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Abstract

Implanted muscular electrodes offer a promising method for controlling Artificial Limbs
(ALs) and, when combined with an Osseointegrated Implant System (OIS), can signifi-
cantly enhance the lives of amputees. However, the control of ALs with electromyography
(EMG) data is complex and requires an advanced control system. Testing of such a sys-
tem is an iterative process and is difficult to perform without utilizing a human test subject
with implanted muscular electrodes in their Residual Limb (RL). Consequently, this cre-
ates problems and delays in the testing phase of the control systems, inconveniencing all
parties involved.

The aim of this thesis is to develop a test system for an Artificial Limb Controller (ALC)
designed by a Swedish medical device company called Integrum AB. Specifically target-
ing their model for transhumeral (TH) amputations (above the elbow) called ALC-TH.
The ALC Test System is a combination of a Test Rig, a Test Device, and Test Software. It
facilitates realistic testing of the ALC without relying on human test subjects by utilizing
recorded EMG data from amputees. Moreover, it allows for testing of the ALC with an
artificial arm attached in various positions by incorporating a lockable joint with a range
of motion of 125° within the Test Rig. The Test System exhibits modularity, enabling
convenient replacement of components in the event of issues or for future implementation
and expansion purposes.

Initial assumptions were made to acquire conservative minimum tolerances for the com-
ponent selections of the Test Rig. Thorough investigations led to the component selections
for each part of the Test System. Simulations were performed for assessing the maximum
stress and safety factor of the final Test Rig design. The functionality of each Test Device
component was individually tested using electrical equipment.Comprehensive integration
testing was conducted to assess the performance of the Test System. Evaluation of the Test
Rig’s mechanical strength was carried out by applying a conservative load, and a demon-
stration of the functionality of the Test System with the ALC and an AL was performed.
These testing procedures confirmed that all components of the Test System operated as
intended and met the desired functionality criteria to enable realistic testing of the ALC.

Keywords: osseointegrated implant, artificial limb, control, EMG simulator, test system,
joint, test rig, digital-to-analog converter
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Introduction

This report describes a master thesis project conducted at the Swedish medical device
company Integrum AB. The project involved creating a test system for their Arti cial
Limb Controller (ALC) developed for transhumeral (above the elbow) amputations called
ALC-TH.

The ALC Test System created in this thesis project can be seen in Figure 1.1. Its design
and development process will be outlined in this report.

Figure 1.1: The nal product.

Realistic testing of the ALC is needed to ful ll Integrum's Quality Management System
(QMS) and veri cation on design, system integration, system veri cation, and service
and manufacturing. This will in turn improve user experience [1].

Generally, in order to evaluate the control algorithms of an Arti cial Limb (AL), it is
necessary for amputees to take part in the testing process in person. As frequent testing
and repetition are necessary for reliable results, it is not convenient or ef cient to need to

1



1. Introduction

utilize human subjects in this process.

Therefore, by reducing the reliance on participants with transhumeral amputations in the
testing of the ALC-TH, the aim is to enhance the ef ciency of the testing process, which
aligns with the purpose of the ALC Test System.

This chapter introduces the project's aim and limitations.

1.1 Aim

This thesis aims to initialize the design and development process of automatic veri cation,
validation, and development testing for the ALC-TH. The objective is to create a modular
and portable test system for the ALC-TH. It should provide fast, ef cient, and realistic
testing without the need for a human test subject.

The Test System designed in this thesis is a combination of software and hardware. The
hardware includes the Test Rig, which will be used to mount the ALC and an arti cial
arm, as well as the Test Device which will handle all electronic communications between
a computer and the ALC. The Test Software communicates between the Test Device and
a computer.

The Test System is essentially created for veri cation and integration testing of the ALC-
TH system components in operation with a robotic arti cial arm.

1.2 Scope and limitations

The development of the Test System is an integral part of a larger project aimed at cre-
ating a comprehensive test system for the ALC that comprises multiple functions. The
primary objective of this thesis project is to initiate the design process of the comprehen-
sive test system for the ALC. The nalized test system for the ALC, to be developed by
the company, will comprise ve essential parts: an electromyography (EMG) simulator,
an AL control veri cation system, a simulation of pressure sensor data of an AL, a neu-
rostimulation veri cation system, and a test rig that will offer easier testing by mounting
the ALC along with an AL.

An illustration of how the nalized test system for the ALC can replace a human test
subject can be seen in Figure 1.2.
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Figure 1.2: Flow of information between the ALC-TH and the nalized test system for
the ALC. A: EMG simulation, B: AL control, C: Pressure sensor input simulation, D:
Neurostimulation. Then E: A test rig for mounting the ALC and AL.

This thesis will speci cally focus on two key parts of the larger ALC test system, namely
the EMG simulator and test rig. While designing these parts, careful consideration will be
given to the integration and compatibility with the AL control veri cation system, simu-
lation of data from pressure sensors of an AL, and neurostimulation veri cation system,
which are integral parts of the overall ALC test system.

This includes creating a robust Test Rig, a realistic simulation of the EMG signals of
human subjects (both software and electronics) as well as a Graphical User Interface
(GUI) for the software for controlling the Test System from a computer.

The biggest limitation to the work of this project is time due to the fact that it as a whole
is rather extensive. Therefore, the scope of this thesis project will be limited to the EMG
simulation and the Test Rig. For simpli cation, in section 4.2 the AL control validation
and arti cial sensory feedback (including the simulation of pressure sensor data of an AL
and neurostimulation validation) will be called parts three and four, respectively.

Another main limitation to the project work is the company Integrum AB's budget for it,
which was set at 25 000 SEK. This is mainly a limiting factor to the hardware since, for
example, the Test Device might need components such as complex input/output devices.
These components might cost close to the amount of the whole budget but are necessary
for communication between the test system software and the ALC-TH. In addition, manu-
facturing the nal design of the Test Rig could be costly as well, depending on the chosen
materials.



1. Introduction




2

Background

Limb amputation impairs a person's mobility and ability to function physically, and a
study made in 2016 estimated that there were around 3 million amputees only in the
European Union [2].

After an amputation, the amputee will need an AL to perform activities of daily living [2].
An Osseointegrated Implant System (OIS) is one solution to attach an AL to the Residual
Limb (RL) of an amputee. Osseointegration refers to the integration of a titanium implant
into a bone [3].

Figure 2.1 shows one type of OIS. It is three-parted; the xture is the partimplanted into a
bone, the abutment penetrates the skin and is connected to the xture for connection to an
AL, and the abutment screw is then attached to connect the abutment and the xture to-
gether [4]. An OIS is made out of biocompatible metal, typically medical-grade titanium
alloy, Ti6Al4V [5], [6]. This method is intended to establish a stable long-term anchor
for an AL as well as avoid problems related to having a traditional socket. The sockets
use negative pressure, or suction to attach an AL as seen in Figure 2.2 [7], [8]. They have
commonly been reported by users to cause infections, restrictive movement, and sweating
[7], [8]. Therefore, an OIS offers improved quality of life, including increasing the range
of motion and avoiding socket-related skin irritations and infections [9]. They also offer
the possibility of sensing surfaces such as sand and grass [10].

Figure 2.1: An example of an OIS.



2. Background

Figure 2.2: Display of a traditional socket for prosthesis attachment.

While OISs have a lot of bene ts, there is room for improvement regarding the control
of the AL. The control is traditionally done through EMG signals acquired by surface
electrodes that are applied on the surface of the skin of the user [11]. These surface elec-
trodes tend to pick up a lot of motion artifacts and background noise [12], [13]. Therefore,
there is still a need for a more reliable control of robotic ALs which could be achieved
with both implanted EMG electrodes and neurostimulation. Neurostimulation provides
sensory feedback that offers an improved feeling of body ownership [14].

2.1 The OPRA and the e-OPRA

The Swedish medical device company Integrum AB developed the Osseoanchored Pros-
thesis for the Rehabilitation of Amputees (OPRA), which is one of the state-of-the-art
OISs of the type seen in Figure 2.1. Additional to the abutment, abutment screw, and
xture, a central screw was incorporated into the OPRA design. Which is located on the
proximal end of the abutment screw. While the central screw currently serves no function
in the OPRA, it was included to allow for potential electrode installation in the future [1].

Integrum AB is currently developing the enhanced OPRA (e-OPRA) (seen in Figure 2.3)
to satisfy the need for better AL control. The main difference between the OPRA and e-
OPRA is that the central screw is being utilized for electrode installation in the e-OPRA.

The bene ts of the OPRA will be enhanced by the e-OPRA, including improved control
of an AL, as the e-OPRA uses EMG signals acquired from the muscles of the user's
residual limb [16] to control an AL [17]. These signals are obtained with 16 implanted
muscular electrodes, either epimysial or intramuscular [15], [18]. Epimysial electrodes
are implanted and sutured to the surface of muscles while the intramuscular electrodes
are implanted into the muscle tissue [19]. The communication between the nerves and
muscles of the amputee and the AL is handled by the advanced ALC from Integrum [15],
[20].

Furthermore, the e-OPRA will offer neural sensory feedback by sending electrical pulses
to the nerves of the amputee through neural cuff electrodes. This is also known as neu-
rostimulation [17], and the sensations created by it are intuitive and give the amputee a
better sense of body ownership over the AL [14], [21]. These electrical pulses are based
on information acquired by pressure sensors in an AL, and they elicit the perception of

touch and its intensity [22].
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() (b)

Figure 2.3: Explanation of the e-OPRA [15] (Images courtesy of Integrum AB). (a) The
abutment, e-abutment screw, and xture are as described for OISs. On the proximal end
of the e-abutment screw, there is an e-central screw (seen in Figure 2.5) to enable the use
of implanted electrodes. (b) The e-OPRA together with an AL. The blue arrows represent
the ow of information to control the AL movements, and the green arrows the ow of
information for the arti cial sensory feedback.

Research has shown that controlled stimulation of peripheral nerves could also help re-
lieve phantom limb pain by simulating sensations coming from the missing limb [23],
[24]. Phantom limb pain is a term for pain in the missing limb (phantom limb) of an
amputee, and it affects up to 80% of all amputees [25], [26].

The OPRA implanted into an amputee can easily be upgraded into the e-OPRA since the
standard OPRA central screw and abutment screw are interchangeable with the e-central
screw and e-abutment screw of the e-OPRA. This means that they can be installed without
removing or altering the xture and abutment of the OPRA [18].

2.2 The ALC

To enable the movement of an AL using the EMG signals acquired from the user's RL,
the application of a control method is necessary [27]. For this purpose, Integrum is cur-
rently developing the ALC for use in conjunction with the e-OPRA. It is a combination
of hardware and software that act as a link between a human RL and an AL [17].

The ALC has an electrode connector (female part) that mates with the e-abutment screw
distal connector (male part, seen as E in Figure 2.5a) from Omnetics Connector Corpo-
ration. They both have 16 contacts/pins for the 16 channels [18]. The ALC electrode
connector, also known as the Omnetics connector, establishes a secure and steady elec-
trical linkage between the ALC and the implanted electrodes of the e-OPRA, ensuring
reliability and stability [20]. The ALC communicates in two directions: it reads EMG
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signal input from either epimysial or intramuscular electrodes inside the RL and converts
them to control signals for the AL, and reads data from the AL's pressure sensors and
converts it into stimulating signals for the neural cuff electrodes in the RL [22].

Physically, the ALC is mounted between the e-OPRA and an AL with an attachment
device, as can be seen in Figure 2.4. It will be available for transhumeral amputees and
later for transradial (below the elbow) amputees [20]. In this project, the focus will be on
the ALC-TH.

Figure 2.4: The ALC is mounted between the AL and the RL of amputees. (Image
courtesy of Integrum AB).

(@) (b)

()

Figure 2.5: The components of the e-OPRA [18]. (Images courtesy of Integrum AB). (a)
The e-abutment screw has a distal connector (E) for connection with the ALC-TH, and a
proximal connector (D) for connection to the e-central screw. (b) The e-central screw is
inserted into the e-abutment screw. It has a distal connector (C) for connection with the
(D) connector and a proximal connector (B) for connection with the electrode set. (c) The
electrode set. Omnetics connector (A) and a combination of various types of electrodes
to the left. The Omnetics connector mates with the proximal connector (B).
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2.3 State of the art

At present, testing of the ALC-TH is done by using real time EMG signals from human
subjects, or a generic signal generator such as a function generator that creates a simple
sine wave, which is not ideal to create a realistic EMG signal [1]. In addition, the company
has been working on a prototype to enable testing without a human subject, but that
system can only enable testing using a single EMG or neurostimulation channel at a time,
whereas, in a real-world scenario involving a human subject using the ALC, all 16 EMG

or neurostimulation channels would be operating simultaneously [1].

There are a few examples of state of the art simple EMG simulation devices [28]—[34]
that have been created for multiple different purposes, including testing of prosthetic con-
trol algorithms [31]. The identi ed EMG simulators, upon evaluation, have a maximum
capacity of only three EMG signals [29], with most of them only simulating one channel
while the ALC requires the simulation of 16 channels. However, the EMG signal param-
eters such as frequency (10-2 500 Hz) and voltage amplitude (0.001-850 mV), with slight
variance between the devices, encompass the requirements of the ALC which records the
EMG signals in 500 - 1 000 Hz and5 mVpp to control an AL.

When it comes to physical testing rigs and AL mounting, similar systems have been cre-
ated before [35]-[38] but mainly for lower ALs and mechanical testing [35], [37], [38].
These test rigs are mostly made of metal, heavy and big [35], [37], [38], and thus not
portable as the ALC Test System rig needs to be in order to be used in multiple locations
and easily transported between them.

There are some veri cation systems existent in the eld of biomedical engineering. One
method was implemented in a Chinese registry study [39], where they used an automated
data veri cation approach for improving data quality in a clinical registry. The method
uses optical character recognition (OCR) and retrieval of information to identify data
errors in a registry. For validation and veri cation of prosthetic control algorithms, data
sets consisting of EMG recordings have been used [40]-[42].
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Theory

This chapter provides theoretical aspects relevant to some main features of the thesis,
providing a comprehensive overview. All main features of the project can be seen in
Table 3.1.

Table 3.1: The parts of the Test System

Test System part Test Rig Test Device Test Software
Feature: Skeleton Digital-to-Analog converter .mat- le conversion
Lockable joint Power Unit Interface conversion
Table attachment \oltage attenuators Graphical user interface
Abutment attachment Interface adapter Output handling

3.1 Electronic communication precision

If an electronic component, such as a digital-to-analog converter, is to output data with
high precision, it needs to have a high resolution. The resolution of an electronic com-
ponent is measured in bits, and a component withits can outpuf* different voltage
levels within its voltage output range [43]. This means that, for example, a component
with an 8-bit resolution and an output voltage of 0-5 V, can ouBBut 256 different volt-

age levels within the range of 0-5 V. Therefore, the voltage difference between adjacent
voltage levels is

5V
256 0:00195V = 195 mV

This voltage difference is referred to as the least signi cant bit voltage [43].

If the data the electronic component is supposed to output is much lower in voltage range
than the total output voltage range of the component, the resolution and the least signi -
cant bit voltage can play an important role in how precisely the data is preserved. As an

example, with the least signi cant bit voltage of 1.95 mV, a signal with a voltage range of
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6 mV would only be outputted with four different voltage levels; 0 mV, 1.95 mV, 3.9 mV
and 5.85 mV. If the original signal was of high precision, most of it would be lost during
the transmission through the electronic component.

To utilize the resolution of the electronic component to its full extent, the data could be,
for example, upscaled (ampli ed) to match the output voltage range of the component,
and later downscaled (deampli ed) back to its original voltage range.

This is important to keep in mind when designing a device for simulating realistic EMG
signals as is done in this thesis project.

3.2 \oltage attenuators

\Voltage attenuation is a term that can be used to describe the process of lowering an
amplitude of a voltage with an external device. This can be done, for example, with two-
resistor voltage dividers or with inverting ampli ers in combination with two resistors
[44]. The schematics of the two options can be seen in Figure 3.1.

() (b)

Figure 3.1: Two attenuator options. (@) The voltage divider circuit. (b) The inverting
ampli er circuit.

The voltage divider circuit seen in Figure 3.1a is the simpler of the two options since it
only utilizes two resistors. Its gain can, according to [45], be calculated as

R,
Vo= ———— Vi 3.1
= R U (3.1)

The attenuator in Figure 3.1b is slightly more complex in that it uses an inverting ampli er
together with two resistors to attenuate the voltage. Its gain can, as described in [46], be
calculated as
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\, = — Vi (32)

\Voltage attenuators can be very useful when designing a device that needs to output a
low-voltage signal such as an EMG signal, as will be done in this thesis project.

3.3 Communication interfaces

The electronic device to be designed in this thesis project should be able to communicate
with a computer of a user to simplify the testing process. Many standard communication
protocols or interfaces exist for the purpose of communication between a computer and
peripheral devices [47]. Some of the most commonly used protocols will be introduced
in this section.

3.3.1 Universal Asynchronous Receiver-Transmitter (UART)

UART is a simple, two-wire serial communication protocol that does not use a shared
clock to synchronize its two wires, transmitter (TX) and receiver (RX), and their commu-
nication [47]. Connecting two devices with a UART interface is very simple, as the TX
pin of one device has to be connected to the RX pin of the other one, and vice versa [48].

3.3.2 Serial Peripheral Interface (SPI)

SPIl is a commonly used communication interface that utilizes four wires - clock, device
select, master input/slave output (MISO), and master output/slave input (MOSI) [48].
The communication on each of the wires works in one direction, and the clock is used
to synchronize them [47]. The master, such as a computer or a microcontroller, can be
connected to multiple slaves or peripheral devices at once [47].

3.3.3 Inter-Integrated Circuit (I >C)

12C is more complex than SPI and UART in that it utilizes only two wires, a serial clock,
and serial data, and the communication in these wires is bidirectional [47], [48]. It also
allows multiple controllers as well as multiple peripheral devices to be connected on the
same #C bus [47].
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3.3.4 Universal Serial Bus (USB)

USB is an interface commonly used by computers to communicate with peripheral de-
vices [47]-[49]. It works in a host-device mode, meaning that the host is able to use
services provided by the device [47]. A USB interface communicates with four wires -

D+ and D- for data transfer in both directions, ground and a 5 V power supply [48].

3.4 Bending moment and stress of structural members

The Test Rig designed in this thesis project will be used to mount and hold an arti cial arm

as demonstrated in Figure 3.2. In the design of a structural member, such as the skeleton
of atestrig, itis crucial to consider the bending moment and stress. This consideration is
necessary to ensure the structural member has the strength needed to support the applied
loading, especially when the loading has the potential to cause bending.

Figure 3.2: The Test Rig should be able to hold an arti cial arm.

A bending moment causes the material within a certain portion of the structural member
to experience tensile stress and the material within the other portion to experience com-
pressive stress [50]. As a result, the cross-section of the structural member contains a
neutral axis that separates the portions where the bers experience zero stress and strain
[50].

Therefore, it is necessary to locate the neutral axis of the cross-section of the structural
member for calculating the maximum bending stress. For symmetrical cross-sections,
their neutral axis is located along the centroid (C) at mid-height of the cross-section [51]
as seen in Figure 3.3. The centroid of a cross-section refers to the point (C) that represents
the geometric center of the area [52].
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Figure 3.3: Neutral axis location in a symmetrical cross-section.

If a structural member is made out of several components with different masses, the center
of mass has to be calculated in order to locate the gravitational force.

This center of mass ¢u.x ) can be calculated as

1 X
fomx = o MiX (3.3)

whereM is the sum of all massell, number of masses, amd, is the mass ang; is the
length of the corresponding parts [53].

3.4.1 Analysis for cantilever beams

The arm of the test rig seen in Figure 3.2 can be considered a cantilever beam. A cantilever
beam is a type of structural member that is horizontal and supported at one end only, with
the other end extending freely beyond the support [54] as seen in Figure 3.4. The free end
of the beam is called the cantilever [54].

When a load ) is applied at a locatioa on a cantilever, the bending moment in any
locationx (before locatiora) of the cantilever beam can be calculated as

Mp= F(x a) (3.4)

whereMy is the internal bending moment (bending moment) about the neutral axis of the
cross-section anB is the load as demonstrated by [54], [55].
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If the load is caused by masses of several objects, the center of(nagss) has to be
calculated to nd the locatiom which will therefore be equal tocy.« . The load of the
combined massegy, will then be located at this point, as seen in Figure 3.4.

Figure 3.4: Gravitational forcety) caused by multiple masses.

The maximum bending stress can be calculated as

max — (3.5)

whereMy is the internal bending moment (bending moment) about the neutral axis of the
cross-sectiong is the perpendicular distance from the neutral axis to the farthest point on
the section) is the moment of inertia of the cross-sectional area about the neutral axis
[54], [56].

3.4.2 Analysis for columns

The vertical structural member of the test rig seen in Figure 3.2 can be considered a col-
umn. In designing a column that is responsible for sustaining a load acting on a cantilever
beam attached to its side, it is important to consider the bending madvhethtat results

from the eccentric loading [57]. This is necessary to ensure that the column can effectively
support the load.

The bending moment can be calculated as

Mp=F e (3.6)

whereF is the eccentric load, and the eccentricigy refers to the distance between the
center of a column's cross-section and the point where an eccentric load is applied [57].

If the load is caused by masses of several objects, the center of(magss) has to be
calculated and then the equation for the eccentricity can be expressed as
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h

whereh is the height of the beam's cross-section, as demonstrated in Figure 3.3.

Figure 3.5: Bending moment diagram.

The maximum bending stress that a column needs to withstand in order to provide suf -
cient resistance to a bending moment can be calculated as

max = ‘p | (3.8)

as provided by [56], [57].

% represents the stress due to compressive load [58]ﬂ¢:ﬁdhe stress due to bending
[54], [56] [57].

A is the cross-sectional area of the pro ethe perpendicular distance from the neutral
axis to the farthest point on the sectidnis the moment of inertia of the cross-sectional
area about the neutral axis, ahkt, is the internal bending moment (bending moment)
about the neutral axis of the cross-section [57].

The moments of inertial | of common cross-sections can be found in textbooks [57],
[59], [60].
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