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SUMMARY
The current study evaluated the interaction of patients with neuromuscular diseases 
with a passive neck orthosis, which allows head flexion-extension, rotation towards 
lefts and right and the combination of these two motions, on neck muscle activity in 
4 participants.

The participants performed two tasks. A task with discrete head movements involving 
neck and head movement in different direction (from 10 to 30 degrees in different 
directions at steps of 10 degree) by moving a cursor on a screen to reach predefined 
targets and staying on target for 5 seconds. And the other they were required to move 
the cursor continuously along a given spiral path (up to 20 degree from reference) to 
follow a target. Surface electromyography (EMG) was recorded from upper trapezius 
and sternocleidomastoid muscles and amplitudes were averaged over the static phases 
in trials with and without the orthosis. Moreover, the variability in head position and 
time required to perform the tasks were compared between conditions.

Wearing the orthosis caused a wide range of changes of muscle activity both in upper 
trapezius and sternocleidomastoid muscles. The most positive effect on upper trapezius 
was observed in pure flexion (-6%MVC to 2%MVC). For sternocleidomastoid, there was 
in general an increase in muscle activity while using the device, especially for pure head 
rotation (up to 52%MVC).

The orthosis showed some potential to support head positions for patients suffering 
from neuromuscular diseases affecting the neck muscles. It also pointed out some 
shortcomings and scope of improvement of the current device.

Keywords

Neck orthosis, exoskeleton, neuromuscular disorders, passive head support, assistive 
device, degenerative muscle diseases.
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INTRODUCTION
Several neuromuscular and motor neuron diseases result in progressive degradation of 
disabilities in patients. A good example for each type of these progressive diseases is 
Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA) respectively. 
For both the cases the disabilities start at an early stage in life, causes neuromuscular 
degradation for many years and eventually causes fatality [1,2]. No successful cure 
has been discovered for such diseases yet and as a result these patients are primarily 
dependent on care, therapy and medications that aim to lessen the severity of the 
symptoms and prevents or slows down the progression of diseases [1]. Most of the 
patients are bound to wheelchair use from an early period of life [3] and with time the 
movement of other body parts for performing activities of daily living becomes more 
challenging and tiring. For example, it is quite difficult for the patients to constantly 
support and effectively orient their head when their neck muscles become weak. As the 
average weight of an adult head is approximately 5kg, it becomes quite a substantial 
load for the weak neck muscles. A neck orthosis that will statically balance the weight 
of the head for different orientation within the working space of daily activities might 
be very useful for such patients. Then they will be able to move their head with reduced 
effort. A previous study has shown that utilizing the remaining muscle capacity by the 
help of assistive devices might reduce the disease progression, especially for DMD 
patients [4].

Currently no suitable neck orthosis is available for DMD or SMA patient group. The 
currently available solutions basically focus on keeping the head fixed and immobile 
at a certain posture. Most common headrests used by the DMD and SMA patients are 
similar to Edmond type system [5], focal systems [6], the headmaster [7] or the vista [8]. 
Unfortunately, none of them allow any movement of the neck and thus have no effect 
on the prevention of degeneration of the neck muscles. There are also few solutions 
such as Sheffield support snood [9] and head-up [10] which provide partial support 
by using a deformable collar around the neck. However, they are very conspicuous, 
limited in movement range and puts obstacle for jaw movement which are discouraging 
factors for the patients to use them. Besides supporting forward bending of head, it is 
also useful for the patients to have the possibility to look towards left and right while 
manoeuvring the wheelchair or during social interactions. There is only one device 
currently available that provides this possibility [11], but does not provide gravitational 
compensation for forward bending of head. Few years ago, a compliant neck orthosis 
has been proposed in literature [12] which provides static balancing to head but do not 
allow head rotation towards left or right. However, no follow-up study or improvement 
was done and it is not currently available for the patients to be used. As a result, 
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there is still demand in the patient groups for a neck orthosis that would provide 
gravity compensation at different head orientation and would allow multidirectional 
head movement with minimum effort. Keeping these requirements in mind we have 
developed a new neck orthosis specifically designed for patients with neuromuscular 
and motor neuron diseases. The device has been tested on healthy participants [13] 
and showed good potential to be used by the target patient groups.

The current study aims to observe the interaction of DMD and SMA patients with the 
developed neck orthosis. The hypothesis of the study is, the orthosis would be able to 
reduce neck muscle activity for the patients as it did for the its healthy counterparts 
[13]. Measurements were done to observe the effect of the orthosis on neck muscle 
unloading both in static and dynamic condition and characteristics (variability in head 
posture and time of travel) of head movement. As this is a preliminary study to observe 
interaction between the user and the orthosis, a small participant group only consisting 
of DMD and SMA patients were chosen. It was the most efficient choice to ensure the 
participants are not under too much risk and yet to check whether the orthosis meets 
the basic requirements and to observe what limitations are there and what future 
improvement of the current orthosis can be done. As the participants that agreed to 
take part in the current experiment vary largely in terms of age, physical conditions 
and disease progressions the outcome is presented on individual basis. An explanation 
of the observed outcome is included with individual result subsections followed by a 
general discussion focusing on common aspects of the findings and the shortcomings 
of the experiment. The knowledge gathered from the current study will be used to 
make a more effective orthosis for individual patients and subsequent studies to check 
its efficacy.

METHOD

Participants
3 adult SMA patients (58, 63, 20 years old and 67, 89, 60 Kg body weight, referred 
to as participants 1, 2 and 3) and 1 DMD patient (23 years and 67 Kg, referred to as 
participant 4) participated in the study. All of them had some capacity to move their 
head on their own. Participant one had no spinal deformities, whereas participant 2 
and 4 had S shape lordotic scoliosis (both balanced, both not operated, participant 
2 uses a back brace but participant 4 uses none). Participant 3 had scoliosis and had 
undergone a spinal fusion surgery in the upper thoracic region. The exclusion criteria 
were: dependency on breathing system, unable to move the head without external 
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help and pain or trauma in the neck muscle preventing from head movement. The 
experimental procedure was approved by medical ethics committee Arnhem-Nijmegen 
(study number: NL53143.091.15), The Netherlands. Written informed consent was 
obtained from all the participants prior to the experiment.

Experimental protocol

Maximum Voluntary Contraction measurement
In the beginning, maximum voluntary contractions (MVC) were measured for the 
sternocleidomastoid (here denoted as STR, right side as STRR and left side as STRL) and 
upper part of the trapezius (denoted as UT, right side as UTR and left side as UTL) using 
surface electromyography (EMG). EMG electrodes were attached as described in the 
literature [14-15]. The participants were asked to exert maximum static efforts of pure 
extension, pure right/left rotation and combined extension and right/left rotation, each 
with two repetitions. The force exerted during MVC tasks were recorded using handheld 
force sensor. After filtering EMG data [16], MVC for the muscles were calculated based 
on the maximum activity level that subject perform during aforementioned tasks.

Figure 1: Experimental setup with neck orthosis condition and sensor placement on the par-
ticipants.

Task with targets

The tasks with targets were performed in two conditions, with and without neck 
orthosis. Due to the fragile health condition of the participants each task in each 
condition was repeated only once. During each task, inertial sensors measured head 
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rotation around different axes and EMG electrodes recorded neck muscles activity 
(Figure1). Reference orientations of the inertial sensors were measured at the 
beginning of each task in the upright seated posture with a natural head position. 
After the reference was set, a red cursor was shown on the screen, placed in front of 
the participants, that would move on the screen in different directions based on flexion 
and rotation of the participant’s head. Each participant was given time before each 
measurement to practice with the neck orthosis and the tracking system until he was 
comfortable and confident to perform the required tasks.

Discrete targets

In the first task, 18 predefined discrete targets, based on previous studies [17,18], were 
shown on the screen in random order. The target positions ranged between 10 degree 
to 30 degree for pure rotation in sagittal plane, pure rotation in transverse plane and 
combined rotation in those two planes, with steps of 10°. All targets were placed on 
concentric circles which were centered at the reference seated position and had radii 
corresponding to excursions of 10°, 20° and 30° respectively (Figure 2).

Figure 2: Predefined discrete target positions along different directions
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The participants were asked to perform head flexion/extension, left/right rotation and 
the combination of these movements with a speed that they felt comfortable with in 
order to move the cursor to the target (Figure 3) and keep the cursor inside the target 
for 5 seconds. Once they had completed that task, the target would disappear, the 
participant would bring the cursor back

 

Figure 3: Discrete target task. Red circle is the cursor which moves with respect to head move-
ment; Green Circle is one of the predefined targets; white circle is the origin.

to the reference for 3 seconds and then the next target would appear and the whole 
process would be repeated. In total 36 (4 pure flexion/extension, 6 pure left/right 
rotation, 8 combined rotation, each with 2 device conditions, with and without) 
measurements were done. In case participants could not perform one or more 
particular targets for any reason, there was a skip option by which he could skip that 
particular target and continue to the next one.

6
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Spiral task

This task required the participants to move their head along a given spiral track on the 
screen. A spiral trajectory and a target at the center of it were shown on the screen 
when the task started. After 2 seconds, the target would start to move along the 
trajectory and the participants were asked to follow the target by moving the cursor 
to the best of their ability. The target moved with a constant velocity (0.5 rad/s) along 
the spiral trajectory that consisted of 2 full rotations and covered approximately 10° 
head extension, 20° head flexion and 20° right/left rotation (Figure 4). This task was 
performed by the participants twice, one with and another without the neck orthosis.

Figure 4: The Spiral task. Green circle is the target which moves along spiral trajectory. The red 
circle is the cursor.

DATA ANALYSIS
For the discrete target task, head kinematics and EMG signals of STR and UT were 
investigated. In this task, mean normalized muscle activity level (expressed in %MVC) 
while the cursor was inside the targets were calculated. In case of spiral tracking, 
mean normalized muscle activity level (expressed in %MVC) during the whole task 
were calculated and compared between device conditions. To quantify variability of 
head movement, the average deviations of the cursor from the mean position when 
it was inside each target, were calculated and averaged over all targets in that device 
condition.
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RESULTS
Although none of the participants reported any pain or severe discomfort while using 
the orthosis, the results obtained from the measurement varied to a great extent 
among the participants due to the difference in physical capabilities of the participants. 
Therefore, results of each participants are presented separately with a short explanation 
for each individual case. It should be noted that the change in %MVC reported here is 
the absolute reduction relative to MVC and not the percentage change relative to the 
condition without orthosis.

Figure 5: Average force generated by the participants during maximal voluntary contraction in 
different directions

Participant 1
participant 1 could not generate similar forces (23N to pure right compared to 35N to 
pure left) to mirrored directions during MVC measurement, which indicates asymmetric 
muscle capacity due to non-homogenous disease progression (Figure 5).

During the discrete target task, differences were observed in muscle activity level 
depending on the movement directions (Figure 6). For pure flexion extension, the 
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change in UT muscle activity while using the orthosis varied between -5%MVC and 
3%MVC while for STR an increase up to 22%MVC for 30o flexion were observed. In case 
of targets in the direction of pure rotation to left and right, participant 1 had up to 13% 
MVC increase in contralateral STR and ipsilateral UT when using the orthosis, but only 
when rotating to the right. For targets in combined rotational directions, the changes 
on UT and STR activity did not follow any consistent pattern (-9%MVC to 9%MVC for 
UT and -6%MVC to 10%MVC for STR respectively). The variability in head position while 
keeping the cursor inside the targets was reduced on average by 0.3 degree while using 
the orthosis.

For the spiral tracking task, participant 1 showed an increase in all muscles while using 
the orthosis (3%MVC increase in the STRR and UTRR muscles, 5%MVC in STRL and 
7% in UTL (Figure 6). Although participant 1 did not have any spinal deformation and 
could use the orthosis without any external physical limitations, the asymmetric muscle 
weakness in neck perhaps resulted in different levels of muscle activity for same muscles 
on different sides.



109

Interaction of patients with passive neck orthosis 

F
ig

u
re

 6
: 

Th
e 

eff
ec

t o
f n

ec
k 

or
th

os
is 

on
 a

cti
vi

ty
 le

ve
ls 

of
 S

TR
 a

nd
 U

T 
of

 p
ar

tic
ip

an
t 1

 d
ur

in
g 

di
ffe

re
nt

 ta
sk

s. 
Th

e 
Y 

ax
es

 o
f t

he
 g

ra
ph

s a
re

 n
ot

 u
ni

fo
rm

ly
 

sc
al

ed
.

6



110

Chapter 6

Participant 2
Participant 2 showed a change in UT muscle activity of -2%MVC to -1%MVC for pure 
flexion-extension task (Figure 7) while using the orthosis. The STR level increased during 
extension (up to 8%MVC for 10o extension) but decreased during 10o flexion (upto 
24%MVC). It should be noted that participant 2 could not perform 20 and 30 degrees 
targets due to his physical limitations. For pure rotation targets, large increases were 
observed in most muscles in 10o right and 20o rotations, up to 52% MVC for STRR in 20o

 

left rotation. For combined rotation targets, both the UT (-14%MVC to 3%MVC) and STR 
(-62%MVC to 10%MVC) showed substantial decreases in activity level for most of the 
targets. In this case as well, participant 2 could not reach the targets at 30o directions 
because of physical limitations. Across all the target directions, participant 2 showed a 
decrease in variability of head position by 0.05 degree while using the orthosis. During 
the MVC measurement participant 2 could generate similar forces (between 44N and 
51N) across all directions (Figure 5).

The failure of participant 2 to perform 20 and 30 degree flexion involves change in 
reference upright seating posture compared to other participants due to a lordotic 
lumbar scoliosis (no fusion surgery) and use of a seating brace. As a result, his head 
was already at a higher flexed posture in the intended target position compared to 
the other participants. This is perhaps the reason why participant 2 could perform 30 
degree rotation towards left with the orthosis, but not without it. The orthosis may 
have provided some support by the balancing mechanism, so it might be easier for him 
to rotate his head to the left. This did not hold for right rotation, possibly due to limited 
range of motion. These arguments are also strengthened by the results from spiral 
tracking (Figure 7), in which he showed a decrease in muscles involved in left rotation 
(10%MVC in STRL and 3%MVC in UTR), against an increase in muscles involved in right 
rotation (28%MVC in STRR and 5%MVC in UTL).



111

Interaction of patients with passive neck orthosis 

F
ig

u
re

 7
: 

Th
e 

eff
ec

t o
f n

ec
k 

or
th

os
is 

on
 a

cti
vi

ty
 le

ve
ls 

of
 S

TR
 a

nd
 U

T 
of

 p
ar

tic
ip

an
t 2

 d
ur

in
g 

di
ffe

re
nt

 ta
sk

s. 
Th

e 
Y 

ax
es

 o
f t

he
 g

ra
ph

s a
re

 n
ot

 u
ni

fo
rm

ly
 

sc
al

ed
. 

6



112

Chapter 6

Participant 3
For participant 3, a decrease in UT activity (-6%MVC to -1%MVC) was found except 
in 30o flexion, while an increase in STR activity (up to 49%MVC for 30o flexion) was 
observed (Figure 8) in pure flexion-extension with orthosis. The changes in muscle 
activity levels in other directions however, were not consistent in pattern. For pure 
rotation targets, the changes in UT activity were between -3%MVC to 8%MVC and 
in case of STR activity were between -27%MVC to 61%MVC. Whereas for combined 
rotation targets, the changes in UT activity were between -3%MVC to 6%MVC and in 
STR activity were between -7%MVC to 55%MVC. While both the muscle activity levels 
and the effects of the orthosis differed to a large extent in different directions (Figure 
8), the forces measured during MVC task did not show major differences between 
directions (Figure 5). The average variability in head position was decreased by 0.2 
degree while using the orthosis.

For the spiral tracking task, a small increase in all muscles was observed while using the 
orthosis (from no change up to 1% MVC) except for STRR (14%MVC increase). Based on 
the observation of muscle activities during different tasks, it can be inferred that this 
participant could not interact with the orthosis in a comfortable way, resulting in large 
variability in muscle activation level without any clear trend during the measurement 
while using the orthosis.
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Participant 4
During the pure flexion-extension task with the orthosis, participant 4 showed increases 
both in UT (between 1%MVC and 2%MVC) and STR (up to 30%MVC for 10o extension) 
activation (Figure 9). For pure rotation, a consistent increase of up to 24% MVC for 
STR and up to 2%MVC for UT, was observed. For combined rotation, the UT activity 
level changed between -1%MVC and 2%MVC, whereas the STR activity level changed 
between -7%MVC and 25%MVC. It has to be noted that participant 4 could not perform 
20 o and 30 o pure flexion targets and 30o combined rotation targets due to limitations in 
range of motion. As he had undergone spinal fusion surgery, his range of movement had 
become limited and his passive tissue stiffness of the cervical spine is probably much 
higher than usual. That might be the reason why he could not flex his head more than 
10 degree without using trunk movement. Moreover, the variability in head position 
was increased by 0.45 degree on average while using the orthosis. for the spiral tracking 
task, only small increases both UT and STR muscles (ranging from 1%MVC to 4%MVC) 
were observed. No substantial asymmetries in forces during MVC measurements were 
seen for participant 4 (Figure 5).
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DISCUSSION
The aim of this study was to observe how people suffering from NMD would interact 
with a passive neck orthosis and to what extent they could benefit from using it. To 
the best of our knowledge there has been no study conducted on people with NMD. 
As a result, the current findings can only be compared to studies carried out on their 
healthy counterparts.

A study done on healthy participants, that measured the activity level of neck muscles 
during several neck postural tasks while standing, showed that the average UT activity 
level up to 30 degree head flexion reaches to 2.4± 2.0%MVC [19]. This reported value 
of UT activity is much lower than what has been observed in the current study (Figures 
5a & 6a), where most of the participants had more than 5%MVC of UT activity in the 
without orthosis condition, even for targets with lower flexion range than 30 degree. 
This indicates that the participants needed to use a relatively high portion of their 
available muscle capacity to maintain similar postures as their healthy counterparts. 
In a previous study using the same orthosis in 10 healthy participants [13] we found a 
consistent reduction of UT activity of 1.1%MVC while using the orthosis for pure flexion 
tasks. In contrast, the changes in UT muscle activity observed in the current study 
was highly variable among the four participants that were measured (ranging from a 
decrease of 6%MVC to an increase of 3%MVC). This is most likely due to the difference 
in physical capabilities among participants. For instance, two participants were unable 
to reach 20o of flexion due to deformation (participant 2) and surgery (participant 4).

Other studies done on change of neck muscle activity of healthy participants by using 
additional unsupported load of up to 2.5 Kg to head reported an increase of 0.5%MVC 
to 0.6%MVC of UT activity level [21,22]. Based on this, the reduction in muscle activity 
observed in the current study can be a promising advantage for the patients with NMD. 
However, the correlation between the change in neck muscle activity and the reduction 
of neck muscle load for people with NMD is still unknown. So, no direct comparison in 
terms of reduction of load can be done with the previously reported studies [20,21].

The levels of STR muscle activity for all the participants were also much higher in the 
current study (activation level of 21%MVC to 70%MVC, considering both left and right 
muscles across whole pure rotation target range in without orthosis condition) as 
compared to the average STR activity level to 3.7± 2.4% MVC for pure rotation of 45 
degrees for healthy participants as reported previously [19]. A similar experiment with 
the same orthosis as used in the current study, but on healthy participants, resulted in 
up to 1%MVC increase in STR [13] for pure head rotation whereas in the current study 
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the increase was much higher (13%MVC being the lowest to 62% being the highest 
across all participants). There are multiple factors that might be responsible for such 
high level of STR activity while using the orthosis. As the orthosis has a fixed rotational 
axis for rotation in the transverse plane, the user has to align the physical rotational 
axis to the orthosis’s rotational axis. This proved to be challenging for the participants 
for most of the targets for pure head rotation in transverse plane, thereby resulting in 
extra effort exerted by STR to reach those targets (specially for targets at 30 degree 
rotations). Moreover, the added inertia introduced by the dead weight of the rotational 
section of the orthosis combined with the friction between the rolling parts contributed 
to the increase of STR activity level. Based on these observations, it can be inferred 
that only allowing a direction of head motion in a direction unaffected by gravity is 
not helpful for people with NMD. Rather than constraining head movement in such 
cases, a “supply on demand” based actuation can be recommended. Such force-driven 
actuation could provide motion in such a way that the rotational section of the orthosis 
will be driven but by forces that are in line with the force generating capacity of the 
user. This would ensure that the STR would be used but no extra resistance from the 
orthosis will act upon it.

Although the force generated by the participants along different directions during MVC 
was fairly similar, still a huge variation in EMG level was observed among them. Even 
for the same participants, similar targets resulted in very different muscle activation 
levels for the same orthosis condition. This is completely unexpected based on the 
observations from previous study of the same orthosis on healthy participants where 
a very clear trend of orthosis effect and similar results for repetitions were found [13]. 
A possible reason for large variation within and between participants is the variation 
in the physical conditions of the participants of this study (such as scoliosis, spinal 
surgery, age related weakness etc). Although they fulfilled the minimum requirements 
to participate in the study but due to the different stages of disease progression their 
range of movement, fatigue limit and adaptation to the orthosis were very different 
and subsequently resulted in different outcomes of the measurement. Moreover, the 
orthosis has fixed rotational axes but the human head and neck doesn’t. For the people 
with NMD it might be more difficult to adapt their movement to device axes and to 
repeat similar postures/movements for similar tasks. This might inadvertently have 
resulted in major variations in task performance within and between participants. In 
the present study.

The spiral tracking task also resulted in major differences in effects of orthosis condition 
on UT and STR activation among the participants. Upon comparison, it seems that 
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the pattern of STR and UT activation is comparable to the pure rotation tasks, with 
comparatively high activation level in STR (6%MVC to 38%MVC across all participants 
without orthosis) specially for the right muscle and lower activation level in UT (4%MVC 
to 16%MVC across all participants without orthosis).

The direction of increase in muscle activity in the dynamic spiral task was expected, 
for STR (max increase up to 29%MVC) but not for UT (max increase up to 5%MVC, 
only reduction in participant 2 around 3%MVC). Furthermore, as the head position is 
constantly being adjusted, the participants need to constantly put effort to move their 
head with more than usual precision, this might require more muscle activity from 
UT than usual and thereby eliminating the effect of passive balancing provided by the 
orthosis. On top of that, portions of the spiral track were almost at the boundary of 
the comfortable range of motion for some participants (approximately 20 degree) or 
beyond. This means that for reaching those part of the track they may have needed to 
put effort beyond their comfort limit. This might have also affected the overall average 
level of muscle activity.

One of the main shortcomings of the current study is that each participant performed 
each task only once under each orthosis condition. There were no repetitions of the 
same task in the same condition. Although some time was given to each individual 
participant to practice and get familiarize with the orthosis, as none of them has ever 
used a passive neck support before, they may not have been in the most comfortable 
and relaxed state while using the orthosis. The reason for such protocol was to ensure 
that the patients would not get too tired (each measurement session was already 
approximately 2 hours). As a result, the participants might not have experienced the 
optimum benefit of using the orthosis and this may have contributed to not finding 
an obvious trend of the effect of the orthosis. Other limitations, from the orthosis’s 
perspective, include unknown frictional resistances, misalignment that might have 
occurred while using the orthosis, and from measurement point of view, not including 
deep neck muscles in EMG measurements and only four participants measured. 
However, the current study reveals that people with NMD have a complex interaction 
with a passive neck orthosis. Clearly, individual effect of using such orthosis may vary 
among the users.

CONCLUSION
From the current study it can be concluded that the current device could be beneficial 
due to balancing gravity-induced moments, but the benefits were not consistently 
observed within and between participants with NMD. Possible factors that may have 
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obscured consistent findings, could be range of motion limits, spine deformations, and a 
history of spine fusion surgery. Therefore, more individualized adaptations of the device 
ensuring better fitting and optimized stiffness setting and actuation of the rotational 
axis in transverse plane are needed. Potentially, the orthosis presented here can be a 
solid step towards making improved and more user specific orthoses.
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