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Abstract

During Deep Brain Stimulation (DBS) surgery, electrodes are implanted in the patient’s brain in
order to alleviate symptoms of common motor disorders such as Essential Tremor (ET) and Parkin-
son’s Disease (PD). Stimulation parameters and electrode position are adjusted during surgery,
chosen in order to obtain the best improvement in the patient’s symptoms. The most commonly
assessed symptom is muscular rigidity, which is characterized by an increased resistance to move-
ment marked by a permanently elevated muscle contraction in response to a passive stretch. The
assessment typically results from a series of flexions and extensions of a chosen joint, and consists
of a qualitative improvement given according to a subjective scale, which is susceptible to errors,
and has a verified lack of consistency among different clinicians.

The solution to the quantization problem is under development in the form of decision support
systems such as the iHandU, a wearable device in development at INESC-TEC. However, the
assessment method used, as well as the clinician’s personal experience both factor into the lack of
inter-rater agreement in assessment results.

The remaining issue is in the lack of a standardized training method for clinicians outside of
the clinical environment. This work focuses on the creation of a mechatronic simulator capable of
mimicking passive wrist joint behavior in a patient undergoing DBS surgery, including wrist rigid-
ity and cogwheel rigidity, enabling adjustment of these behaviors through system parameters and
providing data comparable with the iHandU wearable device through use of similar sensors. Ulti-
mately, this approach resulted in a rotary device capable of varying its joint mechanical impedance
based on the sensed force, position data and defined system parameters.
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Resumo

Durante a cirurgia de Estimulacdo Cerebral Profunda (ECP), sdo implantados eletrodos no cére-
bro do paciente de modo a aliviar sintomas de doengas neurolégicas comuns, tais como o Tremor
Essencial (TE) e a Doenga de Parkinson (DP). Durante a cirurgia, a posicdo dos elétrodos e os
parametros de estimulacdo sdo ajustados de modo a obter a maior melhoria nos sintomas do pa-
ciente. O sintoma mais frequentemente avaliado é a rigidez muscular, caracterizada por uma
elevagdo permanente da contracio muscular em resposta a um movimento passivo. Esta avaliacdo
tipicamente provém de uma série de flexdes e extensdes efetuadas numa dada articulacdo, e con-
siste numa medida de melhoria qualitativa dada de acordo com uma escala subjetiva. Esta escala
é susceptivel a erros, e verifica-se inconsisténcia entre as avaliagdes de diferentes clinicos.

Uma solugdo para o problema de quantizacdo encontra-se ja em desenvolvimento através de
dispositivos de apoio a decisdo tais como o iHandU, um dispositivo vestivel em desenvolvimento
no INESC-TEC. Contudo, o método de avaliacdo utilizado, bem como a experi€ncia pessoal do
clinico, sao fatores na falta de concordéncia entre clinicos nos resultados da avaliacdo. Deste
modo, resta um problema na falta de um método consistente para o treino de clinicos, de forma
estandardizada e fora do ambiente clinico.

Este trabalho visa a criacdo de um simulator mecatrénico capaz de imitar coportamentos pas-
sivos da articulag@o do pulso num paciente em cendrio inter-operatério na cirurgia para ECP, como
rigidez muscular e rigidez em roda-dentada, permitindo o ajuste destes comportamentos através
de parametros de sistema, e a disponibilizacdo de dados compardveis com o dispositivo vestivel
iHandU através do uso de sensores semelhantes. Esta abordagem resultou num dispositivo ro-
tatério com a capacidade de variar a impedéancia mecanica da sua articulacdo com base na forga
exercida, informacdo posicional e parametros de sistema definidos.
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Chapter 1

Introduction

1.1 Motivation and Context

Parkinson’s Disease (PD) and Essential Tremor (ET) are two very prominent neurobehavioral pro-
gressive movement disorders, as they have no known cure and tend to worsen with age. Symptoms
for PD include tremors, muscular rigidity and bradykinesia (slowness of movement), whereas ET
is characterized by involuntary tremors during the patient’s voluntary movements, as well as mus-
cular rigidity.

It is estimated that around 0.9% of the world population is diagnosed with ET — this figure
increases to 4.6% for people over 60 years old [11]. Concerning PD, it is estimated that 0.1-0.2%
of individuals worldwide are diagnosed with the condition. Its prevalence also increases with age,
the figure increasing to 1% for people over 60 years old [21].

These diseases increasingly reduce the patient’s quality of life as they progress, which affects
not only the patient, but their close family and friends as well. Since there is no known cure, it
becomes increasingly important to alleviate the symptoms of the disease as their severity grows.

Several efforts exist to alleviate their symptoms. Initially, the use of levodopa-based medica-
tion can be effective at alleviating the symptoms of PD, but as the disease progresses and higher
doses are required, the periods during which the symptoms’ attenuation is not overshadowed by
the side-effects of the medication (referred to as "on" times) become increasingly shorter. [13]

Deep Brain Stimulation (DBS) is a therapy capable of alleviating some of these motor symp-
toms. It consists of an implantable pulse generator (/PG) installed typically under the skin of the
upper chest, that sends electrical impulses through wire extensions threaded under the patient’s
skin and connected to thin wires tipped with electrodes (leads), which are implanted into deep
brain targets. A representation of this setup is shown in figure 1.1. Electrical stimulation of these
targets acts in a way that is currently not fully understood to alleviate some motor symptoms of
PD, ET and similar conditions [13].

During the lead placement surgery, adjustments are made to the lead position, as well as the
IPG parameters, such as voltage, pulse width and frequency. All of these factors affect the stim-

ulation field, and are adjusted in order to search for the best patient response. Clinically, this
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Figure 1.1: Deep Brain Stimulation setup. Source'

response is perceived through a muscular rigidity assessment. Rigidity can be defined as an in-
creased resistance in response to a passive stretch, which is generated by antagonist muscles due
to a permanently elevated muscle contraction.

This assessment is typically performed by a clinician, who induces a passive movement at
the wrist or elbow of the patient, such as successive flexion and extension of the chosen joint.
A score for improvement is then attributed, in accordance with a qualitative scale, such as the
Unified Parkinson’s Disease Rating Scale (UPDRS) [13]. This method is subjective, with evidence
pointing to a lack of agreement among clinicians [5].

The problem of intra-operatory rigidity quantification is currently being addressed through
use of decision support devices [3, 15, 17]. This work is written parallel to the development of
a novel wearable medical device geared towards decision support at INESC-TEC by the name of
iHandU [4, 10]. Further detailed in section 2.3, this portable, wearable device consists of a textile
band equipped with an inertial sensor that rests in the patient’s palm, as well as force sensors
that rest in the back of the patient’s hand. It is capable of quantifying improvements in muscular
rigidity. This context provides several benefits, such as result comparison and the availability of
clinical data.

In the context of this device’s development, and during clinical trials for the device, a need has
been verified for uniformity among the rigidity assessment methods of different clinicians, whose
variations and experience (or lack thereof) factor into the verified lack of inter-rater agreement
when it comes to assessment results. The development of such a uniform method can be facilitated

by a medical education tool, such as a robotic simulator of the wrist joint of a patient undergoing

https://www.extremetech.com/wp-content/uploads/2013/07/Deep-brain-stimulation-640x353.jpg



1.1 Motivation and Context 3

DBS surgery, with parameters to mimic different degrees of rigidity. Such a tool would provide
the means to train clinicians consistently and uniformly in this matter.

My personal motivation for this work arises from my interest in the intersection of robotics and
biomimetics, seen here in the replication of a physiological function through a robotic actuator.
This work also strives toward the development of technology that may improve the efficacy of
the rigidity assessment performed during DBS surgery, which in turn is a modern treatment (cf.
figure 1.2) capable of improving the quality of life of patients suffering from prominent conditions
such as PD or ET.

Edig#io Lisboa * Ano XXX * 1.0 10.864 + 1,30€ + Quarta-feira, 22 de Janeiro de 2020 « Director: Manuel Carvalho Adjuntos: Amilcar Correia, Ana S Lopes, David Pontes, Tiago Luz Pedro Directora de Arte: Sonia Matos

Festival Angola

de Roterdao O tempo dos

Olado negro “intocaveis”

da Grande esta mesmo

Guerraem [ a passar
i Mocambique 43 a historia?

Cultura, 34/35 a Destaque,2a5

Novas tabelas do IRS ainda nio
compensam todo o corte de 2018

Dois anos ap0s a revisao de escaloes, as novas taxas de retencao aplicadas a saldrios e pensoes aproximam-se
do que os contribuintes pagam no final. Mas esse valor ainda é cobrado em excesso Economia, 22/23

Parkinson S.JodonoPortofazcirurgiainéditaparaestimulagaoprofundado cérebrop: Carlos Silvando
! deixa UGT sem

: dar “um murro

Dirigente sindical acusa PS
de Anténio Costa de
“escorracar” sindicalistas
das listas a AR p1o/it

Aves emrisco
no Montijo
motivam queixa
contra Portugal

Processo em defesa das aves.
Declaracao final de impacte
ambiental esperada apos
fecho desta edicao pt4

Virus danova
pneumonia que
surgiuna China
chega a América
Doente infectado com

0 coronavirus tinha

regressado de Wuhan,
o epicentro do surto p32

@ 42 feira é um bom dia
nomo para ir ver o melhor do mundo

Figure 1.2: DBS in the cover of Piblico, a Portuguese daily national newspaper, ed. January 22nd,
20207



4 Introduction

1.2 Objectives

This work aims to create a device capable of simulating the passive wrist joint of a patient un-
dergoing DBS surgery, with variable parameters that allow mimicking of the symptoms and their
severity levels outside of the clinical environment.

In order to allow for data and model comparison between the robotic simulator and the iHandU
device, the simulator must be equipped with sensors and algorithms similar to those present in the
iHandU.

Considering the end goal of this simulator as a medical education tool, there is an implicit
need for good replicability, and an encouragement for low material cost, so that copies of the
device may be reproduced in both quantity and quality with little difficulty, provided access to all
the source files.

On this note, the system is intended to simulate the passive joint of a patient undergoing an
intra-operatory wrist rigidity assessment (cf. figure 2.2), and as such should provide a comfort-
able structure for the user, which will take the role of the real-case clinician, to perform such an

assessment on the device.

1.3 Scientific Contributions

This work has resulted in the creation of a programmable, force-sensing wrist-like device capable
of varying its mechanical impedance according to a set model, equipped with sensors akin to those
of the iHandU for the testing of future rigidity identification algorithms in this context. The device
is equipped with a fist-shaped segment analogous to the human hand in the rigidity assessment
scenario, using similar proportions, and is intended for additional realism and user comfort.

The resulting simulator makes no pretense of providing a realistic mathematical model, but
demonstrates the possibility for such an implementation through a comparison with the existing
iHandU wearable signal and exposure to its classification algorithm. Some nonlinear characteris-
tics found in the real case are also represented in the simulator’s current implementation and are
adjustable through a set of device parameters, such as cogwheel rigidity position, range, severity

and directionality, and maximum joint flexion range.

1.4 Document Structure

Beyond the introductory chapter, this work is organized in three major parts, representing the
preliminary research, prototype development and result analysis, as detailed below. A final chap-
ter then presents some closing remarks, such as comments on the completion of the objectives

mentioned in section 1.2, as well as some suggestions for future development.

2https ://www.publico.pt/jornal?date=20200122
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In chapter 2, the preliminary research on the state of the art is featured, providing an in-depth
look at several concepts mentioned in section 1.1. Some existing similar or relevant work is shown
as well, providing some guidance in designing a solution.

Then, in chapter 3, we explore some theoretical fundamentals related to components used in
these similar works, alongside other fundamentals specific to our problem, such as wrist joint
mechanics. We then take these concepts and visit the prototypes that resulted from their applica-
tion, detailing their advantages and shortcomings, as well as our control strategy and sensor scale
calibration methods.

Having obtained a suitable prototype, we move to discuss the results through the obtained
output data in chapter 4. Having equipped our prototype with sensors similar to those of the
iHandU, a comparison is performed between this simulator and the existing, clinically validated

wearable devices.
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Chapter 2

State of the Art

This chapter will provide an overview of the problem within the medical field, allowing for a
proper understanding of our objectives and limitations in designing a solution. Furthermore, we
will explore some relevant work in section 2.4, in order to understand how others have tackled

similar problems in the past.

2.1 Deep Brain Stimulation

Deep Brain Stimulation (DBS) is a palliative treatment — its purpose is to lessen the motor symp-
toms of some currently incurable neurobehavioral and movement-related disorders. It was first
approved by the Food and Drug Administration (FDA) as a treatment for the motor symptoms of
PD and ET in 1997 [13], having since been approved for use in several other conditions, such as
dystonia and epilepsy [19, 22].

The treatment consists of stimulating certain deep brain targets by using DBS leads, wires
tipped with small electrodes. These leads are connected to an implantable pulse generator (IPG)
through wire extensions, as the IPG is typically installed under the skin of the upper chest, as

previously seen on figure 1.1.

The IPG sends electric signals to the selected electrodes, using variable parameters, such as
voltage, pulse width and frequency, controlling the stimulation field that acts on these deep brain
targets, as shown in figure 2.1. These adjustments to the stimulation field are made in order
to better regularize brain activity in the affected circuits, promoting relief from several common
symptoms such as muscular rigidity, tremor and bradykinesia, while minimizing any side effects
from the stimulation. However, the exact way in which this procedure alleviates the symptoms of
these conditions is not fully understood and, as such, it will generally take some time and several
adjustments until the optimal set of parameters is found [13].

During the intra-operatory parameter adjustment process, the patient must be awake as their
passive muscular response is monitored by a clinician, commonly by assessing the muscular rigid-

ity on the patient’s wrist joint [13].
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Figure 2.1: Example of different DBS electrode configurations. Adapted from !

2.2 Rigidity Assessment

Rigidity can be defined as a joint’s increased mechanical impedance in response to a passive
stretch. This occurs due to a permanently elevated muscular contraction in the region, which
results in a higher difficulty of movement due to the contraction of antagonist muscles.

The rigidity assessment consists of the successive flexion and extension of the chosen joint,
normally the wrist or elbow, by the clinician, who will attribute a score within a qualitative rigidity
scale in accordance with their perception of the chosen joint’s stiffness. During this evaluation,
the patient is in a passive, awake state [13]. In other words, the patient should not attempt to
assist or hinder the exercise performed by the clinician, so that the force felt by the clinician is
an accurate representation of the mechanical impedance generated by the patient’s involuntary

muscular contractions. An example of such an exercise is depicted on figure 2.2.

Figure 2.2: Example of a rigidity assessment exercise. Adapted from

Cogwheel rigidity is a common artifact that aids the clinician in adequately classifying mus-
cular rigidity. It may be defined as an accentuated heterogeneity in a given joint’s response to
a passive movement, or rather a limited area where the patient’s muscular rigidity is noticeably

higher, typically around the midpoint of the joint’s flexion angle [6, 4, 10].

Thttps://il.wp.com/www.neurosurgery-blog.com/wp-content/uploads/2012/11/Short-circuit-in-DBS.jpg?ssl=1
Zhttps://www.saebo.com/wp-content/uploads/2017/03/4-Wrist-and-Hand-Flexion-and-Extension.png
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The subjective assessment performed and imprecise scale used implies not only a loss in reso-
lution, but also a detriment to its reliability. A review has shown that several studies point towards
a lack of consistency among different clinicians’ ratings [17]. These difficulties motivate the quan-
tification of these symptoms’ improvement, which is addressed by devices such as the iHandU, a
wearable decision support device further detailed in section 2.3.

Variations in the assessment method and the clinician’s personal experience, or lack thereof,
are also held accountable for this lack of inter-rater consistency. This work focuses on the devel-
opment of a robotic simulator to assist in the eventual creation and standardization of a consistent
methodology for the uniform training of clinicians in wrist rigidity assessments. In this context,
a review of notable mechanical simulators with similar properties to this objective is presented in

section 2.4.

2.3 Assessment Support Systems

As aresult of the subjective and oftentimes imprecise assessment methods used, several efforts ex-
ist in favor of quantifying rigidity objectively through a medical tool, either as evaluation methods
or decision support systems [3, 15, 17]. Notably, one such decision support solution is under de-
velopment at INESC-TEC, under the name iHandU. A portable, lightweight and relatively small
wearable device, it is capable of reliably classifying muscular rigidity and detecting cogwheel

rigidity through the analysis of signal characteristics [4, 10].

. 7 T oa0% o s
R N )
' % if ~Ny =
\ / N
& 4 )

Figure 2.3: Example of a rigidity assessment assisted by the iHandU. Adapted from [10]

The iHandU provides a value for percentage of improvement by analysing kinematic data
through an integrated circuit, featuring an accelerometer, gyroscope and magnetometer, and is ca-
pable of computing quaternions in real time. Signal data is transferred via Bluetooth to a compat-
ible device. The assessment is performed through a signal descriptor that considers the gyroscope
signal average and peaks. This descriptor is used as the input argument of a rigidity identification
polynomial function developed for this purpose through collected clinical data. This results in the
final assessment, which is presented in the form of a muscular rigidity improvement percentage,
in the scale typically used by local clinicians. The device is also capable of detecting cogwheel
artifacts in the movement by searching for suitably-sized oscillations and analysing their charac-

teristics.
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In collaborating with the development of the iHandU, this work gains access to much relevant
data and resources, such as the device itself, its quantification algorithms and clinical data. This
is very useful in the context of data comparison and discussion of results. Conversely, the robotic
simulator resulting from this work may provide a way to simulate the wrist rigidity model at any

time, outside of the clinical environment.

2.4 Existing Joint Simulators

The goal of this work is to simulate a patient’s wrist joint in the aforementioned rigidity assessment
scenario of intra-operatory DBS surgery. The patient is in an awake, yet passive state, as the
clinician repeatedly flexes and extends the patient’s wrist joint. We wish to create a device that is
morphologically similar to the patient’s arm, capable of simulating different levels of rigidity in
the mechanical joint analogous to the elbow.

Other works related to robotic simulation of joints, or different motor conditions such as spas-
ticity exist in the domain of physiotherapy [8, 12, 23], although no other attempts to create the
type of simulator we intend have been verified at time of writing. These existing studies produced
devices through use of principles and components of value to our application.

The types of simulators featured in the following subsections were designed to assist in the
training of rehabilitation therapists by replicating motor symptoms of certain diseases. These

types of devices are sometimes referred to as part-task trainers [23].

2.4.1 Haptic Simulator of Elbow Joint Spasticity

In the haptic elbow joint spasticity simulator by Grow et al. [8], a steady, robust metallic structure
houses a motor and disc brake. A long, metallic, forearm-like structure is attached to the brake
axle akin to a lever, and in its extremity is a plastic, child-like hand 2.4.

It is stated in the source material that the device is designed to replicate "the spastic elbow of
a child" [8].

The brushed DC motor is connected to the brake caliper below it, in such a way that the brake
control is performed by actuation of the motor. Position control is provided by an incremental
encoder attached to the rotary joint. A spasticity model is then used to realistically control the
system, and result validation is then performed based on the professional opinion of available

practitioners.

This approach could be viable for our application, yet the wrist rigidity assessment typically
requires a more complete grasp on the patient’s hand in a point much closer to the device joint,
as depicted on figure 2.2, which is an action that the disc brake would not appear to allow, in this
configuration.

Furthermore, this simulator features a variety of custom parts and requires a considerable

amount of assembly, such as the installation of the brake and motor, and the latter’s connection
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Figure 2.4: Elbow joint spasticity simulator by Grow et al. [8]

to the brake caliper. These are characteristics that impair our goal of replicability, as discussed in
section 1.2.

In this work, the possibility of using a DC motor alone to emulate elbow resistance was ex-
cluded due to gearing, fidelity and size constraints [8]. However, our simulator aims to simulate

the wrist joint, and as such, use of DC motors remains an option.

2.4.2 Upper Limb Disorder Emulator

The elbow emulator for therapy education by Zakaria et al. [23] is a complex, arm-like articulate
structure actuated by an electric motor as well as a magnetorheological brake (MR brake). These
components both actuate in the same axle, and the resulting force is transferred via a thick band
through the interior of the skin-like silicone sleeve, to the mechanical joint analogous to the el-
bow. Additionally, a rotary encoder and strain gauge are employed for position control and force
detection respectively.

The use of both a motor and brake allows for the simulation of an active patient, capable of
moving their own arm while affected by the simulated condition.

Magnetorheologic (MR) brakes are a class of electrically activated brakes that apply magne-
torheological fluid technology (MRFT) to apply a rotational mechanical impedance in the output
shaft [2].

MR fluid may be defined as a non colloidal suspension of small, magnetizable, typically metal-
lic particles in an inert base fluid. When exposed to a magnetic field, these metallic particles align
themselves, altering the mechanical properties of the suspension — in the case of MR brakes, fluid
is placed within the device in such a way that the mechanical impedance of the brake shaft varies in

accordance with the intensity of the magnetic field produced through differing electrical inputs [2].
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Figure 2.5: Elbow emulator for therapy education by Zakaria et al. - internal mechanism [23]

This type of brake is markedly more convenient for our application than the disc brake seen in
the simulator by Grow et al. due to its compact structure and direct electrical actuation control, but
is also significantly more expensive than using a simple DC motor, impairing our goal of producing
a simulator with a reduced cost as discussed in section 1.2. Additionally, the MR fluid thickens
with use and must be eventually changed, providing an additional complication in the form of a
maintenance operation and eventual actuator uncertainty related to the variable fluid thickness.

Strain gauges like the one employed here are a useful, versatile technology for force sensing
applications, providing an electrical signal that is sensibly proportional to the force applied to the
strain gauge. Load cells are robust, force sensing devices built upon this principle and will be
discussed in a future chapter.

The solution by Zakaria et al. makes use of some notable components that could be beneficial
to our application, such as strain gauges, but its structure is quite complex, even more so than
the simulator described in section 2.4.1, making use of an abundance of custom parts, including a
pulley system and silicone sleeve, going against our need for an easily replicable system.

The use of MR brakes would possibly result in a better, albeit much more expensive simulator.
Its advantag