
DESIGN AND CHARACTERIZATION OF AN 
EMG BAND FOR DUCHENNE PATIENTS

P. (Philip) van de Maat

MSC ASSIGNMENT

Committee:
dr. ir. T.H.J. Vaneker

ir. M. Schouten
prof. dr. ir. G.J.M. Krijnen

dr. ir. K. Nizamis

December, 2022

050RaM2022
Robotics and Mechatronics

EEMathCS
University of Twente

P.O. Box 217
7500 AE Enschede

The Netherlands



2 Design and characterisation of an sEMG band for Duchenne patients

Philip van de Maat University of Twente



3

Summary

Duchenne muscular dystrophy (DMD) is a progressive muscle disease without a cure. Due to
muscle degeneration, patients will slowly lose their arm functions. When the arm muscles are
too weak to lift the arms, there are still electrical signals present in these muscles. These signals
can be picked up using sEMG and used to drive an exoskeleton. In this report an sEMG band
for the upper arm muscles is designed, 3d printed, and characterized. It can possibly be used to
drive an exoskeleton in the future, to give DMD patients control over their arm functions again.

Some variables are tested to evaluate their effect on the sEMG signal. The infill percentage
of the printed electrodes does not influence the signal (sEMG envelope, electrode impedance,
signal-to-noise ratio, and standard deviation of impedance), as long as it is above 60 percent.
The pressure with which the electrodes are pushed against the skin is not a deciding factor in
creating a usable sEMG signal, as long as it is enough to keep the electrodes in their place. Al-
though printable silver ink proves to yield a lower impedance and higher signal-to-noise ratio,
it is more fragile than PI-ETPU. Therefore these materials are combined and printed on top of
one another.

Four different prototypes of an sEMG band are developed and 3d printed. The final version
features six electrodes, three on the triceps and three on the biceps. It can be adjusted with
a watch band and is made almost entirely with a 3d printer. It can detect signals from both
muscle groups. Testing by using the sEMG envelope of the band as the input for a computer
game proves the band can be used accurately and quickly as a control system. This accuracy
improves when integrating the envelope signal instead of only using the envelope as input.
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1 Introduction

This report describes the work done by Philip van de Maat for his master thesis. In this intro-
ductory chapter the background of the work will be discussed, as well as related research, the
stakeholders, and the typical user. It will provide the groundwork for the rest of the report.

1.1 Context

Duchenne Muscular Dystrophy (DMD), better known simply by the Duchenne illness, is a rare
genetic disease that affects the muscles. In Europe and North America it affects approximately 6
per 100.000 males at birth, it is rarely seen in females [1]. Patients often show signs of weakened
muscles before the age of 2. Muscle weakness will continue to increase and most patients are
unable to stand up at the age of 12. The muscle weakness will continue and the average life
expectancy with Duchenne is 26; although some people may live into their forties [2,3]. There is
currently no cure, but physical therapy may help to ease the symptoms. Another development
that is currently ongoing is the creation of braces with springs to lower the muscle strength
required to, for example, lift an arm. Duchenne patients who normally would not be able to use
their arm anymore, due to weakened muscles, may still be able to do so [4]. To use the current
generation of exoskeletons the users still need to be able to move their arms. The next step
could be to create an electrically driven exoskeleton, instead of the passive exoskeleton that
exists now. This exoskeleton would still need a signal to derive the user’s intended movement;
surface electromyography (sEMG) is a method to detect these signals. In this paper an sEMG
band is designed to detect signals from the biceps and triceps, so it can potentially be used to
drive an exoskeleton in the future.

1.2 Related work

The idea to design an sEMG band to pick up signals from the muscles, and to later possibly drive
an exoskeleton is not new and was already demonstrated in 1980 [5]. The use of 3d printing to
produce sEMG electrodes has also been proven to yield good results [6]. Martijn Schouten, a
Ph.D. student in the Wearable Robotics consortium working at the University of Twente, has de-
veloped a band for sEMG signals from the biceps. A picture of the band can be found in fig. 1.1.
It uses flexible, 3d printed sEMG electrodes. This means the whole band can be 3d-printed with
a Fused Filament Fabrication (FFF) printer [7, 8]. However, the band has some shortcomings.
Firstly, the quality of the signal from the band is not sufficient. It can show large jumps in signal
or it is very weak. Secondly, the band is not adjustable for different arms. Finally, the band is
not aesthetically pleasing or inviting to use. These problems will be addressed in a redesign
and improvement of the band.

Figure 1.1: The sEMG band developed by Martijn Schouten.
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It should first be explored whether or not sEMG is a viable control interface for patients with
DMD. In a study by J. Lobo-Prat et al. [9], sEMG and force-based control interfaces are com-
pared, and DMD patients are asked to perform test using both methods. The three test sub-
jects did all succeed with their task using both methods. Although force-based controlled
movements were smoother, sEMG was found to be less tiring for the subjects [9]. A follow-up
study [10] concluded that force-based control interfaces are better for patients who still have
enough strength in their arm, but sEMG is preferred by weaker patients since it is less fatigu-
ing [10]. This study also conducted the tests with two degrees of freedom, compared to one in
the previous study.

Instead of sEMG, other techniques can also be used to measure the signal from someone’s mus-
cles. Mechanomyography (MMG) is a technique that works by measuring vibrations in the
muscles [11]. The signal-to-noise ratio of MMG is typically higher than of sEMG [12]. How-
ever MMG is only tested on healthy people with fully functioning muscles, while sEMG has
been confirmed to work on DMD patients [10] [13]. Therefore sEMG is the better choice for an
exoskeleton driver at this stage.

Another interesting technique is high-density sEMG (HDsEMG). An sEMG measurement is
called high density, rather arbitrary, when more than 16 electrodes are used [14]. Because of
the high number of electrodes, the exact placement of a single electrode is less critical, since
there will always be some electrodes with the strongest signal [15]. This could be interesting for
DMD patients, since they can potentially wear their sEMG bands for a long time, thus increas-
ing the chances for the electrodes to shift.

HDsEMG has been tested on Duchenne patients, where it was found that DMD patients acti-
vated fewer electrodes than healthy subjects, and had contractions closer to their maximum
contraction [16]. However, using a 3d printer to print an HDsEMG band would require a con-
troller that can use at least 17 inputs (16 plus a ground). For this project it is chosen to use
an existing controller that has 7 inputs (more information on this controller can be found in
section 2.4), thus HDsEMG is not an option at this point.

Some doubt has been cast on whether DMD patients still produce strong enough sEMG signals
to pick up and process. A study by J.Lobo-Prat et al. found that a patient with DMD who lost
his arm functions 15 years ago, still had measurable sEMG signals [17]. The amplitude of the
signal was a factor 100 lower than of a healthy subject. It was concluded, however, that this was
potentially enough to use in a control system.

1.3 Approach and report structure

In an article by A. Kappeller et al, a socio-philosophical perspective on wearable robotic ex-
oskeletons (WRE’s) for patients with DMD is given [18]. The article concludes with two rec-
ommendations for the development of WREs, which can be useful for the development of the
sEMG band, namely: "the involvement of patient organizations and a participatory approach
to design can help reduce ableist ideas, and the provision of modular design and choices can
help reduce the stigma attached to WREs" [18]. These recommendations should be kept in
mind, especially during later stages of development.

The report is divided into various chapters. In the introduction, the problem and its context are
explained. In the problem analysis chapter, the stakeholders and typical user are shown, and
from these, the requirements are formulated. In the design chapter the different prototypes
are showcased and, more importantly, how these designs came to be. In the fabrication chap-
ter the technical details regarding how the band was produced are discussed, so it should be
possible to recreate it. In the measurements chapter it is explained how the band is tested and
what data is recorded. These results are then listed and discussed in the results and discussion

Philip van de Maat University of Twente
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chapter. Finally, in the conclusion chapter, the key findings from the report are discussed and
recommendations for further research are done.
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2 Problem Analysis

In this chapter, the problem will be further looked into. This is done by conducting a stake-
holder analysis, creating a typical user profile, and formulating the requirements.

2.1 Stakeholders analysis

Stakeholder groups

The identified stakeholders can be seen below, in no particular order:

• Duchenne patients

• Family/carers of patients

• Wearable Robotics

• TMSi

• Healthcare insurance

• Yumen

In figure 2.1 a power interest graph is displayed. It shows the power over, and the interest in, the
project of each stakeholder. It is important to keep in mind that this graph is based on a fully
finished, marketable product. It may still take years to reach this stage, or the project could
never reach it. Their location in the graph determines how the stakeholders will be treated.
This relationship is listed in the legend on the right side of the diagram. In the next section, the
stakeholders will be discussed further.

Figure 2.1: Connections between the different stakeholders.

2.1.1 Stakeholder intentions and power

In this section, the intentions, motivations, and power that each stakeholder has over the
project will be discussed. It is important to know this since stakeholders can greatly influence
a project.
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Duchenne patients

Of course, the Duchenne patients should be the most important people in the research since
the product is developed for them. They want a technical solution so their quality of life gets
improved. The main way they can influence the final product is by giving feedback in the test-
ing phase. They have the power to drastically change a design if, according to their opinion, it
does not work (well). This means they have moderate power over the project, but great interest
in the project.
However, it is chosen not to include the patients in the design of the band yet. This is done so
patients don’t have unrealistic expectations of the project since it would most likely take years
before a complete product has been developed.

Family and carers of Duchenne patients

The family and carers want the best for the patients, so their motivations largely overlap with
the patients themselves. However, since they are tasked with caring for the patients, they want
that care to be easy and quick (assuming the quality of life for the patients is not in danger).
Therefore a technological solution that makes a Duchenne patient more independent gives the
carers more free time. At the same time these people will have to put the final product on the
patient, and maybe do some basic maintenance. They should not be forgotten in the testing
phase. They have little power over the project, however, they can influence testing.

Wearable Robotics

The Wearable Robotics project is carried out by a consortium including the University of
Twente, the Technical University of Delft, the Radboud University Nijmegen, the Free Univer-
sity Amsterdam and a collection of companies ranging from tooling to medical companies.
They research and develop technology to improve or bring back human motor functions. Their
development may not always align with the patients, who simply want a quick product on the
market. The Wearable Robotics consortium may take steps in development that are not neces-
sarily needed for the development, thus slowing down the final product. Another possibility is
that a final product will never be developed, and the development stops before it is completed.
This gives the Wearable Robotics consortium the most power over the product and process.

TMSi

Martijn Schouten (Wearable Robotics) designed the electronics (Octopus) of the band, and
TMSi reviewed it. They also partly funded the research, and because they could decide to cut
the funding, they have some power over the project. However, the electronics could also be
produced somewhere else.

Healthcare insurance

Healthcare insurance providers can make or break a product. If the product will be too expen-
sive, they might simply not cover it. So their power is large. Therefore it is important to start
communication with them early, to make sure the product will reach the patients in the end,
and be covered by the healthcare providers.

Yumen

Yumen Bionics is founded by the Duchenne Parent Project Netherlands to fund research and
produce technical solutions for Duchenne patients. Yumen wants the best for the Duchenne
patients, so their motivations largely overlap with the patients themselves and their families/-
carers. But they also need green light for their product from the healthcare insurance. Their
power is large since they are the party that might market the product in the end. Their interest
is also large since their motivations overlap with the patients.

Robotics and Mechatronics Philip van de Maat
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2.2 Context of usage and typical user

Before making a list of the requirements it is important to know in what setting the band most
likely will be used. Almost all DMD patients are male, [3] therefore the band will be tested
on males. Because Duchenne is a progressive illness most patients will be in a wheelchair by
the time they are 12 years old [2]. Children with DMD can often live with their parents but as
the illness develops and the care required increases most patients will live in an assisted living
environment. They require extensive care and attention with activities of daily living. They
also have sensitive skin and require physical therapy to keep their joints working as much as
possible. Patients have a thinner upper arm compared to healthy individuals, especially when
they are higher on the Brooke scale [3].
In short, the typical patient the band will be designed for is the following:

• Male

• Adult

• Unable to walk, in a wheelchair

• Living in an assisted living facility

• Has a score of 5 or 6 on the Brooke scale, meaning they can at most hold a pen or pick up
pennies from a table, but cannot move their hand to their mouth

• Has sensitive skin

• Gets daily physical therapy

• Has a smaller diameter upper arm than a healthy individual

A 5 to 6 score on the Brooke scale indicates extreme conditions. Someone with a score of 5 on
the Brooke scale cannot use a passive brace with springs, while someone with a score of 4 can.
Therefore the band is designed for patients with a score of 5 or 6.

2.3 Requirements

When making a list of the requirements, it is important to start with the technical ones. The
band should provide a good, constant reading of sEMG signals, so that it can reliably drive an
exoskeleton. In table 2.1 all requirements, the way to test them, and their thresholds are listed.
They are divided into three different categories: technical, safety and usage requirements. To
make it easier to refer to they are numbered. Below, the requirements will be further elabo-
rated on. It should be noted these requirements are for a finished product and do not apply to
prototypes.

2.3.1 Technical requirements

First, some technical requirements are needed to ensure a good quality signal. Here the signal-
to-noise ratio will be calculated in dB. The noise is the signal when the muscles are relaxed,
while the signal is the signal when the muscles are contracting. A stable signal is also important,
this is measured by looking at the impedance standard deviation. When the standard deviation
is low, the signal is more stable. The band should also have a rechargeable battery, which is
better for the environment, cheaper in the long run, and easier for the user compared to using
non-rechargeable batteries.

The band should function for an extended time on one battery, to make sure the user does not
have to recharge the battery often.

Philip van de Maat University of Twente
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2.3.2 Safety requirements

From section 2.2 it follows that the typical user has sensitive skin. Therefore there should be
no sharp edges on the band so the chance that the skin will be damaged is minimal. It is also
important to use materials that are safe to use in contact with human skin.

Another requirement is to make sure that the device is splash water resistant. When worn for an
extended time, water could accidentally be dropped on it, and the band should still be working
afterward.

2.3.3 Usage requirements

Finally, there are some requirements that make the band easier to use. It should be easy and
quick to put the band on or take it off. Because the typical user lives in an assisted living facility,
the caregivers should not be overburdened. The band should be adjustable. From the typi-
cal user it follows that DMD patients often have a smaller diameter arm compared to healthy
individuals, but this varies per patient.

The band should also be inviting to use, so it is easier for the patients to decide to use it. Of
course, the comfort for the patient is also very important, thus the band needs to be comfort-
able, also for extended wearing times.

The band should also be easy to clean. Ideally, this should be done in a dishwasher, so it is as
easy as possible for the caretakers. Lastly, the band should be impact-proof. It is very likely that
at some point the band will be dropped, and it should be able to withstand that.

Robotics and Mechatronics Philip van de Maat



8 Design and characterisation of an sEMG band for Duchenne patients

Table 2.1: Table with requirements for the sEMG band.

Number Requirement How to measure Threshold
Technical requirements

T1
Transmit good quality
sEMG signal

Measure the ratio of the signal to the
noise

At least a ratio of 10
(20 dB)

T2
Transmit a constant
sEMG signal

Measure the impedance standard
deviation

At most 5% of the
impedance

T3 Be rechargable Check if the battery can be recharged It should be able to

T4
Can function for
an extended time

Measure the time before the band
stops working

A minimum of 4 hours

Safety requirements

S1
No sharp edges on
the band

Feel if there are sharp edges on
the band

Maximum of 0 sharp edges

S2
Use materials safe for
contact with human skin

Request material information from the
manufacturer

Only use medically certified
materials

S3
Be splash water
resistant (IPX4)

Pour small quantities of water on it
(3x 2 mL)

The band and electronics
should function after

Usage requirements

U1
Be easy to put on or take
off by a different person

Measure the time how long it takes
to put on, or take off the band

Less than 1 minute

U2
Be adjustable for
different arm sizes

Put the band on different people
and see if it fits

Fits at least 80 %
of the subjects

U3
Be aesthetically pleasing
and inviting to use

Ask different people how they
would rate how good the band
looks on a scale from 1 to 10

At least a 7/10

U4
Be comfortable to
wear for the patient

After wearing the band for 10 minutes,
test subjects should
describe how comfortable the band
is on a scale from 1 to 10

At least a 7/10

U5
Should be easy to
clean in a dishwasher

After removing the electronics:
Put the band in a dishwasher

The band should still
work after the dishwasher

U6
The band should
be reusable

See if the band can be used
for multiple sessions

At least two 30 minute
sessions

U7
The band should
be impact proof

Drop the band from a height of
2 meter 10 times

No significant damage
afterwards

2.4 Electronics

The band will be designed around an existing amplifier, called the Octopus, shown in fig. 2.2. It
consists of the Texas Instruments ADS1298 Analog Front-End chip, connected to an NRF52832
Bluetooth low energy (BLE) module, which can send data wirelessly, in real-time, to a computer.
On the computer, a custom Python program can read, display, and save the data. The device
has a battery inside and can charge wirelessly. There are seven pogo pins on the underside.
This makes the Octopus ideal for usage in a 3d printed band since once it is in a suitable box,
the pins will press down on the print. This means it is easy to connect the Octopus to the 3d
printed part of the band.

Philip van de Maat University of Twente
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Figure 2.2: The top (left) and bottom side (right) of the Octopus amplifier.

2.5 Conclusion

In this chapter, the requirements have been formulated. They are used to design the prototypes
of the band, this can be found in the next chapter.

Robotics and Mechatronics Philip van de Maat
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3 Design

In this chapter, the design of the bands will be elaborated. It will be detailed how the designs
follow the requirements, and what the differences between the versions are.

3.1 sEMG bands

3.1.1 sEMG band: version 1

As for the first design, before printing, not much can be said about requirements T1 and T2,
since these properties can only be evaluated after printing.

The safety requirements can be evaluated beforehand, by carefully choosing the materials and
making the design. It is chosen to not make the design splash water resistant at this stage
(requirement S3) since it takes much time, and the band will also change significantly. It is also
very hard to evaluate this since the chance of destroying the Octopus is high. The same applies
to requirement U7, making the band impact-proof.

The usage requirements are very important for the design. A watch band is chosen to secure the
first prototype, because it can create a secure connection, is easy to connect and disconnect,
and is adjustable so it can fit different arm sizes (requirements U1 and U2). This will also make
sure the band will be more comfortable since the user can adjust how tight the band is around
their arm (requirement U4). A design with rounded edges is chosen since it is expected that
people will find this more aesthetically pleasing (requirement U3). By making it easy to remove
the Octopus, it is possible to clean the band in a dishwasher (requirement U6).

The first prototype version of the band can be seen in fig. 3.2. It features three electrodes,
with silverink CI-1036 (Engineered Materials Solutions, Inc.) on top of PI-ETPU 85-700+ as
connections to the octopus. The silverink is a viscous ink, with a very low electrical resistance.
It cures and becomes thin layer after multiple hours in contact with oxygen. This process will be
sped up using a heated build plate. PI-ETPU is a flexible thermoplastic that can also electrically
conduct, however, its resistance is much higher than that of silverink. A combination of both
silverink and PI-ETPU is used to ensure that in case the silverink breaks the PI-ETPU will still
provide electrical connection.

Under the Octopus there is a PI-ETPU patch that acts as ground. The width of the band is
dictated by the width of the three electrodes. The electrodes cannot be bigger since they would
exceed the width of the biceps.

The Octopus is housed in a box made of Novamid ID 1070 (Novamid). This is a nylon filament
with high strength and toughness. Two screws are used to attach the lid to the rest of the elec-
tronics box. They are screwed in from the underside and between the box and the X60, where
the screws go in, a small plate of BVOH Water soluble filament (Fiberlogy) is printed. After the
print, the BVOH can be dissolved in water and the corners of the X60 can be pulled apart to put
the screws in.

The Novamid box, the two screw holes and the BVOH under the box can be seen in fig. 3.1.

Philip van de Maat University of Twente
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Figure 3.1: A detail of the band v1: the Novamid box (grey), X60 (green) and BVOH (blue).

The band on a subject’s biceps can be seen in fig. 3.3. The three electrodes are visible on top of
the muscle, while the electronics box is seen on the side of the arm.

Figure 3.2: The first complete prototype of the band.

Figure 3.3: The first prototype of the band on a subject’s biceps.

Robotics and Mechatronics Philip van de Maat



12 Design and characterisation of an sEMG band for Duchenne patients

3.1.2 sEMG band: version 2

Although the first version of the band works well, it can only detect activity from the biceps.
For the second version 6 electrodes are used so that both the biceps and the triceps can be
measured on. Because six electrodes take more space the watch band previously used can
no longer be used. Only the metal clasp from a watch band is used this time. The backside
of the band with the holes is now printed, instead of bought like for version one. This has
the advantage that the band is more flexible so it can expand with the arm when the muscles
are flexed. The previous version used a small BVOH plate to make the screw holes accessible.
However, adding this plate makes the print more complex and it can cause warping since the
Novamid does not attach well to the BVOH. Therefore it is decided to not include the plate.
Instead, the 2 screw holes are made accessible by separating the X60 and Novamid with a knife
after the print is finished.

Figure 3.4: The second prototype of the band.

3.1.3 sEMG band: version 3

Version 3 is not much different from version 2. Version 2 had a small problem where the PI-
ETPU did not fully connect, resulting in signal loss. This had been fixed in version 3. Also, the
box with electronics has been rotated 90 degrees. This is to prevent electrodes from losing con-
tact with the skin because of the box. This problem can be seen (very exaggerated) in fig. 3.5.
Because the electronics box is not square, the situation improves when the box is rotated. Ver-
sion 3 is visible in fig. 3.6.

Figure 3.5: Electrode losing contact with the arm due to the electronics box.

Philip van de Maat University of Twente
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Figure 3.6: The third prototype of the band.

3.2 Limitations

The main limitations of this research are due to a time limit on the research. A selection has
to be made on what variables are looked into, and which variables are not. For example, the
electrode diameter and exact placement could be interesting subjects to look into, but due to
limited time, this is not done. The materials chosen for the band are mainly the same as the
ones from Martijn Schouten’s band. If the research were longer, it would be interesting to look
at different materials and evaluate their properties. For example, Novamid proved difficult to
print at times, and a material like ABS could be sufficient to print the electronics box.

Another limitation is the lack of test subjects. The design variables and the different versions
of the band have only been tested on one subject. Furthermore, they are not tested on actual
Duchenne patients.

Since the Octopus (and its software) is used for all bands, this is also a limitation. Maybe the
results of the tests could be improved by different electronics or different software.

3.3 Conclusion

In this section, it has been shown how the different prototypes came to be and what they look
like. Although the third prototype does satisfy multiple requirements, it does not satisfy them
all. This is because the third prototype is still a prototype and further development is needed to
make a complete product. In the "Results and Discussion" chapter, the technical requirements
will be discussed.

In table 3.1 the main differences between the different versions of the band can be seen.

Metric Version 1 Version 2 Version 3 Version 3.1
Number of electrodes 3 6 6 6
Warping No No Yes No
BOVH plate Yes No No No
Orientation elec. box
(horizontal/vertical)

H H H V

Table 3.1: Main differences between the different versions of the band.

The technical details to produce the band can be found in the following chapter.
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4 Fabrication

In this section, the technical details of the production of several test structures, as well as the
prototypes of the band are discussed.

4.1 Fabrication process

All prints are designed in Autodesk Inventor and sliced using Ultimaker Cura. After exporting
the G-code, they are printed using a Diabase Engineering H-series 3D printer. The heated noz-
zles are calibrated, so they have the same offset to the bed. This is done using a touch-off plate,
and setting the Z value to zero. The full procedure can be found at the Diabase website [22].
Before a print all nozzles are primed, and by extruding a small length of filament it is made sure
none of the nozzles are clogged. The X60 Ultra-Flexible Filament (COEX) is extremely flexible,
and a length (1-2 meters) on the spool is lubricated with canola oil before printing to make
sure the feeding will go smoothly. Finally, before printing the bed is cleaned with ethanol, and
an adhesive spray is applied. In table 4.1 the used printing settings for different materials are
listed.

4.2 Design variables

There are many variables in the fabrication process and design of the band that can be changed.
Some important variables are:

• Electrode diameter

• Electrode infill

• Electrode protrusion

• Pressure on the electrode

• Electrode placement

• Closing mechanism

• Size adjusting mechanism

• Geometric properties

The electrode infill and the pressure on the electrode will be tested to see what the influence is
of changing these parameters. The electrode diameter is chosen to be as large as possible while
still fitting on the muscle because this is more favorable when dry electrodes are used [23]. The

Material
Temperature
(degrees C)

Flow
(%)

Print speed
(mm/s)

Infill
(%)

Fan speed
(%)

X60 Ultra Flexible Filament (COEX) 215 125 20 70 100
PI-ETPU 85-700+ (Palmiga Innovations) 220 100 15 100 100
Novamid ID 1070 (Novamid) 285 85 15 100 100
BVOH water soluble filament (Fiberlogy) 210 100 60 100 100

Silverink CI-1036 (Engineered Materials
Solutions Inc.)

Room
temperature
(no heating)

130 20 100 100

Table 4.1: Printing settings for different materials.
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protrusion will not be tested, since when electrodes protrude from the band, this will result in
a higher pressure, and the effects of pressure will be tested. The electrode placement, closing
mechanism, size-adjusting mechanism, and geometric properties are dependent on the design
and, thus, cannot be easily tested.

4.2.1 Infill

The first variable that is tested is the infill of the electrodes. To test the influence of the infill dif-
ferent electrodes, in groups of three, are printed, with varying infill. The following infill values
are tested: 35, 45, 60, 75, 90, 100, and 110 percent infill. 110 percent infill is realized by setting
the extrusion multiplier to 1.1. The electrodes are printed with a Diabase Engineering H-series
3D-printer and can be seen in fig. 4.1. Each trio also has the infill percentage printed on it,
so no confusion can occur about what infill a trio is. The electrodes themselves are 20 mm in
diameter, and made of PI-ETPU 85-700+ (Palmiga Innovations) they extrude 0.5 mm from the
surrounding X60 Ultra-Flexible Filament (COEX). The extrusion is made possible by printing a
layer of BVOH water-soluble filament (Fiberlogy) underneath the X60. This layer can later be
removed by putting the print in water and letting the BVOH dissolve.

Figure 4.1: Groups of electrodes with different infill settings, ranging from 35 to 110 percent.

4.2.2 Silverink

It is also possible to print CI-1036 stretchable silver-ink (Engineered Conductive Materials), in-
stead of PI-ETPU 85-700+ (Palmiga Innovations) as an electrical conductor. This is done using
a Viscotec Viprohead 3 extruder with a 0.864 mm nozzle fixed to the Diabase printer. The pres-
sure to the Viscotec is set at 1 bar. A result of using the Viscotec is that it is only able to use
roughly one-third of the bed since it is not fixed in the middle of the printing area compared to
the other nozzles. This greatly limits how big designs can be.

To explore what the differences are between using silverink and PI-ETPU, two test pieces are
printed. Two electrodes will be pressed against the skin, and the electricity flows to two snap
buttons that are attached via either PI-ETPU or silverink.

First, sEMG stickers are used for snap buttons, this can be seen in fig. 4.2. However, after
testing the prints with a multimeter it was concluded that the sEMG stickers raise the resis-
tance significantly, and therefore will distort the test results. Printing snap buttons like the
ones in fig. 4.1 also proved very hard and yields unreliable results since the printer is unable
to print such small buttons with sufficient accuracy. When they are successfully printed, they
easily come loose from the connector. Another method is to attach the snap buttons using sil-
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16 Design and characterisation of an sEMG band for Duchenne patients

verepoxy, but this again raised the resistance of the electrodes significantly, and the connection
is not very strong.
The final solution is to attach a metal snap button (normally used on clothing) directly to
the electrode as seen in fig. 4.3. This has a number of advantages compared to the methods
mentioned previously:

1. Attaching the buttons takes little time and is easy

2. The connection does not require curing for extended times or temperatures

3. The connection is very strong

4. The resistance is very low

Figure 4.2: One electrode pair connected with silverink (left), one with PI-ETPU (right). Both use sEMG
stickers.

Figure 4.3: An electrode with a snap button attached (left) and the corresponding connector (right).

The final printed electrode pairs, with metal snap buttons, can be seen in fig. 4.4. The elec-
trodes are 20 mm in diameter, printed with 100 % infill, and kept together by X60 ultra-flexible
filament. On the backside of the electrodes with the metal snap buttons, non-conductive tape
is applied, so these electrodes cannot contact the skin directly. The print is printed on a heated
bed at 75 ◦C, and afterward cured for 30 min at 100 ◦C to make sure the silverink is cured, and
to lower the resistance of the PI-ETPU.
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Figure 4.4: One electrode pair connected with silverink (left), one with PI-ETPU (right). Both use metal
snap buttons.

4.3 sEMG bands

4.3.1 sEMG band: version 1

The first version of the band (fig. 3.2) uses a flexible rubber watch band with a metal clasp from
an unknown supplier. The 3 electrodes with a diameter of 20 mm are made of PI-ETPU with an
infill of 100 %. The flexible part of the band is made of X60 with 70 % infill, and the housing of
the electronics, as well as the attachment points of the watch band, are made of Novamid ID
1070 (Novamid). The Novamid 1070 forms a sufficiently strong bond so additional glue is not
required. The white lid of the electronics box is made out of PLA.

The band is printed on a heated bed of 75 ◦C, and after printing cured in an oven at 100 ◦C for
30 min to make sure the silverink is cured, and to lower the resistance of the PI-ETPU.

4.3.2 sEMG band: version 2

The second prototype of the band is visible in fig. 3.4. It has six 20 mm electrodes, again made
out of PI-ETPU. The flexible, translucent part is made from X60 with an infill of 70 %. The box
for the electronics, the lid, and the clasp attachment point are made of Novamid 1070 with an
infill of 100 %. The band is printed on a heated bed of 75 ◦C, and after printing cured in an
oven at 100 ◦C for 30 min to make sure the silverink is cured, and to lower the resistance of the
PI-ETPU. The metal clasp is taken out of a wristband for a Galaxy watch 46 mm (Aliexpress).

4.3.3 sEMG band: version 3

Version 3 is made with the same materials, infill, bed temperature, curing time, and temper-
ature as version 2, except for the PI-ETPU. Instead of PI-ETPU 85-700+, PI-ETPU 95-250 was
mistakenly used.

A problem that happened with this version is the warping of the Novamid box. The warping
is so extreme, that the Octopus no longer fits inside, see fig. 4.5. This might be a result of the
rotated box. With this version, the box is no longer surrounded on all sides with X60, which acts
as an adhesive between the bed and the Novamid. Without the X60 on two sides, the Novamid
box warps.
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Figure 4.5: An example of the electronics box warping.

4.3.4 sEMG bands: version 3.1

Version 3.1 was created to fix the problems from version 3. Here, the correct filament PI-ETPU
85-700+ instead of PI-ETPU 95-250 is used. Also to counteract the problem of the warping
electronics box, a brim (fig. 4.7) of X60 is printed around the box. This brim can be removed
with scissors after printing and prevents the Novamid from warping.

The pressure put on the Viscotec is raised from 1 bar to 3 bar. This is because the nozzle gets
clogged regularly during printing, and this results in incomplete silverink traces (fig. 4.6).

Figure 4.6: The result of a clogged Viscotec nozzle.

Other than the described changes, the settings, methods, and materials used in this version are
the same as in version 3.
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Figure 4.7: The band with its brim to prevent warping.

4.4 Conclusion

In this chapter, the necessary parameters, details, and materials to make the band are listed.
Also, it is concluded that using metal snap buttons is the best way to attach 3d printed struc-
tures to a wire. In the case of under extrusion by the Viscotec, a solution is to increase the
pressure. Finally, to prevent the warping of Novamid, a brim of X60 is printed around the band.
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5 Measurements

In this chapter the measurements that the designs, listed in chapter chapter 3 and printed using
settings and materials detailed in chapter chapter 4, are described. This is done so the effect
from certain parameters (infill, silverink or PI-ETPU, pressure on the electrode) can be eval-
uated. Also, measurement setups are described for the different versions of the band, so the
bands can be compared, and evaluated according to the requirements.

For the measurements described in this chapter, the sampling rate of the Octopus is set at 1000
samples per second, with a lead-off current of 24 nA, thus all properties are evaluated in a band-
width up to 500 Hz. To calculate the impedance a current is send through the electrodes at a
quarter of the sampling frequency. An algorithm is then used to calculate the impedance. Fur-
ther information about signal processing can be found in the conference paper attached in the
appendix.

For each experiment, the standard deviation is calculated. It is normalized by N-1, where N
stands for the number of data points. When the signal-to-noise ratio is calculated, it is done
by creating a ratio in decibels of the signal (where the muscles are contracted) compared to the
noise (where the muscles are relaxed).

5.1 Experiments

Below are various exercises, used to evaluate the performance of the prints. In table 5.1, it can
be seen which exercise is used to measure the performance in what experiment. The details of
each exercise can be found in section 5.1.1 to section 5.1.3.

5.1.1 Exercise 1: Isometric and isotonic contractions of the biceps

• Sit in a chair, with the underarm resting on a table, under a 90-degree angle with the
upper arm.

• Flex the biceps, up to the point the hand is almost starting to lose contact with the table.
This should take roughly 2 seconds in total.

• Slowly relax the biceps again, this should also take 2 seconds.

• Redo the last 2 steps 2 times, so a total of 3 times flexing and relaxing the biceps.

Followed by isotonic exercises:

Table 5.1: Different experiments and their corresponding exercises.

Experiment Exercise 1 Exercise 2 Exercise 3 Exercise 4
Infill X
Silverink X
Pressure (Inflatable
armband)

X

Pressure (Blood pressure
meter)

X

sEMG band: v1 X
sEMG band: v2 X
sEMG band: v3 X
sEMG band: v3.1 X X
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• Sit in a chair, with the arm resting on a table, under a 45-degree angle.

• Flex the biceps and slowly lift the lower arm off the table until it reaches a 90-degree angle
with the table. This should take roughly 5 seconds in total.

• Slowly let the lower arm down again, until it lays flat on the table. This should also take 5
seconds to do.

• Redo the last 2 steps 2 times, so a total of 3 times raising and lowering the arm.

5.1.2 Exercise 2: Isometric contraction of the biceps

• Sit in a chair, with the underarm resting under a table on the upper leg, under a 90-degree
angle with the upper arm. The muscles of the arm should be fully relaxed.

• Push the arm against the underside of the table and keep it there for 1 second.

• Relax the arm again

5.1.3 Exercise 3: Isometric contractions of biceps and triceps

• Sit in a chair, with the arm resting on the table, so that the upper arm makes a 90-degree
angle with the table

• Relax the arm fully

• Flex the biceps for 2 seconds and make sure the arm does not leave the table. This can be
prevented using the other arm

• Fully relax the arm again, for 2 seconds

• Flex the triceps for 2 seconds

• Relax the arm fully

5.1.4 Exercise 4: Isotonic contrations in force setup

• Sit in a chair, grab the handle of the setup and relax the upper arm muscles. Make sure
that the elbow is at the center of rotation.

• Slowly raise the lower arm, until an angle of roughly 50 degrees is achieved.

• Lower the arm until its back at the 0-degree angle.

• Repeat the first three steps.

5.2 Design variables

5.2.1 Infill

To evaluate what the effect of the infill is on the impedance and the EMG envelope, the test
listed in table 5.1 is done. The electrode groups from fig. 4.1 are put under a sweatband on the
biceps. They are connected with wires using snap buttons to the Octopus.

5.2.2 Silverink

In order to test the effects of using silverink on the impedance, the signal-to-noise ratio and the
phase of the printed electrodes (fig. 4.4) will be put under a sweatband, so that the pressure with
which the electrodes are pushed against the skin will be the same. Then the test from table 5.1
will be performed.
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25 exercises are done in total for each pair, between each 5 the electrodes are slightly moved
to average out the difference between positions and make sure build-up moisture under the
electrodes will not influence the results.

5.2.3 Pressure on the electrode using inflatable armbands

To test the effect of electrode pressure on the EMG envelope, the impedance, the SNR, and
the phase, an inflatable armband made by Intex (commonly used by people to stay afloat in
a pool) will be used. The electrodes (the left pair in fig. 4.4) are put between the skin and the
armband so that the armband pushes the electrodes against the skin. The armband can be
easily inflated, thus increasing the pressure on the electrode. Each time the band is inflated a
bit more, five isotonic exercises are performed as described in section 5.2.1.

It is not possible to do an absolute test, since using an inflatable armband does not yield a
metric for the pressure. However, it is possible to do a relative test since it is known the pressure
increases between each measurement. Therefore, it is made sure that the electrodes do not
move between exercises, to minimize the variation this causes.

Figure 5.1: Inflatable armbands, also known as floaties. Image source: [24].

5.2.4 Pressure on the electrode using a blood pressure meter

The method with the inflatable armband is not very accurate, since it is not possible to measure
the pressure. Therefore, a sphygmomanometer (commonly known as a manual blood pressure
meter) is used. (visible in fig. 5.2). When the electrodes (the left pair visible in fig. 4.4) are put
under the inflatable part of the blood pressure meter (left side of fig. 5.2), the pressure with
which the band pushes the electrode against the skin can be precisely read from the gauge.
This time, isometric exercises (as described in section 5.2.2) are used, since the band is rather
big, and isotonic exercises disturb the position of the band. Five exercises are performed at
each of the seven pressure levels.
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Figure 5.2: A sphygmomanometer in use. Image source: [21].

5.3 sEMG bands

5.3.1 Requirement evaluation

Since the band is still in the prototype stage, not all requirements are evaluated. Only the re-
quirements below will be evaluated with the methods described below it for all bands, but only
on one test subject. They are the same as the requirements in table 2.1, but are repeated here
for the reader’s convenience.

• T1: Transmit good quality sEMG signal
Make sure the SNR is at least a ratio of 10 (20 dB)

• T2: Achieve constant quality sEMG signals
Make sure the impedance standard deviation is less than 5 %

• T3: Be rechargable
Check if there is a possibility to recharge the battery

• T4: Can function for an extended time
Turn the device on, and measure the time (at least 4 hours) before the band stops working

• S1: No sharp edges on the band
Run a finger carefully along all edges of the band and feel if they are sharp

• U1: Be easy to put on or take off by a different person
The subject will test this one on themselves, they should be able to put on the band from
it laying on a table within one minute

• U2: Be adjustable for different arm sizes
It can be verified whether the band is adjustable, but not on different test subjects

• U4: Be comfortable to wear for the patient
Wear the band for 10 minutes, and describe if it is at least a 7/10 comfortable

• U6: The band should be reusable
Check that the band works for two sessions of thirty minutes
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5.3.2 sEMG band: version 1

To evaluate the performance of the first version of the band isometric exercises, like described
in table 5.1, are performed. The band is positioned so that the electrodes are on top of the
biceps, like visible in fig. 3.3. In total 25 exercises are done, between every five exercises the
band is slightly moved to create an average and minimize the role of the position of the band.

5.3.3 sEMG band: version 2

The second version of the band was tested as described in table 5.1, so using exercise 3. Also
for this band, the electrical resistance was measured at the bottom of the electrodes by using a
multimeter. A total of three resistance measurements were done per electrode, by holding one
probe in the middle of the electrode, and the other one near the edge. The resulting resistance
was read after resting the probes on the electrodes for 3 seconds.

5.3.4 sEMG band: version 3

Version 3 of the band was tested using the test from table 5.1. This is a different test compared to
the previous versions of the band, since now both the triceps and biceps need to be contracted,
instead of only the biceps.

This exercise is done a total of five times, and the sEMG envelope and impedance are recorded.
The resistance was also measured, in the same way as described for band version 2.

5.3.5 sEMG band: version 3.1

Version 3.1 was tested in the same way as version 3.

The band was also tested in an experimental setup that was made by Martijn Schouten. The
setup can be seen in fig. 5.3 and fig. 5.4. It consists of an arm that can be rotated 90 degrees,
and a TiePie oscilloscope to record the data. When rotating the arm, the force being put on it,
and the angle of the arm is recorded. With this setup, exercise 4 is done.

Figure 5.3: The force setup, and its range of motion.
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Figure 5.4: A test subject sitting in the force setup, with the sEMG band version 3.1 on his upper arm.

5.3.6 Using the band as a control system

Martijn Schouten has developed a game to test the band’s capability as a control system. In this
game, a red square is visible, which travels on a vertical line in a seemingly random pattern. A
green square sits still in the middle of the same vertical line and can be moved up by contracting
the biceps, and moved down by contracting the triceps.

The goal of the game is to follow the red square by moving the green square using the biceps and
triceps. The sEMG envelope from sEMG band is used to do this. First, a maximum contraction
is set at a value of 1 for the biceps, and -1 for the triceps. The values from the sEMG envelope
are then scaled with a factor of 200 to convert them to pixels on the screen.

The game will run for a total of two minutes, and the position of the red and green square during
this time will be saved. Band version 3.1 will be used for this.

Similarly to the square game, the sEMG signal of the band can also be used to control other
games. Now when the integrated sEMG envelope is above a threshold, contracting the biceps
moves the cursor of the computer to the left, and contracting the triceps moves it to the right.
When the muscles are relaxed, the cursor stays where it is. Maximum boundaries are set for the
cursor, so it cannot be moved outside the game window.

5.4 Conclusion

In this chapter four different exercises, as well as controlling game input are described that are
used to measure the performance of the test structures and the different bands. In the next
chapter, the resulting metrics from these tests will be discussed.
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6 Results and Discussion

In this chapter, the results of the measurements that are described in chapter 5 are displayed
and discussed.

6.1 Design variables

6.1.1 Infill

The impedance and its standard deviation for different infill settings can be seen in fig. 6.1. It
can be seen that the standard deviation does not change much at 60 % infill or higher. This can
also be seen in fig. 6.2, where the flexing and relaxing of the biceps can be seen in the form of
three peaks. As can be seen, the signal from 60 % infill is very similar to the signal from 100 %
infill. In the graph at 100 percent infill, the sEMG envelope did not go back to zero. This is most
likely because the test subject did not fully relax his muscles.

Figure 6.1: The absolute value and standard deviation of the impedance, at different infill values during
both isotonic and isometric exercises, at 500 Hz. The standard deviation is also visible in the form of
error bars on in the left graph.

Figure 6.2: The sEMG envelope from isotonic exercises at 60 (left) and 100 percent infill. (right)

6.1.2 Silverink

In fig. 6.3 the sEMG envelope during the tests is visible when using PI-ETPU or silverink. Not
only are the peaks higher when using silverink, the noise between peaks is also lower.
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The resulting impedance, the standard deviation of the impedance, phase and SNR of the tests
are given in table table 6.1. It can be seen that using silverink lowers the absolute value of
the impedance, and lowers the standard deviation. It also raises the signal-to-noise ratio, and
lowers the phase. This is in line with expectations since the electrical resistance of silverink is
much lower than that of PI-ETPU.

Metric Unit Silverink PI-ETPU
Impedance KOhm 65.77 473.81
St. dev. of impedance KOhm 2.39 11.40
Signal to noise ratio dB 14.94 10.26
Phase degrees -52.62 -8.52

Table 6.1: Differences between using the silverink trace and the PI-ETPU during isotonic exercises at
500 Hz.

Figure 6.3: The sEMG envelope when using silverink (left) and PI-ETPU (right) during isometric exer-
cises.

6.1.3 Pressure on the electrode using inflatable armbands

The signal at the highest and lowest pressures can be seen in fig. 6.4. It should be noted that
in the lowest pressure graph, the 5 exercises can still be easily seen. The noise when there is
no signal, however, is much higher. The resulting signal-to-noise ratios and phase can be seen
in fig. 6.6. The impedance and standard deviation of it across different pressures are visible
in fig. 6.5. As can be seen, the impedance and standard deviation of the impedance go down
with increasing pressure, while SNR goes up, and the phase does not change much. These
changes would indicate that higher pressures give better results.
It should be noted that in figs. 6.4 to 6.6 there is no value or unit for the pressure since this is
not possible to measure using only an inflatable armband. However, these measurements do
give a rough idea of what increasing pressure does to these variables. A better test is needed to
more accurately verify the effect of pressure on the electrode.
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Figure 6.4: The lowest (left), and highest pressure (right) on the electrode, with 4 isotonic exercises
visible.

Figure 6.5: The standard deviation and absolute value of the impedance for different pressures on the
electrode during isotonic exercises, measured at 500 Hz.

Figure 6.6: The signal-to-noise ratio and phase for different pressures on the electrode during isotonic
exercises.
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6.1.4 Pressure on the electrode using a blood pressure meter

Like the tests with the inflatable armband, a look is taken at the impedance, the standard devi-
ation of the impedance, the phase, and the signal-to-noise ratio. These variables can be seen
in fig. 6.7 and fig. 6.8. It can be seen that the impedance and the standard deviation of the
impedance both go down significantly with increasing pressure. This is in line with the ex-
pectations, and the results from the inflatable armband experiments. However, this does not
necessarily result in a higher signal-to-noise ratio. As can be seen in fig. 6.8, a trend line going
upwards can be drawn. However, if the first data point is ignored, (this is not enough pressure
to keep the band on the skin), the trend line becomes almost horizontal. The phase also barely
changes with increasing pressure.

Figure 6.7: The standard deviation and absolute value of the impedance for different pressures on the
electrode during isometric exercises, measured at 500 Hz

Figure 6.8: The signal-to-noise ratio and phase for different pressures on the electrode, during isometric
exercises.

6.2 sEMG bands

6.2.1 sEMG band: version 1

In fig. 6.9 below the envelope of the sEMG signal can be seen. In table table 6.2 different metrics
of the band are listed. As can be seen, the impedance is quite low, the standard deviation of the
impedance is very low, and the SNR is high. These numbers result in a good signal, as can be
seen in fig. 6.9.

When evaluating the requirements from chapter 5 it can be seen from table 6.2 that require-
ments T1 and T2 are met. The band is also rechargeable (T3) but does not work for 4 hours
(T4), since the Octopus shuts off after a certain time.
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From the safety requirements, only requirement S1 can be confirmed, since there are no sharp
edges. The subject was able to put on a band within one minute and the band is adjustable (U1
and U2). The subject described the band as a 7/10 comfortable, so this just passes (U4). Finally,
the band is confirmed to work for two thirty-minute sessions (U6).

Metric Unit Value
Impedance KOhm 20.35
St. dev. of impedance KOhm 0.34
Signal to noise ratio dB 35.6
Phase degrees -38.47

Table 6.2: Different average metrics of the sEMG band (first version) at 500 Hz

Figure 6.9: The sEMG envelope of the band when performing isometric exercises.

6.2.2 sEMG band: version 2

The sEMG envelope and raw EMG signal for the biceps using band version 2 can be seen in
fig. 6.10. It is clear that something went wrong, as can be seen by the extremely high peaks.
This is caused by electrodes losing contact. This is partly due to a design flaw in the band. In
the design, there was a small gap (+- 0.1mm) between two PI-ETPU traces and the electrodes.
Although the silverink was printed correctly on top, when stretching the band the silverink
will develop small cracks, and thus also lose contact. This problem stresses the importance of
putting PI-ETPU traces under the silverink.

Figure 6.10: The sEMG envelope, and raw signal of the band when performing isometric exercises.

Philip van de Maat University of Twente



CHAPTER 6. RESULTS AND DISCUSSION 31

6.2.3 sEMG band: version 3

Resistance problems

Version 3 of the band did not produce a good signal, because the electrical resistance was very
high. The resistance is compared to the resistance of the electrodes of version 2 of the band,
and is visible in table 6.3. One of the reasons this happened is probably that PI-ETPU 95-250
was used, instead of PI-ETPU 85-700+. The former has a lower conductivity. Another reason
could be that the failing electrodes are printed much closer to the bed. This results in a different
texture, and this can be seen in fig. 6.11. PI-ETPU might have a much lower conductivity if the
material is subjected to stress, which happens when the nozzle is too close to the build plate.

Metric Unit V2 (working) V3 (not working)
Resistance KOhm 38.29 1633.03
St. dev. of resistance KOhm 17.43 2046.13
Data points 9 9

Table 6.3: Difference in resistance between v2 and v3 of the band.

Figure 6.11: The structure on the underside of the electrodes.

6.2.4 sEMG band: version 3.1

Version 3.1 of the band was tested according to table 5.1, using exercise 3. So first, the biceps
were contracted (first peak in the graph), and then after two seconds of rest, the triceps (second
peak in the graph). The resulting EMG envelope is visible in fig. 6.12 in the left graph. Here two
data sets are plotted. The blue signal is the envelope signal from the electrodes on the triceps,
the orange signal is from the electrodes on the biceps. For both muscle groups the average
signal is subtracted from the envelope. So for the biceps envelope, the average biceps signal is
subtracted. As seen in the figure, there are two distinct peaks and there is barely any overlap.
The peak from the biceps is higher than the one from the triceps, this is consistent across ex-
periments. In the right graph, a triceps signal can be seen. In this particular experiment, there
is some overlap. When the biceps are contracted, the triceps electrodes also pick some signal.

There could be different reasons for this. One reason could be that the electrodes are too
big, and therefore picking up the signal from the other muscle. Another reason could be co-
contraction, where both muscles were used instead of only one. Finally, the ground was placed
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under the box, so in between the muscles. This is very close to either muscle group, and it could
pick up a signal.

Some other metrics of version 3.1 can be seen in table 6.4. Compared to version 1 the
impedance and its standard deviation are roughly doubled. The signal-to-noise ratio, as well
as the phase, is also quite a bit lower. It is unclear why this is the case. An explanation could
be that the two electrode clusters are interfering with one another, or that the ground is not
interfacing well with the skin.

Prototype version 3.1 also has some minor mechanical flaws. The ground, made from PI-ETPU,
does not have a strong attachment to the Novamid box. These two materials will sometimes
detach, resulting in a loss of signal. This could be improved by making sure there is X60 around
the outlines of the Novamid box. This problem was temporarily solved by applying Loctite
SF 770 primer and Loctite 406 super glue between de PI-ETPU and Novamid. The Novamid
electronics box itself also does not fully close at times. On one side it closes with hooks, and
with screws on the other side. The hooks do not work as a reliable method to keep the box
closed, and a redesign of the box would be beneficial.

Also, this version is tested to see if it will satisfy the requirements from chapter 5. Requirements
T1 and T2 can be verified from table 6.4. The outcome of the other tests remains the same as
version 1, so all are passed, except the requirement "Can function for an extended time" (T4).

Metric Unit Value
Impedance KOhm 42.50
St. dev. of impedance KOhm 0.86
Signal to noise ratio dB 26.49
Phase degrees -57.96

Table 6.4: Different average metrics of the sEMG band (version 3.1) at 500 Hz.

Figure 6.12: The sEMG envelope when performing exercise 4 (first contracting the biceps, then the
triceps) for both electrode clusters (left), and only a triceps cluster (right). In the right graph, co-
contraction can be observed.

This version of the band is also tested in the force setup from fig. 5.3 and fig. 5.4. The resulting
angle of the lower arm, the force exerted by the arm, and sEMG envelope, can be seen in fig. 6.13
and fig. 6.14. It should be noted that when the arm-force is negative, the underarm goes up, and
vice versa. An interesting effect is that the triceps signal has a very small amplitude compared
to the biceps. This could be due to multiple reasons. First, the exercise might not be suitable
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for using both muscles. Another explanation could be that the electrodes on the triceps are not
in the correct location, thus picking up a weaker signal.

Figure 6.13: The force (left) and angle (right) of the arm when raising and lowering the lower arm.

Figure 6.14: The sEMG envelope when raising and lowering the lower arm in the force setup.

6.3 Using the band as a control system

In fig. 6.15 both the red square that the user has to follow (orange line), and the green square
that the user can control (blue line) can be seen. Thirty seconds of the two-minute experiment
are shown. The y-axis represents the position on the screen, in pixels. In the left graph the
unfiltered signal, made from the sEMG envelope, can be seen, while on the user input in the
graph on the right a Butterworth filter is applied afterward. It can be seen that the blue line
follows the orange line, thus confirming that the band can be used as a control system. The root
mean squared error between the two lines is 116.49. It is unclear how much of the differences
in the two lines are due to human error and reaction time, and how much is due to the software
or band.
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Figure 6.15: The position of the red and green square on the screen, unfiltered (left), and after using a
Butterworth filter (right).

In fig. 6.16, the position of the two squares is again displayed. This time the user-generated
signal is integrated in real-time. The root mean squared error between the two graphs is 44.65.
The difference in RMSE can be seen in fig. 6.17. Due to this being significantly lower than the
results from fig. 6.15, it can be said that integrating is preferred.

Figure 6.16: The position of the red and green square on the screen, the sEMG envelope input is inte-
grated.
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Figure 6.17: The difference in the root mean squared error of the in- and output of the square game
between using an integrator and not using one.

The blue lines follow the orange ones with a delay. To calculate this delay, the user-generated
signal is slightly shifted on the x-axis, and for each step, the root mean squared error between
the two lines is calculated. It is found that the lowest mean difference occurs if the test subject
were to be 0.42 s faster. The RMSE at different intervals can be see in fig. 6.18.

Figure 6.18: The root mean squared error of the in- and output of the square game at different delay
values.

The average human reaction time for simple tasks is 0.22 s [19]. Because the reaction time
in this experiment is 0.42 s, it can be concluded that the amount of delay the electronics and
software add is comparable to the human reaction time.

In fig. 6.19 on the right, a QR code is visible which leads to a video that shows a test subject
playing the game. The video can also be accessed by clicking here. The output of the band can
also be used to move the cursor on a computer. Contracting the biceps will move the cursor to

Robotics and Mechatronics Philip van de Maat

https://youtu.be/oMW_VcRPFvA


36 Design and characterisation of an sEMG band for Duchenne patients

the left side, and contracting the triceps moves it to the right. This input can then be used to
play games. The QR code on the left in fig. 6.19 leads to a video showing a test subject playing
two games. The video can also be accessed by clicking here. Controlling the bubble shooter
games shows that the test subject has good control of the arrow since they are able to match
the colors of the bubbles quickly.

Figure 6.19: A QR code to access the video showing a test subject playing the red and green ball game
(right) and using input from the band to play Galaga and Bubble Blaster (left).

6.4 Conclusion

In this chapter the findings, from the measurements explained in chapter 5, are displayed and
discussed. The metrics from the band version 1 and 3.1 are listed, and the reasons why band
version 2 and 3 did not work are discussed. Finally it is shown that the band version 3.1 can be
accurately used a control system. In the next chapter conclusions from the research as a whole
will be drawn.
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7 Conclusion

A 3d printed sEMG band has been successfully designed and manufactured. It has been shown
that, together with the Octopus sEMG amplifier, it can be successfully used for game control,
thus opening the way for using the band for controlling an exoskeleton.

From the infill experiments, it can be seen that the impedance and its standard deviation do
not change much if the infill is 60 % or higher. Therefore this variable is not a deciding factor in
the design of the bands. Any infill value or 60 % or higher is sufficient.

From the test comparing silverink and PI-ETPU, the results show that using silverink will lower
the impedance, its variation, and the phase, and raise the signal-to-noise ratio. Because these
are all desired changes, it can be concluded that silverink is preferred when using it as a con-
ductor.

However, silverink is also very fragile, and this can be seen from the failure of band version 2,
where there was no PI-ETPU under a very small section of the silverink, resulting in a signal
loss. Combining these two findings means it is beneficial to use PI-ETPU with silverink on top
to conduct electricity whenever applicable.

Both tests in which pressure was put on the electrode lead to the same conclusions. Although
the impedance and its standard deviation decrease with increased pressure, the SNR and phase
do not change significantly as long as the pressure is above a minimum value to keep the elec-
trodes pushed against the skin. So, the pressure is not a deciding factor in making a good signal.

Band version 3 did not work, it is suspected that this is partly due to a nozzle that is too close
to the bed, therefore subjecting the PI-ETPU to too much stress, resulting in it having a very
high resistance. This is a theory, and it would be interesting to confirm or debunk this with
experiments.

When looking back at the requirements from table 2.1, it should be noted that this list is for a
finished product. However, the band is still in the prototype phase, and the most recent version
3.1 does not satisfy all requirements. This is in part due to not all requirements being tested,
since some could lead to severe damage to the band or the electronics.

But this table does dictate how the development of the band could go in the future, and what
tests still need to be done before the band can be considered "completed".

The tests with the square game, and the two other games, prove that the band can be used as a
control system, with good accuracy and speed. However, this is only tested on one test subject,
and more extensive testing on more subjects is needed. Preferably this should also be tested on
Duchenne patients.

A logical next step to continue this research would be to improve the signal from version 3.1.
Right now, there is some overlap between the triceps and biceps signals for certain electrodes,
and it is unknown why this is the case. This could possibly be improved by moving the ground
away from the upper arm, making the electrodes smaller, or making the band asymmetrical,
meaning the biceps and triceps electrodes are no longer on the exact opposite sides of the arm.
The problems of the ground detaching and the box not fully closing also need to be addressed
in the next prototype. Finally for the sake of cost and printing failures, it might be beneficial to
experiment with different materials for the electronics box.
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Abstract - Surface electromyography (sEMG) is used to
determine muscle activity by picking up the associated bio-
potentials using skin-mounted electrodes. In this paper, we
study how the electrode and skin impedance of 3D printed
sEMG electrodes can be improved by comparing traces
made of either silver ink or carbon black loaded thermo-
plastic polyurethane (TPU). To this end we developed a
method, using the AC-lead off of the Texas Instruments
ADS1298 analog front-end, to continuously determine
the complex impedance during sEMG measurements. We
observe that the application of silver-ink reduces both the
electrode impedance and its variation during isometric
contractions.

Keywords - sEMG, silver ink, 3D printing, BLE, LDM, FFF

I. INTRODUCTION

Surface electromyography (sEMG) can be used to measure
the activity of muscles, which is useful in for example ex-
oskeleton control [1], [2]. 3D printed sEMG electrodes can
be integrated into 3D printed objects [3], [4]. This allows the
fabrication of parts with integrated sensors, that are optimized
and customized for specific users.

Fused Filament Fabrication (FFF) is a low-cost and ac-
cessible fabrication technique, that can be used to print very
flexible materials [5]. However, currently, no stretchable high
conductivity materials are commercially available. This limits
the density of traces that can be printed. On the other hand,
stretchable silver inks can be stretched several percent without
breaking and are highly conductive [6]. These inks can be
printed using liquid deposition modeling (LDM) and therefore
are a good candidate for stretchable traces.

One important parameter of a 3D printed sEMG electrode
is its impedance [3], [7]. An increased electrode or skin
impedance reduces the effective common-mode rejection of
the amplifier [8]. It is therefore beneficial to be able to
measure the electrode impedance during sEMG measurements.
By using frequency-division multiplexing, it is possible to
measure impedance and sEMG simultaneously [9].

In this work, a method for simultaneously measuring the
electrode and skin impedance during sEMG measurements

This work was developed within the Wearable Robotics program, funded
by the Dutch Research Council (NWO) and co-funded by TMSi. The authors
thank all TMSi employees for their help in the development of the Octopus,
as well as Jurgen Bril and Yiming Chen for their contribution to the code.

(a) Front side (b) Back side

Fig. 1: The Octopus amplifier used for the simultaneous
impedance and sEMG measurements

is proposed and demonstrated. This method uses the AC-
leadoff of a commercial ECG front-end. Two sets of electrodes
are 3D printed using a multi-material 3D printer equipped
with a progressive cavity extruder; one with a conventional
carbon black filled thermoplastic polyurethane (TPU) trace
and one with a stretchable silver ink trace. The impedance of
both is compared using the proposed impedance measurement
method.

II. MEASUREMENTS

A. Impedance measurement

The measurement electronics consist of a custom-developed
amplifier called Octopus (Fig. 1). It uses the Texas Instruments
ADS1298 Analog Front-End chip, connected to an NRF52832
Bluetooth low energy (BLE) module. The BLE module pro-
vides the communication with a PC running windows 10
and a Python program that uses the Bleak library [10] to
communicate with the BLE module.

The amplifier is connected to the electrodes using low-
noise cables (TMSi). To increase the input impedance of
the amplifier, the shield of each coax cable is guarded. To
further reduce the capacitance of the ADS1298 chip a negative
capacitor circuit [11] has been implemented. The amplifier
is converted from a bi-polar into a uni-polar amplifier by
determining the average voltage using the Driven Right Leg
(RLD) circuitry in the ADS1298 (Fig. 2). This average is
subsequently buffered, low pass filtered and connected to the
negative inputs of the bipolar channels.

The amplifier makes use of the AC-leadoff feature of the
ADS1298. The AC-leadoff function injects a square wave
current into the electrodes at a frequency equal to 25% of the
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Fig. 3: Illustration showing the method used to filter out the
AC-leadoff and determine the impedance.

sampling frequency. By taking the average of four samples
(Vn) this square wave can be filtered out again to obtain the
sEMG signal. By calculating (Vn) every second sample of
Sn, a moving average filter is applied before down-sampling,
improving the anti-aliasing performance.

V1 =
S-2 + S-1 + S0 + S1

4

V2 =
S0 + S1 + S2 + S1

4

(1)

To calculate the impedance a digital square wave lock-in
algorithm [12], [13] is implemented, using that the current
sources change direction synchronously with the sampling
frequency (Fig. 3). The resistance (X) and reactance (Y) are
calculated respectively as the in- and out-of-phase components
using:

X =
S0 + S1 − S2 − S3

4Iloff

Y =
S-1 + S0 − S1 − S2

4Iloff

(2)

with Iloff the lead-off current. The measurements in this work
used a Iloff of 24 nA and integrate the impedance over 10
mains cycles, or 200ms. Because of the EMI-reduction filter in
the ADS1298 and the 3.2 kΩ resistor which is placed in series
with each input for safety, it is expected that the measured
resistance will be offset by 16.4 kΩ.

B. Calibration

The impedance measurement is calibrated using 4 resistor-
capacitor networks. The exact component values in the
networks were measured using a HAMEG HM8118 Pro-
grammable LCR bridge [14]. The resulting values can be
found in Table I. Table II shows which of the networks
were connected between channel 3 (CH3) and patient ground
(PGND), as well as between channel 4 (CH4) and PGND.

TABLE I: The values of the component networks

Z1 Z2 Z3 Z4
R (kΩ) 26.61 26.74 9.90 9.85
C (nF) 15.79 14.53 47.47 46.43

TABLE II: The impedance connected between CH3, CH4 and
PGND.

CH3 to PGND 0 Z1 0 Z1 Z3 0 Z3
CH4 to PGND 0 0 Z2 Z2 0 Z4 Z4

60 mm

80 mm

20 mm

Fig. 4: The electrode pairs using a trace made of silver ink
(left) and PI-ETPU (right).

C. Fabrication

To print the electrode sets an H-series 3D printer (Diabase
Engineering) equipped with a Viscotec Viprohead 3 is used.
To mount the Viprohead on the 3D printer a custom bracket
[15] was 3D printed and the software running on the printer
was modified [16]. The extruder was equipped with a Viscotec
Preeflow super high precision dispense nozzle with a 609 µm
hole to be able to extrude the highly viscous (10Pa s [17])
silver ink.

To determine whether silver ink can be used as a trace
material two electrode sets have been printed. One uses CI-
1036 stretchable silver-ink (Engineered Conductive Materials)
as a trace material and one uses PI-ETPU 85-700+ (Palmiga
Innovations). The actual electrodes consisted of PI-ETPU,
printed with 100 percent infill and a thickness of 750 µm. The
electrodes were mechanically connected by transparent X60
Ultra-Flexible Filament (Diabase Engineering). To create a
reliable and sturdy connection with the stretchable 3D printed
sample a snap button (KOH-I-NOOR, 11mm) was pushed
through the 3D printed band onto a layer of PI-ETPU. The
assembled bands were then annealed at 100 °C for 30min in
a Memmert UF30 oven. After annealing, a piece of duct tape
was added to insulate the snap buttons from the skin. A picture
of the prints can be seen in Fig. 4.

D. Measurement setup

During the measurements, the electrodes were placed on the
skin above the muscle belly of the Biceps Brachii underneath
a sweatband (Fig. 5). The skin above the Biceps muscle
was cleaned with alcohol prior to the electrode placement.
The snap buttons were kept outside the sweatband and were
connected to two uni-polar channels of the Octopus. The
ground of the Octopus is connected to the wrist of the same
arm using a TMSi ground bracelet. All measurements were
performed on a single subject (Male, 24 years). To check the
stability of the electrode impedance 5 isometric contractions



Fig. 5: A picture and schematic cross-section of an electrode
pair placed on the biceps underneath the sweatband

Fig. 6: The measured vs the expected impedance of the
resistance networks. A linear fit through the points is used
to calibrate the impedance measurement.

of approximately 1 s at 100% maximum voluntary contraction
were performed. To be able to access the repeatability of the
results, the experiment was repeated 5 times and in between
the electrodes were removed and placed back.

To calculate the sEMG envelope, motion artifacts and
baseline offset were first removed from the data by high pass
filtering with a 20Hz 200th order zero-phase FIR filter. A
frequency of 20Hz was used to be sure that the 0.5Hz motion
and its higher harmonics were filtered out. The envelope of the
signal is determined by low pass filtering the absolute value
of the signal with a 5Hz second-order Butterworth filter.

III. RESULTS AND DISCUSSION

A. Calibration

The measured impedance is plotted against the impedance
measured by the LCR bridge in Fig. 6. A linear fit is performed
and used to calibrate the impedance measured. The series
resistance was found to be 17.2 kΩ. The 0.8 kΩ difference
with the expected series resistance might be due to the on-
resistance of the multiplexer in the ADS1298. The calibration
showed that the measured voltage was 33-34% of the expected
voltage. This is expected to be because of the attenuation of
the sinc-filter in the ADS1298 and because the ADC measures
the mean of the rectified first harmonic.

B. Impedance measurement

Fig. 7 shows the absolute value and phase of the measured
impedance as well as the simultaneously measured sEMG
during 5 isometric contractions, for both the electrode set with
a silver ink trace and a PI-ETPU trace. The mean absolute
impedance and phase are plotted in Fig. 8. The mean absolute
impedance over all measurements was 72 kΩ with silver ink
and 443 kΩ with PI-ETPU. In this figure, the error bars indi-
cate the minimum and maximum impedance measured during

Fig. 7: Mean absolute value and phase of the electrode and
skin impedance measured simultaneously with the envelope of
the EMG signal.

Fig. 8: Absolute value and phase of the combined electrode
skin impedance as calculated by taking the mean over time of
the mean impedance of the left and right electrode. Error bars
indicate the minimum and maximum values.

each measurement. It was noted that during each measurement
the electrode impedance drifted downwards. With silver ink
the average change in absolute impedance was 7 kΩ (10%)
versus 121 kΩ (27%) with PI-ETPU.

It should also be noted that the electrode impedance was
measured only at 250Hz and although this is within the sEMG
bandwidth, the impedance may vary within this bandwidth.
Furthermore, although the results were repeatable after replac-
ing the electrodes multiple times, the experiment has only been
performed on a single subject. Therefore, any effects due to
variation between subjects are still to be investigated.

IV. CONCLUSIONS

In this paper, it was shown that impedance can be measured
by applying a digital lock-in algorithm to the AC-leadoff
detection of a commercial ECG frontend. It was also shown
that this technique can be used to measure the combined skin
and electrode impedance at the same time as the sEMG signal.

Next, a multi-material 3D printer combining both FFF and
LDM was used to print an electrode set with both silver ink
and PI-ETPU wires. It was shown, for the first time, during
sEMG measurements, that the silver ink wires significantly
reduce both the electrode impedance and its variations.

Furthermore, it was demonstrated that a stable impedance
measurement can be obtained during isometric contraction
using 3D printed electrodes with silver ink traces, applied
under a sweatband. This opens the way to 3D printed bands
with multiple sEMG sensors with more complex wiring and
better signals, due to lower electrode and skin impedance.
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