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Preface

Despite current efforts to suppress tremor, few devices satisfy functional requirements to compete with current
clinical treatments. Acknowledging this, IJsbrand De Lange founded the company STIL B.V. to further develop and
work towards a functional and ergonomic tremor suppression product that uses the principle of noise-canceling to
counteract forearm tremor. This product cannot directly be applied to the wrist, so a different solution is needed for
wrist tremor suppression. The vision of STIL B.V. is to keep voluntary movement unrestrained whilst maintaining a
high tremor reduction level. Combination of a novel wrist tremor suppression system and the forearm tremor
suppression system would result in a system that restores arm functionality for tremor patients. Regained
functionality of the arm enables patients to perform daily and work-related activities previously challenging,
improving their quality of life.
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Abstract

Pathological tremor is currently not adequately treated with medication; only 50% of patients respond and often
treatment does not suppress tremor more than 60% at the cost of mild to severe side effects. In recent years, mechan-
ical tremor suppression concepts have been developed, but none have thus far been implemented as replacements
for current medication. This paper presents a proof of concept Adaptive Electromagnetic Damper (AEMD) for wrist
tremor suppression. The AEMD was selected because of its low-energy requirement and its safe and silent opera-
tion. The concept prototype consists of a geared permanent magnet electromotor fitted with an encoder. A controller
switches the motor leads in such a way that the motor can throttle the generated counter torque.

An AEMD prototype was constructed and mounted on a test setup for validation. Three validation objectives
are proposed: maximum torque difference, continuous variation of torque at constant velocity and frequency spe-
cific torque generation. Results show that the prototype is able to attain a torque difference of 0.05Nm (21% of
requirement). Furthermore, the results showed that the prototype was capable of varying the damping torque for
the same frequency. Finally, experiments showed that the prototype was able to differentiate between frequencies,
meaning that the prototype provided a damping torque to an input perturbation only when a pre-selected frequency
was present. No evidence could be found for the same behavior if the setup was perturbed by multiple frequencies,
including the pre-selected frequency.

Future efforts should be focussed towards finding the optimal gear ratio, motor construction, and a better model
of the frequency selective aspect of the system. Component optimization is likely to increase the maximum torque
difference. A working orthosis based on this concept could bring us one step closer to providing a stable life for

tremor patients around the world.

1 | Introduction
1.1 Pathological Tremor

Pathological Tremor is a movement disorder character-
ized by uncontrollable oscillation of a body part [10].
Globally about 25 million people have been diagnosed
with a form of pathological tremor [1, 6, 14, 15, 19, 21, 24].
People suffering from pathological tremor struggle to
perform daily tasks like eating, drinking, and writing [7].
Severity can vary, but even in less severe cases, patients
are embarrassed by their tremor and experience reduced
motivation to engage in social or work-related activities
[7]. As a result, tremor patients experience social isola-
tion, mental stress and an overall reduced quality of life.
Suppressing the patients’ tremor will improve social and
economic wellbeing of tremor patients, but also their im-
mediate community [17].

Tremor is a quasi-periodic motion with frequency
and amplitude varying in time. Figure 1 shows an ex-
ample of a measured elbow tremor signal, which shows
the random variation in amplitude and the spread in
frequency content. Literature research on wrist flexion-
extension tremor reports a frequency range between 3
and 12Hz. Measures used for tremor amplitude vary
widely so no clear range can be defined, but a maximum
tremor torque of 0.4 N m has been reported by Belda-lois
etal. [3].
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Figure 1: Plotted data of lower arm tremor measured
by Timmer et al. [23]. TOP: A tremor signal measured
as the acceleration of the lower arm showing large am-
plitude variations in a relatively short period of time.
BOTTOM: A periodogram of the same data shows a
spread peak indicating the presence of multiple fre-
quencies or a time variance around a center dominant
frequency.




1.2 Treatment of Tremor

Current pharmacological treatment for Essential Tremor
inadequately reduces symptoms and is prone to side-
effects [12]. There is no universal medication for treating
every type of tremor patient. In addition, most medica-
tion is only effective for low to mild severity of Essential
Tremor, introducing limited to no improvement for se-
vere cases [10].

Besides medication, patients can turn to Functional
Electrical Stimulation (FES) treatment [4] or Deep Brain
Stimulation (DBS). Unfortunately, FES still suffers diffi-
culties such as muscle fatigue and difficult electrode po-
sitioning [4, 18]. Tremor suppression effectiveness for
DBS is on average > 80%, however effectiveness tends
to decrease over time [8]. Additionally DBS is invasive,
costly and generally not suited for older individuals due
to the health risks of surgery [7, 10]. Without a bet-
ter understanding of the pathophysiology of tremorous
diseases like Essential Tremor, no further improvement
of current medical treatment is expected [10]. For this
reason recent efforts have shifted towards mechanical
tremor suppression.

Most mechanical tremor suppression research is fo-
cussed towards suppressing upper limb tremor, as
tremor in these limbs causes the most impairment for
patients [5, 9]. Mechanical tremor suppression can be di-
vided into three categories.

Passive: The passive category reduces tremor ampli-
tude by adding extra joint damping without using an
external power source. Kotovsky and Rosen have pro-
posed an orthosis based on viscous friction in 1998 [13].
This idea has been adapted with non-newtonian fluid in
the Steadi-One but that device has not been clinically val-
idated [11]. The downside of passive principles is that
they suppress tremor and voluntary motion. This makes
the use of a passive suppression orthosis less comfortable
or tiresome.

Semi-active: Semi-active tremor suppression adds con-
trollability to the passive suppression concepts. By con-
tinuously adjusting the amount of damping of a pas-
sive device it is possible to suppress specific frequen-
cies. An adaptable viscous damper has been proposed
by Loureiro et al. in the form of a magnetorheologi-
cal(MR) damper [16]. A high level of suppression was
achieved (90%), but the effect on voluntary motion was
also considerable (85%). Abbasi and Afsharfard inves-
tigated the potential of piezo-material to extract tremor
power and use it to counteract the tremor itself [2]. Sup-
pression ranged between 20% and 83%, and was highly
correlated with tremor frequency. Both of these concepts
have not been developed into a market-ready product,
but seem capable of high tremor suppression levels at
low power consumption.

Active: Active tremor suppression uses actuators and
sensors to exert a precise counter force to the tremor. Ro-
con et al. have used electromotors under the broader re-
search project WOTAS [20], obtaining up to 80% tremor

suppression. Zamanian and Richer tested an electro-
magnetic linear actuator on a test setup with character-
istics resembling the human arm [25] and obtained 97%
tremor reduction. Despite the high suppression percent-
ages achieved by the previous two, their devices require
a substantial amount of external power. The devices
are also quite heavy and large making extended use un-
comfortable. A more extensive overview of past efforts
of mechanical tremor suppression can be found in Ap-
pendix A.1.

Unfortunately, these orthotic treatments are not yet
available to provide tremor suppression in daily life ac-
tivities. Tremor patients will benefit from an effective
treatment, which tackles the tremor with minimal mus-
cle strain and without uncomfortable side effects. There-
fore, the goal of this research is to design a wrist tremor
suppression concept and experimentally validate that it
is able to reduce the amplitude of wrist tremor with min-
imal effect on voluntary motion.

First this research will discuss the choice of a tremor
suppression concept. A Harris Profile showed the Adap-
tive Electromagnetic Damper (AEMD) to comply best with
the proposed requirements. The concept was modeled
and analyzed to find important component parameters
and interactions. A prototype was fabricated and vali-
dated on a test setup. The validation results show that
the proposed concept is able to dampen characteristic
tremor frequencies, but the effect on voluntary frequen-
cies remains for further research.

2 | Concept development
2.1 Adaptive Electromagnetic Damper

For the evaluation of the concept, a prototype was de-
signed. The characteristics of Essential Tremor were used
to guide the design, as it is the most prevalent tremor
pathology [15]. Furthermore, only one axis of movement
was considered, because research shows that wrist ulnar-
radial deviation tremor is absent in ET [22].

A Harris profile (Appendix A.2) provided a struc-
tured way of determining which principle has the most
potential for a wrist tremor suppression system. From
the Harris profile it is observed that active and pas-
sive categories either influence voluntary motion or re-
quire considerable external power to operate. This
makes semi-active tremor suppression more appealing
than passive or active concepts. With the addition of
the promising results from previous semi-active suppres-
sion research a semi-active concept, Adaptive Electro-
magnetic Damper (AEMD), is chosen for evaluation.

A morphological chart was set up to guide the choice
for concept components. First the concept’s function
is subdivided into subfunctions. Each subfunction has
multiple possible physical implementations. By tying
different implementations together a variety of concepts
can be imagined. The morphological chart in Appendix
?? provided three concepts which were compared for
feasibility. The chosen concept consists of a permanent
magnet DC-motor, encoder, gearbox and a variable re-
sistance. The permanent magnet DC-motor combines



the first three subfunctions into a compact structure.
The gearbox makes the motor rotate at a higher veloc-
ity to increase the motor’s braking potential. Tremor fre-
quency is then determined from encoder readings. Fi-
nally the variable resistance is implemented by an elec-
tronic circuit which approximates a variable resistance
using Pulse Width Modulated (PWM) switching of the
motor leads. By in- and decreasing the damping at
the right frequency the back-Electromotive Force (back-
EMF) can be synchronized with the tremor movement,
reducing influence on voluntary motion compared to
that on tremor.

Using the well-understood mechanics of electromo-
tors and adding electronic variability of the damping
torque provides a less complex implementation of a vari-
able damper compared to the concepts discussed in the
previous section. Additionally, frequency-selective con-
trol of the damper torque minimizes the dampers influ-
ence on voluntary motion, while still resisting tremor fre-
quencies.

2.2 Mathematical model

From the decision of the concept components and struc-
ture follows the construction of a prototype. However,
this requires some quantified knowledge of important
parameters and component interactions. A mathemat-
ical model of the concept was created to identify im-
portant parameters and their required values. Figure 2
shows an abstracted schematic of all system components
and their interactions. The differential equation of the
complete system was derived from the abstracted model.

Using the Euler torque balance the mechanical side of
the system is described.
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Gravity does affect the system in certain postures of the
lower arm, but it is assumed that the human is always
compensating for gravity (Tposture), S0 it cancels from the
equation.

The electric circuit is derived by using Kirchoft’s volt-
age law.
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Figure 2: An abstracted representation of the Adap-
tive Electromagnetic Damper concept. Muscles ap-
ply a voluntary and a tremor torque (Tyojyntary and
Ttremor) around the wrist joint. These torques are (pas-
sively) counteracted by inertia and friction in the wrist,
gearbox and electromotor (Jyist, ]gearboxr Jrotors Drwrists
Dygearpox and Dyotor). The wrist also has some elastic
behavior captured in Ky,js;. The gearbox has gear ra-
tio (N) which increases the motor rotation. The back-
Electromotive Force (back-EMF) of the electromotor in-
troduces a torque (T, r) opposing wrist motion. The
amplitude of the back-EMF torque is dependent on the
motor’s torque constant K; and electrical constant K.
The spinning rotor creates a potential (V,;, ) across the
motor terminals, which, if short-circuited, induces an
armature current (i). The coil impedance (R.y; and
Leoir) primarily determine the magnitude of the arma-
ture current. The switch opens or closes the circuit
and is assumed to be ideal and thus has either no
impedance or infinite impedance. The controller deter-
mines whether the switch is open or closed.

Coil inductance (L) is generally in the order of
1 x 107*H and i stays well below 1000 As~! for the fre-
quencies involved, so the influence of L,; i is neglected.
Furthermore, the value for K, is equivalent in units to K,
which means both constants have the same value. K; is
used in the rest of the paper for both K; and K,. The total
uncontrolled system differential equation is obtained by
combining Equations 6 and 9:
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This differential equation provides a substantiated way
of choosing prototype components. The motor’s torque
constant (K;) and the gear ratio (N) have equal effects on
the velocity-dependent damping. However, the gear ra-
tio also influences the inertial torque as seen from Equa-
tion 6. The best way of only increasing the velocity-
2

dependent damping is to increase the motor’s % ra-
tio. The relation between K; and the motor’s geometry
and weight is quite complex so optimizing this for wrist
wearability would require more time than was available
for this research.

The total system is now described by a single second-
order differential equation, but it assumes a short cir-
cuit of the motor terminals. The short circuit results



in a fixed velocity-damping-torque relationship, which
lacks the ability to distinguish damping torque between
tremor and voluntary motion. With active control over
the terminal state, the system is able to make such a dif-
ferentiation. Equations 11, 12 and 13 show a mathemati-
cally simplified version of controller implementation.

The control input (1) determines the magnitude of
an added resistance (Rgy;) In series with the motor
coils. A higher series resistance lowers the circuit cur-
rent, consequently driving down the generated back-
EME. As back-EMF is always oriented opposite to the
driving torque on an electromotor, a proportional con-
troller (gain P) is sufficient to determine the damping
level. If motor velocity (0) is filtered such that only
the tremor frequency remains (Btremor), then frequency-
selective damping is obtained. As such, the AEMD is
able to create a damping torque that is dependent on
tremor frequency.

u = max (0, min(1, P-|| Bxremor ||))

i= Kt Nétremor (12)
Rcoil + stitch u

(11)
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Equation 13 shows which parameters are critical to the
maximum damping force level. However an optimiza-
tion of physical components would also require a rela-
tional model between all parameters. It is for instance
currently not known how a change in K; will affect the
mass and weight of the electromotor or other parame-
ters. Therefore, both the requirements for the required
force, but also practicality played a role in the selection
of prototype components.

3 | Validation experiments
3.1 Prototype Requirements

To compete with the 60% tremor amplitude reduc-
tion of current medical treatment it is assumed that a
damping torque of at least 0.24 N m (60% of maximum
[3]) is required for a competitive alternative. Besides
this, the influence on voluntary motion should be
lower than that of current research. For this a new
measure is defined: the selectivity ratio (SR), defined as

(% tremor suppression — %voluntary motion suppression).

For the proof-of-concept the selectivity ratio should be
lower than the 13% calculated for Loureiro’s MR-
damper. Finally, full range of motion must be preserved,
so the system must not contain any singularities where
it can get stuck or show excessive angle-dependent
behavior.

3.2 Prototype components

For the proof of concept a prototype AEMD is con-
structed. The prototype is then tested in a controlled en-
vironment, in which predetermined perturbations can be
applied. The components of the prototype are indicated
in Figure 3 and listed below.

Electromotor: A permanent magnet DC motor (Faul-
haber 2237 24V CXR Series) is chosen. Permanent
magnet motors do not have to energize stator coils,
which makes it possible to create back-EMF from a
rotating rotor without external power. This specific
motor is small and lightweight and has an encoder
built-in.

Encoder: The DC electromotor is factory fitted with a 32
pulses per revolution incremental encoder. An in-
cremental encoder is sufficient, because the concept
only requires velocity information. The encoder
signals are decoded using interrupt routines, so no
pulses are missed and velocity can be calculated at
any desired time interval. The velocity data calcu-
lated from the encoder position is filtered and then
fed to the controller.

Gearbox: An off the shelf 1:10 gearbox was chosen to
keep the inertial forces limited, while still getting
the motor to spin at a higher speed. Getting a
custom gearbox made would not have been cost-
effective and efforts to build a small and light gear-
box in-house were unsuccessful.

Force sensor and amplifier: The force sensor is a TAL220
loadcell capable of measuring positive and neg-
ative forces on one axis. The load cell is com-
bined with a HX711 loadcell amplifier break-
out(Sparkfun) capable of a sample frequency of
80 Hz.

Microcontroller: An Arduino MKR Zero with a 32-bit
processor was chosen based on the expected com-
putational load of running the data acquisition and
switch control. The MKR Zero runs all the sensor
data acquisition and serial interfacing as well as the
velocity filter, controller and input to the switching
circuit. The main program runs at a loop frequency
of 62.5Hz, because it is the closest frequency to
80 Hz with an integer number of microseconds per
time step. The highest frequency involved in wrist
tremor is 12Hz, so the sample frequency satisfies
the Nyquist criterion. All (sensor) data is trans-
ferred to a laptop via serial connection.

Current sensor: An INA219 (Adafruit) current sensor
breakout is used to monitor motor coil current.
This sensor is mainly used for validation of the
switching circuitry and is not essential for proto-
type function.

The DC-motor terminals are connected to two transistors
and the current sensor such that a current only flows if
both transistors are closed. Two transistors (1) seen in
Figure 4, are switched using a Pulse Width Modulated
(PWM) signal coming from the microcontroller. The con-
troller input is not directly switching the transitors be-
cause of a logic voltage difference. Instead the control in-
put switches the 5V supply of the microcontroller, which
then drives the transistors. The microcontroller deter-
mines the required duty-cycle based on the velocity and



Figure 3: The AEMD prototype consisting of: a DC-
motor (Faulhaber 2237 24V CXR) (A) with, an inte-
grated incremental encoder (B), connected via a 1:10
Gearbox (C) to a TAL220 Loadcell (D) which measures
the torque around the motor axle. A transistor placed
between the motor leads is controlled by a MKR Zero
microcontroller (E) and current over the motor leads is
measured by an INA219 current sensor (F). Force sen-
sor voltage is amplified by a HX711 amplifier (G). The
red circle indicates where the input perturbation is ap-
plied to the prototype and the red comb shows where
the prototype is fixed to the world. The blue double ar-
row shows the motor axis around which the force sen-
sor measures the torque.

a proportional controller gain. The duty-cycle has a reso-
lution of 12 bits, so the range 0-100% is divided into 4096
steps. It is also possible to set a specific duty-cycle from
the laptop that is connected to the micro-controller and
ignore the controller output value. For the experiments
four operating modes are used:

1. MAX-MODE: The controller has no effect on the
duty-cycle. The duty-cycle is manually set to 100%,
which means the switches are kept closed such that
maximum damping is maintained.

2. MIN-MODE: The controller has no effect on the
duty-cycle. The duty-cycle is manually set to 0%,
keeping the switches open, such that minimum
damping is obtained.

3. CONTROL-MODE: The controller output deter-
mines the duty-cycle, switching in such a way that
the highest damping occurs at a set frequency.

4. MANUAL-MODE: A user-specified value between
0% and 100% is sent to the microcontroller over-
writing other modes. This allows the user to test
output torque for a specific PWM duty-cycle.

IPPO23NO8NS
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Figure 4: Electrical diagram of the switching system.
Two transistors (1) are activated by a switched 5 Volt
source (2) using a third transistor (3). The third tran-
sistor is switched by a PWM signal from the microcon-
troller (4).

3.3 Test setup

The used test setup consists of a platform which trans-
lates in one direction illustrated by Figure 5. The plat-
form connects to a rod that telescopes to allow for a con-
stant point of rotation. The platform is actuated by two
brushless DC-motors (BLDC) via an H-bot belt and pul-
ley transmission. The motors are driven by a dedicated
BLDC motor controller board (Odrive). The wrist sup-
pression concept is only designed for one rotation axis,
so it suffices to let the platform move in one direction
and to lock the other. Figure 6 shows the block scheme
of the AEMD applied to the test setup.

Figure 5: The test setup provides the input to the pro-
totype by linearly oscillating in one direction (red ar-
rows). To ensure a constant axis of rotation (blue ar-
rows) and correct measurements from the force sensor
a rod slides through a linear bearing (A).

The board gets its input from a dedicated PC with an
interfacing program (Python). The test setup requires a
user-specified array of motor setpoints as input. The ar-
ray of setpoints is then played-back in one of two modes:

¢ Position control: In this mode the platform position
is PID controlled. The platform moves to the posi-
tion specified by the motor setpoints. This means
that the prototype will not reduce the amplitude of
the platform oscillation, but the force sensor regis-
ters differences in damping torque amplitude.



o Virtual spring control: In this mode the platform po-
sition is regulated by a loosely tuned P-controller.
The platform moves as if it is dragged along by a
spring attached to the setpoints. In this mode it is
possible to see a reduction in platform amplitude
due to prototype damping, because the actuator
force (Factuaotr) Will not equalize with the damping
torque (Tyamping) to reduce the steady-state error.

T ®set point
Force damping AEMD <—
sensor @mpm
Tplatform
Platform LG T
F actuator S
PID or P
Controller
Xsetpoi nt. Xplatform

Figure 6: With the PID-controlled experiment the plat-
form provides a position input to the prototype. The
controller increases F,tyqt0r Such that error e becomes
zero. In this case, the platform position does not give
any information about the prototype damping, so the
force sensor between the platform and the prototype
captures Tyuping, the resistive torque of the motor on
the platform.

In the P-controlled experiment the platform provides
a force input to the prototype. Fjcuator is proportional
to the distance from setpoint Xsetpoins- This means that
Factuator can be less than is required to reduce e to zero,
resulting in less platform acceleration and thus a reduc-
tion in platform travel. The platform position can then
be inferred from the motor encoder readings, directly
showing the effect of the damper.

3.4 Validation objectives

The AEMD prototype presented in the previous section
is validated using a multi-functional perturbation setup.
The validation consists of three objectives:

1. Validate that the prototype is capable of generating
a damping torque difference of 0.24 N m between
the Max- and Min-mode.

2. Verify that the prototype can vary the damping
torque between the Min- and Max-mode arbitrar-

ily.
3. Validate that the prototype obtains a Selectivity Ra-
tio higher than 13% for tremor frequencies (> 3 Hz)

compared to voluntary movement frequencies (<
3 Hz) using frequency selective-mode.

3.5 Experiment procedure

For each experiment, input data was generated with
MATLAB 20179b and transferred to the test setup PC.

Each experiment followed the same general procedure:

1. Test setup platform and prototype were configured
such that they were in the middle of their travel.

2. Test parameters were configured.
3. The force sensor was calibrated to within +0.01 N.
4. The trial and data acquisition were started.

An experiment consisted of several trials for which con-
ditions were varied one by one. Each trial lasted 60 sec-
onds and data was gathered through serial connection
between the prototype and a laptop. Via an application
on the laptop (SerialPlot) the sensor data was written to a
.CSV-file and later loaded for post-processing (MATLAB
2019b). The following experiments were performed to
find an answer for the three validation objectives:

1. The first experiment was focussed on showing

the ability of the prototype to provide a counter
torque to an input oscillation. Trials for multiple
amplitude-frequency sinusoidal inputs were used
to compare the prototype damping torque in Max-
mode and Min-mode. This shows the range of
torques the prototype is able to produce.
The frequency ranged from 3 to 8 Hz and the am-
plitude from 5 to 25 deg prototype arm rotation.
The test setup was used in position-control mode,
because only the force was of interest.

2. The second experiment aimed to show the closed-
loop effects of the prototype, by using the Virtual
Spring-mode of the test setup. An input frequency
of 3 Hz and an amplitude of 26 degrees was used.
The controller output was manually changed via
serial connection during the experiment.

3. The third experiment gave insight into the variabil-
ity of the force between the minimum and maxi-
mum for a selected amplitude and frequency input
signal. Initial results from experiment 1 showed
that a frequency of 4 Hz and an amplitude of 25
degrees had the biggest force difference, which had
the best potential for showing the variability. Using
the Manual-mode a specific duty-cycle was set for
each trial.

4. The fourth experiment focussed on the distinction
of torque amplitude between frequencies. The pro-
totype was used in Control-mode, with the selected
frequency dependent on the trial condition. The
input amplitude for all trials was 15 deg and be-
tween trials the input frequency was varied from 3
to 8 Hz. These trials were then done for three con-
ditions:

¢ In the first condition the trials were run with
the prototype set to 5Hz independent of the
input frequency.

e For the second condition the prototype was
set to the input frequency.

e The third condition was used as a baseline and
the prototype was put into Min-mode.



3.6 Validation Measures

The data gathered from the experiments has been pro-
cessed for comparison and validation against the re-
quirements. Due to the oscillatory nature of the experi-
ments measures are devised that capture the information
of the trials in a more compact and informative way.

Mean peak torque difference Determined by subtracting
the average peak torque for the Min-mode from
that of the compared Torque data. The resulting
value gives a measure of how much the electro-
magnetic effect adds to the damping torque on top
of other passive sources such as inertia or friction.

Power spectral density of torque Gives a measure of
torque density as a function of frequency by calcu-
lating the Welch-averaged power spectral density
(PSD) of the torque measured in a trial.

4 | Results

4.1 Damping torque generation

Difference in mean torque amplitude

A mean(T) [N]

8 5 Sinewave amplitude [deg]

Figure 7: 3D surface plot of the tested input perturba-
tion amplitude-frequency combinations of experiment
one. Due to test setup limitations some high amplitude
& frequency combinations could not be tested. The
Z-axis shows the mean torque difference between the
Min- and Max-mode.

Figure 7 shows the 3D surface for the mean peak
torque difference at the tested frequency-amplitude com-
binations. Torque difference distributions between Min-
and Max-mode are significant according to a Bonferroni-
corrected threshold (p < 0.025) for all frequency-
amplitude combinations. Figure 8 shows the absolute
torque values for both Min- and Max-mode damping for
the 4 Hz input. The maximum torque is 0.124 N m, which
is half the required torque and only a third is due to the
electrodynamic breaking.

Figure 9 shows the results from the second experi-
ment. It shows a 50% decrease in motor amplitude when
the Control input is switched from Min- to Max-value.
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Figure 8: Errorbar plot of absolute peak torque of ex-
periment one for both modes at 4 Hz. The Max-mode
torque is substantially higher than that of the Min-
mode, but only for amplitudes larger than 10 degrees.
The asterisks (*x) mark the medians, which are quite
close to the mean, except for the Min-mode at 10 de-
grees. This may be an indication of a skewed distribu-
tion of the peak torque.
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Figure 9: Motor angle over time with Virtual Spring-
Controlled input perturbation of experiment two. The
motor angle is normalized with respect to the maxi-
mum value in the dataset. The red line indicates the
manually set duty-cycle shown on the right y-axis.
Some lagging behavior is observed at the duty-cycle
transition points




4.2 Damping torque variability

Figure 10 shows torque generated as a function of con-
troller output provided by the third experiment. The
distance between x-values depended on the observed
torque difference from pilot experiments. As expected
from Equation 13 the relation is inversely proportional.
The theoretical estimate is calculated using only the
electromagnetic part of the equation and a Rgy; of
1x10°Q.
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Figure 10: Errorbar plot of torque as a function of con-
trol input from experiment three data. The y-axis has
been shifted such that the mean of the 0% duty-cycle
trial corresponds to 0N m. The theoretical data is cal-
culated from Equation 13.

4.3 Frequency selective damping torque

The fourth experiment focused on the frequency selectiv-
ity of the prototype. Figure 11 shows the Power Spectral
Density (PSD) of the measured torque for three experi-
ment conditions. The condition with the prototype set
to the input frequency shows the highest power at ev-
ery frequency. The condition with the prototype set to
5Hz shows near equal torque levels as the Min-mode
for all frequencies, except at the chosen frequency of
5Hz. Across the frequencies, both the baseline and the
other conditions increase, while the difference between
the Min-mode and the "set to input frequency"-condition
is almost the same for all frequencies.

5 | Discussion

5.1 Torque generation

Figure 7 shows that the prototype is able to generate an
electromagnetic braking torque, but does not reach the
target of 0.24 Nm at any frequency-amplitude combina-
tion. Furthermore, the figure shows that below an ampli-
tude of 10 degrees the mean peak torque difference is not
consistently positive. This could be caused by mechani-
cal hysteresis reducing the rotation time of the motor and
also skewing the generated torque to one side of the os-
cillation.

03 Effect of filter frequency on torque generation
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Figure 11: Frequency-dependent torque generation re-
sults from experiment four. Each bar shows the torque
PSD for a separate trial, one for each frequency and
condition. For the blue bars filter frequency is set to
5Hz so the electromagnetic contribution to the mea-
sured torque should be highest at this frequency. By
comparing the blue column with the yellow column it
is seen that at 5 Hz the blue column is higher than the
yellow. At all other frequencies the blue and yellow are
closer together. The red columns show that if the filter
setpoint frequency is equal to that of the input pertur-
bation the torque PSD is consistently higher than the
yellow columns (Min-mode).

Another explanation could be that the inertial torque
of the motor is a bigger influence up to the 10 degree
limit. This is illustrated by the absolute mean torque
shown in Figure 8 for all amplitudes at 4Hz. In this
graph the data points between the Max-mode and Min-
mode are actually shifted in the x-axis because actual
measured mean motor amplitude is not the same for
identical input signals. This is attributed to the plat-
form controller not producing perfectly identical inputs
for different conditions.

Despite the maximum torque difference not reach-
ing the proposed requirements, the "virtual spring'-
controlled experiments do show a suppression ratio of
50%. This suggests that the proposed required torque
in Section 2 is an overestimation. A test setup or model
capable of mimicking or simulating actual wrist dynam-
ics will have to provide more substantial evidence for
the prototype’s closed-loop capabilities. The system also
shows some lagging behavior upon changes in the duty-
cycle up to 5s. The slope of the peaks in the lagging sec-
tions looks strange compared to the expected exponen-
tial first-order responses to step inputs. This dynamic
behavior is also not described in the current model and
will need further investigation.

5.2 Torque variability

Figure 10 shows that there is a relation between the con-
troller PWM value and the measured mean peak torque
difference. This relation implies that the system is able to
vary the damping-torque amplitude between the max-
imum and the minimum in an aproximately continu-
ous way. The inverse proportional shape of the rela-



tion is as expected from Equation 9 and the resolution of
the duty-cycle provides enough control over the damp-
ing torque in the steep region of the relation. The non-
linearity of the relation could be better handled by more
advanced control structures: Model predictive, Fuzzy
control, Lookup-tables.

5.3 Frequency selective torque

The reason the damper has to be adaptive is traced back
to the requirement that the device should reduce tremor
with minimal effect on voluntary motion. It was hypoth-
esized that variability of damper torque will allow for
frequency-selective damping.

Experiment four shows that the prototype is able to
autonomously detect a pre-set frequency and provide a
damping torque to that frequency. Pilot experiments pro-
vided no conclusive evidence for the same behavior in
the presence of multi frequency inputs. During the pi-
lot experiments it was observed that the input amplitude
only rarely exceeded the 10 degrees, which as seen from
Figure 7 is below the electromagnetic effective threshold.
A probable cause for this is the chosen signal type (Odd
Multi-Sine) and the signal bandwidth. The bandwidth
might have a too high with an upper bound of 12Hz.
The test-setup dynamics do not allow for the required
high levels of acceleration and thus only rarely obtain the
actual setpoint amplitude.

5.4 Prototype improvement

The proof of concept results show two areas where the
current prototype is not meeting requirements. First the
mean peak torque difference needs to be improved to
meet the torque requirements. This also involves shift-
ing the point of effect below 10 degrees as this is still a
considerable wrist tremor, for which the prototype now
only adds inertia without any adaptability. Secondly
this involves the frequency selectivity of the generated
damping. The prototype has only been tested in a single
frequency environment, so more information is needed
on multi-frequency input behavior. The prototype can
be improved in both these aspects of with a couple of
changes:

Motor choice The choice for the current electromotor
could be improved by switching to a brushless
dc-motor (BLDC). The comparison of motor back-
EMF in Figure 12 between equally sized electro-
motors shows the BLDC with a higher back-EMF
torque. Besides this, the BLDC has a steeper curve,
but still a comparable friction torque curve com-
pared to that of the DC motor. This means a large
improvement in peak torque difference.

Gearbox ratio By increasing the gearbox ratio the mo-
tor velocity is increased for the same input velocity,
however this also increases the inertial torque from
the motor’s rotor. It is hard to intuitively determine
the effects, because the electrodynamic and inertial

forces reach their maximum at a 90° phase differ-
ence. A parameter sensitivity analysis by partial
derivation of Equation 10 to either K; or N shows
that the K; value is much more dominant than N
at maximum velocity. Although the K; value has
no effect at maximum acceleration for a pure sine
input, the torque increase due to a change in gear
ratio at maximum acceleration remains relatively
small.

The problem with this comparison is that [, and
Jgearbox are assumed to be constant for higher K;
and N values due to a lack of a relational model.
Also the motor shaft damping and gearbox friction
are not taken into account, which is a largely un-
derestimated factor in the model.

Electromagnetic model The current prototype is setup
with basic knowledge and a lot of simplifica-
tions to the electromagnetic interactions of the sys-
tem. Torque amplitude is expected to improve
if a specifically designed electromagnetic actua-
tor is optimized using finite element modeling of
the magnetics. Another uncertainty in the current
model is the PWM switching between the open cir-
cuit and closed circuit states. This switching be-
tween system states is not accurately represented
in the current formulas and thus the current un-
derstanding leaves out important factors that in-
fluence adaptability and stability of the damping
torque.

Control strategy The choice for the control structure of
the switches was kept simple, because the elec-
tromagnetic side of the model is not fully under-
stood. Controller performance is expected to im-
prove with the use of, for instance, model predic-

Damping torque at constant speed

o
3

—BLDC shorted
r —DC shorted

----- BLDC open circuit
| |- -DC open circuit

m]

o
~

o
w

Damping torque [N
o o
N ()

P e P e L Lk L L

Rotational velocity [RPM]

Figure 12: Comparison between max- and minimum
back-EMF of BLDC and DC motor of comparable size.
The x-axis is the motor rotor velocity and the y-axis is
the measured torque from a torque sensor. The steep-
ness of the BLDC torque curve shows that it generates
more torque per RPM thus improving the peak torque
difference with respect to the DC motor.




tive control. The addition of system knowledge to
the control system enables it to react better to non-
linear behavior.

Test setup A test setup capable of force controlled in-
puts for actual closed loop system operation testing
provides better experiment fidelity. Closed loop
tests are definitely needed to mimic the separation
between voluntary and tremor forces, which is es-
sential for validation of a concept before any trials
on humans would be beneficial. Secondly, the cur-
rent test setup was designed for multiple devices,
so no approximation of wrist dynamics (J, B, K)
was attempted. Either minimizing the test setup
dynamics so more freedom of input perturbation is
obtained, or tuning J, B, K to mimic human hand
creates a setup capable of more informative input
perturbations.

The results from this prototype validation provides a
good basis for further development of a wrist tremor
suppression device. With the gained knowledge of crit-
ical system components and their effects on system be-
havior a better prototype can be designed. Though
not all validation targets have been reached the added
knowledge gives STIL B.V. a foundation to continue de-
velopment of the technology and work towards a func-
tional wrist tremor orthosis.

6 | Conclusion

The objective of this thesis was to develop and evaluate
an AEMD prototype capable of reducing tremor ampli-
tude with minimal effect on voluntary motion. From the
experimental results we can conclude that:

* The maximum torque generated by the prototype
is only half of the validation target determined by
the torque requirement of 0.24 Nm. However, the
second experiment shows that the obtained total
torque differences are enough to reduce oscillation
amplitude by 50% for a relatively large amplitude
oscillation.

The prototype is able to vary the electrodynamic
damping torque given a constant input frequency.
So the prototype passes the second validation tar-
get.

No conclusive evidence for a higher SR than 13%
has been obtained. Although, theoretically sup-
pression of voluntary motion with perfect selectiv-
ity was two-thirds of the total, so the theoretical
SR of this prototype would be 33% which is higher
than the 13% from Loureiro et al.

Although optimization of system components and
switch control still need to be investigated, the current
results show the AEMD concept has promise for sup-
pressing wrist tremor with less influence on voluntary
motion than presented in recent research.
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7 | Recommendations

If a more elaborate model is constructed with a better
understanding of parameter dependances and scaling ef-
fects, the system can be parametrically optimized. This
coupled with a more suited type of actuator (BLDC) and
a test-setup capable of simulating the admissive charac-
ter of a human wrist should enable future researchers
to design a better second prototype capable of selec-
tive tremor suppression, which can compete with current
treatment.
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Appendices

A | Tremor suppression principle selection

A.1 Previous research

The concept currently under development at STIL B.V. is not applicable for wrist tremor suppression. To find a
different operating principle a broad search into vibration suppression principles in various mechanical domains
was conducted. A selection of principles was evaluated using a harris profile. The reported vibration suppression
effects in other domains combined with results from recent research into mechanical tremor suppression methods
provided a basis for selecting a new wrist tremor suppression principle.

A principle which is both effective in suppressing tremor without restricting the normal use of the wrist is de-
sired. From Table 1 can be seen that this is accomplished by most active systems, however weight, size and power
consumption complicates the fabrication of a fully wearable device. Previously researched passive concepts suppress
at least two-thirds of voluntary motion or induce unwanted amplification. The research indicated as semi-active also
reports high suppression of voluntary motion, but only one type of adaptable damper is evaluated. For the semi-
active suppression category more principles were found in a literature study across mechanical fields.

Table 1: Tremor and voluntary motion suppression results from previous research for different types and principles.
Some data was missing from the papers, so where possible estimates were made. For the pneumatic actuator of
Taheri et al. no specs on the required compressor power could be found. Herrnstadt & Memon don’t mention
which motor is used for the suppression, so no estimate could be made. For both Zamanian & Richer and Rocon
et al. a power estimate was made based on the motor’s efficiency and the reduction in tremor power. Rocon et al.
presented no suppression results on voluntary motion.

Author Year  Category Principle Suppression Weight Power
tremor voluntary

Hashemietal. 2004 Passive Tuned Mass  80% 67% 130g 0.0W
Damper

Buki et al. 2018 Passive Tuned Mass  86% -10% 280g 0.0W
Damper

Loureiro etal. 2005 Semi-Active Magneto rheo-  99% 86% 200g 4.0W
logical damper

Case et al. 2013 Semi-Active Magneto rheo-  83% 96% 204g  19W
logical damper

Taheri et al. 2014 Active Pneumatic ac-  98% <5%
tuator

Herrnstadt 2016 Active Rotational 99% 0% 1,600 g

and Menon Electric motor

Zamanian and 2017 Active Linear Electric  98% <1% 265g 4.0W

Richer motor

Rocon et al. 2007 Active Rotational 82% 80g 3.0W

Electric motor
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A.2 Harris Profile

A rubric (Table 2) is set up for systematic scoring of the different criteria in a Harris profile (Table 3). The different cri-
teria are also multiplied with a factor indicating the relative importance between the different criteria. Each principle
is then scored on each criterion with a value between -2 and 2, excluding 0.

Table 2: Rubric outlining the evaluation criteria used in the harris profile. The factors are determined in cooperation
with the vision of STIL B.V

Factor Scope +2 -2

Performance 3 Absolute tremor reduction po-  >95% suppression for a wide  <60% suppression for a single
tential. range of tremor frequencies. predetermined frequency.

Safety 3 Potential for physical harm  Unlikely and minor health  Occasional but severe health
based on a criticality matrix. risks. risks.

Compliance 3 Level of inhibition on volun-  Negligible suppression of fre- equal relative suppression
tary movement. quencies below tremor fre- across all frequencies

quency.

Range of 3 Possibility for reaching certain ~ No change in range of motion. ~ Decrease to half of initial range

motion wrist postures without regard of motion.
for required effort.

Ease of use 2 Required steps and effort for Incidental maintenance and Regular maintenance by the
user. recharging after at least 12  user and frequent charging of

hours. batteries.

Noise 2 Noise level during operation. Occasional or silent, almost A frequentor continuous noise
indistinguishable from back- equal to speech volume.
ground noise.

Weight 2 Total mass needed for a work- ~ Addition of only % timeshand  Addition of weight equal to

ing principle. and arm mass. the mass of hand and under-
arm.

Size 2 Total system volume. Equal or smaller than a tennis  Bigger than a melon.
ball.

Cost 1 System cost based on avail-  Availability of stock parts with  Much need for specialized
ability and need for special- only small adjustments and a  parts with limited suppliers.
ized suppliers. variety of suppliers.

Power 1 Expected electrical power use  Lower than estimated tremor  Twice as high as tremor power

for control electronics.

power (1.4 W)

estimate.

The Harris profile is color-coded to create a more visually appealing way of representing the scores. The colorcod-
ing also offers a quick way to identify the best and worst attributes for a given principle. The predominantly red and
orange in the upper part of the passive principles section clearly shows the unsatisfactory performance of passive
systems. The opposite is seen in the active principles, but these score badly in the criteria related to ergonomics and
comfort. Thus a compromise with ‘the best of both worlds’ is found in de Semi-active concepts, with in particular
AEMD scoring highest. This concept is essentially an electromotor with dynamic braking capability, which probably
explains the close score between the active electromotor and semi-active AEMD.

13



Criteria

Table 3: Color-coded Harris profile. Every criterion gets a score between —2 and +2 this is multiplied by the corresponding criterion weight and added in the bottom
row for a total score.

Principles
| passive | semi-active | active
Viscous Damped Electro- Electro Magneto Particle Valve Adaptive Piezo- elec- | Electric Pneumatic  Active
Damper Gyroscope  magnetic Rheologi- Rheo- damper Damper Electro- tric Shunt | motor motor Gymbal
Damper cal damper logical magnetic Damper Gyroscope
Damper Damper
Performance
Safety
X3 Compliance

Range of motion

x2

x1

Cost
Power

Ease of use
Noise
Weight
Size
S A 6 2 Emswmm 7 | 3B 5 1

Total Score

For more information on the principles compared in this Harris profile the reader is kindly referred to a literature study by the author. If this is not available to you

it is possible to contact the author for a copy of the document.



B | Concept Synthesis

B.1 Morphological overview

The results of the Harris profile determine the Adaptable Electromagnetic Damper (AEMD) principle to be a promis-
ing basis for a wrist tremor suppression concept. The concept is based on the principle of electromagnetic braking,
also called dynamic braking. Dynamic braking reverses an electromotor’s working by turning kinetic energy of
the motor’s rotor into electrical energy, thereby damping the rotation. The rotor of the electromotor has permanent
magnets that induce a current in the stator windings if the circuit is closed. This induced current creates an op-
posing magnetic field to that of the permanent magnets thereby providing a braking torque. This effect is called
back-electromotive force (back-EMF).

The plan for this research was to construct a proof of concept and validate its performance in selectively suppress-
ing tremor. A morphological chart in figure 13 has guided the choice of concept components and system structure.
First the AEMD principle had to be divided into subfunctions. Possible physical implementations were proposed
for all of the subfunctions. Next the physical implementations were combined into a number of plausible AEMD
concepts. Finally these concepts were evaluated and a concept was chosen based on expected performance.
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static magnetic field Permanent magnet Electromagnet
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Back-EMF Creation Co-axial Rotation  Non-co axial rotation Translation translation AC current
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Figure 13: The table above is a morphological chart. The main function of the desired product is subdivided into
subfunctions. The subfunctions each have multiple physical implementations. By combining subcomponents a
concept can be created. Theoretically such a matrix has a lot of permutations, but by carefully selecting components
which complemnent each other the nonsense concepts get filtered out in an early stage. On the other hand such
a diagram helps the creative process by not ruling out individual implementations of subfunctions, because the
value of a combination may be greater than that of the individual parts. The red green and blue dots denote three
different concepts. If you follow one color from top to bottom, then you find the components for that concept.

Three concepts were identified with the most a priori expected potential from the morphological chart, indicated
by the red, green and blue dots. These concepts were then evaluated for feasibility and tested with results from basic
models and/or physical prototypes.

B.2 Linear Electromagentic Damper (Green)

The first concept (Green) is constructed from a permanent magnetic core, which translates inside a set of copper
coils. A lever arm increases the stroke of the damper such that enough velocity can be built up. By connecting
reactive electric components such as capacitors to the coil terminals the electric system can be tuned to allow current
to flow for a specific set of frequencies.

The problem with this design was that due to the required length of the cylinder only part of the coils generated
Back-EMF at any moment in time. The prototype also required a heavy steel magnetic core to direct the magnetic
flux in the most effective way. This made the concept very volume and weight inefficient. Tests with a prototype
linear electromagnetic damper supported that the volume-specific dampingforce was much less than required.
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B.3 Back-driveable Ballscrew (Red)

The second concept (Red) uses a ballscrew to translate the linear translation of the dorsal side of the hand into
a rotation around that direction. Unfortunately that linear translation turned out to be less than expected for an
effective Back-EMF from an attached electromotor. Initially electrically filtering the back-EMF did seem to have a
lot of potential, but that turned out to be impractical based on the required capacitance level(s) (>10F). Besides this
it also turned out that the torque required to backdrive the coilscrew would not be small compared to the required
damping force. This meant that only a small amount of damping variation was possible, reducing the theoretical
maximum selectivity of the damping force.

B.4 Adaptive Electromagnetic Damper (Blue)

The third concept (Blue) simplified the motion transmission by connecting a planetary gearbox in line with the wrist
rotation axes. A dc-motor connected on the other side then generates a Back-EMF base on the wrist velocity scaled
with the gear ratio. An added benefit was that most electromotors can easily be fitted with an encoder and thus
the wrist angle and velocity were easily determined. The implementation of an electronically controlled variable
resistance turned out more complex than was imagined during the concept development. The relatively high voltages
and currents that would need to be regulated showed that a different approach was needed. To mimic the continuous
behavior of an analog potentiometer it was proposed to use a transistor using a Pulse Width Modulated signal (PWM-
signal). The electronic circuit would be loaded in two directions due to the reversal of motor Back-EMF polarity.
Transistors often have a freeflowing direction, which would let current flow regardles of transistor state. That is why
two transistors were needed to only allow current to flow from motor to ground trough one transistor at a time. The
two transistors and their relative connection is seen in Figure 4.

16



C | Separation of tremor from voluntary movement

The Normalized Peak Filter (NPF) described in this research is used to separate tremor frequencies from voluntary
movement frequencies. The advantage of the NPF over high-pass filtering or other frequency identification tech-
niques is that this filter induces no phase delay at its center frequency. Figure 14 shows the bode diagram of the
filter with a center frequency set to 3 Hz. Besides the frequency also the bandwidth and sample frequency have to

Bode diagram of NPF for f = 3 Hz
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Figure 14: Bode diagram of the NPF. It can be seen that the set center frequency of three hertz has the maximum
gain and no phase shift. The steepness of the peak can be adjusted by a bandwidth parameter, but this also affects
the filter’s settling time.

be set. The bandwidth determines the sharpness of the peak, but it also results in some lead-in behavior of the filter
visible in Figure 15. If the center frequency of the filter is coincident with the tremor frequency then the output is the
undistorted tremor signal with almost no voluntary movement components. For this study all experiments were de-
signed with constant frequency content so it sufficed to set the filter frequency before each trial. For actually filtering
a tremor signal it is necessary to determine the tremor frequency and shift the filter center frequency accordingly.

real-time implementation of NPF filter
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Figure 15: A signal with two sinusoids super imposed is filtered by the NPF. The low frequency oscillation of 1 Hz
is almost completely absent after filtering.
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