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ABSTRACT

People with Duchenne muscular dystrophy (DMD) lose the ability to move due to severe muscu-

lar weakness hindering their activities of daily living (ADL). As a consequence, they have difficulties

with remaining independent and have to depend on caregivers. Medication cannot prevent or cure

DMD but it can increase the life expectancy of patients. Notwithstanding the increase in life ex-

pectancy, people with DMD have a lower Health Related Quality of Life (HRQoL) compared to

people without DMD. A possible improvement could be achieved with assistive devices to perform

ADL and, as a result, to depend less on caregivers.

The Flextension A-gear project developed an assistive device to support the arm. However, trunk

movement also plays a significant role in most daily tasks. Reaching for a target (e.g., picking up a

glass of water) requires trunk coordination with respect to the reaching arm and it is a rather complex

motor task. Also, maintaining postural stability during daily tasks needs trunk motions.

As a continuation of the Flextension project, the Symbionics project was set up with the aim to

develop body-bounded devices that can actively support humans in order to improve their quality

of life by focusing on the hand, trunk, head and foot. One sub-project (2.1) has been focusing on

developing dynamic trunk and head supportive devices for people with neuromuscular disorders to

assist them when performing daily activities. Three sub-projects were defined; they investigated user

involvement, passive trunk support and active trunk support. User involvement entailed the interaction

between the trunk and arm when accomplishing daily tasks. A passive trunk support was designed

and tested in an experimental environment by people without and with an early stage of DMD. As

the DMD progresses, more assistance is needed which could possibly be provided by an active trunk

support. Thus, an active trunk support (which is the focus of this thesis) concentrates on the actuation

and control of a passive trunk support.

Operating and controlling an active assistive device requires a control interface. The control inter-

face is responsible for converting the intended movement of the user into a device movement. Several

control interfaces have been proposed for the control of assistive devices, the most common ones be-

ing a joystick, force sensors and sEMG (surface electromyography). We evaluated their performance

by building an experimental user-controllable trunk support.

The goal of this dissertation, therefore, is to evaluate control interfaces for active trunk support.

To this end, several research questions were formulated and investigated:

I. Is there an alternative to the intuitive trunk control interface to steer trunk muscles?

Current research on the control of orthotic devices that use sEMG signals as control inputs, fo-

cuses mainly on muscles that are directly linked to the movement being performed (intuitive control).

However, in some cases, it is hard to detect a proper sEMG signal (e.g., when there is a significant

amount of fat) or specifically for EMG from trunk muscles, respiratory muscles are located in the

xii



trunk as well and can easily disturb the control signal, which can result in poor control performance.

A way to overcome this problem might be the introduction of other, non-intuitive forms of control.

We performed an explorative, comparative study on the learning behaviour of two different control

interfaces, one with trunk muscle sEMGs (intuitive) and one with leg muscle sEMGs (non-intuitive)

that can be potentially used for an active trunk support. Six healthy subjects undertook a 2-D Fitts’

law style task. They were asked to steer a cursor towards targets that were radially distributed sym-

metrically in five directions. We found that:

• the subjects could learn the tasks and improve their performance over time

• the leg control interface was faster

• the subjects were able to control a non-intuitive control interface with high performance

• a non-intuitive control may be a viable solution for controlling an active trunk support

II. Which control interface aids an active trunk support better?

A feasibility study evaluated control interface performance with a novel trunk support assistive

device (Trunk Drive) for adult men with Duchenne Muscular Dystrophy (DMD) namely, joystick,

force on sternum, force on feet and sEMG (electromyography). This was done as a discrete position

tracking task. We built a one degree of freedom active trunk support device that was tested on 10

healthy men. An experiment, based on Fitts’ law, was conducted for the evaluation. We found that:

• force on sternum and the joystick control interfaces were faster than the ones based on force on

feet and EMG

• force on sternum was the most fatiguing interface for the participants, and they preferred the

joystick

• all the control interfaces proved to be feasible solutions for controlling an active trunk support;

each had specific advantages.

III. Which assistive admittance controller performs best in a 1-D Fitts’ law task?

This study was dedicated to the development and assessment of three different admittance control

algorithms for a trunk supporting robot; a law with constant parameters, a law with added feed-

forward force, and a law with variable parameters. A Fitts’-like experiment with 12 healthy subjects

was performed to compare the control laws. We found that:

• the movement times for the feed-forward and variable admittance controllers, with respect to

the standard admittance, were less

xiii



IV. Do people with DMD generate satisfactory signals which can potentially drive an active trunk

support?

In a previous study, we showed that healthy people were able to control an active trunk support

using four different control interfaces (based on joystick, force on feet, force on sternum and sEMG).

All four control interfaces had different advantages and disadvantages. The aim of this study was to

explore which of the four inputs could be detectably used by people with DMD to control an active

trunk support. Three subjects with DMD participated in two experiments: an active experiment with

an active trunk support assistive device and a static experiment without the active trunk support. The

challenge in both experiments was to steer the cursor into a target of a graphical user interface using

the signals from the different control interfaces. We found that:

• the results were subject-dependent in both experiments

• in the active experiment, the joystick was the most promising control interface

• in the static experiment, sEMG and force on feet worked for two out of the three subjects

• the control interfaces have to be customised to every DMD subject.

We concluded that, although the non-intuitive force on feet control is one of the best interfaces for

people with DMD to control an active trunk support some DMD patients find it easier to use the EMG

from their leg muscles. The joystick is the only usable intuitive control interface but, the function of

one hand has to be sacrificed. The decision, as to which control interface works best, must be made

per individual.
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SAMENVATTING

Mensen met Duchenne Spierdystrofie (DMD) verliezen hun vermogen om te bewegen vanwege

een ernstige musculaire beperking die de Activiteiten in hun Dagelijks Leven (ADL) bemoeilijkt.

Als gevolg hiervan hebben ze problemen om onafhankelijk te blijven en zijn ze afhankelijk van

zorgverleners. Met medicatie kan DMD niet worden voorkomen of genezen, maar het kan wel de lev-

ensverwachting van patiënten verhogen. Ondanks de verhoogde levensverwachting hebben mensen

met DMD een lagere aan gezondheid gerelateerde levenskwaliteit (Health Related Quality of Life of

HRQoL) in vergelijking met mensen zonder DMD. Een mogelijke verbetering bereikt worden met

behulp van hulpmiddelen om ADL te ondersteunen en als gevolg daarvan de afhankelijkheid van

zorgverleners te beperken.

Het Flextension A-gear project ontwikkelde een hulpmiddel ter ondersteuning van de arm. Be-

wegingen van de romp spelen echter ook een belangrijke rol in de meeste dagelijkse taken. Het reiken

naar een doel ( het pakken van een glas water) vereist coördinatie van de romp met betrekking tot een

strekkende arm en is een nogal complexe motorieke taak. Ook voor het handhaven van een stabiele

lichaamshouding tijdens dagelijkse taken zijn rompbewegingen nodig.

Als vervolg op het Flextension project, werd het Symbionics project opgezet met als doel om aan

het lichaam gebonden ondersteuningsmiddelen te ontwikkelen die actief hulp bieden aan mensen om

de kwaliteit van hun leven te verbeteren door te concentreren op de handen, de romp, het hoofd en de

voeten. Een sub project (2.1) spitste zich toe op het ontwikkelen van dynamische ondersteuningsmid-

delen voor de romp en het hoofd, voor mensen met neuromusculaire afwijkingen, om hen te assisteren

bij de uitvoering van hun dagelijkse activiteiten. Hierbinnen zijn drie sub projecten te onderscheiden,

te weten onderzoek naar rompfunctie, naar een passieve rompondersteuning, en naar een actieve

rompondersteuning. Rompfunctie van gebruikers betrof de interactie tussen de romp en de armen bij

het uitvoeren van dagelijkse activiteiten. Een passieve rompondersteuning werd ontwikkeld en getest

in een experimentele omgeving door gezonde mensen en mensen in een beginstadium van DMD.

Naarmate DMD toeneemt, is meer ondersteuning nodig wat mogelijk geleverd kan worden door een

actieve ondersteuning van de romp. Vandaar dat een actieve ondersteuning van de romp (wat de focus

is van dit proefschrift) zich richt op de activering en aansturing van een passieve ondersteuning van

de romp.

Het bedienen en beheersen van een actief ondersteuningsmiddel vereist een bedieningsmecha-

nisme (control interface). De control interface is verantwoordelijk voor het omzetten van de voorgenomen

beweging van de gebruiker in een beweging van het ondersteuningsmiddel. Er worden verschillende

interfaces voorgesteld voor de bediening van ondersteuningsmiddelen, waarvan een joystick, kracht

sensoren en sEMG (oppervlakteëlektromyografie of surface electromyography) de meest voorkomende

zijn. We hebben hiervan de prestaties geëvalueerd of de bouw van een experimentele door de ge-
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bruiker te bedienen, rompondersteuning.

Het doel van dit proefschrift is derhalve de evaluatie van control interfaces voor een actieve

rompondersteuning. Hiertoe werden enkele onderzoeksvragen geformuleerd en onderzocht:

I. Is er een alternatief voor het intuı̈tieve romp bedieningsmechanisme (intuı̈tive control interface)

om de rompspieren aan te sturen?

Huidig onderzoek naar de bediening van orthotische ondersteuningsmiddelen die sEMG signalen

gebruiken als aansturing spitsen zich overwegend toe op spieren die direct gelinkt zijn aan de uitgevo-

erde beweging (intutieve bediening of intuı̈tieve control). In sommige gevallen is het echter moeilijk

om een juist sEMG signaal waar te nemen (bv. als er een aanzienlijk hoeveelheid vet aanwezig is). In

het specifieke geval van EMG van de rompspieren bevinden zich ook ademhalingsspieren in de romp,

die gemakkelijk het bedieningssignaal kunnen verstoren wat in een slechte bediening kan resulteren.

Een manier om dit probleem te ondervangen is de introductie van andere nietintuı̈tieve vormen van

besturing. We hebben een exploratieve, vergelijkende studie uitgevoerd naar het leergedrag van twee

verschillende bedieningsmechanismen, een met sEMGs voor rompspieren (intuı̈tief) en n met sEMGs

voor beenspieren (niet intuı̈tief) die potentieel kunnen worden gebruikt voor een actieve romponder-

steuning. Zes gezonde proefpersonen kregen een 2-D Fitts law style taak uit te voeren. Hen werd

gevraagd om de cursor naar mikpunten te bewegen in vijf richtingen die radiaal symmetrisch waren

verspreid. We ontdekten dat:

• de proefpersonen hun taken konden leren en uitvoering in de loop der tijd konden verbeteren;

• de control interface voor de benen sneller was;

• de proefpersonen de bediening van een nietintuı̈tieve control interface met een grote nauwkeurigheid

konden uitvoeren;

• een niet-intuı̈tieve bediening een geschikte oplossing kan zijn voor de bediening van een actieve

rompondersteuning.

II. Welk bedieningsmechanisme past beter bij een actieve rompondersteuning?

Een haalbaarheidsstudie evalueerde de prestatie van bedieningsmechanismen (control interfaces)

van een nieuw rompondersteuningshulpmiddel (Trunk Drive) voor volwassen mannen met Duchenne

Spierdystrofie (DMD), namelijk de joystick, de kracht op het sternum (borstbeen), de kracht op de

voeten en sEMG (elektromyografie of electromyography). Dit werd gedaan in de vorm van een

stapsgewijze positie volgtaak. We bouwden een hulpmiddel rompondersteuning voor met een enkele

graad van vrijheid dat op 10 gezonde mannen werd getest. Een op Fitts law gebaseerd experiment

werd uitgevoerd voor de evaluatie. We ontdekten dat:
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• de kracht op de sternum en het joystick bedieningsmechanisme (joystick control interfaces)

sneller waren dan de control interface die gebaseerd waren op de kracht op de voeten en het

EMG;

• de kracht op de sternum de voor de deelnemers de meest vermoeiende interface was, en ze de

voorkeur gaven aan de joystick;

• alle bedieningsmechanismen haalbare oplossingen bleken te zijn voor de bediening van een

actieve rompondersteuning; elk had specifieke voordelen.

III. Welke ondersteunende admittantie-regeling presteert het beste in een 1-dimensionale Fitts law

taak?

Deze studie werd gewijd aan de ontwikkeling en beoordeling van drie verschillende admittance

control regelingen voor een romp ondersteunende robot: een regeling met constante parameters, een

regeling met een toegevoegde kracht-voorwaartskoppeling en een regeling met variabele parameters.

Een op Fitts lijkend experiment met 12 gezonde proefpersonen werd uitgevoerd om de regel strate-

gieën te vergelijken. We ontdekten dat:

• de bewegingstijden voor de voorwaartskoppeling en variable regelaars lager waren dan wat met

een standaard admittantie-regeling behaald kon worden;

IV. Genereren mensen met DMD bevredigende signalen die potentieel een actieve romp onders-

teuning kunnen aansturen?

In een eerdere studie lieten we zien dat gezonde mensen in staat waren om een actieve romponder-

steuning te bedienen met gebruikmaking van vier verschillende bedieningsmechanismen (gebaseerd

op joystick, de kracht op de voeten, de kracht op de sternum en sEMG). Alle vier bedieningsmecha-

nismen (control interfaces) hadden verschillende voor- en nadelen. Het doel van deze studie was om

na te gaan welke van deze vier mechanismen kon worden gebruikt door mensen met DMD om een

actieve rompondersteuning te bedienen. Drie proefpersonen met DMD participeerden in twee exper-

imenten: een actief experiment met een actief rompondersteunend middel en een statisch experiment

zonder de actieve rompondersteuning. De uitdaging bij beide experimenten was om de cursor naar

een doel te sturen in een grafische gebruikersinterface, gebruikmakend van de signalen afkomstig van

de verschillende bedieningsmechanismen. We ontdekten dat:

• de resultaten in beide experimenten afhankelijk waren van de proefpersonen;

• de joystick het meest veelbelovende bedieningsmechanisme (control interface) was in het ac-

tieve experiment;
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• De sEMG en de kracht op de voeten in het statisch experiment voor twee van de drie proefper-

sonen functioneerden;

• de control interfaces toegesneden moeten worden op iedere DMD proefpersoon.

We concludeerden dat, hoewel de niet-intutieve kracht-op-de-voeten een van de beste interfaces

is voor mensen met DMD om een actieve romp ondersteuning te bedienen, sommige DMD patinten

het gemakkelijker vonden om de EMG vanuit hun beenspieren te gebruiken. De joystick is het enige

bruikbare intutieve bedieningsmechanisme (intuitive control interface) maar de functie van een hand

moet dan worden opgeofferd. De beslissing over welke control interface het beste werkt moet per

individu genomen worden.
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CHAPTER 1

General Introduction

1.1 Symbionics project

There are two main types of diseases that affect the muscle capacity in humans, which are neuromus-

cular diseases (NMD) and motor neuron diseases (MND) [1]. Most NMD and MND are progressive

and people suffering from these diseases are treated with rehabilitation and medicine to decrease dis-

ease progression. Examples of NMD are Duchenne muscular dystrophy (DMD) and spinal muscular

atrophy (SMA). Due to the fact that the reduced muscle capacity causes physical disabilities, people

with DMD often have to rely on assistance with their activities of daily living (ADL), either from

caregivers or assistive devices. Relying on professional caregivers increases the health care costs. In

order to limit the number of caregivers, but at the same time maintain the same quality of life, assis-

tive devices are needed. These devices are wearable passive or active (mechatronic) orthoses and are

meant to improve the quality of life of people with disabilities.

The Symbionics project, a continuation of the Flextension project, was set up to enhance assis-

tive technology development [2, 3]. It was an umbrella project consisting of several sub-projects and

collaborations between universities, companies and patient organizations (see 1.1). The common aim

of each sub-project is to develop body-bounded devices that can actively support humans in order to

improve their quality of life by focusing on the hand, trunk, head and foot. One sub-project (2.1)

has been focusing on developing passive and active assistive devices to support the trunk and head

of people with muscle weakness. This thesis is focused on control of an active assistive device for a
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trunk support.

Symbionics 
Symbionics 1

Hand Support

Symbionics 2

Trunk and Head Support

Symbionics 3

Foot Support

1.1 

Optimal interaction 

adaptation 

between user and arm 

orthosis

1.2 

Robotic 

Simulation 

of Advanced 

Hand 

Orthosis 

2.1

Co-Adaptive Support

Trunk and Head in Relation

to Arm Movements

1.3 

Intention 

Amplifiying in 

Hand Orthoses 

3.1 

Club Foot

Orthosis

3.2

Dynamic Ulcer

Prevention Device

Movement

Analysis

Control

Design
Passive

Support

Active

Support

Fig. 1.1 Diagram of the Symbionics projects. Each sub-project, differentiated by a different number,
is mainly carried out by 1-3 PhD and/or a PDeng student(s), and focuses on three main body segments:
hand, trunk/head and foot.
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1.2 Symbionics 2.1

The aim of this project is to develop dynamic trunk and head supportive devices for people with neu-

romuscular disorders to assist them when performing daily activities. To achieve this goal, several

Dutch universities (i.e., University of Twente, Vrije Universiteit Amsterdam and Radboud Univer-

sity Medical Center) participated, together with industrial partners (Focal Meditech, Baat Medical,

Laevo, Summit Revalidatietechniek, Hankamp, Yumen Bionics) and patient organisations (Federa-

tion to eradicate Duchenne, Duchenne Parent Project, Parent Project Muscular Dystrophy and FSHD

foundation).

This project was supported by the Netherlands Organisation for Scientific Research (NWO) (grant

number 13524, 13525). The challenge in the project has been to develop devices (e.g., exoskeletons)

close to the body, as inconspicuous as possible, which could integrate with the arm supportive device

developed in the A-gear project. Potentially, the result would be an integrated comprehensive upper

body assistive device to assist people with disabilities to perform ADL using the arm, trunk and head

concurrently [3]. Both passive and active supportive devices are being developed. The passive devices

assist in balancing the trunk or head by means of springs. The active devices can provide additional

support, as muscle strength decreases further, through actuators and control strategies embedded in

the passive designs.

The Radboud University Medical Center focused on the clinical perspective. Insight was gained

on trunk and head function during seated arm tasks in the user groups to specify the requirements

from the devices. The Vrije Universiteit Amsterdam was responsible for the design and development

of the passive supportive devices. The University of Twente focused on the control interfaces and the

active supportive devices.

(Note: The text above is identical in all the PhD theses written by the students in Symbionics 2.1.)
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1.3 Duchenne Muscular Dystrophy

Affecting 1 in 6000 live born males, DMD is the most common muscular dystrophy in humans and it

is characterised by a gradual decrease in muscle strength [4]. The absence of the dystrophin protein

is caused by a defective mutation in the dystrophin gene, resulting in muscle weakness. It mostly

affects males. Females rarely have any symptoms but they can pass the mutation to their sons [1].

The gradual increase in muscle weakness results in the loss of gait function at the age of 12 and loss

of upper body movement around the same age [5, 6].

Until now, there is no medication to prevent or cure DMD but it can increase the life expectancy of

patients. In 1960, the life expectancy of people with DMD was 14 years but the use of Corticosteroids

and nocturnal ventilation increased it to 25 years in 1990 and currently to 30 years [5, 7]. Despite the

increase in life expectancy, studies have shown that the Health Related Quality of Life (HRQoL) still

decreases for people with DMD due to low muscle strength, compared to healthy controls [8, 9]. As

a consequence, people with DMD have to depend more and more on caregivers as the years go by. A

possible improvement could be the development of assistive devices for people with DMD to perform

ADL and as a result depend less on caregivers [10].

1.4 Assistive devices for people with DMD

Several assistive devices are being used by people with DMD, from scooters and night splints to

Hoyer lifts and wheelchairs, all aiming to increase their quality of life and to maintain independence

[11, 10]. Passive arm supports have been tested by people with DMD with the benefits recorded as

increased Range Of Motion (ROM) of the upper extremities and decreased time on ADL activities

[12]. Research has shown that people with DMD can control an active elbow support with the use

of force based and sEMG (surface Electromyography) based control interfaces [13]. As the DMD

progresses, more assistance is needed which could possibly be provided by an active trunk support

(Fig. 1.2). According to Jansen et al., use it or lose it is a common saying that is applicable to people

with DMD [14]. Hence, it was decided not to assist people with DMD with an active trunk support
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from the start, but to let them use their muscles as much as they can with a little support at first. As

muscle strength decreases, extra support can be added as required.
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Fig. 1.2 The muscle strength of people with DMD decreases with time. The aim of Symbionics 2.1
was to support the trunk of people with DMD by assisting the lessening muscle strength with external
assistive devices. In the beginning, a passive support can compensate for the lost muscle strength and,
as the muscle strength decreases further, assistance can be provided by an active trunk support.

1.5 Importance of a Trunk Support

Moving the trunk plays a significant role when performing daily tasks [15]. Reaching for a target

(i.e., picking up a glass of water) requires trunk coordination with respect to the reaching arm and it

is a rather complex motor task [16]. Also, trunk motion is needed for maintaining postural stability

during daily tasks [17].

Symbionics 2.1 entailed three sub-projects: user involvement, passive trunk support, and active

trunk support.

The user involvement project concluded that the interaction between the trunk and arm is essen-

tial for accomplishing daily tasks [18]. Consequently, when designing an assistive device for people

with weak trunk muscles, such as for people with DMD, the key role of the trunk should be taken
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into account [19]. A benefit of trunk motion, in combination with arm support, is that the arm reach-

ing distance can be increased [20]. Consequently, a trunk support device is needed in order to assist

people with DMD to perform ADL. This contribution was taken into account when quantifying the

design requirements of the research.

A passive trunk support was designed and tested in an experimental environment by people

without and with early stage DMD. The main feature is gravity compensation of the upper body

weight using springs. During the tests, it decreased the sEMG activity of the trunk muscles (Fig. 1.3)

[21]. Thus, it can be used by people with DMD with decreased muscle activity in order to perform

ADL tasks with less fatigue.

Fig. 1.3 Passive trunk support

The active trunk support was the focus of this thesis which concentrated on the actuation and

control of the passive trunk support (Fig. 1.4).

1.6 Control Interfaces

In order to operate and control an active assistive device, a control interface is needed. The control

interface is responsible for converting the intended movement into a device movement. Numerous

control interfaces are available for controlling active support devices, such as brain-computer interface

(BCI), force sensor, EMG etc. [22]. Evaluating all the possible control interfaces by experimental
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Fig. 1.4 Active trunk support.

procedures would be very time-consuming and expensive. Thus, we made an overview of the most

suitable ones according to literature 1.1, and set some requirements that could narrow down the list of

those control interfaces we should investigate. We scored each control interface from 1 to 10 based

on subjective analysis from previous research. The requirements were:

• Intuitive: the user can use the control interface subconsciously without an enormous amount of

mental effort. Hence, a BCI can be assumed to not fulfil this specification because it requires

mental effort to generate the brain signals required to control the trunk support. In contrast,

peripheral signals like force on sternum or EMG can be more natural and intuitive than BCIs.

• Independence (from other body parts): The control interface should not involve other body

parts except for the one that is being supported.

• Robust: Several factors can influence the performance of the control interface, such as mov-

ing it during donning, different environmental conditions, external forces etc. All these factors

may affect the activation of the sensor interface. Also, certain characteristics, such as the dif-

ferent body morphologies, short-term changes and long-term changes (i.e., daily fatigue and

physiological changes), must not influence the performance of the control interface.
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• Autonomy: In an ideal world, assistive device users should not need any help from third par-

ties with the preparation of the sensors, calibrating the system and donning and doffing the

device. Sensors that are integrated into the assistive device have a clear advantage regarding the

independence of the user. Also, simplifying the training procedure or minimising the time of

training can increase the independence.

• Customizable: The sensor interface should be able to cope with the morphology of the body,

physiological signals and pathology characteristics and has to be able to adapt to long-term and

short-term changes with disease progression.

• Low price: Price will also play a vital role since the assistive device should cost less than 400

euros.

• Speed: the control interfaces should enable the subjects to move with a speed of 10 degrees/sec.

• Accuracy: the control interface should be accurate in terms of movement, to less than 3 cm

accuracy, and following the subjects intentions.

After scoring each control interface (Table 1.1), we found that the ones with the highest total score

were: sEMG from trunk muscles, force on feet, force on sternum and joystick. For convenience, joy-

stick, force on sternum, force on feet and sEMG will be referred as (J), (FS), (FF) and (E) respectively

in the rest of the thesis. To evaluate the performance difference of the control interfaces, we undertook

several experiments to see which ones gave better requirement scores.

1.7 Experimental Evaluation Methods for Control Interfaces

Experimental evaluation methods are used for providing objective information about the effectiveness

of different control interfaces. The information can be used to select the most appropriate control

interface for the specific assistive device. The most common evaluation method uses a Graphical

User Interface (GUI) with a target and a cursor. The target is controlled by the researcher and it is
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Table 1.1 Control interface scores of the pre-evaluation procedure.

Physiological
phenomena

Electric current
of muscle

Force Movement
of small

body
segments

Electric
current
of brain
activity

Electric
current

Eye
motion

Tongue
motion

Speech

Sensor sEMG electrode Force/Torque
Sensor

Joystick EEG Strain gauge
wearable

sensor

Video
camera

Induction
coil

Mic.

Signal
measured from

trunk leg feet trunk fingers brain trunk Other
limbs

Corneal
reflection

Contact
with

palate

Mouth

Criteria

Intuitiveness 5 2 2 5 5 2 5 2 2 2 2
Independence 5 2 2 5 1 5 5 0 1 1 1

Robustness 5 5 2 2 3 5 2 2 4 3 3
Autonomy 5 4 4 5 5 1 1 1 0 0 0

Customizable 5 5 4 4 5 2 3 3 5 5 5
Price 5 5 5 5 5 1 5 5 1 1 1
Speed 3 3 4 5 4 1 1 1 4 4 1

Accuracy 3 3 4 4 5 1 1 1 1 1 1
Result 4,50 3,63 3,38 4,38 4,13 2,25 2,88 1,88 2,25 2,13 1,75

used as an excitation signal. The cursor is controlled by the subject with the aim to steer it towards

the target.

One method of determining the performance of the (J), (FS), (FF) and (E) control interfaces is

by carrying out position tracking task experiments, during which tracking error, information transfer

rate, crossover frequency and effort are evaluated [23, 24]. A target, moving in a multi-sinusoidal

manner, is tracked by a cursor operated by the subjects participating in the experiment.

As an alternative, a discrete approach can be used for the evaluation. In this method, a static target

is displayed and the subject has to steer the cursor into the target as fast and as accurately as possible.

The distance between the initial point of the cursor and the target, together with the width of the

target, define the Index of Difficulty (ID) of the task. According to Fitts et al., the modelling of the

speed-accuracy trade-offs when tapping or attaining the movements is linear [25, 26]. Fitts’ law has

been used as an evaluation method for comparing control interfaces, machine learning approaches to

the interfaces, and different damping conditions in one or multiple dimensions [27, 28, 29, 30, 31,

32]. The most common performance metrics are time, throughput, path efficiency, reaction time and

overshoot.

The current research applied Fitts’ law as the evaluation method due to the fact that we assumed
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that discrete target tasks resemble the reaching movements of daily tasks rather than the multi-

sinusoidal targets.

1.8 Objectives and Research Questions

To our knowledge, no active trunk support system exists that can be used by people with DMD. We

hypothesise that an active trunk support can provide additional assistance and, as a consequence,

improve the quality of life of people with DMD. As shown before, five potentially useful control

interfaces were chosen for further experimental evaluation.

The goal of this dissertation is thus: ”evaluation of control interfaces for an active trunk support

for people with DMD”. In order to obtain this, four research questions were formulated:
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Research Questions

I. Is there an alternative to the intuitive trunk control interface to help the trunk muscles?

One of the most common intuitive control interfaces is (E). The (E) signals, which come

from the trunk muscles, can be used to control an active assistive device. However, it is

hard to detect these signals in some cases (e.g., when there is a significant amount of fat

concentrated in the abdomen area). A solution could be a non-intuitive control interface.

II. Which control interface performs better for an active trunk support? An active trunk

support needs a control interface in order to function. We built an experimental setup

to test the performance of different intuitive and non-intuitive control interfaces. The

performance of the control interface is crucial when deciding which one is most suitable

for people with DMD.

III. Which assistive admittance controller performs best in a 1-D Fitts’s law task? The dis-

advantage of the admittance control, is that the values of the virtual mass, damping and

inertia are fixed to a hypothetical optimal performance. Therefore, more sophisticated

admittance control algorithms have to be used to achieve higher performance.

IV. Do people with DMD generate satisfactory signals which can potentially drive an active

trunk support? The performance of the various control interfaces for an active trunk

support can differ between people with and without DMD. Moreover, people with DMD

may not attain the same performance level with the control interfaces as people without

DMD. This leads to the conclusion that the control interfaces have to be optimised for

people with DMD.

1.9 Dissertation outline

Fig. 1.5 depicts an outline of the thesis.

• Chapter 2 presents a first evaluation of two types of control interfaces using a screen-based

one-dimensional position task. Movement time, path efficiency and throughput were assessed.
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Fig. 1.5 Thesis Outline.

The evaluation should show the potential feasibility of the non-intuitive controls.

• Chapter 3 presents a novel active trunk support assistive device and the evaluation of four

control interfaces by 10 subjects without DMD. The interfaces that were evaluated with one-

dimensional position tasks using the leg muscles were the (J), (FS), (FF) and (E). Since non-

intuitive control interfaces could be used as an alternative according to the previous chapter,

(E) from leg muscles and force on feet were included as control interfaces in this experiment.

The performance of the control interfaces was evaluated using the movement time, throughput,

reaction time, path efficiency, overshoot and a questionnaire that was given to the subjects.
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• Chapter 4 presents the development and assessment of three admittance controllers. The dis-

advantage of an admittance control is that its virtual values have to be fixed through an experi-

mental procedure to a hypothetical optimal value. We investigated several advanced admittance

controllers in terms of higher performance, including the standard admittance, admittance with

feedforward force and variable admittance. The performance of the controllers was evaluated

using the movement time.

• Chapter 5 presents the experiments to explore the presence of physiological signals in people

with DMD. One active and one static experiment were performed with 3 people with DMD.

• Chapter 6 includes the discussion section. This section answers the research questions and

discusses the research on the topic of active trunk support.

All chapters of this dissertation (excluding the introduction and discussion) have been submitted

to conferences or journal publications.
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CHAPTER 2

Evaluation of intuitive trunk and

non-intuitive leg sEMG control interfaces as

command input for a 2-D Fitts’ law style

task1

Abstract: Duchenne muscular dystrophy (DMD) is a muscular condition that leads to muscle loss.

Orthotic devices may present a solution for people with DMD to perform activities of daily living

(ADL). One such device is the active trunk support but it needs a control interface to identify the users

intention. Myoelectric control interfaces can be used to detect the users intention and consequently

control an active trunk support. Current research on the control of orthotic devices that use surface

electromyography (E) signals as control inputs, focuses mainly on muscles that are directly linked

to the movement being performed (intuitive control). However in some cases, it is hard to detect

a proper (E) signal (e.g., when there is significant amount of fat), which can result in poor control

performance. A way to overcome this problem might be the introduction of other, non-intuitive forms

of control. This paper presents an explorative study on the comparison and learning behavior of

two different control interfaces, one using (E) of trunk muscles (intuitive) and one using (E) of leg

1This chapter has been published as: Stergios Verros, Koen Lucassen, Edsko E.G. Hekman, Arjen Bergsma, Gijsbertus
J. Verkerke, Bart F.J.M. Koopman, ”Evaluation of intuitive trunk and non-intuitive leg (E) control interfaces as command
input for a 2-D Fitts’ law style task”, PlosOne April 3, 2019.
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muscles that can be potentially used for an active trunk support (non-intuitive). Six healthy subjects

undertook a 2-D Fitts’ law style task. They were asked to steer a cursor into targets that were radially

distributed symmetrically in five directions. The results show that the subjects were generally able

to learn to control the tasks using either of the control interfaces and improve their performance over

time. Comparison of both control interfaces demonstrated that the subjects were able to learn the

leg control interface task faster than the trunk control interface task. Moreover, the performance on

the diagonal-targets was significantly lower compared to the one directional-targets for both control

interfaces. Overall, the results show that the subjects were able to control a non-intuitive control

interface with high performance. Moreover, the results indicate that the non-intuitive control may be

a viable solution for controlling an active trunk support.

16



2.1 Introduction

Duchenne muscular dystrophy (DMD) is characterized by progressive skeletal muscle weakness and

predominantly affects males with a prevalence of 1 per 6,000 [4]. Thanks to medication, the life

expectancy of individuals with DMD has been increased and it is currently estimated to be over

30 years [7]. Loss of muscular activity leads to decrease in activities, participation and autonomy.

Research has shown that Health Related Quality of Life (HRQoL) is significantly lower for people

with muscular dystrophy when compared to healthy controls [9]. The increase of life expectancy with

the decrease of muscle force consequently increases the dependency on caregivers.

Orthoses have the potential to assist people with DMD to perform activities of daily living. Some

examples are arm orthoses that reduce gravity effects and assist the user in reaching tasks [12]. Those

devices mainly provide passive support to overcome gravity, but research is being done on active

arm orthoses for people with DMD [13]. In order to increase the reachable workspace, some level

of trunk movement is important. Hence the Symbionics project was started with the aim to support

trunk movements by orthotic devices. It was shown that that the movement of the trunk plays an

important role in activities of daily living and that people with DMD can benefit from passive trunk

support [33, 21]. However, with progressing DMD patients have less muscle capacitance and thus

need additional assistance by an active support. Thus, part of the Symbionics project was dedicated

to the development of an active trunk support. An extra benefit is an increase of the arm reach when

an active trunk support is combined with an arm support [20]. To our knowledge, there is no active

trunk assistive device yet.

To detect the users intention, (E) can be used [34],[35]. It has been shown that adequate signals

can be measured in persons with DMD and there is a straightforward relationship between the (E) and

the intended movement [22].

Using (E) signals from muscles that are related to the movement of the supported anatomy is

considered to be most intuitive to control an orthotic device. However, there may also be challenges to

measure a (E) on particular muscles. In the case of the trunk, one specific challenge is that respiratory

muscles are located in the trunk as well and can easily disturb the control signal. Another is that
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muscles are often covered by fat, especially those in the abdomen, which consequently reduces the

quality of the (E) signal.

One way of overcoming those problems could be to record the (E) from muscles that are not

directly related to trunk movements (this is called non-intuitive in this article). The human brain

has the ability to adapt to a certain level of non-intuitiveness [36]. It can form inverse models of

space, optimize control strategies and learn new muscle synergies while completing physical tasks

[37]. Furthermore, non-intuitive control interfaces have been used to drive a wheel chair [38]. The

aim of this study was to evaluate the performance of an intuitive and a non-intuitive control interface

for active trunk support. Regarding the non-intuitive control interface, we chose to record (E)s from

the tibialis anterior and gastrocnemious, muscles in the legs, because those muscles can be contracted

easily while sitting and are usually covered by less fat tissue than the trunk muscles. While the

performance of an intuitive and a non-intuitive interface that controls a 2-D cursor using arm muscles

has been studied before, no known study has compared control interfaces based on (E) signals from

the legs and trunk [39].

To compare an intuitive control interface with a non-intuitive control interface, we designed and

performed a 2-D experiment based on Fitts’ law under isometric conditions. The information that a

motor task can convey is finite and this limitation of information is a consequence of the effort required

for performing a movement both as rapidly and as accurately as possible [40]. This speed/accuracy

trade-off is known as Fitts’ law and it holds for human motor tasks [28]. Moreover, it has been used

for comparing different control interfaces [28].

The hypothesis is that the performance of the non-intuitive control interface is comparable to the

intuitive one and thus can be used to control an active trunk support.

2.2 Materials and methods

2.2.1 Participants

Six healthy volunteers, without any prior experience of (E)-based control, were recruited after obtain-

ing informed consent. The research was explorative and thus did not fall within the scope of the Dutch
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Medical Research Involving Human Subjects Act. The experiment consisted of a single session and

did not pose any risks or burden to the subjects. The CMO Regio Arnhem-Nijmegen committee under

Prof. Dr. P.N.R. Dekhuijzen had decided that the ethical approval is waived. Registration number:

2018-4933.

2.2.2 Test set-up and signal acquisition

The subjects sat on a mechanical frame that prevented any trunk or leg movement during the exper-

iment (Fig. 2.1). Due to the fact that the subjects were lifting their legs during experiment A we

decided to fix them. On the other hand, subjects did not move their trunk during experiment B so we

let the trunk free. The experimental setup included a personal computer (PC) with an external moni-

tor to present visual feedback to the subjects and an xPC target computer with a data acquisition card

(PCI-6229; National Instruments Corp., USA, sampling at 1 KHz). The muscle activation signals

were measured with wireless (E) sensors (Trigno Delsys, USA).

2.2.3 (E) Signal processing

In order to control a 2-D task, two pairs of antagonistic muscles were used for each of the two ex-

periments. Each antagonistic pair of muscles controlled a 1-D movement. The cursor could also be

controlled diagonally on the screen by a combination of the two antagonistic pairs. Regarding the

trunk control interface, (E) sensors were placed on the rector abdominis muscle (placement: 1/2 of

the line between the belly bottom and groin area) and the erector spinae muscle (placement: 2 fingers

lateral of the spine at L1 level) to control the vertical movement whereas the left and right oblique

muscles (placement: 17 cm from belly button) were used to control horizontal movement. Regarding

the leg control interface, (E) sensors were placed on the left gastrocnemius muscle (placement: 1/3

of the line between the head of the fibula and the heel) and tibialis anterior muscle (placement: 1/3

of the line between the head of the fibula and the tip of the medial malleolus) for vertical movement

whereas the right gastrocnemius muscle and tibialis anterior muscle were used to control horizontal

movement.
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Fig. 2.1 Test setup. In experiment A (intuitive control using trunk muscles), the subjects were seated
on a chair while their trunk (1) and feet (2) were fixed with straps to the mechanical structure. In
experiment B (non-intuitive control using leg muscles), only the subjects feet were fixed with straps
(2). The data from the (E) sensors were sent wireless to a base unit (6) that was connected to the xPC
computer (4) which processed the data and sent the output to the PC (5). The screen (3) showed the
cursor and the target to the subject.

The (E) data were filtered with a high pass filter (3rd order Butterworth: cutoff 40 Hz), a rectifier

function and subsequently, a low pass filter (3rd order Butterworth: cutoff 2 Hz). The normalized

EMG signals, (E)nor,k(i) were obtained using Eq. (2.1).

(E)nor,k(i) =
(
(E)env,k(i)− (E)res,k

(E)sub,k

)1.5

(2.1)

where subscript k represents the abbreviations of the control muscles, (E)env,k(i) denotes the pro-

cessed (E) signal at the i-th time step. (E)sub,k represents the submaximal contraction of the subject,

(E)res,k(i) represents the average signal amplitude during rest. The normalized signal was limited to a

value of one to prevent velocities higher than the maximum velocity. The sub-maximum contraction
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value of each subject was determined by 2 seconds of sub-effort. The subjects were asked to contract

their muscles at a level that did not need the maximum effort. The power function made the control

of small movements easier.

After normalization, the muscles were mapped into the corresponding direction. The mapping

function (Q) is a 2× 4 matrix which maps the 4× 1 vector e of the normalized (E) amplitudes to a

2× 1 vector CursorVelocity of control outputs. The first (last) two instances of the e vector are the

cursor velocities of one pair of antagonistic muscles that steer the cursor in the horizontal (vertical)

axis. The mapping function for this control can be seen in Eq (2.2-2.4). MaxVelocity was set to the

maximum fixed velocity of the cursor(400 pixels/s). The (E)res,k(i) was also integrated in order to

have a velocity mapping. Compared to position mapping, velocity mapping has the advantage to help

the subjects to keep the cursor into the target without contracting their muscles. Each set of muscles

only maps one of the two control axes required for the task (Table. 2.1).

CursorVelocity = Q∗ e∗MaxVelocity (2.2)

e =



(E)nor,1(i)

(E)nor,2(i)

(E)nor,3(i)

(E)nor,4(i)


(2.3)

Q =

−1 1 0 0

0 0 −1 1

 (2.4)

2.2.4 Experimental procedure

Each set of muscles only maps one of the two control axes required for the task [28]. The experiment

included two tasks: an intuitive controlled task (A) and a non-intuitive controlled task (B) and in the

experiments the order was randomized per subject. In both tasks, the subjects were asked to steer the

cursor into the target on the screen as quickly and accurately as possible by contracting different sets
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Table 2.1 This table shows the mapping of muscle activation with movements of the cursor on the
screen

Moving direction Experiment A Experiment B

Right Right external oblique Right tibialis anterior
Left Left external oblique Right gastrocnemious
Up Rectus abdominis Left gastrocnemious

Down Eroctor spinae Left tibialis anterior

of muscles. According to Fitts’ law, the Index of Difficulty (ID) is defined by Eq. (2.5), where D

is the distance between the home position and the center of the target and W is the diameter of the

target. In the current experiment, three different IDs were distinguished (2.3, 3.15 and 4.08). As the

distance D was kept constant at 800 pixels, the differences in ID were only determined by the target

widths of 200, 100 or 50 pixels. Targets were spaced radially from the initial position in 0◦, 45◦, 90◦,

135◦ and 180◦ directions, as shown in (Fig. 2.2 a).

A trial consisted of two movements: one center-out movement (home to target) was followed by

a center-in movement (target to home), both with the same ID. At the start, the cursor (yellow) was

at the home position. The center-out movement started when a target (red) appeared on the screen in

one of the 5 possible locations. The subject had to steer the cursor into the target zone and keep it

there for a dwell time of 2-s. As soon as this had been achieved, a new target appeared at the home

position. To give this center-in target the same ID as the center-out target, the diameter was adjusted

based on the instantaneous location of the cursor at the end of the center-out movement. Finally, the

experiment was subdivided in 5 blocks of 15 trials each, after which a break was inserted.

ID = log2(
D
W

+1) (2.5)

2.2.5 Performance metrics

The performance differences of experiments (A) and (B) were assessed by measuring Movement

Time (MT), throughput (TP) and path efficiency (PE).
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(b)

Starting

Center

Position

Center-out

movement

X sec

Holding
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2 sec

Center-in

movement

X sec

Holding

period

2 sec

15x New Targets

Fig. 2.2 Experimental layout. (a) Targets configuration; (b) Trial sequence. Subjects performed 15-
target center-out and center-in trials by controlling a cursor (yellow) from a starting area to one of the
targets (red) shown on the screen.

The Movement Time (MT) is the time that is needed for a successful trial without the 2-s target

dwell time. To calculate the linear regression we followed Eq. (2.6).

MT = a · ID+b (2.6)
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Throughput (TP) is the information transfer rate and is a measure of the amount of information

that the subject can process through a particular command source in relation to the task, in this case

the cursor control [28]. The TP was computed using Eq. (2.7).

T P =
ID
MT

(2.7)

Path efficiency (PE) is a measure of the straightness of the cursor path to the target. Path efficiency

is computed by Eq (2.8), where the linear distance between the points is divided by the actually

travelled distance.

PE =
Linear Distance

Actually Travelled Distance
×100% (2.8)

Direction ratio shows the performance, TP and PE based on the direction. It is defined as the ratio

of the average performance of each direction divided by the maximum performance.

Learning behavior is defined as the change of the performance of the throughput across the exper-

imental blocks. A sigmoid function, Eq. (2.9), was used to fit the data points.

f (x) =
1

1+ e−a(x−c)
+b (2.9)

2.2.6 Data analysis

The performance metrics described above were applied for the data analysis. The linearity between

MT and ID was employed to check the consistency with Fitts’ law. MT, TP and PE were used to

evaluate the performance of the two tasks considering only the last 3 blocks. The average of every

experimental block was calculated for every metric and for the MT per ID as well. For the learning

behavior, statistical analysis was performed between the TP of the last 2 blocks of the experiment.

The Kolmogorov-Smirnov test showed that the data were not normally distributed. Thus, a non-

parametric test, the Wilcoxon Signed Rank-test, was used with a level of significance at p<0.05.
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2.3 Results

Six subjects participated in the study. One subject did not complete experiment A (only three out of

five blocks were completed). However, all the data of the six subjects were included in the analyses.

2.3.1 Fitts’ law

The plots of the regression analyses of MT versus ID are shown on Fig. 2.3. The MT increases

proportionally as the ID increases. The coefficient of determination for the non-intuitive control

interface is higher (R2 = 0.746) than the intuitive control interface (R2 = 0.524).

2.3.2 Movement Time

There was no significant difference in movement time between the two control interfaces for the

lowest ID (2.3), whereas the 3.15 and 4.08 IDs demonstrated a significant difference in movement

time between the control interfaces, with the non-intuitive control interface being faster Fig. 2.4.
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Fig. 2.3 The linear regression of ID in bits versus the movement time (MT) in seconds. (a) Linear
regression of the intuitive control interface, (b) of the non-intuitive control interface and (c) their
comparison. The mean of each subject for every ID and control interface is indicated with a circle.
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Fig. 2.4 Boxplots of movement times. Boxplots of the movement times (MT) of the trunk and leg
control interfaces, for each of the three IDs. * represents a statistical difference (p<0.05).

* *
Leg
Trunk

0.4

0.6

0.8

1.2

1

1.4

1.6

1.8

TP PE   TP

1 Dof

   PE

1 Dof

   PE

2 Dof
   TP

2 Dof

Fig. 2.5 Path efficiency and Throughput comparison boxplots. Comparison of intuitive and non-
intuitive controlled interfaces for throughput and path efficiency. Overall performance stands for all
movements combined, 1-Dof for movements that only required one pair of antagonistic muscles,
2-Dof for movements that needed two pairs of antagonistic muscles.
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2.3.3 Path efficiency and Throughput

The PE and TP performance metrics were analyzed for two conditions, one being independent of

the target direction and the other being dependent on the target direction. The 1-Dof analyzed the

movement whereby the subjects had to steer the cursor using only one pair of antagonistic muscles

whereas the 2-Dof analyzed the subjects movement as they steered the cursor using two pairs of

antagonistic muscles. Fig. 2.5 shows that there is no significant difference between the two control

interfaces in the overall performance of PE and TP. On the 1-Dof, the non-intuitive control interface

showed greater performance and significance than the intuitive control interface, both in PE and TP.

No significant difference was obtained on the 2-Dof.

The direction ratio shows the normalized performance from the highest PE and TP target direction

Fig. 2.6. Regarding the TP, the non-intuitive control interface performed the best in the left and right

direction which was controlled by the right leg muscles. The lowest performance occurred in the diag-

onal direction where one muscle of each antagonistic pair was needed. The intuitive control interface

showed the highest performance occurred with the backward and forward movements controlled by

the rectus abdominis and the erector spinae. The diagonal targets performed the worst. Regarding

the PE, both control interfaces performed highly in the single direction and less well in the diagonal

directions.

2.3.4 Learning Behaviour

The results of the statistical analysis between the last tasks indicate that both the leg and the trunk

approached their steady performance state at the end of the experiment. There was no significant dif-

ference in throughput between the two last tasks for both control interfaces (for trunk p = 0.877, for

leg p = 0.149). Fig. 2.7 shows the Sigmoid fit together with the data points for both control interfaces

individually and their comparison.
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Fig. 2.6 Path efficiency and Throughput path direction ratio. Normalized target-direction perfor-
mance of the performance metrics Throughput (a) and Path efficiency (b); Blue indicates the non-
intuitive control and red indicates the intuitive control interface.

2.4 Discussion

Control interfaces based on (E) signals have the potential to control exoskeletons or orthotic devices.

Intuitive control of an active trunk support based on (E) from trunk muscles can be insufficient so

non-intuitive (E) control could be a valuable alternative solution. In this study, we compared the

performance of two (E) based control interfaces which could be potentially used for an active trunk

support. The control interface with (E) signals from trunk muscles was considered as intuitive whereas

the control interface with (E) signals from leg muscles was considered as non-intuitive.
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Fig. 2.7 Learning curve. (a) shows the learning curve for the intuitive control interface, (b) for the
non-intuitive control interface and (c) the comparison. The mean of every target (for the 6 subjects)
is shown as a square shape and the error bar indicates one standard deviation from the mean in both
directions.

30



2.4.1 Fitts’ law

Fitts’ law seems to hold for both control interfaces although the R values are lower than in other

studies. The low R values can be explained by the fact that a) a steady state of the learning behavior

was not reached b) dwell time was used instead of tapping or pressing a button c) the muscles that

were involved in the tasks are not made to perform the same fine movement tasks as the hand. The

regression plot for the trunk shows a high spread in average MT per ID. When comparing the regres-

sion coefficients, it can be concluded that the non-intuitive control interface has a tighter relationship

between ID and MT based on the coefficient of determination. A note needs to be made that the

targets in the experiment only varied in size and that the distance was kept constant, thus only the

target size effect of Fitts’ law was investigated.

2.4.2 Performance Comparison

The movement time shows that subjects can steer the cursor significantly faster with the non-intuitive

leg control interface than the intuitive trunk control interface in relation to the 3.15 and 4.08 IDs. The

sluggishness of the trunk control interface can be explained by the fact that the (E) signals from the

trunk muscles are perturbed by respiratory muscle activity and the existence of body fat tissue.

The non-intuitive control interface of the 1-Dof direction performed significantly better in terms of

TP and PE than the intuitive control interface. That can be explained by the fact that, despite the fact

that the mechanical setup preventing any trunk or leg movement during the experiment, the subjects

were still using their abdominal and back muscles to maintain an upright position. This muscle

activation may have resulted in a disturbance that affected the performance. There are no significant

differences in the 2-Dof due to the fact that both control interfaces needed one muscle from each

pair of agonist/antagonist in order to complete the trial. There are no significant differences between

the control interfaces for TP and PE but the non-intuitive control interface appears to be marginally

superior.

It is notable from the path direction that the single direction targets were performed faster than the
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diagonal targets. This is a result of the fact that the subjects now had to activate two muscle groups

simultaneously to perform the needed movement. This was significantly more difficult for the non-

intuitive control mode. The poor initial performance of the intuitive control system was caused by

the difficulty to activate specific muscle groups independently of each other. For example, the right

and left oblique muscles are also tensed when contracting the abdominus rectus. When the subjects

learnt to contract the muscles independently, they were able to control the cursor with high accuracy,

resulting in a higher overall performance. The difficulty with the leg control is that it is a non-intuitive

control system. When the subjects learned to associate the movement directions with the correct mus-

cle contractions, high performance was achieved.

2.4.3 Pattern recognition and abstract decoding

Several methods for control could be used except for the direct control, like pattern recognition or

abstract decoding [41, 42]. The techniques of pattern recognition requires several (E) signals, which

requires more time to be attached to the skin. Additionally, due to the fact that in this approach we

used extrinsic muscles, abstract decoding could lead in unpredictable training time [42].

2.4.4 Future work

Even though we found in this study that the leg muscles have a better performance, the muscles of the

trunk should be kept active otherwise they will be weakened even more. It would be useful then for

the people with DMD to keep their muscle active through rehabilitation by playing a game with the

same format as the experiment of this study. Alternatively, it is possible to combine the information

of both muscles for better performance. For example, the muscles of the leg could only control the

active trunk support if and only if the muscles of the trunk are activated.
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2.5 Conclusion

The non-intuitive control interface shows a tighter relation with the index of difficulty compared to the

trunk and, performance is significantly higher with a higher index of difficulties. While trunk control

is the more intuitive control interface, the non-intuitive leg control interface proves to be faster. More-

over, both control interfaces show similar behaviors in the learning phase. Therefore, non-intuitive

control can be considered to be a viable control technique. As a result, to answer the research ques-

tion, the non-intuitive control interface can be used for controlling an active trunk support. Future

work will include a more elaborated analysis of both control interfaces with a higher diversity of tar-

gets, and a larger control group including people with DMD.
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CHAPTER 3

Evaluation of Control Interfaces for Active

Trunk Support1

Abstract: A feasibility study was performed to evaluate control interfaces for a novel trunk support

assistive device (Trunk Drive) namely, (J), (FS), (FF) and (E) to be used by adult men with Duchenne

Muscular Dystrophy (DMD). The objective of this study was to evaluate the performance of the

different control interfaces during a discrete position tracking task. We built a one degree of freedom

flexion- extension active trunk support device that was tested on 10 healthy men. An experiment,

based on Fitts’ law, was conducted whereby subjects were asked to steer a cursor representing the

angle of the Trunk Drive into a target that was shown on a Graphical User Interface (GUI), using the

control interfaces mentioned above. The users could operate the Trunk Drive via each of the control

interfaces. In general, the (J) and (FS) were the fastest in movement time (more than 40%) without

any significant difference between them but there was a significant difference between (FS) on the

one hand, and (E) and (FF) on the other. All control interfaces proved to be feasible solutions for

controlling an active trunk support, each of which had specific advantages.

1This chapter has been published as: Stergios Verros, Nauzef Mahmood, Laura Peeters, Joan Lobo-Prat, Arjen
Bergsma, Edsko Hekman, Gijsbertus J. Verkerke, and Bart Koopman, ”Evaluation of Control Interfaces for Active Trunk
Support”, IEEE Transactions on neural systems and rehabilitation engineering, vol. 26, no. 10, October 2018.
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3.1 Introduction

The most common form of muscular dystrophy in humans is Duchenne muscular dystrophy (DMD),

affecting 1 in every 3,500 boys [4]. DMD causes progressive degeneration of muscles, leading to

progressive loss of muscle strength [43]. The mean life span used to be about 20 years of age but, due

to improved health-care practices and ventilation, this has now increased to about 25-30 years [7],

[44]. However, several studies have shown that people with DMD have lower Health Related Quality

of Life (HRQoL) compared to healthy controls [9], [8]. As the dystrophy progresses over the years,

impairments in body functions increases progressively. Thus, people with DMD become dependent

on caregivers, especially with a reduction in arm function.

Several dynamic arm supports have been developed with the aim to increase the independence of

people with decreased arm functions [45]. It has been shown that arm reach can be greatly increased

when it is augmented with trunk motion [20]. Currently, there are no active trunk support devices

and as DMD-patients have little voluntary trunk control in more advanced disease stages there is a

demand for active trunk support. As a first step, we designed the Trunk Drive. The Trunk Drive is

basically an experimental active trunk orthosis that supports and stabilizes flexion and extension of

the trunk in a seated position.

Intention detection control interfaces are needed to operate active assistive orthotic devices, to

provide the communication between the users intended motion and the device. Several control inter-

faces have been used to this end by others [22, 13, 46, 47, 48]. Force-based and electromyography

control interfaces have been proposed as the most promising strategies to control an arm support for

people with DMD [13]. Hand joysticks are used as control interfaces by people with disabilities in

order to control powered wheelchairs and external robotic arms [46], [47]. Therefore, we decided to

include (J), force and (E) based modalities in this study.

Two force-based control interfaces were tested. The first one measured the interaction force be-

tween the sternum and the Trunk Drive and the other one measured the interaction forces underneath

the feet. The force between the sternum and the Trunk Drive can be changed by flexing or extending

the trunk. The force underneath the feet can be changed by exerting isometric flexing or extending
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moments around the knees. To control a single degree-of-freedom (DoF), (E) signals from two mus-

cles (usually an antagonistic muscle pair) need to be recorded [13]. We measured antagonistic pairs

of leg muscles in subjects to obtain (E) control signals since it is shown that control tasks can be

performed better using leg muscles than trunk muscles [49].

As a first step in the design of a trunk support prototype, which can be used in combination with

an arm support to increase arm reach, we compared the performances of the four interfaces on the

Trunk Drive. We were motivated from previous studies where it was shown that people with DMD

with weaken muscles can control an arm exoskeleton using different control interfaces [13]. In this

Fitts’ law based experiment, we used 10 healthy volunteers as test subjects.

EC Motor

Torque

Limiter

Mechanical 

Stops

Force Sensor

Placement

Gear Box

(a) (b)

Fig. 3.1 Components of the Trunk Drive system. (a) Two EC motors with torque limiters are placed
on the left and right at the L3 level of the spine to assist flexion and extension. Two mechanical
stops ensure that the range of motion is between the allowable limits. (b) The rectangular structure
is the floor plate and the subject sits between the vertical bars. The subject’s trunk is attached to the
horizontal bar with a plastic cup that encircles the trunk (not shown in the picture).

3.2 Methods

3.2.1 Design and Actuation

An experimental test set-up was designed (Trunk Drive) to investigate the four control interfaces when

performing a simple movement, namely one DoF flexion and extension in a seated position (Fig. 3.1,
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3.2). The Trunk Drive consists of an aluminum alloy frame that encloses the trunk of the user from

two sides on the frontal plane. The front horizontal bar interfaces at sternum level with the trunk of

the user through a plastic pad. The two side bars are attached to two identical motor (Maxon EC 90,

gearbox reduction 91:1) shafts that drive the flexion-extension movement through bearing and torque

isolators to prevent frictional loss and misalignment of the shaft axes. The actuated rotational point

of the Trunk Drive was kept aligned with the L3 level of the spine of the user by shifting the height of

the Trunk Drive. The minimal flexion angle was set at 0o (trunk oriented vertically) and the maximum

angle was set at 40o flexion. To prevent movements exceeding this range of motion, limit switches

were used in conjunction with the mechanical stops.

Fig. 3.2 Adult man using the Trunk Drive system at zero degree flexion angle. The trunk cup works
as an adjustable connection mechanism between the Trunk Drive and the subject. The subject can
operate an emergency button to stop the experiment in an unpleasant situation.
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3.2.2 Sensors

An optical encoder (Maxon Encoder MILE 512-64000 CPT, 2 channels) was used to measure the

angular positions of the motors. The user’s intention was detected by using either the signal from a

(J), a force sensor at the sternum, a force sensor under the feet or a set of (E) electrodes. We used

a 1-DoF (J) whose spring stiffness could be adjusted. The force-based control interface on the ster-

num measured the interaction forces between the human and the device with a six DoF load sell (ATI

mini45) located at the height of the sternum between the trunk cup and the metallic bar. Only the

forces acting perpendicular to the sternum where taken into account. The force-based control inter-

face under the feet measured the interaction forces between the feet and the ground. The feet where

fixed to the force plate and only the horizontal forces in the forward and reverse direction, resulting

from knee flexion and extension moments, were taken into account. Trunk flexion was coupled with

the backward forces of the feet and vice versa. The reason behind this decision was to reflect standing

up from a seated position. The flexion activation signals were measured from the lower tibialis ante-

rior and the extension activation signals from the gastrocnemius. Two differential surface electrodes

(Trigno, Delsys, USA) per muscle were placed parallel to the muscle fibers according to SENIAM

recommendations [50].

3.2.3 Signal Acquisition and Control Hardware

The sensor signals were sent to a computer (xPC Target, MathWorks Inc., USA) by means of a data

acquisition card (PCI-6229; National Instrument Corp., USA) which made analog-to-digital conver-

sions with a sampling frequency of 1 KHz and a 16-bit resolution. The controller was also connected

to the computer and sent the calculated voltage to the motor driver (ESCON 90/50) through the same

data acquisition card which then provided the appropriate current to the motor (Maxon EC 90 brush-

less).
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3.2.4 Signal processing

The real-time signal processing was adapted from Joan Lobo-Prat et al. [13]. The (J) was a simple

potentiometer with a resistance of 1k and 5V-feed from the data acquisition card. The following equa-

tion describes the (J)’s signal processing:

Jvol(i) = Jsen(i)− Jres (3.1)

u joy(i) =


Jvol(i)
Jmvi, f

, if Jvol(i)< 0

Jvol(i)
Jmvi,e

, if Jvol(i)> 0.
(3.2)

Jsen is the sensed intention of movement, Jres is the average signal amplitude of a resting period

of two seconds, Jvol is the voluntary movement and u joy is the (J) control signal. Jmvi, f and Jmvi,e

are the maximum voluntary inclination (MVI) of the (J) when pushing the (J) forward (flexion of

trunk) and pushing the (J) backwards (extension of trunk) for two seconds, respectively. Finally, the

(i) represents the ith time step of the signal.

Regarding the force-based control interface on the sternum, it is necessary to distinguish the vol-

untary forces of the user from external forces such as gravity or joint stiffness and to compensate

for these. The external force is obtained before the actual measurement by measuring the sternum

interface forces during a slow flexion of the trunk (0.05 rad/s) while the subject is fully relax. The

compensated force Fcom(θ) is a function of the trunk angle (θ) and it is subtracted from the sensed

forced Fsen(i) to realize the intended movement as is shown in the following equations:

Fvol,θ (i,θ) = Fsen(i)−Fcom(θ)−Fres (3.3)

u f orce(i,θ) =


Fvol(i,θ)

Fmvc, f
, if Fvol(i)< 0

Fvol(i,θ)
Fmvc,e

, if Fvol(i)> 0.
(3.4)
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Where u f orce(i,θ) is the force control signal, Fmvc, f and Fmvc,e are the two seconds abdominal

(flexion) and iliocostalis (extension) maximum voluntary contraction (MVC), Fres is the average sig-

nal amplitude of a resting period of 2 seconds and Jvol is the voluntary movement. The force plate

signal processing can be described as:

FPvol,θ (i) = FPsen(i)−FPres (3.5)

u f orceplate(i) =


FPvol(i)
FPmvi, f

, FPvol(i)< 0

FPvol(i)
FPmvi,e

, FPvol(i)> 0.
(3.6)

Envelope detection was applied to the raw (E) signal with a high-pass Butterworth filter at 40 Hz,

a full wave rectifier and a low pass Butterworth filter at 2 Hz [51]. Furthermore, additional signal

processing was performed to normalize the two signals from the agonist and antagonist muscles. In

the following equation, Enor,k(i) represents the normalized (E) and u(E)(i) the control signal:

Enor,k(i) =
Eenv,k(i)−Eres,k

Emvic,k
(3.7)

u(E)(i) = Enor,t(i)−Enor,g(i) (3.8)

Subscript k represents the abbreviation of the tibialis (t) and gastrocnemius (g) muscles. Eenv,k

is the envelope of the raw (E), Eres,k is the average of the signal amplitude in a rest period of two

seconds, Emvck is the maximum value during 2 seconds of maximum voluntary isometric contraction.

3.2.5 Control

The control architecture consists of two levels: higher and lower level control. The higher level con-

trol is a second order admittance model with virtual mass A and virtual damping B where A, B were

tuned with the different control interfaces in order to achieve low movement time and low overshoot.

The values were kept constant between the subjects and they were chosen in such a way that the time
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to complete a task and the overshoot were minimized in a pre-experimental procedure with 2 subjects

that were not included in the experiment. The admittance model generates the reference position

from the intention detection signal. The position reference is followed by the lower level control. The

lower level controls the position of the two motors using one PD controller for each motor. The PD

values of the controller were tuned manually (Fig. 3.3, Table 3.1).
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Fig. 3.3 Control Diagram of the Trunk Drive system with the physiological system. After the visual
stimulation θtarget , the subjects had to steer the θcursor into the target by using one of the four control
interfaces. The u joy/ f orce/ f orceplate/(E) created a reference angle θre f to be followed by the low level
PD control.

3.3 Experimental Design

The experiment was based on the approach described by Fitts [25], who identified a predictive model

describing human speed accuracy trade off in a tapping task. A one-dimension serial position-tracking

task was presented to the subject by means of Python custom-made Graphical User Interface (GUI)
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Table 3.1 Admittance Control Parameters

Control Interface Virtual Mass Virtual Damping

(J) 0.3 1
(FS) 0.1 0.5
(FF) 0.3 1.5
(E) 0.5 4

on a 1050 × 1680 pixels display.

The user has to steer a cursor (yellow circle in Fig. 3.4) from a home position (blue circle) to a

target (red circle). The cursor was coupled with the encoders of the left motor. The Index of Difficulty

(ID, 3.9) from Shannon’s form [52] was used to characterize targets. A target was presented at one of

the three different locations at a distance of 395, 791 and 1583 pixels from the cursor starting position.

The target diameter remained constant at 70 pixels plus 30 pixels for cursor correction [31]. The GUI

is shown in Fig. 3.4.

ID = log2

(
D
R
+1

)
(3.9)

3.3.1 Task

After familiarization themselves with the device using the (J) with their dominant hand, subjects were

asked to perform flexion/extension movements by using the four different control interfaces. At ini-

tiation, the trunk was at zero degree flexion angle and the cursor was at the home position 1 at the

bottom of the screen. To indicate the start of a trial, the word Go was displayed on the screen together

with a target, and the subject had to move the cursor into the target and keep it there for two seconds.

If the target movement was successful after a dwell time of two second, a blue target was shown at the

top of the screen indicating home position 2 (permitted maximum flexion position). When the word

Go appeared, the subject had to move the cursor again into a new target and remain there for a dwell

time of two seconds to complete the extension trial. After the extension task was completed, the blue

home position 1 appeared and a new flexion task was started.
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Fig. 3.4 Representation of the Graphical User Interface. A yellow cursor starts in the blue circle, ID
increases with larger distances from the home position. The pixel/angle relation is 42.

3.3.2 Performance Metrics

Performance metrics were used to assess the control interfaces by giving a more detailed picture of

their advantages and disadvantages. The following performance metrics were used (Fig. 3.5):

Movement time (MT): the time needed to complete the task after the reaction time and without a

dwell time.

Throughput (TP): also known as information transfer rate in bits/s, measures how much informa-

tion can be conveyed from a subject through a particular command source; it was computed using

(3.10).

T P =
ID
MT

(3.10)
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Reaction Time (RT): is the time counted between the appearance of the target and attaining 2% of

the maximum speed of the trial.
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Fig. 3.5 Typical step like response of one trial with the (J) as control interface.

Path Efficiency (PE): measures the straightness of the cursor and it is computed as a percentage

of the straight line.

PE = 100%
Straight Distance
Actual Distance

(3.11)

Overshoot (OS): indicates how many times the cursor left the target before the end of the dwell

time of two seconds, whereby only the first time that the cursor left the target is counted and divided

by the number of targets.

A questionnaire was administered at the end of the experiment to evaluate the users’ experiences

with the different control interfaces. The subjects had to evaluate the control interfaces by answering

which control interface was: most accurate, fastest, easiest to control, most exhausting, easiest to

install and, most comfortable. Finally, an overall preference had to be given.
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3.3.3 Protocol

After detailed explanation of the tasks, the subjects were placed into the Trunk Drive. The (J) was the

first control interface to be tested (Fig. 3.6). The other three control interfaces were randomized for

every subject. The subjects were given five minutes before an experiment was started to familiarize

themselves with a new control interface. The subjects had to complete eight blocks consisting of

nine trials of flexion and nine trials of extension (three for every target) in randomized order for each

control interface. The first three blocks were for practicing and only the last five were analyzed.

During the experiment, the subjects were instructed to move to the target as fast as possible without

overshooting.

FM
J

J B FM
W1

W1 FM
W2

W2 FM
W3

W3T
J

T
W1

T
W2

T
W3

5 min 10 min

B

10 min

B

10 min5 min 5 min 5 min 272727 27

288

45 45 45 45

Fig. 3.6 Trial sequence of the experiment. FM stands for familiarization, T for training, J for (J) and
B for break. W1,W2,W3 represent the random force sequences on the sternum and the feet and the
(E). 288×2 flexion and extension trials were performed.

3.3.4 Participants

In total, 10 healthy male subjects (27.6±2.45 years) gave their informed consent and participated in

this study. The medical Ethics Committee of Radboud University Medical Center approved the study

and the design protocol (NL53143.091.15).

3.3.5 Statistics

Statistical analysis was performed between the control interfaces and, in the case of MT, each ID was

also statistically analyzed. The average of each subject per control interface was calculated for every

metric. Since not all the data were normally distributed, a Friedman test was performed. Post-hoc

Wilcoxon signed rank with Bonferroni correction was followed by 6 pair-wise comparisons. A signif-
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icant level of a = 0.0083 and a = 0.0017 was indicated by * and ** respectively. The r values represent

the square root of the coefficient of determination that was calculated on the linear regression.

3.4 Results

The following abbreviation will be used: J for (J), Fs for (FS), Ff for (FF) and E for (E). The MT

results were analyzed per ID since there were differences between the control interfaces for each ID.

3.4.1 Movement Time

3.4.1.1 Linear Relationship

The mean MT was calculated per person per flexion and extension and it was plotted versus ID. The

r values between ID and MT were above 0.814 for flexion and above 0.753 for extension (see Table

3.2 and Fig. 3.7).

Table 3.2 Regression coefficients of the ID versus movement time and the r value. I, S and r stands
for intercept, slope and r value respectively.

Iflexion Sflexion rflexion Iextension Sextension rextension

J −0.5685 0.4206 0.833 −0.2905 0.3574 0.753
Fs −0.3045 0.3158 0.829 −0.5368 0.3617 0.827
Ff −1.6909 0.8272 0.814 −0.8387 0.5577 0.819
E −2.0397 0.9620 0.831 −3.1751 1.2394 0.804

3.4.1.2 Comparison MT per ID

Flexion: The Friedman test showed a significant difference in movement time between control inter-

faces in each ID (p < 0.001, nDOF = 3, χ2
ID=3.5 = 22.68, χ2

ID=4.5 = 26.04, χ2
ID=5.5 = 24.12). When

ID = 3.5 (Fig. 3.8 and Table 3.3), the (J) was significantly faster than (E) and (FF). (FS) was also sig-

nificantly faster than (FF) and (E). When ID = 4.5, (FS) was significantly faster than (J), (FF) and (E).

The (J) was also significantly faster than (FF) and (E). Finally, when ID = 5.5, (FS) was significantly

faster than (FF) and (E). The (J) was also significantly faster than (FF) and (E).

Extension: The Friedman test showed a significant difference in movement time between control
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interfaces in each ID (p < 0.001, nDOF = 3, χ2
ID=3.5 = 16.2, χ2

ID=4.5 = 24.36, χ2
ID=5.5 = 24.36).

When ID = 3.5 (Fig. 3.8 and Table 3.3), (FS) was significantly faster than (FF) and (E). When ID =

4.5, (FS) was significantly faster than (FF) and (E). Additionally, the (J) was significantly faster than

(FF). Finally when ID = 5.5, (FS) was significantly faster than (FF) and (E). The (J) was significantly

faster than (FF) and (E). Also, (FF) was significantly faster than (E).

Since the differences between the control interfaces on the following metrics were not momen-

tous, the average of all IDs were taken into account.
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Fig. 3.8 Boxplots per ID statistics. (∗)p≤ 0.0083 (∗∗)p≤ 0.0017. Figures a−c correspond to flexion
and d − f correspond to extension.

3.4.2 Throughput

Flexion: The Friedman test showed a significant difference in throughput (p< 0.001,nDOF = 3,χ2 =

23.16). In the Post-hoc analysis (Fig. 3.9 and Table 3.4), the (FS) throughput was significantly

greater than the (FF) and (E). The (J) throughput was also significantly greater than (FF) and (E). No

significant difference was found between (J)-(FS) and force on feet-(E).

Extension: The Friedman test showed a significant difference in throughput (p < 0.001,nDOF =

3,χ2 = 24.36). In the Post-hoc (Fig. 3.9 and Table 3.4), the (FS) throughput was significantly greater

than (FF) and (E). (J) throughput was significantly greater than (FF). No significant difference was

found between (J)-(FS), (J)-(FF) or (FF) and (E).

3.4.3 Reaction Time

Flexion: The Friedman test showed a significant difference in reaction time (p < 0.05,nDOF =

3,χ2 = 9.84). In the Post-hoc analysis (Fig. 3.9 and Table 3.5), the only significant difference was

found between (FS) and (FF) with (FS) being faster.

Extension: The Friedman test showed a significant difference in reaction time (p< 0.001,nDOF =
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Table 3.3 MT and standard deviation

MTflexion SDflexion MTextension SDextension

J(3.5) 0.90 0.19 0.97 0.29

J(4.5) 1.34 0.29 1.30 0.28

J(5.5) 1.74 0.23 1.69 0.23

Fs(3.5) 0.83 0.11 0.75 0.15

Fs(4.5) 1.06 0.17 1.05 0.21

Fs(5.5) 1.46 0.23 1.47 0.25

Ff(3.5) 1.24 0.19 1.13 0.23

Ff(4.5) 1.97 0.51 1.64 0.36

Ff(5.5) 2.89 0.68 2.24 0.39

E(3.5) 1.40 0.38 1.28 0.28

E(4.5) 2.15 0.49 2.16 0.50

E(5.5) 3.32 0.71 3.76 1.18

Table 3.4 TP and standard deviation

T Pflexion SDflexion T Pextension SDextension

J 4.00 0.59 3.97 0.64

Fs 4.53 0.40 4.80 0.63

Ff 2.76 0.50 3.14 0.54

E 2.47 0.62 2.41 0.64

3,χ2 = 21.36). In the Post-hoc analysis (Fig. 3.9 and Table 3.5), the (J) had a significantly faster re-

action time than (FF). Also, (FS) had significantly faster reaction time than (FF). No other significant

difference was found.

3.4.4 Path Efficiency

Flexion: The Friedman test showed a significant difference in path efficiency (p < 0.05,nDOF =

3,χ2 = 12.6). The only significance in this metric was between (J) and (FF)(Fig. 3.9 and Table 3.6).

Extension: The Friedman test showed a significant difference in path efficiency (p< 0.001,nDOF =

3,χ2 = 22.68). The (J) had a significantly greater path efficiency than (FS). (FS) had a significantly

lower path efficiency than (FF) and (E) (Fig. 3.9 and Table 3.6).
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Fig. 3.9 Performance metrics statistics. Figures a− d correspond to flexion and e− g correspond to
extension.
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Table 3.5 RT and standard deviation

RTflexion SDflexion RTextension SDextension

J 0.55 0.09 0.48 0.07

Fs 0.56 0.06 0.50 0.05

Ff 0.61 0.11 0.61 0.15

E 0.65 0.06 0.60 0.07

Table 3.6 PE and standard deviation

PEflexion SDflexion PEextension SDextension

J 90.59 1.93 88.70 1.32

Fs 86.07 3.32 84.41 2.11

Ff 89.40 2.70 90.72 1.51

E 89.24 3.37 89.47 1.60

3.4.5 Overshoot

In overshoot, the Friedman test showed that, for both flexion (p = 0.067,nDOF = 3,χ2 = 7.17) and

extension (p = 0.1236,nDOF = 3,χ2 = 5.72), there was no significant difference between control

interfaces (Fig. 3.9).

3.4.6 Questionnaire

Fig. 3.10 shows how the subjects replied to the questionnaire. The (FS) was the fastest (6 out of 10),

easiest to install (6 out of 10), comfortable (6 out of 10) but also the most exhausting (9 out of 10).

On the other hand (J) was most accurate (6 out of 10) and easiest to control (7 out of 10). Regarding

the overall performance, subjects favoured the (J) (5 out of 10).

3.5 Discussion

This study investigated the performance of control interfaces on a novel active trunk support device.

We designed and constructed a 1- DoF active trunk assistive device that can be controlled by four
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Fig. 3.10 Responses of the questionnaire.

control interfaces. The four control interfaces were compared with the Fitts’ law style experiments on

performance using healthy subjects.

3.5.1 Performance Metrics and Acceptance

To evaluate the control interfaces, we considered time as an important factor because performing

a task in a short amount of time indicates that the user has adapted to the control interfaces. Fur-

thermore, accuracy performances such path efficiency and overshoot, compare the movement per-

formance across the different control interfaces. Finally, the questionnaire gave a better insight into

the control interfaces from the user perspective. The subjects did not have any previous experience

with controlling assistive devices and were able to complete a series of trials with all the proposed

control interfaces. These led us to the conclusion that the proposed control interfaces can be used for

controlling a trunk support prototype.
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3.5.2 Fitts’ Law

Following Fitts’ law, movement within the human can be described as an ID vs MT relationship. We

used Fitts’ law to investigate if the physical man-machine augmentation will disturb this relationship.

R values higher than 0.5 would indicate a strong relation between ID and MT. Based on our r-values,

it can be concluded that all four control interfaces follow this relationship between ID and MT. How-

ever, the regression coefficients of this study are lower than the ones found by others (<0.9) [53].

There are two possible reasons for this. First, the dwell time of the current experiment was used to

identify the completion of the trial instead of tapping or pressing a button which changes the outcome

of the experiment. Second, the control interfaces were used to flex and extent the human trunk which

is not the same as performing fine movements with the hand.

3.5.3 Overall Performance

Based on the results of the MT, we can conclude that (FF) and (E) were slower than (FS) and (J) for all

IDs indicating that the subjects could achieve faster flexion and extension movements (attaining more

than 70% in some cases). The MT results are in agreement with the performance of throughput where

(FS) and (J) have a larger transfer rate than (FF) and (E). This result can be explained by the fact that

the motion of the trunk can be controlled more intuitively by the (J) and the (FS). In contrast, (FF)

and (E) from the leg muscle are considered to be less intuitive. The RT, PE differences were small (<

0.2 seconds, 4% respectively) which indicates only a marginal performance difference. Finally, there

were no significant differences for the OS.

According to the subjects’ responses to the questionnaire, the (J) was the easiest to control and

the more accurate which contradicts with the results of the PE and OS metrics. The (FS) was the

fastest which is in line with the experimental results. On the other hand, the subjects found the (FS)

the most exhausting compared to the other 3 due to the fact that force signal contains both dynamic

and static components of the upper body . Finally, the users’ overall preference was the (J) which is

not surprising because it is a very common control interface in, for example, video games.
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3.5.4 Control Interfaces

The (J) was the first control interface to be used to allow the subjects to familiarize themselves with

the system’s dynamics. Hand- (J)s are commonly used as control interfaces for assistive devices (e.g.,

electrical wheelchairs) by individuals with muscular weakness and this was considered the easiest

and most straightforward method to control an assistive device. Indeed, the (J) performed similarly to

(FS) although it was always the first control interface. The major drawback of using a (J) is that one

hand’s function is sacrificed whenever a person intents to move the trunk since it is a parallel system.

The (FS) control interface was considered the most intuitive one. However, gravity compensation

complicates matters as it acts on the upper body. Participants had difficulties in fully relaxing their

muscles, which is important to achieve proper gravity compensation. Additionally, the interface was

sensitive to respiration, which resulted in small oscillatory movements during the dwell time when

the subjects were trying to keep their trunk at a certain angle.

The (FF) control interface was slower than the one using a sensor at the sternum, but gravity

compensation was not necessary and the placement of the sensor not very critical. Although it is a

parallel system requiring slight movements of the feet and it is slightly slower than the other control

interfaces, it may be a solution for people who are seated in a wheelchair, because using the feet to

control trunk movement is not a functional sacrifice.

(E) control performance was strongly dependent on where the sensor was placed on the muscles.

It was easier to get a signal from the tibialis muscle to control the device. It was more difficult to find

the right sensor location on the gastrocnemius so that the subject could control the device with ease.

It should be mentioned though that at the beginning, the subjects needed some familiarization time to

get used to the fact that they had to move their trunk by contracting their legs muscles. However, all

the subjects were able to adapt to that procedure within minutes.

3.5.5 One-DoF vs multi-DoF

The Peeters et-al study showed that the contribution of the trunk to achieve flexion tasks is divided

equally between different segments (pelvis, lower lumbar, upper lumbar, lower thoracic, upper tho-
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racic) [18]. As a consequence, an active trunk support should also be able to provide multi-DoF

support, resembling natural reaching movements. Since no active trunk assistive devices exist, we

decided to investigate the control capabilities of a relatively simple system before investigating a

more complex assistive device. The DoF has to be increased for lateral bending as the current design

restricts it.

An increase in DoF will introduce complexity not only to the mechanical design but also to the

control. The mentioned control interfaces would have performed differently if the complexity of the

control task had been increased.

3.5.6 Limitations

The first limitation is the setting of the admittance values which were tuned based on the performance

on a pre- experiment with 2 subjects (not included in the results). The purpose of this pre-experiment

was to find the optimal values of virtual mass and damping for each of the control interfaces. Even

though the values of the virtual masses are close, the values of the virtual damping differ noticeably.

This is due to the nature of the input signal in the admittance model. Control interfaces such as (E)

need a bigger virtual damping value to attenuate the high input in the admittance model. Reducing

the virtual damping value would result in a higher overshoot.

Second, the gear ratio backlash and the electronics of the motor resulted in mechanical play, giv-

ing 0 to 20 pixels in the GUI. Thus, not all the trials started at 0 or 1680 pixels (starting points for

flexion end extension respectively), even though the subjects were asked to move the device to the

mechanical end stops. We did not compensate for this non equality between trials since we considered

it to be negligible.

3.6 Conclusion

We investigated the performance of four different control interfaces on an experimental active trunk

support device. The (FS) and the (J) control interfaces were faster than the ones based on force under-

neath the feet and (E). Regarding path efficiency, overshoot and reaction time, significant differences
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were found between the control interfaces but the differences in absolute values are negligible. (FS)

was experienced as the most fatiguing interface by the participants, and they preferred the (J). From

the above results, we can conclude that all four control interfaces can be potentially used to control

an active trunk support with different advantages and disadvantages. Further research on the perfor-

mance of the control interfaces will be done with people with DMD.
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CHAPTER 4

Comparing Assistive Admittance Control

Algorithms For A Trunk Supporting

Exoskeleton1

Abstract: Duchenne muscular dystrophy leaves patients with severe dependency on health care. In

an effort to increase independence and quality of life, active exoskeletons are developed to support

activities of daily living. This study is dedicated to the development and assessment of three dif-

ferent admittance control algorithms for a trunk supporting robot; a law with constant parameters,

a law with added feed-forward force, and a law with variable parameters. A Fitts’-like experiment

with 12 healthy subjects was performed to compare the control laws. The results show decreased

movement times for the feed-forward and variable admittance controllers with respect to the standard

admittance.

1This chapter has been published as: P.G. van Lenthe*, S. Verros*, E.E.G. Hekman, R. Carloni, H.F.J.M. Koopman,
”Comparing Assistive Admittance Control Algorithms For A Trunk Supporting Exoskeleton”, IEEE 2018 IEEE Inter-
national Conference on Robotics and Automation (ICRA) May 21-25, 2018, Brisbane, Australia. (*: both first authors
contributed equally.)
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4.1 Introduction

Duchenne Muscular Dystrophy (DMD) is a genetic disorder manifesting in progressive muscle de-

generation. DMD is found predominantly in males, as the disease is linked to the X-chromosome.

One in 3300 new-born boys were found to be affected by DMD [54]. In exceptional cases, also

women carriers can show symptoms of muscular dystrophy [55].

Improvements in health care have increased the life expectancy of DMD patients, leading to an

increased demand for advances in quality of life [7]. The Symbionics project aims to develop ex-

oskeleton technology to support activities of daily living of people with DMD to improve self-reliance

and keep patients active [2].

Along with loss of strength in the extremities, DMD patients suffer degeneration of the trunk and

neck muscles. This leads to instability of the upper body, which further impedes controlled arm move-

ments. The Flextension project has already developed robotic devices for arm support [56]. These

devices could be more effective if the trunk is also supported, since it increases range of motion and

stability of arm orthoses [20]. Therefore, a novel trunk supporting exoskeleton is currently under

development.

4.1.1 Mechanical Design

To explore different control algorithms, an experimental setup of one degree of freedom was built

(Trunk Drive (TD)). The TD consists of an aluminum alloy frame with the only interaction point at

the sternum of the subject. The frame is connected from both sides to two identical Maxon EC 90

motors. The rotational point of the motors is aligned with the physical rotation point of the trunk.

4.1.2 Control Interfaces

To grant users intuitive control over an exoskeleton, a suitable interface between human and machine

must be selected. Different interfaces have been used in the past for exoskeleton devices. The most

used interfaces are (E) based [57], [51] and force based [58]. Both (E) and force are directly linked to
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the movement intention and might, therefore, offer intuitive control.

In other studies it was proven that force-based control interfaces allow less fatiguing control and

higher information transmission rates for healthy subjects in a position tracking task [22]. Therefore,

force was chosen as control interface for the remainder of this study. The assumption that the optimal

control for healthy subjects is also optimal for people with DMD needs yet to be verified.

4.1.3 Control algorithms

Literature on control algorithms contains a vast landscape of different applications for control. In

the field of rehabilitation robotics, the control design is focused around assisting users in relearning

normal human movement trajectories. The literature revolves around trajectory tracking. This is done

in several ways, among which ’assist-as-needed’ is a high profile paradigm. Usually, this involves a

known ideal trajectory the user is expected to follow [59].

On the other hand, in the field of assistive robotics meant for daily use, the goal is not to re-learn

movements, but to support users independently of their strength and activities. To design an active

orthosis capable of assisting during a wide range of activities, either a large database of ideal trajecto-

ries for every possible task combined with intention detection must be used, or the assistive part must

be reduced to force amplification instead of trajectory assistance. The latter was chosen for this work.

This excludes the availability of a position error signal to control the amount of assistance given, since

there is no known ideal trajectory. With a regular admittance model the parameters are fixed to a hy-

pothetical optimal performance. However, different control variations may offer higher performance

without fixing gains or use other means of extra support and, in the same, time guarantee the stability.

Therefore, this study aims to test different variations on admittance control algorithms, with upper

body flexion and extension forces as inputs. The three control architectures are an admittance law, an

admittance law with added feed forward force, and a variable admittance law.
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4.2 Methods

4.2.1 Prototype Trunk Drive

Two Maxon motors EC90 flat with gear boxes (Planetary Gearhead GP 52 C, 91:1 ratio) drive the

orthosis together. They are installed in line and connected to the orthosis via torque couplings to

provide robustness against potential misalignment. The motors are mounted on a large steel frame,

see Fig. 4.1.

EB

FS

M1 M2

ES

Fig. 4.1 Setup of the Trunk Drive. M1-2 are the motor locations, FS the force sensor, EB are emer-
gency buttons, ES is a passive emergency stop.

The subject is seated in a wheelchair, which can be placed within the steel frame. The subject

is wearing a harness with fastening straps around the torso which is rigidly connected to a force

sensor [60]. The force sensor is connected to the orthosis and is the only physical point of interaction

between subject and the orthosis.

The TD is controlled using XPCtarget software in combination with Simulink (MathWorks, USA).

This allows real time application at 1000 Hz.
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The TD is equipped with two emergency buttons. One can be operated by the researchers, the

other by the subject. Pressing an emergency button at any time during operation results in a power-off

for the motors.

4.2.2 Basic Control Design

The different control algorithms for TD are all founded on the same architecture, shown in Fig. 4.2.

Each block is discussed in details hereafter.

PD

Fig. 4.2 Block diagram of the Trunk Drive.

4.2.2.1 Maximum Voluntary Force

Fmax is the maximum voluntary force (MVF) of the subject. It is recorded during an initial calibration.

The subject is asked to perform a maximal contraction flexion and extension movement, which is used

to normalize the input force so −1 ≤ uin ≤ 1.

uin =
Fin −Fgravity

Fmax
(4.1)

Fmax =


|Fmax− f lexion|, if Fin > 0

|Fmax−extension|, if Fin < 0
(4.2)

in which Fin is the measured force, Fmax− f lexion the MVF measured during flexion and Fmax−extension

during extension.
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4.2.2.2 CL

Represent different variations of control architecture or control laws, as described in 4.2.3.

4.2.2.3 PD control

The plant is controlled by means of a proportional-derivative controller to track the position output of

each control law. The PD values, obtained by manual tuning, for P = 300 and D = 30 (and I = 0).

4.2.2.4 Plant description

The plant block represents all physical parts that are subject to displacement. This includes the motor

shafts, gearboxes, robot masses, and human upper body.

4.2.2.5 Gravity Compensation

To provide the trunk with a basic supportive function, a gravity compensation algorithm was devel-

oped. The user’s passive body force, i.e. upper body weight, is measured during slow forward motion

through the total range of motion of 0.6 radians. A first order regression model of this data is used to

determine an appropriate weight compensating force during operation, i.e,

Fg = ag +bg ·θ (4.3)

in which ag is the intercept, bg the slope of the linear regression model and θ is the forward angle of

the robot in radians.

In static conditions, the gravity compensation ensures no muscle activity is required to remain

stationary at any given angle within the range of motion.

4.2.3 Control Laws

4.2.3.1 Admittance Control(ADM)

In this architecture, the function function from uin to θre f is following a standard admittance control

algorithm with fixed parameters, i.e.,
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θre f =
1

Ms2 +Bs+K
·uin (4.4)

where the relative mass M = 0.3, the relative damping B = 0.1, and the relative stiffness K = 0,

because the gravity compensation already acts as a stiffness term in the overall system. θre f is the

reference angle in radians.

4.2.3.2 Admittance control with feedforward force (FF)

This control law is an adaptation of the one presented in [61], where the user’s joint torque is estimated

based on the measured force and a feedforward torque is calculated based on the amplitude of this

force. Instead of estimating the user’s joint torque, it uses uin as dependent parameter. The control

law adds a force to the user input when uin passes a certain threshold. This means that for increased

measured input force, the assistance will be greater. For input forces under the threshold, no assistance

is given. It assumes a user needs no extra assistance for small or slow trajectories.

F
ff

PD

Fig. 4.3 Block diagram of the FF architecture.

In this admittance, the transfer function from uin to θ is:

θre f =
1

Ms2 +Bs+K
· (uin +Ff f ) (4.5)
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Ff f =


0, if σl ≤ uin ≤ σu

β (uin −σl), if uin < σl

β (uin −σu), if uin > σu

(4.6)

where −σl = σu = 0.1, which means that the assistance is triggered at 10% of the MVF. β = 1.5,

which regulates the amount of assistance given. This value was chosen arbitrarily and is fixed.

4.2.3.3 Variable admittance (VADM)

The last control law is an adaptation of the one presented in [62]. An intention detection algorithm

classifies the user’s intention into two possible categories; the first is acceleration (acc), the second

deceleration (dec). Based on the intention of the user, the admittance parameters are changed. For

acceleration, the parameters are lowered, making it easier to move the robot. Different from [62],

for deceleration, the damping is increased while mass is decreased, actively helping the user to slow

down and perform more accurate movements.

Plant
!e

PD
+

-

+
CL

Gravity
Compensation

-

1
Fmax

!refuinFin

VADM

Fig. 4.4 Block diagram of the VADM architecture.

In this admittance, the transfer function from uin to θ is:

θre f =
1

Mvs2 +Bvs
·uin (4.7)
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Intention =


acc, if sign(θ̈re f ) = sign(θ̇re f )

dec, if sign(θ̈re f ) 6= sign(θ̇re f )

(4.8)

Bv =


B f −αa|θ̈re f |, for acc

B f +αd|θ̈re f |, for dec
(4.9)

where Bv is the actively used damping, B f = 0.1 the base damping. The parameters αa = 0.05

and αd = 0.2 were tuned manually and control the rate of change of Bv.

The actively used mass Mv is:

Mv =


M f Bv

B f
, for acc

M f (B f−αa|θ̈re f |)
B f

for dec
(4.10)

where M f = 0.3 is the base mass.

To ensure safety, Bv and Mv are limited to positive numbers.

4.2.4 Experiment

To evaluate the relative performance of the algorithms an experiment was conducted with 12 healthy

subjects. Since the goal of the project is to create robots that assist users in performing activities

of daily living, the experiment is designed as a series of reaching tasks, i.e., a commonly performed

activity.

4.2.4.1 Task

A target is drawn on a graphical user interface on a sideways turned 1680x1050 pixels monitor.

Locations of the targets are based on Fitts’ law, using an index of difficulty ID = [3.5,4.5,5.5] with

fixed width W = 70 pixels [25]. The ID, a dimensionless number representing the difficulty of a

target, and MT, the movement time(s) are given by:

MT = a+b · ID (4.11)
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ID = log2
D
W

+1 (4.12)

where a and b are linear parameters to be determined, ID the index of difficulty in (bits), D is the

target distance in pixels and W the target width in pixels. The targets are defined in terms of pixel

distance D from the home position, see Table 4.1.

Table 4.1 Target Specifications

ID (bits) 3,5 4,5 5,5

Pixel distance 396 792 1584
Angle (deg) 8,1 16,2 32,4

A yellow circle-shaped cursor (C) with a width of 30 pixels moves according to the angle of the

robot and is directly controlled by the user. Due to the size of the cursor, the calculated target widths

are corrected by adding the cursor width, resulting in W = 100 pixels. The range of motion of the

device is restricted to 0,6 rad or 34,4◦ to prevent collisions with the surroundings. Fig. 4.5 shows a

representation of the graphical user interface. For flexion (Fig. 4.5, left), a home position is displayed

as a semi-circle on the lower edge of the screen. The target is displayed consecutively in the area

above the home target. For extension trials (Fig. 4.5, right), the home is placed on the upper edge.

The cursor represents the angle of the robot with 0 rad at the bottom of the screen and 0.6 rad the

upper edge of the screen.
4.2.4.2 Protocol

The experiment begins with a calibration phase to determine the required gravity compensation

torque. Subjects are asked to relax and put their full weight on the robot. The robot then moves

from 0 rad to approximately 0.6 rad in forward direction to calibrate the range of motion. Subse-

quently, the robot returns to an upright state and repeats the same trajectory, now measuring the angle

and force. After this, subjects perform an isometric force measurement to capture the MVF.

After calibration, the first familiarization block starts. Within the familiarization periods (F1-3)

subjects perform the task in the same way as in the following CL-block to familiarize themselves with
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4.5

5.5

5.5

4.5

3.5

(a) (b)

Fig. 4.5 Schematic overview of the user interface. Left and right represent flexion and extension
respectively. H is the home position, T the target position, and C the cursor position.

the task and assigned control law. F2-3 are also used as wash out from previous control laws. After

familiarization a CL-block starts immediately. The order in which the control laws are presented

to subjects are blindly assigned to each subjects so every possible permutation is performed by two

subjects. In between measurements, subjects are required to take a break of approximately 10 minutes

(BR1-2). After CL3, subjects fill out a questionnaire, stating which control law they prefer.

The familiarization block consists of four sequences, each containing a randomized array of three

times the targets specified in Table 4.1. Each sequence thus contains 9 trials. This means that the

familiarization blocks consist of 36 trials. Each measurement block CL1-3 contains eight sequences,

for a total of 72 trials per block.

A trial started with the requirement to remain stationary within the home position for a randomly

chosen amount of time (1 to 5 seconds), after which a target appeared. Subjects were instructed to
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move toward the target as fast and accurate as possible. A target is reached when the user is able to

hold the cursor within the target diameter for 0.5 s. This time is called the dwell time. Dwell time was

chosen as threshold for success to enforce a controlled deceleration toward an stationary behaviour

within the target area.

4.2.5 Subject Information

12 healthy male subjects were recruited to participate in the experiment, see Table 4.2 to review their

characteristics. All subjects read and signed an informed consent form. Subject 1 performed the

experiment twice, but only his second run was recorded.

Table 4.2 Subject Characteristics

Characteristic 100% male (n = 12)

Age [y] 23 ±2,8
Body Height [cm] 186 ±3,3
Body Weight [kg] 74 ±8,1

CAL F1 CL1 BR1 F2 CL2 BR2 F3 CL3

36 72 36 72 36 72

324 trials, ±120 min

Fig. 4.6 Experiment flow. CAL: Calibration. F1-3: Familiarization period. CL1-3: Testing period for
the control laws; BR1-2: Break. The numbers at the curly brackets represent amount of trials within
that block.

4.2.6 Quantitative Measures

To assess performance, several parameters are calculated from the measured data. During the experi-

ments, the cursor and target locations are saved in combination with timestamps at 1000 Hz. Flexion

and extension are investigated separately, since different muscle groups are involved in the major

movements. The movement time is studied and is defined as the total time between the appearing of

a target and reaching that target minus the reaction time and dwell time. The reaction time is defined
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as the time from the appearing of a target until the cursor has reached 2% of its maximum velocity

for that trial.

4.2.7 Statistical Analysis

A non parametric Friedman test followed by a post-hoc Wilcoxon sign rank test with Bonferroni

correction is done to determine the source of found significant differences. For the Friedman test,

α = 0.05 and, for Wilcoxon’s signed rank test with Bonferroni correction, α < 0.05
3 = 0.017, because

three hypotheses are tested for in parallel.
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(c) Variable Admittance Law
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Fig. 4.7 Linear Regression on measured data. In (a-b-c) the average movement time per subject is
plotted as grey circles.
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Table 4.3 Statistical analysis of movement time(F. and W. stand for Friedman and Wilcoxon respec-
tively).

Flexion Extension

ID 3,5 4,5 5,5 3,5 4,5 5,5

F. χ2 value 7,17 16,67 12,67 0,5 6,5 3.5
F. p-value 0,0278 0,0002 0,0018 0,7788 0,0388 0,1738
W. p-value ADM - FF 0,1099 0,0068 0,0005 0,1099 0,0210 0,3013
W. p-value ADM - VADM 0,0068 0,0005 0,0049 0,4238 0,0342 0,0210
W. p-value FF - VADM 0,0640 0,0342 0,4238 0,9097 0,3394 0,3804
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Fig. 4.8 Average Movement Time per Index of Difficulty. *p < 0.017, **p < 0.0017.

4.3 Results

4.3.1 Movement Time

The movement time was extracted from the data for all trials. This data was averaged over subjects

and plotted per ID see Fig. 4.7.

For flexion, strong evidence was found that the different conditions (control laws) affected the MT

(p < 0.05) on all ID’s using a Friedman test. For extension, evidence was only found for ID = 4.5.

73



Table 4.4 Linear Model parameters. (*) 0.05 < p < 0.1, (**) p > 0.5.

Flexion

Control Law a[s/bits] b[s] Ra Rs

ADM 0,35 -0.03** 0,82 0,43
FF 0,26 0,16* 0,92 0,36

VADM 0,27 -0.01** 0,66 0,36

Extension

Control Law a[s/bits] b[s] Ra Rs

ADM 0,56 -0,95 0,87 0,57
FF 0,52 -0,90 0,91 0,53

VADM 0,43 -0,56 0,78 0,47

A post-hoc Wilcoxon signed rank test was done to find between which conditions the differences

occurred. In flexion, significant differences were found between ADM and FF (P < 0.017) for ID =

[4.5,5.5], and between ADM and VADM for all ID values (P < 0.017). Between laws FF and VADM,

no significant differences were found. For extension, no significant differences were found between

specific conditions for any ID, see Fig. 4.8.

Following Fitts’ law, linear regression was performed on these averages. The regression coef-

ficients are noted in Table 4.3, based both on the averaged data points per subject (Ra) and on all

separate trial data (Rs). Rs is lower due to higher variance in the separate data. In both flexion and

extension, the Ra of VADM is the lowest, followed by ADM and finally FF.

4.3.2 Questionnaire

By 67% of the subjects VADM was chosen as the preferred control law, followed by FF (25%) and

ADM (8%). Subjects indicated that although VADM was the hardest to learn, it offered the best

support.
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4.4 Discussion

4.4.1 Movement Time and Fitts’ law

Using the FF control law or the VADM control law reduces the average movement time for trunk

flexion. Between FF and VADM, no distinction could be made in terms of quantitative performance.

It seems that Fitts’ law holds for the measured data, since linear regression coefficients over the

averaged MT is close to those given in the literature for comparable experiments [31]. Increased

variance may have been caused by the usage of dwell time as a marker for the success of a trial.

Deviation from the target before the dwell time was completed reset the timer, so time spent within the

target area before a full dwell time was reached is counted as movement time. Another reason might

be found in that human trunk motion does not require precise movements in daily life. The endpoint

for activities involving trunk motion is usually covered by a limb such as the arms. Therefore, humans

might not be inclined to perform fine trunk movements.

The lower regression coefficient of VADM (Ra = 0.66) might be explained by subjects comments.

Subjects noted during measurements that although they preferred VADM above the other algorithms,

it is the hardest to learn. This indicates that larger errors may have been made in the earlier trials

resulting in a larger variance.

4.4.2 Flexion vs. Extension

Significant results mostly show in the data for flexion movements. This could have been caused by the

gravity compensation algorithm. This algorithm provided a backward directed force to compensate

the body weight dependent on the angle within the range of motion. The amplitude of this force is

large with respect to the extra force generated by the FF or VADM and is thus the main contributor

to the extension movements. This could mean that subjects generally learned how to use the gravity

compensation for trunk extension, disregarding the smaller contributions of different control laws.

For flexion, the gravity compensation force is counter-assistive and does not contribute to the flexion

movements, so all flexion assisting forces were generated by the control laws, forcing subjects to
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learn how to control and use their beneficial effects to improve task performance.

4.4.3 Comparison

The control laws FF and VADM showed smaller movement times compared to the ADM. This in-

dicates that the regularly used standard admittance can be improved easily by adding feed forward

forces or using a simple intention detection algorithm to modify the admittance parameters. Subjects

feel more supported and show that they improve motor skills using the extra given support.

4.5 Conclusion

Three assistive admittance control algorithms were developed for the Trunk Drive exoskeleton. A

Fitts’ law experiment was setup and performed with twelve subjects. Movement Time for a 1-DOF

reaching task of the trunk using the TD exoskeleton holds to Fitts’ law. FF and VADM show decreased

movement times for flexion and are valued over ADM by subjects. Based on the results, it is hard to

differentiate between FF and VADM in terms of performance. Based on subject preferences, VADM

is the most promising control law.

In the future, experiments will be done to evaluate the use of (E) as input device as opposed to

force, as this may be more convenient for people with DMD.
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CHAPTER 5

Exploring physiological signals on people

with Duchenne muscular dystrophy for an

active trunk support: A case study1

Abstract: : Arm support devices are available to support people with Duchenne muscular dystrophy

(DMD), but active trunk support devices are lacking. An active trunk support device can potentially

extend the reach of the arm and stabilize the unstable trunk of people with DMD. In a previous study,

we showed that healthy people were able to control an active trunk support using four different control

interfaces (based on (J), (FS), (FF) and (E)). All four control interfaces had different advantages and

disadvantages. The aim of this study was to explore which of the four inputs is detectably used by

people with DMD to control an active trunk support. Three subjects with DMD participated in a

study aimed at identifying the best way of controlling an active trunk support. Two experiments were

performed for that reason: an active experiment with an active trunk support assistive device and a

static experiment without the active trunk support. The challenge in both experiments was to steer

the cursor into a target of a graphical user interface using the signals from different control interfaces.

The results were subject-dependent in both experiments. In the active experiment, the (J) was the

most promising control interface. Regarding the static experiment, (E) and (FF) worked for two out

1This chapter has been published as: Stergios Verros, Laura Peeters, Arjen Bergsma, Edsko E.G. Hekman, Gijsbertus
J. Verkerke and Bart F.J.M. Koopman, ”Exploring physiological signals on people with Duchenne muscular dystrophy for
an active trunk support: A case study”, BMC Biomedical Engineering.
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of the three subjects. To our knowledge, this is the first time that people with DMD have engaged in

a control task using signals other than those related to their arm muscles. According to our findings,

the control interfaces have to be customised to every DMD subject.
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5.1 Background

People with Duchene muscular dystrophy lose their muscle functions progressively [8]. It affects one

out every 6000 boys [63].The current life expectancy has increased to about 30 years of age due to,

among others, the use of corticosteroids which slow down disease progression [64]. However, the

Health Related Quality of Life (HRQoL) for people with DMD is lower than healthy people [9].

Passive trunk support can increase the range of motion, stabilise the trunk, and reduce trunk mus-

cle activation [20, 21]. However, as the DMD progresses, the patients muscle capacities decrease

and additional assistance is needed by means of an active trunk support. To operate an active device,

intention detection control interfaces are needed. Several control interfaces have been used to control

active assistive devices [13]. Hand joysticks are useful for people with disabilities to control powered

wheelchairs and external robotic arms [46, 47]. Also, force-based control and electromyography are

promising control strategies for people with DMD [13, 65]. Thus, we developed an active trunk sup-

port experimental setup to study and compare the performance differences of four different control

interfaces of healthy males [66]. The control interfaces used were the (J), (FS), (FF) and surface elec-

tromyography (E). The results showed that all those control interfaces have the potential to be used

for an active trunk support. In the current study, we wanted to explore which of the four inputs can be

detectably used by people with DMD to control an active trunk support.

5.2 Methods

5.2.1 Test set-up

We performed two experiments with three people with DMD. The first one was an active feasibility

study. In this experiment we used the same protocol as in the experiment with healthy people [66].

While healthy people were able to control the active trunk support setup, the participants with DMD

were unable to perform the same movements. Therefore we took a step back and performed a sec-

ond, static experiment with the aim to give more weight to the optimisation of the control interfaces

without the active trunk support setup. In this static experiment, we chose to optimise two control
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interfaces from the active study namely, (FF) and (E). The (J) performed well, the (FS) performed

unsatisfactory, so both needed no further testing. To optimize the performance of (FF) and (E) a static

experiment was performed. Additional advantage of the focus on these two control interfaces was a

limitation of the exposure of DMD-patients.

5.2.2 Participants

Three people with DMD, between 21-30 years of age, participated in the two experiments. Informed

consent was given by all the participants prior to participation. The medical Ethics Committee of Rad-

boud University Medical Center approved the study and the protocol design (NL53143.091.15). Table

5.1 summarises the subjects characteristics. Subjects were recruited through the outpatient clinic of

the Radboud University Medical Center Nijmegen. Participants were included if they were older than

12 years of age, non-ambulant, able to understand instructions and if they had a genetically confirmed

diagnosis of DMD. Subjects with other disabling diseases affecting the trunk, head or arms, needing

continuous ventilation and participating in another study at the time, were excluded.

Table 5.1 Physical characteristics of the subjects.

Subject one Subject two Subject three

Age [years] 21 21 30
Age of diagnosis [years] 2 2 2

Age wheelchair confined [years] 10 11 17
Scoliosis Mild Mild No

Surgical scoliosis correction (age [years]) No Yes (17) No
Corticosteroid use Yes Yes No

Brooke scale 5 5 5

5.2.3 Experimental Design

5.2.3.1 Active and static experiment

The experimental design was similar to the previous study [66]. A visual feedback was introduced

to the subjects through a screen. Initially, the cursor (5.1, yellow circle) was at the home position 1
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(5.1, blue circle). When the word GO was displayed on the screen it indicated the start of a trial. At

a random time between one to three seconds, a target (5.1, red circle) appeared randomly at one of

the three locations on the screen. The subjects had to steer the cursor into the target using a control

interface in order to complete the trial. After a 2-sec dwell time, the first trial was completed. Then, a

blue target was shown at the home position 2 at the top of the screen and the subject had to steer the

cursor into the home position 2. When the word GO was displayed on the screen, the subject had to

steer the cursor again into the target and complete the extension trial with a 2-sec dwell time. Finally,

the blue home position 1 appeared and the subject had to steer the cursor into home position 1.

Each target reached from home position 1 or home position 2 was considered as one trial. Trunk

flexion describes the movement of the trunk whereby the angle between the upright position of the

trunk and the legs decreases. Contrarily, trunk extension increases the angle. The movement from

home position 1 to target was considered as trunk flexion and the movement from home position

2 to target was considered as trunk extension. Each block consisted of 18 trials (9 flexion and 9

extension). Before the start of the trials, the subjects were given some time to familiarise themselves

with the experiment.

The sizes of the cursor and target were 30 and 100 pixels, respectively. The distances between the

home position and the target area were 395, 791 and 1583 pixels.

In the case of the active experiment, the subjects used the Trunk Drive assistive device in order to

perform the experiment [66]. No trunk support setup was used for the static experiment.

At the beginning of the experiment, the subjects were asked to sub-maximally contract the mus-

cles where the (E) sensors were placed for 2 seconds. Instructions were given that it should not cause

any discomfort. This also applied to the force measurements, whereby the subjects were asked to flex

or extend their trunk, or to push / pull their feet sub-maximally. The sub-maximum values were used

to normalise the control signal. signal. The (E) sensors were placed on the gastrocnemius/tibialis

muscles of two subjects and on the quadriceps of the third subject due to spikes on the (E) signals

coming from the gastrocnemius. The same researchers placed the (E) sensors on all the cases follow-

ing the SENIAM guidelines [50].
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Fig. 5.1 Graphical user interface. This figure shows the representation of the Graphical User Interface
with target position (red circle) at different distances, the home position (blue circle) and the cursor
(yellow circle).

5.2.3.2 Parameter tuning

During the active experiment, the researchers tuned the virtual mass and damping values of the ad-

mittance model for every subject and for every control interface. If the cursor was moving too slow,

the virtual mass was decreased until the subject felt comfortable with the current speed. To avoid
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sudden movements with a high frequency, the virtual damping was increased. The virtual mass and

virtual damping made the active trunk support appear as a physical system, which is common for

physical human robot interaction [67]. On the other hand, since there was no physical system in the

static experiment, we chose to use a different control approach. Here, the percentage of the sub-

maximum contraction, together with a saturation and the dead zone, were tuned by the researchers

for each subject individually to achieve the best performance. A decrease in the percentage of the

sub-maximum contraction led to faster movements, whereas an increase led to slower and more fa-

tiguing movements. The saturation ensured that a certain speed value could not be exceeded, so the

speed remained bounded. Finally, the dead zone ensured that only the voluntary signals would move

the cursor.

5.2.3.3 Experimental duration

The number of the control interfaces was different for the active and the static experiment and is

described below.

The subjects started the active experiment in the following order: (J), (FS), (E), (FF), consisting

of 3 blocks of 18 trials resulting in 54 trials in total. We kept the number of trials per control interface

close to the number of trials of a previous study with people with DMD [13].

The subjects started the static experiment with (FF) and then (E) consisting of 1 block of 18 trials.

These two control interfaces were considered the most feasible ones since one hand was required

to perform the tasks and would not have been available to operate the active trunk support assistive

device with the (J).

5.2.4 Signal acquisition

The sensor signals were processed using a computer (xPC target, MathWorks Inc., USA) and a data

acquisition card (PCI-6229; National Instrument Corp., USA). The sampling frequency was set at

1kHz with a 16-bit resolution.

83



5.2.5 Signal processing

All the average signal amplitudes, with a rest state of 2 seconds, were subtracted and the signals were

divided by a sub-maximum contraction value. Envelope detection was applied afterwards to the (E)

signals using a high-pass Butterworth (40Hz), full wave rectifier and a low-pass Butterworth at (2Hz).

No filtering was used for the (J), (FS) sensor and (FF). Regarding (FS), gravity compensation was ob-

tained and subtracted from the voluntary force. Gravity compensation was obtained during slow trunk

flexion (0.05 rad/sec) where the subjects had to fully relax their trunk. The muscle activation signals

were measured with wireless (E) sensors (Trigno Delsys, USA) and the force with a six DoF load sell

(ATI mini45).

5.3 Results

5.3.1 Active experiment

Subject one could perform the experiment with the (J) but not with the (FS) because he could not

relax his muscles sufficiently in the device. This led to non-optimal gravity compensation values

and consequently an inability to control the active trunk support properly by measuring (FS). Due to

technical problems with the force plate, the threshold of the measured force under the feet was higher

than the force that the participant could produce with his feet and therefore he was unable to control

the active trunk support setup. He could perform only 1.5 blocks out of 3 in total with the (E), because

the control was too exhausting.

Subject two had spinal fusion hence his physical point of rotation was misaligned with the point

of rotation of the active trunk support. He performed the experiment without the active trunk support

with the (J) and the (E). (FS) could not be performed because he was not seated in the trunk support

and (FF) failed for the same reason as subject one.

Subject three could only perform the experiment with the (J). (FS) also failed due to unreliable

gravity compensation values as we saw in subject one. (FF) failed for the same reasons as described

for subjects one and two. Spikes on the (E) signals and co-contraction of the muscles were the reasons
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that (E) failed for subject three.

5.3.2 Static experiment

Subject one could perform the experiment with (E) but not with (FF). Stabilizing the cursor on the

screen (i.e., to control the movement) was difficult by pushing against the force plate with his feet,

because of equinovarus feet (lateral and upwards).

Subject two could perform the experiment with (FF) but not with (E) because there were spikes on

the signal when the subject relaxed his muscles. These spikes made it difficult to stabilise the cursor

on the screen due to the fact they were unintentional and the subject could not control them.

Subject three could perform the experiment with both (FF) and (E). Regarding the (FF), the subject

adapted quickly and no significant adjustments were made to tune the controller. The (E) was weak

from the tibialis anterior and there were spikes on the (E) signals. Consequently, the (E) sensors

were moved to the left and right quadriceps muscles but at the end of the experiment, the subject

experienced cramps in the quadriceps muscles.

Table 5.2 summarises both experiments and the performance with each control interface.

Table 5.2 Feasible control interfaces for both experiments.

Subject one Subject two Subject three

Active experiment (J), (E)(1,5 blocks) (J), (E) (J)
Static experiment (E) (FF) (FF), (E)

5.4 Discussion

The aim of this research was to investigate which control interface can be used by people with DMD

to control an active trunk support. For that reason, we performed two tracking task experiments with

three subjects with DMD.

A (J) is not ideal for controlling a trunk support device because it requires a hand to operate the

(J) and thus this hand cannot be used for other functions like grasping. Hence, (E) and (FF) were

investigated in the static experiment. After tweaking the experimental procedure, two out of three
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participants were able to control the ball on the screen in the static experiment. Also, two participants

were able to perform the experiment using the (E) based control interface. Only subject one was con-

sistent with the (E) control. Subject two could perform the active experiment with (E) (but without the

device), yet he was unable to perform the static experiment successfully while using the (E) interface.

Subject three could not perform the active experiment with the (E) on the gastocnemius/tibialis mus-

cles but after placing the (E) electrodes on the quadriceps muscle in the static experiment he could

perform the experiment even though at the end he experienced cramping in both quadriceps muscles.

He also pointed out that he could not continue the experiment for more than one block.

Previous studies have shown that force- and electromyography-based control interfaces can be

used for controlling an active elbow support on people with DMD whereby the (J) is only used for

familiarisation and not for comparison [13]. Both control interfaces proved to be feasible solutions

for the three adults who participated in the experiment with a 100% completion rate for forced-based

control interface and 95% for (E)-based control interface. In our research, the only control interface

which worked in all cases was the (J). A major issue that we encountered was the anxiety the subjects

felt when using the active trunk support. They could not support their own weight across the whole

range of trunk movements due to muscle weakness and therefore the potential instability without a

trunk support could have a harmful result. As a consequence, they might not have been able to relax

their muscles during the gravity compensation phase. Moreover, people with DMD have significant

amounts of fatty tissue concentrated on the abdominal area, which impedes them in trunk flexion. The

combination of these two factors probably resulted in non-optimal gravity compensation values for

the force-control interfaces and could be a reason why they could not use the (FS) control interface

properly. Controlling with leg muscles might have been complicated by the fact the DMD subjects

had already been wheelchair bound for more than 10 years. This means that their leg muscles had

already been inactive for quite some time, with the consequence of further deterioration of the mus-

cles due to disuse, and possible loss of motor control. Additionally, muscle fatigue sets in earlier

because of muscle weakness and disuse. The opposing reasons, together with the progressive disease

severity, cause the movement time of each control interface for each subject in the static experiment

to be longer (Fig. 5.2) than that of healthy participants found in the literature, except for the (E)
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performed by the third subject who achieved lower movement times than the healthy controls [66].

An explanation could be the exceptional immediate familiarization of the subject with the (E) control

interface. Moreover, the individual results might be a consequence of the difference in the severity of

the disease among the subjects.
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Fig. 5.2 Measured Time box plots. This figure shows measured time of (E) and (FF) control.
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Time and fatigue were crucial factors in the static experiment. Tuning of the parameters was time

consuming in some cases, but time to find the right parameters was limited due to rapid fatigue. Thus,

the signals should be investigated further with multiple sessions of the same experiment. Also, chang-

ing to adaptive control and training might help in tuning the parameters more effectively [68]. We did

not experience this in the experiment with the healthy participants where the tuning parameters were

set at constant throughout the whole experiment with values based on a two subject pre-experimental

procedure. Customised tuning of each control interface for people with DMD should be based on

factors related to disease stage and severity.

Furthermore, the muscles of the DMD subjects legs are not used to contracting since they are

confined to a wheelchair for many years. Their leg muscle capacity is low and fatigue occurs rapidly.

Additionally, motor control can be lost with time, causing co-contraction as seen in subject three.

A known saying that is applicable to people with DMD is Use it or lose it [14]. To avoid such a

phenomenon, [69] they should follow an assisted bicycling training of legs and arms. Consequently,

rehabilitation should focus on keeping the muscles as active as possible, starting at the early stages of

the DMD, as well as on the trunk section.

5.5 Conclusions

Two experiments were performed with three people with DMD with the aim to investigate the use

of different control interfaces with an active trunk support device. Based on the results of the active

experiment, it is clear that the (J) was a feasible solution for all subjects. Alternatively, (FF) as well

as (E) can also be used as control interfaces, but both of them need customized tuning for each subject.
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CHAPTER 6

General discussion

6.1 Introduction

Trunk movement is essential for performing daily tasks [15]. When coupled with arm movement, the

arm reach can be increased substantially [20], allowing people to grab a wide range of objects over

a wide area and transport them to or from the body. ADL, such as picking up a glass of water, is a

complex motor task and the interaction between the trunk and arm is essential [16, 18]. To support

this process in people with muscle dystrophy, like DMD, several arm supports have been developed

and studied. However, a trunk support was lacking. A passive version is of use in the early stage of

the disease whereas an active trunk support is very beneficial for people with DMD in a later stage

when they are incapable of using a passive trunk support. The Symbionics project was involved in

designing a passive, as well as an active trunk support system. This thesis concentrates on the design

and the testing of control interfaces for controlling an active trunk support, in order to convert the user

intended movement into a device movement. Several control interfaces were created and evaluated

by performing experiments on people without and with DMD to find the most promising control in-

terface(s) that can drive an active trunk support. We scored each control interface for each experiment

based on the output of the experimental procedure and we adjusted the scale based on the amount of

comparisons. Speed and accuracy criteria were scored based on the quantitative performance on each

experiment. Then, we took the average of every criteria for calculating the largest score. The average

was used since we did not expect any outliers. All the criteria had the same weighing since we believe
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that all of them were equally important.

6.2 Interpretation of findings

We suspected (E) is hard to obtain from abdominal muscles, therefore we wanted to establish we

can get better results with a non-intuitive (E) interface. In the first experiment, an evaluation was

performed in 2-D, because it was assumed that the trunk support will have two degrees of freedom

(in a sagittal and frontal plane). To limit the burden on DMD patients, the experiment was performed

with people without DMD. A comparison was made between the performance and learning behaviour

of intuitive (E)s from trunk muscles and non-intuitive (E)s from a leg muscle control interface used

with an active trunk support. We found that the subjects can steer the cursor significantly faster with

the non-intuitive leg control interface than the intuitive trunk control interface. The sluggishness of

the intuitive trunk control interface can be explained by the fact that the (E) signals from the trunk

muscles are perturbed by respiratory muscle activity and the existence of body fat tissue. The results

(table 6.1) clearly show that the non-intuitive control interface, the (E)s from the leg muscles, had a

higher score for most of the criteria than the (E)s from the trunk muscles.

Table 6.1 Intuitive and non-intuitive control interface scores.

Physiological
phenomena

Electric current of muscle

Sensor (E) electrode

Signal measured (E) from
trunk muscles

(E) from leg
muscles

Criteria

Intuitiveness 1 0,3
Independence 1 1

Robustness 0,3 1
Autonomy 0,3 1

Customizable 0,3 1
Price 0,3 0,3
Speed 0,3 1

Accuracy 0,3 0,3
Result 0,48 0,74

As a next step we wanted to find an optimal control interface therefore, we evaluated the (E)

90



control interface with the (J) and force based controllers on people without DMD. Due to the fact

that a trunk movement in the sagittal plane requires a considerable amount of power, which translates

into vast electric motors, the actuation of a second degree of freedom would have complicated the

mechanical design. Thus, it was decided to design a 1-D active trunk support. We found that the

(FS) and (J) were faster than the (FF) and (E) (more than 40 %). However, the difference between

them was not statistically significant, but there was a significant difference between (FS) on the one

hand, and (E) and (FF) on the other. This result can be explained by the fact that a (J) and (FS) can

be used to control the trunk more intuitively whereas (FF) and (E) are considered to be less intuitive.

Regarding the rest of the performance metrics, the difference in absolute values was negligible. (FS)

was the most fatiguing interface based on the questionnaire. The users’ overall preference on the

questionnaire was the (J) because it is the most common control interface. As shown in table 6.2, each

control interface has advantages and disadvantages, so we decided to include all control interfaces for

further experimental investigation with people with DMD.

As a further step, the signal produced by every control interface was used as an input in an ad-

mittance model. The virtual mass and damping were tuned for every control interface based on a

pre-experimental procedure. Tuning of the virtual values is subjective and can limit the performance

of the assistive device. Thus, more sophisticated controllers were investigated to improve the perfor-

mance. We designed an experimental method for evaluating three different admittance controllers.

The admittance controllers, which were tested based on time only, were: constant parameters, feed-

forward force and variable parameters.

The control laws of the feedforward and variable admittance parameters resulted in smaller move-

ment times compared to the admittance with constant parameters. This indicates that the regularly

used standard admittance can be improved easily by adding feed forward forces or using a simple

intention detection algorithm to modify the admittance parameters. Subjects feel more supported and

their motor skills improve with the extra given support. The admittance with feedforward force and

with variable parameters was always faster than admittance with constant parameters for flexion. The

same pattern was seen with extension but without significant differences between the parameters. It

is clear from the scores (table 6.3) that more sophisticated admittance controllers can improve the

91



Table 6.2 (J), (FF), (FS) and (E) from leg muscles scores.

Physiological
phenomena

Force Movement of
small body
segments

Electric
current of

muscle

Sensor Force/Torque Sensor (J) (E) electrode

Signal measured (FF) Force on
trunk

Fingers (E) from
lower

extremity
muscles

Criteria

Intuitiveness 3 5 5 3
Independence 4 5 1 4

Robustness 4 1 4 3
Autonomy 2 5 5 2

Customizable 4 4 5 5
Price 5 5 5 5
Speed 3 5 5 3

Accuracy 3 3 3 3
Result 3,50 4,13 4,13 3,50

performance of an active trunk support.

Based on the results of the two experiments, summarised in 6.4, it is clear that the (J) was a

feasible solution for all subjects. Alternatively, (FF) and (E) can also be used as control interfaces,

but both need customized tuning for every subject. (FF) control was slower for the DMD subjects

compared to the healthy controls, but there was no difference in speed with the (E), although finding

the right muscles for the task is a challenge. (FS) scored zero in all of the requirements since none of

Table 6.3 Controller scores.

Controller Normal
admittance

Feed forward Variable
admittance

Criteria

Intuitiveness 3 3 3
Independence 3 3 3

Robustness 3 3 3
Autonomy 2 2 1

Customizable 3 3 3
Price 3 3 3
Speed 1 2 3

Accuracy 2 2 2
Result 2,50 2,63 2,63
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Table 6.4 Control interfaces score for experiment with people with DMD.

Physiological
phenomena

Force Movement of
small body
segments

Electric
current of

muscle

Sensor Force/Torque Sensor (J) (E) electrode

Signal measured (FF) Force on
trunk

Fingers (E) from
lower

extremity
muscles

Criteria

Intuitiveness 3 0 5 3
Independence 4 0 1 4

Robustness 4 0 4 3
Autonomy 2 0 5 2

Customizable 4 0 5 2
Price 5 0 5 5
Speed 1 0 5 1

Accuracy 1 0 5 1
Result 3,00 0,00 4,38 2,63

the subjects could perform the experiment with it.

6.3 Control interface selection overview

The (J) has the advantage in that it is the most commonly used control interface for assistive devices

(e.g., electrical wheelchairs) by individuals with muscular weakness. Hence, this was considered the

easiest and most straightforward method to control an assistive device. In the experiment with people

without DMD, the (J) performed similarly to (FS) although it was always the better control interface.

The people with DMD could also control the active trunk support with the (J) in the active experiment.

Yet, the major drawback of using a (J) is that the function of one hand is sacrificed whenever a person

wants to move the trunk since it is a parallel system.

The (FS) control interface was considered the most intuitive one. Gravity compensation is needed

in order to distinguish the voluntary forces from gravity or joint stiffness forces. However, the fact

that it has to act on the upper body complicates matters. Although both groups of participants had

difficulties in fully relaxing their muscles, which is important to achieve proper gravity compensation,

those without DMD could control the active trunk support using the (FS) whereas the participants with

DMD could not. Additionally, in the case of the participants without DMD, the interface was sensitive
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to respiration, which resulted in small oscillatory movements during the dwell time when the subjects

were trying to keep their trunk at a certain angle.

The (FF) control interface was slower in the experiment with people without DMD than the one

using a sensor at the sternum, but gravity compensation was not necessary and the position of the

sensor was not very critical. Although it is a parallel system requiring slight movements of the feet,

and it is slightly slower than the other control interfaces, it may be a solution for people with DMD

because using the feet to control trunk movement is not a functional sacrifice. Moreover, two out

of three participants with DMD could perform the control task. The third subject had difficulty in

pushing against the force plate with his feet, because of equinovarus feet.

(E) control performance was strongly dependent on where the sensor was placed on the muscles.

It was easier to get a signal from the tibialis muscle to control the device but it was more difficult to

find the right sensor location on the gastrocnemius so that the subject could control the device with

ease. It should be mentioned that the subjects needed some familiarisation time at the beginning, to

get used to the fact that they had to move their trunk by contracting their leg muscles. Although all the

subjects were able to adapt to that procedure within minutes, two DMD subjects could not perform

the control task because there were spikes on the signal when they relaxed their muscles. These spikes

made it difficult to stabilise the cursor on the screen because they were unintentional and the subjects

could not control the task. One subject finished the (FF) control interface test very quickly so we had

time to move the (E) sensors to the left and right quadriceps muscles. After that, he could complete

the experiment but then he experienced cramps in the quadriceps muscles.

The experiments demonstrated that, in all cases, the (J) is the quickest and most acceptable control

interface compared to (FS), (FF) and (E) for the people without and with DMD. However, a joystick

is not ideal to control a trunk support device because it requires a hand to operate the joystick and

thus this hand cannot be used for other functions like grasping. Since the people with DMD were not

able to use the (FS) control interface, (E) and (FF) were investigated in the static experiment. Tuning

the control interface parameters was time consuming in some cases, and the time to find the right

parameters was limited due to rapid fatigue. Thus, the signals should be investigated further with

multiple sessions of the same experiment and the control interfaces have to be customized to every
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DMD subject.

6.4 Decisions and limitations

6.4.1 Focus Group and 1-Dof vs multi-Dof

We made two important decisions at the beginning of the project. To begin with, the experiments

should first be done with people without DMD and then with people with DMD. The main reason

was to decrease the experiment time on people with DMD so as to reduce the chances of fatigue

during the experiment.

Secondly, we changed the plans from a 2DoF trunk support to a 1-DoF trunk support. The reason

was that DMD patients became fatigued rather quickly, so it was better to investigate a relatively

simple assistive device first before moving onto more complicated structures.

The benefits of introducing more degrees of freedom are an increase in mobility and arm reach

in the frontal and transverse plane but the 1-Dof device was not able to support or even restrict this.

More degrees of freedom in a potential trunk device would give DMD patients the same movement

capabilities and freedom as users without DMD. On the other hand, increasing the Dof results in an

increase in mechanical complexity due to the fact that the actuation in the sagittal plane requires high

torque motors. Since no active trunk supports had been reported in the literature, we decided to start

by investigating this with the simple 1-DoF active support system. Moreover, we were not convinced

that 2-DoF was really necessary but this should be investigated further.

6.4.2 Position vs speed vs acceleration control

The order of control indicates the number of integrators between the input and the output of the

system. In general, the position control (zero order) is the best choice for precision control since

precision offers a clear advantage in reaching a target [70]. The disadvantage of position control is

that the input signal has to be active in order to keep the cursor inside the target for the dwell time

which can be a fatiguing factor for the subjects (pushing the (J), pushing the force sensor, contracting
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the muscles for the (E)). Speed control (first order), on the other hand, is more difficult than position

control and the information processing rate is decreased because of the increasing order of control

[70]. The advantage of speed control over position control though, is that the input signal does not

have to be active in order to keep the cursor inside the target and as result is less fatiguing. Another

approach could be acceleration control. Acceleration control could be useful due to the fact that

the subjects can activate the movement by a simple burst on the control interface that could create

a constant velocity and thus they do not have to maintain the control interface until they reach the

target. A disadvantage is that it needs a lot of training before the subjects can control it sufficiently.

In our experiment, we also wanted to check the ability of the subjects to maintain a specific po-

sition with minimum fatigue and to see if they could perform the experimental task with no training.

Thus, we decided to choose the speed control and, in order to compensate for the decrease in preci-

sion, we chose targets with a relatively bigger diameter. This decision was beneficial since the bigger

diameter fulfilled the accuracy requirement of 3 cm and at the same time compensated for the decrease

in the precision of the speed control. Moreover, the trunk is not made for fine movements so a small

diameter target would increase the difficulty of the task. The acceleration control approach might be

useful for people with DMD since it requires the input signal to be less active than the position and

speed control but this approach would need several training sessions.

6.4.3 Fitts’ law

Only the diameter or the distances of the targets of the experiments were varied. Thus, the effect of

Fitts’ law was only investigated in relation to target size or distance. This aspect, as well as keeping

the experimental time short per subject, could have the following consequences: a) a decrease in the

number of repetitions per individual target which gives poor results b) needing many subjects because

each condition would have to be performed by a different candidate.

Despite Fitts’ law seeming to hold for the three experiments, the R values are lower than in other

studies [53]. The low R values can be explained by the fact that: a) a steady state in learning behaviour

was not reached b) dwell time was used instead of tapping or pressing a button c) the muscles that
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were involved in the tasks are not made to perform the same fine movement tasks as the hand.

6.4.4 Admittance values

The admittance values were tuned based on a pre-experimental procedure involving 2 subjects. The

pre-experiment helped us find the optimal virtual mass and damping values for each of the control

interfaces. On the one hand, the values of the virtual masses of the control interfaces are close, on

the other hand, the values of the virtual damping differ noticeably because of the nature of the input

signal in the admittance model. A larger virtual damping value is needed for the (E) to attenuate the

high input in the admittance model. Reducing the virtual damping value would result in a higher

overshoot.

This approach is subjective and limits the performance of the assistive device. Chapter 4 exam-

ines the performance of different controllers. Indeed, feed forward and variable admittance performed

better but a pre-experimental procedure was also needed to tune the gain values of the different coef-

ficients.

6.4.5 Mechanical limitations of the experimental trunk support

The gear ratio backlash and the electronics of the motor resulted in mechanical play, giving 0 to 20

pixels in the GUI. Thus, only some of the trials started at 0 or 1680 pixels (starting points for flexion

end extension respectively), even though all the subjects were asked to move the device to the me-

chanical end stops. We did not compensate for this non equality between trials since we considered it

to be negligible.

6.5 Future work

6.5.1 Active device first

As described in Chapter 1, we assumed that people with DMD should be first introduced to a passive

support system and as the DMD progresses, more support will be provided by an active support. This
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approach has the disadvantage in that people with DMD using the passive trunk support can get tired

in the middle of the day and then, because of the fatigue, they will hesitate to use the trunk support.

As was shown in the Jansen et al. study, the deterioration in boys with DMD can be delayed with

assistive cycling [69]. Taking this into consideration, we propose earlier use of an active trunk support

by people with DMD whereby the caregiver is able to choose the level of assistance for daily usage

or the resistance of the training.

6.5.2 Control interfaces and rehabilitation

The leg muscles can be used to control an active trunk support instead of the trunk muscles but it is

important to keep the muscles of the trunk active as well. Otherwise they will weaken further. The

phenomenon of the extra muscle deterioration in people with DMD due to inactivity is widely known

as Use it or lose it [14]. Such a phenomenon can be avoided by following an assisted cycling training

of the leg and arms as suggested Jansen et al. [69]. Consequently, rehabilitation should be focused on

keeping the muscles as active as possible starting in the early stages of the DMD, including the trunk

and leg section. A solution is that people with DMD can play a game with the configuration described

in Chapter 5 to keep their trunk and leg muscles active. Alternatively, better performance might be

achieved by combining the information from both the trunk and leg muscles in order to anticipate the

disadvantages of both signals. Moreover, several control methods, except for the direct control, could

be used like pattern recognition or abstract decoding [41, 42]. A disadvantage though, is that pattern

recognition requires several (E) signals, which means the sensor has to be attached to the skin for a

longer period.

6.5.3 A multi-DoF control system

Different segments are involved in the movement of the trunk (pelvis, lower lumbar, upper lumbar,

lower thoracic, upper thoracic) [18]. Consequently, an active trunk support should provide multi-DoF

support. However, since no active trunk supports have been reported in the literature, we decided to

start by investigating the simple 1-DoF active support system. Future designs should include lateral
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bending and axial rotation. The performance of the control interfaces would differ if the complexity

of the experimental task were increased by increasing the DoFs.

6.6 Conclusion

According to our results, (FF), a non-intuitive control interface, might be the best method for people

with DMD to control an active trunk support. Some DMD patients might perform better with an (E)

from the leg muscles. The only intuitive control interface that can be used is a (J) but then the function

of one hand has to be sacrificed. The decision as to which control interface works best must be made

per individual.
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