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SUMMARY
The current study evaluated the effect of a passive neck orthosis, developed for patients 
suffering from progressive muscular diseases, on neck muscle activity in 10 adult healthy 
participants.

The participants performed discrete head movements involving pure neck flexion (-10 
to 30 degrees), pure neck rotation (up to 30 degrees left and right) and combined 
neck flexion-rotation (-10 to 30 degrees) in steps of 10 degrees by moving a cursor 
on a screen to reach predefined targets and staying on target for 10 seconds. 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 significant reductions (p=0.027) in upper trapezius 
activity (a change of 0.2%–1.5% MVC) while working against gravity. The activity of 
sternocleidomastoid level increased (p<=0.025) by 0.3%–1.0% MVC during pure and 
combined rotations without any pain reported.

The orthosis showed potential to support head positions for patients suffering from 
progressive muscular diseases affecting the neck muscles. Further study will be carried 
out to evaluate the effect in different patient groups.

Keywords:

Neck orthosis, exoskeleton, neck muscle weakness, passive head support, assistive 
device, degenerative muscle diseases.
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INTRODUCTION
Progressive weakness of neck muscles can be caused by both motor neuron diseases 
(MND) and neuromuscular diseases (NMD). MND such as amyotrophic lateral sclerosis 
(ALS), spinal muscular atrophy (SMA), primary lateral sclerosis (PLS) and NMD such as 
Duchenne muscular dystrophy (DMD), congenital muscular dystrophy (CMD) cause a 
relentless progression of disabilities and in some of these diseases fatal consequences 
are common [1,2]. As most of these diseases have no cure yet, the treatment of the 
patients is primarily focused on sustaining maximum quality of life [1]. Most patients, 
at one point in their life, end up in a wheelchair and the activities of daily living become 
difficult and energy demanding. For example, the average weight of an adult human 
head is approximately 5kg and it is constantly supported and oriented by muscles along 
the neck, as its center of mass is most of the time located in front of the neck vertebral 
joint centers. As the neck muscles grow weaker, it becomes very difficult for the 
patients to keep their head balanced against gravity and to orient the head for effective 
execution of activities of daily living. Consequently, an orthosis is needed for such 
patients to keep the head in an upright position. Preferably, such a neck orthosis should 
provide static balancing of the head by gravity compensation, facilitate customization 
of support levels and to allow the user to rotate the head for visual feedback or during 
social interactions. It has been suggested from a study on DMD patients that using 
assistive technologies that allow the use of remaining muscle activity, might slow down 
the progression of disease [3].

Most of the commercially available neck orthoses are designed to keep the head 
completely immobile. They result in a fully supported but constant posture and thereby 
do not prevent or slow down further degradation of remaining muscle strength. For 
instance, headrests such as Edmond type [4], Neck solutions [5], focal systems [6] or 
neck orthoses such as the headmaster [7] or the vista [8] are widely used by patients 
suffering from progressive neck muscle weakness. However, all of these headrests 
provide static support and do not support head movement or modification of head 
orientation by the user. Other options such as Sheffield support snood [9] and head-
up [10] provide partial movement possibility by introducing a flexible collar around 
the neck. Yet these orthoses are very conspicuous and restrict jaw movements. Other 
type of neck orthoses, such as Headpod [11], allow the user to rotate the head left and 
right but do not provide gravity compensation and a compliant mobile head orthosis, 
provides gravity compensation for flexion-extension but does not allow the user to 
rotate their head [12]. As a result, there is no good solution currently available that 
fulfils all requirements of patients with neck muscle weakness due to MND and NMD.

5



80

Chapter 5

The current study aims to present an experiment to observe the effectiveness newly 
developed orthosis for patients with neck muscle weakness that provides gravitational 
compensation for the weight of the head, that can be customized to provide support 
according to user’s requirements and that allows the user to rotate the head towards 
left and right. All the motions are supported or allowed over sufficient ranges (i.e., 10 
degrees extension to 40 degrees of flexion, and up to 40 degrees left and right rotation) 
of motion for performing important activities of daily living effectively. The current 
study includes preliminary testing of the orthosis in healthy participants in terms of 
neck muscle unloading and characteristics (head variability and time of travel) of head 
movement while using the orthosis. As this is the first prototype, the primary tests in 
the present study were done on healthy participants to ensure better safety. Moreover, 
if the orthosis can decrease neck muscle activation level without creating obstacles 
or slowing down the usual head movements, that would mean that the orthosis can 
potentially be beneficial for patients with neck muscle weakness. If these tests provide 
proof of the benefits of using the orthosis, it can then be tested by patients.

METHODS

Design Approach

For designing the neck orthosis, a user cantered design approach was followed. 
Interviews were conducted with several patients, their physicians, caregivers and 
parents and based on the obtained information the design criteria were formulated. 
Multiple concepts were created and evaluated and eventually the best concept was 
chosen to make a prototype.

In the beginning of the design process, existing neck orthoses [4-12] were analysed to 
check how suitable they are for the target group. It was observed that most of them 
are not specifically designed for MND and NMD patients and therefore might cause 
serious side effects such as reduced mobility and accelerated disease progression. For 
the designing of the current neck orthosis an integral design approach was followed. 
This approach is based on three basic sets of demands: control, comfort and cosmetics 
and was developed for design and development of prosthetic hands [13].

From the information acquired through interviews, sets of primary and secondary 
requirements were categorized. Based on expert opinions and educated estimations 
design boundaries were selected that would ensure proper function and control of 
the orthosis, provide comfortable experience to the users and be pleasant to look at.
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The resultant features of the orthosis are:

The orthosis has one interface with the body. A head pad that can be attached to the 
head with a belt (Fig. 1). The head pad is mounted on a sliding mechanism that allows 
the user to rotate the head approximately 45 degrees towards left or right from the 
forward-looking position. The motion of the head in the sagittal plane is transferred to a 
gravity compensation mechanism through a connecting arm. The balancing mechanism 
developed is based on the principle of a spring-loaded scotch yoke mechanism [14]. 
The whole system is mounted on a base that can be adjusted vertically, horizontally 
and in inclined orientation. The range of motion in the sagittal plane is from 10-degree 
extension to 30-degree flexion of the neck. The balancing mechanism should allow to 
keep the head in any position within its range of motion, with minimum muscle tension 
in the neck muscles. When the head is moved to an inclined position, the gravitational 
energy is stored in the spring inside the mechanism. This energy then can later be 
supplied to the user to return the head to upright position, thereby reducing the load on 
the neck muscles. Moreover, the stiffness of the orthosis can be modified by moving an 
adjustment screw to change the support level provided by the orthosis according to user 
preferences. This facilitates the orthosis to be modified as the support requirement of 
the user changes depending on fatigue (short term) and disease progression (long term). 
Lateral bending of the head is constrained, however, combined movement consisting 
of forward bending and rotation of the head is possible.

Participants
Ten healthy adult males (27± 4 [M±SD] years old, average body weight 79± 10 
[M±SD] kg) participated in the experiment. The exclusion criteria were: injury/ pain/ 
pathologies affecting the neuromuscular system, communication problems or severe 
sensory impairment. Only male participants were chosen as our planned subsequent 
testing would be with DMD patients and DMD only affects the male population. The 
experimental procedure was approved by The Scientific and Ethical Review Board 
(VCWE) of the Faculty of Behaviour & Movement Sciences, VU University Amsterdam, 
(File: VCWE-2018-008). Written informed consents were obtained from all the 
participants prior to their participation in the experiment.

 

5
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Figure 1: Main components in the head Orthosis

Study protocol

The experiment was carried out in 2 phases, first the measurement of maximal 
voluntary contraction (MVC) was done. Next, the head movement was measured for 
predefined target positions for discrete head movements for two device conditions: 
with and without the orthosis.

At first, maximum voluntary contractions (MVC) were measured for the upper trapezius 
and sternocleidomastoid muscles (both left and right side). These muscles were chosen 
as they can easily be monitored using surface EMG electrodes. For this step, the 
participants were asked to press against the hands of a researcher with their head with 
maximum possible force. The position of the hands of the researcher and the direction 
of the applied force were changed to measure the MVC of the different neck muscles.

In the next phase, the effectiveness of the orthosis was measured in terms of reduction 
of neck muscle activities and head movement characteristics. The stiffness of the 
orthosis was set to optimum based on participant’s feedback. A monitor was placed in 
front of the participants. On the screen a target and a cursor were shown (Fig. 2). The 
cursor moved according to the movement of the participant’s head. Flexion extension 
of the neck was represented by vertical cursor movement and rotation by horizontal 
cursor movement. The task was to bring the cursor from the starting (upright) position 
to the target, keep the cursor within the target for 10 seconds
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Figure 2: User interface for the discrete movement of head and angular positions of all the targets 
from the reference starting point.

and then return to the starting position. This task was developed on the basis of 
literature [15] but was modified and simplified for the current experimental purpose. 
The distance of the target from the starting position (the discrete distances ranging from 
-10 to 30 degrees flexion and 0-30 degrees left/right rotation at a step of 10 degree) 
and the diameter of the target (30 and 70 pixels) were changed in each subsequent task 
and repeated 3 times, all in random order, for a total of 4 flexion angles x 9 rotation 
angles x 2 target diameters x 3 repetitions = 216 combinations. Each target position 
was repeated 3 times, also in random order.

Measurements

The placements of electromyography (EMG) sensors and inertial sensors for movement 
analysis and inertial sensors are shown in Fig. 3. The muscle activity was measured 
by using four pairs of sEMG electrodes (Porti 17, TMS, Enschede, The Netherlands), 
placed over the upper trapezius (UT) and sternocleidomastoid (STR). The position of the 
electrodes was based on literatures on neck muscle EMG [16]. The electrodes had 10 
mm diameter and inter-electrode distance was kept at 20 mm. They were attached to 
the skin after shaving (when needed) and cleaning with body scrub. Two inertial sensors 
(MTx, Xsens Tech- nologies, Netherlands) were placed on the participants: one at the 
T1 vertebra level and the other on forehead (Fig. 3).

5
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Figure 3: Placement of sensors on the participants

DATA ANALYSIS

EMG analysis

The EMG signals recorded (sample frequency 2000 samples/s) during the experiment 
were filtered using a 2

nd order bi-directional band-pass filter (10–400 Hz), a high pass 
filter (cut-off frequency 30 Hz, to remove contamination from the electrocardiogram 
[17]), a band-stop filter (49– 51 Hz, to remove hum artefacts) and subsequently rectified. 
To check the effect of the gravity compensation on the neck muscle activity, the EMG 
data recorded during the period in which the participants kept the cursor inside the 
target for 10 seconds were extracted. Then the signals were normalized with respect 
to MVC and the mean values were obtained for each muscle in each experimental 
condition for comparison.

Movement analysis

To compare the head movement characteristics between device conditions the 
variability of the head orientation while the cursor was kept inside the target for 10 
seconds and the times to achieve the targets from the starting point were measured. 
The participants were not given any instructions on how to position their head while 
they were inside the target. So the variability of the head orientation inside the target 
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was measured relative to the mean head orientation while the cursor was in the target 
for the aforementioned 10 seconds. The average absolute deviation of the cursor from 
the mean position represents how variable head orientation was within the target. 
These values were calculated separately for the two different target sizes and were 
compared between the device conditions to observe the effect of the orthosis on 
variability of head orientation. As for the measurement of time of travel, the duration 
was calculated from the first movement of the cursor from the starting point once 
a particular target was shown until the cursor touched the circumference of that 
particular target on any point for the first time. The time intervals to reach different 
target distances were compared between the device conditions to observe the influence 
of the head orthosis on head movement speed.

Statistics
Average EMG values for STR and UT and the average values of head variability and 
time of travel were acquired for 10 participants. Mean values for each group of data 
were calculated from three trials per condition for further analysis. These values were 
used in SPSS24 (SPSS Inc. Chicago, IL, USA) for statistical analysis by repeated measures 
analysis of variance (ANOVA), separately for pure flexion-extension, pure axial rotation, 
and combined flexion-rotation. Within subject factors were orthosis conditions (with 
and without orthosis), inclination angles (4 levels for pure flexion, 3 for pure rotation 
and 4 for flexion-rotation combined angles) and target size (small and big). In case of 
pure flexion, data were averaged over left and right muscles. In case of movements that 
involved head rotations, two additional factors named muscle side (2 levels, left and 
right side of the muscles) and rotation type, named as ipsi-contra (2 levels, ipsilateral 
and contralateral rotation) were implemented in the statistical model. The significance 
level for the statistical analysis was set at p<0.05.

RESULTS

Muscle Activation level
A significant main effect of orthosis condition (p=0.027) on activity of UT was found 
(Table 1, Figure 4) for pure flexion. On average, across the range of 10 degree extension 
to 30 degree flexion, muscle activity level of UT was reduced from 3.1% MVC without 
orthosis to 2.0% MVC with orthosis. For STR, no significant effect of orthosis, nor an 
interaction of orthosis and angle, was found.

5
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Figure 4: Average muscle activation levels for STR (sternocleidomastoid)and UT (upper trapezius) 
at -10 to 30 degree flexion angles.

For pure rotation of the head towards left and right, a significant main orthosis effect 
was found for STR (p=0.025) but not for UT (p=0.11) (Table 1, Figure 5). An interaction 
of orthosis*muscle-side was also found for STR (p=0.002). For the right STR, the average 
muscle activity level increased from 1.4% MVC without head orthosis, to 1.7% MVC 
with head orthosis. For the left STR, it increased from 2.1% MVC (without) to 3.1% 
MVC (with).

Similar effects were found in combined rotation-flexion movement (for STR p=0.003 and 
for UT p=0.095) (Table 1, Figure 5). However, the orthosis*muscle-side interaction was 
significant for both STR (p=0.017) and UT(p=0.005). For the right STR the average muscle 
activity level increased from 1.2% MVC to 1.6% MVC and for the left STR it increased 
from 1.8% MVC to 2.6% MVC in the condition with orthosis. For right and left UT these 
ranges were 2.8% MVC to 2.3% MVC and 3.2%MVC to 2.5% MVC respectively (Figure 6).

The interactions of the orthosis condition with other factors were non-significant 
except for orthosis*angle in combined rotations on STR (Table 1), where the increase 
of activity level ranged from 1.4% MVC at 10 degree to 1.8% MVC at 30 degree for 
ipsilateral combined rotation and from 1.6% MVC at 10 degree to 3.3% MVC at 30 
degree combined contralateral rot
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Table 1: P-values resulting from two-way and four-way repeated measures ANOVAs

STR UT
Pure 

flexion
Pure 

rotation
Flex-rot 

combined

Pure 
flexion

Pure 
rotation

Flex-rot 
combined

Muscle-side 0.006 0.003 0.002 0.009

Orrthosis  0.186 0.025 0.022 0.027 0.110 0.095
Ipsi-contra 0.001 0.008 0.561 0.445
Angle 0.099 0.001 0.002 <0.001 <0.001 <0.001

Orrthosis*Ipsi-contra 0.183 0.253 0.581 0.323
Ipsi-contra*Angle <0.001 0.446 0.009 0.124
Orrthosis*Angle 0.307 0.169 0.007 0.089 0.176 0.513
Orrthosis*Muscle-side 0.002 0.017 0.080 0.005

Orrthosis*Ipsi-
contra*Angle 0.332 0.358 0.15 0.368

Note:

- Data in bold are statistically significant, statistical significance was set at P<0.05.
- Calculation was done with orthosis condition, rotation angles, direction of rotation and muscles as 

factors and average muscle activation as outcome measure. Note that interactions with muscle side 
were not included in the statistical model

- the ‘*’ represents the interaction between among device conditions and angles in repeated measures 
ANOVA

For both STR and UT increased muscle activity level was observed with the increase of 
rotation angles (main angle effects in Table 1, Figures 4,5,6) ranging from 1% MVC to 
4% MVC for STR and 1% MVC to 3% MVC for UT from 10 degree to 30 degree rotation 
across all directions). The main effect of ipsi-contra lateral rotation was significant 
only for STR (p=0.001 and p=0.008 for pure and combined rotations respectively). The 
interaction of ipsi-contra lateral was significant for pure rotation only in STR (p<0.001) 
and UT (p=0.009), implying a larger increase with angle in the contralateral than in the 
ipsilateral muscle for the STR, and the opposite being the case for the UT.

5
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Head Movement

Both orthosis and target size had significant main effects on head orientation variability 
(p=0.008 and p=<0.001 respectively; Figure7) over the whole range of targets along 
different directions. However, it has to be noted that, the average absolute deviation 
from the mean head position across all the participants was less than 1 degree for both 
target sizes. A marginally significant (p=0.049) interaction between orthosis and target 
size was found in repeated measures ANOVA, where the effect of the head orthosis on 
head angle variability tended to decrease with a decrease in target size.

Figure 7: Stability of head position at different target sizes and device conditions.

Travel Time

No main effect of the device (p=0.209) or interaction of device with target size (p=0.401) 
or angular distance (p=0.312) was found on travel time (Figure 8). Significant main 
effects of target size (p=<0.001) and angular distance (p=<0.001) were found where 
travel time increased with higher angular distance and decreased with larger target size.
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Figure 8: Average travel time to reach small and big targets at a straight angular distance of 10, 
20 and 30 Degrees from the reference starting point.

DISCUSSION
The aim of this study was to assess the effect of the novel neck orthosis on neck muscle 
activation in healthy participants. As no previous study has been done on the effect 
of a dynamic head support, the current results can only be compared to studies done 
on the neck muscle activity levels during different neck postures [18,19] and effects 
of wearing helmets of different weights [20,21], all tested on healthy participants. The 
results from the current study are comparable to the results from the aforementioned 
studies. One of the previous studies measured the activity level of UT and STR during 
several neck postural tasks while standing [18]. The results showed that for neck flexion 
up to 30 degrees the activity level of the UT reached up to 2.4± 2.0% MVC (compared 
to 3.3±1.4% MVC measured in the current study). The activity level of STR reached up 
to 3.7± 2.4% MVC for head rotation of 45 degrees (compared to 3.7± 2.0% MVC for 30 
degree head rotation). Another study carried out on male participants showed that 
in the STR muscles, the activation levels were larger (although they did not provide 
quantitative comparison) in contralateral than ipsilateral axial rotation [19]. Our results 
showed the same for pure rotation, but not for combined flexion and rotation.

An important measure of the successful application of the neck orthosis is to evaluate 
how much reduction of physical load is represented by an average reduction of 
1.1% MVC of UT. A study [20] done on adult healthy participants to test the effect of 
helmet and night vision weight (approximately 2.5 Kg) on military personnel showed 
that the when a spring was attached, working in parallel to neck muscle extensors, to 
compensate for the extra load added to the head, the average muscle activity level of 

5
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STR, UT and Cervical paraspinal combined decreased by 0.5% MVC and the ability to 
maintain a static posture was 28% longer. In another study [21], helicopter pilots were 
asked to maintain a 20 degrees flexed neck posture and an added load of approximately 
1Kg between conditions caused an average of 0.6% MVC increase in UT muscle activity. 
From these studies it can be inferred that a small decrease of activity level of UT can 
be considered as a substantial decrease of weight bearing effort. As a result, the 1.1% 
MVC reduction in UT observed in the current study is very promising. Moreover, the 
patients suffering from MND or NMD have weaker neck muscles and would most likely 
have a larger benefit from using the current neck orthosis.

The STR, a non-weight-bearing muscle in flexion, was unaffected during pure flexion in 
our study. However, in pure rotation and combined flexion-rotation, the device caused 
an increase of STR activity. There might be several reasons for this increase. Firstly, 
the rotation of the head orthosis along the vertical axis (looking left and right) was 
made possible using a rolling mechanism, which may have introduced static friction 
in the system. This friction plus the inertia of the rolling parts likely resulted in higher 
force requirement for the STR to perform small corrections to keep the cursor in the 
target during static postures. Moreover, the rotation of the head orthosis is not purely 
synchronous to natural rotation of the head and therefore the STR activity may have 
been increased while wearing the orthosis, especially at larger rotation angles. However, 
as mentioned earlier, the activity level of the STR can reach up to 3.7± 2.4% MVC for 
head rotation of 45 degrees and to 14.6 ± 14.0% MVC for combined head movement 
[18]. From these results it seems that the variability in muscle activity level for STR is 
more than UT for same head movement. However, it cannot be determined from the 
results how much the effect of the increased activity level of STR will be a problem. 
This still requires to be seen how this effect will occur in patients. If in the future 
studies it would appear that the increase in muscle activity level of STR is challenging 
or problematic for the patients, a motor drive system could be added for the pure 
rotation of the head.

The current experiment indicated that the orthosis had no effect on the time to reach 
the target position from the reference starting point regardless of target size. This is a 
positive outcome as it indicates the head orthosis doesn’t hinder the natural speed of 
the participants’ head movements even though extra attachments are present and one 
plane of motion (lateral bending) is blocked. While inside the target, the head orthosis 
helped the participants to keep their head stable. However, the average effect of the 
orthosis was small (around 1-degree reduction of variability) and this may not have any 
effect during the real-life use of the orthosis.
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A limitation of the current study is that the magnitude of mechanical losses in the 
head orthosis are unknown. While during the development we took care to minimize 
mechanical losses, no measurement has been done to quantify the losses. So, it cannot 
be said that the stiffness of the device was exactly same in each repeated trial. Another 
limitation of the study is the exclusion of the deeper neck muscles as they are not 
reachable by surface EMG electrodes. Thirdly, although some familiarization with the 
required head movements and practice rounds with targets with the orthosis were 
provided to the participants and no pain was reported, it is still possible that some 
discomfort was experienced while using the orthosis as it requires the participants to 
move their head in somewhat unfamiliar ways because lateral bending was not possible. 
This may have also contributed to increased STR muscle activity levels. Moreover, 
despite customizing the support level for each participant, it is possible that the optimal 
support level was not achieved as the process was largely based on verbal feedback of 
the participants and they might have failed to provide the optimum feedback due to 
lack of experience with using the head orthosis.

 It is still not known how much neck muscle activation is present in the target groups of 
patients and how much reduction can be achieved by the current neck orthosis as well 
as how travel time and variability of the head would be affected. Future investigations 
are being planned to assess the effects of using the current neck orthosis on several 
target patient groups.

CONCLUSION
In conclusion, the present study has shown that a newly developed neck orthosis can 
reduce activity levels of upper trapezius muscles at different inclined positions and 
does not cause any further resistance to allowed movements, discomfort or pain to the 
user within the working range. However, in rotation the sternocleidomastoid activation 
increased. The knowledge obtained from this study will help further development of 
the current orthosis to make it more suitable for the target user groups. Potentially, 
the orthosis presented in the current study could support patients with neck muscle 
weakness to increase their independence and quality of living.

5
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