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Abstract

Introduction: Tremor is the most common movement disorder, affecting 5.6% of the population with Parkinson’s
disease or essential tremor over the age of 65. Conventionally, tremor diseases like Parkinson’s are treated with
medication. An alternative non-invasive symptom treatment is the mechanical suppression of the oscillation movement.
The purpose of this review is to identify the weaknesses of past wearable tremor-suppression orthoses for the upper
limb and identify the need for further research and developments.

Method: A systematic literature search was conducted by performing a keyword combination search of the title,
abstract and keyword sections in the four databases Web of Science, MedLine, Scopus, and ProQuest. Initially, the
retrieved articles were selected by title and abstract using selection criteria. The same criteria were then applied to the
full publication text. After the selection process, relevant information on the retrieved orthoses was isolated, sorted and
analysed systematically.

Results: Forty-six papers, representing 21 orthoses, were identified and analysed according to the mechanical and
ergonomic properties. The identified orthoses can be divided into 5 concepts and 16 functional prototypes, then
subdivided further based upon their use of passive, semi-active, or active suppression mechanisms. Most of the
orthoses concentrate on the wrist and elbow flexion and extension. They mainly rely on rigid structures and
actuators while having tremor-suppression efficacies for tremorous subjects from 30 to 98% using power spectral
density or other methods.

Conclusion: The comparison of tremor-suppression orthoses considered and mapped their various mechanical
and ergonomic properties, including the degrees of freedom, weight, suppression characteristics, and efficacies.
This review shows that most of the orthoses are bulky and heavy, with a non-adapted human-machine interface
which can cause rejection by the user. The main challenge of the design of an effective, minimally intrusive and
portable tremor-suppressing orthosis is the integration of compact, powerful, lightweight, and non-cumbersome
suppression mechanisms. None of the existing prototypes combine all the desired characteristics. Future research
should focus on novel suppression orthoses and mechanisms with compact dimensions and light weight in
order to be less cumbersome while giving a good tremor-suppression performance.
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Introduction

Definition and prevalence of tremor

Tremor is defined as a rhythmic and involuntary oscillat-
ing movement of a body part [1]. It is the most common
movement disorder in adults, and may develop as a conse-
quence of disease or drug use [1, 2]. Of the two most
prevalent conditions causing tremor in the upper limb,
the disease essential tremor (ET) is prevalent with 4.6% of
the population aged 65 or over and 21% older than 95,
whilst Parkinson’s disease (PD) is known to develop in 2%
of all people older than 65 [3-7]. For those who develop
PD, tremor manifests in 50% of those afflicted with the
condition, whereas symptomatic tremor is ubiquitous in
ET [7]. In both ET and PD, the hands are the most af-
fected site of the body regarding tremor [5, 8]. With the
total prevalence of ET and PD in the population over 65
years, 5.49 million people in the European Union are diag-
nosed, accounting for more than 1.1% of the population of
the European Union [9]. In addition, it is forecast that the
demographic change will lead to an increasing number of
tremor patients [9]. More than 65% of the population with
upper limb tremor show serious problems in performing
their activities of daily living [8, 10]. This can additionally
lead to social exclusion. Furthermore, 48% of the PD pa-
tients and 34% of the ET patients are at least mildly de-
pressed due to their lack of performance in activities of
daily living [11].

Different tremor types

In the upper limb, different tremor types can occur. Rest
tremor appears in the affected body part when it is not
voluntarily activated, whereas action tremor occurs with
voluntary activity of the limb. With action tremor, the two
main subgroups are postural tremor and kinetic tremor.
Postural tremor appears while maintaining voluntarily a
position against gravity, whereas kinetic tremor occurs
during voluntary movements. [1] The main symptom in
ET is action tremor in the upper limb, especially kinetic
tremor, whereas rest tremor is typical for PD [12, 13].

Treatment

The exact cause of ET and PD is unknown [14, 15]. Nei-
ther of these diseases is curable and the treatment is fo-
cused on relieving the symptoms [16]. The most
commonly used treatment for tremor is medication, al-
though up to 53% of people discontinue medical treat-
ment due to side-effects or lack of efficacy [17, 18].
Several surgical options for tremor treatment exist, in-
cluding radiofrequency lesioning and gamma knife ra-
diosurgery. Deep brain stimulation (DBS) as a surgical
procedure is the most effective treatment for most
tremors and is applied for advanced and selected cases
[3]. Deep brain stimulation is, however, an invasive treat-
ment with the potential for adverse events, such as
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cognitive, psychiatric and behavioural status change, that
affect up to 48% of the people undergoing the surgery
[19]. The tremor reduction efficacy of medication ranges
from 23 to 59% for PD [20] and 39 to 68% for ET pa-
tients, whereas DBS has a tremor reduction of 90% [3].
In the study by Koller et al., 16% of the patients had a
loss of efficacy of the DBS within 40 months [21]. Al-
though there is a lack of long-term pharmacological
studies [21], Sasso et al. showed that the Primidone tre-
morolytic effect only lasts for up to 1year [22]. A new
emerging surgical treatment of tremor is high intensity
focused ultrasound. A recent study showed that this
less-invasive method reduced the tremor score by 55%
after 6 months, which is also related with mild to moder-
ate adverse events [23]. More precisely, 74 neurological
adverse events in 56 patients were observed, while an al-
teration in sensation was the most common one in 38%
and persisted at 12 months in 14% [24]. Alternative treat-
ments are required for patients not responding to medica-
tion (50% of ET), who are drug intolerant or are not
suitable for deep brain stimulation [25]. Due to these side-
effects and the lack of efficacy, there remains a need for
non-invasive treatments. Even with optimal medical or
surgical intervention in tremor, patients will still require
physical interventions and occupational therapy to pro-
mote social participation [26]. Adding weight to the limb,
limb cooling, vibration therapy, transcranial magnetic
stimulation, sensory electrical stimulation, and functional
electrical stimulation are current alternative and supple-
mentary treatments of tremor [17]. An emerging alterna-
tive and supplementary treatment is the physical
intervention and suppression of the occurring oscillating
rhythmic movement with a wearable external orthosis.

Purpose of review paper

The purpose of this review is to identify the scope for
improvement of past wearable tremor-suppression orth-
oses for the upper limb in order to improve future orth-
oses. In particular, we aim to investigate relevant
mechanical properties, including the impact on ergo-
nomics, analysing the advantages and disadvantages of
current orthoses. Apart from general papers reviewing
wearable and robotic rehabilitation devices, to the best
of our knowledge, no such review has been performed
concentrating on the mechanical and ergonomic proper-
ties of tremor-suppression orthoses.

Biomechanical background

Anatomy of the upper limb

An understanding of the biomechanics is necessary to
define the necessary specification of a wearable tremor-
suppression device. It is essential for the degrees of free-
dom (DOF) in the anatomy of the upper limb for wear-
able devices to match the inherent mobility of the limb
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and avoid inhibiting the movement of the user. Not con-
sidering the DOF in the hand, the arm has 7 DOF from
wrist to shoulder: flexion and extension (WFE), and ra-
dial and ulnar deviation (WD) in the wrist, pronation
and supination (FPS) in the forearm, flexion and exten-
sion (EFE) in the elbow, and flexion and extension, ab-
duction and adduction as well as internal and external
rotation in the shoulder. [27] Besides the biomechanics
of the upper limb, it remains essential that the location
of ligaments, blood vessels, nerves, and tendons is con-
sidered in the design of a wearable device to prevent un-
intentional harm.

The kinematics of the arm and thereby those of
tremor, like joint inertia and joint stiffness, are changed
by a wearable assistive device, for example by its weight.
Furthermore, the physical suppression of tremor can
cause a shift of tremor from the suppressed distal joint
to a proximal joint (defined as the Distal to Proximal
Tremor Shift phenomenon), observed in one out of six
patients in the study by Manto et al. in 2007 [28].

Characteristics of tremor
Tremorous movement types are usually characterised by
their frequency. Several frequency definitions have been
published for the two most common tremor diseases ET
and PD, ranging from 4 to 12 Hz for ET and 3 to 10 Hz
for PD [4]. For both ET and PD tremor, the tremor fre-
quency decreases with time over the course of the disease
[29]. The intensity of the tremor is also dependent on the
progress of the disease. Only a few investigations on the
biomechanical processes of tremor in the upper limb and
the generated forces, especially during activities of daily
living, have been accomplished [30, 31]. These forces are
important parameters to design a suppression system.
Such an orthosis needs to apply an adequate counter-
force in order to suppress the involuntary movement.

The visual feedback of the limb with a reduced tremor
amplitude when using a wearable tremor suppression
device leads to a positive impact on the human control

system, reinforcing the human motor control and fur-
ther reducing tremor [32]. The mind-set of a tremor-
affected person is of importance, as anxiety or emotional
stress, for instance, can intensify tremor [15]. In this
context, it can be assumed that a good acceptance of the
device by the user leads to a better mind-set and better
tremor suppression respectively.

Tremor orthoses in activities of daily living

Wearable assistive devices for activities of daily living
should be worn and used through the entire day. There-
fore, an ergonomic design is one of the biggest challenges
in such devices to ensure an adequate performance [33].
The ergonomic design is influenced by weight, thermal
and skin sensory comfort (human-machine interface), re-
strictions in DOF, and resistance forces for voluntary
movements. Comfort includes sufficient heat and mois-
ture (sweat) transport as well as the avoidance of excessive
friction, shear loads and normal loads. Tremor results
from interaction between pathological neural control and
the frequency response of the limb, which means that the
change of joint stiffness by adding weight, for instance,
can change the frequency response and therefore result in
milder tremor [34, 35]. However, the weight and size of
the orthosis influence the ergonomic design, such that it is
preferable that the mass should be as lightweight and the
size as small as possible. In a study with 242 users of
upper limb prostheses, the weight was revealed to be one
of the most important design factors, as for neurological
patients the additional weight led to fast fatigue [36].

Methods

Search strategy

A literature search was performed by a combination of
specific keywords found in the title, abstract and key-
word section of the papers. These keywords were
grouped by their synonyms and combined with Boolean
operators (see Fig. 1). Furthermore, truncation symbols
to create searches with various endings were used to

a
A B C D 434 Articles
1. Tremor 1. Ortho* 1. Suppress* 1. Earthquake

2. Exoskelet* 2. Damp* 2. “Brain stimulation”

3. Device 3. Absor* 3. “Functional
electrical
stimulation”

4. Glove 4. Drug*

5. Absor* 5. *toxic* 159 Duplicates & references

Fig. 1 Database search and paper selection. a Keywords for database search are grouped in sets. Within a set the “OR” function is applied, whereas
the sets A, B, C are connected by "AND" and set D by "AND NOT" function. The symbol “*" refers to a truncation symbols in the database. b Literature
selection process and results from retrieving articles from the databases to the selected papers, based on the criteria

From keyword 62 Articles 46 Articles
search: Based on inclusion Based on inclusion
137 Web of criteria in criteria in full text
Science title & abstract

67 MedLine

220 Scopus
10 ProQuest 2
s 14 Articles

Reviewing citations
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ensure that all relevant articles were included. For the
intra-set function the “OR” operator and for the inter-
set function the “AND” operator were used. Exclusion
criteria were collected in set D (Fig. 1) and used with the
“AND NOT” function. Further criteria in the database
search were “English” as article language and no limita-
tion of the publication date. These search parameters
were used in the four databases Web of Science,
MedLine, Scopus, and ProQuest. 434 articles were re-
trieved on August 13th 2018.

Paper selection

After retrieving the primary search results from each
database, the following inclusion and exclusion criteria
were applied to the selection and rejection of the papers
to narrow down and gain the desired literature:

e Inclusion
e An orthosis applies an active or reactive force to
the human skeletal system
e The orthosis suppresses physiological tremor
e The orthosis treats upper limb tremor
e Wearable orthosis/exoskeleton
e DPrototypes and concepts
e Exclusion
e Functional electrical stimulation is used for
milder tremor
e Drugs are used to decrease tremor
e Surgery is used to decrease tremor
e The paper is focused on the control algorithm
(except if it contains the control of an included
device)
e Hand-held devices
e Table-mounted devices
e Suppression of finger tremor

All search results retrieved from the databases were
saved into EndNote X8 reference manager software
(Clarivate Analytics, Philadelphia, United States) for the
selection process, removing the duplicates (see Fig. 1).
After retrieving the 434 articles, the selection process
was conducted regarding the following steps: 1) Com-
puterized removal of duplicates; 2) Evaluation and selec-
tion of the articles by title and abstract considering the
inclusion/exclusion criteria; 3) Retrieving new articles
from cited article list and reference list while excluding
duplicates; 4) Evaluation and selection of articles by full
text considering the inclusion/exclusion criteria.

Following the selection process, the devices described
were sorted by their development status, whereupon
they were classified into concept and prototype. A con-
cept is defined as a theoretical design not exceeding the
model validation in the development process, whereas a
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prototype is defined as a functional device with the pos-
sibility to validate and evaluate its properties.

The orthoses were classified by the type of the vibration
suppression: passive, semi-active and active. Semi-active
and passive technologies suppress involuntary move-
ments, whereas active technologies suppress involuntary
while supporting voluntary motions of the wearer’s limb.
More specifically, passive suppression comprises robust
methods regarding the design which are dependent on
constants like a spring and damper coefficient. A passive
spring-damper system has a low resistance force at low
and a high resistance at high velocities. Slow and deliber-
ate movements can be accomplished, whereas fast move-
ments create a higher reaction force. Semi-active orthoses
work like passive orthoses but use tuneable mechanism
characteristics, regulated by a controller. An active orth-
osis reacts to sensory information with an actuator. An
equally strong, oppositely directed force is used to coun-
teract the involuntary movement.

Framework of comparison

In this review different orthoses were compared with the
help of a framework of the key design elements of the
orthoses. For the investigation of the mechanical and
ergonomic properties of the tremor-suppression orth-
oses, relevant information was collected, stored and ana-
lysed systematically. For the quantification of the
ergonomic performance, both objective and subjective
factors — including performance and comfort — play a
role in determining whether a person will rate the orth-
osis as sufficiently comfortable, convenient and unobtru-
sive to wear on a regular basis for activities of daily
living. These investigations have been focused on quanti-
fiable aspects like the DOFE, as an indicator of restrictions
in the natural workspace. For this purpose, we defined a
DOF coefficient which represents the DOF of suppres-
sion per locked and suppressed DOF. DOF of suppres-
sion are the number of human DOF of which an
orthosis suppresses the involuntary movement, whereas
the locked and suppressed DOF include additionally the
number of DOF where the orthosis locks movements.
The coefficient illustrates how many DOF are sup-
pressed while being connected over a certain amount of
DOFE. Further, we defined a specific weight as weight per
DOF (g/DOF). Since the retrieved orthoses work with
varying DOF, the specific weight is used to compare the
weight of the orthosis per DOF suppressing involuntary
movements. This method compares the weight while
considering the additional weight for extra suppression
mechanisms and connection structures per DOF.

The comparison of the mechanical properties for this
review primarily focuses on the suppression mechanism.
One aspect is the prevalence of the different suppression
mechanisms. A typical characteristic of active orthoses is
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the specific power, since in rehabilitation robotics, a high
strength-to-weight ratio for actuators is required [37].
The weight of the supporting structures and attach-
ments, as well as the energy supply like batteries is not
included, since these are usually considered independ-
ently from the actuation system. The mechanical charac-
teristics of the human skeletal system are used as a
benchmark. For the semi-active and passive orthoses,
the suppression characteristic is given by the damping
coefficient and for active orthoses the force and torque,
respectively. The efficacy of the orthosis to suppress the
involuntary movement is the determining factor of its
performance. Here, the efficacy is the capacity of a bene-
ficial change of tremor by the orthosis. More precisely,
the reduction of the tremor power (power spectral dens-
ity - PSD), root mean square of the tremor acceleration
amplitude (RMS), average tremor acceleration (AA) or
deflection amplitude (AD) are here the beneficial
change. Regardless of the different methods being
employed, it can be assumed that the resultant effect on
efficacy is similar or of an equal range, as power, acceler-
ation, and deflection depend on each other. An average
of the different efficacy methods (cross-method efficacy)
will therefore be analysed. The efficacy in this review is
given as a percentage and has been converted for the
orthoses using a decibel ratio. Only the first, dominating
harmonic frequency was considered in this review. For
papers reporting a range of efficacy for the orthoses, the
average value was calculated. All in all, the following ele-
ments of the orthoses are reviewed:

e Suppression efficacy

e Degrees of freedom

e Specific weight

e Specific power and force/torque (active)

e Damping coefficient (semi-active and passive)

Results

Based on the inclusion criteria, the results of this litera-
ture review paper contain 46 of 434 publications which
were identified on August 13th 2018. The literature
search resulted in a total of 21 suppression orthoses (16
prototypes and 5 concepts), numbered from 1 to 21 in
Tables 1 and 2. Some exemplary orthoses are shown in
Fig. 2. The main difference between the devices is the
suppression type (active #1-#8 and #17-#19; semi-active
#9-#12, #20 and #21; and passive #14-#16).

Suppression orthoses efficacy

The efficacy of the suppression orthosis indicates how well
the orthosis counteracts tremor. The performance of the
prototypes was evaluated either through test bench exper-
iments, on tremor-affected patients or on healthy subjects,
the latter of whom were treated with electrical
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stimulations to generate or simulate tremor. Orthoses
evaluated with test bench experiments show the highest
suppression efficacy, the average PSD efficacy of the four
evaluations on a test bench being 98.2% (+1.5%). The
smallest and most spread efficacies were evaluated with
tremor-affected people ranging from 30% (AA) to 98%
(PSD). Experiments with healthy subjects showed a range
of efficacy from 77% (AA) to 88% (PSD) (Fig. 3).

Suppression mechanisms and properties

The main components of tremor orthoses are their sup-
pression mechanisms, with the three most common
mechanisms currently being electrical motors, pneumatic
systems, and viscous/hydraulic configurations. The major-
ity of the suppression orthoses are active with 52% preva-
lence, of which 73% (38% of all orthoses) rely on electrical
motors. The majority (63%) use the electric motor directly
(with transmission) to control the human joint. The other
motors are used for tendons or alternative mechanisms to
transfer the force to the body. Semi-active orthoses ac-
count for 29% of the selected papers. Four out of the six
semi-active mechanisms are magnetically activated. All
magnetically activated semi-active mechanisms are vis-
cous/hydraulic based, with the exception of #10’s electro-
magnetic friction brake. Passive mechanisms are the least
represented suppression type in the literature (19%). No
intersection of passive mechanisms was found, since the
orthoses use different approaches, like a pneumatic
piston-coil (#14) and shear resistance orthosis (#13).An-
other aspect of the suppression mechanism is its rigidity.
Most of the orthoses rely on rigid suppression mecha-
nisms, whereas only five orthoses integrated a non-rigid
mechanism (#6, #11, #17, #18, #21).

In comparison to the human muscle, the specific
power and energy efficiency of the mechanisms are
shown in Table 3. The efficiency of linear motors and
pneumatic piston-coil actuators was taken from external
literature, not related to the review, since it was not pro-
vided in the retrieved publications. The linear motor has
the highest specific power with 387.3 W/kg and the
highest energy efficiency with 85% [85]. The pneumatic
mechanism shows the lowest specific power with 76.3
W/kg and an energy efficiency of 20% [86]. The average
specific force of the linear actuators of this review is
228.10 N/kg (+15.40 N/kg), whereas the rotary motor
tendon transmission orthosis (#6) was excluded because
it uses a transmission system to transfer the motor
torque to linear force.

An active suppression mechanism is characterised by
the torque or force. The average torque is 2.3 Nm (+
0.73Nm) excluding one outlier (#4 WOTAS — 8 Nm).
The average force of the linear actuators is 15.6 N (+0.6
N), excluding also one outlier (#7 PMLM - 67 N).
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Table 2 Orthoses concepts for tremor suppression
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# Orthosis name Supp. type Suppression mechanism DOF coefficient

17 Piezoelectric Fibre Glove [77, 78] active Piezoelectric fibre composites [77, 78] 2/2 (WFE, WD) [77, 78]
18 Dielectric Elastomers Actuator [79] active Dielectric elastomers [79] 1/2 (WFE, no WD) [79]
19 Anti-shaker [80] active Actuator-moved mass [80] 1/1 (EFE) [80]

20 Magnetorheological Damper [81] semi-active Viscous shear resistance [81] 1/1 (EFE) [81]

21 Soft Band Orthosis [82] semi-active Tendon [82] 1/1 (FPS) [82]

Passive and semi-active tremor-suppression orthoses
were characterised with the damping coefficient. In
damping orthoses, the damping force depends on the
velocity and for semi-active mechanisms also on the
tuning, the adjustment of the damping coefficient by an
additional editable input. One of the two semi-active
mechanisms, with given parameters, has a low damping
coefficient of 8.9 Ns/m, and can be tuned through ad-
justment of the magnetic field in the piston-coil for the
magnetorheological fluid, to the high damping coeffi-
cient of 186.7 Ns/m (#9 MR Damper). The other semi-
active mechanism has a larger range from 6.5 Ns/m to
25.0 Ns/m (#12 DVB Orthosis). The passive mechanism
#7 PMLM has a constant damping coefficient of 400
Ns/m, whereas #14 Air Dashpot has a damping coeffi-
cient of 1800 Ns/m. Two other damping orthoses have

a rotary damping coefficient of 2*10~> Nms/deg. (#13,
#16).

Degrees of freedom

The majority of the orthoses (57%) have one out of
four possible DOF of suppression (shoulder excluded),
mainly the suppression of the involuntary movement
of the EFE (50%) followed by FPS (17%) and WFE
(33%). None of the orthoses suppress only WD; how-
ever, the orthoses treating only one joint are usually
focused on the wrist (47% WFE and WD). The WFE
is the most suppressed DOF, whereas the WD is the
least supported and also the most locked DOF at the
human upper limb. Out of the 13 orthoses providing
WEE suppression, 5 also block WD.

and Informatics

Fig. 2 Prototype (a-c) and concept (d, e) orthoses. a #4 WOTAS —active attenuator with electrical motor [54]; b #8 Pneumatic Actuator —active
attenuator with pneumatic piston-coil system [64]; ¢ #12 DVB Orthosis —semi-active attenuator using tuneable viscous shear resistance [73]; d #21
Soft band Orthosis —semi-active attenuator using viscoelastic tendons [82]; e #17 Piezoelectric Fibre Glove — active attenuator with piezoelectric
fibre composites [78]. Reproduced with permission from the right holders a, ¢, d: IEEE; b: Dr. Behzad Taheri, e: Journal of Fiber Bioengineering
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Fig. 3 Overview of evaluated performances of the retrieved orthoses.
Grouped by evaluation with tremor subjects, healthy subjects or a test
bench setup. Analysis methods power spectral density (PSD) labelled
with a grey square, average tremor acceleration amplitude (AA) with
red circle, root mean square of the tremor acceleration amplitude
(RMS) with blue triangle and average tremor deflection amplitude (AD)
with an inverted green triangle

Weight of the orthoses

In general, a higher number of DOF of the device leads
to a higher weight of the orthosis. Therefore, the spe-
cific weight of the orthoses was investigated. The aver-
age specific weight of an orthosis is 418 g/DOF (+270 g/
DOF), where the specific weight in the wrist at 231 g/
DOF (+45 g/DOF) tends to be less than half of the spe-
cific weight in the elbow at 568 g/DOF (+281 g/DOF).
The passive orthoses showed on average the lowest spe-
cific weight of 248 g/DOF (+35 g/DOF), compared to
415 g/DOF (+242 g/DOF) for active orthoses. The spe-
cific weight of the semi-active orthosis considered was
by far the highest with 942 g/DOF.

Informative value of data

Some of the publications on the compared orthoses did
not include all relevant data for this review. Figure 4
shows an overview of missing and available data for the
orthoses. The two data sets with the most missing data
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are the specific weight with 43.8% (7 orthoses) and the
damping coefficient with 37.5% (3 orthoses).

Discussion

Suppression orthoses efficacy

For this review different efficacy analysis methods were
used. The efficacy for most of the considered orthoses
was analysed with PSD, whereas the remaining orthoses
analysed the beneficial change with the RMS of the
tremor amplitude, the average tremor acceleration (AA),
or deflection amplitude (AD). Even though different ana-
lysis methods may have an impact on the efficacy out-
come, it can be assumed that there is a similarity
between these values as the analysed variables are co-
dependent (distance, acceleration, energy).

In general, the efficacy of suppression is dependent on
the mechanical system, but it is also reliant on the sen-
sors, control strategies and human factors. Human fac-
tors include the individual adaptation of the subject to
the orthoses, the individual characteristics of the disease
and/or the individual biomechanical properties, like soft
tissue characteristics. The influence of the individual can
be seen in Fig. 3. The range of efficacy for tremor sub-
jects is the largest, which can be ascribed to the different
interactions of the orthoses with the human. Further-
more, the efficacy varies within one orthosis. One sub-
ject out of 10 reached an efficacy of 80% for orthosis #4
WOTAS, whereas the average was 40% (PSD) [52]. Effi-
cacy can also be found to vary within one subject, for in-
stance with different arm postures (orthosis #3) [45].
Furthermore, tremor-affected subjects suffered from dif-
ferent diseases including ET, PD, multiple sclerosis,
post-traumatic tremor or mixed tremor. However, most
studies focused on ET and PD as the most common
movement disorder diseases. In some of the examined
literature, subject populations comprised mixed disease
diagnoses, whilst other studies considered individuals of
only one condition. This disparity led to a large fluctu-
ation in the efficacy of the studied orthoses. The efficacy
for studies in tremor subjects ranges from 30% (AA) to
98% (PSD), with an average cross-method efficacy of
63%, which is in the range of medication efficacy (39 —

Table 3 Specific power, specific force/torque and the efficiency of rotary motors, linear motors and pneumatic piston-coil systems
used by the orthoses of this review. Human muscle performance given as reference. Asterisk-tagged values are from external literature,

since these data were not provided in the retrieved literature

Rotary motor with transmission
(#1, #4) [38-40, 47-56]

Linear motor (#7) [59]

Pneumatic piston-coil (#8) [60-64]  Human muscle * [83, 84]

Specific power [W/kg] 117.5 (+3.7) 387.30
Specific force/torque 16.7 (£13.8) Nm/kg 212.7N/kg
Energy efficiency [%] 558 (+4.2) 85 * [85]

76.3 50
243.5N/kg 20Nm/kg
20 * [86] 35
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Fig. 4 Overview of missing (orange) and available data (green). Shown in percentage and absolute values for specific weight, specific power,
damping coefficient, active force, and efficacy

68% tremor amplitude improvement for ET) [3]. Orth-
osis #12, DVB Orthosis, reached the highest suppression
efficacy (98% PSD). However, the orthosis also sup-
presses 17% of voluntary movements (magnitude
change). Furthermore, tremor subjects usually continue
their medication therapy during the studies, which
means that the suppression benefit of the orthoses is
supplementary to the medication treatment. Neither
pharmaceutical long-term studies nor orthotic long-term
studies were sufficiently performed for comparison.
However, tremor intensity increases over the progress of
the disease, whereas the performed studies indicate that
the efficacy of medication decreases over time. We as-
sume that the efficacy performance of orthoses increases
with more severe tremor, because most tremor suppres-
sion mechanisms reduce tremor to a certain baseline
and are thereby independent from the severity of the
tremor. It is unclear how tremor reacts to long-term
mechanical suppression. Increase of tremor by muscle
training due to resistance force by the orthosis, as well
as decrease of tremor by the mechanical interruption of
the sensory feedback of the nervous system, are possible
effects. Furthermore, unknown side-effects and phenom-
ena could appear and/or intensify, such as the Distal to
Proximal Tremor Shift.

For the experiments with healthy subjects, tremorous
movements were stimulated by either electricity or the
subject imitating the movement. The properties of the soft
tissues were included in these experiments, but it is un-
known how comparable tremor simulation and stimula-
tion are to condition-induced tremor. Furthermore, the
retrieved studies used a small number of subjects, most
often only one subject; as a result, the experiments are
more a proof of concept than representative of a complete
quantitative study on efficacy. Future evaluations need to

aim for clinical trials with a statistically reliable number of
subjects, while at the same time a placebo group should
be included. The development of placebo-controlled trials
is necessary because the mind-set might have a positive
impact on the human control system, which reinforces the
human motor control and reduces tremor. Placebo-
controlled trials are a challenge, since a placebo orthosis
itself will always have an impact on the wearer, as even
just the weight of the placebo orthosis has a tremor sup-
pression effect. Due to technical limitations, an orthosis
will always have some resistance force and interaction
with the wearer, especially in passive but also in semi-
active and even active systems. A suitable approach for a
placebo-controlled trial needs to be developed to account
for the placebo effect.

Applying an external force to the human musculoskel-
etal system introduces further difficulties, as the involun-
tary muscle activity applies the force directly onto the
skeletal system and therefore requires the orthosis to sup-
press this movement through the soft tissues (skin, fat,
muscles, etc.). The stiffness between an orthosis and the
human body is a key factor for tremor suppression as joint
movement areas, surface tendons and surface nerves or
vessels need to be avoided to prevent harm when applying
force to the human system. Furthermore, the stiffness of
the tissues increases with the applied pressure [32, 55]. Be-
sides the flux of force, soft tissues also influence sensory
information, which are needed among other for a closed
feedback loop. In order to optimise the system, soft tissues
can be modelled with viscoelastic or elastic properties
[87]. The viscoelastic soft tissue model acts as a parallel
non-linear spring-damper-system in the flux of force
(Voight element) [88].

Although most test bench experiments used recorded
tremor data, they use a simplified and idealised system,
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not considering the potential influence of soft tissues or
human factors. These simplifications, as expected, lead
to the highest efficacies, up to 99.8% (PSD) with a small
variation. The distribution of the efficacies shows the
impact of soft tissues and the human factors, including
the special biomechanics of the diseases. The biggest
challenge for the design of an effective orthosis is the
human-machine interface. In this field improvements
are necessary, even though there is a mechanical limit
due to soft tissues.

In order to put the orthosis efficacy in relation, the ef-
ficacy of other alternative and supplementary treatments
is of interest. The management of tremor through func-
tional electrical stimulation by Rocon’s group reduced
the tremor power by 52% (PSD), which was their second
approach after the orthosis WOTAS (#4) [25]. However,
rapid fatigue of the stimulated muscle, discomfort due to
strong stimulation, and interference with voluntary
movements are drawbacks affecting the wearers’ accept-
ance and the long-term effectiveness of functional elec-
trical stimulation. The third approach of Rocon was
sensory electrical stimulation, muscle stimulation below
the functional activation threshold, which reached 52%
reduction of tremor power on average (with individual
parameter optimisation), which is in both cases an im-
provement compared to the 40% WOTAS (#4) efficacy.
The variability in suppression in sensory electrical
stimulation was high, with one third of the patients not
responding to the therapy. Furthermore, over long-term
use the efficacy may be impaired by neural adaptation
[89]. Dideriksen et al. showed that the state-of-the-art in
suppression of tremor using electrical stimulation does
not transcend 67% on average [89], whereas tremor sup-
pression orthoses have the potential to achieve higher
suppression magnitudes as the semi-active DVB Orth-
osis (#12) did, with 98%.

Suppression mechanisms and properties

Active mechanisms are theoretically more advantageous
than passive mechanisms because they do not generate re-
sistance force for voluntary movements of the user. In
reality, correct recognition of a user’s voluntary and invol-
untary movements by the control system presents a great
challenge. The majority of the suppression orthoses rely
on electric motors which need a transmission system in
order to actuate the limb in the correct manner. These
transmission systems are associated with additional weight
and installation space, which results in a bulkier mechan-
ism. Additionally, a high specific power and energy effi-
ciency are beneficial for the orthosis’ performance and
weight. The rotary motor with transmission exceeds the
human muscle regarding the specific power and efficiency.
Even though the requirements of the actuation system
vary from those of the human muscle, the human muscle
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can serve as a point of orientation. Orthoses with a linear
actuator need to be evaluated individually because the at-
tachment of the orthosis to the human limb affects the
resulting torque in the limb joint.

Semi-active mechanisms can minimise the resistance
for voluntary movements and maximise it for involun-
tary movements. Most of the semi-active mechanisms
use a magnetic field and magnetorheological fluid to
tune the suppression system. Like the linear actuators,
a quantitative comparison of the linear damper is diffi-
cult because the orthoses are attached differently to the
limb. Their rotary damping coefficient is unknown and
may have different proportions to that of the linear
damping coefficient. The passive suppression mecha-
nisms are not tuneable and are therefore lightweight.
With a constant damping coefficient there is a com-
promise between suppressing voluntary movements in
some parts and allowing involuntary movements in
others. However, the advantage is the simplicity and
lightweight design of such a system. Despite this, only a
few papers about passive orthoses have been published,
probably because of the disadvantages of such simple
mechanisms.

The soft tissue pressure threshold and pressure dis-
comfort threshold differ for each individual subject,
through both inter-subject and intra-subject variation.
In general, areas of the human body show a lower or
higher pressure pain and discomfort threshold at dif-
ferent locations [90]. It is therefore important where
and how an orthosis is attached to the human body.
Skin properties may also vary within a day and with
age. Furthermore, mechanical properties of the skin
like stiffness, friction and thickness change with its
hydration and climate conditions [91, 92]. A potential
source of harm for the skeletal system is a misalign-
ment with rigid actuators and structures, for which
the inter-subject anatomical variation would conse-
quently require an orthosis, which can adapt to a
user’s anthropometry. A further safety hazard is the
misalignment of the orthoses hinge and the human
joint, where typically a slight human joint axis dis-
placement is observed during rotation, such as the
wrist [93].

Soft mechanisms show a high potential for wearable
robotic devices, as they are less bulky and especially
visually more appealing. Current users of conventional
rigid robotic orthoses claim that these are too bulky,
which can lead to negative effects in activities of daily
living or in the worst case to social exclusion [52]. Out
of the 21 retrieved orthoses, only 5 are soft orthoses
without rigid structures or a suppression mechanism.
Among the 16 prototypes, three orthoses propose a soft
system. Veale et al. propose to direct research towards
compliant robotic orthoses [94].
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Suppression orthoses efficacy

The efficacy of the suppression orthosis indicates how well
the orthosis counteracts tremor. The performance of the
prototypes was evaluated either through test bench exper-
iments, on tremor-affected patients or on healthy subjects,
the latter of whom were treated with electrical stimula-
tions to generate or simulate tremor. Orthoses evaluated
with test bench experiments show the highest suppression
efficacy, the average PSD efficacy of the four evaluations
on a test bench being 98.2% (+1.5%). The smallest and
most spread efficacies were evaluated with tremor-
affected people ranging from 30% (AA) to 98% (PSD). Ex-
periments with healthy subjects showed a range of efficacy
from 77% (AA) to 88% (PSD) (Fig. 3).

Suppression mechanisms and properties

The main components of tremor orthoses are their sup-
pression mechanisms, with the three most common
mechanisms currently being electrical motors, pneu-
matic systems, and viscous/hydraulic configurations.
The majority of the suppression orthoses are active with
52% prevalence, of which 73% (38% of all orthoses) rely
on electrical motors. The majority (63%) use the electric
motor directly (with transmission) to control the human
joint. The other motors are used for tendons or alterna-
tive mechanisms to transfer the force to the body. Semi-
active orthoses account for 29% of the selected papers.
Four out of the six semi-active mechanisms are magnet-
ically activated. All magnetically activated semi-active
mechanisms are viscous/hydraulic based, with the excep-
tion of #10’s electromagnetic friction brake. Passive
mechanisms are the least represented suppression type
in the literature (19%). No intersection of passive mech-
anisms was found, since the orthoses use different ap-
proaches, like a pneumatic piston-coil (#14) and shear
resistance orthosis (#13).

Another aspect of the suppression mechanism is its ri-
gidity. Most of the orthoses rely on rigid suppression
mechanisms, whereas only five orthoses integrated a
non-rigid mechanism (#6, #11, #17, #18, #21).

In comparison to the human muscle, the specific power
and energy efficiency of the mechanisms are shown in
Table 3. The efficiency of linear motors and pneumatic
piston-coil actuators was taken from external literature,
not related to the review, since it was not provided in the
retrieved publications. The linear motor has the highest
specific power with 387.3 W/kg and the highest energy ef-
ficiency with 85% [85]. The pneumatic mechanism shows
the lowest specific power with 76.3 W/kg and an energy
efficiency of 20% [86]. The average specific force of the
linear actuators of this review is 228.10 N/kg (+15.40 N/
kg), whereas the rotary motor tendon transmission orth-
osis (#6) was excluded because it uses a transmission sys-
tem to transfer the motor torque to linear force.
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An active suppression mechanism is characterised by the
torque or force. The average torque is 2.3 Nm (+0.73 Nm)
excluding one outlier (# WOTAS — 8 Nm). The average
force of the linear actuators is 15.6 N (0.6 N), excluding also
one outlier (#7 PMLM - 67 N).

Passive and semi-active tremor-suppression orthoses
were characterised with the damping coefficient. In
damping orthoses, the damping force depends on the
velocity and for semi-active mechanisms also on the tun-
ing, the adjustment of the damping coefficient by an
additional editable input. One of the two semi-active
mechanisms, with given parameters, has a low damping
coefficient of 8.9 Ns/m, and can be tuned through ad-
justment of the magnetic field in the piston-coil for the
magnetorheological fluid, to the high damping coeffi-
cient of 186.7 Ns/m (#9 MR Damper). The other semi-
active mechanism has a larger range from 6.5 Ns/m to
25.0 Ns/m (#12 DVB Orthosis). The passive mechanism
#7 PMLM has a constant damping coefficient of 400 Ns/
m, whereas #14 Air Dashpot has a damping coefficient
of 1800 Ns/m. Two other damping orthoses have a ro-
tary damping coefficient of 2*10” > Nms/deg. (#¥13, #16).

Degrees of freedom

For the ergonomics of an orthosis, the DOF are relevant.
A locked DOF restricts the natural workspace of the user.
Such restrictions lead to discomfort and limited accept-
ance by the orthosis user. The review of the current litera-
ture shows that many orthoses lock the wrist deviation, a
movement which can be compensated by the user’s shoul-
der movement, but this can lead to an overload and/or
false posture of the shoulder in everyday usage [46]. Most
orthoses concentrate on suppressing tremor in one DOF,
like the elbow or wrist (flexion and extension), whereas
only one group investigated the biomechanical kinematics
of tremor (#4 WOTAS) [31]. However, for postural tremor
of ET patients, the WFE and FPS are the kinematics with
the highest measured tremorous impact in the upper limb
[30]. Many orthoses considered the WFE but only seven
orthoses suppress involuntary movements of the FPS, a
reason being the mechanical complexity of FPS interven-
tion [32]. Regardless, the exact biomechanical processes
and origins of tremor are still unclear and there is a need
for further investigations to achieve an optimal suppres-
sion [95]. In general, it can be assumed that WFE and FPS
suppression are sufficient for an adequate physical inter-
vention in tremor because those are the most affected
DOF in PD, ET and cerebellar tremor [96].

Weight of the orthoses

The weight of a wearable orthosis is also an essential fac-
tor for its ergonomics. Additional weight at the arm can
lead to muscle fatigue and discomfort and is one of the
most important design factors [97]. The average weight of
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an orthosis which suppresses involuntary movements in
the elbow is 580 g, corresponding to a 19% increase in the
weight of an average user’s arm (average forearm weight
of 2.3% and arm weight of 5% from average body weight
of 62 kg [98, 99]). Comparatively, an orthosis attached to
the forearm and/or hands may average 231 g for a 16% in-
crease in the weight of the forearm. In both calculations,
the weight of the energy source and control unit were not
considered as these additional components will further in-
crease the total weight of the orthoses. To keep the total
weight at the arm, these components could be attached
decentralized, e.g. like a backpack, instead of being inte-
grated into the orthoses. Furthermore, the results of the
specific weight show a high standard deviation because it
is influenced by many factors, like the actuation system,
cuff system, and lightweight design and development sta-
tus, respectively. Too heavy orthoses can be an exclusion
criterion for the wearer’s everyday usage. Users of the
WOTAS (#4) claimed that the orthosis is too bulky and
leads to muscle fatigue [52]. This led to a cessation of the
research on this wearable orthosis as it was not an accept-
able solution for the patients [100]. Instead, the group in-
vestigated taking a different approach (functional
electrical stimulation). This shows the importance of the
weight and the need for improvement.

Number of publications over time

With one exception, all publications retrieved in this re-
view were published in the last two decades, with the
majority having been written in the last 8 years. Robotic
technology in general is progressing, leading to an in-
creasing number of sophisticated wearable and portable
devices. Robotic technology is a growing field of re-
search especially for rehabilitation and biomedical engin-
eering. Three types of suppression strategies were
observed; active, semi-active and passive, with active
suppression orthoses found to be the most prevalent.
Because of the inherent differences between the categor-
ies, it is difficult to perform a cross-comparison of the
orthoses. An analysis and comparison of special mech-
anical or ergonomic characteristics can only occur quali-
tatively as, due to the low sample size and the nominal
scale of the data, quantitative analysis is restricted.

Future research and development

Most of the prototypes did not reach the market due to
the low wearability, leading to a lack of acceptance by the
user. Here, wearability is the comfort and ergonomics in
contrast to the performance. The high weight and the
rigid structures lead to low ergonomics and comfort. Es-
pecially elder patients are more sensitive to weight due to
sarcopenia, the degenerative loss of skeletal muscle mass
associated with aging. Furthermore, older people often
have a negative attitude towards technology, especially
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towards gerontechnology [101]; therefore a high wearabil-
ity and an unobtrusive design are required improvements.

In order to develop appropriate tremor-suppression
orthoses, the biomechanics of the tremorous movement
need to be characterized, as proposed by Charles et al.
[95]. Further investigations for the human-machine
interface are needed, to improve the connection of a
wearable device to the human body with an ideal force
transmission. For this, an improvement in the under-
standing of tremorous movements and influencing fac-
tors of soft tissues are crucial.. Future research probably
needs to focus on soft suppression mechanisms with im-
proved efficacy for tremor suppression to attain higher
rates of patient acceptance. To this end, a future orthosis
needs to be less obtrusive and more visually appealing,
as well as to incorporate more biomimetic design fea-
tures, inspired by nature’s functions and mechanisms.
Such suppression orthoses could rely on proposed
mechanisms like hydraulically amplified soft actuators,
Peano-HASEL [102], dielectric elastomers, low melting
point alloys, shape memory alloys or other mechanisms
reviewed by Chen and Pei [103]. This higher patient ac-
ceptance combined with improved efficacy could be
achieved by the improved wearability along with such
soft mechanisms and the new possibilities of an unob-
trusive design. A new orthosis with a soft suppression
system and improved suppression efficacy needs to have
enough variability to accommodate all patients and dif-
ferent tremor types. Such an orthosis could be used in
future to investigate the effect of such tremor-
suppression orthosis on the subject and its involuntary
movement in short- and long-term use, like the Distal to
Proximal Tremor Shift phenomenon.

Conclusion

This paper reviews the state-of-the-art and persisting trends
of tremor-suppression wearable orthoses within the litera-
ture search. Twenty-one orthoses were identified through a
literature search, with distinct suppression types (passive,
semi-active, and active), and further classified by their sta-
tus of development (concepts and prototypes). Their differ-
ent mechanical and ergonomic properties were mapped
and compared, including DOF, weight, suppression proper-
ties, and efficacy. This review will help researchers to gain a
deeper understanding of the state-of-the-art and weak-
nesses of the identified suppression orthoses.

This review shows that the majority of the tremor-
suppression orthoses are bulky and have rigid structures,
adding weight of about 20% to the arm, not including
the energy source and control unit. The efficacy of invol-
untary movement attenuation with tremorous patients
was found to be 63% in the cross-method average, which
shows a better average performance than the most com-
mon treatment - medication (23 to 68%) - and was in
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most cases supplementary to the benefit of the medica-
tion. The manipulation of movement by electrical stimu-
lation achieves a comparable average suppression
efficacy of 67%. Invasive methods (DBS) achieve 90% re-
duction and the emerging and less invasive high inten-
sity focused ultrasound 55% tremor suppression efficacy.
The orthotic approach has the advantage that it is a
non-invasive method as opposed to DBS and high inten-
sity focused ultrasound, and can also be used as a sup-
plement to invasive methods.

This performance of future orthoses will be further
improved with an optimised human-machine interface, a
better understanding of the tremorous movement pat-
tern and improved suppression mechanism. Many orth-
oses are unwieldy since they are constraining the natural
workspace of the wearer. Furthermore, visually un-
appealing orthoses are often rejected by patients as they
may be considered to lead to social exclusion.

The main challenge of the design of tremor-cancelling
orthoses is the combination of a high tremor suppression
efficacy mechanism with good ergonomics, leading to high
acceptance especially by older people. More precisely, the
challenge to design an optimal tremor-cancelling orthosis
is the development of a soft, non-cumbersome, compact,
powerful, lightweight, and direct-driven suppression sys-
tem with an appropriate design to increase the wearers’
acceptance. All these characteristics are obviously very
challenging and have not been achieved by existing sys-
tems, which clearly indicates the necessity for the develop-
ment of a novel suppression orthosis with minimal
burden for the patient and improved suppression efficacy.
In this review, some concepts using lightweight structures
and smart textiles, such as the unobtrusive appearance
and soft mechanism of the Piezoelectric Fibre Glove (#17),
demonstrate a promising route to address these shortcom-
ings. To reach that design goal, further research and de-
velopment is required in this field.
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