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Abstract 

The standard course of treatment for pathological tremor mainly involves 

pharmacotherapy. However, treatment can be challenging as individual responses to 

therapy vary widely. Individuals with a disabling or medication refractory tremor, may 

have the option for one of several surgical procedures. Essential Tremor (ET) and 

Parkinson’s Disease (PD) are considered to be among the most pervasive of tremor 

related disorders. Overall pathological tremor prevalence statistics range from 2% to well 

over 10% in the elderly. Up to 60% of those affected by tremor experience disability in 

their Activities of Daily Living (ADL) and more than a quarter struggle to find relief 

through conventional treatments. There is, therefore, a persuasive case for alternative 

therapies for individuals with pathological tremor. This thesis proposes a tremor 

suppression approach to track the intentional motion. Typically tremor suppression 

methods estimate the tremor component and produce a counteracting signal. The 

suggested approach instead predicts the voluntary motion component via force 

information, while the tremor signal is regarded as a motion disturbance and 

consequently rejected. The approach is demonstrated in a modular form for flexibility in 

implementation. The suppression approach, involving an admittance and speed 

controlled feedbacks, was evaluated experimentally with a benchtop tremor simulation 

system. Parametric stability and controller tuning were demonstrated, and response time 

performance specifications were achieved. Spectral analysis results show a 99.8% 

tremor power reduction; the power reduction related to the voluntary movement was 

instead negligible (0.18%). A robotic orthosis was subsequently developed to validate 

the approach for the suppression of pathologic elbow tremor. Two types of robotically 

simulated human inputs were evaluated in addition to employing orthosis gravity 

compensation. Finally, nine participants with either ET or PD were recruited and 

performed computerized pursuit tracking tasks with the orthosis. The mean tremor power 

reduction was 94.4%; significantly higher than typically achieved with pharmacotherapy. 

Importantly, the effect to the voluntary motion was limited to only 6.6%. When 

mechanically suppressing tremor, there is a risk of preventing the individual with tremor 

from performing volitional movements. An important contribution of this work involves the 

explicit treatment of the impact to the volitional motion. 
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Chapter 1. Introduction 

Pathological tremor in humans is a widely recognized phenomenon. Many people 

may be familiar with the condition through well-known personalities (e.g. Michael Jay 

Fox, Muhammad Ali and Katharine Hepburn), leaders and politicians (e.g. John Adams 

and Pierre Trudeau), or just through family and friends. Pathological tremor is a 

neurologically based movement disorder; it is a relatively common condition, with 

prevalence on par or exceeding many other recognizable neurological conditions [1]–[3]. 

Manifestation of physiological tremor is evident in all humans and is in fact a 

normal occurrence. In contrast pathological tremor is an abnormal condition that can 

result in an increase in amplitude as well as in modification of the tremor frequency. 

Pathological tremor has been defined as an “involuntary, rhythmic, oscillatory movement 

produced by either synchronous or alternating contractions of antagonist muscles” [4], 

[5]. 

1.1. Motivation 

Human tremor is thought to superimpose over the intended motion and thus 

corrupt the planned activity. In particular, when a person attempts to interface with the 

surrounding world, the tremorous motion can obstruct and diminish the resulting motion 

accuracy and stability. Thus, cancelation of human tremor is desirable. 

There are two primary scenarios that commonly require attenuation or removal of 

tremor. The first is in individuals suffering from a neurological disorder resulting in a 

“rhythmic, roughly sinusoidal involuntary movement” [6], referred to as pathological 

tremor. Individuals suffering from pathological tremor may benefit from mechanical 

attenuation of the involuntary movements [7]. Medical robots and orthoses have been 

suggested for this purpose, and can be donned on the limbs and apply resistive forces, 

either distally or to a specific joint, that reduce the tremor. The second scenario is when 

a person is required to perform a task involving high accuracy, which may be difficult to 

achieve due to the normal physiological tremor, with a consistent level of performance. 

Achieving high precision and reliability in such a scenario may be difficult without an 

intermediate system interfacing between the hands and the target object to be 
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manipulated, such as in medical procedures [8]. Often an electromechanical system 

(e.g. a teleoperation system) is used to interface between the human and the 

surrounding world in order to attenuate even small (normal) levels of tremor that are 

present [9]. 

1.2. Goal and Objectives 

The overall goal of this thesis is to propose an effective tremor suppression 

approach. An effective approach in this context refers to one that removes the tremorous 

motion while creating minimum obstruction to the intentional motion component. The 

conceived approach could be used in multiple scenarios requiring the attenuation of 

undesired tremor movements. Typical applications range from medical assistive devices 

to fine motion teleoperation devices. 

The following objectives were defined as stepping stones towards achieving the 

research goal: 

1. Propose a novel tremor suppression approach. 

2. Validate the proposed approach via a hardware simulator. 

3. Design a tremor suppression orthosis implemented with the proposed 
approach. 

4. Test the suppression approach and orthosis on individuals with 
tremor. 

1.3. Outline of Thesis 

This work aims to develop a tremor suppression solution. As such, the thesis 

begins with a background on tremor. From Chapter 3 to Chapter 6, a tremor 

suppression solution is proposed and demonstrated first in simulations and finally with 

individuals with tremor. The thesis is structured as follows: 

Chapter 2 provides, in essence, a literature review of etiology, clinical aspects, 

and prevalence and statistics of tremor; finally tremor solutions in research and industry 

are reviewed. The etiology section touches on the physiology and mechanisms of 

tremor, the neuronal structure, and related muscle synergies. The clinical features and 

statistics section talks about types of tremor, their activation conditions, and unique 
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characteristics such as typical tremor frequency. The chapter concludes with a review of 

tremor suppression solution in research and industry involving a variety of technologies. 

Chapter 3 introduces the suggested suppression approach in a generic and 

modular fashion. The approach motivation and novel features are described. Specific 

modules of the approach are reviewed with respect to the literature and state of the art. 

Furthermore, the chapter delves into a possible controller implementation for application 

purposes with mathematical modeling. 

In Chapter 4, a benchtop system is developed for the simultaneous simulation 

and suppression of tremor. The benchtop mechanism is introduced, followed by a 

parametric stability and performance analysis. Simulation is performed using a tremor 

signal recorded from an individual with tremor as input, and results are presented. A 

discussion of the simulation system and its results ensues including identified limitations. 

Chapter 5 involves the development of an elbow orthosis and its implementation 

with the proposed suppression approach and controller, similar to that presented in 

Chapter 3 and Chapter 4. Experimental results are obtained by simulations with a 

tremor input. Importantly, two types of tremor inputs are considered, namely velocity and 

torque based tremor signals. Differences in the results between the two input signals are 

discussed analytically and qualitatively. 

In Chapter 6, the orthosis developed in Chapter 5 is employed in a pilot clinical 

study involving participants with tremor. The study participants performed functional as 

well as pursuit tracking tasks. Healthy participants’ data was also collected to be used as 

reference for the tremor participants’ data. Participant selection and protocol details are 

provided. Uniquely, detailed results are provided not only with regard to the tremor 

suppression but also in relation to the voluntary motion and how it is affected by the 

proposed solution. 

Chapter 7 concludes with a summary of the thesis objectives. Each objective is 

reviewed with respect to the work completed in the thesis and supported by quantitative 

data. A list of peer reviewed contributions is provided. Finally, possible future work is 

proposed. 
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Chapter 2.  
 
Physiological and Pathological Tremor 

2.1. Etiology 

Pathologic tremors are generally thought to emerge from Central Nervous 

System (CNS) and peripheral nervous system disorders. The physiologies of different 

pathologies, however, differ and the specific neurophysiological pathways have proven 

to be elusive [10], [11]. 

The cerebellum is a major brain structure within the posterior fossa, with its 

anterior part connected to the brain stem [12]. The cerebellum contributes to the 

regulation of motions, for example by comparing actual to desired movements, and to 

feedforward control [13]; it is also likely to be a center of oscillatory processes 

associated with tremor, exhibiting frequencies compatible with tremor [14]. However, the 

cerebellum is not solely responsible, as the entire central motor network is thought to be 

involved in tremor generation, including but not limited to the cortex, basal ganglia, and 

thalamus [11]. 

A representation of central and peripheral nervous system loops connectivity is 

provided in Figure 2.1 [10]. Peripheral connections include reflex loops that interface 

muscle with the spinal cord and back. Higher level connections to the spinal cord, brain 

stem, and brain are considered central loops. Central oscillators in humans give out 

rhythmic motor commands. There exist normal as well as pathologic central oscillators. 
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Figure 2.1  Central nervous system connectivity [10] 

A variety of sensing and stimulation modalities have been used to investigate the 

involvement of the Cerebellum in tremor including Electromyography (EMG), 

Magnetoencephalography (MEG), repetitive Transcranial Magnetic Stimulation (rTMS), 

Electroencephalography (EEG), Magnetic Resonance Imaging (MRI), functional MRI, 

Voxel-Based Morphometry (VBM), Magnetic Resonance Spectroscopy (MRS), Diffusion 

Tensor Imaging (DTI), Positron Emission Tomography (PET) and Single-Photon 

Emission Computed Tomography (SPECT). Many of the above methods offer evidence 

of cerebellar dysfunction associated with tremor. Recent studies including tissue based 

ones have also highlighted clinical and neuropathological evidence linking the 

cerebellum to Essential Tremor (ET) [11], [14]–[17]. 
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In bidding to understand the mechanisms behind physiological tremor, early 

works have hypothesised a connection to an oscillatory process in the stretch reflex loop 

[18]. Stein et al. have distinguished between two different mechanistic sources of 

(physiological) tremor, namely mechanical and reflex oscillations [19]. The former is 

purely mechanical in nature and arises from the interaction between muscles and load. 

Mechanical tremor tends to decay over time. The latter arises from high gain in reflex 

pathways that connect muscles to the CNS. Furthermore, when the frequencies of the 

mechanical and reflex tremors are close, the two may mutually entrain to a single 

frequency tremor referred to as mechanical-reflex tremor [10]. Both mechanical and 

mechanical-reflex oscillations frequencies tend to inversely depend on the load such that 

higher load is associated to a lower motion frequency and vice versa [20]. 

Mechanical properties of the limb contribute to the tremor frequency through the 

following relation 

 

𝑓 =
1

2𝜋
√

𝐾

𝐼
 (1) 

Equation (1) models the joint physiology as a mass-spring mechanical system where 𝐾, 

𝐼, and 𝑓 are the spring stiffness, mass inertia, and resonant frequency respectively. 

Upper limb typical unloaded resonant frequencies are around 25-27 Hz at the finger, 9 

Hz at the wrist and 2 Hz at the elbow. If forces or loads are applied different resonant 

frequencies may result. 

As mentioned, central oscillators are another contributing factor of both normal 

and pathologic tremors, with frequencies typically in the range of 8-12 Hz [10], [21] they 

are unique in that they operate independently of peripheral input [20]. In contrast, 

mechanical and reflex tremors are generally influenced by a mechanical or nerve 

perturbation (peripheral input) that can result in a frequency or phase shift of the 

tremorous motion. In order to distinguish between tremors arising from mechanical, 

mechanical-reflex or central oscillators many studies have incorporated accelerometry 

and EMG data while weighing the affected body part and utilizing a spectral analysis 

[10], [22]. Weighing the human body part can affect the inertia. As mentioned, the 

frequency of mechanical and reflex tremors decreases with increased body part inertia. 
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In contrast, central oscillator tremor will tend to remain unchanged. Consequently, it is 

possible to separate tremor into its constituent driving components, which in turn can 

help distinguish between tremor pathologies. Overview of different mechanistic origins of 

physiologic and pathologic tremor is provided in a review paper by McAuley et al. [21] 

and in [6], [10], [23] respectively. 

To summarise, four outcomes may generally be observed, when measured using 

EMG and accelerometry, and with inertial loading applied to the human arm [24]. Note 

the aforementioned is true for both physiological and pathological tremor. 

1. Accelerometer data shows oscillations, and EMG data shows no 
oscillations. Tremor frequency decreases when a load is attached 
according to (1). This behaviour represents normal tremor due to 
mechanical resonance with little contribution from reflex loops or a 
central oscillator. 

2. Both the accelerometry and EMG data show a tremorous signal that 
decreases by more than 1 Hz with inertial loading. The condition 
represents motor unit entrainment by the mechanical and mechanical-
reflex resonant frequency, essentially dictating the EMG tremor 
frequency. The condition is typical of enhanced physiological tremor. 

3. In the unloaded case the same frequency is observed for the 
accelerometry and EMG. In the loaded case two frequencies are 
observed, a mechanical-reflex resonant lower frequency component 
and a higher motor unit frequency driven by a central oscillator. The 
central oscillator component frequency is unaffected by loading. 

4. The same frequency is observed in the accelerometry and EMG for 
both the loaded and unloaded cases. A frequency decrease of less 
than 1 Hz is seen with the inertial loading. The condition represents a 
dominant central oscillator with minor effect by mechanical-reflex 
resonant oscillations. 

An active research topic in motor control is that of modularity, also known as 

motor primitives or muscle synergies. The basic premise of muscle synergies suggests 

the nervous system flexibly controls groups of muscles rather than isolated muscles 

when performing a variety of motor tasks [25]. Across different tasks as well as similar 

tasks, but different conditions, the CNS may modulate the timing and/or activity of the 

same group of muscles [26]. Thus, a control dimensional space may be achieved using 

synergies that is reduced relative to the variables (muscles or joints) dimensional space. 

Motor primitives have been identified in the muscular (e.g. through EMG), kinematic, and 
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neural substrate level. It has been hypothesized that the modularity of synergies 

simplifies movement generation and motor learning [27]. 

Neurological disorders (e.g. stroke and spinal cord injury) can affect muscle 

synergy movement repeatability as well as the flexibility with which the movement can 

be executed under different conditions [26]. Evidence relating pathological tremor to 

muscle synergies is limited. It has been suggested, however, that cortical and 

subcortical disorganization exists in some diseases (e.g. Parkinson’s disease) resulting 

in abnormal synergies [26]. It is also conceivable that loss of inhibition, as is suggested 

to be the case for hand dystonia [28], [29], is related to pathologic synergy seen in 

tremor. A tremor compensatory mechanism, involving synergy of upper inter-limb joints, 

resulted in reduced fingertip physiological tremor as shown by Morrison et al. [30]. 

However, this compensatory mechanics was primarily associated to higher frequencies, 

which account for a small portion of the tremor power [31]. In a later study by Carignan 

et al. no such compensatory mechanism was observed in the critical lower frequencies 

of physiological tremor [32]. Nevertheless, a relationship between upper limb segments, 

distal to the shoulder and mechanically driven by it, was observed in lower frequencies 

whereby little or no phase existed between the different limb segments. 

2.2. Clinical Features and Statistics 

A variety of pathological tremor conditions have been identified by the medical 

community that include more than ten subtypes of tremor [5], [6], [23], [33]. The proposal 

of the Movement Disorder society for the clinical classification of tremors [4] was one of 

the first comprehensive studies summarizing clinical features for the classifications of 

tremor. The proposed classification, among other factors, considers and defines the 

activation conditions during which tremor may be observed as shown in Figure 2.2. 
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Figure 2.2 Tremor activation conditions [4], [33] 

In addition to the conditions under which tremor is activated (Figure 2.2), factors 

such as tone and rigidity, topography (part of the body being affected), frequency, 

medical history and scale rating should be taken into account in the classification of 

tremor [4]. Using these different factors a variety of clinical disorders are defined. A list of 

defined tremor disorders, their frequency and activation conditions are shown in Figure 

2.3. 

Rating scales have also been proposed for resting tremor (the 

Unified Parkinson’s Disease Rating Scale (UPDRS)) [34], [35], and for action tremor 

[36]–[40]. 
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Figure 2.3 Tremor classification based frequency and activation condition [4] 

Among movement disorders known to affect humans, pathological tremor is 

highly prevalent [23]; some estimates show it to affect above 10% of the elderly 

population [41]–[44]. Tremor often affects the upper extremities [33], and can adversely 

impact the ability to perform basic tasks. Additionally, social discomfort is a common 

grievance with tremor patients [45]. Disability in Activities of Daily Living (ADL) is 

experienced in more than 60% of upper limb tremor patients [7], [46].  

Of the above diagnosed conditions (Figure 2.3) ET and Parkinsonian Disease 

(PD) are by far the more common [11], [23], and often occur together [6]. ET prevalence 

has been estimated at 4% of people aged 40 years or older, with an increase in 

incidence with age. PD overall prevalence has been estimated at 1.6% [42], [47], [48]. 

Essential tremor is characterized by an involuntary oscillatory frequency component of 4-

12 Hz, inversely related to age [1], whereas Parkinson’s disease tremor frequency is 

typically between 3-5 Hz. A high frequency form of a Parkinson’s disease action tremor 

has oscillations between 5-10 Hz [6]. The conditions are progressive, and the greatest 

oscillations amplitude is typically observed at distal joints. ET and PD often appear at the 

upper limbs, and slightly asymmetrically [33], [49]. ET is often bilateral, while PD is often 
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unilateral and commonly involves Bradykinesia [5]. No known cure is available and 

treatments primarily consist of pharmacotherapy on a trial-and-error basis, however 

surgery and Deep Brain Stimulation (DBS), typically reserved for severe and medication 

resistant patients [50], also account for therapeutic alternatives [7], [46], [51], [52]. Other 

surgical procedures include γ knife radiosurgery (invasive), and Magnetic Resonance-

Guided Focused Ultrasound (MRgFUS) (noninvasive) [53], [54]. Specifically, MRgFUS is 

a non-invasive thalamotomy procedure that has been demonstrated to reduce tremor 

[55]. Risks for the procedure include intracerebral hemorrhage and other potential 

neurologic impairments [56]. Comprehensive clinical trials are currently underway to 

validate the MR-guided focused ultrasound approach. Both ET and PD are central 

neurogenic driven tremors [23]. Therefore, with regard to the electrophysiologic measure 

outcomes due to the effects of inertial loading (mentioned in section 2.1) advanced ET 

and PD have typically outcome 4, while mild ET has outcomes 2 and 3 [10]. 

As mentioned previously medications comprise the primary course of therapy, 

however are commonly precluded due to their poor effectiveness or significant side 

effects in 30% or more of the cases [50], [57]. When beneficial, the tremor reduction due 

to medication is estimated between 39% and 68%, dependent on the specific medication 

[23]. Instead, DBS effectiveness is estimated at 90%. However, about 20% of patients 

undergoing unilateral DBS experience side effects, and about 30% of patients 

undergoing bilateral thalamic DBS experience complications [6]. 

Therefore, there is a need for continued investigation of novel treatments in order 

to enhance efficacy while minimizing side effects and risks. Wearable robotic devices 

may provide a solution for some patients. The main challenge for electromechanical 

orthoses is to offer an effective suppression as defined in section 1.2; namely, the 

orthosis should resist the tremor component while allowing the intentional motion to be 

carried out unhindered. 

2.3. Tremor Suppression Solutions 

2.3.1. Research 

Over the past few decades, a variety of mechanical based solutions have been 

proposed for lessening patients’ tremors, and in so doing assisting them in their ADL. 
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Devices for tremor suppression can be categorized as passive or active. There are 

benefits and drawbacks to both methods. Passive systems tend to be simpler to 

implement, however the suppressive force may affect not only the tremorous but also 

the voluntary motion. Active systems tend to involve higher complexity and power 

consumption yet with a potential to offer better performance. Likewise, tremor 

suppression devices can be categorized as ambulatory, typically as wearable devices, or 

non-ambulatory [7], [58]. Non-ambulatory devices can nevertheless serve users in their 

ADL (e.g. by being connected to a wheelchair). More typically, non-ambulatory devices 

are grounded (e.g. connected to a table) for use in a home or a clinic. 

Early investigations into biomechanically suppressing tremor resulted in devices 

that were predominantly non ambulatory [59], [60]; these devices additionally relied on 

damping forces. One of the first published devices to tackle pathological tremor was a 

joystick with viscous damping for improved wheelchair control accuracy [59]. Another 

device, named CEDO, utilizing magnetic particle brakes, delivered velocity proportional 

resistive forces in three Degrees of Freedom (DOF), moving in a horizontal plane. It was 

assembled on a wheelchair and attached with a brace to the subject’s forearm [60], [61]. 

Further, a wrist flexion/extension viscous friction orthosis was designed for tremor 

suppression by Kotovsky et al. [62]. The device acted passively to dampen the tremor, 

though its dimensions were relatively small such that it was mobile and could fit beneath 

a garment. 

 Several wearable (ambulatory) active devices have also been suggested since, 

that target the upper limbs and assist the wrist and elbow joints [63]–[65], utilizing 

controlled dampers and electric motors. A similar device to that developed by Kotovsky 

et al. but with an active suppression, employing Magneto-Rheological Fluids was 

developed by Loureiro et al. [63]. The WOTAS orthosis developed by Rocon et al. was 

composed with DC motors spanning 3 DOF for the elbow, forearm and wrist [64]. 

Passive and active control strategies were suggested utilizing kinematic data with an 

impedance controller or a notch filter respectively. A second parallel force feedback loop 

aimed at reducing the obstruction to the voluntary motion. The WOTAS is among the 

most significant works utilizing force sensor data. 

Other tremor solutions involving force feedback include a work by Ohara et al. 

who designed a meal-assist stationary robot with an adaptive force band-stop filter [66]. 
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Research using force data in tremor suppression applications is scarce, and generally 

only exploits the force for the purpose of recording and validation [67], [68]. EMG 

sensors have also been suggested for suppression applications and can be considered 

analogous to a force transducer as they provide a measure of the user’s applied force 

[69]. Kiguchi et al. implemented an EMG based control strategy with a 7 DOF 

exoskeleton [67]. Ando et al. demonstrated an EMG voluntary component estimation, 

tested with a normal and a tremor patient [65]. A 1 DOF elbow device, actuated with a 

DC motor, was presented but not involved in the patient testing. Classification accuracy 

can however be an inhibiting factor for EMG based solutions, in particular, when 

considering accessibility to muscle signals specific to a motion such as pronation and 

supination. 

Functional Electrical Stimulation (FES), soft actuators and smart wearable 

garments based on conducting polymer polypyrrole, piezoelectric fibre composites and 

polymer films, for tremor suppression have been suggested by several research groups 

as an alternative to systems with rigid components and actuators [70]–[75]. EMG and 

FES technologies complement each other. As such, EMG sensors are often utilized in 

conjunction with FES. Recognized limitations for FES include muscles redundancy and 

coupling involved in the activations of joints, surface electrodes hardware limitation in 

accessing specific muscles, as well as muscle fatigue. 

Recently, several non-invasive brain stimulation techniques have been proposed 

and tested with individuals with tremor. Two such techniques include repetitive 

Transcranial Magnetic Stimulation (rTMS) and transcranial Direct Current Stimulation 

(tDCS) [76]. rTMS stimulates cortical neurons by generating a magnetic field with 

induction coils. rTMS therapy has been applied to several movement disorders including 

PD, levodopa-induced dyskinesia, Dystonia, Tourette’s syndrome, Chorea, ET, and 

cortical tremor [77]. Specifically for ET, both a reduction in tremor amplitude and 

functional disability were observed when applying bilateral rTMS to the posterior 

cerebellar cortex for a period of 5 days [78]. Another study involving one participant 

receiving invasive motor cortex stimulation with rTMS showed improvement in hand 

tremor [79]. There are few sham controlled studies applying tDCS for movement 

disorders [80]. One recent double blind, crossover, and placebo controlled study with 10 

ET participants involved applying inhibitory tDCS to the cerebellum through surface 

electrodes [81]. No short or long terms benefits were observed. Another similar non-
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invasive method to tDCS is Transcranial Alternating Current Stimulation (TACS). In a 

study by Brittain et al. TACS was applied to PD patients [82]. A mean tremor amplitude 

reduction of 42% was obtained. The system can adjust online to tremor parameters such 

as frequency and phase by probing the tremor circuit. 

Impedance control strategies for tremor suppression have been suggested by 

multiple researchers [64], [83], [84]. The impedance control approach attempts to modify 

the human machine frequency response such that higher impedance is present at the 

tremor frequencies [84]. Often, the impedance tremor suppression approach uses a 

human-machine model of stiffness, damping, and mass properties that are modified to 

achieve a desired frequency response [83], [85]. An early work by Pledgie et al. used a 

feedback controller to modify the parameters of a linear second-order mass, damping 

and stiffness system, used to model the human robotic coupling [83]. Hashemi et al. 

developed a similar concept called a tuned vibration absorber having 2 DOF (shoulder 

and elbow). The approach was tested with a simulated tremor for a single DOF vibration 

absorber [86]. The passive strategy by Rocon et al. was also based on impedance 

control [64]. A recent work by Taheri et al. presented the development of a human arm 

simulator and proposed a torque estimation method relying on kinematic signals [68], 

[87]. An adaptive disturbance rejection algorithm estimated the involuntary motion torque 

and applied an opposite force to cancel the tremorous motion. Their work requires a 

human-machine model. The main drawback of impedance control involves sensitivity to 

inaccuracies in the human machine model parameters or changes to thereof over time. 

It is not uncommon to assess tremor suppression methods by performing 

simulations, either numerical or experimental [65], [67], [68], [86]–[89] and obtaining 

access (with ethics consent) to patients once simulations have yielded optimal results. 

Several FES systems belong to this group [72], [90], [91]. Comparatively higher values 

for attenuation have been reported [72], though the system was not tested with tremor 

participants. Simulations can promote verification of the suppression approach by 

promoting tuning and debugging of the suppression system and thus improving its 

performance. Furthermore, recordings from patients can be used to simulate the tremor 

profile helping to bridge the gap between simulations and testing with subjects. 

Physiological tremor, a normal occurrence of human tremor, has also been 

targeted in several applications. Teleoperation devices such as surgical robots are a 
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class of machines with a human interface designed to provide enhanced performance by 

the removal of human physiological tremor [8], [92]–[94]. 

The tremor reduction effectiveness of the reviewed suppression solutions varies 

significantly from around 40% to above 90%. It should be noted that even when 

attenuation levels were stated for the tremorous motion, the influence to the voluntary 

motion was seldom reported. 

2.3.2. Commercial Systems 

In contrast to the aforementioned investigative devices, a limited number of 

devices, including the Neater Eater, Handy-1, Winsford Feeder, MIT-manus, the My 

Spoon, Readi-Steadi glove, and Liftware spoon, offering passive and active pathological 

tremor cancelation have become commercially available [95]–[103] and are for the most 

part non-ambulatory in nature. Another device currently being developed [104] is 

purported to use gyroscopes for the tremor suppression. 

Several robotic microsurgical systems like the ZEUS and Da Vinci robotic 

surgical systems, that decrease normal human tremor transferred to the end effector in 

order to increase surgical accuracy, have also become commercially available [8]. 
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Chapter 3.  
 
A Voluntary Driven Tremor Suppression Approach 

3.1. Suppression Approach 

3.1.1. Background 

Typically active-based suppression approaches attempt to estimate and isolate 

the involuntary motion component (tremor) in order to subsequently suppress it [7]. This 

work proposes instead to only estimate the intentional movement and reject any 

disturbance that interferes with such an intended movement. Furthermore, this work 

makes use of a force transducer signal to perform the voluntary and tremor components 

separation, different from most approaches primarily relying on inertial sensors. By 

designing the control feedback such that motions other than the voluntary are rejected, 

the tremor component is attenuated. 

3.1.2. Voluntary-Driven Motion with Speed-Controlled Tremor 
Rejection 

In this section, the approach proposed in order to achieve attenuation of a tremor 

signal superimposed over a voluntary signal is described. The presented approach deals 

primarily with the voluntary motion. The block diagram in Figure 3.1 illustrates a 

breakdown and flow of the elements involved in the suppression approach 

implementation. The suppression approach is illustrated in a generic and modular form 

such that each block may be interchangeably implemented with a variety of alternative 

modules. A force1 sensor is used to detect the interaction force between a human and 

the suppression system. A filtering algorithm then decomposes the force sensor signal 

into voluntary and tremor components. The sensed voluntary force is responsible for 

driving the mechanical suppression system (e.g. a robotic orthosis) using a mechanical 

admittance controller [105]. The voluntary force component is subsequently translated 

into a velocity signal commanding the actuator of the suppression system. An internal 

                                                

1 Force may be represented as measured force, torque, EMG or other equivalent sensing method.  
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feedback loop is incorporated to track the commanded velocity and reject disturbances 

such as the human tremor. A brief review of each module is provided next. 

 

 

Figure 3.1  Suppression approach elements and flow. 

Fundamental Assumptions 

The following two assumptions are fundamental to the success of most tremor 

suppression approaches and specifically to the one proposed in this work: 

1. Voluntary frequencies are assumed below 2 Hz while tremor 
frequencies above 3 Hz. Thus, voluntary and tremor motions occupy 
different frequency bands. This notion is widely supported in the 
literature. 

2. Tremor and volitional motions are superimposed and thus can be 
dealt with independently. 
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3.1.3. Signal Filtering 

Distinguishing the tremor and voluntary components from a recorded signal is a 

fundamental step in tremor applications, whether for diagnosis or treatment. Online 

signal decomposition in particular poses a greater challenge than an offline computation. 

Strategies ranging from linear filtering to stochastic estimators have been employed. 

Gonzalez et al. designed an optimal digital filter offline through pursuit tracking tasks 

[94]. Ando et al. used a second order Low Pass Filter (LPF) applied to an EMG 

tremorous signal to be passed on to a neural network, intended to control an elbow 

device [65]. Verstappen et al. used a high pass filter to separate the tremor component 

before passing it to a repetitive control loop using an FES system [106]. Another recent 

work utilized a tremor estimator in the form of a high pass filter [107]. The filter resulted 

in a significant phase shift, which was corrected prior to being applied to the suppressive 

actuator. The inherent phase shift of linear filters is considered their main limitation [7].  

Another tremor estimation method is the Weighted-frequency Fourier Linear 

Combiner (WFLC) – an adaptive noise canceler. The WFLC adaptively models (with 

zero-phase lag) a tremor signal by tracking its frequency, amplitude and phase [92], [93]. 

For best performance pre-filtering with a high pass filter is recommended. Several 

variations of the WFLC method have been subsequently proposed (BMFLC and 

ASBMFLC), that can adaptively adjust the frequency bandwidth for the tremor estimation 

[108], [109]. A different approach, the Adaptive Band-Pass Filter (ABPF), was proposed 

by Popovic et al. and compared favorably to the WFLC [110]. 

The Kalman Filter (KF) is a stochastic estimator, based on a Bayesian model, 

traditionally employed in navigation (e.g. satellite) and ballistic tracking [111]. The KF 

has been utilized for tremor suppression in several studies. Rocon et al. have 

implemented a KF to track the voluntary motion and by subtracting it from the total 

motion, obtain an estimation of the tremor [64], [112]. The tremor signal was used to 

control a 3 DOF upper arm orthosis. Additionally g-h and Benedict–Bordner filters were 

employed. The main difference between the above filters is the method of weights 

selection [113]. Widjaja et al. have also implemented the KF, fusing information from 

accelerometer and EMG data, to obtain a single joint (1 DOF) estimate of the tremor 

angle to be used in diagnosis, classification and FES applications [69]. Other studies 

involving KF focused on online estimation of the tremor and voluntary signals. Veluvolu 
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et al., in their study, combined the KF with the BMFLC algorithm to estimate the tremor 

motion where the KF replaced the standard LMS algorithm used to adapt the BMFLC 

weights [114]. Bo et al. implemented the EKF with the tremor motion modeled as an 

autoregressive process while the voluntary motion was modeled as an autoregressive 

moving-average model [115]. Tatinati et al. also employed an autoregressive model and 

used KF to estimate the model coefficients [116]. 

3.1.4. Impedance and Admittance Control 

Force control aims to regulate the robot motion and applied force based on some 

defined control goal [117]. Impedance and admittance control strategies generally fall 

under the umbrella of force controllers along with stiffness, hybrid position/force and 

explicit force controllers. Force controllers are beneficial in robotic applications that 

require interacting with an environment such as cutting and grinding tasks, typical for 

industrial settings, or when dealing with environmental uncertainties by regulating the 

permissible contact forces [118], [119]. In contrast, implementing a purely position based 

control approach for a robot-environment interaction requires a very precise knowledge 

of the robot model and environment geometry. Since, in practice, modeling errors are 

difficult to avoid, small position errors can lead to large interaction forces. Sensed 

variables in force control may include position, velocity, acceleration and force. 

Impedance and admittance control methods are reciprocal and are often employed in 

human robot interaction to provide movement resistance or assistance [120]–[122]. 

Mechanical Impedance [117] is defined as  

 
𝑍𝑚(𝑠) =

𝐹(𝑠)

𝑋̇(𝑠)
 (2) 

where 𝐹(𝑠) is the applied force, and 𝑋̇(𝑠) is the resultant velocity. The equation in (2) 

describes a frequency dependent relation between the input velocity and output force. A 

mechanical impedance controller regulates the robot dynamics such that the 

environment experiences a desired impedance. In its simple form, the impedance 

controller generates a desired resistance force based on motion errors. Notably for an 

impedance controller, the environment is assumed to be an admittance [118]. A linear 

case for the impedance in (2) is commonly represented as follows: 
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 𝑠𝑍𝑚(𝑠) = 𝑀𝑠2 + 𝐷𝑠 + 𝐾 (3) 

where 𝑀, 𝐷, 𝐾 are the inertia, damping and stiffness matrices. The manipulator 

impedance can thus be specified through the selection of the matrices. A general 

(position-based) impedance control structure is shown in Figure 3.2, however, other 

representations have been suggested in the literature [123]. The parameters 𝐹, 𝐾𝐸, 𝑋𝐹, 

𝑋𝐷, 𝑋𝐼, 𝐽, and 𝑁 are the environment contact force, net stiffness of the sensors and 

environment, force feedback trajectory, desired trajectory, resultant impedance 

trajectory, robot Jacobian, and nonlinear feedforward compensation. 𝐾𝑃, 𝐾𝑉 are position 

and velocity control gains. The dashed area in Figure 3.2 encloses the proportional-

deriviative position feedback loop that enforces the tracking of 𝑋𝐼 by the end effector 

position 𝑋. Therefore, the manipulator can realize the target impedance. 

 

Figure 3.2  General position-based impedance control diagram [117]. 

Mechanical admittance is defined as 

 
𝐴𝑚(𝑠) =

𝑋̇(𝑠)

𝐹(𝑠)
 (4) 

Equation (4) is the inverse of (2). Admittance control focuses on force tracking which 

results in a robot trajectory that provides a compliant motion relative to the constraining 

environment. An admittance controller is suitable for tasks in which the robot motion is to 

be guided by the environment [118]. Notably for an admittance controller, the 

environment is assumed to be an impedance. 
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A common admittance control structure is shown in Figure 3.3. The parameters 

𝐹𝐷, 𝐹𝐸, 𝑋𝐶, and 𝑋𝐷 are the desired contact force, the contact force error, the commanded 

trajectory, and the desired trajectory respectively. Block 1 is the same inner position 

controller as in Figure 3.2. Admittance control is often depicted as a particular case of 

explicit force control that includes an internal position or velocity feedback [124], [125]. 

 

Figure 3.3  General admittance control diagram [117]. 

Impedance control for Tremor Suppression 

At its foundation, impedance control provides a frequency dependent relation 

between motion and a force (i.e. of a limb). Two impedance approaches have typically 

been employed in the literature. The first involved modification of the biomechanical 

characteristics of the system (robot and limb) to achieve a desired frequency response 

and consequently attenuation of motions in the tremor frequency range [83], [86]. The 

second approach involved defining an impedance relationship specifically for the tremor 

component, between motion and force [64], [68]. It has been shown by several 

researchers that loading of the tremorous body part (externally or internally) can cause 

changes to tremor properties such as amplitude and frequency [60], [126]–[128]. In turn, 

the desired impedance relationship (in the second approach mentioned above) between 

the motion and force may be altered, thus compromising the effectiveness of an 

impedance controller. 

 Adaptive control strategies may help mitigate impedance changes to 

successfully attenuate tremor, though these may only effectively account for internal 

loading (i.e. muscle activation) while external loading may not be known and thus still 

affect performance. To the authors best knowledge adaptive impedance control has yet 

to be investigated for the application of tremor suppression. Taheri et al. in their recent 

work suggested a tremor suppression controller designed to attenuate tremor near the 

tremor fundamental frequency. The controller adapted online to the tremor frequency 

[68]. Nonetheless, the stiffness, damping, and mass impedance properties did not 

adaptively update. 
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Some works unrelated to tremor have investigated adaptive impedance 

controllers. The idea behind adaptive impedance control is to maintain consistent system 

performance in the presence of robot or environment parameter uncertainty [117]. 

Learning impedance control has been researched in manipulator control, typically for 

industrial applications [129]. Investigations involving rehabilitation devices have also 

been carried out. Hussain et al. developed a control scheme whereby the robot 

assistance is adapted based on the level of disability or participation expressed by the 

user [130]. Adaptive impedance has been considered for prosthetic devices in order to 

achieve more natural capabilities, similar to the human limbs [131]. For the application of 

tremor suppression, biological feedback, such as EMG, may be used to guide the 

learning of the impedance control law. In the same vein as in the work by Hussain et al. 

[130], a change in muscle participation or in the combination of muscles used for a given 

task may require a change of the controlled impedance. 

As mentioned previously, most tremor suppression methods model the tremor 

signal and generate a corresponding suppressing command. An impedance-controlled 

system that models the tremor motion-force relationship may therefore experience 

fluctuation in the suppression performance due to the impedance variability. In contrast, 

the method proposed in this work only models the voluntary motion. Therefore, variability 

in the limb impedance is not expected to affect the attenuation performance. 

3.2. Suggested Data Processing and Outcomes 

3.2.1. Spectral Analysis 

The main analysis tool for the spectral domain involved the Power Spectral 

Density (PSD). The PSD describes the power in the signal per unit of frequency [132]. 

Integrating the PSD over a range of frequencies results in the total power in the signal 

for the respective frequency range, which can be expressed as 𝑃𝑠
𝑓
 where 𝑠 designates 

the signal and 𝑓 designates either the tremor (𝑡) or the voluntary (𝑣) frequency range for 

the signal power calculation. A comparison of the total power can be performed between 

two signals (e.g. with and without the tremor suppression), and can be referred to as the 

power change. The power change calculation was defined as follows: 
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𝑃𝐶(𝑃𝑠1

𝑓
, 𝑃𝑠2

𝑓
) =

𝑃𝑠1
𝑓

− 𝑃𝑠2
𝑓

𝑃𝑠2
𝑓

× 100 (5) 

where 𝑃𝑠1
𝑓

 and 𝑃𝑠2
𝑓

 are the power in the first signal (e.g. measured with the suppression 

system) and the power in the second signal (e.g. measured without the suppression 

system), respectively. Throughout this work, a negative power change value indicates a 

power reduction while a positive value indicates a power increase relative to the signal 

𝑠2. 

The spectral analysis can be used for both the tremor and voluntary motion 

components. Voluntary motions are typically considered to have a frequency spectra 

below 2 Hz [133], [7], as such, the 0-2 Hz frequency range is appropriate for the 

calculation of 𝑃𝑇𝑆𝑂
𝑣  and 𝑃𝑀𝑂

𝑣 . The range for tremor may include frequencies above the 

voluntary, e.g. from 2 to 10 Hz, typical for ET and PD [6]. 

3.2.2. Temporal Analysis 

Time domain data processing mainly relates to the intentional motion component. 

The evaluation should involve knowledge of the intentional motion trajectory in order to 

make a comparison with the measured motion resulting from the tremor suppression 

system. A Root Mean Square (RMS) error can be calculated between the desired 

(intentional) and actual motions. 

3.3. Suggested Implementation 

3.3.1. Controller Scheme 

As a first step in constructing the proposed suppression approach, we consider a 

motion of a healthy person, composed of a voluntary component only. The control goal 

is set to track a desired zero force (or torque) 𝑓𝑑 = 0, i.e. to minimize the measured 

interaction force between the person and the mechanical suppression device. Under 

these conditions the suppression system would track the human movement while being 

transparent [134]. Transparency is typically defined in teleoperation systems as a match 

between the impedance perceived by the operator on the master and that of the 
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environment at the slave [135], [136]. By analogy, the suppression system can be 

considered the master device, while a virtual, rather than a physical, system may be 

considered for the slave. It is then assumed the slave experiences zero environment 

impedance such that the master (suppression system in this case) delivers zero 

impedance to the user. 

 

Figure 3.4  Admittance control diagram. 

The admittance control structure employed is shown in Figure 3.4 depicting the 

force feedback loop. A Proportional-Integral-Derivative (PID) was used as an admittance 

controller [137]. 𝐺(𝑠) is the actuator with gearing model, and 𝐻(𝑠) is the force sensor. 

Together 𝐺(𝑠) and 𝐻(𝑠) represent the suppression system. It should be noted that in the 

proposed approach the input force applied by the human (𝑇𝐿) is regarded as a 

disturbance to the system. 
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Figure 3.5  Tremor suppression approach control diagram. The approach 
includes an inner speed control, a state feedback loop and an 
external PID force loop. 

As previously mentioned, the control goal was to reduce the interaction force (𝑓) 

such that the suppression system follows the arm volitional movement (i.e. fd=0). For a 

healthy person the sensed force signal is associated with the voluntary motion. However 

for a person with tremor, the movement and thus the force profile is composed of both 

an intentional and a tremorous component. Therefore, an estimation of the voluntary 

component from the force sensor signal is required (see the “Filter” block in Figure 3.1).  

In our implementation shown in Figure 3.5, the Kalman Filter (KF), a commonly 

used stochastic estimator, was employed to separate the voluntary and tremor force 

components. The KF is used as an observer for the force signal, considering the tremor 

as noise. The estimated intentional component is then fed back to the force control loop 

and the force controller outputs a command representing the voluntary velocity to the 

suppression system. In the case where the voluntary motion alone is present, the output 

of the filter should simply be the voluntary force with no distortion (i.e. ∆𝑓 = −𝑓 for the 

diagram shown in Figure 3.5). The complete tremor suppression control approach is an 

extension to the control diagram in Figure 3.4, as shown in Figure 3.5. 

For a healthy person, in Figure 3.4 the PID output represents an input to the 

mechanical suppression system based on the intentional motion. However, with tremor 

present, the suppression system would be exposed to the forces associated with the 

involuntary motion, exerted by the high frequency component. These forces can cause 

the suppression system to deviate from the intended motion profile. Therefore, for the 
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approach to perform successfully, the tremor forces must be absorbed without impact to 

the system voluntary motion. An inner velocity controller, in Figure 3.5, helps to reject 

the disturbances introduced by the tremorous component. The implemented tremor 

suppression control scheme is then composed of an outer PID force controller fed by the 

negative voluntary force from the KF output, a state feedback, and an inner velocity 

Proportional-Integral (PI) controller that acts to reject the tremor forces applied to the 

suppression system. The state feedback was used to increase the voluntary component 

gain and improve the velocity tracking. 

3.3.2. Kalman Filter 

Background 

A system with noise as shown in Figure 3.6 can be described as a discrete 

stochastic dynamical system as follows: 

 𝑥𝑘+1 = 𝐴𝑥𝑘 + 𝐵𝑢𝑘 + 𝐸𝑤𝑘 (6) 

 𝑦𝑘 = 𝐶𝑥𝑘 + 𝑣𝑘 (7) 

where 𝑥𝑘, 𝑢𝑘, 𝑦𝑘 are the state, control input, and output respectively. 𝐴, 𝐵, 𝐸 and 𝐶 are 

matrices of appropriate dimensions that can be time variant (here the time index has 

been omitted for legibility). 𝑤𝑘, 𝑣𝑘 are the process and measurement noises respectively. 

 

Figure 3.6  Plant with process and measurement noise [138]. 
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It is assumed the process and measurement noise are stationary zero mean 

white noise processes. Furthermore, the initial state 𝑥0 is assumed to have a zero mean 

and be uncorrelated with 𝑤𝑘 and 𝑣𝑘. The process and measurement noise covariance 

and cross-covariance can be expressed as follows: 

 
𝐸 [

𝑤𝑘

𝑣𝑘
] [

𝑤𝑘

𝑣𝑘
]

𝑇

≜ [
𝑄𝑘 𝑆𝑘

𝑆𝑘 𝑅𝑘
] 𝛿𝑘𝑗 (8) 

Where 𝑄𝑘, 𝑅𝑘, 𝑆𝑘, and 𝛿𝑘𝑗 are the process noise covariance, measurement noise 

covariance, noise cross-covariance, and the Kronecker delta. 𝐸 indicates the expected 

value. 

A common formulation of the KF involves an iterative two-step algorithm with a 

time update and a measurement update (also called the predictor–corrector formulation) 

[138].  

Time update: 

 𝑃𝑘+1
− = 𝐴𝑘𝑃𝑘𝐴𝑘

𝑇 + 𝐸𝑘𝑄𝑘𝐸𝑘
𝑇 (9) 

 𝑥𝑘+1
− = 𝐴𝑘𝑥̂𝑘 + 𝐵𝑘𝑢𝑘 (10) 

Measurement update: 

 𝑅𝑒,𝑘+1 = 𝑅𝑘+1 + 𝐶𝑘+1𝑃𝑘+1
− 𝐶𝑘+1

𝑇  (11) 

 𝐾𝑘+1 = 𝑃𝑘+1
− 𝐶𝑘+1

𝑇 𝑅𝑒,𝑘+1
−1  (12) 

 𝑃𝑘+1 = (𝐼 − 𝐾𝑘+1𝐶𝑘+1)𝑃𝑘+1
−  (13) 

 𝑥𝑘+1 = 𝑥𝑘+1
− + 𝐾𝑘+1(𝑦𝑘+1 − 𝐶𝑘+1𝑥𝑘+1

− ) (14) 

where 𝑅𝑒,𝑘+1 is the innovation covariance. The innovation is defined as 𝑒𝑘+1 = 𝑦𝑘+1 −

𝐶𝑘+1𝑥𝑘+1
− . 𝐾𝑘+1 is the Kalman gain. 𝑥𝑘+1

−  and 𝑃𝑘+1
−  are the a priori state estimate and 

error covariance. 𝑥𝑘+1 and 𝑃𝑘+1 are the a posteriori state estimate and error covariance. 
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Is it assumed initial conditions 𝑥0 and 𝑃0 are given. Often a further assumption is made 

stating that 𝑆𝑘 = 0, i.e. the 𝑤𝑘 and 𝑣𝑘 are uncorrelated. It should be noted there are 

different formulations of the same algorithm in terms of how the state error covariance is 

expressed [138], [139]. 

Model Implementation 

In order to implement the KF, the interaction force signal dynamical model was 

used as described in the following evolution equations: 

 𝐷𝑘+1 = 𝐷𝑘 + 𝑇(𝑢̃𝑘 + 𝑑̃𝑘) (15) 

 
𝑀𝑘+1 = 𝑀𝑘 + 𝑇𝐷𝑘 +

1

2
𝑇2(𝑢̃𝑘 + 𝑚̃𝑘) (16) 

where the parameters 𝑀𝑘 and 𝐷𝑘 represent the 𝑘𝑡ℎ measured torque and its first 

derivative (𝐷𝑘 = 𝑑𝑀𝑘

𝑑𝑡
), and 𝑢̃𝑘 is the input to the dynamic model with 𝑁𝑚 𝑠2⁄  units (different 

from 𝑇𝐿). 𝑇 is the sampling time, and 𝑚̃𝑘 and 𝑑̃𝑘 express the measured force and the 

force-derivative noises respectively and have units of 𝑁𝑚 𝑠2⁄ . Expressing the system in 

matrix notation results in a multiple input single output linear system. The matrix form of 

the state and measurement equations is as given in (6) and (7) where the corresponding 

vectors and matrices are defined as 

 
𝑋𝑘 = [

𝑀𝑘

𝐷𝑘
] , 𝑤𝑘 = [

𝑚̃𝑘

𝑑̃𝑘
] , 𝑢𝑘 = [

𝑢̃𝑘

𝑢̃𝑘
] 

 𝐴 = [
1 𝑡
0 1

] , 𝐵 = 𝐸 = [
𝑡2

2⁄ 0

0 𝑡
] 

𝐶 = [1 0] 

(17) 

It should be noted that the interaction force is affected by the human applied force to the 

suppression system. Therefore, the KF model input 𝑢𝑘 is considered unknown and does 

not contribute to the signal estimate (excluded from the time update step). The process 

and measurement noise parameter values and the initial state estimation 𝑥0 and state 



29 

error covariance matrix 𝑃0 are defined below, with the assumption that 𝑚̃𝑘 and 𝑑̃𝑘 are 

uncorrelated. 

 𝑤 = [
0.002

0.2
] 

𝑣 = 0.01 

𝑃0 = 𝐵𝑄𝐵𝑇 

𝑥0 = [
0
0

] 

(18) 

3.3.3. Filter Comparison 

To demonstrate the feasibility of utilizing alternative filters in the ‘Filter’ block of 

Figure 3.1, an offline comparison between a KF and a LPF is shown in Figure 3.7. A 1st 

order Chebyshev filter with cut-off frequency of 2 Hz and 0.1 dB ripple was considered 

as a measure of comparison. The difference between each filter (LPF and KF) and the 

voluntary component was calculated and an RMS was applied to the error. A PSD was 

also calculated for each filter, and the total signal power (in the 2-6 Hz band) was 

obtained. The error RMS for the LPF and the KF were 0.21 and 0.13 rad/s respectively. 

The signal power reduction, relative to the total signal, for the LPF and the KF are 92.1% 

and 94.8% respectively. The LPF relatively small performance loss in relation to the KF 

suggests a LPF could be used successfully with the proposed suppression approach. 

Another work comparing between a LPF and the BMFLC with KF in [114] demonstrates 

superior performance to the latter filtering method. 

 

Figure 3.7 Kalman filter and a low-pass filter comparison. 
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3.4. Summary and Conclusion 

A benefit of the proposed approach is that it avoids assumptions with regard to 

prior knowledge of the human musculoskeletal system parameters. In contrast, 

impedance control strategies for tremor suppression commonly rely on such information 

[83], [86], [68]. The controller used can be tuned successfully with no information 

concerning the mechanical properties of the human body part being affected. Tremor 

suppression approaches that estimate the tremor component often perform further 

computations to update the tremor signal estimation. Additional computations include 

modelling the tremor frequency and amplitude online [66], [68]. One such algorithm is 

the WFLC, which fits a sine wave to a tremor signal [140], [64]. Thus, the potential to 

avoid explicit processing of the tremor component is considered an additional benefit of 

the approach suggested here. 

Most commonly, tremor suppression methods process primarily kinematic data in 

the control approach in order to establish the required attenuating signal. A motivation to 

using primarily admittance control in this work emerges from a realization concerning a 

potential limitation of kinematic control suppression algorithms. Namely, if a position (or 

velocity) controlled suppression is successful, then the reduced tremor motion would 

mean the signals based on which the algorithm performs the computations (e.g. position 

or velocity) also become reduced. A decrease in the signal amplitude can lead to smaller 

Signal to Noise Ratio (SNR) between a position or a velocity signal and any existing 

noise. Therefore, some restriction in implementation seems inherent to kinematic control 

based approaches, which can affect performance. Signal conditioning, such as filtering 

and amplification, have been used to mitigate signal degradation, and increase the SNR 

[68]. While the suppression of tremor signals leads to reduced motion signals, it also 

leads to more of the force associated with the tremor motion to be applied to, and 

absorbed by, the suppression system. Thus, in an admittance control approach, greater 

suppression of tremor leads to an increase in the force reading between the human and 

the suppression system, and consequently to an increase in the SNR of the force signal 

used in the control scheme. 
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Chapter 4.  
 
Tremor Suppression Approach Validation via a 
Hardware Simulator 

4.1. Benchtop Validation System 

4.1.1. Background 

Since in this line of research simulation systems are indicated and frequently 

employed [68], [86], [87], [88], [109], as they allow verification of the approaches prior to 

obtaining access to persons with tremor, a benchtop Tremor Simulation Device (TSD) 

was developed specifically to validate the proposed approach. 

 The TSD consists of two motors, which respectively simulate the motion of a 

human joint and the suppressing action of a mechanical suppression system. A 

parametric stability analysis of the proposed tremor-suppression strategy is presented. A 

motion profile recorded from a person with tremor is used as human input in the TSD to 

experimentally validate the proposed tremor rejection strategy. 

In section 4.1.2 a benchtop simulator that was developed specifically to validate 

the proposed approach is presented. Parametric stability is demonstrated for a generic 

tremor suppression simulator in section 4.2, and also covers the controller tuning and an 

experimental analyses of the system via a step response. Results of the performed 

tests, using the benchtop device, are presented and discussed in Sections 4.3 and 4.4, 

with conclusions and limitations provided in section 4.5. 

4.1.2. Validation Mechanism 

We developed the TSD to evaluate the suppression approach. The TSD offers 

the opportunity to perform tuning and debugging before considering a specific system 

configuration to be tested with participants. The TSD, shown in Figure 4.1, is composed 

of two DC motors connected in-line with a torque sensor. A coupling is used to interface 

the components. The Driving Motor (DM) represents the person’s generated input 

containing a low frequency motion, corresponding to the intentional component, and 
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superimposed by a higher frequency motion corresponding to the tremor component. 

The Suppression Motor (SM) and the torque sensor represent a generic suppressing 

robotic system.  

The DM used in the TSD was a Brushless DC (BLDC) motor (Maxon EC 45 flat 

P/N 339287). A gearbox with a ratio of 18:1 was attached to the DM (Maxon Spur 

Gearhead GS 45 A P/N 301175). The DM assembled setup could generate up to 1.6 Nm 

of continuous torque. The DM was controlled in open-loop mode (velocity controller) in 

order to appreciate the effect of the suppression system. A commercial embedded 

controller (ESCON Module 50/5 P/N 438725) was used for this purpose. The SM was a 

BLDC motor (Maxon EC 45 flat P/N 339286). A gearbox with a ratio of 26:1 was 

attached to the SM (Maxon Spur Gearhead GS 45 A P/N 301173). The SM assembled 

setup generated up to 1.8 Nm of continuous torque. The SM was controlled using an 

embedded controller unit (ESCON Module 50/5 P/N 438725). A torque sensor 

(Transducer Techniques, TRT-100) was connected directly between the motors enabling 

the measurement of the interaction forces, equivalent to the forces between a human 

and a tremor suppression system. An amplifier and conditioning unit was used to acquire 

the torque sensor signal (Transducer Techniques, TM0-1). 

The TSD controller implementation was developed in NI LabVIEW environment 

and operated at a sampling rate of 50 Hz (𝑑𝑡 = 0.02 𝑠), using a data acquisition device 

(NI USB-6341). 
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Figure 4.1  Tremor Simulation Device (TSD). The Driving Motor (DM) represents 
the human input, and the Suppressing Motor (SM) and the torque 
sensor represent the suppression system. 

4.2. Stability and Performance Analysis 

4.2.1. Feedback Stability 

In order to analyse the stability of the feedback system for any human input, we 

formulated the Transfer Function (TF) between the human input 𝑇𝐿 and the velocity 

output 𝜔. For the purpose of the analysis, the plant 𝐺(𝑠) from Figure 3.5 is expanded in 

Figure 4.2. 



35 

 

Figure 4.2  Detailed plant G(s) diagram (encircled in dotted line) describing a 
BLDC motor with a gearbox. The suppression system consists of 
the plant G(s) and a force sensor H(s). 

The interaction force 𝑓 in Figure 4.2 can be described in the Laplace domain as 

follows: 

 𝑓(𝑠) = (𝑇𝑚(𝑠) − 𝑇𝐿(𝑠))𝐻(𝑠) (19) 

where 𝑇𝑚(𝑠) and 𝑇𝐿(𝑠) are the geared motor and human torques. The parameters in (19) 

can be expanded in terms of the human input 𝑇𝐿(𝑠) and the velocity 𝜔(𝑠) as follows: 

 𝑓(𝑠) = −𝜔(𝑠)𝑅(𝑠) − 𝑇𝐿(𝑠)𝑁(𝑠) (20) 

where 𝑅(𝑠) and 𝑁(𝑠) are defined as (for clarity, the Laplace variable is dropped in the 

following formulations of this section): 

 𝑅 =
𝑌𝐾𝑚𝐾𝑔𝐻

1+𝑊𝐶2𝐾𝑚𝐾𝑔𝐻
; 𝑁 =

𝐻

1+𝑊𝐶2𝐾𝑚𝐾𝑔𝐻
 (21) 

where 𝑌(𝑠), 𝑊(𝑠) and 𝑍(𝑠) are defined as 

 
 𝑌 =

(𝑍𝐶1+𝐾𝑏𝐾𝑔)𝑃

1+𝑘3𝐶1𝑃
; 𝑊 =

𝐶1𝑃

1+𝑘3𝐶1𝑃
; 𝑍 = 1 + 𝑘2 +

𝑘1

𝑠
 (22) 

and 𝐶1(𝑠), 𝐶2(𝑠), 𝐾𝑏 , 𝐾𝑚, 𝐾𝑔 stand for the PI and PID control blocks, back-EMF constant, 

torque constant, and the gear ratio respectively; 𝑃(𝑠) and 𝐻(𝑠) are the TF from the input 
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voltage to the resulting current, and the force sensor TF respectively (see Figure 4.2); 

𝑘𝑖, 𝑖 = 1,2,3 are the state feedback gains. The force sensor has a linear relationship 

between the force input and the voltage signal output. Additionally, the force sensor TF 

can be defined as a first order system (1 𝜏𝑠 + 1⁄ ) [141]. Assuming the time constant 𝜏 to 

be much smaller than the response time of the suppression system, the sensor can be 

described as a constant. With the derivation for 𝑓(𝑠) in (20), the block diagram of Figure 

3.5 can be reorganized as in Figure 4.3. All the inner loops from Figure 3.5, with the 

exception of the −𝑖𝑎𝑘3 feedback, are expressed in Figure 4.3 as a single inner loop 

feedback. The SM current can be expressed as a function of both the velocity 𝜔(𝑠), and 

the interaction force 𝑓(𝑠). Thus, the feedback related to 𝑘3 is observed in two separate 

paths in Figure 4.3, an inner loop and a feedforward (part of the outer loop). As shown 

in (20), the interaction force 𝑓(𝑠) can be expressed in terms of 𝜔(𝑠) and 𝑇𝐿(𝑠). 

Consequently, 𝑓𝑒𝑠𝑡(𝑠) is represented in Figure 4.3 by the summation of the input path 

from 𝑇𝐿(𝑠) and the outer feedback loop. 

 

Figure 4.3  Suppression system control diagram. The block diagram is similar 
to that of Figure 3.5 but organized to facilitate derivation of the TF 
from the human input to the velocity output. 

Based on the diagram of Figure 4.3 it is straightforward to derive the TF from 

𝑇𝐿(𝑠) to 𝜔(𝑠), remembering that 𝑓𝑑 = 0. The resultant TF is 
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 𝜔

𝑇𝐿
=

𝐶1𝐶2𝐺𝑁𝐹(1 − 𝑊𝑘3)

1 + 𝐶1𝐺(𝑍 − 𝑌𝑘3) − 𝐶1𝐶2𝐺𝑅𝐹(1 − 𝑊𝑘3)
 (23) 

where 𝐺(𝑠) is defined as follows: 

 
𝐺 =

𝐾𝑔𝐾𝑚

𝐽𝐿𝑎𝑠2 + 𝑠(𝐽𝑅𝑎 + 𝐾𝑓𝐿𝑎) + 𝐾𝑓𝑅𝑎 + 𝐾𝑏𝐾𝑔
2𝐾𝑚

 (24) 

and 𝐹(𝑠) is simply the TF converted from the state space representation in (6) and (7). 

The parameters 𝐽, 𝑅𝑎 , 𝐿𝑎 , 𝐾𝑓 are the total inertia, motor armature resistance, armature 

inductance, and the damping coefficient respectively. 

The stability of the feedback system can be evaluated by examining the location 

of the eigenvalues or poles of the TF in (23). We first show the stability conditions for the 

equivalent internal system, comprising the speed and state feedback loops. 

Subsequently we analyse the outer admittance feedback loop stability with a PID 

controller. Since stability should be achieved regardless of the inclusion of a filter in the 

loop, the model for analysis is simplified, by excluding the KF block. 

Internal Feedback System 

Next the internal system is evaluated parametrically. The TF from desired 

velocity 𝜈(𝑠) to output velocity 𝜔(𝑠) is 

 𝜔

𝜈
=

𝐶1𝐺(1 − 𝑊𝑘3)

1 + 𝐶1𝐺(𝑍 − 𝑌𝑘3)
 (25) 

and can be obtained from (23) by substituting 𝐶2(𝑠) = 1, 𝑁(𝑠) = 1, 𝐹(𝑠) = 1, 𝑅(𝑠) = 0. 

Substituting the corresponding transfer functions in (25) results in 

 𝜔

𝜈
=

𝐾𝑚𝐾𝑔(𝐾𝑣𝑝𝑠2 + 𝐾𝑣𝑖𝑠)

𝑎𝑣4𝑠4 + 𝑎𝑣3𝑠3 + 𝑎𝑣2𝑠2 + 𝑎𝑣1𝑠 + 𝑎𝑣0
 (26) 

where 𝑎𝑣𝑖, 𝑖 = 0,1,2,3,4 are 
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 𝑎𝑣4 =  𝐽𝐿𝑎 

𝑎𝑣3 =  𝐾𝑓𝐿𝑎 + 𝐽𝑅𝑎 + 𝐽𝐾𝑣𝑝𝑘3 

𝑎𝑣2 = 𝐾𝑚𝐾𝑔
2𝐾𝑏 + 𝐾𝑣𝑝𝐾𝑚𝐾𝑔 + 𝐾𝑓𝑅𝑎 + 𝐽𝐾𝑣𝑖𝑘3 + 𝐾𝑓𝐾𝑣𝑝𝑘3 + 𝐾𝑚𝐾𝑔𝐾𝑣𝑝𝑘2 

𝑎𝑣1 = 𝐾𝑣𝑖𝐾𝑚𝐾𝑔 + 𝐾𝑔𝐾𝑚𝐾𝑣𝑝𝑘1 + 𝐾𝑓𝐾𝑣𝑖𝑘3 + 𝐾𝑚𝐾𝑔𝐾𝑣𝑖𝑘2 

𝑎𝑣0 = 𝐾𝑚𝐾𝑔𝐾𝑣𝑖𝑘1 

(27) 

and 𝐾𝑣∗,∗= 𝑝, 𝑖 are the velocity PI gains. Using the Routh-Hurwitz Criterion [142], the 

elements of the first column of the Routh-Hurwitz table, 𝑏𝑣1 = (𝑎𝑣2𝑎𝑣1 − 𝑎𝑣3𝑎𝑣0) 𝑎𝑣2⁄ , 

𝑐𝑣1 = (𝑏𝑣1𝑎𝑣1 − 𝑎𝑣3𝑏𝑣2) 𝑏𝑣1⁄ and 𝑑𝑣1 = 𝑎𝑣0 are calculated. The conditions for LHP poles 

are then 𝑏𝑣1 > 0, and 𝑐𝑣1 > 0, which are a function of the system parameters and 

controller gains. Additionally, the system parameters are physical quantities that are 

positive by definition. Parameters and gains can be selected such that all stability 

conditions are met. 

External Feedback System 

The conditions for the PID admittance controller stability are developed next 

assuming stability has been achieved for the internal system. Substituting the respective 

transfer functions (𝐹(𝑠) = 1; 𝑍(𝑠) = 0; 𝑘𝑖 = 0, 𝑖 = 1,2,3; 𝐶1(𝑠) = 1) in (23) results in the 

following 3rd order parametric expression. 

 𝜔

𝑇𝐿
=

𝐾𝑚𝐾𝑔(𝐾𝑓𝑝𝑠 + 𝐾𝑓𝑑𝑠2 + 𝐾𝑓𝑖)

𝑎𝑓3𝑠3 + 𝑎𝑓2𝑠2 + 𝑎𝑓1𝑠 + 𝑎𝑓0
 (28) 

where 𝑎𝑓𝑖 , 𝑖 = 0,1,2,3 are 

 𝑎𝑓3 =  𝐽(𝐿𝑎 + 𝐾𝑓𝑑𝐾𝑚𝐾𝑔) 

𝑎𝑓2 = 𝐾𝑓𝐿𝑎 + 𝐽𝑅𝑎 + 𝐽𝐾𝑓𝑝𝐾𝑚𝐾𝑔 + 𝐾𝑓𝐾𝑓𝑑𝐾𝑚𝐾𝑔 

𝑎𝑓1 = 𝐾𝑓𝑅𝑎 + 𝐾𝑚𝐾𝑔
2𝐾𝑏 + 𝐽𝐾𝑓𝑖𝐾𝑚𝐾𝑔 + 𝐾𝑓𝐾𝑓𝑝𝐾𝑚𝐾𝑔 

(29) 
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𝑎𝑓0 = 𝐾𝑓𝐾𝑓𝑖𝐾𝑚𝐾𝑔 

and 𝐾𝑓∗,∗= 𝑝, 𝑑, 𝑖 are the admittance controller PID gains. As mentioned, the parameters 

for the electromechanical system and of the controller in (28) are always positive. 

Calculating the elements of the first column of the Routh-Hurwitz table, 𝑏𝑓1 =

(𝑎𝑓2𝑎𝑓1 − 𝑎𝑓3𝑎𝑓0) 𝑎𝑓2⁄  and 𝑐𝑓1 = 𝑎𝑓0, it can be shown the negative elements cancel out, 

and both 𝑏𝑓1 and 𝑐𝑓1 are always positive. No sign changes in the first column indicate no 

poles are in the RHP. Since there are no poles on the imaginary axis, the system is 

asymptotically (and bounded-input-bounded-output) stable. It should be noted, the 

external loop evaluated for stability is similar to that shown in Figure 3.4. 

The parametric structure of the closed loop TF presented here could facilitate the 

design process of a tremor suppression system comprised of similar components. By 

taking into account the suppression system hardware parameters, desirable pole 

locations may be obtained, and thus the system performance may be tailored to specific 

requirements. 

It may be of interest to examine the steady state error (∆𝑓𝑠𝑠) and the steady state 

response (𝜔𝑠𝑠) to a unit step input (𝑇𝐿). 

 
∆𝑓𝑠𝑠 =

𝑠(… )

𝑎𝑓3𝑠3 + 𝑎𝑓2𝑠2 + 𝑎𝑓1𝑠 + 𝑎𝑓0

|

𝑠→0

= 0 

𝜔𝑠𝑠 =
𝐾𝑚𝐾𝑔𝐾𝑓𝑖

𝑎𝑓0
=

1

𝐾𝑓
 

(30) 

The former results in a zero error force while the latter in a constant velocity, 

inversely proportional to the damping coefficient, as shown in (30). 

4.2.2. Controller Tuning 

The Ziegler-Nichols method [143] can be used to obtain initial tuning of the 

admittance controller. We propose the following tuning approach. With the system as in 

Figure 3.4 find the ultimate gain and period using the Ziegler-Nichols method, by 

introducing a small perturbation with the DM. The values obtained in the tuning of the 
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system of Figure 3.4 can then be applied to the system in Figure 3.5. Further fine-

tuning may be needed. Once the PID parameters are chosen, the state feedback can be 

added. 

To obtain initial values for the state feedback gains, we first computed the poles 

of 𝐺(𝑠) using parameters from the components data sheets. Three poles for 𝐺(𝑠) were 

located; two were in the left half plane and one on the imaginary axis. Consequently, we 

calculated the required gains to move the imaginary pole to the left half plane. A 

placement of -0.1 was deemed suitable for the initial gains based on the TSD testing. 

The initial gains used were 𝑘 = [0.3679,0.0092,0.0025]. Moving the imaginary pole 

further to the left resulted in too large gains and poor performance of the TSD. The state 

feedback gains used in our testing were 𝑘 = [0.185,0.0092,0.0025]. It should be noted 

that the state feedback gains used effectively resulted in the position state feedback 

being the most significant, while rendering the velocity and current states feedback 

negligible. Setting a small gain for the velocity state also prevents redundancy with the 

inner velocity controller. 

4.2.3. Step Response 

To test the system with the designed parameters and to check that performance 

specification are met, a step response test was carried out. The DM step input was 

defined as a 2 rad/s step and is shown in Figure 4.4. The velocity input, associated with 

the case that the DM is disengaged from the SM (dashed blue line) serves as a 

reference to the TSD output velocity (solid red line). The interaction force (black line with 

circles) is also shown. The interaction force settles at around 0.08 Nm in steady state, 

close to the desired control goal. A first order LPF was used to smooth out the measured 

force. The step response results in a rise time of 200 ms, and a settling time of 1.06 s 

(for 8% of the final value). Additionally, there is about 20% velocity overshoot. The delay 

time, defined as the time between input and visible system response, was 80 ms [144], 

[145]. 

One of the main performance considerations for a system interfacing with a 

human is the response time achieved by the control system such that it would not be 

perceivable by the user. Findings by different researchers suggest delays between 100-

700 ms are acceptable depending on the system tested and task performed [146]–[150]. 
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A paper by Chen et al., reviewing human robot interaction performance, suggests 

negative effects to task performance can occur when delays are above 170 ms [151]. 

The time delay observed from our step response suggest our system achieves a 

performance that is suitable for a human interaction. It should be noted that such a delay 

could be substantially reduced with a real-time platform. 

 

Figure 4.4  Step response of the system in Figure 3.5. The blue dashed and red 
solid lines are the DM velocity input and TSD response respectively. 
The black line with circles is the TSD interaction force. The rise time 
and delay time are 200 and 220 ms respectively. The Settling time 
(within 8%) is 1.06 s. 

4.3. Experimental Results 

The suppression approach described in Chapter 3 was implemented with the 

TSD to assess its performance. The DM generated input was a superposition of both the 

voluntary and the tremor motion components. The DM driving input was constructed 

based on data recorded from a person with essential tremor (labelled et05) [152]. A 

sample acceleration data for et05, is shown in Figure 4.5 A, and the corresponding 

frequency spectrum is shown in Figure 4.5 B. The tremor data used for the simulation 

contained a principal tremor frequency at 4.3 Hz. Higher order harmonics can also be 

observed. Processing was done to convert the original data to angular velocity units 
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(Figure 4.5 C). Additionally, the original tremor data required resampling to match the 

simulation rate. 

 

Figure 4.5  Tremor data of person et05 [152] A) Linear acceleration data B) PSD 
C) Angular velocity and its zero-phase filtering. 

For the sake of clarity, we first consider the case where the tremor is not present, 

as discussed in section 3.3.1 and shown in Figure 3.4. The human input, produced by 

the DM, was defined as a velocity sinusoid having an amplitude of 2 rad/s and a 

frequency of 0.5 Hz representing a voluntary motion component [153], [154]. A force 

corresponding to (𝑇𝐿) is associated with the above defined velocity human input. A first 

order LPF was used to smooth out the measured voluntary force. The results are 

provided in Figure 4.6, showing the velocity and interaction torque measured between 

the SM and the DM. The two lines shown in Figure 4.6 A are the input velocity signal, 

produced by the DM when disengaged from the SM, and the TSD output velocity signal 

produced with Figure 3.4 control implemented. A tracking error and delay is observed 

between the two lines and is associated to software and mechanical time constants 

affecting the SM signal generation. Furthermore, the force associated with the DM input 
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velocity signal is relatively low, lending to the friction present in the system having a 

noticeable effect on the controller response. In particular, a recurrent error is observed 

around the peaks of the velocity signal. The recurrent error is caused when the force 

sensor output is close to zero. Additionally, in the above case, the SM is controlled in 

open loop velocity. The SM controller thus does not attempt to compensate for velocity 

lags. 

 

Figure 4.6  Basic admittance control implementation. The TSD is controlled as 
in Figure 3.4. A) The input velocity produced by the DM when 
disengaged from the SM (blue dashed line) and output velocity of 
the TSD when engaged with the DM (red solid line). B) The measured 
interaction force (red solid line) and desired force (blue dashed line). 

The subsequent step involved implementing the tremor suppression control 

structure shown in Figure 3.5, with the results provided in Figure 4.7. In this case, the 

person’s velocity data contained a relatively small (< |1| rad/s) voluntary component 

amplitude that did not vary significantly, as shown in Figure 4.5 B and C. Consequently, 

a similar velocity signal to that used in Figure 4.6 A (frequency of 0.5 Hz and amplitude 

of 2 rad/s) was superimposed with the person’s velocity data. The combined signal was 
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used as the DM velocity input. Figure 4.7 A shows three lines, the measured velocity 

when no suppression was present, its zero-phase LPF, representing the desired 

voluntary motion, and the SM suppression-on output. 

It was necessary to obtain a reference signal to which the attenuated signal could 

be compared. The DM encounters resistance and friction loads caused by several 

components including its own gearing and bearing as well as the SM gearing and 

bearing, the latter likely representing a greater impact due to the reverse direction of the 

gearbox. Therefore, a signal with no suppression was obtained by physically 

disengaging the SM from the DM. Disconnecting the motors removed the resistance 

imposed on the DM by the SM. The desired voluntary velocity was obtained by offline 

zero-phase filtering of the suppression-off signal. The TSD suppression results were 

then compared relative to the desired velocity as shown in Figure 4.7 A. The maximum 

and RMS velocity error values are 1.33 and 0.57 rad/s respectively. The interaction 

forces between the DM and the SM are shown in Figure 4.7 B. The forces recorded 

indicate the SM was able to follow the DM, with the resistance remaining predominantly 

below 0.5 Nm. The maximum and RMS interaction forces recorded were 0.98 and 0.36 

Nm respectively. 

The suppression-on signal shows delay and tracking errors relative to the desired 

signal in Figure 4.7 A. Mechanical resistance in the system caused by friction, backlash, 

mostly in the gearboxes, and by assembly misalignment, contribute to tracking errors. 

Additionally, software delays as well as a slow build-up of DM force causes the controller 

to provide a slow velocity response relative to the suppression-off case. The largest 

velocity tracking errors are observed close to the velocity peaks (also zero acceleration) 

as shown in Figure 4.7 A. The same peak velocity tracking errors also correspond to the 

force DC crossing, i.e. near zero force as seen in Figure 4.7 B. In contrast, the largest 

forces are observed at the velocity zero crossings, where the forces also exhibit the 

most significant discontinuities. It is also interesting to note that the best tracking results 

are achieved at the velocity zero crossings. 

To evaluate the level of signal attenuation, a PSD of the velocity signal was 

calculated. The signal power reduction was calculated as per (5) where 𝑃𝑂𝑁
𝑓

 and 𝑃𝑂𝐹𝐹
𝑓

 are 

the total signal power in the suppression-on and suppression-off cases respectively. 

𝑃𝐶(𝑃𝑂𝑁
𝑓

, 𝑃𝑂𝐹𝐹
𝑓

) was calculated separately for the voluntary and tremorous motions (and 
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respective frequencies). The 0-2 Hz frequency band was considered for the voluntary 

component [154]. It has been shown (for a position signal) that a large portion of the 

signal power is contained within the first two harmonics (above 94%) [68]. Therefore the 

2-10 Hz frequency band, corresponding to the (1st and 2nd harmonics) was considered 

for the tremor component [7], [64], [68], [45]. A Hanning window was used in the PSD 

computation. Figure 4.8 shows the logarithmic-scale PSD plot.  

 

Figure 4.7  Tremor suppression approach implementation. The TSD is 
controlled as in Fig. 3 A) Suppression-off (blue solid line), its zero-
phase filtering (black dashed line) and suppression-on velocity (red 
solid line). B) The interaction force (red solid line) and desired force 
(blue solid line). 

In the frequency range associated with the involuntary movements above 2 Hz, a 

clear power attenuation to the first and second harmonics is observed, with above 99.9% 

power reduction of the 1st harmonic, 98.9% for the 2nd harmonic, and 99.8 for the 

combined harmonics. At the frequency of the voluntary velocity (around 0.5 Hz), the 

PSD active suppression overlaps closely with the suppression-off case as seen in 

Figure 4.8. The voluntary component power change resulted in 0.18% attenuation. With 

relation to the PSD results, the state feedback was significant in augmenting specifically 

the voluntary motion amplitude and thus to achieve a small reduction to the voluntary 

signal power in Figure 4.8. 
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Figure 4.8  PSD of the velocity signal. A clear difference can be observed 
between the suppression-off case (blue solid line) and the 
suppression-on case (red dashed line). 

4.4. Discussion 

In reference to the step response test of Figure 4.4, we make several 

observations. First, it is noted that the velocity input generated by the DM (blue dashed 

line) is not an ideal step input, as it contains some delay in reaching the target value. 

Consequently the TSD velocity response (red solid line) is evaluated relative to the DM 

input rather than to an ideal step input. Second, the TSD response is driven by force and 

therefore influenced by the force that the DM is generating for the given velocity step. It 

is likely that a different electromechanical DM would have a different force profile when 

generating the same velocity step. In turn, the TSD would react differently. Third, the 

velocity variability observed after reaching the steady state is associated to low 

respective torques generated by the DM as seen in Figure 4.4. The above is also the 

motivation for selecting an 8% settling time range rather than the more standard 2 or 

5%. Fourth, the velocity step response demonstrates a slightly underdamped system 

response with an overshoot of approximately 20%. The overshoots are again 

associated, to some degree, with the DM as it is slow to produce a substantive force that 

can guide the TSD to the desired velocity. Future research should focus on obtaining a 

more dampened response, in particular when implemented in a system involving a 

human interaction. Different filter implementations and PID tuning may help produce a 

more dampened response. Furthermore it is important to keep in mind that human 

movements typically follow a more gradual curve associated with lower frequencies such 

as shown in Figure 4.6 and Figure 4.7. Fifth, the TSD interaction force (black line with 

circles) can be interpreted as follows. When the DM is actuated in order to generate the 

step profile, it encounters resistance by the SM. The first negative peak in the force, 

observed after the first five or so sample points, is associated to the resistance imposed 

by the SM. At this point the SM applies resistance acting in the opposite motion 
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direction, analogous to a friction resistance force. The interaction force starts to diminish 

once the TSD (SM+DM) begins the motion. The interaction force then becomes zero 

when the TSD velocity crosses the desired velocity as indicated by the vertical green 

dashed line a) in Figure 4.4. The TSD velocity then overshoots causing a resistance 

force, but this time with a positive sign. The interaction force sign has changed because 

the DM is slowing down in order to reach the desired velocity, as indicated by the middle 

green dashed line b). A similar pattern develops up to the vertical green dashed line c), 

after which the interaction force reaches its steady state. Factors contributing to the 

force steady state error (0.08 Nm) include calibration errors, the relatively large range of 

the sensor used 100 in-lb (11.3 Nm), and other mechanical disturbances. Therefore, the 

assumption made in section 3.3.1 concerning the slave and master impedances is 

reasonably satisfied in steady state. However, it should be noted that the above 

mentioned assumption refers to a theoretical condition, while in practice it may not be 

fully achieved [155]. The (master) impedance delivered to the user could nevertheless 

be mitigated by improving the electromechanical assembly and eliminating friction and 

mechanical disturbances.  

Generally friction will have a significant influence at low velocities and at direction 

reversal [156], [157]. Yet in our testing results in Figure 4.6 and Figure 4.7, the tracking 

errors observed that are associated to friction occur mostly at the velocity peaks. 

Consider the dynamic robot equation [158]. 

 𝑀(𝑞)𝑞̈ + 𝑐(𝑞, 𝑞̇)𝑞̇ + 𝑔(𝑞) = 𝜏 − 𝜏𝑓 (31) 

where q is the joint angle vector, M is the mass matrix, C is the Coriolis and centrifugal 

term, g is the gravity term and 𝜏, 𝜏𝑓 are the applied and friction forces respectively. It is 

apparent from (31) that the significance of the friction forces will depend on their weight 

with respect to the other elements in the expression. Thus, assuming all the elements on 

the left hand side of (31) are fixed, then given a large driving torque 𝜏, the friction force 

impact on the dynamic performance can be expected to be smaller compared to the 

case when the driving torque is small. In our testing, the acceleration and deceleration 

are largest at the velocity zero crossing. The acceleration is also proportional to the DM 

driving torque. Thus, the driving torques are largest at the velocity zero crossing, causing 

the friction forces to have less influence on the tracking performance. Conversely, the 
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smallest driving force values correspond to the velocity peaks (zero acceleration), which 

also coincide with the largest tracking errors. The above can account for the friction 

behaviour observed in our tests. Additionally, when generally referring to friction effects 

at low velocities there may be an implicit assumption that the driving forces are also low 

in conjunction with the low velocity [159]. 

As mentioned previously, the friction phenomenon is typically observed at low 

velocities. It should be considered that increased friction forces at lower velocities are 

indeed playing a role in the TSD testing results. The increased interaction forces 

observed during the velocity zero crossing might be evidence of the above. The large 

force discontinuities observed at the velocity zero crossing, particularly in Figure 4.6 B, 

are attributed to the DM direction change, resulting in an abrupt force drop. There is a 

transient velocity tracking error seen in Figure 4.6 A specifically associated to the force 

discontinuities. 

It is interesting to note that the results in Figure 4.6 and Figure 4.7 display 

similar tracking patterns (e.g. largest errors at peaks) and not very dissimilar 

performance. Specifically, the maximum and RMS velocity error from the voluntary only 

implementation case (Figure 4.6) are 0.98 and 0.45 rad/s respectively (compare to 1.33 

and 0.57 rad/s). The maximum and RMS interaction forces are 0.36 and 0.17 Nm 

respectively (compare to 0.98 and 0.36 Nm). Thus, the velocity tracking results are more 

comparable than the force results, where the voluntary case (Figure 4.6) outperforms 

the tremor case (Figure 4.7). The increased forces in the tremor case likely contribute to 

the larger maximum and RMS values observed in Figure 4.7. The above suggests that 

no significant artefacts or performance deterioration are introduced by the additional 

controller elements in Figure 3.5 compared to Figure 3.4. 

The tuning of the PID controller influences the tracking performance. Plant 

parameters are not explicitly required or utilized in the controller tuning. Nevertheless, 

improving the tuning further could lead to a reduction in the tracking delay observed in 

Figure 4.6 and Figure 4.7. It should be noted that the limitations of linear controllers 

may prohibit overcoming disturbances and nonlinearities in the system. Employing a 

nonlinear controller or a linear controller synthesis based on an accurate plant modelling 

are potential ways to achieve superior tracking performance. Furthermore, improved 
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tracking as a consequence of controller adjustment will likely be associated to less 

impedance reflected by the master. 

Taking a stepped approach in the implementation by first implementing the 

controller of Figure 3.4 facilitated the verification of the feedback loop performance. 

Moreover, the tuning parameters of the PID admittance controller obtained for the 

schematic of Figure 3.4 (see section 4.2.2) were transferrable to the implementation of 

the controller of Figure 3.5, while requiring only minor adjustments. 

Quantification methods evaluating suppression effectiveness haven’t been 

standardized in the literature, making it difficult to compare systems’ performances. A 

review of existing evaluation methods for tremor suppression is available in [7]. When 

evaluating the performance of a suppression system it is important to consider both 

spectral and temporal metrics. Additionally it is important to evaluate the forces 

perceived by a user of the suppression system. PSD is one common method used for 

evaluating tremor suppression in the frequency domain. For our PSD plots, we 

calculated the total signal power (over a 20 s period) for both the voluntary and the 

tremor frequency bands. For the time domain evaluation, we employed velocity tracking, 

calculating the error RMS. A summary of simulation systems for tremor suppression is 

provided in Table 4.1. Of the three systems presented, two represent rigidly actuated 

systems and one an FES system. Additionally, only the Repetitive Control of Functional 

Electrical Stimulation (RC-FES) system [73] had reported both frequency and time 

domain performance values related to the voluntary motion. The Tuned Vibration 

Absorber (TVA) [86] did report amplitude results for both the 1st and 2nd tremor 

harmonics, however only in dB. Thus, a tremor reduction in percentage of the full scale 

of the original signal power could not be attained. In contrast, both the RC-FES and the 

Torque Estimation Method (TEM) [68] provided percentage data for the tremor 

reduction. Our system achieves better reduction for both the 1st and 2nd harmonics. 

Finally, tracking errors were provided in both the RC-FES and TEM works for a position 

signal with an average error value of 8.4% and 2.09% respectively. Our system was 

controlled in velocity and achieved an RMS tracking error of 0.58 rad/s. 
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Table 4.1  Simulation Systems Review 

Simulation 
System 

 

DOF 
 

Control 
Method 

 

Amplitude/Power 
Reduction Tracking 

Error 
 

Tremor (1st 
and 2nd 

harmonics) 
Voluntary 

Tuned Vibration 
Absorber (TVA) 

[86] 
2 a 

Impedance 
control 

1st: 14.27 dB 
and 13.93 dB 

2nd: 9.7 dB 
and 4.95 dB 

NA NA 

Repetitive Control 
of Functional 

Electrical 
Stimulation (RC-

FES) [91] 

1 
Repetitive 

model-based 
controller 

1st: 41.4% 12% 
Position:  

𝑒𝐴 = 8.4% (11.098 deg) 

Torque Estimation 
Method (TEM) 

[68] 
1 

Impedance 
control 

1st: 35.78 dB 
(98.4%)  

2nd: 12.24 dB 
(74.3%) 

NA Position: 𝑒𝐴 = 2.09% 

Tremor 
Suppression 
Device (TSD) 

1 
Admittance 
and inner 

speed control 

1st: 30.46 dB 
(99.9%)  

2nd: 20.34 dB 
(98.9%) 

0.3 dB 
(0.18%) 

Velocity: 𝑒𝐴 = 4.17% b. 

𝑒𝑀 = 1.33 and 𝑒𝑅𝑀𝑆 =
0.58 rad/s. 

NA indicates information wasn’t available. 
a Two joints attenuated with a single absorber. 
b The % tracking error was calculated at each data point relative to the suppression-off signal and averaged. 

𝑒𝐴, 𝑒𝑀, 𝑒𝑅𝑀𝑆 refer to average %, maximum and RMS errors. 

4.5. Limitations and Conclusion 

The purpose of this chapter is to demonstrate the feasibility and working 

performance of the suggested tremor suppression approach. The next chapters will 

show the work done towards applying the approach to a system that can be validated 

with persons with tremor. This method can be easily realized in a multiple joint system. 

Because no musculoskeletal model of the arm is needed, distal and proximal joints can 

be treated independently to achieve separate attenuation. The above is particularly true 

when using a geared motor, which reduces nonlinearities and decouples joints [160]. 

One potential limitation for the TSD, in terms of mechanical integrity, relates to 

the force level of the unintentional motion. Data referring to tremor torque values is 

limited; however other researchers have restricted robotic actuated torques to 

approximately 3 Nm when testing with participants [64]. Specifically for the TSD, using a 

direct drive method, without gearing, and improving assembly alignment accuracy may 
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improve the velocity tracking performance. It should be noted that passive dampers (e.g. 

a brake) might not be suitable for the approach presented here, as they cannot produce 

a movement to track the desired human motion [161]. 

This chapter presented an approach to tremor suppression. The suppression 

controller employs an admittance feedback with an internal velocity feedback. The 

controller results in tracking of the voluntary motion while rejecting the tremorous motion. 

The obtained results are promising. In particular, a significant reduction to the tremor 

signal is observed (above 99%) while the volitional motion signal power is minimally 

affected (less than a 0.2%). 

4.6. Related Publications 

G. Herrnstadt and C. Menon, “Admittance based voluntary driven motion with speed 

controlled tremor rejection,” IEEE/ASME Trans. Mechatronics, pp. 1–1, 2016. 
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Chapter 5.  
 
An Elbow Orthosis for Speed Controlled Voluntary 
Driven Tremor Suppression 

5.1. Introduction 

We have developed a one DOF elbow orthosis that could be worn by an 

individual with tremor. A speed controlled voluntary driven suppression approach is 

implemented with the orthosis. As mentioned in Chapter 3, typically tremor suppression 

methods estimate the tremor component of the signal and produce a canceling 

counterpart signal. The suggested approach, instead estimates the voluntary component 

of the motion. A controller then actuates the orthosis based on the voluntary signal while 

simultaneously rejecting the tremorous motion. 

We tested the suppressive orthosis using a 1 DOF robotic system that simulates 

the human arm. Two different kinds of arm motion profiles, namely velocity and torque, 

were considered and consequently investigated to demonstrate the suppression 

approach can successfully attenuate tremor regardless of the type of profile the human 

arm is generating. 

The suggested suppression approach does not require a model of the human 

arm. The orthosis forearm gravitational forces are considered as part of the disturbance 

to the suppression system along with the human input. Therefore the suppression 

system can be modeled linearly. Two cases are demonstrated for the compensation of 

the orthosis forearm gravitational forces involving compensation by the suppression 

system and by the human. 

The electromechanical design of the orthosis is presented, and data from two 

patients having Essential Tremor and Parkinson’s disease are used as the human input. 

Velocity tracking as well as PSD results for both the velocity and torque driven cases are 

presented. 
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5.2. Orthosis System 

An orthosis system was developed in order to validate the suggested tremor 

suppression approach through experimental testing [162]. The orthosis, shown in Figure 

5.1, is a 1 DOF system targeting the human elbow, composed of a SM, gearing, sensors 

that include a force transducer and an encoder, and upper and forearm braces. The SM 

gearing include an off the shelf spur gearbox with a reduction ratio of 26:1 and additional 

external spur gears with a reduction ratio of 120:72. The upper and forearm braces as 

well as the main body of the orthosis were 3D printed using an ABS plastic variant. An 

aluminum beam is used to connect the forearm brace to the main orthosis body. Several 

fit adjustments were incorporated into the orthosis design as shown in Figure 5.1 A. 

Adjustment for upper arm length is achieved through sliding of the top and bottom 

supports, while adjustment for the forearm is made possible through two passive 

intersecting joints (P1, P2) in the forearm brace as shown in Figure 5.1 A. The donned 

orthosis is demonstrated in Figure 5.1 B. The orthosis is all but symmetric. Adjustability 

for right or left arms is achieved by replacing only a single part (marked in Figure 5.1 B), 

and switching between the upper arm top and bottom sliding supports. 

In this chapter, the tests are limited to the evaluation of a test-bench (no 

individuals with tremor are included) in order to evaluate the feasibility of the proposed 

approach and orthosis. For this purpose, a DM is added to the orthosis (see Figure 5.1 

A) to simulate the tremorous input that could be provided by a human subject. Details of 

the orthosis components and performance are provided in Table 5.1. 
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Table 5.1  Orthosis system specifications. 

Components Performance 

Name Model # Criteria Value 

SM Maxon EC 45 flat P/N 339286  Stall torque (Nm) 16.5 

SM gearbox 
26:1 Maxon Spur Gearhead 

GS 45 A P/N 301173  
Continuous torque 

(Nm) 
3 

DM Maxon EC 45 flat P/N 339287  Weight (g)1 1600 

DM gearbox 
18:1 Maxon Spur Gearhead 

GS 45A P/N 301175  
Max speed (rpm) 109.1 

Force Transducer Transducer Techniques, TRT-100  Elbow range (°) 0 - 120 

Force Amplifier Transducer Techniques, TM0-1  
    

1 DM not included in the measurement. 

 

 

Figure 5.1  Orthosis system. A) The orthosis simulation system connected to 
the DM. P1 and P2 indicate the two passive wrist joints. B) The 
orthosis donned. 

5.3. Orthosis Control 

The control of the orthosis was implemented using the feedback loops shown in 

the block diagram of Figure 5.2. A PID force controller was used as the admittance 

block [155], and a PI controller was used as the speed controller corresponding to the 

elementary blocks of the approach presented in Figure 3.1. The filter block was 
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implemented with a KF (see section 3.3.2), a stochastic estimator that is often employed 

in both tremor suppression as well as non-tremor related applications [163], [164]. As 

mentioned in section 3.1, tremor and voluntary motion frequencies typically have little 

overlap. ET and PD frequencies are considered to be in the range of 4-12 Hz and 4-6 Hz 

respectively, while ADL tend to be in the range of 0-2 Hz [68], [133], [165]. The KF 

regards the tremor component as a stochastic noise and is therefore able to distinguish 

it from the voluntary component. Other filters may be used successfully, such as a g-h 

filter, or a LPF as shown in section 3.3.3. However, it should be noted that a chosen 

filter’s performance is expected to influence the overall suppression system 

performance. 𝐺(𝑠) refers to the SM and gearbox model, that form part of the 

suppressive system along with the force sensor. A state feedback was also incorporated 

to improve the speed controller tracking. The controller in Figure 5.2 is equivalent to that 

in Figure 3.5, shown to be stable, with the addition of a gravity feedback loop. Several 

saturations were implemented with both the speed controller, limiting the 

acceleration/deceleration of the SM (±23077 rpm/s), and with the force controller, 

limiting its output velocity into the speed controller (±115 rpm). 

In this work, in addition to the human input labeled 𝑇ℎ, the disturbance to the 

suppressive system also includes the orthosis forearm gravitational forces (nonlinear 

dynamics) labeled 𝑇𝑔, as shown in Figure 5.2. The gravity disturbance component due 

to the orthosis forearm link can be approximately compensated with an additional loop 

as shown in the top loop such that the signal 𝑓𝑔 and subsequently ∆𝑓entering into the 

admittance controller acts to counteract for the gravity component. The admittance 

controller can be represented as 

 
𝜔𝑐 = 𝐾𝑓𝑝∆𝑓 + 𝐾𝑓𝑑

𝑑∆𝑓

𝑑𝑡
+ 𝐾𝑓𝑖 ∫ ∆𝑓𝑑𝑠

𝑡

0

 (32) 

where 𝐾𝑓𝑝, 𝐾𝑓𝑑 , 𝐾𝑓𝑖 are suitable PID gains, and 𝜔𝑐 is the controller velocity output. The 

input to the force controller is defined as 

 ∆𝑓 = 𝑓𝑒𝑠𝑡 + 𝑓𝑑 − 𝑓𝑔 (33) 
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where 𝑓𝑒𝑠𝑡 , 𝑓𝑑, 𝑓𝑔 are the estimated voluntary interaction force applied to the orthosis, the 

desired interaction force and the gravitational force respectively. It should be noted the 

orthosis forearm link physical parameters are predetermined and known; thus the gravity 

load is deterministically known and bounded. The gravity compensation is updated 

online as a function of the measured position [105], [166]. 

The suppression system is intended to be transparent to the user such that when 

pushed against, the orthosis moves away with minimum resistance (i.e. 𝑓𝑑 = 0 in (33)) 

[134], [167]. Furthermore, it is assumed the human is capable of performing voluntary 

motions independently as well as counteracting the gravitational forces acting on their 

own limb unassisted. Therefore, compensation for the human arm by the suppression 

system is not incorporated. 

 

Figure 5.2  Orthosis control diagram. The controller includes a force feedback, 
with an inner speed controller and state feedback, as well as a 
gravity compensation loop. 

5.4. Experimental Procedure 

This work involved simulating the human input to the system with the DM. The 

purpose of the simulation is to validate the tremor suppression approach using the 

orthosis prior to testing with a human subject. Experimental simulations can help to 

optimize and debug the system, while promoting its safety. Data from two patients with 

ET and PD [152] was used as an input to the DM simulating the human motion. 

Additionally, two kinds of inputs were provided, namely a velocity profile input and a 

torque profile input. A human user of the proposed system may, when using the system, 
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provide an input that is constructed of either kind or of a combination of the two kinds of 

input profiles. The two inputs were used in order to demonstrate the system could 

perform successfully with either input type. The patients’ raw data used in the 

experimental simulations was preprocessed to convert it (from linear acceleration units) 

to appropriate input signal units of velocity and torque. 

Furthermore, two strategies for compensating the orthosis forearm gravity force 

were demonstrated. In one case the gravity was compensated by the suppression 

system while in the other case, the human compensated for the orthosis forearm gravity 

force. The former gravity compensation case was implemented in conjunction with the 

velocity driven input, while the latter was implemented with the torque driven input case. 

When implementing the gravity compensation loop as shown in Figure 5.2, the physical 

parameters of the orthosis forearm were used. The forearm link and cuff, of the 

prototype fabricated in our lab (Figure 5.1), have an equivalent moment arm and mass 

of approximately 117 mm and 290 g respectively. 

The performance of the suppression-on case was evaluated relative to the 

unsuppressed case, representing the free human tremor without the effect of the 

suppressive system. As in section 4.3, the acquisition of the suppression-off signal was 

done with the DM physically disconnected from the suppression system. It should be 

noted that the reference velocity signal was obtained offline, from the suppression-off 

data, for the evaluation of the system and would not be available in a real application 

with a human user. 

The admittance (PID) controller tuning was done heuristically, however, initial 

controller values can be found based on the Ziegler and Nichols method [143] as 

mentioned in section 4.2.2. The ultimate gain and period procedure can be applied to the 

closed loop orthosis system. A small perturbation is provided with the DM and the 

proportional gain is increased until constant oscillations are achieved. The ultimate gain 

and period can then be extracted in order to obtain the initial controller gains. 

As mentioned in section 5.3, the control goal was defined as 𝑓𝑑 = 0. However, it 

is noted that while fine-tuning the controller, the suppression-on velocity signal was also 

considered relative to the desired reference velocity (suppression-off). Some 

performance compromise between achieving a small interaction force and close velocity 
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tracking was required. Generally, the derivative gain contributed less to the overall 

performance, as is often the case in practice [168]. The state feedback was added once 

the PID tuning was obtained. The PI controller was pre-tuned by the manufacturer. 

A PC and a data acquisition device (NI USB-6341) were used in the experiments 

to collect and process the signals. Programing and control algorithms were implemented 

in NI LabVIEW 2014 software. Additionally, MathWorks Matlab R2015b was used for 

offline processing and for producing plots. 

5.5. Experimental Results 

5.5.1. Velocity Based 

The input provided by the user follows a velocity profile. The velocity input was 

constructed from data of an ET patient (et02). The original raw data and its PSD plot are 

shown in Figure 5.3. The patient data has a first harmonic tremor frequency at 4.3 Hz. 

Once the patient data was converted to angular velocity units, it was superimposed with 

a sinusoidal velocity signal having a frequency of 0.8 Hz and amplitude of 1 rad/s, 

representing the voluntary motion. The gravity compensation for the orthosis arm was 

performed by the suppression system as demonstrated in Figure 5.2. As mentioned in 

section 5.4, the unsuppressed intentional velocity was acquired in order to serve as a 

reference for the suppression-on case. A velocity signal was recorded and zero-phase 

filtered while the DM was physically disengaged from the robot arm and the SM, 

representing the unsuppressed human motion containing the voluntary and tremor 

components. When activated, the suppression system should track the filtered velocity 

signal associated with the suppression-off case. 

The velocity tracking and interaction forces obtained are shown in Figure 5.4. 

Velocity tracking errors are apparent at the peaks of the sinusoid motion in Figure 5.4 A. 

The velocity peaks correspond to the interaction force crossing the zero line. The forces, 

produced by the DM, around the zero crossing are less consistent and consequently are 

responsible for larger velocity tracking errors. The RMS values of the velocity tracking 

error and of the interaction force signals are 0.31 rad/s and 0.44 Nm respectively. The 

PSD of the suppression-off and suppression-on signals were also compared as shown in 

Figure 5.5. A clear power reduction can be observed in the tremor frequencies, 
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particularly above 2 Hz, while in the vicinity of the intentional motion frequency (0.8 Hz) 

the signals overlap, indicating a small impact to the voluntary component. The tremor 

power reduction for the 1st and 2nd harmonics was 99.8 and 99.1% respectively and 

99.8% combined, while the intentional component power was increased by 0.15%. 

 

Figure 5.3  ET patient data (et02). A) Linear acceleration. B) PSD. A first 
harmonic tremor frequency is observed at 4.3 Hz. 

 

 

Figure 5.4  Velocity driven case suppression velocity and force tracking results. 
A) Velocity tracking B) Interaction force. 
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Figure 5.5  Velocity based input, PSD of suppression-on and -off cases. 

5.5.2. Torque Based 

In the torque driven case the input provided by the user follows a torque profile. 

The DM (user) in this case performed the gravity compensation for the orthosis arm, 

thus the control is as demonstrated in Figure 5.2, excluding the gravity (top) loop. It is 

assumed a user would be able to carry the load imposed by the orthosis arm. The torque 

input was constructed from data of a PD patient (park05). The original raw data and its 

PSD plot are shown in Figure 5.6. The tremor data from the patient has a first harmonic 

tremor frequency at 4.5 Hz, which was superimposed with a sinusoidal torque signal 

having a frequency of 0.8 Hz and amplitude of 0.3 Nm, representing the voluntary 

motion. As in the velocity driven case (section 5.5.1), the intentional velocity associated 

with the input torque signal was acquired in order to serve as a reference for the 

suppression-on case. The velocity signal was recorded while the DM was physically 

disengaged from the SM but with the robot arm attached, representing the 

unsuppressed human motion, containing the voluntary and tremor components. 

Consequently, zero-phase filtering of the suppression-off velocity resulted in the 

voluntary velocity component that would serve as the reference signal. When activated, 

the suppression system should track the filtered velocity signal associated with the 

suppression-off torque signal. 
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Figure 5.6  PD patient (park05) data. A) Linear acceleration. B) PSD. A first 
harmonic tremor frequency is observed at 4.5 Hz. 

 

 

Figure 5.7  Torque driven case suppression velocity and force tracking results. 
A) Velocity tracking B) Interaction force. 

The velocity tracking and interaction forces obtained are shown in Figure 5.7 

[169]. A delay of approximately 0.5 s is observed in the velocity-tracking signal. The 

delay is explained by the fact that the torque driven case does not define a specific 

velocity profile. Rather, the associated velocity profile amplitude and phase depend on 

the load. To demonstrate the aforementioned and to analyze the delay, a system is 

considered composed of an ideal torque generator representing the DM, and with inertial 

and damping loads resisting the motion. The system model is defined as 
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 𝐽𝑦̈ + 𝐵𝑦̇ = 𝐿 sin(𝜆𝑡) (34) 

where 𝐽, 𝐵 and 𝐿 are the inertia, damping, and input torque amplitude respectively. 𝑦 is 

the dependent variable (in our case angular position) and 𝜆 = 2𝜋𝑓where 𝑓 is the input 

signal frequency in Hz. The term on the right side in (34) represents the input torque 

generated by the DM, while the terms on the left side represent the loads resisting the 

DM. The expression in (34) is a second order Ordinary Differential Equation (ODE). The 

general solution to the ODE is composed of complimentary and particular solutions 

having the following forms 

 𝑦 = 𝑦𝑐 + 𝑦𝑝 

𝑦𝑐 = 𝐶1 + 𝐶2𝑒
−

𝐵
𝐽

𝑡
 

𝑦𝑝 = 𝛼 cos(𝜆𝑡) + 𝛽 sin(𝜆𝑡) 

(35) 

where 𝐶1, 𝐶2 are constants of the complementary solution 𝑦𝑐 and 𝑡 is the independent 

variable (time in our case). The particular solution 𝑦𝑝 is a summation of a sine and 

cosine where 𝛼 and 𝛽 are functions of 𝐽, 𝐵, 𝜆 and 𝐿 as follows 

 
𝛼 = −

𝐿𝐵

𝜆(𝐽2𝜆2 + 𝐵2)
 

𝛽 =
𝐽𝜆

𝐵
𝛼 

(36) 

The particular solution can also be expressed as a sine function with a phase shift as 

follows 

 𝛼 cos(𝜆𝑡) + 𝛽 sin(𝜆𝑡) = 𝛾 sin(𝜆𝑡 + 𝜙) (37) 

where 𝛾 and 𝜙 are defined as 

 𝛾2 = 𝛼2 + 𝛽2 (38) 
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𝜙 = tan−1 (
𝛼

𝛽
) 

Substituting (36) into the expression for 𝜙 in (38) results in the following 

  
𝜙 = tan−1 (

𝐵

𝐽𝜆
) (39) 

The expression in (39) describes the phase shift as a function of the load inertia 

and damping as well as of 𝜆. The complimentary solution does not contribute to a phase 

change; instead the exponential in 𝑦𝑐 is responsible to the decay of the signal. The 

above analysis provides a rationalization for the delay observed in the velocity tracking 

of the torque driven case. Furthermore, it suggests the delay is not directly related to the 

suppression system but rather is linked to how the DM is affected by any resistive loads 

acting on it. 

To validate the above model (34), the relationship between 𝐽 and 𝐵 From (39) is 

explicitly derived as a linear relationship where 𝐵 is a function of 𝐽 as follows 

  𝐵 = 𝐽𝜆 tan 𝜙 (40) 

We can obtain the value for 𝜆 = 5.0265 rad/s from our experiment input frequency (𝑓 =

0.8 Hz). The time delay, and therefore the phase shift 𝜙, can be obtained from the 

experiment results. Next, we find a value for the load inertia applied to the DM by the 

orthosis system. The expressions for the total inertia, reflected at the DM shaft, for the 

orthosis suppression-on and -off system configurations are calculated as 

  

𝐽𝑂𝑁 = 𝐽𝑚 + 𝐽𝑔𝑑𝑚 +
(((𝐽𝑚 + 𝐽𝑔𝑠𝑚)𝐾𝑔𝑠𝑚

2 + 𝐽𝐺1) 𝐾𝑔𝑒
2 + 𝐽𝐺2 + 𝐽𝑙)

𝐾𝑔𝑑𝑚
2  

𝐽𝑂𝐹𝐹 = 𝐽𝑚 + 𝐽𝑔𝑑𝑚 +
𝐽𝑙

𝐾𝑔𝑑𝑚
2  

(41) 

where 𝐽𝑙 , 𝐽𝑚, 𝐽𝑔𝑠𝑚, 𝐽𝑔𝑑𝑚 are the orthosis arm, the SM (or DM), SM gearbox, and the DM 

gearbox moment of inertias respectively. 𝐽𝐺𝑖, 𝑖 = 1,2 are the external gears moment of 
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inertias, and 𝐾𝑔𝑠𝑚, 𝐾𝑔𝑑𝑚 , 𝐾𝑔𝑒 are the SM gearbox, DM gearbox, and external gear 

reductions respectively. Note that the free tremor motion (suppression-off) was recorded 

while the DM was connected to the robot arm. Substituting the orthosis system 

parameter values in (41) results in a total moment of inertia of 𝐽𝑂𝐹𝐹 = 3.2𝑒 − 05 Kgm2 

and 𝐽𝑂𝑁 = 1.136𝑒 − 04 Kgm2 for the suppression-off and suppression-on cases 

respectively. For the phase values (𝜙) we look at the phase shift between the input 

current (A) and the output position (rad). The time delays for the suppression-off and -on 

cases are 0.76 s and 1.32 s respectively, which converts to 𝜙𝑂𝐹𝐹 = 3.7824 and 𝜙𝑂𝑁 =

6.6978 rad. 

Consequently, substituting the above calculated inertia values from (41) and the 

values for 𝜆 and 𝜙𝑂𝐹𝐹, 𝜙𝑂𝑁 in (40), we can find the respective damping coefficients 

𝐵𝑂𝐹𝐹 = 1.2𝑒 − 04 Nm/(rad/s) and 𝐵𝑂𝑁 = 2.514𝑒 − 04  Nm/(rad/s). 

We can graphically analyse the delay observed in Figure 5.7 by reviewing the 

Bode phase plot between the armature current and output position of the DM. The 

following TF describes the relationship between the DM input current and the output 

position 

 𝜃(𝑠)

𝐼(𝑠)
=

𝐾𝑔𝑑𝑚𝐾𝑡

𝑠(𝐽𝑠 + 𝐵)
 (42) 

where 𝜃(𝑠), 𝐼(𝑠) and 𝐾𝑡 are the output rotational position, the input current, and the DM 

torque constant respectively. The expression in (42) can be written in the time domain as 

a function of the angular position as follows 

 𝐽𝜃̈ + 𝐵𝜃̇ = 𝐾𝑔𝑑𝑚𝑇𝑚 (43) 

It is interesting to note the expression in (43) is equivalent to that in (34), with the only 

difference being the term on the right side. In (34), the right side term is expressed as a 

sinusoid multiplied by a constant, while in (43) it is expressed simply as the motor torque 

parameter 𝑇𝑚 multiplied by a constant. Furthermore, we consider the following DM TF 

(from DM input voltage to output position) 
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 𝜃(𝑠)

𝑉(𝑠)
=

𝐾𝑔𝑑𝑚𝐾𝑡

𝑠(𝐽𝐿𝑠2 + 𝐽𝑅𝑠 + 𝐵𝑅 + 𝐾𝑒𝐾𝑔𝑑𝑚
2 𝐾𝑡)

 (44) 

where 𝑉(𝑠), 𝐿, 𝑅 and 𝐾𝑒 are the armature voltage, armature inductance, armature 

resistance, and the back EMF constant. 

The Bode phase plots of the two DM transfer functions, (42) and (44), are shown 

in Figure 5.8, where the former is represented by the red lines (torque driven case), and 

the latter is represented by the blue lines (velocity driven input case). Each case is 

plotted for two values of inertia and damping, namely suppression-off (solid line) and 

suppression-on (dashed line). In order to show both the suppression-on and –off cases 

on the Bode plot, the 𝜙𝑂𝑁 was phase shifted by – 𝜋. Phase shifting does not affect the 

inertia and damping values calculations, and allows to see both angles within the Bode 

plot phase range of 𝜋/2 rad. 
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Figure 5.8  Phase response of open loop torque (red lines) and velocity (blue 
lines) driven motor. The marked black squares and the vertical 
dashed line indicate the 0.8 Hz frequency intersection with the 
phase lines. 

 

The phase shift, between the suppression-on and -off that was calculated from 

the experimental results was (6.6978 − 𝜋) − 3.7824 = −0.2262 rad. The same phase 

shift is seen in Figure 5.8 at the 0.8 Hz frequency between the suppression-on phase 

(−2.73 + 2𝜋 = 3.55 rad) and the suppression-off phase (−2.5 + 2𝜋 = 3.78 rad). It is 

interesting to note, at the 0.8 Hz frequency, minimal phase change is observed for the 

velocity driven case between the suppression-on and -off. 

The PSD of the suppression-off and suppression-on signals were compared and 

are shown in Figure 5.9. A clear power reduction can be observed for the tremor 

frequencies (above 2 Hz), while in the vicinity of the intentional motion frequency (0.8 

Hz) the signals overlap closely, indicating a small impact to the voluntary component 

power. The tremor power reduction for the 1st and 2nd harmonics was 99.4 and 90.4% 
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respectively and 99.4% when combined, while the intentional component power was 

decreased by 0.34%. 

The lag in the velocity signal was corrected in order to calculate RMS errors. The 

calculated RMS values for the velocity tracking error and for the interaction force signals 

were 0.3 rad/s and 0.55 Nm respectively. 

 

Figure 5.9  Torque based input, PSD of suppression-on and -off cases. 

5.6. Discussion 

In this work the performance with regard to both components of the motion, i.e. 

the tremorous and the intentional are emphasized. The time domain performance is 

evaluated by measuring the velocity and force tracking errors RMS, while the PSD is 

used to evaluate the spectral domain performance, as was done in Chapter 4 and in 

similar publications in the field. PSD for the voluntary, 1st and 2nd harmonics were 

calculated for the 0-2, 2-6 and 6-10 Hz frequency bands respectively. 

The suggested approach considers the human input and the orthosis forearm link 

(in the velocity driven case) as disturbances to the suppression system. As was 

mentioned previously, this notion carries several benefits. Human arm parameters are 

not required for the controller tuning. Additionally, the controller design is simplified to a 

linear system case. Compensating for the gravitational effects on the human arm is also 

not needed. 

We experimented with several variables in tandem as mentioned in section 5.4. 

Most importantly, we tested two types of user inputs to the system, namely velocity and 

torque profile inputs. In addition in sections 5.5.1, and 5.5.2, we tested compensating the 

orthosis gravity force by either the suppression system or the user, as well as using data 

from two tremor patients having different pathologies (ET and PD). The TF associated 
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with Figure 5.3 and Figure 5.6 can be expressed as a second order system similar to 

that provided in [7], [83], [84], with the addition of a differentiator to obtain a velocity 

output. The associated TF describes the relationship between the human muscle torque 

and the associated output velocity. In our experiments instead, a motor (DM) is 

simulating the human input. The TF describing the implementation of Figure 5.3, similar 

to (44), can be written as 

  𝐺𝐷𝑀1(𝑠) =
1

𝑀ℎ𝑠2 + 𝐶ℎ𝑠 + 𝐷ℎ
 

𝑀ℎ =
𝐽𝐿𝑎

𝐾𝑔𝐾𝑚
⁄ , 𝐶ℎ =

(𝐽𝑅𝑎 + 𝐾𝑓𝐿𝑎)
𝐾𝑔𝐾𝑚

⁄ , 𝐷ℎ =
𝐾𝑓𝑅𝑎 + 𝐾𝑏𝐾𝑔

2𝐾𝑚
𝐾𝑔𝐾𝑚

⁄  
(45) 

and the TF describing the implementation of Figure 5.6, similar to (42), is 

  𝐺𝐷𝑀2(𝑠) =
1

𝑠
𝐽

𝐾𝑚𝐾𝑔
⁄ +

𝐾𝑓
𝐾𝑚𝐾𝑔

⁄
 

(46) 

where 𝐽, 𝑅𝑎 , 𝐿𝑎 , 𝐾𝑓 , 𝐾𝑚, 𝐾𝑔 are the moment of inertia, motor armature resistance, armature 

inductance, motor damping coefficient, torque constant, and the gear ratio respectively. 

GDM1 refers to the velocity driven case with a TF from input voltage to output velocity, 

and GDM2 refers to the torque driven case with a TF from input current to output velocity. 

It is interesting to note that unlike the torque driven case, the velocity driven case has a 

similar TF structure as is often described in the literature for a human arm, with 

𝑀ℎ , 𝐶ℎ, 𝐷ℎ representing the moment of inertia, damping, and stiffness of the arm joint. 

Several observations can be made with regard to the analysis provided in section 

5.5.2 and the value obtained for the damping coefficients. The values for the inertias are 

smaller than the damping values. However, the magnitude of the acceleration and 

velocity will determine the contribution of either to the total load force. Additionally, when 

the suppression system is active, large torques (currents) may be applied by the SM 

inversely related to the velocity (as revealed in Figure 5.7), in a comparable manner to 

viscous loads. From the DM perspective, the above may represent variable damping, 

based on the level of SM current activation. The damping value for the suppression-on 
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can be reflected at the DM gearbox shaft as 𝐵𝑂𝑁𝑔𝑑𝑚 = 0.069 Nm/(rad/s). 𝐵𝑂𝑁𝑔𝑑𝑚 can be 

physically interpreted as meaning that while in suppression-on, the system is applying a 

torque of 0.069 Nm for every 1 rad/s of velocity. The top velocity reached in our 

experiments (suppression on) was approximately 1.5 rad/s, which would have resulted in 

a maximum damping force of approximately 0.1 Nm applied to the DM; well within a 

range that the suppression system is capable of, and in fact, within the measured 

interaction force values, as seen in Figure 5.7 B. 

The velocity tracking and PSD results indicate the system can successfully follow 

the desired motion profile while significantly reducing the tremor. The velocity signal 

delay observed in the torque driven case is the exception to the above. However, we 

have shown in (34) and in (43), a model to explain the delay. It should be noted, the 

inertia and damping loads in (34) can exist unrelated to the suppression system (i.e. by 

any other mechanical element), therefore it is suggested the observed phase shift is 

attributed primarily to the DM. It is difficult to determine with certainty whether this 

phenomenon would carry over when testing with humans; the following chapter will 

address this question. It is, however, deemed to be unlikely as, in contrast to the DM 

(when driven in torque), the human motion involves feedback loops [170], [171] which 

can help regulate the desired motion. Furthermore, there is evidence that motor control 

for a body movement from one point to another follows a bell-shaped velocity profile 

[172], [173], which suggests the control goal to be velocity related. 

A justification for testing in both velocity and torque mode emerges from the lack 

of certainty as to how a human motion is generated. It may be that depending on the 

activity and circumstances the input from the user will follow a position, velocity, a torque 

profile or a combination of the above. 

A notable difference was observed in the PSD results of the torque driven case 

compared to the velocity driven case. Specifically, a lower attenuation of 90% was 

achieved for the 2nd tremor harmonic in the torque driven case as opposed to 99.1% in 

the velocity driven case. It is noted however, that the 2nd tremor harmonic was already 

relatively reduced in the suppression-off case (peak was approximately 5 dB less than in 

the velocity driven case) leaving less power to be attenuated. Furthermore, the power 

contained in the 2nd harmonic formed a relatively small portion of the total tremor power 

contained in the first two harmonics (0.3% in the torque driven case compared to 0.55% 
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in the velocity driven case). Unlike the velocity driven case, the orthosis arm and 

mechanical joint were connected to the DM in the torque driven suppression-off case. 

Consequently, the 2nd harmonic relatively low power may be due to the motion-inhibiting 

effect of the orthosis arm inertia in combination with the joint friction. 

As far as compensating for the phase shift observed in section 5.5.2, two 

approaches are considered, namely compensation by the suppression system or by the 

DM. The load parameters appear inside the DM transfer functions (velocity or torque 

driven), which suggests it may not be possible to compensate directly with the DM. 

Compensation then, should be done by the suppression system such that the DM 

transfer function parameters (inertia and damping) are unchanged between the 

unloaded (suppression-off) and loaded (suppression-on) cases. However, to 

successfully compensate, the SM may need to be controlled in torque. Compensation by 

the suppression system may be achieved by adding elements that cancel out with the 

inertia and damping in (34). In practice, this entails using velocity and acceleration 

feedback loops to provide an equivalent torque command (−𝐽𝑦̈ − 𝐵𝑦̇) to the left side of 

(34). In our application however, the suppression system is driven in velocity and thus 

implementing an accurate torque command for the compensation would not be feasible. 

It is interesting to note that a DC motor model, as in (44), has a feedback loop 

(back EMF) when controlled in voltage, while in the case of the current control, as in 

(42), it does not. The lack of feedback in the torque driven case may be a contributing 

factor to the lag that was observed, as is also evident in the Bode plot of Figure 5.8. 

5.7. Summary and Conclusion 

The steps taken in this chapter are aimed at demonstrating the feasibility of the 

approach in reducing pathological tremor, when implemented with an elbow orthosis. We 

obtained above 99% tremor power reduction while the effect on the voluntary signal 

power remained below 1% for both the velocity and torque driven cases. The system 

was able to track the desired velocity signal with an RMS error of 0.31 rad/s for the 

velocity driven case. A dynamic model was proposed to explain the delay observed in 

the torque driven case. The model matches standard models used in the literature (for a 

DC motor) and provides reasoning for the observed delay. Furthermore, we discuss how 

the delay can be accounted for in the system design in future development. The 
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interaction force RMS was 0.44 Nm and 0.55 Nm for the for velocity and torque driven 

cases respectively. 

5.8. Related Publications 

G. Herrnstadt and C. Menon, “Voluntary-Driven Elbow Orthosis with Speed-Controlled 

Tremor Suppression,” Front. Bioeng. Biotechnol., vol. 4, no. March, pp. 1–10, 2016. 

G. Herrnstadt and C. Menon, “Elbow Orthosis for Tremor Suppression - A Torque Based 

Input Case,” in Lecture Notes in Computer Science, Springer, 2017, pp. 292–302. 
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Chapter 6.  
 
Following Elbow Volitional Movement with a 
Suppression Orthosis: Tests with Individuals with 
Pathological Tremor 

6.1. Introduction 

A voluntary-driven, speed-controlled tremor rejection approach was investigated 

using a robotic orthosis for suppression of pathological tremor at the elbow. Nine 

participants with either Essential Tremor (ET) or Parkinson’s disease (PD) were 

recruited and tested off medication. The participants performed functional tasks of 

moving a cup and reaching an object, as well as computerized pursuit tracking tasks 

following a sinusoid and a random target. All tasks were performed both with and without 

the suppressive orthosis. Additionally, four aged matched healthy participants were 

recruited. The healthy participants performed pursuit tracking tasks only. 

6.2. System Implementation 

6.2.1. Suppression Approach and Elbow Orthoses 

The implemented controller was based on an admittance-driven approach 

whereby the user’s voluntary torque component is translated to a respective voluntary 

angular velocity, while a speed controller contributes to the tremor component rejection. 

The suggested suppression approach and control strategy were demonstrated using a 

preliminary engineered system in Chapter 3 and Chapter 4. Subsequently, an elbow 

orthosis prototype was developed and experimentally tested to validate the suppression 

approach in Chapter 5. In previous chapters the human input was robotically simulated. 

In this chapter, the objective of the work presented in this chapter is to validate the 

suppression approach. To this end, the previously developed orthosis is employed in the 

testing of individuals with tremor. Modifications to the controller implemented with the 

suppression approach, relative to previous chapters, are mentioned in section 6.2.2. The 

finalized Tremor Suppression Orthosis (TSO) used with participants is shown in Figure 

6.1 a embedded with a torque sensor and an encoder. To help keep the TSO in place 
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during the study and to distribute its weight more effectively, a shoulder sling was used 

(AliMed® Hemi Shoulder Sling). In addition, a Measurement Orthosis (MO) was used in 

the study to measure the free unobstructed motion (containing the tremor) of the tremor 

participants. The MO was composed of a lightweight brace and purposely implemented 

with an encoder, replicating the technology in the TSO, as shown in Figure 6.1 b. The 

TSO and MO weights were 1.7 Kg and 0.3 Kg respectively. Foam padding was used in 

both devices for the upper and forearm braces. 

 

Figure 6.1  (a) TSO components and TSO donned. (b) MO components and MO 
donned. 

6.2.2. Changes Relative to Previous Controller Implementation 

Several changes relative to the previous control approach, presented in Chapter 

3-Chapter 5, were implemented in this work. First, an Adaptive Band Pass Filter (ABPF) 

was implemented in NI LabView 2014 to separate the measured torque into its voluntary 

and tremor components [110], whereas previously a KF was used (see section 3.3.2). 

The parameters used in the ABPF approach (elaborated below) were ∆𝑓 = 0.25 𝐻𝑧, and 
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𝛽 = 1; in addition, a gain of 0.8 was used for the Band Pass Filter. 𝑓𝑚𝑜𝑑 was calculated 

individually for each participant as described in section 6.3. The voluntary torque signal 

obtained following the ABPF was further LPF with a first order filter with a cut off 

frequency of 5 Hz, due to the presence of a ~9 Hz noise component. Second, based on 

the system response in Chapter 4, a need for additional dampness was identified. 

Consequently, a non-linear integral correction factor, utilizing a velocity feedback, was 

added to the admittance controller as follows 

 
𝐼𝑐𝑓 =

1

1 + 10 (
(1 − 𝑣)2

𝑉2⁄ )
 

𝑣 =
|𝑣𝑚|

𝑉⁄ , 𝑣 ≤ 1 

(47) 

where 𝑣𝑚, 𝑣 and 𝑉 are the measured velocity, the normalized velocity and the full scale 

velocity parameter, selected as 2 rad/s. The admittance integral gain 𝐾𝑓𝑖 was scaled by 

𝐼𝑐𝑓. The integral correction factor values ranged approximately between 0.28 ≤ 𝐼𝑐𝑓 ≤ 1. 

At high velocities the integral gain remained unchanged (𝐼𝑐𝑓 = 1), while for slow 

velocities it was reduced, resulting in a more damped response. The concept of the 

integral correction factor is similar to that of gain scheduling. The adaptive admittance 

control structure employed in the testing is shown in Figure 6.2. Third, the state 

feedback control loop was not necessary and therefore omitted. Lastly, the software 

sampling rate was doubled to 100 Hz resulting in a reduced loop latency of 0.01 𝑠. 

 

Figure 6.2  Control structure employed during testing with indivduals with 
tremor. 
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ABPF 

The components involved in the ABPF method are shown as four blocks in 

Figure 6.3. The filter block is a Butterworth second order band pass filter with a center 

frequency that is adapted based on the feedback 𝑇𝑝 (fundamental tremor frequency 

period). The filter block has the characteristic of zero-phase at the center frequency. The 

filter block outputs a signal with a tremor component only. The period block constantly 

measures the tremor half period in order for the filter to continuously adapt to the center 

frequency. To eliminate stochastic noise in the tremor frequency calculation a damping 

block is added, effectively limiting the rate at which the frequency can change. Finally a 

saturation like block is added in case the change in frequency following the damping 

block is greater than some specified limits ±𝑓𝑚𝑎𝑥. 

 

Figure 6.3 Adaptive Band Pass Filter Block Diagram [110]. 
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An RMSE comparison between the ABPF and KF was carried out with a velocity 

signal containing tremor and voluntary components. The tremor component was 

obtained from patient et05 [152]. For the voluntary component a sinusoid with an 

amplitude of 1 rad/s was used. Four sinusoid frequencies, between 0 and 1 Hz, were 

considered. The RMSE was calculated based on 10 s of data. The KF used was as 

described in section 3.3.2. For the ABPF, two 𝛽 values were tested, one was 𝛽 = 1 as 

mentioned above and the second was 𝛽 = 2.3 as suggested in [110]. A third case 

involving the ABPF with 𝛽 = 1 followed by a first order LPF with a cutoff at 4 Hz was also 

included in the comparison. As mentioned above a gain of 0.8 was used for the Band 

Pass Filter. The fundamental frequency for this patient’s tremor signal is at 4.3 Hz; 

therefore 𝑓𝑚𝑜𝑑 was set to 4.3. ∆𝑓 was 0.25 Hz. The obtained RMSE results are 

compared in Table 6.1. 

Table 6.1 ABPF comparison 

Voluntary  
frequency (Hz) 

ABPF (β=1) ABPF (β=2.3) 
ABPF (β=1) with 
4 Hz cutoff LPF 

KF 

0 0.200 0.139 0.130 0.145 

0.1 0.199 0.142 0.135 0.157 

0.5 0.209 0.200 0.200 0.516 

1 0.238 0.305 0.325 0.689 

0.5 (no tremor) 0.101 0.217 0.186 0.487 

 

The ABPF with 𝛽 = 1 and a LPF outperformed the KF in all voluntary frequencies 

and in particular at higher voluntary motion frequencies. The above results suggest the 

ABPF offers superior performance to the KF, for the application considered. 
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6.3. Participant Selection and Experimental Protocol 

6.3.1. Individuals with Tremor 

Nine participants were recruited to evaluate the tremor suppression orthosis. 

Individuals who have been diagnosed with mild to severe tremor were considered for the 

study. The following conditions were excluded: previous surgical operation or injuries to 

the arm, non-tremor related arm disability, and previous surgical intervention to treat 

tremor or a neurologic condition other than pathological tremor that affects the arms. 

Participants were recruited through the International Essential Tremor Foundation and 

the Movement Disorder Clinic, University of British Columbia Hospital. Participants were 

invited for up to two sessions. Each session lasted approximately two hours. 

Additionally, participants were asked to abstain from taking medications 12 hours prior to 

the study and advised to refrain from drinking alcohol 24 hours before the study. A 

tremor severity assessment was carried out at the end of each study session using the 

performance section (assessing the tremor severity) of The Essential Tremor Rating 

Assessment Scale (TETRAS) [40], [174]. The participants’ details are provided in Table 

6.2. Informed consent was obtained from all participants. 
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Table 6.2 Participant Data 

Participant Gender Age 
Disease 

Duration (y) 
Handedness 

More 
Severe Sidea 

TETRASb 
Diagnosis 
and Notes 

T01 F 59 55 R L 27.5 ET 

T02 M 65 5 R R 21 
PD (tremor 
dominant) 

T03 M 66 3 R R 22.5 PD (also ET) 

T04 M 69 4 R R 24 ET 

T05 M 56 53 R R 26.5 
ET (head 

injury) 

T06 M 71 10 R R 16 ET 

T07 M 69 3 R L 21 NA 

T08 F 81 20 R L 24.5 ET 

T09 F  63 6 R R 8 ET 

Mean - 66.6 17.7 - - 21.2 - 

a Based on the individual’s testament and/or a neurologist assessment. 
b The TETRAS performance section scale is scored out of a total of 64. 
NA indicates information wasn’t available. 

The experimental protocol involved the following three tasks: 

In Task 1, the participants were asked to move a cup on a table from one location to 

another and back. Tape marking on a table were used to specify the start and end 

locations. 

In Task 2, the participants were asked to reach with their arm, in a horizontally 

suspended posture, and point to an object in the vicinity starting from rest position and 

maintaining the posture for a duration of 10 seconds. 

In Task 3, participants viewed a target moving on a computer screen as shown in Figure 

6.4 a and were able to follow the target by moving their forearm. The participants’ elbow 

joint movement was translated to a cursor movement on the screen (filled orange circle 

in Figure 6.4 a). Task 3 has the added value of distinguishing the intentional (the target 
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cursor) from the executed movement. Sinusoid target profiles (e.g. top of Figure 6.4 b) 

and pseudo-random target profiles (e.g. bottom of Figure 6.4 b) were used, and each 

were implemented with a slow and fast velocity. To that end, two frequencies (0.3 and 

0.5 Hz) were defined for the sinusoid profile. For the pseudo-random profile, successive 

random position targets were defined and a ramp shape velocity profile was used 

(shown as a red dashed line at the bottom of Figure 6.4 b) in order to reach the target 

positions. Two (slow and fast) top-velocity and acceleration/deceleration values were 

selected. Consequently, the continuous target position associated with the random 

profile followed a parabolic shape, shown as a blue dashed line in the bottom of Figure 

6.4 b. The study participants did not have any prior knowledge of the next pseudo-

random target and were asked to follow the target cursor (i.e. match its current position 

and velocity). Two values (8 or 9 pixel/deg) were used for scaling between the 

participants’ elbow angular motion and the target on screen pixel motion depending on 

the individual’s Range of Motion (ROM). Throughout the study a fully extended elbow 

position was considered as the zero angle. 
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Figure 6.4  Computer interface and illustrative pursuit target profiles (a) 
Graphical interface as seen by the study participants on a computer 
screen. The outlined circle indicates the position of the target on the 
screen. The dashed blue arrow is added for illustration of the target 
(vertical) motion direction. The filled orange circle indicates the 
participant’s elbow cursor position. (b) Example of a sinusoid (top) 
and a pseudo-random (bottom) target position profiles. Target 
position and Next random target indicate the current target position 
and the random target position goal. Target velocity indicates the 
current target velcity. The zero degree angle refers to the fully 
extended elbow position as well as to the cursors being located at 
the bottom of the graphical interface window. 

The experimental protocol tasks, sequence, repetitions and velocity parameters 

are presented in Table 6.3. Task 1 aims to induce intention tremor, a type of kinetic 

tremor, while Task 2 a postural tremor. Task 3 may also result in kinetic tremor; 

furthermore, its main benefit is the availability of the voluntary component of the motion 

(i.e. the target). Up to two training repetitions were offered for Task 3 for each device 

and motion profile before its execution. 

Table 6.3 Protocol Summary 

Tasks 

Repetitions Tremor activation Velocity Settingsa 
# Description 

1 
Moving an object/pick 

and place a cup 
2 kinetic tremor -
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2 
Suspended 

forearm/Pointing 
at an object 

2 postural tremor 

3 
Target 
pursuit 

Sinusoid 
target 

Slow 3 

kinetic tremor 

The top sinusoid target 
velocity was 720π×f 

pixels/sec with a frequency 
of f=0.3 and f=0.5 Hz in the 
slow and fast acceleration 

cases respectively (resulting 
in 1.316 and 2.19 rad/s for 

9 pixel/deg scaling). 

Fast 3 

Random 
target 

Slow 3 

Kinetic tremor  
and/or intention 

tremor 

The random target slow 
and fast velocities were 2 

and 4 pixels/loop-step 
(resulting in 0.387 and 

0.872 rad/s for 9 pixel/deg 
scaling), while the time to 
reach the target velocities 

(acceleration/deceleration) 
was set to 80 and 60 loop-

steps respectively. 

Fast 3 

All the tasks were repeated with both the MO and the TSO. Tasks 1-2 were recorded for approximately 10 s while Task 
3 for 30-60 s. 
a Converting from pixels/loop-step to rad/s was done by first dividing by the scale factor (resulting in deg/loop-step), 
then converting from deg to rad, and finally multiplying by the loop rate to obtain the value in rad/s. 

Tuning of the ABPF filter implementation involved selecting a center tremor 

frequency 𝑓𝑚𝑜𝑑. To this end, the following procedure was employed: 

1. The MO was donned and the protocol tasks executed (see Table 6.3).

2. The 1st harmonic tremor frequency from the data obtained with the MO
was calculated.

3. The calculated 1st harmonic frequency was fed to the ABPF algorithm as
𝑓𝑚𝑜𝑑.

4. The TSO was donned and the protocol tasks executed.

6.3.2. Healthy Individuals 

Healthy individuals, approximately age matched with the tremor participants, with 

no history of tremor were recruited. The healthy participants’ details are provided in 

Table 6.4. The healthy participants only performed Task 3 with the MO. 
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Table 6.4 Healthy Participant Data 

Participant Gender Age Handedness Hand Tested 

H01 M 65 R R 

H02 M 67 R R 

H03 M 58 R R 

H04 F 66 R R 

Mean - 64.0 - - 

6.4. Data Processing and Expected Outcomes 

As mentioned, the MO was incorporated in the protocol in order to record the free 

motion and serve as a reference for the TSO in both the spectral and time domains. 

Although the MO may introduce some motion attenuation through its joint friction and 

forearm brace inertia, it was considered negligible (approximately zero attenuation). In 

fact, the weight of the MO forearm brace with padding was 42.5 g, similar to a wrist 

watch. Position and velocity signals were available directly from the embedded encoders 

in the MO and TSO. A torque signal was available from the TSO. 

6.4.1. Spectral Analysis 

The data collected in Tasks 1, Task 2 and Task 3 was processed in order to 

assess the TSO tremor suppression. The PSD for both the TSO and MO was calculated 

in order to obtain the tremor component power change (i.e. 𝑃𝐶(𝑃𝑇𝑆𝑂
𝑡 , 𝑃𝑀𝑂

𝑡 )) as per (5).

The data of Task 3 was also assessed for the effect the TSO had on the voluntary 

component. The PSD for the TSO, MO, and for the target signal was calculated in the 

voluntary motion frequency range in order to obtain the voluntary component power 

changes (i.e. 𝑃𝐶(𝑃𝑇𝑆𝑂
𝑣 , 𝑃𝑇𝑎𝑟𝑔𝑒𝑡

𝑣 ) and 𝑃𝐶(𝑃𝑀𝑂
𝑣 , 𝑃𝑇𝑎𝑟𝑔𝑒𝑡

𝑣 )) as per (5). The signal power 

change difference was defined as the difference between 𝑃𝐶(𝑃𝑇𝑆𝑂
𝑣 , 𝑃𝑇𝑎𝑟𝑔𝑒𝑡

𝑣 ) and 

𝑃𝐶(𝑃𝑀𝑂
𝑣 , 𝑃𝑇𝑎𝑟𝑔𝑒𝑡

𝑣 ).

The PSD of the MO was also used to obtain the participants’ fundamental tremor 

frequency. The fundamental tremor frequency corresponded to the PSD peak amplitude 

in the 2-10 Hz range. 
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The spectral analysis in all the tasks was performed exclusively with the velocity 

signal, for which the tremor signal to noise ratio was more substantial than in the position 

signal. A large attenuation percentage is desirable for the tremor signal power change, 

namely 𝑃𝐶(𝑃𝑇𝑆𝑂
𝑡 , 𝑃𝑀𝑂

𝑡 ). Instead for the voluntary component a small signal power

change, either positive or negative, between each device (MO and TSO) and the target 

signal is ideal. More importantly, the signal power change difference (𝑃𝐶(𝑃𝑇𝑆𝑂
𝑣 , 𝑃𝑇𝑎𝑟𝑔𝑒𝑡

𝑣 ) −

𝑃𝐶(𝑃𝑀𝑂
𝑣 , 𝑃𝑇𝑎𝑟𝑔𝑒𝑡

𝑣 )) should be small indicating no additional interference is introduced by 

the TSO. 

6.4.2. Temporal Analysis 

In the time domain, processing of Task 3 data involved voluntary motion tracking 

errors of both position and velocity signals. The respective motion errors between the 

TSO and the target, and between the MO and the target are defined as 𝑒𝑇𝑆𝑂 and 𝑒𝑀𝑂. A 

mathematical representation of the tracking error components is provided next. 

The errors that can be expected when a participant with tremor uses the MO 

consist of the following 

𝑒𝑀𝑂 = 𝑒𝑡𝑑 + 𝑒𝑡𝑖 + 𝑒ℎ (48) 

where 𝑒ℎ is an error due to normal human skill/ability, 𝑒𝑡𝑖 is the indirect error due to the 

tremor condition and 𝑒𝑡𝑑 is the direct error due to the tremor motion. The error due to the 

tremor condition (𝑒𝑡𝑖) in (48) does not refer to an error caused by the actual tremor 

motion (as 𝑒𝑡𝑑), but instead to a voluntary tracking error induced indirectly by the existing 

tremor condition. Examples of errors that can be associated to 𝑒𝑡𝑖 include bradykinesia 

and rigidity in PD [6]. Some studies have identified impaired balance and gait in ET 

patients [175]. If such motor impairments exist in the upper limbs they may also 

contribute to the error referred to by 𝑒𝑡𝑖. By performing a zero phase, Low Pass Filtering 

(LPF) of the MO signal (fMO) the direct tremor error can be removed resulting in 

𝑒𝑓𝑀𝑂 = 𝑒𝑡𝑖 + 𝑒ℎ (49)
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Note an implicit assumption was made in (49) as to the frequency content of 𝑒𝑡𝑖 and 𝑒ℎ, 

namely that they consist of primarily low frequency content, similar to voluntary motion. 

The zero phase LPF was designed empirically based on a visual inspection and was 

fixed for all participants. The filtfilt Matlab function was used. The position signal pass 

and stop bands were 0.5 and 3 Hz, respectively, while the velocity signal pass and stop 

bands were 1.5 and 3 Hz, respectively. 

An error in tracking the target motion is also expected when a participant with 

tremor uses the TSO. It was postulated that the tracking error might comprise of three 

subcomponents as follows 

𝑒𝑇𝑆𝑂 = 𝑒𝑡𝑖 + 𝑒𝑑 + 𝑒ℎ (50) 

where 𝑒𝑑 is a device error due to the TSO. The error 𝑒𝑑 is primarily associated to any 

system element (e.g. control loop and hardware latencies, modeling errors, etc.) leading 

to a reduction of orthosis transparency or to increased impedance experienced by the 

operator. Note that with the MO it was assumed no device error is present. The same 

normal human error 𝑒ℎ and indirect tremor error 𝑒𝑡𝑖 as with the MO (see (48)) are also 

expected to exist with the TSO. It should be noted the direct-tremor error was neglected 

(𝑒𝑡𝑑 ≅ 0) in (50), supposing full tremor suppression is achieved by the TSO. If instead

the aforementioned was not achieved, any residual direct-tremor error could still be 

considered to be part of the device error (𝑒𝑑). 

It is of particular interest to evaluate errors associated with the TSO. The 

inclusion of the MO in the protocol can facilitate distinguishing between the error 

subcomponents mentioned in (50). The TSO device error 𝑒𝑑 can then be obtained by 

subtracting (49) from (50). In the time domain, an equal amount of tracking error with the 

TSO and with the fMO relative to the target would be desirable and would indicate no 

additional interference is introduced by the TSO. 

Interaction torque between the user and the TSO is also measured in the time 

domain as well as used in the controller scheme. It is desirable that the measured 

interaction torques are small in order for the user to feel little resistance. 
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As for healthy individuals performing Task 3 with the MO, the following errors can 

be expected: 

𝑒𝑀𝑂
ℎ = 𝑒ℎ (51) 

Thus, subtracting (51) from (49) yields the indirect error due to tremor and using (48) can 

result in the direct error. 

6.4.3. Data Selection and Processing 

As mentioned in Table 6.3, the data recorded in Tasks 1 and Task 2 was 

approximately 10 s long, while for Task 3 was at least 30 s and up to a minute in 

duration. 5 s of data, from Task 1 and Task 2, were selected heuristically based on 

visible tremor. Since, Task 1 and Task 2 didn’t always induce enough tremor in the 

participants’ elbow, only one case of each is included per participant. 

Specifically for Task 3, the beginning of the pursuit task recordings often had 

irregularities when participants were asked to commence the task. There were also 

occasional discontinuities mid data due to participants’ confusion or distraction resulting 

in their elbow motion being interrupted. Therefore, in order to be able to compare 

continuous and representative data from all participants, 20 continuous seconds were 

selected.  

The selected 20 s of data time range were chosen based on the lowest 

normalized RMSE values of the fMO and TSO relative to the target signal. The 

procedure for selecting the 20 s of data time range essentially involved scanning the 

whole time range, in increments of 10 s. The position and velocity RMSE were 

normalized with 90 deg and 2 rad/s respectively, chosen as full scale values. As an 

example, for a data spanning 43 s long, the RMSE was calculated for the 10-30 s and 

20-40 s time ranges with the smaller value being selected. In conflicting instances

where, for example, the 10-30 s range had a smaller position RMSE while the 20-40 s 

time range had a smaller velocity RMSE, a normalization relative to full scale values was 

performed for each and the range with the smaller normalized value was used. 

Specifically, full scale normalization values were 90 deg and 2 rad/s for the position and 

velocity respectively. In the sinusoid target case, the fMO and TSO signal time ranges 
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were identified independently. For instance, the fMO data might have included a 10-30 s 

time range, while the TSO range might have included a 20-40 s range. These would 

have resulted in exactly the same target motion profile throughout the 20 s period, with 

no phase difference. For the pseudo-random target, 20 s of data for the TSO were 

selected first and then the same time range was used for the fMO, in order to compare 

identical motion profiles. 

As shown in Table 6.3, the four motion cases of Task 3, i.e. sinusoid slow, 

sinusoid fast, random slow, and random fast were each performed three times. For each 

motion case repetition, an RMSE or signal power value was obtained in the time or 

spectral domains. The three repetitions were then averaged resulting in 4 values 

representing the four motion cases. These 4 values were further averaged, associating a 

spectral and time domain analysis value to each participant. 

It should be noted that when a waveform of 20 s was selected from a 

participant’s testing data, the same time range was used for both the spectral (e.g. 𝑃𝑇𝑆𝑂
𝑡 )

and time (e.g. 𝑒𝑇𝑆𝑂) domain analyses. However, it is emphasized that 𝑃𝑇𝑆𝑂
𝑓

 is the power 

in the TSO, not the error 𝑒𝑇𝑆𝑂 signal. 

6.5. Results 

6.5.1. Tremor Motion Component 

Figure 6.5 a shows the percentage tremor power reduction, of the TSO relative to MO, 

for each participant when performing Task 1 and Task 2. Square and plus markers indicate 

the values from Task 1 and Task 2 respectively. The mean and Standard Deviation (SD) 

tremor power change (reduction) for the motions in Tasks 1-2 for all participants was -92.9 

(6.01)%. Note the lower attenuation values for participants T02, T06, T07 are primarily 

due to a small amount of tremor detected with the MO, in particular in the Suspended 

forearm task. Consequently, little power reduction could be achieved with the TSO. 

The tremor power reduction in Task 3 is shown in Figure 6.5 b, while the tremor 

fundamental frequency for Task 3 is shown in Figure 6.5 c. As mentioned in section 

6.4.1, the tremor frequency was obtained from the PSD calculation of the MO. Each 

scatter plot in Figure 6.5 b and c was composed of four markers associated with the 
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four motion cases of Task 3 (see Table 6.3). An outlined circle, a filled circle, an outlined 

diamond and a filled diamond shape respectively correspond to the sine slow (ss), sine 

fast (sf), random slow (rs) and random fast (rf) cases. The mean (SD) tremor motion 

power change was -94.37 (4.06)% and the mean (SD) tremor frequency for all the 

participants was 4.45 (0.93) Hz. The mean power change and frequency across all the 

participants are shown as horizontal dotted lines in Figure 6.5 a, b and c. 

Figure 6.5 Tremor motion related measures. (a) Tremor power change in Tasks 
1-2. Square and plus markers indicate the values from Task 1 and
Task 2 respectively. (b) Tremor power change in Task 3. (c) Task 3
MO tremor fundamental frequency calculated based on PSD. The
dotted horizontal lines in a-c indicate the participants’ mean. The
legend on the right refers to both b and c. The sine slow (ss), sine
fast (sf), random slow (rs) and random fast (rf) motion cases are
represented with outlined circle, filled circle, outlined diamond, and
filled diamond shape markers, respectively.

In order to confirm that the weight of the TSO is not a significant contributor to 

tremor suppression, the tracking tasks were recorded with the TSO with no power being 

supplied to the motor. Under such circumstances only the TSO inertia, friction and 

damping can lead to tremor suppression. If tremor is still evident then it is possible to 

exclude that the tremor suppression observed in Figure 6.5 is caused by the mass of 

the TSO. The tracking tasks were therefore recorded with the TSO in power off mode 

with a subset of 5 participants (T02, T03, T04, T05, T06) performing only one repetition 

for each task case (see Table 6.3). The single repetition with the TSO in off mode was 

compared to the first repetition with the encoder. The tremor suppression for these 
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participants with the TSO in power off mode is shown in Table 6.5 below. For simplicity, 

both the sinusoid and random motions, were assessed only in the 10-30 s time range. 

Table 6.5 Tremor Suppression (%) with TSO in Off Mode 

Target Profile 
Participant 

T02 T03 T04 T05 T06 

Sinusoid 28.65 77.35 38.75 -10.45 58.2 

Random 60.35 85.9 66.15 62.7 28.35 

Mean 44.5 81.625 52.45 26.125 43.275 

With the TSO in off mode, the mean tremor suppression for the five tested 

participants was 49.6%. The above results suggest the mass and friction in the TSO are 

a cause for some tremor reduction, however, significantly less than with the TSO in on 

mode. Incidentally, from the above it may be reasonable to infer that the weight of the 

MO would have little effect on the tremor. 

6.5.2. Voluntary Motion Component 

Representative tracking and PSD plots are shown for participant T06. Figure 6.6 

and Figure 6.7 correspond to the sinusoid and random target motion cases respectively. 

Subfigure a refers to the slow target motion and subfigure b to the fast target motion. In 

both subfigures a and b, the top two subplots show the position and velocity associated 

to the target, the TSO and the MO. The velocity plot also shows the fMO velocity. In 

Figure 6.7, the next random target position goal is also shown. The bottom two subplots 

refer to the TSO interaction torque and the PSD obtained for both the TSO and MO. 

Since the suppression approach relies on a force transducer to track the voluntary 

motion [89], all interaction forces between the user and the device are recorded. The 

measured torque (Fm) represents the total motion composed of the voluntary and tremor 

components. The estimated torque (Fe) represents the voluntary component as a result 

of online filtering. It can be observed in the interaction torque subplots that Fm contains 

a high frequency component (tremor motion) which is not present in Fe. In the bottom 

PSD plots, it can be observed the TSO and MO curves overlap closely around the 

voluntary motion frequency (~0.5 Hz). Instead, in the higher frequencies of the tremor 

(~5-6 Hz) the TSO magnitude is reduced. As was shown in previous work by the 

authors, the implemented approach resulted in the peak sinusoid velocities being 
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associated with both larger tracking errors and lower interaction torques [162]. The 

above can be appreciated from the sinusoid profile velocity subplot in Figure 6.6. 

Figure 6.6 Participant T06 sine target tasks (a) slow and (b) fast sinusoid target 
tasks. For both subfigures a and b, the subplots from top to bottom 
are position tracking (zero degree angle refers to a fully extended 
elbow position), velocity tracking, interaction torque, and PSD. TSO 
and MO refer to the Tremor Suppression Orthosis and Measurement 
Orthosis; Target refers to the target profile; fMO is the zero phase 
LPF of the MO; Fm is the measured torque and Fe is the estimated 
torque. 
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Figure 6.7 Participant T06 pseudo-random target tasks. (a) slow and (b) fast 
pseudo-random target tasks. For both subfigures a and b, the 
subplots from top to bottom are position tracking (zero degree angle 
refers to a fully extended elbow position), velocity tracking, 
interaction torque, and PSD. Random target is the next random 
target position goal indicated by the solid green square wave line; 
TSO and MO refer to the Tremor Suppression Orthosis and 
Measurement Orthosis; Target refers to the target profile; fMO is the 
zero phase LPF of the MO; Fm is the measured torque and Fe is the 
estimated torque. 
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The signal power change was also used to assess the voluntary motion (see 

section 6.4.1). The results for the voluntary assessment are shown in Figure 6.8. The 

voluntary component power changes for the MO (𝑃𝐶(𝑃𝑀𝑂
𝑣 , 𝑃𝑇𝑎𝑟𝑔𝑒𝑡

𝑣 )) and the TSO

(𝑃𝐶(𝑃𝑇𝑆𝑂
𝑣 , 𝑃𝑇𝑎𝑟𝑔𝑒𝑡

𝑣 )) are shown in Figure 6.8 a. The power change difference can be 

observed as the difference between the TSO and MO markers. The mean (SD) 

voluntary motion power change with the MO and with TSO were -4.32 (16.37)% and -

10.96 (22.91)% respectively. Position and velocity tracking errors for all the participants 

are shown in Figure 6.8 b and c, respectively, comparing the fMO and the TSO. The 

mean (SD) position error with the fMO and with the TSO were 7.3 (1.9) deg and 8.2 (1.9) 

deg respectively. The mean (SD) velocity error with the fMO and with TSO were 0.39 

(0.04) rad/s and 0.41 (0.07) rad/s respectively. Figure 6.8 d shows the RMS of the 

voluntary interaction torque (same as Fe in Figure 6.6 and Figure 6.7) with the TSO. 

The mean (SD) interaction torque was 0.62 (0.04) Nm. The four data points in each of 

the scatter plots in Figure 6.8 a-d are demonstrated with different markers to distinguish 

between the four motion cases of Task 3 (see Table 6.3). It is noted in Figure 6.8 a, 

positive or larger power change values are often associated with random motions while 

negative or smaller values with sinusoid motions. Conversely, in Figure 6.8 b-d, larger 

values are repeatedly associated with sinusoid motions while smaller values correspond 

to random motions. 
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Figure 6.8 Task 3 voluntary motion related measures. (a) Voluntary component 

power change for the MO, i.e. 𝑷𝑪(𝑷𝑴𝑶
𝒗 , 𝑷𝑻𝒂𝒓𝒈𝒆𝒕

𝒗 ) and the TSO, i.e.

𝑷𝑪(𝑷𝑻𝑺𝑶
𝒗 , 𝑷𝑻𝒂𝒓𝒈𝒆𝒕

𝒗 ). Zero value is indicated by the horizontal dashed 

line. (b) Voluntary position pursuit tracking RMSE for the fMO and 
the TSO. (c) Voluntary velocity pursuit tracking RMSE for the fMO 
and the TSO. (d) Voluntary interaction torque RMS recorded with the 
TSO. For plots a-d, the sine slow (ss), sine fast (sf), random slow (rs) 
and random fast (rf) motion profiles are represented with outlined 
circle, filled circle, outlined diamond and filled diamond shapes, 
respectively. 

To corroborate the obtained results, statistical analyses were carried out for the 

tremor and voluntary motions. Specifically, we assessed whether the tremor reduction 

was significant, and whether the voluntary tracking errors and the voluntary power 

change between the fMO and TSO were different. All the data used in the statistical 

analysis was tested for normal distribution. In cases where a normal distribution was 

rejected, the Wilcoxon Signed Rank test was used [176]. 

The tremor reduction values (see Figure 6.5 a, b) obtained with the TSO were 

compared to no suppression (i.e. zero suppression). Due to the tremor suppression 

values distribution, in Tasks 1-3, not conforming normally as well as the small sample 



93 

size, the non-parametric Wilcoxon Signed Rank test was used [176]. The tremor 

reduction was deemed significant for Task 1-2 (𝑝𝑡12 < 0.005) and Task 3 (𝑝𝑡3 < 0.005). 

For the voluntary motions, a statistical analysis was performed with a null 

hypothesis stating the mean tracking errors obtained with the fMO and the TSO are 

equal, for both position and velocity. Using a two-sided t-Test with a significance level of 

𝛼 = 0.05, the null hypothesis was not rejected for neither position (𝑝𝑣𝑒𝑙 = 0.0501) or 

velocity (𝑝𝑣𝑒𝑙 = 0.283). A similar analysis was also carried out to test if the mean 

voluntary power changes (Figure 6.8 a) were equal. The hypothesis was also not 

rejected (𝑝𝑃𝐶 = 0.346). Based on these tests, there is no evidence for statistically 

significant differences between the velocity errors as well as the voluntary power 

changes. It can be observed from Figure 6.8 b and c that generally faster motions 

resulted in larger errors. Consequently, it was interesting to re-assess the statistical 

analysis for the fast and slow motions profiles separately. Indeed, equivalency was not 

rejected for the slow motion profiles (𝑝𝑝𝑜𝑠𝑠𝑙𝑜𝑤 = 0.586, 𝑝𝑣𝑒𝑙𝑠𝑙𝑜𝑤 = 0.152, 𝑝𝑃𝐶𝑠𝑙𝑜𝑤 = 0.546). 

Instead, for the fast motion profiles, both position and velocity errors were statistically 

different (𝑝𝑝𝑜𝑠𝑓𝑎𝑠𝑡 = 0.0148, 𝑝𝑣𝑒𝑙𝑓𝑎𝑠𝑡 = 0.0329, 𝑝𝑃𝐶𝑓𝑎𝑠𝑡 = 0.269). 

Looking at the tremor power change and the voluntary power change difference 

(between the TSO and MO), no clear relationship was observed as shown in Figure 6.9 

a (𝑅2 = 0.053, 𝑝 = 0.55). Importantly, the tremor reduction does not seem to depend 

significantly on the voluntary power change difference. Further analysis involving a linear 

regression between the tremor power change and the tremor severity (based on 

TETRAS) was performed and is shown in Figure 6.9 b. A linear trend is observed for a 

statistically significant regression model (𝑅2 = 0.537, 𝑝 = 0.025). The participant with the 

lowest reduction of tremor also had the least amount of tremor, as measured by 

TETRAS. Figure 6.9 c shows the voluntary power change difference (y axis) against the 

difference in position RMSE between the TSO and fMO (x axis). Figure 6.9 d is similar 

to c but with velocity RMSE difference in the x axis. Two linear regressions are shown in 

Figure 6.9 c and d; one including the nine participants and one excluding T08 which 

may be considered an outlier. Based on the linear regression excluding T08 it is seen 

that a reduction in position or velocity tracking error difference is associated with a 

decrease in voluntary power change difference between the TSO and MO. In other 

words, when the tracking errors between the TSO and fMO are similar (i.e. the 
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difference is close to zero), so are the voluntary power changes between the two 

devices. It should be noted, the regressions in Figure 6.9 c and d were not statistically 

significant. 

Figure 6.9 Tremor, Voluntary and TETRAS Relations. (a) Tremor power change 
(reduction) vs the voluntary components power change difference 
(between TSO and MO). Circle and cross marker shapes indicate 
negative and positive voluntary power change differences, 
respectively. (b) Tremor power change vs tremor severity (TETRAS) 
for the nine participants. (c) Voluntary power change difference vs 
position RMSE difference (TSO-fMO). (d) Voluntary power change 
difference vs velocity RMSE difference (TSO-fMO). 

6.5.3. Motion Errors of Healthy Individuals 

Task 3 position and velocity tracking errors for the healthy participants are shown 

in Figure 6.10 a and b respectively, obtained with the MO. The mean (SD) position error 

was 5.79 (1.2) deg. The mean (SD) velocity error was 0.373 (0.06) rad/s respectively. 
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Figure 6.10 MO Voluntary motion related measures for healthy individuals. (a) 
Position pursuit tracking RMSE. (b) Velocity pursuit tracking RMSE. 
The dotted horizontal lines in a and b indicate the participants’ 
mean. For plots a and b, the sine slow (ss), sine fast (sf), random 
slow (rs) and random fast (rf) motion profiles are represented with 
an outlined circle, a filled circle, an outlined diamond and a filled 
diamond shape respectively. 

6.6. Discussion 

We set out to demonstrate a voluntary-driven tremor suppression approach 

(employing a wearable technology) can effectively suppress pathological tremor while 

introducing little interference to the voluntary motion. The orthosis device was developed 

to target the elbow joint for this study. The elbow joint has been shown to be central to 

most activities of daily living [177], [178]. 

In previous chapters, the proposed tremor suppression approach and orthosis 

were demonstrated with an experimental setup involving a simulation of the human 
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input. Further improvements to the human simulating component, such as more 

accurate kinematics and dynamics could be made. Nevertheless, accurately emulating 

the human interaction, in particular someone with pathological tremor, may not be 

feasible. Therefore, it is reasonable to suggest that testing with tremor participants is 

needed in demonstrating proper operation of a suppression system. In section 5.5.2 it 

was pondered whether a phase difference would be observed also when testing with 

individuals with tremor. It is important to note that a similar phase change was not 

observed. 

All participants in this study were right-handed. For all participants, other than 

T01, T07 and T08, the tremor was also more severe on the right side. All but one 

participant were tested on the side with the more severe tremor. The exception was T08 

who was tested on the left side (and had worse tremor on the right side) due to a 

medical condition. It is interesting to note that in the literature there is conflicting 

evidence as to whether the more severe side is likely to be the dominant side [179], the 

non-dominant side [180], [181] or neither [49]. The reported discrepancy in the relation 

between severity and handedness may stem from the populations being investigated, 

e.g. community vs clinic-based studies, or due to the reporting method (self-report vs an

objective assessment), as well as the tremor condition being investigated (PD vs ET). 

The adaptation of the TSO to either the left or right arm is straightforward requiring the 

replacement of a single component. 

This study focuses primarily on the results of Task 3. Nevertheless, Task 1 and 

Task 2 are important as they demonstrate the TSO application to a more standard 

functional activity. These tasks results suggest the system could successfully suppress 

tremor not only in a target pursuit case, but also in a functional setting. The tremor 

suppression for Task 1 and Task 2 resulted in a mean power change (Figure 6.5 a) of -

92.9%. Since the voluntary component of the motion was unknown, the effect to the 

voluntary signal power could not be evaluated. 

Based on the results obtained in Task 3, we make several observations related 

to the tremor measures (Figure 6.5 b and c). There was a relatively large variation 

among the ET participants mean frequency (T01, T04, T05, T06, T08 and T09). Only 

two of the recruited participants were identified as PD (T02 and T03); therefore, it is 

difficult to determine if similar frequency variations would be observed among the PD 
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participants. The typical bandwidth for ET, however, is considered to be wider, 

overlapping below and above that of PD [4]. It is interesting to note that a large variance 

within a participant’s frequency data was observed for (T01, T03, T07) as seen in Figure 

6.5 c, of which only T01 had a confirmed diagnosis of ET. There were fewer instances of 

the attenuation being above -90% in the random pursuit targets (Figure 6.5 b). 

Expressed differently, there was generally more attenuation of tremor in the random 

target movements (𝑝 < 0.05). One suggested explanation may be that the uncertainty in 

the random target movement increased the cognitive load, perhaps activating an 

intention or goal-oriented component of the tremor [61] and leading to a more consistent 

elbow tremor, and thus, to a more evenly distributed signal power to be attenuated. 

Additionally, attenuation was overall higher for slower target motions (𝑝 < 0.05). A 

matching subjective observation with many of the participants was that it appeared 

tracking faster target motions was easier and induced less tremor. It is worth mentioning 

the effect of intention tremor is often seen in proximal more than in distal limb muscles 

[6], further corroborating the notion of intention (elbow) tremor in our testing. 

Observations related to the voluntary measures in Figure 6.8 are considered 

next. There were three participants (T02, T05, T08) for which the mean position RMSE 

improved (relative to the MO) when using the TSO and three participants (T04, T05, 

T06) for which the mean velocity RMSE improved (Figure 6.8 b and c). For five out of 

the nine participants (T02, T03, T04, T05, T09), the voluntary power change values 

obtained with the TSO had improved (i.e. were closer to zero) compared to the MO. 

Note that both the TSO and MO were measured relative to the target signal power (refer 

to section 6.4.1). T08 demonstrated the largest difference in the mean voluntary power 

change (49.88%) between the MO and the TSO. The large mean voluntary power 

change difference is likely related to the limited ROM the participant was achieving with 

the MO compared to the TSO. The difference in ROM may be due to device fitting 

issues. Alternatively, it may be that the TSO made it easier for this participant to reach a 

greater ROM due to its inherent actuation of the voluntary motion. For this participant, 

only two repetitions for the fast random movement were collected. The limited ROM 

achieved by T08 had more impact on the voluntary power change than on the tracking 

errors as seen in Figure 6.8 b and c. As previously mentioned in section 6.5.2, in 

relation to Figure 6.8 a, the random motion profiles were associated with larger power 

change values and lower tracking errors, while the opposite was observed for the 
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sinusoid motion profiles. The above is likely related to the lower speed of the random 

tasks, in comparison with the sinusoid tasks, and the gradual increase in motion range 

during the tasks. Likely, the random tasks required greater focus and cognitive load, as 

mentioned before, resulting in overall better tracking performance. As expected, the 

implemented admittance controller resulted in lower velocity motion profiles being 

associated with lower interaction torques as seen in Figure 6.8 d. The mean voluntary 

power change for the participants using the MO and TSO was approximately 4.32% and 

10.96%, resulting in an increase of only 6.64%. When excluding T08, this increase is 

reduced to only 1.23%. As described in section 6.4, the TSO device error (𝑒𝑑) can be 

obtained by subtracting (49) from (50). Thus, from the results in 6.5.2, the device 

position and velocity errors were 𝑒𝑑𝑝 = 0.9 deg and 𝑒𝑑𝑣 = 0.02 rad/s respectively. The 

full scale of the position and velocity motions performed in the tracking tasks were 

defined as 90 deg and 2 rad/s. Therefore, the impairment the TSO endows can be 

quantified by evaluating the respective RMSE increase relative to the full scale values 

resulting in 1% for both position and velocity errors. The statistical analysis did not 

demonstrate significant differences between the fMO and TSO mean tracking errors and 

voluntary power change. However, the rejected statistical equivalency for the fast-only 

motion tracking errors suggests high velocity is a dominant contributor to the overall 

errors. The above also highlights a potential limitation of the suppression approach and 

device, which should be mitigated in future work. The healthy subjects’ position and 

velocity errors 𝑒ℎ are given in section 6.5.3. Still referring to section 6.4.2, the mean 

position and velocity indirect tremor related errors 𝑒𝑡𝑖 can be estimated by subtracting 

(51) from (49), resulting in 𝑒𝑡𝑖𝑝 = 1.51 deg and 𝑒𝑡𝑖𝑣 = 0.017 rad/s. It is interesting to note

that the resulting device position error is smaller than the indirect tremor position error. A 

larger sample of both healthy and tremor participants would be needed to discern with 

greater confidence the tracking errors as suggested in section 6.4 and estimated above. 

As shown in Figure 6.9 a, no clear relationship was demonstrated between the 

power change of the tremor component and the voluntary components power change 

difference. However, it is interesting to note that positive voluntary power change 

differences tended to have lower tremor suppression values as observed by the cross 

markers. As noted in section 6.4, a positive difference in voluntary power change refers 

to an increase in the power when wearing the TSO relative to the MO. A simplified way 

to think of this is of having higher amplitude motions with the TSO relative to the MO. 
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Interestingly, a similar relation to that seen in Figure 6.9 b was reported in [64] and 

[182]. The trend observed seems to suggest the TSO effectiveness diminishes with 

tremor severity. Since other studies with completely different suppression systems 

revealed a similar trend between the tremor severity and its attenuation, it is worth 

considering that this relationship is independent of the suppression system. A potential 

limitation with regard to Figure 6.9 b is considered due to the TETRAS assessment 

performed post device testing and consequently being influenced by the testing. 

Performing the assessment prior to device testing may be a preferable protocol. 

Nevertheless, if indeed there is an effect due to fatigue and training, it may be assumed 

to affect all participants approximately equally. Furthermore, since this is an assistive 

device the assessment outcome is not crucial for the device’s performance. Therefore, in 

this preliminary study, the implication of post testing is expected to be minor. Referring to 

Figure 6.9 c and d, the regression linear fit excluding participant T08 (considered as an 

outlier) is improved relative to the linear fit including all participants. Moreover, the linear 

fit excluding T08 suggests (albeit not statistically significant) that when the TSO tracking 

performance is equivalent to the MO, which is an ideal scenario, the voluntary power 

change will also show a close performance between the TSO and MO. 

Pursuit tracking has been utilized by other researchers [61], [83], [91], [94]. The 

work by Freeman et al. also assessed the effect of the tremor suppression on the 

voluntary motion [91]. The voluntary amplitude reduction reported was between 0.2-

32.1% for the different participants. It is expected that through practice with the TSO, the 

position and velocity error differences will diminish relative to the MO. Familiarity with the 

TSO interaction may play a part in the adaptation of the user and thus, contribute to a 

reduction in the voluntary tracking errors. In fact, when comparing the first and third 

repetition for each of the four motion cases of Task 3 both in position and velocity (for all 

participants), there were 46 out of 72 instances (~64%) in which the tracking errors 

decreased. Instead, the tremor attenuation is expected to remain roughly unchanged or 

improve with increased TSO familiarity according to the relation observed in Figure 6.9. 

Some limitations should be considered with regard to the testing protocol. 

Specifically, with regard to Task 1 and Task 2 protocol, a more rigorous and 

standardized approach to the design, recording and processing of functional tasks data 

should be considered in future work, more in line with Task 3. Perhaps more elaborate 

tasks can be considered that result in longer recording times and generate consistent 
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tremor. Protocol tasks should also better cater the study population by introducing 

activation conditions for different types of tremor. For instance, tasks designed to trigger 

rest tremor should be considered when PD participants are part of the study population. 

Tremor assessments should also cater to different tremor conditions such as PD. It 

should be noted, the TETRAS used in the study does not assess rest tremor. 

Additionally, as mentioned above, tremor assessments should be done prior to testing. 

Finally, a qualitative assessment should be planned and included in future work, e.g. 

thorough debriefing of patients. Clinicians and occupational therapists may be consulted 

in addressing the above points. 

It should be considered that either the suppression of the tremorous movement 

or perturbation of the voluntary movement, due to software and hardware latencies in 

the orthosis response time, may elicit a stretch reflex [183], [184]. Reflex response time 

can take between 50-100 ms [185]. A response delay of approximately 80 ms was 

demonstrated in a simulation system used for validation of the suppression approach 

[89]. Several software related changes have been made to the system used in the 

participant testing as mentioned in section 6.2.2, which may contribute to a reduction of 

delay. Further delay reduction can be achieved by simply decreasing the software step 

time. Thus, triggering of stretch reflex may be avoided. Nevertheless, in future work the 

implication of stretch reflex may be explored. It is interesting to note that there is 

evidence of the tremor in ET at least in part being derived by reflex loops [21]. 

One of the potential drawbacks of the RMSE metric is that it is impacted by any 

phase difference between a target and a measured signal. When it is desirable to 

calculate errors between two signals with less emphasis on any existing phase shift, a 

spectral coherence can be used to calculate the frequency similarity between the signals 

[94]. In this study, we are interested in the error change between the two cases (without 

and with the TSO). Therefore, the use of RMSE is deemed suitable as a phase 

difference exists in both cases and thus, cancels out when compared. It is actually 

desirable to account for any additional phase errors that may be introduced by the TSO 

when compared to the MO. 

A few participants commented they noticed a favourable effect of the 

suppression on their tremor and some expressed interest in such a device if the size and 

weight were reduced. Participants’ comments also suggested they could “feel” the 
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device when performing motions. This can be interpreted as though participants felt the 

resistance or delay induced by the device. Acceptable fit and comfort were attained by 

adjusting the straps tightness according to each participant’s feedback. Additional 

sleeved paddings were donned on the upper arm and forearm when necessary. There 

were no major complaints related to soft tissue contact. However, in some instances the 

device was readjusted on the arm mid testing due to slippage. Other studies also 

reported some migration of tremor to nearby joints [182]. A similar phenomenon was not 

observed in this study. It is interesting to note that even for participant T09, who had the 

mildest tremor condition (their tremor was barely visible), the proposed system 

successfully reduced their tremor by 85%. Therefore, the suppression system has 

demonstrated a significant tremor reduction for two different pathologies with a large 

variance in severity. 

Due to looseness and play between the orthosis and the human arm as well as 

within the TSO mechanism, some backlash exists, which is not detected by the TSO. It 

is important to consider this limitation as it results in some of the tremor not being 

detected. It may be unreasonable to expect a complete elimination of backlash 

altogether in a rigid wearable device. However, modification of the system to reduce the 

backlash can in turn increase the signal to noise ratio and therefore lead to enhanced 

tremor suppression. Incidentally, backlash is not an issue with FES based solutions. 

Only one parameter (fundamental tremor frequency for the ABPF) required calibration in 

the proposed system, making the approach less sensitive to different users or 

neurophysiological changes – an advantage over current FES system. 

6.7. Summary and Conclusion 

This work aims to demonstrate the capability of a recently developed tremor 

suppression method and orthosis prototype, tested with participants with pathological 

tremor. An overall tremor reduction of more than 90% was achieved for all participants, 

whose tremor severity varied from 8 to 27.5 on the TETRAS performance scale. The 

device’s effect to the voluntary motion was explicitly addressed and quantified, different 

from most tremor studies. The impact the TSO had on the voluntary motion was 

evaluated by conducting a comparison of voluntary tracking and voluntary signal power 

change. The TSO associated position and velocity tracking errors were only about 1 deg 

and 0.02 rad/s, respectively, while the participants’ voluntary signal power with the TSO 
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increased by 6.6% relative to the MO. The demonstrated results for both the tremor and 

voluntary components suggest the tremor suppression approach can be beneficial for 

people affected by tremor. 

6.8. Related Publications 

A paper titled “Controlling an orthosis to follow elbow volitional movement in 

individuals with pathological tremor” is currently under review at the journal of Movement 

Disorders. 
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Chapter 7. 

Conclusion and Future Work 

7.1. Summary and Conclusion 

As an isolated goal, suppressing human tremor may be perceived as a 

rudimentary task requiring only that the tremorous body part be constrained such that all 

motion is confined and absorbed. It is obvious, however, such a solution would not be 

adequate or desirable for individuals living with tremor. As such, the work presented in 

this thesis was aimed at developing a novel tremor suppression solution that not only 

rejects the tremor but also tracks the voluntary motion. Consequently, four objectives 

were defined as follows: 

1. Propose a novel tremor suppression approach.

2. Validate the proposed approach via a hardware simulator.

3. Design a tremor suppression orthosis implemented with the proposed
approach.

4. Test the suppression approach and orthosis on individuals with
tremor.

 The first objective was therefore to propose a suppression approach such that 

not only a substantial tremor reduction is achieved but also the impediment to the 

voluntary motion is quantifiably small. In Chapter 3 the suppression approach is 

described in a generic and modular form such that different implementations may be 

feasible. The proposed approach relies on an admittance controller to track the voluntary 

motion and a velocity controller to reject the tremor. Implementation and controller 

structure are identified and suggested. Two important benefits are associated to the 

proposed approach; first, knowledge of the mechanical properties of the human limb 

interfacing with the suppression system is not required for successful tuning of the 

controller. Second, as discussed in section 3.4, tremor can be sensed (and therefore 

attenuated) even when no existing tremor motion is allowed. Thus a lack of tremor 

motion is not a limitation to the approach. In fact, more tremor attenuation can lead to 

better SNR used in the decomposition of the voluntary and tremor components (i.e. 

‘filter’ step in Figure 3.1). 
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In order to address the second objective, a suppression approach validation 

system was required. Subsequently, a proof-of-concept system was developed and 

demonstrated in Chapter 4 that both simulates and suppresses the tremor. The two 

subsystems are independent such that the suppression subsystem has no prior 

knowledge of the tremor produced by the tremor simulation subsystem. Once the 

validation system hardware was designated, its stability was analyzed parametrically 

followed by a step response assessment of the performance. The spectral domain 

analysis of the results demonstrated a tremor reduction of 99.8%, while the voluntary 

motion change was only 0.18%. The time domain velocity error and interaction force 

RMS resulted in 0.57 rad/s, and 0.36 Nm respectively. 

The next step, addressing the third objective, was to evaluate the performance of 

the suppression approach implemented with an orthosis. An elbow orthosis was 

subsequently developed as described in Chapter 5. A tremor simulation subsystem was 

also incorporated to validate and tune the orthosis and controller before proceeding to 

test with individuals with tremor. In addition to velocity, a second tremor profile was 

simulated based on torque. The motivation to test two different simulated inputs was to 

account for different scenarios when testing with individuals with tremor due to 

uncertainty as to how a human motion is generated. The disparities between the results 

from the two inputs were analysed and discussed with respect to potential implications 

when testing with individuals with tremor. Moreover, phase compensation methods are 

suggested for the torque based input. The results in the spectral domain showed 

reductions of 99.8% and 99.4% for the velocity and torque driven cases respectively. 

The voluntary motion instead was increased by 0.15% and decreased by 0.34% in the 

velocity and torque driven cases. In the velocity driven case, velocity tracking error and 

interaction force RMS were 0.31 rad/s and 0.44 Nm, respectively. 

The natural evolution at this stage was to invite individuals with tremor and test 

the suppression approach using the developed orthosis, thus fulfilling the fourth and final 

objective. Several technical adaptations were made to the final systems as detailed in 

section 6.2.2 in order to improve performance and reliability. Nine individuals with 

pathological tremor were recruited with varying degrees of tremor severity. A standard 

tremor assessment scale was used to quantify the tremor severity. The key protocol task 

involved pursuit tracking with a target cursor moving on a computer screen. The 

participants’ motion was represented with a second cursor. In the spectral domain, mean 
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tremor was reduced by 94.4%, while the mean intentional motion was increased by only 

6.6%. Time domain mean tracking errors with both the MO and TSO were similar at 7.3 

deg and 8.2 deg for the position, and 0.39 rad/s and 0.41 rad/s for the velocity. Using a 

non-parametric test (sign test) no statistical difference was observed between the 

tracking errors. The mean interaction force was 0.62 Nm. The participants’ error in 

tracking the target was postulated to be composed of three main elements, i.e. normal 

human error, tremor movement disorder error, and error due the device (TSO). 

Recording of the pursuit tracking tasks with four healthy individuals was carried out to 

obtain an exploratory sense of magnitude for the error elements. In particular, the device 

error contribution was estimated at 0.9 deg and 0.02 rad/s for the position and velocity 

errors. 

7.2. Thesis Scientific Contributions 

The following peer reviewed contributions, related to the thesis topic, have been 

published or accepted for publication. 

7.2.1. Refereed Journal Papers 

1. Herrnstadt, G, Menon C (2016) Admittance based voluntary driven motion
with speed controlled tremor rejection, IEEE/ASME Transactions on
Mechatronics, DOI: 10.1109/TMECH.2016.2555811

2. Herrnstadt, G, Menon, C (2016) Voluntary-driven elbow orthosis with
speed-controlled tremor suppression, Frontiers in Bioengineering and
Biotechnology, Vol.4, No.29,10pp.

3. Herrnstadt G, Menon C (2013) On-off tremor suppression orthosis with
electromagnetic brake, International Journal of Mechanical Engineering
and Mechatronics, Vol. 1, No. 2, pp 7-14

7.2.2. Refereed Conference Papers 

1. Herrnstadt, G, Menon*, C (2017) Elbow orthosis for tremor suppression –
a torque based input case, 5th International Work-Conference on
Bioinformatics and Biomedical Engineering, Granada, Spain. Published in
Lecture Notes in Bioinformatics, Subseries of Lecture Notes in Computer
Science, Springer, DOI: 10.1007/978-3-319-56148-6.

2. Sheikholeslami, S, Elnady, AM, Herrnstadt, G, and Menon C. Towards
the Design of a pronation/supination orthosis for Essential Tremor
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Assessment and Suppression (Wrist Supination and Pronation) The 37th 
Canadian Medical and Biological Engineering Conference, May 20 - 24, 
2014, Vancouver, BC Canada. 

7.2.3. Abstract Refereed Conference Papers 

1. Herrnstadt, G, Menon, C. A tremor suppression simulation system:
towards an assistive device. 24th John K. Friesen conference, 2015
Vancouver, Canada.

7.3. Other Scientific Contributions 

The following peer reviewed contributions have been published or accepted for 

publication, however, are not considered part of the thesis. 

7.3.1. Refereed Journal Papers 

1. Herrnstadt, G, Alavi, N, Randhawa, B, Boyd, L, Menon, C (2015)
Bimanual elbow robotic orthoses: preliminary investigations on an
impairment force feedback rehabilitation method, Frontiers in Human
Neuroscience, DOI: 10.3389/fnhum.2015.00169

7.3.2. Refereed Conference Papers 

1. Herrnstadt, G, Alavi, N, Neva, J, Boyd, LA, Menon, C (2016) Preliminary
results for a force feedback bimanual rehabilitation system, IEEE
RAS/EMBS International Conference on Biomedical Robotics and
Biomechatronics, Singapore.

2. Alavi, N, Herrnstadt, G, Randhawa, B, Boyd, A L, Menon C. Bimanual
Elbow Exoskeleton: Force Based Protocol and Rehabilitation
Quantification, 37th IEEE International Conference of the Engineering in
Medicine and Biology Society, August 25 – 29, 2015, Milan, Italy

3. Webb, J, Herrnstadt, G, Xiao, ZG, and Menon, C. A portable 3D printed
2DOF arm Exoskeleton for Rehabilitation. The 37th Canadian Medical
and Biological Engineering Conference, May 20 - 24, 2014, Vancouver,
BC Canada.

4. Webb, J, Xiao, ZG, Aschenbrenner, KP, Herrnstadt, G, and Menon C,
Towards a Portable Assistive Arm Exoskeleton for Stroke Patient
Rehabilitation Controlled Through a Brain Computer Interface, IEEE
International Conference on Biomedical Robotics and Biomechatronics
June 24-28, 2012 Roma, Italy
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7.3.3. Abstract Refereed Conference Papers 

1. Herrnstadt, G, Alavi, N, Randhawa, BK, Boyd, LA, Menon, C, Bimanual
elbow orthoses force feedback rehabilitation method, IEEE International
Conference on Robotics and Automation May 26 - 30, 2015, Seattle,
USA.

7.4. Future Work 

Future research paths may involve investigating advances specific to the method 

proposed in this work. Alternatively, non-approach specific related modifications may be 

pursued. 

A limitation related to the first fundamental assumption (see section 3.1.2) is 

identified. The more overlap there is between the tremor and voluntary frequencies, the 

less effective the suppression approach can be expected to be. In that case it is 

increasingly difficult to separate the intentional form tremor motions. Future work could 

explore avenues to bypass this limitation. One potential approach may involve looking at 

volitional and tremor motions synergies and motor primitives. It may be possible to then 

decompose the voluntary motion based on an activated joint space that matches either a 

healthy or pathological motion. A fundamental question can be directed at the second 

fundamental assumption in this work. Namely, whether tremor and volitional motions can 

be regarded as independent. Potential ways to test this assumption may involve 

performing voluntary movements at different velocities and looking at the tremor 

frequency and phase. Then, observing if any changes occur and if they correlate with 

the voluntary motion. 

Another implicit assumption in this work involves the linear modeling of the 

suppression system and consequently the use of a linear controller. Similar one DOF 

rotational systems are often modeled linearly [186]. Nevertheless, future work should 

take into account the accuracy of the linearity assumption. For example, backlash may 

contribute to errors between the linear model and the real system. The above can be 

verified my simulating the model of the system and comparing its response to the 

hardware system for different inputs. 

Since tracking of the voluntary motion is at the core of the proposed tremor 

suppression method, it stands to reason that obstruction to the voluntary motion should 
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be limited as much as possible. It is therefore desirable to provide a transparent 

response and interaction between the user and the system. Steps to reduce the 

interaction forces while maintaining or improving the tracking errors as shown in the 

results of Chapter 4, and Chapter 5 should be taken in future work. Moreover, in 

Chapter 6, it has been shown that high velocities are a major contributor to larger forces 

and increased errors. A transparent system should naturally provide a low impedance to 

the user while avoiding an underdamped response. A combination of mechanical and 

software elements would likely need to be explored towards achieving such an 

improvement. For example, the use of a direct drive motor without gearing, and 

improving assembly alignment accuracy may help obtain better tracking performance. 

On the software side, a feedforward or controller compensation for the delay (e.g. smith 

predictor) can be used to reduce response delay time and thus improve transparency. 

The implication of stretch reflex responses on the performance shown in Chapter 

6 is not known. The aforementioned could be explored in future work. It is conceivable 

that improved transparency may positively affect stretch reflex responses and in so 

doing improve overall human-robot interaction performance. 

The elbow is a relatively simple joint in the upper extremity lending itself for the 

development and testing of novel wearable technology. Future research can focus on 

developing an orthosis device for other joints of the upper limb such as wrist and 

shoulder. In particular, simultaneous suppression in multiple joints could be explored. 

The long term effects of suppressing tremor are unknown and may be an important 

research avenue. It is conceivable that neuroplasticity may lead to a residual tremor 

reduction even once the suppressive device is doffed. Alternatively, long term adaptation 

to the suppressive device may lead to worsening of tremor when the device is off. It is 

also important to consider the orthosis fit and size in future work. Further advancements 

considered include improving soft tissue contact to allow comfortable yet tight interface 

with limited slippage. The above is also linked to the backlash between the device and 

body part. Obviously the device size and weight plays a major factor here. Additionally, 

the scaling down of the device and its components could be investigated. One 

opportunity to simplifying the orthosis structure as well as reducing its size and weight 

may be via the use of alternate sensors. For instance, EMG can be used instead of a 

torque sensor while IMU’s can replace the encoders. A question still remains as to how 
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an EMG signal compares with that of a torque sensor for the differentiation of volitional 

and tremor motions. 

It would be instructional to attempt to implement tremor suppression methods 

suggested by other researchers, with the TSO (e.g. [64], [68]). Such direct comparisons 

between leading suppression methods have not been demonstrated. Additionally, the 

results may uncover important information about the specific suppression approaches as 

well as the TSO. 

A pertinent question concerning the approach proposed here is whether it is 

intuitive for a user to have the resulting orthosis velocity be related to the interaction 

torque. It is conceivable that instead a more intuitive manipulation approach may be to 

control the orthosis in torque/acceleration. Implementing such a solution, may also allow 

addressing the delay observed in the torque driven case in section 5.5.2. 
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