice of the signal frequency, which is the minimum, is called
the Nyquist Frequency. [Atmel Corporation, 2005] As the change in signal gets faster, the higher
the sampling rate should be.

𝑓
𝑛𝑦𝑞𝑢𝑖𝑠𝑡

> 2 * 𝑓
𝑠𝑖𝑔𝑛𝑎𝑙

[Eq. 2.6.17]
Sampling at frequency rates higher than the Nyquist Frequency is called oversampling. To
achieve each additional bit of resolution, n, there is a need to oversample the signal four times.
[Atmel Corporation, 2005]

𝑓
𝑜𝑣𝑒𝑟𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 

=  4𝑛 * 𝑓
𝑛𝑦𝑞𝑢𝑖𝑠𝑡

[Eq. 2.6.18]

40



There are some constraints to this method [Atmel Corporation, 2005]:
● The signal component should not be significantly volatile during a conversion.
● Noise should be present, but independent from the signal.
● The amplitude of this noise should be at least equal to 1LSB.

This method not only increases the resolution but also enhances the SINAD, thus enhancing
ENOB as well. The process of increasing the resolution from 10-bit to 11-bit is shown in Figure 6.

Figure 2.6.6-a

Figure 2.6.6-b
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Figure 2.6.6-c

Figure 2.6.6 Enhancing Resolution through Oversampling
[Atmel Corporation, 2005]

Oversampling and decimation would work as long as the noise in the signal is sufficient to
toggle the least significant bit of the ADC. If the noise does not exist, an artificial Gaussian or a
periodical noise might be added to the signal, which is called dithering. The period of the noise
signal should not be more than the period of the m samples. The amplitude should be at least 1
LSB, and the mean value of the noise must be zero. Otherwise, there might be an offset, which
is shown in Figure 2.6.7.

Figure 2.6.7-a Figure 2.6.7-b Figure 2.6.7-c

Figure 2.6.7 Offset by Inadequate Sampling [Atmel Corporation, 2005

The first plot in Figure 2.6.7 generates a negative offset, and the second plot causes a positive
one. In the third plot, since sampling is adequate and sufficient, there is no offset.
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Figure 2.6.8-a Input
Waveform Sampled at 1x

Rate

Figure 2.6.8-b Input
Waveform Sampled at 2x

Rate

Figure 2.6.8-c Input
Waveform Sampled at 8x

Rate

Figure 2.6.8 Enhanced Resolution by Oversampling [Actel Corporation, 2007]

ADC resolution could be improved through oversampling in bandlimited signals, which basically
increases the sampling rate. Oversampling refers to sampling of the signal at a rate significantly
higher than the Nyquist frequency. Despite the fact that oversampling does not directly provide
impact to the ADC resolution, it assists in more accurate tracking of the input signal by utilizing
the existing ADC dynamic range in a more effective manner, as shown in Figure 8. [Actel
Corporation, 2007]

Increasing sampling rate further than that would cause multiples of the same result for each
value, while not providing any visible improvement. At the same time, with oversampling being
easy to implement, it requires a complex circuit and high power. [Zheng et al., 2021] Changes in
system clock rate, sample acquisition times and the sampling sequence, sample intervals could
independently be managed for each analog input. Even though oversampling suffices for most
applications, further processing could be implemented to improve the digital representation of
the signal. [Actel Corporation, 2007]

2.7 Pong

Games are often incorporated into electromyography applications for muscle training,
prosthetic adjustment or solely entertainment purposes. Research conducted using Nintendo
Wii Fit Balance Board as the main tool has shown that physical and cognitive skills could be
improved through games. [Lek et al., 2017]

The game of Pong is a table tennis, where the user controls a ball using a bat (shown in Figure
1). It is one of the games that require muscle movement and could be used in EMG applications.
The game requires the player to move the bat around to block the opponent’s ball from
entering the scoring region. [Lek et al., 2017]
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Figure 2.7.1 Pong Game [Hau et al., 2021]

An EMG application of a Pong game is shown in Figure 2. The two bats are moved around to
keep the opponent striking a goal. One of the bats are controlled by the computer while the
other one is controlled by the player. The Figure also demonstrates the voltage changes on the
two muscles used for the study. The flow chart for the application is shown in Figure 3.
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Figure 2.7.2 Pong Game with EMG Application [Lek et al., 2017]
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Figure 2.7.3 Software Architecture of EMG based Pong Game [Lek et al., 2017]

The Pong game could be used in many modular places in the body, including ankles, wrists,
elbows. When the player applies force to the plate on the system by contracting their muscles,
which allows EMG to control the paddle, and the applied force exceeds the threshold, the bat is
moved down. If the opposite happens, the bat will be moved up.

A study conducted by Andrade et al. has shown that Pong could be used for rehabilitation
purposes after distal radius fractures on the arms. It was aimed to be used in rehabilitation
centers by physicians and therapists; therefore, the interface was created for a business
environment rather than individual use.
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Figure 2.7.4 Software Interface for the EMG Pong Game
to be used at Rehabilitation Centers [Andrade et al.,
2010]

The system provided feedback through the difference between pronation and supination in the
muscles, which proved to be effective over time. As the difference incidences increased, the
more the muscles were effectively moving. The improvement in the patient's movement
abilities are shown in Figure 6.

Figure 2.7.5 Pronation and Supination of the Arm
[Andrade et al., 2010]
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Figure 2.6.6-a Figure 2.6.6-b

Figure 2.6.6 Changes in Difference Between the Pronation and Supination of Muscles while
playing the Pong Game in 2 Different Sessions [Andrade et al., 2010]
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3. System Design

3.1 Module Definitions

The system is broken down into three modules as shown in Figure 3.1.1. The analog front end transduces
and processes the raw sEMG signal. The processed signal is then input into the controllers which digitize,
transmit, receive, and send the signal out to the application. The digitized signal is then further
processed and used to control the pong application. Each module is further broken down into elements
as shown in Figures 4.1.1, 5.2.4, and 6.1.1.

Figure 3.1.1 Modules

3.2 Design Options

The design options for each individual module can be found in sections 4.2, 5.2, and 6.2. Due to
the time constraints of this project, only two overall system designs were considered. However,
there are a variety of system design options that are possible and should be considered in
future iterations.

3.2.1 Phase I Design Options

The Phase I system will utilize the design decisions highlighted in Figure 3.2.1, 3.2.2, and 3.3.3
and visualized in Figure 3.2.4.

3.2.1.1 Analog Front End

A Velcro armband placed on the forearm was chosen because the screw-based electrodes can
easily be integrated into the material. In addition, the material makes the system easy to don
and doff which meets the user requirements discussed in section 1.1. For the controller and
front end housing, the armband was chosen because the system will be easy to don and doff
and also remain close to the electrodes, satisfying both the user and product requirements
discussed in sections 1.1 and 1.2. A solder board was chosen for the analog front end because it
decreased the size and robustness of the system in comparison to a breadboard but did not
come with the lead times of a PCB. The ICs chosen were based on functionality, cost, and
availability. The AD620 is an instrumentation amplifier that complies with the voltage range our
system operates within. It is an older part; however, there were extra of these components
already available to us in the lab from prior MQP teams, so only a few needed to be ordered.
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The AD620 is also a relatively cheap part at roughly $23.00 per unit from distributors like Digikey
and Mouser. The LM348N was chosen because it is a quad-operational amplifier, which saves
space in the design. Only one quad operational amplifier IC was needed per channel, rather
than four individual operational amplifier ICs per channel. The LM348N is also very low cost at
$0.61 from distributors like Digikey and Mouser. The voltage regulator was chosen based on
availability in the lab and desired output voltage. The LM317BT voltage regulator was used by
previous MQP teams, so our team already had some available to us. This voltage regulator was
also adjusTable and allowed us to set the output voltage to the desired 1.8 V.

3.2.1.2 Controller

The nRF52840-DK was chosen as both the peripheral and central board because the software
development kits (SDKs) and boards have previously been used in the lab. Therefore, the
graduate students within the lab were well versed on the boards and were available if any
questions arose.

3.2.1.3 Pong App

MATLAB was chosen as the programming language and environment for the pong application
because MATLAB code to display the signal output of the central board had previously been
developed by the graduate students within the lab. Similarly, a PC based app was chosen
because the code developed by the graduate students was PC-based. One-player pong was
chosen so that the user could adjust the settings of the computer-based player to fit their
rehabilitation needs. Due to time constraints, only a demonstrable version of the app was
developed over a fully-functional app.

Figure 3.2.4 Phase I design
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Figure 3.2.1 Phase I analog front end design decisions
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Figure 3.2.2 Phase I controller design decisions
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Figure 3.2.3 Phase I pong app design decisions

3.2.2 Phase II Design Options

The Phase I system will utilize the design decisions highlighted in Figure 3.2.5, 3.2.6, and 3.3.7
and visualized in Figure 3.2.8. The design decisions are similar to that of phase I with slight
adjustments to decrease the footprint size of the system and increase its efficiency and
usability. For the analog front end housing, a PCB board was chosen instead of a solder board to
decrease the system's footprint. Similarly, the Adafruit Feather nr52840 Express boards were
chosen instead of the nRF52840-DKs. For the app complexity, a fully functional app was chosen
to be developed over a demonstrable app so that future developers can easily understand and
adapt the code to fit their needs.
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Figure 3.2.8 Phase II design
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Figure 3.2.5 Phase II analog front end design decisions
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Figure 3.2.6 Phase II controller design decisions
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Figure 3.2.7 Phase I pong app design decisions

3.3 Final Design

The two system design options considered were phase I and phase II designs. The phase I design
option was intended as a proof of concept that met the minimum user and product
requirements as described in chapters 1.1 and 1.2, respectively. The phase II design was a reach
design that was intended to decrease the system's footprint size and increase the system's
usability and efficiency. For this project, only the phase I design was implemented in the final
design. However, future projects should consider the phase II design as an option.
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4. Analog Front End

4.1 Introduction

In order to utilize the EMG signal, it must go through an amplification and filtering process. The
EMG signal must be amplified, band-pass filtered to remove unwanted frequencies that are
outside of the EMG frequency range, and level shifted to provide only positive values to the
unipolar ADC.

The analog front end circuitry requires the following stages as seen in Figure 4.1.1:

Figure 4.1.1 Analog Front End Flow Chart
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4.2 Design

Each analog front end design component is shown below in Figure 4.2.0. The options for each

dark blue design element will be discussed in the following subsection.

Figure 4.2.0 Analog Front End Design Options

4.2.1 Front End Housing Design Options

The analog front end circuitry could be constructed on either a breadboard, solder board, or
printed circuit board (PCB). The easiest option given the time constraints of this project is
beginning with a breadboard setup for ease of testing and proof of concept. Once the circuit
functionality is proven, the solder board can be constructed which would help shrink down the
size of the entire front end circuit. The final revision of the front end would be a PCB of small
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enough size that small, surface-mount components can be used and the circuit could be worn
on the body, either on a lanyard or armband.

Below is a table discussing the pros and cons of each option:

Breadboard Solder Board PCB

Pros Cons Pros Cons Pros Cons

Easiest to
construct

Large More
compact
than
breadboard

Not
wearable by
user

Small Time
consuming
to design

Easy for
debugging

Not
wearable by
user

Good
soldering
experience

N/A Could be
worn by the
user in
armband

Would need
to order,
long lead
time

No need to
purchase any
additional
items

N/A N/A N/A Good design
experience

Extra
expense

Table 4.2.1 Analog Front End Housing Comparison

4.2.2 Front End Circuit Design Options

4.2.2.1 Power Supply

The front end circuit requires a minimum of 4.3 V to operate effectively. The ADC that is used in
this project runs on a voltage range of 0-3.6 V, and a 0.7 V buffer is added on top of the required
3.6 V to account for the output voltage range of the operational amplifiers.  There are two
options for providing power to the front end circuit:

1. Two batteries wired in series with a ground reference in between
When using this approach, the simplest option would be using two 9V batteries wired in
series with the ground reference in between. This would provide the necessary dual
voltage power supply (“plus” battery voltage and “minus” battery voltage) that the front
end circuit requires. A dual supply of +/- 9 V is more than the required + 4.3 V, but using
only two 9 V batteries is simpler than requiring four 3 V batteries (which would instead
provide +/- 6 V). In this case, the microcontroller that is not part of the front end circuit
would need to be powered by its own battery because it cannot be powered by +9 V.
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Figure 4.2.1 Dual Voltage Power Supply
[electronics.stackexchange.com, 2022]

The two 9 V batteries would be placed next to the analog front end circuit. Wires would need to
be soldered to the battery terminals to provide a path for the voltage to connect to the front
end circuit. A 9 V battery holder with built-in wire leads could be used to prevent the need of
soldering wires. An example battery holder with leads is the 9 V Cell Densi-Pak Holder with Wire
Leads from Keystone Electronics (Figure 4.2.2). The price of one holder is $2.06 from
Mouser.com.

Figure 4.2.2 Keystone Electronics 245 9V
Battery Holder [Mouser.com, 2022]
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2. One battery and charge pump regulator
The second option is using one battery and a charge pump regulator. A charge pump
regulator takes one input voltage and provides a dual-supply output voltage. This would
allow our design to operate from one battery rather than two. However, the charge
pump regulator would need to be purchased and integrated into the analog front end.
Two charge pump regulator options are the MAX768 from Maxim Integrated and
LM27762 from Texas Instruments.

MAX768
The MAX768 provides a dual power supply of +/- 5 V in Dual Mode™ operation: the output
voltage is preset to +5 V and -5 V.

Figure 4.2.3 MAX768 Standard Application
Circuit [Maxim Integrated, 2022]

The MAX768 requires setting external capacitors to drive the chip to provide the typical 5 V
dual-supply. These capacitors are set to values given in the following table:
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Figure 4.2.4 External Capacitor Values MAX768 [Maxim Integrated, 2022]

The dual-supply output voltage can be adjusted from the preset +/- 5 V condition to an output
voltage between +/-1.25 V and +/-11 V by the addition of external resistors R1, R2, R3, & R4
(see Figure 4.2.6). The resistors R1 and R3 must be selected between 100kΩ and 400kΩ. This
adjustable output option would allow for setting the dual-supply output to the desired + 4.3 V
range needed for this project. The following equations are used to determine the R2 and R4
resistor values for the desired output voltage (VPOUT and VNOUT):

Figure 4.2.5 Resistor Equations for AdjusTable
Output [Maxim Integrated, 2022]
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Figure 4.2.6 MAX768 Adjustable Configuration
[Maxim Integrated, 2022]

Possible resistor values can be calculated for the + 4.3 V range. The following is one example of
the many resistor combinations that can be used:

1. Solve for the necessary resistor ratio of R2/R1 and R4/R3.

𝑅2
𝑅1 =  𝑉𝑃𝑂𝑈𝑇

𝑉𝑃𝑆𝐸𝑇 𝑅𝐸𝐹  −  1

𝑅4
𝑅3 =  𝑉𝑁𝑂𝑈𝑇

𝑉𝑁𝑆𝐸𝑇 𝑅𝐸𝐹  −  1

2. Plug-in reference voltages and desired voltages.

𝑅2
𝑅1 =  4.3

1.25  −  1
𝑅2
𝑅1 =  2. 44

𝑅4
𝑅3 =  −4.3

−1.25  −  1
𝑅4
𝑅3 =  2. 44
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3. Pick a value between 100kΩ and 400kΩ for R1 and R3.

R1 and R3 were chosen to be 300kΩ because it is a common resistor value. 300kΩ also creates
a necessary resistance for R2 and R4 that is close to a common resistor value of 750kΩ.

𝑅2
300𝑘Ω =  2. 44

𝑅2 =  2. 44 ·  300𝑘Ω
𝑅2 =  732𝑘Ω ≈  750𝑘Ω
∴ 𝑅4 =  732𝑘Ω ≈  750𝑘Ω

LM27762
TheLM27762 Low-Noise Positive and Negative Output Integrated Charge Pump from Texas
Instruments provides an adjustable dual-supply voltage output, similar to the MAX768. The
LM27762 output voltage range is smaller than that of the MAX768, ranging between +/-1.5 –
5V. This would not be an issue for this project because we are aiming for a minimum supply
voltage of + 4.3V.
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Figure 4.2.7 LM27762 Standard Application Circuit [Texas Instruments, 2016]

The output voltage is set similarly to the MAX768 by adjusting external resistors R1, R2, R3, and
R4.

𝑉𝑂𝑈𝑇𝑃 =  1. 2 ·  (𝑅1 + 𝑅2)/𝑅2                𝑤𝑖𝑡ℎ 𝑅2 𝑛𝑜 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 50𝑘Ω 
𝑉𝑂𝑈𝑇𝑁 =  − 1. 22 ·  (𝑅3 + 𝑅4)/𝑅4      𝑤𝑖𝑡ℎ 𝑅4 𝑛𝑜 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 50𝑘Ω 

Possible resistor values can be calculated for + 4.3V range. The following is one example of the
many resistor combinations that can be used:

Positive Voltage Output:

𝑉𝑂𝑈𝑇𝑃 =  1. 2 ·  (𝑅1 + 𝑅2)/𝑅2

1. Substitute desired output voltage.

4. 3 =  1. 2 ·  (𝑅1 + 𝑅2)/𝑅2
4.3
1.2  = (𝑅1 + 𝑅2)/𝑅2
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2. Set R2 to a value greater than 50kΩ. Setting R2 = 200kΩ:

4.3
1.2  = (𝑅1 + 200𝑘Ω)/200𝑘Ω

4.3
1.2 ·  200𝑘Ω =  (𝑅1 + 200𝑘Ω)

( 4.3
1.2 ·  200𝑘Ω) − 200𝑘Ω =  𝑅1
 𝑅1 =  516. 7𝑘Ω ≈  510𝑘Ω

Negative Voltage Output:

𝑉𝑂𝑈𝑇𝑁 =  − 1. 22 ·  (𝑅3 + 𝑅4)/𝑅4 

1. Substitute desired output voltage.

− 4. 3 =  − 1. 22 ·  (𝑅3 + 𝑅4)/𝑅4
−4.3

−1.22  = (𝑅3 + 𝑅4)/𝑅4

2. Set R4 to a value greater than 50kΩ. Setting R4 = 200kΩ:

−4.3
−1.22  = (𝑅3 + 200𝑘Ω)/200𝑘Ω
−4.3

−1.22 ·  200𝑘Ω =  (𝑅3 + 200𝑘Ω)

( −4.3
−1.22 ·  200𝑘Ω) − 200𝑘Ω =  𝑅3

 𝑅3 =  504. 9𝑘Ω ≈  510𝑘Ω
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Table 4.2.2 provides a side-by-side comparison of the MAX768 and LM27762 charge pump
regulators:

Name MAX768 LM27762

Input Voltage Range
(V)

3.0 – 5.5 2.7 – 5.5

Positive Output
Voltage (V)

Preset: 4.81 – 5.15 (Typ. = 5.0)
Adjustable: 1.25 – 11

Adjustable: 1.5 – 5

Negative Output
Voltage (V)

Preset: -5.10  –  -4.82 (Typ. =
-5.0)
Adjustable: -1.25 – -11

Adjustable: -1.5 – -5

Package Type Surface-Mount WSON (not ideal)

Table 4.2.2 Charge Pump Regulator Comparison

4.2.2.2 Instrumentation Amplifier

The instrumentation amplifier stage provides a differential gain between the two electrode
sites. This can be accomplished using an instrumentation amplifier such as the AD620. The
AD620 will be expanded upon in more detail because we had several available to use at the
time of this design process. The AD620 was also used in previous MQPs regarding ECG/EMG
sensors. However, there are many options for instrumentation amplifiers that can be used,
which will be listed below.

AD620
The AD620 by Analog Devices is a low cost, high efficiency instrumentation amplifier that allows
for gain between 1 and 10,000. The gain is set easily by one external resistor, RG. The AD620 is
low noise, low input bias current, and low power, making it the perfect option for an EMG
application [Analog Devices, 2003-2011]. This device is becoming obsolete, but its availability in
a DIP package makes it very useful for prototyping on a solderless DIP protoboard.
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Figure 4.2.8 AD620 Pin Diagram [Analog Devices,
2003-2011]

The external resistor RG sets the gain via the following formula:

𝐺 =  49.4𝑘Ω
𝑅𝐺 + 1

For this project, a gain of 20 is sufficient. A gain of 20 allows for good noise reduction while
allowing for a reasonable capacitor value for Cg. A capacitor Cg is added in series with RG to set
the DC gain to 1, rather than 20. This creates an effect where low-frequency signals (20Hz and
below) are attenuated.
Using the gain equation:

20 =  49.4𝑘Ω
𝑅𝐺 + 1

19 =  49.4𝑘Ω
𝑅𝐺

𝑅𝐺 =  49.4𝑘Ω
19

𝑅𝐺 = 2. 6𝑘Ω 

The value of Cg was chosen using a MATLAB script called “iamp_stage_v01” from a previous
MQP by Ibrahim et al. (see Appendix A for MATLAB script). This script plots the magnitude
response of the instrumentation amplifier over a set range of frequencies. In this case, we care
about the frequency range of an EMG signal, so a range of 0 to 200 Hz was chosen for the
frequency sweep.

The formula for the magnitude response of the AD620 instrumentation amplifier is as follows:

𝐻(𝑤) = 1 +  49.4𝑘Ω
𝑅𝐺 + 1

𝑗·𝑤·𝐶𝑔
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The value for RG was calculated above as 2.6kΩ. Several Cg values were tested to find a value
where the frequency range of 0-20 Hz was attenuated in the stop band.

After testing various Cg values, a Cg value of 10uF was chosen because it attenuated the 0-20 Hz
frequency range similar to a high pass filter. The “stop band” also has a sharp roll-off in this
frequency range, which is ideal (see Figure 4.2.9).

𝐶𝑔 =  10𝑢𝐹

Figure 4.2.9 Magnitude Response with Capacitor Value of 10uF

Figure 4.2.9 shows the magnitude response of the instrumentation amplifier stage. The DC gain
equals one. The frequency is attenuated around 20 Hz, which is what was desired given our
design specifications.

Other Instrumentation Amplifiers
Table 4.2.3 compares several other options for instrumentation amplifiers. All of these options
are capable of providing the system with the desired 20 V/V gain.

70



Name INA121P AD8221 INA128P

Supply Voltage
Range (V)

+/- 2.25 – 18 +/- 2.3 – 18 +/- 2.25 – 18

Gain (V/V) 1 – 10,000 1 – 1,000 1 – 10,000

Gain Equation 1 + (50kΩ/RG) 1 + (49.4 kΩ/RG) 1 + (50kΩ/RG)

Table 4.2.3 Instrumentation Amplifier Comparison

4.2.2.3 High Pass Filter

The high pass filter stage eliminates DC offset from the signal, attenuates any motion artifacts,
and provides a necessary gain to the signal so that it is within the necessary range to become
input to the ADC. The ADC runs on a voltage range of 0 - 3.6 V. This means the signal must be
amplified to 3.6 V. The voltage range of an EMG signal was determined as approximately a
maximum of +/-0- 10 mV, which is an overall range of 20 mV. The necessary minimum gain to
accomplish this desired voltage is determined by the following:

𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 𝑟𝑎𝑛𝑔𝑒 ·  𝐺𝑎𝑖𝑛 =  𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
20 𝑚𝑉 ·  𝐺𝑎𝑖𝑛 =  3. 6 𝑉

𝐺𝑎𝑖𝑛 =  3.6 𝑉
20 𝑚𝑉

𝐺𝑎𝑖𝑛 =  180 

However, since the front end has a gain of 20, the actual gain needed is:

𝐻𝑖𝑔ℎ 𝑃𝑎𝑠𝑠 𝐹𝑖𝑙𝑡𝑒𝑟 𝐺𝑎𝑖𝑛 =  180/20 =  9 

The previous project group (Ibrahim et al.) used a fourth-order high pass filter. However, for this
project, the decision was made to use a second-order high pass filter to keep the circuit
operation simpler, lower power, and occupy less space. The second-order filter will still provide
a fast enough roll-off in the stop band for our application. For example, Figure 4.2.10 shows the
increase in steepness of the stop band when the filter order is increased. The blue line shows a
single-order high pass filter versus the red line second-order filter.
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Figure 4.2.10 High-Pass Filter Frequency Response
[electronics-tutorials.ws, 2022]

To determine the necessary resistor and capacitor values for the calculated gain of 9, a MATLAB
script called “butter_hi_design” [E. A. Clancy] was used (Appendix B). A function to plot the
magnitude response was used: function H = butter_hi_design(f, Fc, A, Stage1, Stage2, Stage3,
Stage4, Stage5). The function requires input for the frequency range (f), desired cutoff
frequency (Fc), desired gain (A), and StageX, where one capacitor value (C1) must be provided
for each stage X (C2 will automatically be set equal to C1).

It was determined that the high-pass filter in this front end circuit will be second-order (Stage
1). Below is the input to the MATLAB command window for creating the second-order filter:

Figure 4.2.11 MATLAB Command Window for High-Pass Filter

The frequency range for evaluation of the high-pass filter was set for 0 to 200 Hz to replicate the
desired frequency range of the EMG signal. The cutoff frequency was chosen as 20 Hz to
attenuate the noise and motion artifacts within the 0 - 20 Hz range. The gain was set as 9 based
on the calculation done above. The capacitor value for C1 was chosen as 68 nF because it is a
readily available capacitor value. The output of the MATLAB script provides the necessary
component values and the magnitude response plot of the filter.

Figure 4.2.12 High-Pass Filter Component Values
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Figure 4.2.13 High-Pass Filter Design Magnitude Response

To save space when constructing the circuit, quad operational amplifiers should be used. Table
4.2.4 provides options for operational amplifiers that are within the required operating voltage
specifications.

Name LM348N LMC6484 LT1491

Input Operating
Voltage (V)

+/- 4 – 18 +/- 3 – 15.5 +/- 2 – 44

Number of Channels 4 4 4

Table 4.2.4 Operational Amplifier Comparison
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4.2.2.4 Selectable Gain

The selectable gain stage uses a non-inverting amplifier with the ability to change the gain it
produces. The gain needed varies depending on the voltage of the EMG signal. This stage
ensures that even the lowest EMG signals can be seen by the ADC.

As discussed in Section 2.3.3.4, the gain equation for a non-inverting amplifier is

. The value of R2 can be chosen as any resistor value. For example, R2 can𝐺𝑎𝑖𝑛 =  1 +  𝑅2
𝑅1

be set as 300kΩ. The array of R1 resistor values should create gains of 1, 2, 4, 8, and 16. Table
3.1.1.4 shows the necessary resistor values for the desired gains.

Desired Gain (V/V) R1 Value (Ω)

1 0

2 300k

4 100k

8 43k

16 20k

Table 4.2.5 Selectable Gain Resistor Values

4.2.2.5 Low Pass Filter

The low-pass filter stage is designed in a similar fashion to the high-pass filter stage. A MATLAB
script called “butter_lo_design” [E. A. Clancy] was used to determine the necessary component
values for a desired cutoff frequency (Appendix C). The desired cutoff frequency for the
low-pass filter is 600 Hz. This attenuates any noise that is outside the overall EMG signal range
(above 600 Hz).

The function H used in the MATLAB script was similar to the high-pass function, except it utilizes
the equation for frequency response of a low-pass filter, rather than high-pass: function H =
butter_lo_design(f, Fc, A, Stage1, Stage2, Stage3, Stage4, Stage5). The function accepts the
same variables as the high-pass filter: frequency range, cut-off frequency, gain, and C1 capacitor
value for each stage. For this design, the frequency range was set from 0 to 2000 Hz to make
sure the desired low-pass cut-off frequency could be reached in the frequency sweep. The
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cut-off frequency as stated previously is 600 Hz. The necessary gain for this stage is a gain of 1
because there is no further desire to amplify the signal in this stage. The filter is only
attenuating the high frequencies above 600 Hz and maintaining all frequencies below 600 Hz.
The filter is being designed as second-order so only one C1 capacitor value needs to be provided
(C2 will automatically be set equal to C1). C1 was chosen as 68 nF to match the capacitor used
in the high-pass filter. This is not a requirement to have the capacitor values match, but it was
done for ease of purchasing. The MATLAB command window is shown below:

Figure 4.2.14 MATLAB Command Window for Low-Pass Filter

Figure 4.2.15 Low-Pass Filter Design Magnitude Response

4.2.2.6 Level Shifter

The level shifter circuit is used to provide the ADC with a unipolar signal. Prior to this stage, the
EMG signal is bipolar, meaning it contains both positive and negative voltages. The ADC can only
read positive voltage values, therefore the EMG signal must be offset by one-half of the voltage
range of the ADC. The ADC range is 3.6 V, so centering the signal at 1.8 V would effectively
account for the negative voltages of the EMG signal.
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A voltage regulator, in combination with an adder circuit (discussed subsequently), such as the
LM317BT from STMicroelectronics can be used to adjust the EMG signal voltage to the desired
range. The output voltage range of this voltage regulator is 1.2 V to 37 V, which is suited for this
application. The circuit diagram for using this device properly with protection diodes is shown in
Figure 4.2.16.

Figure 4.2.16 Voltage Regulator Operating Circuit
[STMicroelectronics, 2022]

The value of the voltage regulator is set by the following equation:

𝑉𝑂 =  (1. 25 *  (1 + 𝑅2
240 )) + ( 𝐼𝐴𝐷𝐽 * 𝑅2)

R1 is a fixed value of 240 to internally set the 1.25 V reference voltage. For a desired VO of 1.8 Ω
V, the value for R2 must be calculated. The error term IADJ*R2 can be neglected in this equation
because the value of IADJ must be less than 100 uA, which is very small.  The R2 resistor value
necessary for the 1.8 V output of the voltage regulator was calculated to be 105.6 Ω. The actual
values used in the physical implementation of the voltage amplifier are 200 Ω and 51 Ω in series
for R1 and 100 Ω and 10 Ω in series for R2.

𝑉𝑂 =  𝑉𝑅𝐸𝐹 * (1 + 𝑅2
𝑅1 )

1. 8 𝑉 =  1. 25 𝑉 * (1 + 𝑅2
𝑅1 )

1. 44 =  (1 + 𝑅2
𝑅1 )

0. 44 𝑉 = 𝑅2
𝑅1
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An example of the level shifter circuit from Ibrahim et al. is shown below. This circuit used the
same voltage regulator output formula and required choosing the necessary values of R15 and
R16 in the schematic.

Figure 4.2.17 Level Shifter Circuit [Ibrahim et al., 2021]

4.2.3 Electrode Design Options

There are five electrodes placed on the arm to collect sEMG signals. There are two options for
the types of electrodes that can be used:

1. Commercial surface electrodes
2. Stainless steel screws

The pros and cons for each option can be seen in Table 4.2.3.1. The screw electrodes are cheap
and reusable. However, the signal quality can be lower in comparison to commercial surface
electrodes. If commercial surface electrodes are used, then the pads will likely have to be
periodically replaced.
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Figure 4.2.3.1 Example of Surface Electrodes
[Medicalexpo.com, 2022]

Figure 4.2.3.2 Screw [Home Depot, 2022]

Screw Traditional Surface Electrodes

Pros Cheap High quality signal

Cons Lower quality signal Expensive

Table 4.2.3.1 Electrode type pros and cons
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Electrodes will be placed on the arm to collect sEMG signals. There are two options of where
the electrode pairs can be placed on the arm:

1. Biceps-Triceps
2. Forearm (anterior-posterior)

The pros and cons for each option are shown in Table 4.2.3.2. The biceps-triceps are expected to
have quality sEMG signals because of the lack of hair in the area. However, a higher range of
arm motion will be required to control pong which may be tiring for the participant.
Alternatively, the forearm may have lower-quality signals but will require a lower range of arm
motion.

Biceps-Triceps Forearm

Pros Less hair (better quality) Low range of arm motion

Cons High range of motion More hair (lesser quality)

Table 4.2.3.2 Electrode placement pros and cons

If the screw-based electrodes are chosen, they must be housed in one of the following two
options as shown in Figure 4.2.3.3:

1. Armband
2. Clip

The pros and cons for each option are shown in Table 4.2.3.4. The armband will be made of
either Velcro or bandages that will wrap around the biceps-triceps or forearm. However, the
armband is subject to sliding. Alternatively, the clip provides high pressure around the
participant’s arm and can easily be donned and doffed. Though, the clip may not fit all users.
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Figure 4.2.3.3 Electrode housing design options

Arm Band Clip

Pros Adjustable applied pressure,
Flexible

High applied pressure,
Simple donning and doffing

Cons Subject to sliding May not fit all participants

Table 4.2.3.3 Electrode housing pros and cons

If the armband is chosen, then the pros and cons of the armband cloth type must also be
considered as listed in Table 4.2.3.4. Velcro allows the user to easily don and doff the electrodes
and is not as breathable as cloth. The lack of airflow causes sweat accumulation which may
improve signal quality. However, cloth is less rigid than Velcro making it more comfortable for
the user.
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Velcro Bandages

Pros Easy to don and doff,
Non-breathable

Flexible

Cons Rigid Requires a clip to hold the wrap in place,
Breathable

Table 4.2.3.4 Armband material pros and cons

The complete electrode design options are as shown in Figure 4.2.3.4.

Figure 4.2.3.4 Electrode design options

4.2.4 Final Design

The final design of the analog front end section of the design consisted of a breadboard design

and solder board design The breadboard design consisted of two breadboards, 9V batteries, and

Velcro armbands for electrode housing. Once the functionality of the system was proven on the

breadboards, the solder board design was created and implemented. The solder board was

originally placed on a flat surface for testing, but eventually was built into an armband worn by

the user.
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4.3 Testing

4.3.1 Methodology

The testing for the analog front end circuit consisted of MATLAB simulations, breadboard, and
solder board testing. The MATLAB simulations tested the front end in stages, beginning with the
instrumentation amplifier, then adding the additional stages. The breadboard was tested with
only one channel since the second channel would simply be a duplicate of the first channel. The
breadboard was first tested with the function generator and power supply to prove
functionality. Once functionality was proven, the breadboard was tested with electrodes and
battery power. The solder board was tested with both input channels to ensure that all solder
connections were correct and nothing was shorted on the board. The first round of solder board
testing was conducted using the bench power supply and function generator to ensure proper
functionality at each stage of the circuit. Then, the electrodes and battery power were used to
test the output of the front end and ensure that accurate EMG signals were being provided to
the microcontroller.

4.3.2 Results & Observations

4.3.2.1 Multisim

Instrumentation Amplifier
The instrumentation amplifier stage consists of the AD620 and necessary gain resistor value
(RG) to produce our desired gain of 20. This value of RG was calculated previously in the design
options section of the report (see section 4.2.1.2). RG was determined to be 2.6kΩ. The 10uF
capacitor was included to provide a gain of 1 at DC. The 0.01uF capacitors on the power rails
were used as decoupling capacitors to keep the supply voltage to the circuit stable and free of
AC noise.
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Figure 4.3.1 Instrumentation Amplifier Schematic

This stage was tested using an input signal of 10mVpk and 150Hz. This test signal was chosen
since it is at the maximum end of our expected EMG signal range. Only one input signal was
applied to the input of the instrumentation amplifier for ease of testing. This way one of the
signals being compared is 0V, making it easy to observe the desired gain of 20 to the initial input
signal. In this case, the positive terminal input signal was 10 mVpk 150 Hz and the negative
terminal input signal was 0 Vpk 0 Hz. Therefore, we expect to see an output signal of 200 mVpk
150 Hz when the gain of 20 is applied. This gain was observed in Figure 4.3.2.
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Figure 4.3.2 Instrumentation Amplifier Multisim Output

Band-Pass Filter with Selectable Gain
The design of the band-pass filter stage is discussed beginning in section 4.2.1.3.  Below is the
final schematic design in Multisim.

Figure 4.3.3 Band-Pass Filter with Selectable Gain Schematic
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The band-pass filter stage was tested with an input signal of 100 mVpk 150 Hz to replicate the
output of the instrumentation amplifier stage. The input of this stage should be amplified by
whichever gain was chosen via the selecTable gain resistor (either R7, R8, R9, or R10 in the
schematic). For testing purposes, the gain resistor chosen was the 20kΩ resistor, meaning a gain
of 16 was expected. From the oscilloscope output, the ratio of output to input voltages is 2.710
V / 197.6mV = 13.76 and -3.540 V / -195.59 mV = 18.10. These values average out to a gain of
15.93, which is approximately a gain of 16.

Figure 4.3.4 Band-Pass Filter with Gain of 16 Multisim Output

The frequency response of the band-pass filter was also observed. This analysis was completed
to verify the cutoff frequencies of 20 Hz and 600 Hz. The magnitude of the pass band was also
verified and should be 20log(16) or approximately 24.08 dB. Figure 4.3.5 verifies the correct
cutoff frequencies and correct pass band magnitude.
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Figure 4.3.5 Frequency Response of Band-Pass Filter

Voltage Regulator
The voltage regulator was tested using Multisim Online. The LM317H voltage regulator being
used in our design was not available in Multisim Version 14.3 that was being used to test the
other stages of the circuit. Therefore, the online version was used to verify the 1.8 V output of
the voltage regulator as seen in Figure 4.3.6. A voltage probe was placed on the output terminal
and a voltage of 1.80 V was read.

Figure 4.3.6 Voltage Regulator Test Schematic
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Overall Front End
The overall front end design is shown in Figure 4.3.7. Two duplicates of this single “channel”
design make up the overall front end circuit. One channel is used for the anterior electrodes and
one channel is used for the posterior electrodes.

Figure 4.3.7 Overall Front End Schematic (One Channel)

Note: The LM1084 WAS NOT USED IN THIS DESIGN. This is just a placeholder since the LM317H
was not available for use in Multisim Version 14.3. The design of the entire circuit was
attempted in Multisim Online using the correct voltage regulator, LM317H; however, the online
software limits the number of components allowed in the design, so this was not possible.

4.3.2.2 Breadboard

The first step in breadboard testing was testing one channel (one breadboard) using a dual
power supply and function generator to prove circuit functionality.
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Figure 4.3.8 Two Front End Channels on Breadboard

The system was tested using an input signal of 10 mVpk @ 150 Hz. The testing was broken down
into each stage of the system, cascading each stage together once prior stages were proven
functional.

The first test completed was on the instrumentation amplifier stage. The input signal of 10
mVpk @ 150 Hz was applied and an output of approximately 200mVpk was observed. This
outcome is expected since the instrumentation amplifier stage has a gain of 20.
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Figure 4.3.9 Oscilloscope Output of Instrumentation Amplifier

The band pass filter stage was then cascaded to the instrumentation amplifier stage. The output
of the instrumentation amplifier stage is shown in yellow and the output of the band pass stage
is blue. A gain of 16 was tested, so an output of approximately 3.5 Vpk was expected. This gain
was observed below in Figure 4.3.10.

89



Figure 4.3.10 Oscilloscope Output of Band-Pass Filter with Gain of 16

The overall front end circuit was then tested with an input signal of 20 mVpk @ 150 Hz and a
selectable gain of 1 for ease of analysis. Figure 4.3.11 shows the output of the system level
shifted by 1.8V to be within the range of the ADC. The signal is now centered around this 1.8V
mark, rather than at zero which produces negative values that cannot be read by the ADC.
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Figure 4.3.11 Oscilloscope Output of One Breadboard Channel with Gain of 1

Once the functionality of one breadboard was proven, a second board was constructed and
both boards were tested using battery power and electrodes. Two 9V batteries were used to
create the dual 9V power supply as seen in Figure 4.3.12. Battery clip leads were attached to the
batteries to provide an easy connection to the breadboard without the need of soldering
directly to the battery terminals.
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Figure 4.3.12 Dual Power Supply Battery Setup

The electrodes used were made of screws, nuts, and washers. Two electrodes were used per
channel and one ground reference electrode was used for both channels, for a total of five
electrodes. Figure 4.3.13 shows the electrodes on separate bands to place on the different
forearm locations for flexion, extension, and ground reference.
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Figure 4.3.13 Electrode Arm Bands

Both channels were tested for flexion and extension of the wrist. Each breadboard channel was
connected to a different armband that was placed on either the flexion muscle or extension
muscle. When flexion of the wrist occurs, the channel connected to the flexion electrodes
should show an EMG response while the extension channel should show no response. The same
applies to the extension of the wrist muscle; the extension channel should show EMG response
while the flexion channel remains quiet. Activating the different flexion and extension muscles
is our indicator of how the paddle moves left or right in the pong application.

Figures 4.3.14 and 4.3.15 show both channels of the breadboard functioning as expected. The
purple signal is the output of the flexion channel and the yellow signal is the output of the
extension channel. When the flexion channel is “activated,” the EMG signal is observed on the
flexion channel and the extension channel is flat. The opposite behavior is observed when the
extension channel is activated instead.
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Figure 4.3.14 Oscilloscope Output from Breadboard Showing Flexion of the Wrist

Figure 4.3.15 Oscilloscope Output from Breadboard Showing Extension of the Wrist
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4.3.2.3 Solder Board

The solder board was constructed to contain both channels on an individual board. This
provides a more compact design. The solder board used was a solderable breadboard, meaning
the board was set up exactly the same as a normal breadboard with power rails and horizontal
terminal strips. The solder board contained two AD620 instrumentation amplifiers, two LM348N
quad operational amplifiers, and one LM317 voltage regulator. Only one LM317 voltage
regulator was needed because it can be used for both channels and saved space on the board.
An image of the finished solder board is shown in Figure 4.3.16.

Figure 4.3.16 Front End Solder Board

95



The solder board was initially tested the same way as the breadboard. The bench power supply
and function generator were used and the output of each channel was observed. Once this
functionality was confirmed, the solder board was tested using the electrodes and battery
power. The output was observed using a MATLAB program created by one of the graduate
students. This program acts as an oscilloscope and shows the output of each channel. The
flexion and extension of the wrist was observed to show that the front end was working
properly to provide the correct input to the microcontroller.

Figure 4.3.17 Wrist Flexion Solder Board Output (Flexion Channel at Left)

Figure 4.3.18 Wrist Extension Solder Board Output (Extension Channel at Right)
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4.4 Discussion

4.4.1 Design

The design of the front end circuitry can be improved by using newer IC components. For
example, the AD620 is an older instrumentation amplifier that is relatively efficient and
low-cost. However, there is a newer Texas Instrument instrumentation amplifier called INA128
that has the same Vmin and Vmax specifications but performs better by having a higher
common mode rejection ratio (CMRR) and lower offset voltage [Texas Instruments, 2022].

The integration of a power rocker switch and single-pole-single-throw (SPST) switch for
selectable gain would both be helpful additions to the front end design of the solder board.
Both of these switches were ordered; however, they did not arrive in time to be implemented
before the completion of this project. A rocker switch should be added to easily turn “on” and
“off” the batteries. This would prevent the batteries from draining when the system is not in
use. The selectable gain switch would allow the gain resistor to easily be selected from person
to person. Rather than removing and replacing the necessary resistor, the switch for the desired
resistor value would be turned “on” while all other resistor values remain “off.” This design
would allow for a more time-efficient system when switching between users.

The design could be taken a step further and be designed using PCB software and
manufactured. This would provide a much smaller version of the system that could easily be
implemented into some sort of wearable like inside of the electrode armband or on a necklace
around the user’s neck.

4.4.2 Testing

Testing of the front end circuit could be improved by making sure the MQP lab space has the
proper equipment needed for testing. The front end circuit test setup had to be moved from the
personal MQP lab out into a shared lab for testing. Each time testing was done for that day, the
test setup had to be disassembled. It would be more time efficient and provide more consistent
results if the test setup was not moved around and the same test equipment was used.

As for the process of test steps, the procedure could have definitely been improved when
assembling and testing the solder board. The solder board was constructed all at one time. This
was because the solder board was constructed over Thanksgiving break when there was no
access to test equipment. Looking back, it would have been more beneficial to construct the
solder board in stages and verify each stage of the circuit at a time before adding new
components. This would have prevented debugging the entire board at once, which makes it
more difficult to identify where the problem is occurring.
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5. Controller

5.1 Introduction

In this project, two controllers are used. One controller is designated as the central node and
the other is designated as the peripheral node. The peripheral node is used to digitize the signal
from the analog front end and send the information to the central node via BLE. Once the data
has been received on the central node, it is sent to the MATLAB pong app through a serial port.
In previous iterations of the project, the Nordic nRF52840-DK boards were used. However, for
this project, alternative controllers are considered.

5.2 Design

5.2.1 Design Options

There are three options for alternative controllers to the nRF52840-DK:
1. Arduino Nano 33 BLE
2. Adafruit Feather nRF52840 Express
3. Adafruit ItsyBitsy nRF52840 Express - Bluetooth LE

The pros and cons of the three options are listed in Table 5.2.1. The Arduino Nano 33 is the
second largest controller of the three. However, it contains an integrated IMU that can provide
additional data for game control or rehabilitation purposes. The Adafruit Feather is the largest
controller and contains a built-in battery connector. Adafruit ItsyBitsy is the smallest controller
and contains an extra 2 MB of QSPI Flash memory.

Name Arduino Nano 33 BLE Adafruit Feather
nRF52840 Express

Adafruit ItsyBitsy
nRF52840 Express

Power Source
Options

● USB
● Pin

● USB
● Battery
● Pins

● USB
● Pins

External Memory N/A N/A 2 MB of QSPI flash

Additional Features LSM9DS1TR IMU N/A N/A

Size (mm) 45 x 18 51 x 23 36 x 18

Cost ($) 22.35 24.95 19.95

Table 5.2.1 Key differences between nRF52840 development boards
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The controller of choice will also need to be housed appropriately. If the clip option is chosen
for electrode housing, then there are three options for where the controller will be housed as
shown in Figure 5.2.1:

1. On a band
2. On the clip
3. On a lanyard

Figure 5.2.1 Three design options for controller housing

If the armband option is chosen for the electrode housing, then either a secondary armband or
a lanyard can be used to house the controller. For any of the three options, the controller
housing will need to be 3D printed. Each 3D print will slightly differ for each of the three
attachment sites. The pros and cons of each option are listed in Table 5.2.2.

99



Band Clip Lanyard

Pros Can be placed on any limb
of the body

All-in-one system Simple to don and doff

Cons Complex to don and doff Controller may be difficult to
place on the clip

Subject to movement
which may affect electrode
connections

Table 5.2.2 Pros and cons of the three design options for controller housing

For any of the three options, the controller can connect and transmit data to one of the three
receivers:

1. Smartphone
2. Laptop
3. Controller

If a smartphone is used, then a mobile application will need to be made or used in order to
process the data which may vary between Apple and Android products. However, if a laptop or
controller is used, then a desktop application will suffice. Further explanation of the application
design options can be found in Table 5.2.3.

If a controller is used to receive data, then there are two options for the controller that can be
used:

1. Adafruit or Arduino MCUs
2. nRF52840-DK

The pros and cons of the two options are listed in Table 5.2.3. If either an Adafruit or Arduino
controller is used, the team will need to learn how to set up and use the associated software
development kits. However, if the nRF52840-DK is used, the team can use the boards that are
set up as receivers in the lab. In addition, the Nordic software development kit has been well
established in the lab so any problems that arise are likely to be quickly resolved through
communication with graduate students.
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Adafruit or Arduino MCU nRF52840-DK

Pros Smaller form factor Ready for use in the lab

Cons New software development kit Larger form factor

Table 5.2.3 Pros and cons of the two controller receiver options

The complete controller design options are as shown in Figure 5.2.2.

Figure 5.2.2 Controller design options

5.2.2 Final Design

The final design options for the controls are shown in Figure 5.2.3. The nRF52840-DKs were
chosen to be both the central and peripheral nodes because of time restraints. The controllers
had been well established within the lab which allowed the team to ask graduate students for
help if issues arose. The controller housing was chosen to be a secondary armband that sat on
the user's biceps-triceps. This location reduced the distance the signal from the electrodes had
to travel in order to reach the peripheral node.
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Figure 5.2.3 Final controller design options

5.2.3 Technical Specifications

The controller can be broken up into ten elements as shown in Figure 5.2.4 where each element
is either part of the MCU or SoC. To clarify, the controller is the combination of the MCU and
SoC where the MCU interfaces with the SoC and provides additional options for developers. The
analog-to-digital converter (ADC) takes the signal from the analog front end and converts it into
a digital signal. Since the nRF52840-DK uses the nRF52840 SoC, it has an on-chip 12-bit ADC.
The digitized signal is then sent to the BLE component within the SoC which then packages and
transmits the signal to the central node from the peripheral node. When processing the signal,
the MCU or SoC memory, general inputs and outputs (GPIO), central processing unit (CPU),
peripherals, and security may be used. The central node will be connected to a PC via USB-C so
that the received signal can be further processed and used in the MATLAB Pong application. The
nRF52840-DK supports USB-C and battery-power options. Descriptions of each element
described above can be found in Table 5.2.4. Specifics on the nRF52840-DK MCU and nRF52840
SoC can be found in sections 5.2.3.1 and 5.2.3.2.
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Figure 5.2.4 Controller Elements

Specification Sub-specification Definition

Memory Random Access Memory
(RAM)

Short-term volatile memory used to hold data and information of
currently running programs

- Flash Nonvolatile memory used to store and or transfer persistent data and
information

General inputs and
outputs (GPIO)

- Means to interface with the MCU and its components

Analog Inputs &
Outputs

Analog to Digital Converter
(ADC)

Component used to convert an analog signal to a digital signal

Wireless
Communication
Interfaces

Bluetooth Low Energy
(BLE)

Wireless short-distance communication technique that operates in
the 2.4 GHz frequency band and is intended to work for distances up
to 100 m

On-air data rate - speed at which data can be transmitted
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TX power - power at which data can be transmitted

Sensitivity - lowest power signal that the receiver can process

Radio current consumption - current used when transmitting data

Serial Interfaces Universal asynchronous
Receiver/Transmitter
(UART)

Asynchronous wired communication technique that is typically used
for device to device communication i.e. board to board

- Universal Serial Bus (USB) Synchronous wired communication technique that that is typically
used for device to device communication i.e. controller to laptop

Processing Units Clock Speed Cycles per second the CPU can execute

- Floating Point Unit (FPU) Module designed to optimize floating-point number operations

- Bits Number of bits of data that can be processed in one cycle

Power Saving
Modes

- Modes that restrict power to certain parts of the controller therefore
limiting particular features

System off mode - CPU and ongoing tasks are terminated

Constant latency - CPU wakeup latency and PPI task response are
constant

Low-power - automatic power management system chooses the
most efficient supply option [Nordic, 2021 a]

Peripherals Watchdog Timer Timer used to detect and recover from malfunctions

- Sensors Components used to gather information about the external
environment

- Counter Module that stores the number of times an event has occurred.

- Oscillator Module that produces clock signals

Security Advanced Encryption
Standard-Counter (AES
CCM)

Modules designed to encrypt radio packets without CPU involvement
[Nordic, n.d b]

- Electronic Code Block
(ECB)

Module used to implement the “Resolvable Private Address
Generation” described in the Bluetooth Core specification v4.0
[Nordic, 2021 b]

- Accelerated Address
Resolver (AAR)

Module used to implement the "Resolvable Private Address
Resolution Procedure" described in the Bluetooth Core specification
v4.0 [Nordic, 2021 b]

Table 5.2.4 Controller specification definitions [Nordic, n.d. a]
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5.2.3.1 MCU - nRF52840-DK

The nRF52840-DK will be used as both a transmitter and receiver in the Phase I design. The
MCU interfaces with the nRF52840 SoC and provides a user-friendly power supply, power
source, external memory, and GPIO options. Further information can be found in the following
sections and the details on the board layout can be found in Figures 5.2.5 and 5.2.6.

Figure 5.2.5 nRF52840-DK front view [Nordic, 2020]

Figure 5.2.6 nRF52840-DK back view [Nordic, 2020]
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Power Supply Options
The MCU can be powered by one of the following six options:

1. 5V universal serial bus (USB)  for the interface MCU (J2)
2. 5V USB for the nRF52840 system on chip (SoC) (J3)
3. Lithium polymer (Li-Po) batteries (J6, P27)
4. 3 - 5V VIN pin (P20)
5. 1.7 - 3.6V External supply (P21)
6. 3V coin cell battery (Back)

For this project, both option 1 and option 6 are used to power the controller.

GPIO

The MCU GPIOs are available from the connectors P1, P2, P3, P4, P5, P6, and P24 as shown in
Figure 5.2.7. For this project, connectors P1 and P2 were used. More specifically, P0.03 was
used as the channel 1 input for the flexion signal and P0.04 was used as the channel 2 input for
the extension signal. In addition, a GND pin was used.

Figure 5.2.7 nRF52840-DK GPIO connectors [Nordic, 2020]
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5.2.3.1 SoC - nRF52840

As mentioned previously, the MCU interfaces with the nRF52840 SoC. The specifications of the
SoC are shown in Table 5.2.5.

Specification Details

Microprocessor 64 MHz 32-bit Arm Cortex-M4 with FPU

Memory 1 MB Flash + 256 KB RAM

On-air data rate BLE: 2 Mbps/1 Mbps/500 kbps/125 kbps

TX power Programmable from +8 dBm to -20 dBm in 4 dB steps

Sensitivity BLE: -103 dBm at 125 kbps -95 dBm at 1 Mbps

Radio current consumption
DC/DC at 3 V

16.40 mA at +8 dBm TX power,
6.40 mA at 0 dBm TX power,
6.26 mA in RX at 1 Mbps

Oscillators 64 MHz from 32 MHz external crystal or internal 32 kHz from crystal, RC
or synthesized

System current consumption
DC/DC at 3 V

0.4 µA in System OFF, no RAM retention
1.86 µA in System OFF, full RAM retention
0.97 µA in System ON, no RAM retention
2.35 µA in System ON, full RAM retention 3.16 µA in System ON, full RAM
retention and RTC

Hardware security 128-bit AES CCM, ECB, AAR

Security subsystem Arm TrustZone CryptoCell 310

Digital interfaces USB 2.0,
2 x UART,

Analog interfaces 12-bit 200 ksps ADC

Peripherals 5 x 32 bit timer/counter,
3 x 24 real-time counter,
watchdog timer

Voltage supply 1.7 to 5.5 V

Table 5.2.5 nRF52840 SoC specifications [Nordic, n.d. a]
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5.2.4 Flow of Information

The flow of information of the controllers is shown in Figure 5.2.8. Ports P0.03 (channel 1) and
P0.04 (channel 2) are connected to the signal outputs of the analog front end for both flexion
and extension, respectively. The signals are then sampled with a 12-bit ADC and multiplexed
into a 40-byte unsigned 8-bit int array of 40 elements as shown in Figure 5.2.9. Each sample is
represented by 2 bytes and a total of 10 samples are taken per channel for each Bluetooth
packet. The BLE module on the peripheral node then sends the data to the central node. The
individual sample bytes are read through a ring buffer and stored in a 40-byte signed 16-bit int
array of 20 elements as shown in Figure 5.2.10. Finally, the samples are packaged as a float
resulting in an 80-byte float array of 20 elements as shown in Figure 5.2.11. The array is then
sent to a laptop through a serial port on the computer containing the MATLAB pong application.

Figure 5.2.8 Controller flow of information
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Figure 5.2.9 40-byte multiplexed array format
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Figure 5.2.10 40-byte multiplexed array format
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Figure 5.2.11 80-byte multiplexed array format

5.3 Testing

5.4.1 Methodology

To test if the controllers were properly sampling, transmitting, receiving, and processing data, a
single-channel function generator was used to generate test signals that were then sampled and
sent from the peripheral node to the central node. From the central node, the signal was sent
through a serial port where it was captured, processed, and graphed with a Nordic Real-time
MATLAB Application developed by the lab’s graduate students. The EMG data are expected to
be all positive values; therefore, the application does not handle negative input signals. This
means that the test signal used must be positively offset.

Two tests were used to ensure data communication was functional. In the first test, a 10 Hz
1Vpp test signal with a positive 0.5V offset was input into channels 1 and 2 to ensure that the
flow of information between the controllers and laptops was working. In the second test,
channel 2 was connected to ground while channel 1 remained connected to the test signal to
ensure that the data are properly being demultiplexed in MATLAB.
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5.4.2 Results & Observations

For the first test, the resulting peripheral node configuration and the signal received and
displayed in the Nordic Real-time MATLAB App are shown in Figures 5.3.1a and 5.5.3.1b,
respectively.

a b

Figure 5.3.1 Test 1 a) peripheral node configuration and the b) processed test signal graphically
displayed on the Nordic Real-time MATLAB Application

In Figure 5.3.1a, channels 1 and 2 of the peripheral node are connected to the function
generator outputting the test signal. A ground connection between the peripheral node and
function generator is also needed to ensure a common ground. In Figure 5.3.1b, the processed
signal from the function generator is displayed. The graph on the left represents channel 1 and
the graph on the right represents channel 2. The x-axis of the graph designates time in ms and
the y-axis designates voltage in mV. However, the y-axis is not properly scaled and therefore
does not accurately represent the voltage of the test signal.

For the second test, the resulting peripheral node configuration and the signal received and
displayed in the Nordic Real-time MATLAB App are shown in Figures 5.3.2a and 5.3.2b,
respectively.
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a b

Figure 5.3.2 Test 2 a) peripheral node configuration and the b) processed test signal graphically
displayed on the Nordic Real-time MATLAB Application

In Figure 5.3.2a, channel 1 of the peripheral node is connected to the function generator
outputting the test signal while channel 2 is connected to ground. The graph format for Figure
5.3.2b is the same as 5.3.1b. All signals were correctly received and displayed.

5.3 Discussion

5.3.1 Design

The nRF52840-DKs were chosen for the final design which ultimately made the overall system’s
footprint larger than anticipated. During testing, two of the boards stopped working
unexpectedly. Fortunately, the graduate students had extra boards. The reason for the board's
failure is still unknown. Future iterations of the controller hardware should utilize smaller
boards to decrease the footprint of the system. For example, the Adafruit Feather nRF board
has the same processing capabilities as the nRF52840-DK and would roughly decrease the
footprint by a factor of 8. In addition, the controller code should be optimized to send the data
as stored when initially sampled as shown in Figure 5.2.9. Currently, the 2-byte sample data is
initially stored in a 40-byte unsigned 8-bit int array of 40 elements. However, throughout the
controller code, it is converted into a 40-byte signed 16-bit int array of 20 elements and then
later an 80-byte float array of 20 elements. Given that the data are expected to be all positive
values, unsigned int values are adequate. In addition, because the 2-byte sample data is stored
in a 4-byte float, 2 bytes of data are not being used. As a result, the data sent to the laptop are
two times larger than required. By adjusting the controller code to send the data as it is
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originally stored, as shown in Figure 5.2.9,  the responsiveness of the system may increase and
the controller battery usage may decrease.

5.3.2 Testing

Based on Figure 5.8b, it is shown that the controllers are properly sampling and transmitting
data to MATLAB because the signals from channel 1 and channel 2 are identical in both
frequency and amplitude. The frequency of the displayed signal is 10 Hz. However, the
amplitude cannot be properly measured because the y-axis on the graph is not scaled
appropriately. It is assumed that the amplitude of the displayed signal is equal to the test signal.
Figure 5.9b shows that the data are being properly read into and demultiplexed in MATLAB
because the channel 1 graph displays the test signal while the channel 2 graph displays the
ground signal. The same issues discussed in Figure 5.8b are also true for 5.9b. In the Nordic
Real-time application, the graphical display tended to lag more when run on a personal
computer (PC) with relatively lower processing power. However, both the microcontroller code
and the Nordic Real-time application can be further optimized to improve performance across
all devices.
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6. Pong Application

6.1 Introduction

In order to ensure accuracy and consistency with sEMG application, it must go through several
steps of processing on the software side. The incoming sEMG signal through the serial port
must be filtered, taken the absolute value of, decimated by 10, and offset corrected, so that it is
plotted as a signal that can be understood and used with the game. The following steps in the
software would be needed:

Figure 6.1.1 Software Elements

115



6.2 Design

Figure 6.2.1.1 Procedural vs OOP [Establish the Fundamental Concept, n.d.]

6.2.1 Design Options

The software has different options from various aspects, which can be seen in the figure below.
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Figure 6.2.1.2 Software Design Options

6.2.1.1 Programming Language

There are three useful programming languages for this application: Matlab, C, and Python. C is a
low-level compiled language, while Matlab and Python are high-level scripting languages. The
most prominent difference Matlab and Python hold from C is that they do not require any
compilation. The code is interpreted as soon as the developer executes the file, in most cases.
There are benefits and challenges to this. First of all, this accounts to the developer being
exempt from memory management, and able to do dynamic typing, and interactive sessions.
However, this decreases the execution speed. For the score of this project, it is important to
note that both options would be sufficient.
Programs in languages like Matlab and Python are significantly shorter when compared to C,
and it takes less development time. On the other hand, Matlab provides a very specific
environment that is aimed at signal analysis and scientific applications to be developed. This
brings a significant advantage as it provides built-in functions for many of the tasks to be
accomplished, as well as providing a developed and well-visualized plotting environment for
signals. As for Python, it requires many different built-in, or open-source functions that can be
used for various functions, making it a sufficient alternative to Matlab programming language
for scientific applications.
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It is important to note that Matlab has a significant cost to obtain a license, which makes it a
disadvantage for the user. On the other hand, Python is a free and open-source language. C IDEs
are mostly free, which makes both languages more advantageous than Matlab when it comes to
the financial aspects. However, C, which is a very powerful and broad programming language, is
known for its complexity. It requires very complex memory allocation algorithms, which makes
it time-consuming and complicated with a requirement for mastery, but, at the same time, this
makes it a more flexible and in-depth programming language for the developer. The main
advantages of such compiled languages are their speed of execution and efficiency. [Fangohr,
2004]

While Python seems to be the most viable option among the three, runtime errors are very
likely during the development process. The main reason for this is its simplicity. Python does not
require a variable to possess a data type, which means if a variable is initialized as an integer at
first, it might end up being used to store a string. This would result in runtime errors. With that
said, C requires the developer to perform the garbage collection manually, which is a very
complex procedure, and it does not support Object-Oriented Programming (OOP).

C [Difference Between
C and Python, 2022]

Matlab [Advantages of
MATLAB |
Disadvantages of
MATLAB, n.d.]

Python [Prasanna,
2022]

Pros Very powerful
language, with a high
potential to move
around

High compilation
speed

Very specific use for
signal analysis and
scientific applications

Device independent
plots and Figures

More functionality with
less code
Free and open-source

Easy-to-understand

Cons Requires complex
algorithms

Does not support
OOP
Garbage Collection
done manually

Costly
Slower than C

High memory
consumption

Slower than C
Runtime Errors

Figure 6.2.1.3 Pros and Cons of programming languages
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6.2.1.2 Platform

The application will either be a web or a native app. While a web app provides
cross-functionality to the app, it requires an active internet connection and the app needs to be
much smaller in size. Web apps are beneficial in terms of not requiring a download or
installation. The languages that could be used for web app development would be Javascript,
CSS, HTML, and Python. As for the native app, it provides a much faster and more efficient
structure, and it has access to more resources inside the device, such as a camera, GPS, Health
app, etc., which provides greater functionality. Also, it is easier to build with more development
tools, Software Development Kits (SDKs), and many more. However, if a cross-platform
application were to be built, it would mean having to build everything from scratch or
incompatibility with some devices.

If a native application were to be developed, there would be different options as to which
device it would be developed for. If a laptop/computer was chosen, the user experience would
be better, since it would provide a larger view, and make it easier to manage big tasks, as well as
eliminate the need for secondary processing. If a smartphone were to be used, there would be
the need to choose between the operating systems. If an app was built for iOS, this means that
the application would be coded in Swift or Objective-C, which are languages that are unique to
iOS app development. Among those, Swift would be more convenient and require less coding;
however, it would be possible to create much faster and much more complex software using
Objective-C. Also, due to the organization of the programming environment, iOS application
development would be comparatively easier than Android development. There is also a
considerably limited range of devices which results in less compatibility, but provides less
accountability with limited screen dimensions to be dealt with. Also, the iOS programming
languages use view controllers to manage an entire screen or one of its parts. iOS app
development has a reliable and consistent structure, but it has the disadvantage of being
incompatible with many devices on the market.

If the Android framework was aimed to be the home environment of the application, this would
mean that the compatible mechanism would help target different user bases. On the other
hand, this capability of operation on a wide range of devices causes device fragmentation. Also,
Android devices use Java as their main programming language, which provides the benefit of
being much simpler to navigate than C-based programming languages. Android IDEs use
partitions instead of view controllers to manage screens. This means that the application is
broken down to fragments and activities, where activity accounts for one application screen.
Therefore, creating a project with multiple screens means managing dozens of activities at the
same time. While Android is beneficial in terms of being open-source and cross-functionality, it
is error-prone and hard to manage.

6.2.1.3 Software Complexity

In terms of software options, the application could be designed either as a demo or as a
fully-functional app. There are certain benefits and challenges to both.

119



1. Demo Application
a. Functionality: The demo application would come with parts that are incomplete

either in the front end or the back end of the application. With that said, the
application would be functional enough to demonstrate the uses of the device
and the place of the software in the final product.

b. User-friendliness: Having a demo application would mean that the software
would be hard to navigate through for the user. As mentioned before, it would
lack significant aesthetics and features that would make the application easy to
use for the user. Demo application would be a very primitive demonstration of
what might be done with the application.

c. Requirements: Since it would be less complex than a fully-functional application,
it would require less space and memory, as well as time and effort.

2. Fully-Functional Application
a. Functionality: The fully-functional application would come with many features

and much higher quality. Every step of it, both in the front end and the back end
would be complete. It would contain minimal bugs.

b. User-friendliness: This version would be much more user-friendly since it would
have the shape of a real application, rather than a program that lacks the physical
features. It would be very easy to use, and it would be a high-level demonstration
of all the features.

c. Requirements: Since this application is much more complex to build than the
demo application, it would require more space and memory, as well as time and
effort.

Demo App Fully-functional App

Pros ● Takes up less space and
memory
● Requires less time and
effort
● Good enough for
demonstrating the functionality

● High quality
● User-friendly
● Fewer bugs
● More functional
● More features

Cons ● Missing Parts
● Less User-Friendly
● Not bug-free

● Takes up more space and
memory
● Requires more time and
effort

Figure 6.2.1.4 Pros and Cons of App Complexity Options
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6.2.1.4 Software Tools and Design

In order to decide between different software tools and design, the first step would be to
compare different software structure approaches. The program could either be written by
taking a procedural programming approach or an OOP one. This decision would mainly depend
on the programming language to be used. For example, if C were to be used, the Procedural
Programming approach would be necessary, while OOP would be a must for Python. However, if
Matlab were to be used, both options would be possible, and there would be benefits and
drawbacks for each.

First of all, the biggest advantage of procedural programming over OOP is that the runtime is
significantly faster with it on Matlab. With that said, OOP approach’s encapsulation feature
assists the developer(s) with avoiding collisions between different parts of the program. It also
reduces redundancy in the code by creating objects and attributes for each and defining the
object for each use. This structure of the OOP approach also fosters the modularity of the
program too.

On the other hand, while procedural programming is complicated to extend and harder to
manage complex programs, it makes the code easier to understand. Also, it is easy to invoke,
modify and reuse a function.

Procedural Programming [Zahr,
2015]

Object-Oriented Programming

[Why Use Object-Oriented
Design - MATLAB & Simulink,
n.d.]

Pros ● Easier to understand
● Easy to invoke and reuse

the function
● Significantly faster

runtime with this

● Encapsulation helps
avoid collisions between
different parts

● Reduces redundancy
● Fosters modularity

Cons ● Complicated to extend
● Hard to manage long &

complex programs

● Slower runtime

Figure 6.2.1.5 Pros and Cons of Procedures & OOP on Matlab

For the design of the app, there are two different options for the code: Matlab Script and App
Designer. Matlab Script provides the regular programming environment for the developer
(Figure 6.2.1.1), while App Designer has a different interface for development (Figure 6.2.1.2).

121



Figure 6.2.1.6 Interface for Matlab Script

Figure 6.2.1.7 Interface for App Designer
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Both of the options that have been mentioned above have various advantages and drawbacks.
First of all, Matlab Script can be coded both in a Procedural or Object-Oriented Programming
approach; with that said, App Designer only works with the OOP approach. Script requires
significantly less code than the App designer, which makes it easier to understand and modify.
On the other hand, the script has much less room for improvement in terms of GUI, while the
App Designer is aesthetically-pleasing and involves many visual components with specific
positions and physical options for each component.

Matlab Script App Designer

Pros ● Requires less code
● More efficient
● Very straightforward
● Can be used with both

procedural
programming and OOP

● Aesthetically pleasing
● Involves a range of

visual components

Cons ● Has limited capacity in
terms of UI

● Hard to understand
● Has a very specific way

of coding and it is nearly
impossible to change
the structure

Figure 6.2.1.8 Pros and Cons of Software Tools

If Matlab Script were to be chosen as the tool for programming, two different initialization and
programming methods for the UI could be chosen: uiFigure() or Figure(). While uiFigure() is a
function to be called when app functions are required, Figure() is for data visualization and
exploration. However, both could be used for either goal. uiFigure() has more functionality for
purposes such as apps with buttons, sliders etc. However, Figure() is easier to create, maintain
and understand with fewer features for apps, and uiFigure() will involve longer code.
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uiFigure() Family Figure() Family

Pros ● For App Functions
● Has more

functionality

● For Data Visualization and
Exploration

● Easier to create, maintain and
understand

Cons ● Longer code ● Fewer features for app
creation

Figure 6.2.1.9 Pros and Cons of uiFigure() and Figure()

6.2.1.5 Target User

The application could have different options as to target users. Depending on the use of the
product, the app can have two target users: individuals or businesses. If the app were to be
designed for businesses, it would be aimed at physiotherapists and physicians to use. This
would bring some specific features to hospitals and/or physiotherapy centers, and a specified
area of use to the application and the device. Creating an application for business use might
also entail being able to deal with multiple users at once, and would require a more complex
database structure.

If the application was designed for individual use, it would be accessible to more people. It
could also have more areas of use, as well as being easier to make. It would be significantly
harder to use for multiple people and it would not contain any of the hospital/rehabilitation
center specific features.

Individual Business

Pros ● Accessible to more people ● Specific features

Cons ● Hard to use with multiple
people

● Complicated requirements

Figure 6.2.1.10 Pros and Cons of Target User Options
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6.2.2 Final Design

For the purposes of this project, Matlab was chosen as the main programming language due to
its scientific nature. As for the platform, to perform a more consistent analysis, keeping the
application on a PC was a better option than mobile or web apps. Also, the program became a
hybrid of the demo and the fully-functional one. While the multiplayer option is not working,
the rest of the program is fully functional. This also ended up in choosing individual use over
business use for the current version.

For the structure of the program, since a real-time application relies heavily on the speed of the
program, a POP approach became a better fit than an OOP one. Also, this meant that we chose
to create the program in the form of a Matlab Script instead of the App Designer. Also, since the
application did not need too complicated visual components, Figure() was chosen over
uiFigure().
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Figure 6.2.2.1 EMG Plot Screen
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Figure 6.2.2.2 Pong Game UI

6.3 Testing

Testing for the software involved error tracing, bug fixes, and performance improvements.

6.3.1 Methodology

The methodology of the testing for the software involved the following steps:

For the overall software:
1. Create a sample non-real-time dataset using the random number generator
2. Test out the filter codes and processing function using the sample dataset
3. Create the serial port and test out the connection
4. Test out the filter codes and processing function using the data from the port
5. Test the pong paddles with the non-real-time dataset
6. According to values observed on the serial port data after processing, change the range

of values for pong
7. Test the pong app with the real-time dataset

Also, frequent control points were added to the system by printing out the output variables.

6.3.2 Results & Observations

For the first two steps of the software testing, a sinusoidal signal with 20,000 elements were
created. For the noise, a dataset of 20,000 elements were created and multiplied with each
other to obtain the signal shown in Figure 6.3.2.1.
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Figure 6.3.2.1. Test Data Plot

This data went over several steps of filtering and tuning, High Pass Filter, FIR Whitener, Notch
Filter, Absolute Value, Decimation, Critically Damped-Lowpass Filter, and Offset Correction.
Since the sampling rate was 1000 Hz, a lowpass filter at the beginning was not needed.
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Figure 6.3.2.2 High-pass filter. The signal was first put into a 2nd order 15 Hz highpass filter,
which attenuated the signals that are lower than 15 Hz. The results of the filtering process can
be seen in Figure 6.3.2.2.
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Figure 6.3.2.3 FIR Whitener. The first difference of the data was taken through the second
step, which was to apply an FIR filter to the signal with coefficients of 1 and -1. The results of
the filter when compared to the previous filter (Highpass) could be observed in Figure 6.3.2.3.
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Figure 6.3.2.4 Notch filter plot. The third step was to apply a Notch Filter of 60 Hz to the
signal. The results compared to the FIR Whitener results can be found in Figure 6.3.2.4, and
the frequency response of the filter is shown in Figure 6.3.2.5.
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Figure 6.3.2.5 Frequency Response of Notch Filter
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Figure 6.3.2.6 Absolute value plot. As the fourth step of the processing, the absolute value of
the signal was taken, as seen in Figure 6.3.2.6.
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Figure 6.3.2.7 Low-pass filter plot. The signal was low-pass filtered, using the algorithm
described in the William Boyd Thesis. [cite] This filter was designed to be a critically damped
fourth-order lowpass filter with 1Hz of the cutoff frequency. The results of this filter are
shown in Figure 6.3.2.7, and the step response of the filter is shown in Figure 6.3.2.8.
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Figure 6.3.2.8 Low Pass Filter Step Response
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Figure 6.3.2.9 Offset Correction Plot. In order to get more stable results for the pong game, an
offset correction was performed. The noise was identified to be 0.5. The offset-corrected
signal can be seen in Figure 6.3.2.9.
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6.4 Discussion

The software structure became easy to understand and modify through Procedural
programming; therefore, it is likely that it was a better option than using the Object Oriented
Programming approach.

Currently, the syntax is a mixture of the pre-2019 and post-2019 Matlab syntax. It is important
to note that since the pre-2019 functions will be removed in future releases, the code should be
updated accordingly. Another point to consider in terms of the syntax is that minimizing the
loops and performance-decreasing code would increase the speed of the program if needed for
other sorts of applications.

While the program does not necessarily need a multiplayer option, it would be better for the
case of producing multiple of the same device. Also, a crucial improvement would be to
increase the efficiency of the processing algorithm with further fine-tuning.

The testing process has proven that non-real-time testing of the code does not provide enough
insight into the adjustments of the real-time application. Therefore, a separate testing step with
possibly a real-time device emulator in between would give better results.

As a result of this testing process, several main errors have been identified and solved.
a. The program slowed down when the serial port started inputting data into the software.

After the testing process was conducted, and the length of the bits transmitted was
observed, it was realized that the default number of input bytes was 512 on Matlab, but
this project required 40.

b. The serial port reading function read the same values from the start. After testing was
conducted on the plotting function, it was found that the loop structure that the
function was in made it start from the beginning of the sequence, which made the
function repeat only the first bit of the sequence.

After the full testing of the software structure of the project, plenty of steps can be taken in the

future to improve upon the existing framework:

1. Features for increasing the ADC resolution could be added. As mentioned broadly in the

Literature Review chapter, in order to make signal acquisition and processing more

effective and accurate, the quality of the raw data must be increased. For this, the

methods mentioned before, such as Oversampling and Decimation or Averaging, could

be used depending on the circuitry and the purpose of the overall system.

2. The visuals of the program can be improved through more detailed calculations and an

approach that is more centered towards the graphics.

3. The number of loops can be reduced to increase the execution speed.
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7. System Testing

7.1 Methodology

To test if the system was properly collecting, transmitting, and receiving data, a single-channel

function generator was used to generate test signals that were input into the electrodes of the

analog front end. Before testing, all channel 1 and channel 2 electrodes were connected to the

function generator’s ground reference to ensure that external noise was minimized before

testing with a live signal. Two tests were used to ensure that data collection and communication

were functional.

In the first test, a 150 Hz 20 mVpp test signal was input into one of the channel 1 electrodes.

The second channel 1 electrode, reference electrode, and both channel 2 electrodes were

connected to ground. The same methodology was repeated using a 10 Hz 20 mVpp signal. The

test was then repeated for channel 2. The signals collected, transmitted, and received were

then plotted in the MATLAB application developed by the lab’s graduate students.

In the second test, the same methodology for the first test was used. However, the signals were

plotted in a MATLAB application developed by one of the team members.

7.2 Results & Observations

Before a live signal was input into either channel 1 or channel 2 electrodes, the electrodes were

connected to ground and displayed in the MATLAB application developed by the lab’s graduate

students as shown in Figure 7.2.1 and the MATLAB application developed by one of the team

members as shown in Figure 7.2.6. In Figure 7.2.1, the graph on the left and right display

channel 1 and channel 2 signals respectively. The x-axis of the graph designates time in ms and

the y-axis designates voltage in mV. However, the y-axis is not properly scaled and therefore

does not accurately represent the voltage of the test signal. In Figure 7.2.6 the top two graphs

display channel 1 raw signals and processed signals, respectively. The following two graphs

display channel 2 raw and processed signals, respectively. Finally, the last graph represents the

difference between channel 1 and channel 2 processed signals. The application developed by a

student on the team uses similar graphing techniques to that of the application developed by

the lab’s graduate students and therefore the x and y axis are the same. In both Figures 7.2.1

and 7.2.6, the signals displayed are at around the same amplitude because the level shifter

shifts the input signal up to about 1.8 volts. In addition, both signals do not display any noise.

For the first test, the resulting 150 Hz 20 mVpp and 10 Hz 20mVpp signals for channel 1 are

displayed in Figures 7.2.2 and 7.2.3, respectively. In Figure 7.2.2, the peaks of the channel 1
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signal appear to have periodic noise. In Figure 7.2.3 the noise seems to be eliminated with a

lower frequency signal. The error may be related to how the data is being plotted. However, in

Figure 7.2.2, the channel 2 signal appears to have the same frequency of periodic noise that was

present in the channel 1 signal. The noise may be attributed to 60 Hz noise that originates from

some source external to the system such as the lights. The resulting 150 Hz 20 mVpp and 10 Hz

20mVpp signals for channel 2 are displayed in Figure 7.2.4 and 7.2.5, respectively. In Figure

7.2.4, the peaks of the channel 2 signal appear to have the same periodic noise present in

channel 1 of Figure 7.2.2. Similarly, in Figure 7.2.5, the periodic noise is eliminated with a lower

frequency signal. However, the periodic noise that was present in channel 2 of Figure 7.2.2 is

not present in channel 1 of Figure 7.2.4 indicating that channel 2 may be inherently more prone

to noise than channel 1 due to a difference in the connection quality between the circuits.

Figure 7.2.1 graphical display of all channel 1 and channel 2 electrodes grounded using the
MATLAB application developed by the lab’s graduate students
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Figure 7.2.2 graphical display of a 150 Hz 20 mVpp signal sent through one channel 1
electrode using the MATLAB application developed by the lab’s graduate students

Figure 7.2.3 graphical display of a 10 Hz 20 mVpp signal sent through one channel 1
electrode using the MATLAB application developed by the lab’s graduate students
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Figure 7.2.4 graphical display of a 150 Hz 20 mVpp signal sent through one channel 2
electrode using the MATLAB application developed by the lab’s graduate students

Figure 7.2.5 graphical display of a 10 Hz 20 mVpp signal sent through one channel 2
electrode using the MATLAB application developed by the lab’s graduate students
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The same results are true for the second test as explained in the first test meaning that the

signals input into channel 1 and 2 of the analog front end are being properly collected,

transmitted, and received.

Figure 7.2.6 graphical display of all channel 1 and channel 2 electrodes grounded using the
MATLAB application developed by one of the team members
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Figure 7.2.7 graphical display of a 150 Hz 20 mVpp signal sent through one channel 1
electrode using the MATLAB application developed by one of the team members
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Figure 7.2.8 graphical display of a 10 Hz 20 mVpp signal sent through one channel 1
electrode using the MATLAB application developed by one of the team members
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Figure 7.2.9 graphical display of a 150 Hz 20 mVpp signal sent through one channel 2
electrode using the MATLAB application developed by one of the team members
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Figure 7.2.10 graphical display of a 10 Hz 20 mVpp signal sent through one channel 2
electrode using the MATLAB application developed by one of the team members
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8. System Results & Observations

The overall system functioned as desired when testing was completed. The analog front end

correctly captured the desired flexion and extension EMG signals from the forearm. The

microcontroller took these signals and digitized them and then sent them off to the Pong

application. The Pong application then used these digitized values to control the paddle

movement.

The player’s paddle moved left and right based on whether or not the player was flexing or

extending their wrist. The responsiveness of the paddle was sufficient to play the game without

much delay. The paddle moved quickly in response to flexion or extension of the wrist. We were

able to confirm that an entire game of Pong could be played using our system. Below are images

of the working Pong application. Attached to this report is a video of the successful Pong

application being played using our system, titled “PongEMGRecording.” In the video, the user’s

EMG is controlling the bottom paddle.

Figure 8.1 Pong Game Being Played By User Via Bottom Paddle
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Figure 8.2 Flexion of Wrist During Pong Game

Figure 8.3 Extension of Wrist During Pong Game
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9. System Discussion

The system functioned as expected based on our design goal. We were able to create a system

that could detect EMG signals from the body and use them to play a game that could aid in

stroke rehabilitation. However, some improvements to the system can be made. The electrode

armband can sometimes feel itchy and uncomfortable for the user. Changing out the Velcro

material for a softer, smoother material like an Ace bandage could be implemented. The solder

board could be switched out for a PCB and integrated into the armband for a smaller, more

compact design. This would allow more freedom for the user to move their arm, rather than

needing to rest their arm on the table directly next to the front end. The responsiveness of the

paddle in the Pong game could also be improved by continuing to fine-tune the voltage range of

the input signals, improving the EMG filtering, and adjusting the paddle speed in the MATLAB

code.

9.1 Use of Standards

Our team followed various standards and protocols throughout our design process. The

Bluetooth Low Energy (LE) standard was used to communicate between the peripheral and

central boards. The USB standard was used to power both the peripheral and central boards

and also provided a line of communication between the central board and the laptop running

the MATLAB application. A USB Micro B output on the central board was connected to a USB-A

input on the laptop via a data cable to provide this line of data communication between the

board and the laptop. The board was powered by an additional USB Micro B and USB-A

connection, however, this cable was a power cable rather than a data cable. The IEEE numeric

standards of integers and floating point values were used throughout the Segger code for the

central and peripheral board communication and MATLAB script to create the Pong game.

9.2 Ethics and Safety

Our team ensured to test our system with both ethics and safety in mind. Our system was only

tested on members of the MQP team so no data was gathered from any test subjects other than

ourselves. Also when testing the system on humans, we ensured that battery power was used

to prevent possible electric shock from a DC power supply.
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10. Conclusion & Future Work

Our research proved that the system provides an efficient EMG signal acquisition and analysis.

The housing of the design was chosen to be on an armband, but with that said, the accuracy of

the system could be improved by choosing a different design. More stable and comfortable

housing could be adopted in future versions.

The circuitry of the system was first designed as a breadboard. To avoid short circuits and

possible wiring issues during testing and application, a solderboard was then created. While the

solderboard helps with most of the possible problems, it would be helpful to choose the PCB

option in the future. This would also help with decreasing the size of the front end.

The microcontroller that is currently being used is a part of a development kit. It is significantly

big in size, and this could be reduced by using a different microcontroller kit. The same

microcontroller unit could be used, but a dongle from Nordic Semiconductors, or, as previously

mentioned in the design options section of the Microcontroller, the Adafruit Feather can also be

helpful.

The app is currently in the form of a demo, rather than a complete app, even though it has the

full functionality that was aimed for. A more aesthetic design and a more user-friendly control

would be needed for commercial use. Also, a machine learning algorithm that learns the muscle

movements and value ranges from the sample datasets could be implemented. The application

can be moved to the web, and it could be used on any device, not only computers. The most

needed improvement would be to decrease the number of loops used in the processing

algorithm to increase the speed and make the program compatible with even the slowest

devices.

Ultimately, the system is currently in its Phase I design, and it is fully-functional in terms of EMG

processing and implementation of the game. For any future work, it could be upgraded to Phase

II, and tools that are helpful to medical professionals, such as a multi-user interface, easier

placement of electrodes, etc., are possible areas of improvement.
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12. Appendix

Appendix A: Instrumentation Amplifier MATLAB Code  [E. A. Clancy]

function iamp_stage_v01

% Components.

Rg = 2600;

R1 = 24.7E3;

Cg = 5E-6;

% Frequency values at which to evaluate.

f = 0:0.01:200;

w = 2*pi*f;

fdata = [5,10,20,50,100,140,180,200];

mag_data =

[13.72340426,27.51937984,44.8,61.47540984,61.40684411,62.40310078,61.64122137,62.890

625];

phase_data = [64.8,64.8,51.84,21.6,21.6,0,0,0];

% Frequency response.

H = 1 + ( 2*R1 ./ (Rg + (1./(1j*w*Cg))) );

figure(1)

% Plot magnitude only.

%plot(fdata,mag_data,':b.')

title('Ideal and recorded magnitude response')

hold on

plot(f, abs(H),'k')

% Passband gain line.

Hpass = 1 + ( 2*R1 ./ Rg );

hold on, plot([f(1) f(end)], [Hpass Hpass], 'k--'), hold off

box('off')

xlabel('Frequency (Hz)')

ylabel('Magnitude Response')

title('Wireless EMG I-Amp Circuit')

legend('Ideal')

%legend('Recorded data','Ideal')

Return
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Appendix B: High-Pass Filter MATLAB Code  [E. A. Clancy]

function H = butter_hi_design(f, Fc, A, Stage1, Stage2, Stage3, Stage4, Stage5)

%

% H = b_hi_des(f, Fc, A, Stage1[, Stage2[, Stage3[, Stage4[, Stage5]]]])

%

%   Helps design an electronic circuit to build even-order, high-pass

% Butterworth filters of orders 2, 4, 6, 8, 10.  Plots the magnitude of

% the resulting frequency response.

%   See [Thomas Kugelstadt, "Chapter 16: Active

% Filter Design Techniques," Literature Number SLOA088, Texas Instruments

% Incorporated, Post Office Box 655303, Dallas, Texas  75265, 2001.

% Excerpted from "Op Amps for Everyone," Literature Number SLOD006A,

% Texas Instruments.  Available on the Internet at: http://www.ti.com].

%

% f:      Frequency axis (Hertz) for all calculations and plotting (vector).

% A:      Overall circuit gain (>=1).  Applied in 1st stage.

% Fc:     Desired cutoff frequency in Hertz (scalor).

% StageX: Up to 5 StageX arguments (one per stage) are permitted.  For each stage,

%         StageX is a vector of 1-4 elements, corresponding to C1, C2,

%         R1 and R2, respectively.  C1 must be supplied (in Farads) and

%         is the first vector element.  If a second argument is supplied,

%         then it is C2 (in Farads).  If C2 is not supplied, it is set

%         equal to C1.  If

%         a third argument is supplied, it is R1 (Ohms).  If not supplied,

%         it is set as required to form a Butterworth filter.  If a fourth

%         argument is supplied, it is R2 (Ohms).  If not supplied, it is

%         set as required to form a Butterworth filter.

%

% H: Resulting (complex-valued) frequency response corresponding to the

%    frequency axis f.

%

% USAGE RECOMENDATIONS:  To build a filter, initially call script with only

%   C1 and C2 specified for each stage.  Use the recommended

%   R1 and R2 values to find R1's and R2's that are manufactured.  Call the

%   script a second time with all values to see the resultant nominal frequency

%   response.
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% Table of ai values.  For even-order Butterworth, all bi values equal 1.

aiTable = [1.4142    NaN    NaN    NaN    NaN;  % For 1-stage filter.

1.8478 0.7654    NaN    NaN    NaN;  % For 2-stage filter.

1.9319 1.4142 0.5176    NaN    NaN;  % For 3-stage filter.

1.9616 1.6629 1.1111 0.3902    NaN;  % For 4-stage filter.

1.9754 1.7820 1.4142 0.9080 0.3129]; % For 5-stage filter.

% Determine the number of stages.

Nstage = nargin - 3;

if Nstage<1 | Nstage>5, error('Must have 1-5 stages.'); end

if A<1, error('"A" must be >= 1.'); end

% Extract/develop parameters for each stage and build the frequency response.

H = ones( 1, length(f) );  % Initialize frequency response to unity.

w = 2*pi*f;                % Convert to radian frequency.

MagBig = A;                % Cascade passband gain.

for S = 1:Nstage

if S>1, A = 1; end  % Set gain to one after first stage.

% Prepare to parse parameter vector.

eval(['Param = Stage' int2str(S) ';']);  % Copy parameters to a scratch vector.

if length(Param)<1, error(['Stage ' int2str(S) ' parameter list < 1.']); end;

if length(Param)>4, error(['Stage ' int2str(S) ' parameter list > 4.']); end;

ai = aiTable(Nstage,S);

% Parse parameter vector.

% C1.

C1 = Param(1);

% C2.

if length(Param)>1,  C2 = Param(2);  else,  C2 = C1; end

% R1.

if length(Param)>2,  R1 = Param(3);

elseif A==1

R1 = ( C1+C2 ) / ( 2*pi*Fc*ai*C1*C2 );

else
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a = ((2*pi*Fc)^2) * C1*C2*C2*(1-A);

b = -ai * 2*pi*Fc * C1*C2;

c = C1 + C2;

R1 = ( -b - sqrt(b*b - 4*a*c) ) / (2*a);

end

% R2.

if length(Param)>3,  R2 = Param(4);

else,  R2 = 1 / ( ((2*pi*Fc)^2)*R1*C1*C2 ); end

% Print component values.

fprintf('Stage %d: C1=%e F, C2=%e F, R1=%e Ohms, R2=%e Ohms\n', S, C1, C2, R1, R2);

% Update frequency response.

a = ( R2*(C1+C2) + R1*C2*(1-A) ) ./ (R1*R2*C1*C2);

b = 1 ./ (R1*R2*C1*C2);

Hstage = A ./ (  1 + ( a./(j*w) ) + ( b./(-w.*w) )  );

H = H .* Hstage;

end

% Now, plot the frequency response magnitude.

plot( f, abs(H) )

xlabel('Frequency in Hertz')

ylabel('Frequency Response Magnitude')

L1 = find( abs(H) >= (MagBig*sqrt(2)/2) );

hold on, plot([f(L1(1)) f(L1(1))], [0 MagBig], 'm'), hold off

Thing = sprintf('Cut-off at %0.2f Hz, Passband Gain = %0.2f', f(L1(1)), MagBig);

text( max(f)/5, max(abs(H))/3, Thing);

title('Butterworth High-Pass Filter');

figure(gcf);

return
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Appendix C: Low-Pass Filter MATLAB Code [E. A. Clancy]

function H = butter_lo_design(f, Fc, A, Stage1, Stage2, Stage3, Stage4, Stage5)

%

% H = b_lo_des(f, Fc, A, Stage1[, Stage2[, Stage3[, Stage4[, Stage5]]]])

%

%   Helps design an electronic circuit to build even-order, low-pass

% Butterworth filters of orders 2, 4, 6, 8, 10.  Plots the magnitude of

% the resulting frequency response.

%   See [Thomas Kugelstadt, "Chapter 16: Active

% Filter Design Techniques," Literature Number SLOA088, Texas Instruments

% Incorporated, Post Office Box 655303, Dallas, Texas  75265, 2001.

% Excerpted from "Op Amps for Everyone," Literature Number SLOD006A,

% Texas Instruments.  Available on the Internet at: http://www.ti.com].

%

% f:      Frequency axis (Hertz) for all calculations and plotting (vector).

% A:      Overall circuit gain (>=1).  Applied in 1st stage.

% Fc:     Desired cutoff frequency in Hertz (scalor).

% StageX: Up to 5 StageX arguments (one per stage) are permitted.  For each stage,

%         StageX is a vector of 1-4 elements, corresponding to C1, C2,

%         R1 and R2, respectively.  C1 must be supplied (in Farads) and

%         is the first vector element.  If a second argument is supplied,

%         then it is C2 (in Farads).  If C2 is not supplied, it is set

%         equal to C1.  If

%         a third argument is supplied, it is R1 (Ohms).  If not supplied,

%         it is set as required to form a Butterworth filter.  If a fourth

%         argument is supplied, it is R2 (Ohms).  If not supplied, it is

%         set as required to form a Butterworth filter.

%

% H: Resulting (complex-valued) frequency response corresponding to the

%    frequency axis f.

%

% USAGE RECOMENDATIONS:  To build a filter, initially call script with only

%   C1 and C2 specified for each stage.  Use the recommended

%   R1 and R2 values to find R1's and R2's that are manufactured.  Call the

%   script a second time with all values to see the resultant nominal frequency

%   response.
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% Table of ai values.  For even-order Butterworth, all bi values equal 1.

aiTable = [1.4142    NaN    NaN    NaN    NaN;  % For 1-stage filter.

1.8478 0.7654    NaN    NaN    NaN;  % For 2-stage filter.

1.9319 1.4142 0.5176    NaN    NaN;  % For 3-stage filter.

1.9616 1.6629 1.1111 0.3902    NaN;  % For 4-stage filter.

1.9754 1.7820 1.4142 0.9080 0.3129]; % For 5-stage filter.

% Determine the number of stages.

Nstage = nargin - 3;

if Nstage<1 | Nstage>5, error('Must have 1-5 stages.'); end

if A<1, error('"A" must be >= 1.'); end

% Extract/develop parameters for each stage and build the frequency response.

H = ones( 1, length(f) );  % Initialize frequency response to unity.

w = 2*pi*f;                % Convert to radian frequency.

MagBig = A;                % Cascade passband gain.

for S = 1:Nstage

if S>1, A = 1; end  % Set gain to one after first stage.

% Prepare to parse parameter vector.

eval(['Param = Stage' int2str(S) ';']);  % Copy parameters to a scratch vector.

if length(Param)<1, error(['Stage ' int2str(S) ' parameter list < 1.']); end;

if length(Param)>4, error(['Stage ' int2str(S) ' parameter list > 4.']); end;

ai = aiTable(Nstage,S);

% Parse parameter vector.

% C1.

C1 = Param(1);

% C2.

if length(Param)>1,  C2 = Param(2);  else,  C2 = C1; end

% R1.

if length(Param)>2,  R1 = Param(3);

else

a = ((2*pi*Fc)^3) * C2 * ( C1 + (1-A)*C2 );

b = -ai * C2 * ((2*pi*Fc)^2);
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c = 2*pi*Fc;

R1 = ( -b - sqrt(b*b - 4*a*c) ) / (2*a);

end

% R2.

if length(Param)>3,  R2 = Param(4);

else,  R2 = 1 / ( ((2*pi*Fc)^2)*R1*C1*C2 ); end

% Print component values.

fprintf('Stage %d: C1=%e F, C2=%e F, R1=%e Ohms, R2=%e Ohms\n', S, C1, C2, R1, R2);

% Update frequency response.

a = C1*(R1+R2) + (1-A)*R1*C2;

b = R1 * R2 * C1 * C2;

Hstage = A ./ (  1 + ( a*j*w ) - ( b*w.*w )  );

H = H .* Hstage;

end

% Now, plot the frequency response magnitude.

plot( f, abs(H) )

xlabel('Frequency in Hertz')

ylabel('Frequency Response Magnitude')

L1 = find( abs(H) <= (MagBig*sqrt(2)/2) );

hold on, plot([f(L1(1)) f(L1(1))], [0 MagBig], 'm'), hold off

Thing = sprintf('Cut-off at %0.2f Hz, Passband Gain = %0.2f', f(L1(1)), MagBig);

text( max(f)/5, max(abs(H))/3, Thing);

title('Butterworth Low-Pass Filter');

figure(gcf);

return

167


