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Abstract  

Electromyographs (EMG) are records of the electrical activity produced by skeletal 

muscles contraction. The shape of the EMG contains relevant information about the 

neuromuscular state of the muscle. EMG signals are obtained for many applications 

including management of tremor suppression and myoelectric control for prosthesis and 

exoskeletons. EMG acquisition devices use EMG simulators to test and evaluate the 

acquisition’s performance. Simulators usually add synthetized interferences to simulate 

noise during EMG acquisition, usually power lines interferences. However, there may 

be more sources of noise when EMG is recorded. This document reports the design and 

development of a wireless EMG simulator that can be embedded in mediums that mimic 

muscle tissues. Thus, the acquisition device records both the EMG signal delivered by 

the simulator, and the typical interferences obtained during biosignal acquisition, such 

as electromagnetic interferences. The floating simulator is wirelessly controlled from a 

Mobile App using Bluetooth Low Energy. The Mobile App can select the EMG signal 

to be delivered, its amplitude and frequency, and the start and stop of the simulation. 

The dimensions of the simulator are 43.50 × 63.50 × 15 mm and it is powered with a 

rechargeable battery that can last approximately 40 hours. The future device will be 

sealed with silicone to protect it from the medium will be embedded into. 

 

Keywords  

EMG simulation; device testing; floating device; wireless; mobile app; digital signal 

processing; analog signal processing; electrodes; saline phantom  
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1. INTRODUCTION  

1.1 Background 

1.1.1 Basic Neuromuscular Physiology Overview 

Muscles are human body tissues that allow the movement and performance of vital 

functions due to the contractions and relaxations of their substructures [1]. Muscles are 

classified depending on their cellular composition and function. They can be cardiac, 

smooth, or skeletal. Cardiac muscle is responsible for heart contraction and blood 

pumping throughout the body. Smooth muscle function depends on the organ; for 

example, muscles in the esophagus serve for alimentary bolus movement. Skeletal 

muscle is the only one that is voluntarily controlled. It shapes the human body, gives 

stability and thus, allows the generation of body movements to perform daily life 

actions. The skeletal muscle system is innervated by the somatic nervous system. The 

central nervous system is connected to the somatic nervous system through afferent 

(sensitive) and efferent (motor) nerves. Motor nerves conduct the neuronal signals that 

eventually reach the muscle and produce its contractions [2] [3]. 

Skeletal muscle is composed of muscle cells, also known as muscle fibres, and each 

muscle fibre is composed of myofibrils. Myofibrils are surrounded by a plasma 

membrane called sarcolemma. The somatic motor neuron axon together with the 

sarcolemma and its myofibrils form a motor unit, and the contact area between them is 

the neuromuscular junction [4]. When an electrical nervous impulse coming from the 

spinal cord reaches the neuronal axon, the voltage-gated calcium channels are activated 

and open to allow calcium ions to enter the neuron. These calcium ions bind to 

receptors on the synaptic vesicles, triggering the fusion of the vesicles with the plasma 

membrane of the axon and causing the neurotransmitter, acetylcholine in vertebrates, 

and release to the synaptic cleft of the neuromuscular junction. Acetylcholine binding to 

the cholinergic receptors on the sarcolemma results in the contraction of the myofibrils 

Figure 1.Muscle Unit Action Potential (MUAP) Generation based on [5] 



 
 

2 

[6]. The motor unit is the minimum unit of muscle contraction, and every contraction 

pulse is called motor unit action potential (MUAP). In a muscle with plenty of 

myofibrils and sarcolemmas, a muscle contraction results in a sequence of MUAPs. The 

electrical combination of the summation of the sequence of MUAPs is registered in 

recordings known as electromyograms (EMG) [7].  

1.1.2 EMG Signal Description  

The shape of the EMG contains relevant information about the neuromuscular state of 

the muscle. EMG recordings differ from each other in amplitude, frequency, and 

duration [8]. The amplitude depends on the number of myofibrils recruited in a motor 

unit by the somatic neuron, being wider when the number is greater. The frequency with 

which the nerve impulse reaches the motor unit and causes the action potential directly 

influences the frequency of the electromyogram signal. The recording not only depends 

on the signal itself but also on the measurement procedure and the type of muscle being 

measured. Overall, EMGs are characterized by an amplitude range from 0 to 20 mV and 

a frequency range from 20 to 400 Hz (mostly 20-200 Hz) [9].  

Figure 2. EMG recording example [10]. Two muscle contractions and three muscle relaxations 

recorded with surface electrodes. This results in a high-amplitude random-like signal anytime 

there is a contraction and a low-amplitude one when the muscle is relaxed. 

1.1.3 EMG Signal Acquisition 

EMG signals are recorded using EMG signal acquisition devices. There are two main 

recording methods distinguished by the way the signals are obtained: using 

intramuscular electrodes (iEMG, electrodes by the muscle fibre), and superficial EMG 

(sEMG, electrodes placed on the skin). These records mainly differ from each other in 

the signal amplitude and crosstalk. Crosstalk happens when an electrode records a 

signal from a non-target muscle, interfering in the recording [11]. Intramuscular 

electrodes generally use needles placed right in the muscle, close in distance to the 

action potential generation point. The probability of crosstalk is smaller due to the 

higher specificity on the muscle measured area. However, they usually have wires that 

go through the skin, which can lead to risk of infection and its placement is invasive for 

relaxation contraction 
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the patient. When the signal is recorded noninvasively using skin electrodes (sEMG), 

the signal can come from other muscles of no interest, decreasing the spatial selectivity, 

and increasing the crosstalk [12]. Intramuscular recordings may be beneficial because of 

their potential ability to overcome some of the major problems of surface recordings 

such as electrodes shifts and skin impedances changes [13]. The geometry and material 

of the superficial electrodes also affect the EMG recordings [14].  

EMG signal acquisition is used in several applications. Doctors and physiologists use 

EMGs in the healthcare system as a guidance tool for decision making in diagnoses or 

physiotherapy to improve patient’s quality of life [15]. Myoelectric controlled 

prostheses also require acquisition equipment for detecting EMG signals from the 

stump’s remaining muscle tissue. These prostheses make precise and controlled limb 

movements based on the features of the detected signal [16]. Exoskeletons are wearable 

robots that detect muscle activity to enhance the physical performance of patient for 

rehabilitation or locomotion assistance after spinal cord injuries or strokes [17]. Other 

application is the suppression of pathological tremor. Muscle tremor is detected using 

EMG, and an artificial electric signal is delivered to the muscle to oppose the tremulous 

movement. This is applied in patients suffering from Parkinson disease and essential 

tremor [18].  

1.1.4 EMG Signal Simulation 

EMG acquisition devices are an essential part of all the applications previously 

mentioned. The accuracy and precision of a neuromuscular activity acquisition rely on 

testing, calibrating, and fault finding of the EMG acquisition devices [19].  

EMG simulators are an excellent tool for achieving their accurate acquisition 

performance. They simulate specific EMGs so users can meticulously study the 

performance of the acquisition devices and based on that, make the necessary changes. 

EMG simulators can be used, for example, as a laboratory tool to help developers and 

researchers to prove the right functionality of the EMG acquisition devices. 

1.2. State of the Art 

There are plenty of scientific articles describing the design and development of 

physiological signal simulators. Currently, the vast majority target electrocardiogram 

signals for the testing, calibration, and maintenance of electrocardiographic equipment. 

Burke & Nasor et al [19] designed a portable ECG simulator prototype with the main 
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characteristic to include a complementary keyboard to introduce the signal parameters 

and adjust them for each performance. Thus, the equipment was tested with signals that 

truly reflect the real biosignal in practice. Caner C. et al [20] developed a project based 

on Burke & Nasor’s work adding synthetic interferences. Acquisition devices not only 

register the biosignal but also external electromagnetic interferences from the 

surrounding medium, usually power lines interferences. This paper includes noise, 

power-line interferences, and baseline effects to increase the accuracy in the testing 

process of acquisition devices. The inferences are directly added into the simulated 

signals. In Burke & Nasor’s work, the signal was stored in the simulator itself, which 

limits the variety of signals to simulate. To overcome this handicap, signals in [20] were 

stored in a personal computer and later uploaded to the simulator. Signal and noise 

parameters are selected with the simulator’s keypad. Both simulated signals in [19] [20] 

pass through a 12-bit digital-to-analog converter (DAC) and they are later differentiated. 

Differential signals increase the physiological accuracy of the simulated signal. Shorten 

improved his design in the article Shorten & Burke [21]. The most remarkable 

improvement was the use of a 16-bit DAC to increase the resolution of the simulator’s 

analog output. They also improved the simulator ease of use by including a touch screen 

interface to select the parameters and display the resulting graphs. In [22] Shorten & 

Burke continued improving the design by increasing the precision at low amplitude 

ranges (nV) and correcting the voltage offsets and temperature instability.  

EMG signal simulators are also used to test and calibrate myoelectric prosthesis. The 

performance of the myoelectric prosthesis significantly varies between subjects. 

Consequently, the signals used for their testing must be cautiously chosen for each 

prosthesis. Jung, Stephen & Patrick, S. et al. describe in [16] and also [23] a simple and 

portable EMG simulator device able to produce a realistic and patient-representative 

EMG signal. EMG signals used to test and calibrate the myoelectric prosthesis in [16] 

have a range from 10 µV – 20 mV with a frequency from 20 to 200 Hz. A power-line 

interference with selectable amplitude (1 µV to 10 mV) and frequency (50 or 60 Hz) 

was added to the simulated signal to increase the accuracy of the testing performance. 

Signals are stored in a flash memory, and signal and noise parameters are selected with 

knobs. These simulators used a 16-bit DAC and differentiated the signal to increase its 

physiological accuracy. 
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The already presented articles [16], [20] and [23] take into account the noise generated 

during the signals acquisition by adding synthetic power line interferences directly to 

the simulated signal. In addition, there are signal simulator devices in the market [24] 

[25] that add fake power-line interferences for achieving a more realistic measured 

signal. However, none of these articles or devices in the market are representative of 

many other sources of noise present when recording signals. Furthermore, these 

simulators are directly connected to the acquisition devices’ electrodes when testing. In 

a very recently published article by Schlink, B. R., & Ferris, D. P [26], it is described 

the use of a phantom, that is a material with specific signal conductivity to mimic the 

surrounding muscle tissues. The simulated signal is emitted from the inside of the 

phantom, so the noise is naturally added to the signal as it conducts through it instead of 

directly connecting the simulator with the equipment. Thus, the recorded signal presents 

the noise and artifacts typically found in real scenarios. Additionally, having a simulator 

embedded into de medium allows the evaluation of other typical noises, such as 

movement artefacts. The prototypes and the devices commercially available are 

presented in a comparative table further presented in Table 2.  

1.3.  Motivation  

This project is motivated by the need of a single-channel simulator for testing a fully 

implantable EMG sensing device.  Based on the current state-of-the-art, it is possible to 

design a simulator that includes technologies and features that make it unique.  

Specifically, this simulator design is addressed for the testing of the EMG acquisition 

devices of the EXTEND project in order to evaluate and improve their performance. 

EXTEND, Bidirectional Hyper-Connected Neural System is a project supported by the 

European Union’s Horizon 2020 program (https://extend-project.eu/). This project is 

formed by six partners, including Universitat Pompeu Fabra. The objective of EXTEND 

is, broadly speaking, to achieve a minimally invasive neural interface platform capable 

of simulating and sensing neuromuscular activity. Its two main applications are 

exoskeletons (i.e. wearable robots that allow patients with spinal cord injury to restore 

or improve their ability to move and even walk) and tremor management in essential 

tremor and Parkinson’s disease. Both applications require a network of sensors placed 

in the body for acquiring EMGs and thus registering the real-time muscle activity. 

1.4. Objectives 

https://extend-project.eu/
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The purpose of this project is to design an EMG simulator system for the evaluation of 

EMG acquisition devices. Within this context, there are four specific objectives:  

• To design a floating EMG simulator that can be embedded in a medium, for 

example, agar, and ex-vivo tissue. So that the simulator is not removed from the 

medium, it is battery powered and wirelessly controlled. 

• To design a small, lightweight, and portable conformation that includes a control 

unit and the circuitry, and that can be safely embedded in the medium.   

• To design and develop an Android Mobile App that wirelessly connects to the 

simulator, to control it and define the EMG waveform, amplitude, and frequency. 

• To study the feasibility of the proposed system for a future prototype.  

Figure 3. Diagram of the EMG simulator proposed. The Mobile App controls the EMG signals simulator. 

The EMG simulator modulates the signal based on the parameters selected by the user and emits the 

analog signal through the electrodes placed in the simulator. The simulator is embedded inside a medium 

to mimic the surrounding muscle tissues and thus, when the EMG acquisition device is being tested, it not 

only acquires the simulated signal but the typical interferences produced when recording, increasing the 

testing accuracy. 

1.5. Scope of the project  

Initially, the purpose of the project was to obtain a prototype of the EMG simulator 

system together with the medium and the Android Mobile App. The purpose required 

procedures that can only be carried out in an electronics laboratory where the necessary 

special tools and materials are available. Since the lockdown was declared in the 14th 

March 2020 due to the COVID-19 pandemic, it has not been possible to access to the 

university facilities and hence, to the electronics laboratory. This has had a direct 

negative impact on the course of the project, limiting its scope. The most affected 

procedures have been the electronic testing of the simulator, and its development: layout 

fabrication, soldering, and final construction of the device. As a result, the efforts were 

focused on the development of the wireless interface and control.  

    Mobile APP EMG signal 
simulator  

Medium 
Agar, phantom, ex vivo 

 EMG 
acquisition 

device  

 Signal selection 
Parameters specification  

 Wirelessly sent via 
Bluetooth Low Energy 

  Mimic real surrounding 
tissue 

 Signal emitted 
through electrodes 

Analog signal generation  
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2. MATERIALS AND METHODS 

2.1 Technical Description  

The EMG simulator presented here has been designed in such a way that the user can 

choose between three EMGs and modulate them with 20 amplitude factors. A basic 

sinusoidal signal also includes 20 factors to change its frequency. The selection of the 

EMG signal type and amplitude factor is made through a Mobile App, which sends the 

instructions wirelessly via Bluetooth Low Energy (BLE). This results in having a large 

range of signals, being able to achieve the most convenient one for testing the EMG 

acquisition devices.  

The EMG simulator device is designed to be embeddable in a medium. This requires a 

hermetic package made of silicone to avoid the contact of the electronics with the 

medium, and its possible damage. It includes a rechargeable battery with a USB port to 

easily connect it to a power source. The USB port is not covered by the silicone but 

protected with a plastic cap, having an easy access to charge the battery. Removing the 

simulator from the medium it will be embedded into may be difficult, so to avoid this 

procedure as much as possible, the simulator’s electronic components have been chosen 

to have low-energy consumption, prolonging the battery durability. A battery allows the 

device to be wireless and floating. Selecting a small-dimension battery contributes to 

having a small, lightweight, and portable device.  

The medium is designed to be manufactured with specific electrical conductivity that 

mimics the surrounding muscle tissues. The signal emitted from the device will only 

include the noise of the electronic circuit, and the typical noise that appears in biosignal 

acquisition (e.g. electromagnetic interference) is naturally added when the signal is 

transmitted through the medium. Therefore, the complete setup reproduces more closely 

the real environment. Thus, the EMG acquisition device will not only acquire the EMG 

simulated signal, but also the interferences present in the medium.  

2.2.  Software Platform 

2.2.1. Overview 

The EMG simulator includes two types of software:  
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• Mobile App. The EMG simulator includes a Mobile App that allows the wireless 

control of the device without extracting it from the medium it was embedded into. 

The Mobile App has a graphic user interface (GUI) where the user can control the 

simulator (start/stop the simulation) and the signal to be simulated (selecting the 

signal and its parameters). The Mobile App sends the instructions via BLE. BLE has 

been chosen over classic Bluetooth because of its reduced battery consumption, 

prolonging the battery duration.  

• Control Unit. The device’s control unit is based on the Bluno Beetle, which is a 

small Arduino UNO-based board with integrated BLE. The Bluno Beetle receives 

the instructions from the App, and it oversees doing the tasks defined by the user. 

The Bluno Beetle connects to the DAC via Serial Peripheral Interface (SPI) 

communication. 

An in-depth description of each module is provided over the following chapters.  

 

 

 

 

Figure 4. Block diagram of the EMG simulator with the Mobile App. The Mobile App sends the 

instructions for signal and parameters selection to the control unit, where all the instructions are 

processed to simulate the signal. Then, the Control unit sends the signal to the DAC via SPI for analog 

conversion.   

2.2.2. Graphic User Interface   

The Mobile App objective is to have a GUI to provide the user an easy-to-use tool to 

wirelessly control the EMG simulator. The GUI has been designed and developed in 

Android Studio from a demo provided by the Bluno Beetle developer. This demo 

includes a specific library to enable the BLE connection between an Android mobile 

phone and the EMG simulator’s control unit. The GUI has buttons to send the 

instructions and a text box to interact with the simulator. They are placed in a strategic 

order to match with the most-likely instruction sequence order. These steps are 

represented in Figure 5. The instructions and descriptions are:  

• SCAN: detect and establish the BLE connection with the simulator. 

   

 Bluetooth Low Energy  
Wireless communication 

 

 Serial Peripheral Interface 
Signal transference 

Mobile App 
Signal and parameters selection  

DAC 
Digital to Analog Conversion  

Control Unit 
Bluno Beetle for information 

processing  
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• Send data: check that the BLE connection is correct. There is a text box in the 

GUI where the user can send characters to the device.  

• EMG1/ EMG2/ EMG3: select the signal to be delivered by the electronics.  

• AMP+/AMP-: select the amplification factors to wirelessly change the amplitude 

of the signal.  

• FREQ+/FREQ-: select the frequency factor to wirelessly change the frequency 

of the signal. 

• Start/Stop: start and stop the simulation of the signal. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Mobile App flowchart. The Mobile App scans for the EMG simulator and connects and 

establishes the BLE connection. Then, the user can select between 3 signals, 20 amplitude factors and 20 

frequency factors. At any time, the simulation can be started or stopped. Once the user wants to 

disconnect the wireless link, the simulation is stopped, and the Mobile App disconnects the BLE link. 

 

Scan for devices 

Open App 

 

 Connect and establish Bluetooth connection 

 Connection success? 

Select Signal  

Select Amplitude  

Select Frequency  

Start 

No 

Yes 

  

 

  

 Stop 

 Disconnect  
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2.2.3. Wireless communication between mobile phone and EMG 

simulator 

The BLE connection from the Mobile App to the EMG simulator device is set using the 

Bluno Beetle. This board includes a BLE wireless microcontroller (CC2540) and a 

microcontroller (ATMega328P) that runs as Arduino UNO, where the instructions for 

signal simulation are programmed.  

This board has not only been chosen because of the BLE, but also because of other 

features that fit with the simulator design. First, the Bluno Beetle already includes an 

antenna for BLE. Secondly, it has small dimensions (28.8 × 33.1 mm) and a low weight 

(10 g), which is consistent with the idea of a small, lightweight, and portable simulator 

(Figure 6). Bluno Beetle board also stands out for its low consumption. A device with 

BLE instead of classic Bluetooth reduces battery consumption prolonging its durability. 

Besides, Bluno Beetle has a sleep mode, a low power mode where all its functions are 

suspended, reducing even more the energy consumption. Also, its microcontroller 

(ATMega328P) uses Arduino language to program the instructions, which is not too 

complex to read and write (Annex 1). 

Figure 6. Comparison of the size of the Bluno Beetle board with a 1€ coin. The size of the Bluno Beetle is 

28 mm x 31 mm. It includes BLE controller and antenna. The image is 1:1 scaled. 

The bidirectional connection is established when the Mobile App scans for BLE 

devices, and the user selects the EMG simulator. Once the user selects the simulator, the 

connection is set automatically. Then, the user can control the signal simulation directly 

from the GUI. Every button in the Mobile App is associated with a specific instruction 

in the control unit of the simulator. When the instruction is decoded and executed by the 

control unit, the wireless device sends back to the App the name of the executed 

instruction, and it is shown in the ‘Received Data’ text box. For example, the App 
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receives A+ when the simulator increases the amplitude of the signal or Stop when it 

stops the simulation. Thus, the user knows what instructions have been executed by the 

simulator and in which order. 

2.2.4. Signal processing for storing samples in EMG simulator 

Before explaining how the instructions are performed to simulate the signals in the 

EMG simulator, it is important to describe the EMG signals and how they have been 

pre-processed before being stored in the flash memory of the control unit. 

The first signal (corresponding to EMG1) is a sinusoidal signal created with MATLAB 

with a frequency of 0.5 Hz and a sampling frequency of 2.5 kHz. Although it is not an 

electromyogram or even physiologically relevant, it is advantageous to have a known 

test signal to easily evaluate if the simulator is working correctly. Additionally, it is also 

a good testing signal to evaluate the performance of the EMG acquisition device.  

The second and third signals (corresponding to EMG2 and EMG3) are both 

intramuscular electromyograms. Superficial signals were not included because it would 

not have been consistent with the simulator embedded in a medium mimicking the 

surrounding muscle tissue. EMG2 has been taken from M. M. Lowery et al. [28]. It has 

a sampling frequency of 3048 Hz. This signal (M. M. Lowery) had 1902 data samples, 

corresponding to a duration of 624 ms. Then, 598 constant samples were added at the 

end to simulate muscle relaxation.  

EMG3 is a 10 s recording of 10 contractions of the tibialis anterior muscle recorded 

with a sampling frequency of 10 kHz using intramuscular electrodes [29]. It has been 

taken from the free-access web page EMGLAB (http://www.emglab.net). Only a part of 

the signal was selected as it exceeded the memory limit of the control unit. One tibialis 

anterior muscle contraction was selected since all were equal in shape. Addionally, the 

signal was down sampled to 2.5 kHz. 

The three signals were set to have a duration of 1 s and 2500 samples. Due to the 

memory limitation in the control unit, these signals are repeated during the EMG 

simulation.   

The EMG signals have a data type that cannot be directly sent to the digital-to-analog 

converter (DAC). The EMG signals used here have double data type (values with 
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decimals), but the DAC can only read specific types of digital values. The DAC used 

here (AD5541 by Analog Devices) has a 16-bit resolution, allowing 65536 possible 

combinations for covering the amplitude range in all output signals. Consequently, all 

the signals were converted from double to 16-bit unsigned integer data type before 

storing them in the microcontroller flash memory. However, since signals are intended 

to be scaled up using the AMP+ button, they have been divided by the maximum 

amplified factor (×20) to ensure that the maximum amplified signal never exceeds the 

65535 value. 

Figure 7. Diagram of an example of data processing. Physiological EMG data samples use double data. 

Data samples must be adapted to 16-bit unsigned integer data type before being stored in the control 

unit. The control unit converts data samples into bytes to be transferred through SPI. Each two bytes, a 

data sample is analog converted. 

 

As mentioned before, the control unit receives the instructions from the Mobile App, 

and then the microcontroller decodes and executes them. When the user presses the 

buttons AMP+ or AMP-, the microcontroller performs the change in the amplification 

factor value and multiplies it by the signal. There are 20 amplitude factors, from ×1 to 

×20. The user can also select a frequency factor for speeding the signal up or down. 

There are 20 frequency factors, from 25 Hz to 400 Hz. This is particularly relevant for 

the EMG1 signal (the sinusoidal testing signal). The frequency factor is directly related 

with the period with which the data is sent from the control unit to the DAC in the SPI 

communication. The period change is achieved thanks to an internal timer programmed 

in the control unit.  The buttons are FREQ+ and FREQ-. 

2.2.5. Serial Peripheral Interface Communication and Digital to 

Analog Converter 

The Control unit sends signals to the DAC via SPI. SPI is a communication protocol for 

sending data synchronously. It has master-slave architecture; in this case the 

microcontroller is the master and the DAC, the slave. Every slave works with specific 

parameters for the SPI communication. This implies that the SPI should be correctly 

37399              1001 0010 0001 0111 

11.41mV 

Signal in nature Memory Microcontroller 
Digital data 

0 and 1 

11.4mV               37399 

Double data type  

[0-20mV] [0-65535] 

Adaptation for 16-bit unsigned 

integer data type.  Amp x20 

[0000 0000 0000 0000 – 

1000 0000 0000 0000] 
[0-65535] 
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configured in the microcontroller. The configuration is set by the implementation of an 

Arduino library in the control unit programming. In this SPI communication, the signal 

is always transferred from the microcontroller to the DAC, so SPI always use the same 

line for data transmission, MOSI (Master-out, slave-in). The data transmission and its 

synchronization are done by means of three lines: serial input data signal (MOSI), serial 

clock signal (SCLK) and logic input signal (CS). 

Figure 8. Diagram of the control unit and the DAC communication for data conversion. Each sample 

data is divided in two bytes, first sending the MSB and then, the LSB. The range of the DAC goes from 0 

to 2.5 V, so when the DAC receives the two bytes (1001 0010 and 0001 0111), it converts them into a 

value between that range; in this case, 1.42 V. 

The SCLK controls the clock of the SPI communication, and it operates at 4 MHz. The 

CS signal selects the slave to which the master is going to send information to. After 

high-to-low CS transition, the microcontroller of the control unit sends to the DAC the 

information of one sample using two bytes (16 bits). The most significant byte (MSB) is 

transferred first, and then the least significant byte (LSB). When both bytes are 

transferred, CS transits from low-to-high to de-select the slave device (DAC). To fully 

synchronize data transmission, it is also essential to set the polarity of the clock. When 

the data is shifted from the microcontroller to the DAC, the edge of the SCLK is rising. 

This is known as Mode0 polarity (in this Arduino library). A clarification diagram is 

shown in Figure 9.  

Figure 9. Diagram of the DAC AD5541 timing [27]. SPI require SCLK, CS and DI signals for a 

synchronized data transmission and the correct analog conversion. 

  

Serial Peripheral Interface  
Communication 

Control Unit  
Instructions performance 

DAC 
Digital to analog conversion  

1001 0010 0001 0111 
MSB - 1001 0010       LSB - 0001 0111 

1001 0010      
 0001 0111 

1.42 V 
[0-2.5 V] 
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As each sample is transferred to the DAC, it is converted from digital to analog. Then, 

the process starts again with the next sample. The DAC converts to analog data within a 

range from 0 to 2.5 V. 

2.3. Hardware Platform 

2.3.1. Overview 

This chapter describes all the physical elements that constitute the EMG simulator. The 

electronic circuit of the EMG simulator is divided into two parts distinguished on 

whether the electronics are digital or analog. The descriptions are organized following 

the path of the signal within the device. A conceptual diagram with the principal 

elements and its connections is shown in Figure 10. A further detailed schematic is 

shown in Annex 2. All the circuit elements and their functionality are collected in 

Annex 3. They have been chosen with the aim of having a small, light, weight, and 

portable device.  

Figure 10. Diagram of the hardware architecture. It is divided based on whether the data is digital or 

analog. The control unit sends the digital signals for SPI communication throughout small structures 

named pogo pins. The DAC requires a voltage reference for stability and correctly covert the data in the 

range from 0 to 2.5 V. Right after the signal is differentiated, it is filtered with a low pass filter. The 

differential signal is emitted through electrodes. The battery is connected to the analog part with a 

connector. The battery supply is 3.7 V and it is converted to 5 V with a voltage regulator. The circuit 

includes elements for charging the rechargeable battery with a USB port to connect it to an external 

power supply. 
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2.3.2. Digital circuitry and signal resolution 

The signal stored in the control unit and then scaled in amplitude or frequency 

depending on the user instructions, is then sent to the DAC. This DAC has been selected 

for its 16-bit resolution, having 65536 possible digital values, and allowing covering the 

amplitude range in all output analog signals. Moreover, the DAC has a Signal-to-Noise 

Ratio of 92 dB and an Output Noise Spectral Density of 11.8 nV/√𝐻𝑧 [27]. The DAC 

converts to analog data within a range from 0 to 2.5 V. Even though the DAC operates 

at 5 V, it includes an analog voltage reference for shifting the maximum DAC analog 

voltage from 5 to 2.5 V. A reliable voltage reference [30] allows the DAC to accurately 

convert the digital input data into the analog output voltage.   

Figure 11. Diagram of EMG signal resolutions. Digital signals with a 16-bit unsigned integer data type 

have a range from 0 to 65535, meaning there are 65536 possible values. Consequently, analog signals 

also have 65536 possible values, and, considering the DAC output range is up to 2.5 V, the resolution is 

38 µV.  

Following the Equation 1. DAC resolution, a 16-bit DAC (n = 16) with a 2.5 reference 

voltage allows it to have an analog signal output with 38 µV resolution. The DAC’s 

output analog signal is filtered through capacitors to reduce high-frequency noises. 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
𝑉𝑠𝑝𝑎𝑛

2𝑛 − 1 
=

2.5 𝑉

65535
= 38 µ𝑉 

 

2.3.3. Analog circuitry for signal differentiation 

The simulator delivers a differential signal, which is closer to a physiological signal. 

The single-ended to differential amplifier AD8476 by Analog Device converts the signal 

from single-ended to differential. Each differential’s output is filtered again with a low-

pass filter. 

Equation 1. DAC resolution  

16-bit DAC 
Analog Signal 

Range [0-2.5 V] - Resolution 38 µV 

Digital Signal 

Range [0-65535] - Resolution 1  
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As mentioned before, the simulator will be used for testing implantable devices of the 

EXTEND project. These are based on the eAXON method [31]: delivering to the tissues 

high-frequency currents in the form of bursts to power wireless implantable devices. 

Because a high voltage can be obtained across the simulator electrodes, the simulator 

needs a high-voltage protection to avoid damaging the electronic circuit. Zener diodes 

and resistances are placed at each differential amplifier output to protect the integrated 

circuit from voltages higher than 2.4 V. The analog part of the electronic circuit ends 

with two electrodes placed where the signal is emitted towards the surrounding 

medium. These electrodes are made of stainless steel, and they have a diameter of 

3 mm, and a thickness of 1 mm.  

The output signal of the DAC has amplitudes ranging from 0 to 2.5 V, but the real 

physiological EMG values range is from 0 to 20 mV. These signals are attenuated to fit 

the real voltage order of EMG signals. The signal is attenuated through a resistor 

connected to each differential output and due to the impedance across the electrodes. 

The Voltage Attenuation Equation gives the attenuation value.  

𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 = 20 ∗ log (
𝑉𝑚𝑎𝑥

𝑉𝑚𝑎𝑥𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑒𝑑
) =  20 ∗ log (

2.5 𝑉

20 𝑚𝑉
) = 41.94 𝑑𝐵 

 

2.4. Power management and battery consumption  

The EMG simulator device is placed inside a hermetic package made with silicon 

material for protection and sealing. To place the EMG simulator inside the hermetic 

package, it must be wireless. It is powered with a 3.7 V Rechargeable Battery by RS 

PRO. However, the control unit, DAC, and the differential amplifier require a supply 

voltage of 5 V. This is solved by adding a micropower charge pump (LTC1754-3 by 

Linear Technology). The circuit includes a switch for disconnecting the battery from the 

charge pump. The device also has a battery charging circuit. It is composed of a charger 

manager controller (MCP73831 by Microchip Technology) with a resistance of 

R = 2.5 kΩ to achieve a 400 mA charging current. This value has been obtained from 

the following equation found the MCP73831 datasheet: 

Equation 2. Equation for voltage attenuation  
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R4=
1000V

IC
=

1000 V

400 mA
= 2500 Ω 

 

The power management subcircuit includes a LED that indicates when the battery is 

being charged and a USB male port to connect it to an external power source. The 

battery’s weight (40 g) and size (7 × 43 × 62 mm) contribute to the design of a floating 

device that can be embedded within a medium. The total consumption of the overall 

circuit is 50.453 mA (Table 1), and the battery capacity is 2000 mAh, lasting 

approximately 40 h. The theoretical calculation is based on the current consuming 

elements datasheets.   

Name Consumption 

Bluno Beetle  
In active mode* 

I ATmega38p = 5.5 mA  

I CC2540 = 43.6 mA 

AD5541 I = 125 µA 

AD8476 I =300 µA 

R1, R2 IR1 = 400 µA, IR2 = 400 µA 

REF3425 I = 95 µA 

LTC1754-3 I = 33 µA 

Total 50.453 mA 

 

Table 1. Current Consumption Study 

 

2.5. Medium for signal attenuation and noise generation  

The EMG simulator will be embedded into a medium that mimics muscle tissue. 

Because this simulator will be used to test the implantable sensors of EXTEND project, 

which are based on the eAXON method briefly described above, the medium to be 

tested will be created according to the testing setup of those devices. According to 

Finite Elements Methods (FEM) simulations provided by the project supervisor, the 

impedance across the EMG simulator electrodes will be 214 Ω when the conductivity of 

the medium matches that of muscle tissue at 6.78 MHz (σ = 0.6 S/m), and the simulator 

electrodes are separated  3 cm.   

Equation 3. Equation to calculate the resistance given a charging current  
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3. RESULTS 

3.1 Software  

3.1.1 Graphic User Interface 

The Mobile App design allows the user to control the EMG simulator. It only has a 

screen menu, reminding more of a remote control than a mobile app. Buttons are placed 

in a strategic order to match with the most-likely instruction sequence order. Also, 

buttons are named with their instruction, making its use intuitive and self-explanatory 

(Figure 12).  

The installation of the App on the mobile phone is quick since it only occupies 

4.62 MB. The App is currently implemented for Android version 4.3.0. Higher versions 

are not supported due to permission limitations for BLE.  

  

Figure 12. Screenshot of the GUI in the Mobile App that wirelessly controls the EMG simulator. The App 

displays the buttons for the simulator control and signal and parameters selection.  The App also controls 

the starting and stopping of the signal simulation. 

3.1.2 Wireless Communication 

Figure 13 is an example of the wireless communication between the Mobile App and 

the EMG simulator’s control unit. The user selects the signal EMG1, the amplification 

factor ×12, and to speed up with a frequency factor ×8. Then, the user starts and stops 

the signal simulation. As the figure shows, the simulator sends back all the information 
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associated with the instructions and even the amplification factor, frequency, and the 

data that is being sent. Hence, the user knows the current signal parameters and their 

value (in 16-bit unsigned integer data type). Other examples are given in Annex 4 and in 

a video demonstration. 

Instructions are correctly received, decoded, and performed by the microcontroller. 

These results can be extrapolated to any of the multiple combinations for the signals 

simulations.  

  

Figure 13. Screenshot of a sending instructions scenario from the Mobile App to the control unit. As the 

buttons are pressed and the instructions sent, the control unit sends a character back to the App, so the 

user knows the instructions and the order in which they have been executed. In this scenario: EMG1, A+, 

F+, START and STOP. 

3.1.3 Signal Processing 

The EMG simulator stores in its flash memory three signals previously processed. The 

processing is different for each signal type, but the results are the same: a signal with 

2500 samples and an initial duration of one second. The signals were also processed to 

change their data type from double to 16-bit unsigned integer; resulting in signals with a 

range value from 0 to 3276 (the higher signal value was divided by the maximum 

amplitude factor). Although the processing requires several steps, Figure 14 only shows 

graphs of the original and the resulting signals. The graphs not only show the shape of 

the processed signal but the datatype conversion (check y-axis).  

TFG_ElisaGonzalezResina/VideoDemostration_TFG_ElisaGonzalezResina.mp4
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a) 

  

b) 

  

c) 

   

Figure 14 a) Graph of EMG1 before and after the digital data sample processing. This signal has been 

created in MATLAB with the predefined sampling frequency and duration parameters, so it does not need  

further processing except for the change in amplitude (from 20 mV to 32768) to make it 16-bit unsigned 

integer data type.  

b) Graph of EMG2 before and after the digital data sample processing. This signal had a duration of 

0.76 ms, so a constant value was added to make it 1 s long. Then, the signal was digitally processed to 

make it 16-bit unsigned integer data type.The signal now represents a muscle contraction and relaxation.    

c) Graph of EMG3 before and after the digital data sample processing. This signal originally had 10 

muscle contractions, from which one was selected to make it 1 s long. The red box in the graph on the left 
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is the part of the signal selected. The signal was also downsampled until it had 2500 data samples. It was 

also digitally processed to make it 16-bit unsigned integer data type. Signals stored in the control unit are 

digital both in time and amplitude. They are continuously graphed for a better visualization 

3.1.4 Digital to Analog Conversion 

An oscilloscope has been used to check the correct digital data transfer from the 

microcontroller to the DAC through SPI and the correct digital to analog conversion. 

All tests have been carried out with a simple 10 samples sinusoidal signal. 

One channel of the oscilloscope was connected to DIN, the DAC serial input data for 

the SPI communication (i.e. MOSI output of the microcontroller). The oscilloscope 

showed digital values grouped by bytes. Several bytes were closely studied to check the 

microcontroller was sending them in sync and in the right order (MSB first). 

Oscilloscope horizontal divisions were also studied to check the transmission frequency. 

According to this, the DAC was both correctly receiving the digital data and reading the 

16-bit values from the stored signal.  

Then, the DAC output was also measured with the oscilloscope to check the signal was 

being converted to an analog signal correctly. It showed the sinusoidal analog signal 

with the expected amplitude and frequency. 

a) b) 

  

Figure 15 a) Oscilloscope capture of a 16-bit unsigned integer data type sending via SPI. It shows a 

data sample sent via SPI from the microcontroller to the DAC. Yellow signal is the DAC clock and the 

blue one is an input data. 

b) Oscilloscope capture of the 10-data sinusoidal signal analog converted. The signal has amplitude of 

2.5 V, checking the right analog conversion and voltage reference performance. 
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3.2 Hardware   

Figure 16. Diagram of the hardware with the elements with which the final results have been obtained. 

The main elements are the 16-bit DAC and the differential amplifier. Both are powered with a positive 

voltage of 5 V and a negative one of 0 V. Two low pass filters are placed at each differential amplifier 

output for rejecting high frequencies that may affect the analog signal. The circuit also includes elements 

for high voltage protection.  The simulator outputs are the positive and negative differential signals.  

3.2.1 SPICE simulations  

The study of the functionality of the analog platform was computationally performed 

with SPICE simulations (LTspiceXVII). In this study, the battery and its complements 

were not included.   

Before simulations, the three EMG signals were adapted to the voltage range from 0 to 

2.5 V, as it was the DAC analog output. Then, the circuit schematic was created in 

LTspiceXVII with all the needed elements for the signal differentiation and attenuation 

(Annex 5). Due to simulation problems with the differential amplifier’s SPICE model, 

the simulations were done using a symmetric power supply of ±5 V.  

LTspiceXVII transient simulations run one second to be consistent with the duration of 

the signals. After that, the voltage was measured at four relevant points in the circuit. 

The first one was the DAC output (Vin) to check that the circuit input signal was 

correct, and therefore the results of the further simulations were reliable. The second 

and third points were the positive differential output (Voutp), and the negative 

differential output (Voutn) attenuated in the simulated saline medium. As the EMG 

acquisition device acquires the difference between Voutp and Voutn, that signal was 

also measured. The correct attenuation and differentiation performance of the circuit 

does not rely on the individual signal characteristics, so the results obtained with a 

16-bit DAC 
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Differential 
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- power supply (0 V)  

+ power supply (5 V)  

Low pass 
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signal can extrapolate to other signals. Figure 17 shows the results of the simulations 

using EMG1, EMG2 and EMG3.  

a)  b)  

  

  

 
 

Figure 17 a). DAC outputs. Graphs in Figure 14 shows the digital input of the DAC. This graph shows 

the DAC output signal with the correct range from 0 to 2.5 V. 

b) Output of the single-ended to differential amplifier. This graph shows the signal simulated (not 

including noise) that the EMG acquisition device would record placing the electrodes in the medium 

surface. The signal has an amplitude range from 0 to 20 mV, corresponding to the characterized 

maximum range of a physiological EMG signal. The graph also shows the device output Voutp together 

with Voutn, proving the differential amplifier would correctly perform the differentiation function.  
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These graphs show the SPICE simulation results and prove that the design of the analog 

circuit would process the signal correctly. The signals delivered by the simulator and 

obtained by the EMG acquisition device are differentiated and attenuated from 2.5 V to 

20 mV, thus having a 41.94 dB attenuator factor (theoretically calculated on chapter 

2.3.3). 

A Bode diagram was obtained to prove the signals would be correctly attenuated. The 

Bode diagram is a graph to study the frequency response of a signal (AC analysis), and 

the simulated attenuation factor is obtained by its analysis. The studied signal was the 

differentiated signal (maximum value of 20 mV) and the input signal (maximum value 

of 2.5 V). As Figure 18 a) shows, the simulated attenuation factor is 41.07 dB, coming 

very close to the expected value and proving that the circuit together with the phantom 

would accurately attenuate the signal.  

Additionally, the Bode Diagram is also used to obtain the cut off frequency of the 

circuit. The circuit includes a low pass filter to reject high frequencies from external or 

internal interferences. The cut off frequency is the point from which high frequencies 

are rejected and it is calculated from the attenuation factor. Based on the Bode Diagram, 

the cut-off frequency is -3 dB from the attenuation factor, -41.1 dB, and the 

corresponding frequency is approximately 500 Hz. This frequency is right for the circuit 

since it would not reject the maximum frequency signals (400 Hz).   

  

Figure 18 a) Bode Diagram to obtain the attenuation factor. The simulated attenuation of the circuit is 

41.1 dB. This value is close to the one theoretically calculated. 

b) Bode Diagram to obtain the cut-off frequency of the circuit. The cut-of frequency of the circuit is 

500 Hz. 
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3.2.2 First Prototype  

The LTspiceXVII simulations proved that the circuit design was performing correctly. 

A first prototype was tested in the laboratory. The electronic circuit, both the digital and 

analog modules, was placed on a protoboard to simulate the signal and record the 

differential output with the oscilloscope. Figure 19 shows a photograph of the 

protoboard. In Figure 20, the oscilloscope records the positive and negative output 

analog signal and then displays the differential signal. This proves the correct 

differentiation of the signal.  

 

 

 

 

 

Figure 19. Photograph of the protoboard with digital and analog components used as fist prototype. 

 

 

Figure 20. Recording of the differential signal.  On the left, the oscilloscope displays a sinusoidal signal 

with a frequency of 1 kHz. On the right, with a frequency of 250 Hz. Both signals have an amplitude of 

20  mV and a sampling frequency of 10Hz. 

The circuit design was improved using SPICE simulations, but it could not be tested in 

the laboratory. However, all digital and most of the analog architecture are the same, 

making this first simulator prototype a reference for a further work with the right circuit 

elements. 

Voltage reference 

SPI  
16-bit DAC 

Differential Amplifier 

Voutp 

Voutn 



 
 

26 

3.2.3 Circuit layout and final assembly 

The EMG simulator is composed of a printed circuit board (PCB), two circular 

electrodes, the rechargeable battery, and the Bluno Beetle board. The PCB and the 

Bluno Beetle board are stacked through small elements called pogo pins. These 

elements not only assure the staking, but the secure and rapid connection for the right 

sending of the required signals.  

The PCB was designed with Eagle software, (see Figure 21) and it includes all the 

needed electronic components for the signal simulation, circuit protection, voltage 

conversion battery charging, and powering control (switch). The placement of the 

electronic components in the board involved a very accurate and precise design since 

the powering and signals transference is performed through very small structures. The 

rest of the elements were strategically placed to have a small board and facilitate the 

connection with the battery, and the male USB port. 

 

 

 

 

 

 

Figure 21. Image of the design of the printed circuit board. All electronic elements have been 

strategically placed to stack the board with the Bluno Beetle and  facilitate the connection with the 

battery and USB port. 

Figure 22 shows the envisioned final assembly of the entire simulator’s parts (PCB, 

Bluno Beetle, the battery, and electrodes) and what the final layout would look. The 

electrodes are connected to the simulator outputs with wires with 3 cm from each other. 

The final dimensions of the EMG simulator device are 43.50 × 63.50 × 15 mm. The 

length and width are defined by the battery size (43.50 × 63.50 mm). The height 

dimension has been roughly calculated, adding the battery height (7 mm) with the 

Bluno Beetle and the PCB’s approximately height dimensions. This image is 1:1 scaled. 

Two plugs were designed to place them in the holes of the Bluno Beetle, and the USB 
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port for their protection. When used, the Bluno Beetle and PCB set must be flipped up 

with the PCB on top to have easy access to the switch and expose the Bluno Beetle 

board ‘s antenna. The images have been taken like this to appreciate the placement and 

dimensions’ components better.  

 

Figure 22.  Layout. Top and one side views. The finals dimensions of the design are 43.50 × 63.50 × 

15 mm. This illustration is 1:1 scaled. The battery is the element that takes up the most space, so a 

smaller battery could be considered in a future work. 

The hermetic package manufactured with silicone covers the entire EMG simulator. It 

provides physical protection since the silicone avoids that any material enters and 

damages the device when it is placed in the saline phantom. The phantom provides the 

impedance, and also mimics the surrounding muscle tissues. As it can be seen in 

Figure 23, the design and assembling of the EMG simulator device allows it to be a 

floating simulator since it is wireless, portable, and small. This image visually provides 

the result of this design and how it differentiates from the prototypes and devices 

commercially available compared in Table 2. 

 

 

 

 

Figure 23.  EMG simulation device embedded in the phantom. This illustration shows how the EMG 

simulator would be placed inside the medium. The black lines symbolize the hermetic package for 

protection. EMG acquisition devices would place its electrodes in the medium surface to acquire the 

signal simulated emitted through the simulator’s electrodes and interferences generated during the 

procedure.   
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4. CONCLUSION 

The goal of this project was to design an EMG simulator prototype for EMG acquisition 

device’s testing. However, due to the reasons mentioned in the scope, the project was 

refocused into a proof of concept. Nevertheless, this document presents a clear vision of 

the project's potential and capacity with all the initial objectives being met. 

• The EMG simulator is a floating device that can be embedded in mediums that 

mimic muscle tissues to generate the typical interferences obtained during biosignal 

acquisition (e.g. electromagnetic interference, motion artifacts, etc). Thus, the EMG 

acquisition devices are tested with the EMG signal delivered by the simulator and 

the generated interferences. This procedure is more accurate and representative than 

adding interferences synthetically generated. 

• The EMG simulator is small, lightweight, and portable. It is covered with a hermetic 

silicone package to protect it from the medium where it is embedded. The battery 

supply avoids the simulator to be removed from the medium. 

• The EMG simulator connects to the Mobile App. The Mobile App allows the user to 

wirelessly control the simulator without removing form the medium. The use can 

define the waveform, amplitude and frequency of the EMG.  

• The feasibility of the proposed system could not be studied with the final prototype; 

thus, its reliability is based on results obtained in the early stages of the design. The 

PCB was not printed as the restrictions to access the laboratory implied that 

soldering and testing would not be possible. This connects with the fact that it was 

not possible to achieve the assemblage of the EMG simulator together with the 

electrodes and the silicone and accomplish with the proposed initial objective. 

The EMG simulator‘s design has been based on features from the prototypes on 

literature and devices in the market. All these works have been already described in 

chapter 1.2. State of the art. The features that have been taken as references for the 

design are included in a comparative table (Table 2). This table shows the analogy, 

differences and the combination of the technologies that have resulted in the uniqueness 

of this design. This fact together with the recent publication (2019) of the work carried 

out by Schlink B.R. & Ferris P.F. in [26] stands for the novelty of the technologies and 
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features included in this design and the possibility for publication of an article once the 

prototype is developed.  

Furthermore, the proof of concept can be improved. The following are some 

recommendations: 

• Use the Beetle Bluno sleep mode. The sleep mode is a low-power mode for shutting 

down the board activities, considerably reducing its consumption and prolonging the 

battery durability. By implementing the sleep mode, we will reduce power 

consumption when the simulator is embedded in the medium. The device will be 

turned on/off wirelessly with the Mobile App. In fact, the Mobile App already 

contains this option, but it has not yet been implemented in the control unit. Bluno 

Beetle can be reprogrammed to shift from the sleep mode to the active mode every 

3 µs or in a time specified by the user. If the App has detected it within this time 

interval, the connection will be set, and all its functions will be reestablished, but if 

not, it will shift back to sleep mode. Its active mode consumes 43.6 mA and the 

sleep mode, depending on the specific mode, from 0.4 to 235 µA. This implies a 

noticeable reduction in its consumption. 

• Control unit enhancement. Bluno Beetle have two microcontrollers, CC2540 for 

BLE managing and ATmega328P for instructions processing for SPI 

communication. CC2640 is a microcontroller that includes the two functions Bluno 

Beetle performs, thus, it would avoid the use of two different microcontrollers and 

hence, increase the control unit functioning sophistication. It has not been used in 

these projects due to its programming complexity. 

• Battery dimensions. There are batteries with smaller dimensions on the market. This 

would reduce the size of the EMG simulator. 

• More EMG signals for simulation. Each processed signal occupies around 11 kB of 

space, filling almost all the available space up in the microcontroller’s flash 

memory. Having only three signals for simulation may be a limitation. To overcome 

this handicap, signals can also be stored in the Mobile App. The number of signals 

that can be stored there is practically unlimited. Signals would be directly sent from 

the Mobile App to the Beetle Bluno. This improvement would allow having more 

EMGs, being able to simulate signals from all the different muscles or types of 

patients.  
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Type of signals ECG ECG ECG ECG EMG EMG Vital signs (ECG) EMG  EMG 
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Testing, calibration 
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ECG equipment  

Testing, calibration 

and maintenance 

of ECG equipment 

Testing, calibration 

and maintenance 

of ECG equipment  

Testing, calibration 

and maintenance 

of ECG equipment  

Myoelectric 

prosthesis 

 testing  

Myoelectric 

prosthesis 

 testing  

Evaluate and perform 

preventive equipment 

maintenance 

Validation of EMG 

hardware and signal 

processing approaches 

EMG acquisition 

devices' testing  

Form of use 

Direct connection 

between the 

simulator and the 

equipment  

Direct connection 

between the 

simulator and the 

equipment 

Direct connection 

between the 

simulator and the 

equipment 

Direct connection 

between the 

simulator and the 

equipment 

Direct connection 

between the 

simulator and the 

equipment 

Direct connection 

between the 

simulator and the 

equipment 

Direct connection 

between the simulator 

and the equipment 

Simulator embedded in 

a medium and EMG 

acquisition device 

deployed superficially  

Simulator embedded in 

a medium and EMG 

acquisition device 

deployed superficially 

Range of 

amplitudes  
100 µV- 20 mV  100 µV- 20 mV  100 µV-10 mV  100 µV - 10 mV 1 µV - 10 mV  10 µV - 20 mV ECG (0.5 to 2.0 mV) 0.2 - 4 V 0 - 20 mV 

Range of 

frequencies 

30-200 bpm 

0.5- 3.33 Hz  

30-200 bpm 

0.5-3.33 Hz  

45-185 bpm  

0.75- 3.08 Hz  

30-200 bpm  

0.5- 3.33 Hz  

0 - 400 Hz,  

mostly 20-200 Hz 

20-400 Hz, 

 mostly 20-200 Hz 
15 – 350 bpm From 5 Hz 20 - 400 Hz 

Signal 

generation 

Differential 

equation 

Differential 

equations 

Differential 

equations 

Differential 

equations 
Gaussian signal  Gaussian signal  No specified 

Sinusoidal signal and 

simulated EMG data 

Modulated signal from 

a real patient 

Noise addition No 

0 to 20 dB  

Noise, power and 

baseline effects  

No No   

50/60 Hz  

power line 

interference 

50/60 Hz  

power line 

interference 

50/60 Hz  

power line 

interference 

Added as the signal 

passes through the 

medium  

Added as the signal 

passes through the 

medium 

Memory type 8 kB EEPROM 
Computer + 8 kB 

EEPROM 

Computer + 8 kB 

EEPROM 

Computer + 8 kB 

EEPROM 
MCU memory Flash Memory No specified  

External computer 

memory 
32 kB Flash Memory 

Number of 

output signal 
1 channel 1 channel 1 channel 1 channel 2 channels  2 channels  10 channels  24 pairs of wires  1 channel  

Type of output 

signal  
Differential  Differential  Differential  Differential  Differential Differential  Single-ended Differential  Differential  

DAC Resolution 

and voltage ref. 

12-bit  

2.5 V reference 

voltage 

12-bit 

2.5 V reference 

voltage 

16-bit  

2.048 V reference 

voltage 

16-bit 

2.048 V reference 

voltage 

16-bit 

NA 

16-bit  

 2.5 V reference 

voltage 

Not specified NA 
16-bit  

2.5 V reference voltage  

Sampling rate Not specified Not specified  Not specified  Not specified  Not specified  900-1000 Hz Not specified 1 kHz 2.5 kHz 

Powering 

method 

Isolated power 

supply. 

Battery source. 

Isolated power 

supply. 

Battery source.  

Li-ion batteries Li-ion battery Li-ion battery 8AA batteries 
Two alkaline batteries 

9 V 
External power 

Li-ion rechargeable 

battery 

Device size Not specified  Not specified Not specified  Not specified  Not specified  Not specified  152 × 190 × 50 mm Not specified  43.50 × 63.50 × 15 mm 

Floating device No  No No No No No Yes No Yes 

External 

Control 
Keypad  Keypad + LCD LCD touch screen LCD touch screen Not specified Knobs Tactile Screen Buttons 

Mobile App with tactile 

screen 

Table 2. Comparison of technologies in literature with the one presented here 



 
 

31 

5. LIST OF FIGURES  
 Page. 

Figure 1. Muscle Unit Action Potential (MUAP) Generation......................... 1 

Figure 2. Muscle contraction and relaxation record........................................ 2 

Figure 3. Block Diagram of the performance of the EMG simulation device 

with its complements. ..................................................................................... 6 

Figure 4. Block Diagram of the performance of EMG simulator device with 

its Mobile App................................................................................................. 8 

Figure 5. Flowchart for EMGs and parameter selection in the Mobile App... 9 

Figure 6. Comparison of the size of the Bluno Beetle board with a 1€ coin... 10 

Figure 7. Diagram of microcontroller to DAC communication for data 

conversion.......................................................................................................  11 

Figure 8. Diagram of the AD5541 timing....................................................... 12 

Figure 9. Diagram of an example of data processing...................................... 13 

Figure 10. Diagram of the hardware architecture............................................ 14 

Figure 11. Diagram of the EMG signals resolutions....................................... 15 

Figure 12. Screenshot of the Graphic User Interface...................................... 18 

Figure 13. Screenshot of a sending instruction scenario................................. 19 

Figure 14. Graphs of the before and after EMG processing............................ 

a) Graphs of EMG1 

b) Graphs of EMG2 

c) Graphs of EMG3 

20 

Figure 15. Oscilloscope capture...................................................................... 

a) A 16-bit data sending via SPI 

b) 10-data sinusoidal analog converted 

21 

Figure 16. Diagram of the hardware elements for results.............................. 22 

Figure 17. Graphs of the EMG1, EMG2, EMG3 simulations results............. 

a) DAC output, differential amplifier input 

b) Signal recorded by the EMG acquired device  

23 

 

  

Figure 18. Bode Diagram............................................................................... 

a) Attenuation factor  

b) Cut off frequency 

24 



 
 

32 

Figure 19. Photograph of the protoboard ....................................................... 25 

Figure 20. Recordings of differential signals.................................................. 

a) 20 mV amplitude and 1 kHz frequency 

b) 20 mV amplitude and 2500 Hz frequency 25 

Figure 20. Image of the design of the printed circuit board............................ 26 

Figure 21. Layout. Top and one side views.................................................... 27 

Figure 22. Drawn of the EMG simulation embedded in the phantom............ 27 

 

 

 

6. LIST OF TABLES  

 

 

 

 Page 

Table 1. Current consumption study..................................................................... 18 

Table 2. Comparison technologies table............................................................... 30 



 
 

33 

7. REFERENCES 

[1] Mescher, A. L., & Uchôa-Junqueira, L. C. (2013). Junqueira’s basic histology: text 

and atlas (Thirteenth). New York: McGraw-Hill Education. 

[2] Ross, M.R., & Pawlina, W. (2011). Histology: a text and atlas: with corelated cell 

and molecular biology (Sixth ed.). Philadelphia: Wolters/Kluwer/Lippincott Williams & 

Wilkins Health. 

[3] Forward, E. (1972). Patient evaluation with an audio electromyogram monitor: 

“The muscle Whistler”. Physical Therapy, 52(4), 402–403. 

[4] Hall, J. E. (1946). Guyton and Hall textbook of medical physiology. (Twelfth ed.). 

Philadelphia: Saunders Elsevier. 

[5] Harrach, M. (2016). Modeling of the sEMG/Force relationship by data analysis of 

high resolution sensor network. 10.13140/RG.2.2.31448.49922. 

[6] Smith, C. M., Marks, A. D., Lieberman, M. A., Marks, D. B., & Marks, D. B. 

(2005). Marks' basic medical biochemistry: A clinical approach. Philadelphia: 

Lippincott Williams & Wilkins. 

[7] de Luca C. J. & Forrest W. J., Some properties of motor unit action potential trains 

recorded during constant force isometric contractions in man, Kybernetik, 12(3), 160–

168. 

[8] de Luca, C. J. (1979). Physiology and Mathematics of Myoelectric Signals. IEEE 

Transactions on Biomedical Engineering, BME-26(6), 313–325. 

[9] Jung, S., Meklenburg, J., & Patrick, S. (2010). Surface EMG simulator for 

myoelectric prosthesis testing. Holliston MA: IEEE. 

[10] Ever N. (2018). An open source biosensing board. EMG sensor [Figure1]. 

https://hackaday.io/project/113338-publys-an-open-source-biosensing-board/log/143756-emg-

sensor#  

https://hackaday.io/project/113338-publys-an-open-source-biosensing-board/log/143756-emg-sensor
https://hackaday.io/project/113338-publys-an-open-source-biosensing-board/log/143756-emg-sensor


 
 

34 

[11] Mogk, J. & Keir, P. (2003). Crosstalk in surface electromyography of the proximal 

forearm during gripping tasks: Journal of electromyography and kinesiology: official 

journal of the International Society of Electrophysiological Kinesiology. 13. 63-71.  

[12] Weir, R. F., Troyk P. R., DeMichele G. A., Kerns D. A., Schorsch J. F. & Maas H. 

(2009). Implantable Myoelectric Sensors (IMESs) for Intramuscular Electromyogram 

Recording. IEEE Transactions on Biomedical Engineering. 56(1), 159-171. 

[13] Hakonen, Maria, Harri Piitulainen, and Arto Visala. 2015. “Current State of Digital 

Signal Processing in Myoelectric Interfaces and Related Applications.” Biomedical 

Signal Processing and Control 18: 334–359. doi:10.1016/j.bspc.2015.02.009. 

[14] Altamirano, A., Toledo, C., Vera, A., & Leija, L. (2011). Muscle-Electrode 

Interface Simulation. 24. 

[15] Forward, E. (1972). Patient evaluation with an audio electromyogram monitor: 

“The Muscle Whistler”. Physical Therapy, 52(4), 402–403. 

[16] Patrick, S., Meklenburg, J., Jung, S., Mendelson, Y., & Clancy, E. A. (2010). An 

electromyogram simulator for myoelectric prosthesis testing. Proceedings of the 2010 

IEEE 36th Annual Northeast Bioengineering Conference, NEBEC 2010, 1–2.  

[17] Burke, M. J., & Nasor, M. (2001). An accurate programmable ECG simulator. 

Journal of Medical Engineering and Technology, 25(3), 97–102.  

[18] Bai, S., & Christensen, S. (2017). Biomechanical HRI Modelling and Mechatronic 

Design of Exoskeletons for Assistive Applications. In Human Modelling for Bio-

Inspired Robotics: Mechanical Engineering in Assistive Technologies. 

https://doi.org/10.1016/B978-0-12-803137-7.00010-0 

[19] Pons, J. L., Torricelli, D., & Pajaro, M. (Eds.). (2013). Converging Clinical and 

Engineering Research on Neurorehabilitation. Biosystems & Biorobotics. 

doi:10.1007/978-3-642-34546-3  

[20] Caner, C., Engin, M., & Engin, E. Z. (2008). The programmable ECG simulator. 

Journal of Medical Systems, 32(4), 355–359. 



 
 

35 

[21] Shorten, G. P., & Burke, M. J. (2009). A precision ECG signal generator providing 

full Lead II QRS amplitude variability and an accurate timing profile. Proceedings of 

the 31st Annual International Conference of the IEEE Engineering in Medicine and 

Biology Society: Engineering the Future of Biomedicine, EMBC 2009, 3008–3011.  

[22] Shorten, G. P., & Burke, M. J. (2011). A versatile temperature-stable ECG 

simulator. Journal of Medical Engineering and Technology. 35(2), 92–102.  

[23] Jung, S., Meklenburg, J., & Patrick, S. (2010). Surface EMG simulator for 

myoelectric prosthesis testing. Holliston MA.  

[24] (2016). Phantom 320 ECG Simulator. Med Tec-Science GmbH, 1–32. 

[25] D., Killen, B. (2010). Manual MS400 Multiparameter Simulator. 44(400), 654401. 

[26] Schlink, B. R., & Ferris, D. P. (2019). A Lower Limb Phantom for Simulation and 

Assessment of Electromyography Technology. IEEE Transactions on Neural Systems 

and Rehabilitation Engineering, 27(12), 2378–2385.  

[27] Analog Devices. (2012). Data Sheet, 2.7V to 5.5Vm Serial-Input, Voltage-Output, 

16-bit DAC. 

[28] Lowery, M. M., Weir, R. F., & Kuiken, T. A. (2006). Simulation of Intramuscular 

EMG Signals Detected Using Implantable Myoelectric Sensors (IMES). 53(10), 1926–

1933. 

[29] McGill, K.C., Lateva ZC & Johanson, M.E. (2004). Validation of a computer-

aided EMG decomposition method. Proc IEEE Eng. Med Biol Soc Conf, 4744-4747. 

[The data are available as dataset R002 at http://www.emglab.net]. 

[30] Texas Instrument. (2018). REF3425 Low-Drift, Low-Power, Small-Footprint 

Series Voltage Reference.  

[31] L. Becerra Fajardo, M. Schmidbauer, and A. Ivorra. Demonstration of 2-mm-Thick 

Microcontrolled Injectable Stimulators Based on Rectification of High Frequency 

Current Bursts. IEEE Trans. Neural Syst. Rehabil. Eng., vol. 25, no. 8, pp. 1343–1352, 

2017, doi: 10.1109/TNSRE.2016.2623483. 

 

  

http://www.emglab.net/


 
 

36 

8. ANNEXES  

8.1. Arduino Code for decoding instructions 

#include <SPI.h> 

#include <avr/pgmspace.h> 

#include "TimerOne.h" 

 

//Define variables for the code 

#define NV 2500 

#define NS 100  

int i = 0; int t = 0; int j = 0; int index = 0; 

char prev = 0; 

uint16_t emg[NS]={};  

 

//Signals stored in Flash Memory 

const uint16_t emg1[2500] PROGMEM = {//EMG1}; 

const uint16_t emg1[2500] PROGMEM = {//EMG2}; 

const uint16_t emg1[2500] PROGMEM = {//EMG3}; 

 

//Amplitude and frequency parameters 

int minamp = 0; int maxamp = 20; int amp = 9; // [1-1000:50]  

int minfms = 31375; int maxfms = 2500;int fms = 30000;//[30000-

2500:1375] - [33Hz - 400Hz]  

int dey = fms/1000; 

 

//SPI settings 

const int slavePin = 3; 

const int SPI_CLOCK = 4000000; 

SPISettings DAC(SPI_CLOCK, MSBFIRST, SPI_MODE0);  

 

//Chars from Arduino 

int incomingByte = 0; // for incoming serial data 

String action_result; 

 

void setup() { 

    //Initalize SPI communication 

    SPI.begin();  

    pinMode(slavePin, OUTPUT); //Set Slave pin as Output 
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    digitalWrite(slavePin,HIGH); //Set Slave Pin high at first. For 

polarity 

    Timer1.initialize(5000); //Initializes timer1 and sets it. 200Hz 

} 

 

void callback(){ 

  digitalWrite(slavePin, LOW); //Polarity. Signal is transfered when 

Slave is Low 

  //Data is sent byte by byte 

  uint8_t byteA = (emg[index] >> 8); 

  uint8_t byteB = (emg[index] & 0xFF); //0xFF = B11111111 

  SPI.transfer(byteA); 

  SPI.transfer(byteB); 

   

  digitalWrite(slavePin, HIGH); //Polarity. Once transfered the Slave 

is High  

 

  index = index+1;  

  if (index == NS){ 

    index = 0;} 

} 

 

void loop() { 

  //Refreshing  

  if (index==0){     

    if (i<25){ 

       for (j = 0; j<100; j++){ 

        t = i*100 + j; 

        if (prev==1){emg[j] = pgm_read_word(&(emg1[t]))*amp;} 

        if (prev==2){emg[j] = pgm_read_word(&(emg2[t]))*amp;} 

        if (prev==3){emg[j] = pgm_read_word(&(emg3[t]))*amp;} 

       }} 

     else{i=-1;} 

     i++;  

     delay(dey); }    

   

  //Receive coded instructions from App (chars) 

   if(Serial.available()){ 

    incomingByte = Serial.read(); 

    switch (incomingByte){  
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            case 'k': //Select EMG1  

              prev = 1; 

              action_result = "e1";  

              break;   

 

            case 'l': //Select EMG2 

              prev = 2; 

              action_result = "e2";  

              break;   

               

            case 'm': //Select EMG3        

              prev = 3; 

              action_result = "e3";  

              break;   

 

           case 'a': //Select amplitude + 

             if (amp == maxamp){amp = minamp;} 

             amp = amp + 1;        

             action_result = "A+"; 

             break; 

 

           case 'b'://Select amplitude -  

             amp = amp - 1; if (amp == minamp){amp = maxamp;}   

            action_result = "A-";  

            break;  

        

           case 'c': //Select frequency + (speed up) 

              if (fms == maxfms){fms = minfms;} 

              fms = fms - 1375;      

              Serial.println(fms); 

              Timer1.detachInterrupt(); 

              Timer1.setPeriod(fms); 

              Timer1.restart();   

              action_result = "F+";  

             break; 

 

           case 'd'://Select frequency - (speed down) 

             fms = fms + 1375; 

             if (fms == minfms){fms = maxfms;}   
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             Serial.println(fms);  

             Timer1.detachInterrupt();  

             Timer1.setPeriod(fms); 

             Timer1.restart();                        

             action_result = "F-"; 

           break;   

            

            case 'r': // START sending data 

              Timer1.attachInterrupt(callback);   

              action_result = "Start"; 

              break; 

             

            case 'q': //STOP sending data 

              Timer1.stop();  

              action_result = "Stop"; 

              break; 

     

            case 'o': //Device ON (future work) 

               action_result = "ON"; 

               //sleep_disable(); 

               break;  

     

            case 'p': //Device to SLEEP (future work) 

               action_result = "Sleep mode"; 

               //sleep_enable();//Enabling sleep mode 

               //set_sleep_mode(SLEEP_MODE_PWR_DOWN); 

               //sleep_cpu();//activating sleep mode 

               break;  

    } 

    Serial.println(action_result); 

    Serial.write(incomingByte);//send what has been received 

  }} 
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8.2. Electronic Circuit Schematic Diagram 
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8.3. Electronic Circuit Elements Description 

Name Electronic element Functionality  Provided by 

Bluno Beetle 

V1.1 

Microcontroller and 

Bluetooth module 

Instructing for signal processing 

and communication  
Arduino 

AD5541 
Digital to Analog   

Converter 

Signal Conversion and SPI 

Communication 
Analog Devices 

REF3425 Analog Reference 
Voltage Reference Input for 

AD5541 
Texas Instrument 

CF1, CF2, 

CF3, CF4 
Bypass Capacitors 

For DAC accurate high-

resolution performance 
 

CF5 Signal filtering 
DAC output analogy signal 

filtering 
 

PP POGO PINS   

AD8476 Differential Amplifier 
Single-ended input to 

differential output 
Analog Devices 

C0 Bypass Capacitors 
For amplifier high-resolution 

performance 
 

CF5, CF6 Bypass Capacitors 
For Differential Amplifier 

accurate performance 
 

R1, R2 Resistances 
Protect the signal from high 

voltages 
 

C1, C2 Protective Capacitors 
Overvoltage protection for 

excessive input voltages 
 

BZM55B2V4 Diode Zener 
Overvoltage protection for 

excessive input voltages 
Vishay 

Battery 

3.7V Li-Po 

Rechargeable Battery, 

2000mAh. 

Supplies voltage to the circuit  RS Pro 

XHP-2 Battery connector 
Connects the battery with the 

rest of the circuit 
JST 

LTC1754 - 3 Battery regulator Regulates battery (3.7 V - 5V) Linear Technology 

CA1, CA2, 

CA3 
Bypass Capacitors 

For LTC1754-3 accurate 

performance 
 

USB Make port USB 
Connects the circuit to an 

external power source 
 

MCP73831 
Charger management 

controller 

Manages battery recharging and 

provides an adequate current  
 

SWITCH Push bottom Powers on/off the circuit  

LED LED 
 Light up when the battery is 

charging  
 

CB1, CB2 Bypass Capacitors 
For MCP73831 accurate 

conversion 
 

R3, R4 Resistances 
Current regulation for battery 

charging 
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8.4.  Mobile App scenarios 

 

 

 

 

  

   

1) Mobile App BLE device scanning 2) Check the connection easily 3) Other modulation combination 
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8.5.  LTspiceXVII circuit for simulations 

  

 

 


