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Chapter 1

GENERAL INTRODUCTION

Function of trunk and head in daily living
The trunk and the head play an important mechanical role in performance of activities 
of daily living (ADL) and efficient and comfortable performance of ADL requires balance, 
maneuverability and coordination of these segments. The main functions of the head 
from the perspective of performing ADL are to allow visual feedback for arm and hand 
movements e.g. picking up an object, to reduce effort by adapting posture e.g. rotating 
forward while eating or rotating backward while drinking, to help orientation for 
movement e.g. looking left-right while crossing a street and to support communication 
e.g. eye contact during conversation with other people. Similarly, the trunk supports 
head and arm movements, such as while reaching beyond arm’s length, turning the 
upper body to look around, leaning forward while eating or writing, as well as supporting 
the weight of the arms and head in different postures. Without postural coordination 
with trunk and head the performance of ADL becomes challenging, inefficient, and 
tiresome. Thus, the ability to control trunk and head postures is an essential aspect of 
motor control to manifest ourselves through interaction with objects, with other people 
and with the environment in general. Therefore, partial or complete loss of the ability 
to control head and trunk motion will affect all aspects of daily living and reduce the 
quality of life of the affected individuals.

Trunk and head function in different diseases
There are many diseases that can affect the capacity to use muscles of different parts 
of human body including the trunk and head. Such impairments may occur due to 
degradation in the muscle structure or loss of muscle control capability and these 
diseases can be classified into two major disease groups, namely neuromuscular 
diseases (NMD) and motor neuron diseases (MND) [1]. Although there are many 
varieties of diseases in each group, in the current thesis the focus will be on diseases 
that affect function of the trunk and head in terms of movement and postural control. 
Most of these diseases are progressive in nature and have currently no cure to stop 
or reverse their progression completely. People suffering from NMD and MND are 
currently treated with physical therapies and medicine that primarily aim to slow down 

disease or symptom progression. The progressive decline of the function of most major 
body muscles in NMD and MND has tremendous impact on movement and postural 
control of the trunk and head of people affected, which can decrease their quality of 
life significantly. Among the NMD and MND, the diseases that have significant effects 
on trunk and head movements are amyotrophic lateral sclerosis (ALS), spinal muscular 
atrophy (SMA), primary lateral sclerosis (PLS), Duchenne muscular dystrophy (DMD), and 
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congenital muscular dystrophy (CMD). Although these diseases have different natural 
courses [2,3], they result in similar symptoms in patients, mainly affecting their neural 
or muscular capacity to move different parts of the body, including trunk and head, 
effectively and efficiently. As a result, these patients become dependent on human 
assistance or assistive devices at one point in their life. Unfortunately, not much study 
has been done on the effect of using assistive devices, to reduce impairments due to 
loss of trunk and head motor function caused by these diseases. The current thesis 
aims to explore this area. It will focus on the interaction of people suffering from NMD 
with newly developed trunk and neck orthoses. However, before going in depth, it is 
useful to provide some information about the diseases and about the types of orthoses 
that are currently used by these patients. Hence the following section includes a short 
description of the aforementioned diseases followed by a short introduction of the 
existing assistive devices available in the market for these patients.

Amyotrophic Lateral Sclerosis (ALS)

ALS is a progressive disease caused by degradation of motor neurons responsible 
for voluntary muscle control. This can affect both upper and lower motor neurons 
and causes cessation of neural signal transmission to muscles. This leads to muscle 
fasciculation and atrophy, occurring between ages 55 and 75 [4]. The occurrence of 
this disease has no strong correlation to risk factors, gender or family history and the 
life time prevalence rate can be as high as 10-15 per 100,000 population [3]. Although 
the first symptoms may occur in any body part and then the muscle weakness and 
atrophy quickly spread to other parts of the body, resulting in problems with moving, 
swallowing, communicating and even breathing. This has a tremendous detrimental 
effect on the performance of ADL [5]. As of today, no effective treatment to halt or 
reverse ALS has been found. The management of ALS, especially in the early stage, 
involves physical therapies to maintain muscle health without overworking them. Often 
assistive devices such as braces, head rests and other wheelchair modifications (e.g. 
customized back rests) are prescribed for conservation of mobility.

Spinal Muscular Atrophy (SMA)

SMA is an inherited neuromuscular disorder pathologically characterized by the 
degeneration of motor neurons in the spinal cord and muscle atrophy with an incidence 
of 1:11000 live births [6,7]. SMA generally refers to a broad category of symptoms of 
muscle weakness due to abnormality or missing of survival motor neuron genes (SMN 
1 and SMN 2). The patients are categorized into 3 subgroups, SMA 1 being the most 
severe in motor function degradation and SMA 3 being the least severe in symptoms. 
Depending on SMA types, the first symptoms can occur between 0-6 months after 
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birth, or as late as after 21 years or more. Most of the patients are non-ambulant 
and dependent on assisted seating [8]. The treatment of SMA consists of nutrition, 
physical therapy and pulmonary care mainly focusing on slowing down the progression 

of symptoms. No drugs have been found that can completely cure the disease, however 
some drugs currently being researched have shown positive outcomes in certain 
types of SMA [6,9]. Braces and spinal fusion surgery are used for postural support and 
prevention of scoliosis, and wheelchair attachments (e.g. arm supports and head rests) 
are used for support and optimization of movements [8,10].

Primary Lateral Sclerosis (PLS)

PLS causes corticospinal neurons to malfunction and results in degeneration of 
muscles. As a result, movements of legs, trunk, arms and head slow down and require 
more effort. Patients experience stiffness, decreased balance and coordination, mild 
weakness, and, if the bulbar region is affected, difficulty in speaking and swallowing, 
and emotional lability [11]. It is a rare disorder, approximately 1–4% of all patients with 
motor neuron disease are diagnosed with PLS. PLS can start from early childhood to late 
adulthood [12,13]. The treatment of PLS is largely symptomatic. Physical therapy and 
rehabilitation focus on prevention of joint immobility and muscle atrophy. To promote 
full range of joint motions and reduce the risk of contractures, patients need passive 
range of motion exercises for the full body, including the trunk and neck. Assistive 
devices are often used to compensate for specific disabilities (including arm supports 
for arm functionality, braces for better posture and wheelchairs for mobility) [14, 15].

Duchenne Muscular Dystrophy (DMD)

DMD is the most common form of muscular dystrophy [16]. The incidence of DMD is 
approximately 1 in every 5000 live male births [17]. It is caused by a mutation in a gene 
that hampers production of the dystrophin protein, which is involved in maintaining 
the integrity of muscle. This results in progressive muscle degradation all over the 
body from an early age, followed by loss of walking capabilities around the age of 12, 
and loss of upper body movement capabilities during early teens [18, 19]. There is no 
specific treatment to stop or reverse the disease. The patients suffering from DMD 
are often prescribed physical therapy, respiratory therapy, orthopaedic appliances 
for support and orthopaedic surgery to correct skeletal deformities. Many patients 
also undergo drug therapy that includes corticosteroids to slow muscle degeneration, 
cardiac drugs and antibiotics to fight respiratory infections [20]. Studies have shown 
that individuals may benefit from occupational therapy and assistive technology (such 
as arm supports and splints for arm and hand) aimed to provide optimal support for 
prolonging functional capacity of different body parts [21].
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Congenital Muscular Dystrophy (CMD)

Characterized by presence of hypotonia and muscle weakness at birth or during infancy, 
CMD refers to a heterogeneous group of inherited disorders. Decreased motor abilities, 
delayed or arrested development of motor functions and joint or spinal deformities 
are the most common symptoms of CMD [22]. There are several subtypes defined by 
genes in which the pathogenic variants responsible for CMD occur [23]. The incidence 
rate of CMD is 1:21,500 [24]. Although muscle weakness due to CMD may be stable in 
the short term, typically over time the weakness and its complications become more 
severe. These complications often lead to movement difficulties, respiratory problems, 
joint contractures and scoliosis [25]. Physical therapies focused on stretching exercises 
of the spine and limbs and to prevent contractures are often used for treatment. Splints, 
braces and surgical intervention are used to prevent and treat spinal deformities. 
Other assistive devices are sometimes also prescribed to help posture, ambulation, 
and mobility of CMD patients [26].

Assistive devices as intervention of MND and NMD
Although no cure is available yet for any MND or NMD associated with muscle weakness, 
the life expectancy of these patients has greatly improved in the last decades due to 
improvements in healthcare and rehabilitation. For example, people suffering from 
DMD had a life expectancy of approximately 20 years or lower in the 1990s [27,28]. 
Nowadays, people diagnosed with DMD can expect to live 30-40 years, because of 
significant improvements in DMD management [29]. As a result, providing patients 
with opportunities for better quality of life and social participation gradually become 
a necessity. In recent years, substantial efforts have been made to develop assistive 
devices for such patients primarily focusing on supporting posture and movement of 
different body parts. These devices include both passive (body powered) [30-32] and 
active (motor powered) devices [33-35]. However, most of these devices were developed 
focusing on arm function without considering the roles of the trunk and head while 
using the devices. To use these devices the trunk and head often need to be fixed to the 
wheelchair back and head rest. This may cause inadvertent degradation of trunk and 
neck muscles, due to a lack of usage and spinal deformity due to asymmetrical seating 
[36]. Moreover, if the head is fixed to a head rest, this reduces the effectiveness of visual 
feedback during the performance of ADL. Unfortunately, there are no good solutions 
available for these patient groups, to support their and trunk and head in conjunction 
with arm support devices. In the following section, trunk and head support devices 
that are either commercially available or are in a research phase, are discussed. These 
devices might potentially help some MND and NMD patients, but were not specifically 
designed for them.

1
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Box 1: Symbionics project 

The studies performed in this thesis are part of the Symbionics program (project 
2.1). The aim of this project was to develop dynamic support for trunk and head 
for persons with neuromuscular 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 university medical center) have worked 
closely together.

Both passive and active trunk and head supports were developed with the vision 
that these supports should be close to the body and should be as inconspicuous as 

possible. The passive supports assist to balance the trunk or head with the use of 
springs, so the user needs less muscle effort to move. The active supports provide 
additional assistance as muscle strength decreases further by the use of actuators 
and control strategies embedded with the spring-based mechanism.

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 requirements for the supports. The Vrije Universiteit Amsterdam was 
responsible for design and development of prototypes and evaluation. Expertise of 
the University of Twente was on the control interfaces and control methods for the 
active supports. 
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Trunk Support Devices

Most common trunk support devices used by the MND and NMD patients are seat belts 
for wheelchairs, customized seating and back cushions or Jewett-type spinal orthoses 
(working on the principle of three interface points with the body to provide a moment 
for postural correction. Fig. 1) or braces [37]. They keep the trunk upright and supported 
but do not allow trunk movement. In recent years, some attention has been given to the 
development of wearable support devices for the trunk, but mainly for patients with 
spinal cord injury or trauma [38-40]. Unfortunately, these devices mostly do not meet 
the specific requirements of MND and NMD patients in terms of ease and duration of 
usage, customization and inconspicuousness. A very recently developed trunk support 
device [41], working on the principle of gravitational compensation and mounted on the 
wheelchair for spinal cord injury patients, seems to show good potential for being used 
by patients with trunk muscle weakness, as it offers support for forward bending and 
freedom to normal trunk movements to some extent in other directions. However, the 
device is in prototype phase and has not been tested with NMD and MND populations.

Figure 1: Jewett-type spinal orthosis

Head Support Devices

Several types of head support devices (also referred to as neck orthoses) or head 
rests are commercially available for NMD and MND patients. Unfortunately, they are 
mostly designed to keep the head completely immobile. This arrangement provides 
complete support of the weight of the head in a particular fixed posture, but does not 
allow any movement of head or neck. So, these devices limit head function and do not 
promote muscle activation and thereby do not contribute to prevention of further 
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degradation of neck muscles. Nevertheless, static head rests [42-44] are commonly 
used by patients suffering from NMD and MND. Many patients also use neck orthoses or 
braces [45-46]. Recently, a new category of head support devices has been introduced 
[47, 48]. These are basically collars, flexible and deformable structures around the neck, 
that partially allow movement of the neck, but are very conspicuous. Only one [49] 
commercially available head support device allows ample head rotation. However, the 
rotation is restricted to the transverse plane (looking left and right) and the device 
does not allow movements in other planes. Another proposed device [50] provides 
gravity compensation for flexion-extension of the head, but does not allow the user to 
rotate the head towards left or right. This device is only in development phase and is 
not suitable for daily use yet.

Thesis Outline

The main aim of this thesis is to report on newly developed passive trunk and head 
support devices, designed especially to fulfill the requirements of patients suffering 
from MND and NMD and to describe to what extent these devices may have benefits to 
the intended users. These devices are characterized as passive devices, as they do not 
have any motor and electronics and only operate as gravity compensation mechanisms. 
The current study is part of a larger research project, namely the Symbionics 2.1 project, 
in which also head and trunk movement characteristics of the patients are investigated 
and actuated devices are developed.

Due to limitations of time and resources, as well as to limit the burden on vulnerable 
patients, testing of the reported devices was carried out mainly on healthy subjects 
and subsequently on small groups of DMD and SMA patients. The outcomes of these 
tests were compared to similar testing with a healthy control group, aiming to answer 
the following research questions:

 ̵ Can a gravity compensating mechanism be used to reduce trunk and neck muscle 
activity?

 ̵ To what extent do the assistive trunk and head support devices assist healthy control 
participants and target patient groups?

 ̵ How does the use of trunk and head support devices assist patients during ADL?
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The devices presented in this thesis are passive or body powered, as they were 
developed based on gravity compensation. This is achieved by using a mechanical 
principle called static balancing. To help the readers better understand this principle, 
chapter 2 contains a brief description on static balancing principles and how these can 
be implemented with use of springs.

As previous research on effects of assistive devices on MND and NMD patients is limited, 
a user (patients) and expert (caregiver, physicians) interview session was arranged to 
define specific requirements of assistive devices for the targeted group. Based on these 
requirements a passive trunk support device was developed and preliminary tested 
on healthy participants. The findings from the preliminary test on healthy subjects are 
described in chapter 3.

Chapter 4 presents a follow up study of the passive trunk support system with 3 DMD 
patients. In this study, the effect of gravity compensation on back muscle activity and 
trunk kinematics of DMD patients as well as the effect of the trunk support device during 
particular ADL were assessed.

Chapter 5 investigates the effect of a passive head support device that allows 
multidirectional movement of the head on muscle activity in healthy participants. 
The support device was developed based on requirements from different patients. 
A brief description of these requirements and a description of the structure of the 
support device are included in this chapter. The device was tested in different rotational 
directions and measurements were carried out on neck muscle activity and accuracy 
and precision of head movement while using the device.

A follow-up investigation on the effectiveness of the multidirectional head support 
device on DMD and SMA patients is described in chapter 6. The participants were 
requested to perform similar tasks as their healthy counterparts and the shortcomings 
of the device were explored.

Chapter 7 contains a general discussion on the reported studies, their clinical 
implications for the target groups, summary of the shortcomings of the designed 
devices and limitations of studies presented. In addition, recommendations for future 
improvements of the presented designs and future perspective of their applications 
are included.

1
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