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Development of a Textile Integrated, Two-State
Controlled Tremor Suppression Orthosis

for the Wrist
Nicolas P. Fromme , Adrian Esser, Martin Camenzind , Veit Mylius, Christian Baumann, Fabian Büchele,

Robert Riener , Senior Member, IEEE, Peter Wolf , and René M. Rossi

Abstract—Tremor is one of the most common movement dis-
orders with the highest prevalence in the upper limb. Apart from
medication or surgery, the mechanical suppression of the invol-
untary movement with an orthosis can be used as alternative
treatment. Here we propose a controlled energy dissipating sup-
pression orthosis using a mechanical brake. For this approach,
we focused on improved wearability with voluntary movement
preservation and ergonomics while providing tremor suppres-
sion. The novelty of this orthosis is the decentralization of the
tremor suppression mechanism and the integration of textiles
in the orthosis structure. We performed computational and test
bench simulations of a controlled two-state brake with a 1D
human model to optimize the brake duration and timing. The
objective was to optimize the trade-off between tremor suppres-
sion and voluntary movement suppression. The textile-integrated
prototype, with the optimized parameter, was validated in a
proof-of-concept case study with a tremor-affected person per-
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forming activities of daily living. With the optimized parameters,
we achieved a tremor suppression of 78.8%, 66.5%, and 40.8%
for the simulation, test bench, and case study, respectively as mea-
sured by the change in power spectral density (PSD) at the tremor
frequency peak. While minimizing the voluntary movement sup-
pression in the simulation and test bench by introducing the
trajectory distance as new validation method (23.7% and 31.2%),
no voluntary movements suppression was measured in the case
study using PSD analysis. Our new orthosis has the potential to
become a daily wearable device that can improve the quality of
life for tremor-affected people.

Index Terms—Exoskeleton, soft robotic suits, tremor,
suppression.

I. INTRODUCTION

TREMOR is defined as the rhythmic and involuntary oscil-
latory movement of a body part [1]. It is one of the

most common movement disorders in adults [2]. Among many,
Essential Tremor (ET) and Parkinson Disease (PD) are the two
most common conditions causing tremor, and the hand is the
most affected body part [3], [4], [5], [6]. ET is observed in
4.6% of the population aged over 65 and in 21% over 95, while
PD is observed in 2% over 65 [7], [8]. ET incidences increase
with age, whereas young people can also be affected [9], [10].
Tremor can be distinguished between action and rest tremor
where rest tremor appears in the affected body part when it
is not voluntarily activated, and action tremor occurs with the
voluntary activity of the limb [11]. Tremor, especially action
tremor, disturbs activities of daily living. More than 65% of the
population with upper limb tremor have difficulties in activities
of daily living, including many working tasks [6], [12].

ET and PD cannot be cured, so treatments focus on reliev-
ing the symptoms and increasing the quality of life for
patients [13]. Medication is the most common treatment, with
reduced efficacy of 23% to 59% for PD [14] and 39% to
68% for ET patients [3]. However, 53% of patients will dis-
continue medical interventions due to side effects or lack of
efficacy [14], [15]. Deep brain stimulation (DBS) is the most
effective treatment but is reserved for advanced cases due to its
risk [3], [15], [16]. Up to 48% of patients undergoing surgery
for DBS faced adverse events [15], [16], [17].

Even with optimal medical or surgical intervention in
tremor patients still require physical and occupational ther-
apy interventions to promote full social participation [18].
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TABLE I
SUMMARY OF OBJECTIVES AND HYPOTHESES

For example, people who are refractory to medication, which
applies to 50% of ET patients, need additional treatments such
as functional electrical stimulation, limb cooling, vibration
and more recently peripheral electrical stimulation of afferent
(sensory) pathways [15], [19], [20], [21]. Peripheral electrical
stimulation is getting high scientific and clinical interest as
no surgical intervention is needed, wearable devices are avail-
able and the method has a reported efficacy of 40% to over
80% [19], [22]. Another promising approach is the external
treatment of tremor by physically suppression with the limb
by either modifying the joint impedance or introducing an
external force.

Tremor suppression orthoses have been developed for phys-
ical interaction with the (affected) limb. Such orthoses can
be classified by the type of tremor suppression mechanism
employed: active as force inducing, passive as energy dissipa-
tion and/or absorption, and semi-active as actively controlled
energy dissipation and/or absorption [23]. Active systems can
offer tremor suppression efficacies in the range of medica-
tion, but the high weights at the distal portion of the limb
and interference with voluntary movements lead to bad wear-
ability and poor acceptance by the wearers [24], [25]. Passive
mechanisms modify the human joint impedance by increas-
ing the damping, inertia and stiffness, which results in tremor
suppression [26], [27]. However, an increase in impedance
also decreases voluntary movements [28]. The active con-
trol of impedance with semi-active mechanisms allows tuning
the impedance according to the tremor frequency and indi-
vidual needs. Such an active control gives the possibility to
follow voluntary movements without the need for an actua-
tor and the accompanying high weight. Semi-active devices
rely on energy absorption mechanisms, such as pneumatic
cuffs [29]. Such systems can alternatively or additionally rely
on energy dissipation mechanisms, such as magnetic tuneable
viscous shear resistance (e.g., magneto-rheological fluids [27],
[30], [31], [32], [33], [34], [35]), or friction damping, such as
electromagnetic brakes [36].

The electromagnetic suppression mechanisms proposed by
Herrnstadt and Menon were developed for the elbow and
reported to have suppressed over 88% of tremor power
(healthy participants) [36]. The proposed suppression mech-
anism is promising, but as it is bulky and rigid and weighs
942g, wearability for everyday use is limited [37]. Semi-active

systems present the opportunity of combining the advantages
of passive system with its light weight and active systems with
the voluntary movement preservation.

Therefore, we propose a new approach with special empha-
sis on the wearability to implement an electromagnetic brake
with a controller into a tremor suppression orthosis. To over-
come many of the shortcomings, we propose a decentralized
electromagnetic brake that is placed at the forearm and is cou-
pled to the wrist via a rope. The brake can change between two
states where OFF implies no impedance change and ON high
impedance change (friction damping), switchable within mil-
liseconds. A two-state (ON/OFF) braking system was used as
the system actuator primarily for its simplicity, light weight,
and compactness. Such factors are integral for the develop-
ment and eventual adoption of soft wearable technologies
in and outside of the research environment, and should be
considered in the design process [38]. As tremor is most con-
centrated (highest peaks at a stereotyped frequency) in wrist
flexion-extension for action tremor such as ET, the device
was designed for this degree of freedom [39]. In Parkinson’s
Disease also pron-supination is predominant.

The brake, in combination with the active control, offers
the possibility to adapt the impedance in the millisecond
range. With this hardware, a mechanical notch-filter can be
designed, filtering only tremorous frequencies (ranging from
3Hz to 12Hz [4]) and preserving the frequency of voluntary
movements (ranging from 0Hz to 2Hz [40]).

To provide wearability and thus acceptance, the orthosis was
incorporated into textiles. Textiles are a favourable material
for wearable devices as they present flexibility, adaptability,
low weight, breathability, washability and soft hand-feel [41].
We present for the first time a tremor suppression ortho-
sis using textiles as well as a decentralized suppression
mechanism.

Our first objective (O1) was to identify control parame-
ters, brake duration and timing (delay time) of the brake
that maximally suppress tremor while minimally suppress-
ing voluntary movements (see Table I). Therefore, we first
optimized the control parameters through computer simulation
and determined the tremor suppression efficacy and voluntary
movement preservation as well as the influence on the human
joint system dynamics (O1.1). Additionally, we verified the
validity of the model on a test bench (O1.2).
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Fig. 1. Demonstrator of textile, semi-active orthosis, with the brake 1) connected to the thermoplastic plate 2), the rope 3), and gyroscope 4). The straps
5) and 6) are force anchoring points to the human.

The second objective (O2) was to evaluate the orthosis pro-
totype with the optimized controller in a case study. For this
objective, three hypotheses were proposed. First, we expected
that the proposed semi-active tremor suppression orthosis
would suppress tremor in the magnitude of 30% to 98% while
preserving all voluntary movements during different activities
of daily living. These values match the ranges of tremor sup-
pression seen in devices in the literature (hypothesis H1) [37].
Second, we expected that the perceived wearability and vol-
untary movement preservation of the orthosis would be rated
in the upper third of the custom questionnaire, indicating
acceptance of the device by the user (hypothesis H2).

Finally, we expected that the human trial study would
demonstrate the effectiveness of the optimal control parame-
ters for tremor suppression (hypothesis H3). It is also expected
to see a decrease in the efficacy of the system during subject
testing compared to the tests in simulation and on the test
bench.

II. METHODS

A. System Hardware Design

A textile-integrated orthosis was designed to improve wear-
ability for the wearer. The orthosis coupled the extension and
the flexion of the wrist with a rope (see Fig. 1). The rope was
anchored at the palmar and dorsal side of the hand. The rope
was deflected about 90◦ on the dorsal side of the forearm to
the volar side, where it was again deflected about 90◦ back
to the palm, creating a closed motion coupled loop. When
extending the wrist, the rope is pulled at the palmar side and
shifted from the dorsal side around the two deflection points
to the volar side and vice versa when flexing the wrist. At
the deflection point on the dorsal forearm side, a brake was
integrated. When activating the brake, the rope was held in
place, preventing its movement and thus of the hand.

The ON/OFF brake, an electromagnetic clutch (6W, 24V)
that generates a torque of up to 0.2Nm within 13ms by
friction (86 011.03.E00, Kendrion N.V., Amsterdam, The
Netherlands), was connected to a shaft onto which the
rope was spooled. The spooling shaft of the brake, with a
diameter of 12mm, was separated into two compartments,

one for the dorsal rope side and one for the volar side [42].
This design avoided an overlapping and therewith prevented
a blocking of the upwinding and unwinding rope. Even
though mostly textiles were used, the brake unit was screwed
onto a 1.6mm breathable (perforated) thermoplastic sheet
(1.6mm Rolyan Splinting Sheet, 13% UltraPerf Perforated,
Performance Health International Ltd., Sutton-in-Ashfield,
U.K.), which was slightly bent to fit the forearms shape.
Another piece of the thermoplastic sheet (ca. 30mm diameter)
was used to anchor the second 90◦ rope deflection point on the
palmar side of the forearm. To ensure minimal friction at the
deflection point, a BOA lace guide was implemented. The ther-
moplastics sheets were sewed from hand onto the textile. As
rope, a 0.4mm ultra-high-molecular-weight cord braided from
polyethylene spun fibres (Dyneema 50daN, Koninklijke DSM
N.V., Heerlen, The Netherlands) was used. Its low stretch of
<1% and low friction coefficient were desired for this appli-
cation [43]. When the brake was on, the stretch of the rope
acted as a spring by absorbing and delaying force transmis-
sion, and when the brake was off, the friction of the rope
on the guide and in the brake acted as a damper creat-
ing a resistive force. The rope was clamped on the dorsal
and palmar side of the hand using snap buttons. The reac-
tive forces of the brake mechanisms were anchored at the
elbow using a strap, which was based on orthopaedic tech-
nology measures. A similar force anchoring method is used in
prostheses [44]. In previous tests on healthy subjects, design
adaptations and parameter tuning were done to ensure no
restrictions in the range of movement before performing tests
with patience. Additionally, for increased force connection
of the textile orthosis to the wearers’ limb, the textile was
partially coated with silicon (Alpatec 30203, CHT Switzerland
AG, Montlingen, Switzerland). The silicon coating improved
the transmission of shear forces onto the skin, preventing chaf-
ing and shifting of the orthosis. The total weight of the orthosis
was 152g, not considering the power supply and controller.

A gyroscope sensor (FSM305, Hillcrest Laboratories, MD,
USA) running at 200Hz was placed on the dorsal side of the
hand, anchored and protected in a custom 3D printed housing.
Sensor data acquisition and brake controls were implemented
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Fig. 2. Control scheme of the orthosis. The Kalman filter combined with the WFLC provided a dynamic tremor estimation model ŝ(k) based on the angular
velocity ϕ̇sensor measured from the gyroscope sensor on the hand. The suppression controller triggered the step signal based on the zero-crossing of the
predicted tremor estimation model and delayed the onset based on the adjustable tremor delay time parameter. This controller adjusted the length of the brake
voltage step signal uc based on the brake duration parameter.

on a 32-bit microcontroller (Teensy 4.0, PJRC.COM, LLC,
OR, USA) running at 600MHz.

B. Control Strategy for Tremor Suppression

A mechanical notch filter should be realized by the brake
to mechanically filter the tremor-dominated frequencies, cre-
ating a counteracting force to the tremor. The brake control
was designed to brake periodically for an optimized dura-
tion and at an optimal time in the sinusoidal tremor cycle
(delay time). The optimized parameter were determined by
identifying the highest tremor suppression paired with the low-
est voluntary movement suppression. Determining the optimal
brake duration and timing was one objective in this study (O1).

1) Tremor Model: A tremor model was required to com-
pensate for the latency of the brake so that the brake could be
activated at any desired delay time. From the time when the
signal to the brake was given until the brake closed fully, 13ms
passed [45]. With a simple sensory-based threshold-crossing
control, like the one used by Kalaiarasi and Kumar [29],
the optimal offset in the tremor cycle might be missed.
Furthermore, a tremor model is important to analyze the
tremor frequency to assess and account for its frequency
shift, which is considered important to counteract tremor [46].
Tremor signals are non-stationary with variable frequency;
thus their analysis cannot be carried out using the conventional
Fourier transformation. Applying a discrete Fourier transfor-
mation to the signal reveals its spectrum of frequency content.
However, this spectrum does not show the time dependency
of the signal [47]. The control system required to dynami-
cally model the tremor velocity in real-time is based on the
received gyroscopic data. Here, we implemented a Weighted-
frequency Fourier Linear Combiner (WFLC) developed by
Riviere for the adaptive suppression of tremor for improved
human-machine control in surgery (see Fig. 2) [48]. The
WFLC is an adaptive algorithm that builds a tremor estimat-
ing, sinusoidal model by estimating its time-varying frequency,
amplitude and phase. Although other algorithms such as the

double adaptive bandlimited multiple Fourier linear combiner
provide better estimation accuracy [49], in this study, a WFLC
was adopted due to its lower computational cost [50]. Here,
the WFLC was used to estimate the first harmonic dominant
frequency. Equation (1) represents the time-varying sinusoidal
term of the Fourier series, where M defines the number of har-
monic frequencies for that model. At the discrete-time index k,
the estimate ŝik in (2) of the input signal sk (correspond-
ing to ϕ̇tremor) is calculated. Equation (3) defines the error
between the input signal and the estimate. A least squares
algorithm updates the estimates of dominant frequency ω0k

and the weight vector wk using this error term in (4) and (5).
The adaptation terms μ0, for the frequency ω0, and μ1, for
the weight vector wk affect the tracking ability and stability
of the estimation.

xrk =
⎧
⎨

⎩

sin
(

r
∑k

t=1 w0t

)
, 1 ≤ r ≤ M

cos
(

r
∑k

t=1 w0t

)
, M + 1 ≤ r ≤ 2M

(1)

ŝik = wT
k xk (2)

εk = sk − ŝik (3)

ω0k+1 = ω0k + 2μ0εk
(
w1k x2k − w2k x1k

)
(4)

wk+1 = wk + 2μ1xkεk. (5)

Here, the number of harmonic frequencies M of the model
was fixed to 1 as only the first harmonic frequency, the tremor
frequency, was targeted. The adaptations term were determined
in preliminary experiments and set to μ0 = 2 · 10−7 and
μ1 = 0.01 with a starting frequency ω0k=0=6Hz.

The power of tremorous movements is smaller than that
of voluntary origin which is why the WFLC can converge
towards the voluntary component [48]. Therefore, the tremor
signal needed to be isolated from voluntary movements orig-
inating from the wrist, and as we were using only one
sensor, also from other motions of the body measured at the
hand. An estimation of the voluntary movement component
was subtracted from the sensory signal to generate the iso-
lated tremor signal. Here, a Kalman filter was chosen, as
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it is a widespread estimation algorithm for real-time human
motion tracking [51], [52].The Kalman filter is separated into
two update states: the time update and the measurement
update [53], [54]. The time update (6) and (7) were responsi-
ble for projecting forward in time and obtaining an estimate of
the state at the next time step, acting as a predictor. The mea-
surement updated (8), (9), and (10) incorporating the new mea-
surement to improve the estimate, acting as a corrector where

• Ak is the state-transition model,
• Hk the observation model,
• K the updated Kalman gain,
• Qk the covariance of the process noise,
• Rk the covariance of the observation noise and
• B the control input model which applies to
• uk, the control vector.

x̂−
k+1 = Ak̂xk + Buk (6)

P−
k+1 = AkPkAT

k + Qk (7)

The updated state x̂k was an estimate at the time k based on
the actual measurement zk (corresponding to ϕ̇sensor). Pk was
the estimated covariance matrix, a measure for the estimated
accuracy of the state estimate.

The state-transition model was set to A=[1, T; 0, 1], the pro-
cess noise vector covariance matrix to Q=[0, 0; 0, 0.0125]*T)
whereas T the sample time was. The measurement noise
vector covariance was dimensioned to R=0.0643 based on
preliminary experiments.

Kk = P−
k HT

k

(
HkP−

k HT
k + Rk

)−1
(8)

x̂k = x̂−
k + Kk(zk − Hk̂x−

k ) (9)

Pk = (I − KkHk)P
−
k (10)

The Suppression Controller created a step voltage signal
uc for the brake, based on the zero-crossing of the estimated
tremor signal ŝip of the WFLC, where p is a future time step of
the prediction. Here, the length of the step signal was adjusted,
as well as the delay time. The delay time was timing as a
percentage of the tremor cycle calculated from the tremor
frequency ω0k in which the brake was activated. The tremor
prediction time was set to 13ms as the brake needed 13ms to
close.

As the step signal duration and delay time needed to be
adjusted with 1ms range, the Suppression Controller had
a sampling frequency of 1000Hz The sampling frequency
of the gyroscope, Kalman filter, and WFLC was 200Hz,
which is high enough for tremor assessment and processing
(1000Hz was not possible due to the capabilities of the gyro
sensor).

C. System Model

When evaluating a tremor suppression mechanism, it is
advantageous to simulate the human input to improve the
performance of the system before human trials [55], [56], [57].
Here, we designed a computational simulation and validated
the results with a test bench to determine the optimal brake
duration and delay time. For the computational simulation
and test bench, the human joint was simplified as a 1 DOF

with only wrist flexion-extension. The controlled brake was
attached to this modelled human joint to determine the optimal
parameter and investigate the tremor suppression efficacy
of the mechanism. The optimum was here defined as the
maximum of tremor suppression whilst minimum voluntary
movement suppression.

The human muscles can be compared to viscoelastic struc-
tures, as they are involved in damping [58]. Therefore, the
human system was modelled as a spring-damper with a rotary
mass. Even though reflexes can modulate the viscous and elas-
tic components of the mechanical impedance provided by the
muscle [59], we assume that this effect was neglectable and
simplified the human as an open-loop system without any
changes in the impedance or planned trajectory (as it was done
in numerous publications [30], [31], [32], [33], [34], [35], [47],
[56], [57], [60], [61], [62], [63], [64], [65]). The rotary mass
inertia JH of the human hand was set to 0.00285Nms2/rad, the
damping BH to 0.04Nms/rad, and stiffness KH to 1Nm/rad,
according to the literature [47], [56], [60], [61], [62].

D. Computational Model

A 1-DOF model of the human wrist as well as of the
control system with brake was designed using MATLAB
Simulink (R2021a, The MathWorks Inc., MA, USA) (see
Fig. 3). The brake was implemented into the computational
model as a logic-controlled friction clutch with a friction
torque of 0.2Nm. The wrist was modelled as a rope drum
with a radius of 30mm connected to the brake, which had
a radius of 6mm with idealized ropes (torque transmission
ration r=1/5). The lever of 30mm at which the rope was
connected to the wrist was an estimate based on anthropo-
metric data and which also corresponded to literature [66].
The rotary mass was also connected to a rotary spring and
damper simulating the wrist impedance. The wrist, brake,
rope, spring and damper were modelled using Simscape
mechanica blocks. The Kalman filter was implemented into
Simulink after Busarello and Simões [67].

E. Test Bench

The test bench incorporated the same controller, rope and
brake used in the orthosis. With the test bench, the simulated
brake mechanism with the control loop was validated with
the actual elements used with the orthosis. The human model
was incorporated into the test bench with a physical rotating
mass actuated by a motor and a virtual spring-damper (hybrid
human model). The rotating mass had the defined mass of
inertia of the hand model, including the drivetrain consist-
ing of electrical motor, gear, shaft and encoder. The electric
motor (DCX 35 L, Maxon Motor AG, Obwalden, Switzerland)
was connected by the gear with a transmission ration of 3.9
(GPX 37, Maxon Motor AG, Obwalden, Switzerland) to the
encoder with 2000 increments (8661-5005-V0400 with angle
measurement, Burster Präzisionsmesstechnik GmbH & Co.
KG, Germany) (see Fig. 4). The motor was torque con-
trolled by the microcontroller on a higher level, with an
interface to LabVIEW (LabVIEW Full Development System
2019.0.1f1 (32bit), National Instruments Corp., TX, USA)
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Fig. 3. Control scheme of simulation. The Kalman filter combined with the WFLC provided a dynamic tremor estimation model ŝ(k) based on the angular
velocity ϕ̇sensor received from the human model. The suppression controller triggered the step signal based on the zero-crossing of the predicted tremor
estimation model and delayed the onset based on the adjustable tremor delay time parameter. This controller adjusted the length of the brake voltage step
signal uc based on the brake duration parameter. A defined torque, a combination of tremorous and voluntary movements, interacted with the human model.

where a defined torque profile was read into. The microcon-
troller also received position measurement from the hall sensor
with which the virtual spring and damper were implemented
(see Fig. 5). On the lower level, the motor was controlled by a
motor controller (EPOS4 Compact 50/5 CAN, Maxon Motor
AG, Obwalden, Switzerland) running at 50kHz for current
control.

H(s) = ϕ(s)

τd(s)
= 1

JHs2 + BHs + KH
(11)

P(s) = ϕ(s)

τd(s)
= 1

JHs2 + (BH + BP)s + KH + KP
(12)

G(s) = ϕ(s)

τd(s)
= 1

JHs2 + (BH + BSA(c))s + KH
(13)

F. System Dynamics Determination

The impact of the mechanism (controlled brake) on the
human wrist joint dynamics was analyzed with special empha-
sis for the range of voluntary movements, below 2Hz, and
tremorous movements between 3Hz and 12Hz. Therefore, the
system dynamics of the raw human wrist joint were deter-
mined and compared to the one of the human wrist joint in
the controlled loop interacting with the brake.

Depicting the system dynamics of the mechanism, bode
plots of the adaptive control loop transfer-function, includ-
ing the human dynamics, were generated by determining
the system response of a sinusoidal input disturbance torque
(instead of the muscle torque) at the frequencies between
0.1Hz to 15Hz. With a discrete Fourier transformation, the
change in amplitude magnitude was calculated, comparing
the input signal (torque) with the output signal (position) at
the given frequency. Additionally, the phase shift of the out-
put signal compared to the input signal was calculated. The
phase shift was plotted only for the frequencies of the distur-
bance torque at which voluntary movements occur, as a phase

Fig. 4. Test bench setup with rotary mass 3) connected to the brake 1) via
the rope 2). The rotary mass 3) was coupled to the motor with gear and hall
sensor 5) through the encoder 4). The motor 5) was controlled on the low
level by the motor controller 6) and on the high level by the microcontroller
7), which also estimated the tremor and controlled the brake 1).

shift influenced primary voluntary movements. A phase shift
in tremorous frequencies was not relevant so they were not
depicted.
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TABLE II
HUMAN JOINT DYNAMICS AND SPRING-DAMPER VALUES OF PASSIVE DAMPING MECHANISMS

FROM LITERATURE FOR THE TRANSFER FUNCTIONS P(S)

The system dynamics of the raw human joint served as a
point of reference for the system dynamics with the interfering
tremor suppression mechanism. Here, the human joints system
was modelled as a continuous-time all-pole second-order
transfer function H(s) as in (11). Our brake was seen as a
damper function of the controller BSA(c) which was repre-
sented as second-order transfer function G(s) as in (13). To
calculate the system response of the mechanism, the adap-
tive controller was restricted to one fixed frequency of 6Hz,
mimicking a tremor frequency. This served the purpose that
the impact of the semi-active system on the surrounding
frequencies was visible. A second system response of the con-
trolled brake being adaptive (free) was calculated, representing
the adaptability of the controller and efficacy of the mecha-
nism at all frequencies. The brake duration and delay time of
the controller were selected based on the determined optimum
parameter.

Additionally, passive tremor suppression systems based on
literature values were modelled as a second point of reference.
The human transfer function H(s) was extended with spring-
damper values BP and KP (see Table II), resulting in the new
continuous-time all-pole second-order transfer function P(s)
in (12).

The simulated system response of the controlled brake with
the human joint model G(s) as well as the response of the
modelled human joint system H(s) was validated with the test
bench (G′(s) and H′(s)).

G. Controller Parameter Determination

1) System Dynamics: The brake and suppression control
were designed to close the brake periodically for an optimized
duration and at the optimal delay time in the sinusoidal tremor
cycle of the dominant frequency while not influencing the
other frequencies. One objective (O1) of this study was to
determine the optimal duration and delay time. Therefore,
the system dynamics for the different control parameters
were investigated. Bode plots of the adaptive control loop
transfer-function G(s) for a variety of control settings were
generated with the computational model. To investigate the
influence of the delay time parameter on the system dynam-
ics, the brake duration was set to 25ms, a point of reference
from Herrnstadt and Menon [36], whereas the delay time
was adjusted between 0%, 5%, 10%, 20%, and 30%. To

investigate the influence of brake duration on the system
dynamics, the delay time was set to 5% and the brake
duration adjusted between 5ms, 10ms, 20ms, 25ms, 30ms,
and 40ms.

2) Tremor Simulation: To identify the optimal control
parameter with a two-state suppression mechanism, measured
tremorous movement data were used to run the computa-
tional model. Here, the optimum was defined as the maximum
tremor suppression and minimum voluntary movement sup-
pression. Timmer et al. attached accelerometers to the dorsum
of the outstretched hand to measure and analyze pathological
tremor [68].

Those movement data from five ET and five PD partic-
ipants were used to compute the generated torque by the
muscles to execute the measured movement, using the inverse
dynamics of the human wrist joint. With those torques, the
tremor and voluntary movement suppression for different con-
trol parameters were determined. The system model behaviour
was simulated with all combinations of control parameters of
the brake duration of 0ms to 100ms in 1ms steps and delay
time of 0% to 50% in 1% steps, leading to 5151 simulations
per participant data. From those simulations, tremor and volun-
tary movement suppression heat maps were perceived for each
tremor dataset. The optimum parameter was computed by first
creating a new heat map subtracting the mapped percentual
tremor suppression from the mapped voluntary movement sup-
pression and adding 100% for positive values (referred as
Voluntary-Tremor+100), and second finding the minimum of
this subtraction map.

The optimum brake duration and delay time, determined
by the computation model for each dataset, were validated
in a cross-section method on the test bench. Therefore, the
optimum brake duration was combined with the delay times of
0% to 50% in 5% steps, and the optimum delay time combined
with the brake duration of 0ms to 100ms in 5ms steps. The
cross-section method, exemplary, for the first ET participant
dataset, ET01, was run five times on the test bench to depict its
variability. Furthermore, the randomly selected dataset ET01
was validated on the test bench with all combinations with a
delay time of 0% to 50% in 5% and brake duration of 0ms to
100ms in 5ms steps. Here, only one dataset was selected to
limit the number of runs on the test bench.

The tremor suppression efficacy was determined by calcu-
lating the power spectral density (PSD). This determines the
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Fig. 5. Control scheme of the test bench. The Kalman filter combined with the WFLC provided a dynamic tremor estimation model ŝ(k) based on the angular
velocity ϕ̇sensor received from the hybrid human model (physical and virtual impedance). The suppression controller triggered the step signal based on the
zero-crossing of the predicted tremor estimation model and delayed the onset based on the adjustable tremor delay time parameter. This controller adjusted
the length of the brake voltage step signal uc based on the brake duration parameter. The motor applied a defined torque, a combination of tremorous and
voluntary movements, accelerating the rotary mass. Based on the position measured by the hall sensor, was a virtual spring-damper calculated and subtracted
from the defined torque in a feedback loop.

tremor power, defined as the power of the angular acceleration
(derivative of the angular velocity measured by the gyro
sensor) deg2/s3 over its frequency in Hertz, plotted as in dB.
The PSD was calculated using the Welch-Bartlett Method
(based on fast Fourier transform) using a 50% overlap of
500 sample Hamming windows [23], [69], which is the most
common method for tremor analysis [70]. To determine the
power suppression of tremor and voluntary movements, the
dominant tremor power frequency was identified in the range
of 3Hz to 12Hz [4] for an activated and deactivated mech-
anism. The difference in PSD between the activated and
deactivated mechanism was converted to a tremor suppression
percentage.

The impact of the tremor suppression mechanism on volun-
tary movements are often determined by calculating its power
as it is done for tremor, but in the range below 2Hz for vol-
untary movements [40]. However, even if the PSD of the
voluntary movement is the same, the trajectory can be dif-
ferent compared to the intended one, for example, with a
delay. Any difference compared to the planned trajectory is
perceived as a disturbance of voluntary movements by the
human. For the computational simulation and the test bench,
we defined the suppression of voluntary movements by the
distance between the intended trajectory and the executed tra-
jectory as in (14) [71], whereas the distance of no movements,

mfixed, corresponds to 100% as in (15).

m = 1

n

n∑

i=1

di (14)

V = mclutch

mfixed
· 100 % (15)

H. Orthosis Proof-of-Concept Verification Study

The objective (O2) of this study was to evaluate a semi-
active, textile-based orthosis with one tremor affected partic-
ipant in activities of daily living, differentiating between the
performed tasks.

One experimental session (1 hour) included three sequences
of measurements. Each sequence included the same set of
tasks of daily living. One sequence was performed with the
orthosis in the inactive state. The other two sequences were
performed with the orthosis active but with two different pairs
of control settings. One pair of control settings, i.e., braking
duration and delay time, represented the optimum determined
in the simulations, the other setting was a randomly chosen
pair that performed worse in the simulations.

The performed tasks were part of the standardized motor
tasks of the WHIGET Tremor Rating Scale Test [72], which
is used for clinical tremor rating. The chosen tasks included
drinking from a cup full of water (Drinking), pouring water
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Fig. 6. Bode plot with change in magnitude in (a) and phase shift over the frequency w in (b). The modelled human joint dynamic second-order transfer
function H(s) as well as the measured system dynamics on the testbench H’(s). The passive suppression transfer functions P1(s), P2(s), and P3(s) were
modelled. The system dynamics G(s) with 25ms brake duration and 5% delay time as well the corresponding test bench dynamics G’(s) and the free controller
system dynamics Gfree(s) were depicted.

TABLE III
QUESTIONNAIRE (QUESTIONS REGARDING THE ORTHOSIS IN GENERAL

AND FOR EACH PART OF THE TESTS: INACTIVE, ACTIVE 1 AND ACTIVE 2)

into a cup from a 0,5l bottle (Pouring), spooning water
from a bowl up to the mouth (Spoon-Up) and following
an Archimedes spiral on a paper with a pencil (Drawing-
Spiral). Each task was repeated five times to generate a task
average. The different tasks in a sequence were completed in
a randomized order.

The gyroscope at the hand from the orthosis was used
for motion tracking. The angular velocities for the hand
angles were sampled at a rate of 200Hz. The signal was
filtered with a high-pass Butterworth filter at 0.1Hz and a
low-pass Butterworth filter at 15Hz to remove movement
artefacts. Furthermore, the PSD for the wrist radial-ulnar
deviation, wrist flexion-extension, and pronation-supination
was calculated. The tremor power suppression and voluntary
movement suppression in the PSD were calculated using the
same method used in the parameter determination for the
wrist flexion-extension, pronation-supination and radial-ulnar
deviation.

After the session, a questionnaire was answered investigat-
ing the impairment of voluntary movements and comfort of the
orthosis for the three sequences (see Table III). Additionally,
it was asked if the appearance of the orthosis pleases and
if the orthosis would be worn. A numeric rating scale from
1 to 6, where 6 is good or agree and 1 bad or disagree,

was chosen. The scale corresponds to the school system
grading (Switzerland) and was therewith easy relatable for our
participants.

The study was conducted with one ET affected participant,
aged 69 years. The participant was free of any other condition
affecting upper limb movements or motor control (e.g., spas-
ticity, paralysis or muscular insufficiency) and had no known
injuries or illnesses that may have affected safe participation.

For the data post-processing MATLAB (R2021a, The
MathWorks Inc., MA, USA) was used. Due to the small sam-
ple size, no statistical test was conducted. Instead, the 95%
confidence intervals for the mean of each task in each sequence
were calculated from the repetition under the assumption of a
normally distributed population. The data distribution and con-
fidence intervals were graphically analyzed using a boxplot.
Here, the box represents the standard deviation with a mark
for the mean, while the whiskers represent the 95% confi-
dence interval. Non-overlapping confidence intervals indicated
a possible difference between the datasets.

The study and experimental protocol were designed in
accordance with the Swiss Federal Act on Research involv-
ing Human Beings. The measurements were approved by the
ethics commission of ETH Zurich in accordance with the
Declaration of Helsinki (EK 2021-N-164). The participant vol-
unteered and gave written informed consent to participate in
the study.

III. RESULTS

A. System Dynamics

The system dynamics, in the form of a Bode plot, of the
test bench and computational simulation behaved similarly to
the modelled second-order transfer function of the raw human
wrist joint H(s) (Fig. 6). The semi-active mechanism, with the
controller fixed to 6Hz, showed a drop at 6Hz of 15.7dB for
the computational simulation G(s) and 19.6dB for the test
bench G’(s) compared to the corresponding wrist dynamics
H(s), equivalent to 83.6% and 89.5% reduction of amplitude
at 6Hz. The maximum deviation of amplitude of G(s) in the
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Fig. 7. System dynamics parameter comparison. (a) and (b) presents the change in magnitude of G(s) for different parameters compared to the human
modelled dynamics H(s). (c) and (d) presents the changed magnitude in the frequency of 6Hz. In (e) and (f) are the phase shifts of the system dynamics.
Different brake duration at 5% delay time was compared in (a), (c) and (e). Different delay times at 25ms brake duration were compared in (b), (d) and (f).

range of voluntary movements, below 2Hz, was an increase
of 1.9dB (19.7%) at 2Hz. The phase shift in the compu-
tational simulation and test bench diverged with increasing
frequency with up to 16.4◦ and 9.9◦ at 2Hz, respectively.
The dynamics Gfree(s), where the controller adapted to the
frequency, provided the maximum tremor reduction for each
frequency. The dynamics of the passive suppression systems
P1(s) [73], P2(s) [66], and P3(s) [26] lowered the magni-
tude at 6Hz by 6.03dB (50.1%), 37.35dB (98.6%) and 5.15dB
(44.7%).

B. Controller Parameter Determination

The system dynamics for the different control parameters
derived from computer simulation were depicted with a Bode
plot (see Fig. 7).

1) Brake Duration: The brake duration parameter had a
primary impact on the tremor suppression compared to the
impact of the delay time. The longer the brake was activated,
the more tremor amplidute was suppressed. A brake dura-
tion of 5ms, at the delay time of 5%, reduced the amplitude
magnitude at 6Hz by 5dB (47.8%), while a brake duration of
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Fig. 8. Overview of simulation results. (a) the optimal parameter for the five ET and PD datasets resulting from the computational simulation. (b) the
resulting tremor and voluntary movements suppression in computational and test bench simulation for all datasets.

40ms reduced the amplitude by 21.7dB (91.8%). The longer
the brake duration, the more amplitude suppression were also
recorded in the frequency of voluntary movements, below 2Hz,
ranging between 0.7dB and 1.7dB (7.8% and 17.9%, respec-
tively). A phase shift between 8.3◦ at 5ms and 23.7◦ at 40ms
was recorded at the system output.

2) Delay Time: The delay time had a stronger influence
on the phase shift of voluntary movements compared to the
brake duration. At 2Hz, the phase was shifted by 7.6◦ for
0% offset and 34.4◦ for 30% delay time (while simulating
a brake duration of 25ms). The amplitude magnitude at 2Hz
was changed by 1dB at 0% offset and 1.7dB at 30% offset,
corresponding to 10.8% and 17.9%. The tremor amplitude of
6Hz was reduced by 16.5dB (85.1%) for 5%, 10%, and 20%
delay time. An offset of 0% was, in comparison, less amplitude
reducing with 12.9dB (77.4%) to 30% delay time suppression
10.9dB (71.5%) tremor amplitude.

The optimum regarding maximum tremor suppression and
minimal voluntary movement suppression was determined
for those datasets (see Fig. 8). The computationally simu-
lated tremor suppression with the optimized parameter was
in mean 78.8% (from 69.2% to 86.9%), with a mean vol-
untary movement suppression of 23.7% (from 14.0% up to
34.6%). The optimal parameter varied between the datasets,
whereas all data sets except PD04 had the optimum brake
duration between 16ms and 29ms. The optimum delay time
was either between 2% and 9% or between 26% and
34%. The mean tremor suppression determined with the test
bench was 66.5% (from 50.4% to 86.1%), while the volun-
tary movement tremor suppression was 32.2% (from 23.0%
to 36.5%).

Compared to the different passive suppression mechanisms,
running the simulation with the dataset ET01 (exemplary
dataset), our proposed semi-active system suppressed more
tremor energy while preserving more voluntary movements
(see Fig. 9).

Fig. 9. Comparison of passive tremor suppression to controlled, two-state
suppression G(s) on the dataset of ET01. Gopt1(s) and Gopt2(s) are the two
identified parameter optima. Passive linear dampers without spring were con-
nected with a dotted line where the damping constant B increases from left
to right.

The computational simulations were Verified with a test
bench for the dataset ET01 (see Fig. 10). Verifying the simu-
lation results with the test bench in the cross-section method
confirmed the outcome of the simulation regarding brake dura-
tion, especially for durations up to 50ms (see Fig. 11). Brake
duration higher than 50ms caused a higher suppression of
voluntary movements on the test bench compared to the sim-
ulation. The test bench results of the cross-section method
for ET01 had a standard variation between 0.2% and 3.7%
suppression.

The root-mean-square (RMS) error between the test bench
and simulation was between 22.8% and 39.6% for the
voluntary movements and between 3.6% and 8.8% for tremor
with a fixed delay time. The RMS for fixed brake duration
was between 4.2% and 21.7% for voluntary movements and
between 10.9% and 22.4% for tremor.
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Fig. 10. Computational simulation compared to test bench. (a), (b), and (c) the computational results. (d), (e), and (f) the test bench simulation results. (g),
(h), and (i) the difference between the computer and test bench. In (a) & (d) the tremor suppression, (b) & (e) the voluntary movement suppression and (c) &
(f) the Voluntary-Tremor+100% to identify the optimum for the combinations of brake duration and delay time.

C. Orthosis Proof-of-Concept Verification Study

The PSD of the participant’s hand movement was depicted
for the different tasks of wrist flexion-extension, pronation-
supination, and radial-ulnar deviation, between orthosis off
and orthosis on with optimal parameter with a brake duration
of 25ms and delay time of 5% (see Fig. 12). The PSD of the
wrist flexion-extension with the orthosis brake on the optimum
parameters showed a possible difference in tremor compared
to orthosis brake off (because of non-overlapping confidence
intervals) for the tasks Drinking, Pouring and Drawing-Spiral
by 41.1%, 55.3% and 26.0%, respectively (see Fig. 13 and
Table IV). Comparison of the drawn spirals with the orthosis
brake turned on and off by eye did not show a visual differ-
ence. No difference was recorded between the orthosis bad
parameter and orthoses off. Furthermore, neither with opti-
mum parameter nor with bad parameter were the voluntary
movement power impaired.

The participant rated the orthosis when turned off as well
as turned on with both settings not impairing voluntary
movements (rated 5 out of 6 where 1 means disagree and

6 agree). The participant rated the orthosis for all cases as com-
fortable (rated 5 out of 6). In general, the participant rated the
orthosis as lightweight and unobtrusive (rated 5 out of 6) and
stated that the orthosis would be worn (rated 6 out of 6). The
appearance of the orthosis did not please the participant and
was rated 1 out of 6.

IV. DISCUSSION

A. Control Parameter and Efficacy

1) Simulation Validation: The design of the human model
as a linear 1 DOF spring-mass-damper representing only wrist
flexion-extension impedance, neglecting radial-ulnar deviation
and pronation supination was a simplification of our modelled
system. The wrist impedance is non-linear and depends on the
position [74], [75]. A radial or ulnar deviation of the wrist
will change the impedance in flexion-extension. However,
this simplification is a common method in the literature. Our
proposed mechanism, including the control strategy, functions
independently of any prior knowledge of the joint impedance
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TABLE IV
OVERVIEW OF MEAN AND LIMITS OF THE 95% CONFIDENCE INTERVAL FOR THE DIFFERENT TASKS AND THEIR CONDITIONS

as it simply modifies the impedance by adding a damping
component. The prevailing joint impedance, linear or non-
linear, does not influence the added damping. Taheri et al.
proved with their semi-active mechanism that a different joint
impedance does not change the amplitude magnitude of tremor
suppression [56].

We chose, based on anthropometric data and literature, a
lever of 30mm as the connection point to the wrist for this
mechanism [66]. The anthropometry varies between individu-
als changing this lever and therewith also the transmission ratio
between the wrist and the brake mechanism. The transmission
ratio changes the transmitted torque as well as the transmitted
angular velocity of the brake. As the brake can apply 0.2Nm
and tremor of up to 0.4Nm can occur in the wrist flexion-
extension [31], [35] a lever of at least 12mm (transmission
ratio of 2) is required.

While the simulation was a purely virtual, idealized
model, the test bench implemented all characteristics from
the mechanisms used in the orthosis, which were simpli-
fied from the virtual model, e.g., the elasticity of the rope
and the friction damping characteristics of the brake. The
human model remains simplified in the virtual and physical
models.

Compared to the test bench, the setup of the orthosis
was influenced by the compliance of the soft tissue, as it is
interacting with the human. Therefore, a lower efficacy was
expected for human trials.

System Dynamics: The modelled brake mechanism of the
simulation needed to be verified with a test bench regarding the
validity of its results (O1.2). Therefore, the system dynamics
were compared and analyzed, using bode plots, as well the
behaviour with tremor datasets.

The measured system dynamics of the test bench H’(s) com-
pared to the modelled transfer function H(s) has a slightly
shifted peak of the amplitude magnitude, which represents the
eigenfrequency of the system. Else, the system dynamics H’(s)
as well G’(s) behaved similar to the modelled H(s) and sim-
ulated G(s) in the Bode plot (see Fig. 6). Discrepancies were
caused by inaccuracies in the torque output of the system,
influenced by the current controller of the motor, play in the
gear and friction in the system, which was tried to be compen-
sated. Furthermore, the rotary mass of inertia was calculated
based on datasheets where inaccuracies as well neglected
inertias (e.g., bearings) may have accumulated to an error.

Despite the small differences in the eigenfrequency, the sim-
ulated G′(s) as well as the system dynamics G′(s) of the
test bench present the desired notch-filter behaviour at 6Hz
(Fig. 6). The analysis of the system dynamics of the test bench
provides us with the validity of the computational simulation
for the detected optimal parameter combination. Future devel-
opments of tremor suppression orthoses can therewith be first
designed in a computer simulation to predict their behaviour
to then tune the design parameter before building a physical
prototype.

Compared to the modelled system dynamics of the
wrist in combination with passive tremor absorbers P(s),
our presented tremor suppression mechanism G(s) showed
a higher amplitude magnitude reduction at tremorous
frequencies. Furthermore, the system dynamics G(s) at vol-
untary frequencies, below 2Hz, had a lower discrepancy to
the original wrist dynamics H(s) compared to the passive
absorbers from the literature regarding amplitude magnitude.
The frequency shift discrepancy was also less compared to
the simulated dynamics extracted literature, except P3(s) as a
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Fig. 11. Cross-section method results. Tremor and voluntary suppression for ET01 determined by computer simulation and test bench with standard deviation
for a fixed delay time of 5% (a) and fix brake duration of 19ms (b). Difference between computer simulation and test bench for tremor suppression at fix
delay time in (c) and fix brake duration in (d). Difference between computational and test bench for voluntary movement suppression at fix delay time in
(e) and fix brake duration in (f). Voluntary movement suppression higher than 100% means that the measured trajectory distance is higher than the one of no
movement. Pink Y axis represent voluntary movement suppression whereas the black Y axis shows tremor suppression.

spring was used, which reduced the magnitude by 10dB at low
frequencies (see Fig. 6).

Tremor Simulation: Validating the tremor data simulation
results with the test bench confirmed the outcome of the
simulation regarding brake duration, whereas the delay time
deviated more, such that the test bench suppressed more tremor
and more voluntary movements. A difference between the
simulation and test bench was expected as the test bench
included the stiffness of the rope as well as the non-idealized
brake. The test bench was also influenced by the play from

the gear, which smoothens the sensory read compared to
the simulation. This difference generates a different tremor
estimate which causes the brake to be activated inaccu-
rately. Analyzing the data qualitatively, an earlier onset of
the brake on the test bench compared to the simulation was
observed.

The simulation did not depict longer brake duration accu-
rately, especially for voluntary movements (see Fig. 10h and
Fig. 11e). This behaviour can be attributed to the missing
implementation of the latency time of the brake into the
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Fig. 12. Movement Power (PSD) of the wrist flexion-extension, pronation-supination and redial-ulnar deviation movement with an orthosis brake turned off
(blue) and orthosis brake on (orange) with optimized brake duration of 25ms and delay time of 5% (first optimum) for the task (a) Drinking, (b) Pouring,
(c) Drawing-Spiral, and (d) Spoon-Up. For the wrist flexion-extension power the standard deviation is indicated with the shadow.

simulation. It was implemented that the activation of the brake
is delayed by 13ms, but for the physical brake on the test
bench, the voltage was given 13ms earlier and longer com-
pared to the simulation to build up the magnetic field and
close the brake. The observed effect was that the overall
activation voltage duration on the test bench, at ca. 80ms,
exceeded the tremor cycle duration so the programmed delay
time (timing in the cycle) was missed, and it waited for the
next cycle. Therewith, the brake skipped every second brake
onset compared to the simulation, and more tremor and vol-
untary movements occurred. This effect was also observed in
the simulation but with a higher brake duration, starting at ca.
90ms, as the latency did not add on top (see Fig. 10a & b). The
test bench validated the simulation below 80ms by behaving
similarly.

2) Parameter Determination: Impedance controllers for
tremor suppression commonly rely on assumptions or prior
knowledge of the human musculoskeletal system parame-
ter [55], [56], [76]. We applied a WFLC, which did not need to
rely on such assumptions or prior knowledge but adapted itself

to the different tremor types by predicting the time-varying
frequency, amplitude and phase.

Using a gyroscope or acceleration sensor has the limitation
that a tremor can never be fully suppressed as the movement
is needed to feed the controller with the tremor to stay sta-
ble. To overcome this issue future, further improved system
can rely on the muscles activities (EMG) as input signal for
the controller However, to prevent any instability of the con-
troller, the WFLC frequency was limited to be between 2
to 12Hz which got reset to 6Hz in case of boundary break
through.

Herrnstadt and Menon identified the potential disadvantage
of a two-state semi-active mechanism of being perceived as
uncomfortable by the abrupt interruption of movements [36].
However, they hypothesized that an advanced controller could
improve adaptability and help mitigate. Here, the compli-
ance from the orthosis smoothens those abrupt interruptions
by the brake, which was confirmed by the gyroscope data.
Furthermore, the participant did not report any perception of
discomfort related to abrupt interruptions by the brake.
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Fig. 13. Movement power comparison. Determined tremor power (a) and voluntary movement power (b) with orthosis brake mechanism off (Off), with
orthosis mechanisms on with optimized brake duration of 25ms and delay time of 5% of the first optimum (Opt) and with orthosis mechanisms on but with
brake duration of 25ms and delay time of 40% (Bad). The box represents the standard deviation with the mean mark, while the whiskers represent the 95%
confidence interval. The 95% confidence intervals for the mean of each task in each sequence were calculated under the assumption of a normally distributed
population” was added. Possible difference in tremor power for Drinking, Pouring and Drawing-Spiral.

Nevertheless, we present a controller that provides adjusta-
bility with the presented parameter. Future studies could
investigate how far the different control parameters of brake
duration and delay time affect the perceived comfort of the
wearer.

System Dynamics: The control parameter of the brake was
optimized regarding tremor suppression efficacy and voluntary
movement preservation but also its influence on the system
dynamics (O1.1).

Any change in the system dynamics of the wrist is perceived
as a disturbance, especially in the frequency range below 2Hz.
Therefore a comfortable modulation of the system dynam-
ics for tremor suppression needs to preserve the dynamic
behaviour below 2Hz regarding amplitude magnitude as well
as phase shift. Our analysis of the system dynamics proved
the superior behaviour of a semi-active mechanism over pas-
sive mechanisms with increased tremor suppression combined
with increased dynamic behaviour preservation below 2Hz,
representing voluntary movements and comfort (see Figure 6).

The bode plot of the system dynamics of G(s) indicated
the influence of the brake duration and delay time on the
wrist impedance. Those parameters influenced the magnitude
change at 6Hz, whereas, with an increase of the brake dura-
tion, an increase of magnitude was observed. Over the range
5% to 25% delay time values, the resulting tremor suppression
was similar, whereas other frequencies decreased the change
of magnitude at 6Hz (Figure 7). At 30% delay time, the notch-
filter effect was not observed anymore, and the magnitude
was increased at 6Hz compared to 5.98Hz and 6.02Hz. As
the brake frequency and the signal frequency have an offset
at all frequencies around 6Hz, the brake was always activated
to a different time within the cycle, amplifying and mitigating
the amplitude depending when activated, cancelling each other
out in the overall determined amplitude magnitude. It was
also observed that with increasing delay time as well with an
increase of the brake duration, the phase shift increased. The
analysis of the system dynamics showed the behaviour of the

system with different control parameters, where the optimal
delay time was 5% with the highest magnitude reduction at
6Hz with the lowest phase shift at 2Hz.

Tremor Simulation: To determine the optimum in an applied
context, the system needed to be tested with tremorous
data, where natural and tremorous frequencies overlapped
and tremorous frequencies shifted. Even though the used
dataset of Timmer et al. is based on tremor data of an
outstretched hand, elements of voluntary movements were
detected.

The summary of optima for each tremor dataset in Figure 8
revealed two optima at about 20ms brake duration with 5%
delay time as well as at about 20ms brake duration with 30%
delay time. It was also observed that the dataset PD04 had
a second local minimum at 24ms and 4%. The two optima
had the same brake duration, whereas the delay times were
25% apart, corresponding to a quarter of a cycle. For the
optima, the brake was activated either in the up-rise or the
down-rise, around the peak of velocity. Comparing those two
optima regarding tremor and voluntary movement suppression,
it was observed that the optima with 30% delay time had less
tremor suppression and also less voluntary movement sup-
pression compared to the 5% delay time. The 5% offset was
chosen out of those two options as the ratio between tremor
suppression and voluntary movement reduction was higher.

No prior study has identified the optimum duration and
delay time for a controlled two-state brake. Herrnstadt et al.
defined, with an educated guess, their two-state brake to 25ms
brake duration and a delay time of 25% (onset after the veloc-
ity peak), which correlates with the second optimum found in
this work. They reached a tremor suppression of 88% (PSD)
with healthy volunteers.

Performance Determination and Comparison: Comparing
our controlled two-state brake to passive linear suppression
mechanisms (spring-damper) from literature, we were able to
prove the superiority of such a semi-active mechanism regard-
ing tremor suppression and voluntary movement preservation.
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Passive, linear dampers always have a trait of between tremor
suppression and voluntary movement suppression. Adding a
spring mostly suppressed more voluntary movements com-
pared to no spring (see Fig. 9 P1(s) vs P2(s)). The controlled
two-stage brake reached combinations of tremor and volun-
tary suppression, which passive mechanisms cannot achieve.
However, the downside of such a semi-active system is the
added complexity leading to additional weight, such as the
additional electrical components, e.g., battery. We estimated
the additional weight for a mobile version with a battery capac-
ity of 1.2Ah for one day of use of 18 hours to be less than
200g.

Case et al. also presented a semi-active system, based on
a magneto-rheological damper, suppressing in average 96.3%
(28.7dB PSD) tremor on a test bench running the same datasets
from wrist movements measurements of five ET and five
PD patients [32]. On our test bench with our mechanism,
using the same dataset, we observed a mean tremor suppres-
sion of 66.5% (PSD). With the actively controlled damper of
Case et al., they also suppressed 33% of voluntary movements
based on PSD, where an offset to the intended trajectory was
not taken into account. The voluntary movements had to work
against a resistance force of 0.18Nm (4.5N at 38.9mm lever).
Our suppression of voluntary movements of 31.1% is not com-
parable to those determined in the literature as we used a
different calculation method. We introduced and used a new
method, the trajectory distance, as opposed to the commonly
used PSD. Our proposed method is more accurate and more
sensitive to changes in voluntary movements as it takes the
amplitude change as well as the phase shift of the voluntary
movement into account. The PSD calculates the movement
power, which is only based on the acceleration amplitude.
Calculating here the PSD for voluntary movement on the test
bench gave an increase and decrease of voluntary movements
between 57.5% and 46.8% for all ten datasets. This varia-
tion in voluntary movements can be explained by the low
power level, where a small change leads to a high relative
difference. We presented a new method to evaluate voluntary
movement suppression for simulations and test benches based
on the trajectory of voluntary movement and not solely on the
PSD, which is centred on acceleration amplitudes. We propose
that future simulations use the here presented trajectory-based
voluntary movement evaluation as it also accounts for phase
shifts. However, this method cannot be applied to human trials
as the intended trajectory differs for each executed movement
and is unknown. Here we proposed, additionally to the PSD,
questionnaires to determine the perceived impact on voluntary
movements.

B. Orthosis Evaluation

We presented a textile integrated tremor suppression proto-
type with the two-state, semi-active mechanism. The proposed
concept and mechanism can in future be extended to the wrist
radial-ulnar deviation, the pronation-supination or be applied
to other joints like the elbow. The textile integration of the
orthosis can provide wearability and therewith promote the
acceptability of users. However, textiles bear the challenge of

effective force transmission to the human, which can be over-
come by reinforcing the load path and increasing locally the
stiffness of the textile [77]. Therefore, we integrated a ther-
moplastic sheet for the force transmission, which could be
fit individually in future studies to further improve the force
transmission.

Mechanisms transmit mechanical loads to the limb’s skele-
tal structure for effective tremor suppression. Transmission
of these forces is mediated by soft tissues such as skin, fat,
muscle and ligaments [27] as well as the components of the
orthosis such as textiles. The compliance of the soft tissue
absorbs forces and adds play to the mechanism. Play in the
absorption of small movements, such as tremor, decreases the
efficacy of the device. For our textile design concept, the trans-
mission of forces to the musculoskeletal system by textiles
through the human soft tissue was a limiting efficacy fac-
tor. By preloading, the mechanism play was minimized in the
system. With this measure, also comfort was positively influ-
enced as play in the system leads to chafing and irritation
of the skin. The participant rated the orthosis as comfortable
with activated and deactivated brake (5 out of 6) as well as
lightweight, unobtrusive and potentially being worn, confirm-
ing that our measures for enhanced wearability had a positive
effect on the participant (H2).

Future development needs to integrate such semi-active
brake system into textiles, for example, with a textile inte-
grated electromagnetic clutch or textile integrated electrostatic
clutch. Such textile integration would contribute to improved
wearability compared to the current proof-of-concept proto-
type. For a fully mobile version, the power supply and control
unit can be carried decentralized, e.g., in a backpack. We esti-
mate the power supply and control unit to weigh less than
200g (battery capacity of 1.4 Ah covers an 18 hour day).

1) Orthosis Proof-of-Concept Verification Study: The PSD
analysis of the gyroscope data, which was attached at the
hand, also included angular velocities potentially caused by
the elbow, shoulder as well as upper body. Usually, the
flexion-extension of the elbow does not align with the flexion-
extension of the wrist, why the elbow did not bias the
measurement. The other body movements rather add trans-
lational velocities than angular, why their influence was also
neglectable. Furthermore, the wrist flexion-extension contains
the highest tremor power in the case of action tremor compared
to the other DOF in the upper limb [78].

Here we present an orthosis that was perceived as comfort-
able, preserved all voluntary movements and still suppressed
tremor by 41.1%, 55.3% and 26.0% for the tasks Drinking,
Pouring and Drawing-Spiral (H1). The tremor power peak
and the distribution repetition of the task Drawing-Spiral
were lower compared to the other tasks as the participant
stabilized his hand on the table while drawing. No tremor
suppression was observed in the task Spoon-Up. The same,
non-suppressing behaviour for the task Spoon-Up was already
observed in a previous study using a passive tremor suppres-
sion orthosis [23]. In this context, it appears that the executed
tasks matters when evaluating tremor suppression. A possible
explanation for this could be that different muscles are active
for different tasks which leads to a different sensory-motor
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feedback loop. Movement power results shown in Fig. 12
are dominated by Pronation-Supination except for spoon-up
which shows a different tremor power pattern. It needs to
be noted that we assumed a flexion-extension domination in
ET based on literature [39] which is only related to postu-
ral tremor. Furthermore, the system dynamics for the different
tasks change as weight is added by holding a glass or bot-
tle or the wrist is supported by the table. The average tremor
suppression efficacy of the unbiased tasks Drinking, Pouring,
and Drawing-Spiral was therewith 40.8%, corresponding to
61% and 52% of the efficacy determined by simulation and
test bench, respectively. Even though the magnitude of tremor
suppression of simulation, test bench and study do not match
does not mean that the results are not valid. The tremor
suppression relation between the different tasks match and
therewith illustrate that the simulation as well as the test bench
depict an idealized human system. Furthermore, the compari-
son between the optimal brake parameter and the chosen bad
parameter confirms and validates the method of using simu-
lation and test bench as idealized system to depict the human
dynamics. The difference in magnitude can be led back to
the increasing compliance from simulation to test bench and
to the human case study. The measured tremor suppression
efficacy confirms our simulation and test bench results as
only the sequence with the optimized parameter suppressed
tremor (H3).

The observed tremor suppression could have been influ-
enced by the placebo effect of the wearer. The wearer was
aware when the orthosis was active and when not as forces
were transmitted, the brake made hearable noises and vibrated.
The study sequence with the bad brake control parameter,
which can be seen in this context as the control sequence, did
not show a change in tremor power, demonstrating that the
placebo effect did here not apply. A further potential influ-
ence on the tremor suppression was the induced vibration to
the forearm by the brake. Such induced vibration is a ther-
apy method in tremor treatment [15]. Displacement amplitude
reductions of 28% are reported in tuned and optimized vibra-
tion therapies [74]. Here the vibration was not tuned regarding
amplitude, location nor did the vibration have the required
frequency of 70Hz [79]. The measured tremor suppression can
therewith be attributed to the controlled two-state orthosis.

In comparison to our orthosis, Kalaiarasi and Kumar, using
a semi-active pneumatic system to suppress tremor, achieved
a tremor reduction of 31% of the acceleration amplitude
with one ET participant [29]. Fromme et al. presented a
Double Viscous Beam device filled with controllable magneto-
rheological fluid with which they suppressed 98% (PSD) of
tremor but also 85.9% (PSD) of voluntary movements in one
user suffering from ET. For another wearable device apply-
ing a passive suppression approach [23] a tremor suppression
efficacy of 74% to 82% for the tasks Drinking and Drawing-
Spiral was reported. However, voluntary movement was also
reduced in these tasks by 68% (±35%) and 48% (±27%),
respectively.

A systematic literature review by Fromme et al. showed
that average tremor suppression efficacy is 63% for tremorous
patients, determined for different DOF, with different types

of tremor suppression mechanisms and different evaluations
methods (e.g., PSD) [37]. Overall, this proof-of-concept study
confirms our hypothesis (H1) that the proposed semi-active
tremor suppression orthosis suppressed tremor in a simi-
lar magnitude to existing systems while preserving more
voluntary movements.

Next to our first study with a passive tremor suppression
orthosis, we are the first to publish a task differentiation
of tremor suppression efficacy in a semi-active orthosis for
different activities of daily living.

C. Outlook

We presented an orthosis that suppresses tremor in wrist
flexion-extension. This mechanism can be transferred to other
DOFs, such as wrist radial-ulnar deviation or even other joints
like the elbow and fingers. This study proved the feasibility
of such a controlled two-state mechanism, which was here
realized with an electromagnetic clutch. In the future, such a
mechanism can be implemented into textiles by incorporating
conductive components to realize an electromagnetic clutch or
textile integrated electrostatic clutch. Conductive laser welding
is a method with which robust, conductive, textile integrated
surfaces can be realized for such an application [80]. Such
textile integration would contribute to higher wearability com-
pared to the current proof-of-concept prototype. Furthermore,
a future version of the orthosis could implement an interface
with which the user itself can adjust the suppression of
voluntary movements by reducing the tremor suppression.

The emphasis of this work was put on tremor suppression
by preserving voluntary movements. The connection of the
orthosis to the human limb and therewith the efficient trans-
mission of forces through the soft tissue remains a limiting
factor in this field. A systematic analysis and investigation for
optimal transmission of forces to the human bone structure
would improve wearable devices such as the presented one.

Future studies would need to further investigate how far
the different control settings of brake duration and delay time
affect the perceived comfort of the wearer. An evaluation of
a diverse patient group would give insights into the orthosis
benefits. Also, a study investigating the progression of tremor
while wearing the orthosis regularly for weeks or months could
reveal the long term effect of such an orthosis like a temporary
reduction of tremor.

The presented controlled, two-state mechanism could also
be used to intervene in other movement disorders such as
spasticity or the mouthing observed in the Rett syndrome.
The mechanism is also suitable for other wearable applica-
tions, such as impedance manipulation in wearable robotics
or orthoses for metabolic energy saving [81]. Load bearing
of the human skeletal system while lifting or adding stabil-
ity during the stands phase in exosuit supported walking are
potential applications.

V. CONCLUSION

Our semi-active tremor suppression mechanism optimized
the trade-off between tremor suppression and voluntary
movement suppression. For a two-state, mechanical notch filter
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suppression mechanism, two optimal settings for the brake
duration, as well as the delay time, exist. The first optimum
has higher tremor suppression and voluntary movement sup-
pression, whereas the second has a lower tremor and voluntary
movement suppression. Such semi-active tremor suppression
preserves more voluntary movements while suppressing more
tremor compared to linear passive suppression.

In a proof-of-concept study with one user suffering from
ET, the efficacy of the mechanisms implemented into a textile
orthosis was verified by differentiating between activities of
daily living. The tremor suppression efficacy varied between
the tasks Drinking, Pouring, and Drawing-Spiral, whereas in
Spoon-Up, no tremor was suppressed. Future studies need to
differentiate between those standardized tasks to better depict
and optimize the orthosis performance in an applied context.

The three efficacy verification methods, simulation, test
bench and human study, have never been put into relation
to each other. Here, we present for the first time a decreas-
ing tremor suppression efficacy in the wrist flexion-extension
for the computer simulation, test bench and proof-of-concept
study of 78.8%, 66.5% and 40.8% (PSD). From past and future
simulation and test bench results can now, for the first time,
the efficacy on the human roughly be estimated.

Computer simulations are a fast and cost-efficient tool to
optimize tremor suppression orthoses. However, test benches
are still required to validate the results and used model. The
orthosis performance cannot directly be translated to human
trials, but we proved that the indicated ratio between tremor
suppression and voluntary movements can be.

For the first time, we present a textile integrated, controlled,
two-state brake tremor orthosis that suppresses tremor while
preserving voluntary movements and having high rated wear-
ability with human trials. Thus this new orthosis, with the
presented parameter, has the potential to become a wearable
device worn throughout a day, contributing to an improvement
of quality of life for tremor affected people.

Such mechanisms can also be used for other involun-
tary movements or be integrated into other wearable devices
where an adaptation of human impedance is advantageous, for
example, exosuits.
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