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Abstract— A cross-sectional human study was conducted to
validate a powered neck exoskeleton to assist with head-neck
motions in five head drop patients. Head drop, a condition
caused by neck muscle weakness, is commonly seen in patients
with neurological disorder, such as amyotrophic lateral sclerosis
(ALS). Current clinical practice of using static braces has low
acceptance by head drop patients due to their discomfort from
these braces and their inability to restore motion. Previously, a
powered neck exoskeleton was developed to assist with head-
neck motion but its efficacy was not evaluated by patients
with head drop. In the present study, ALS head drop patients
were recruited to use this exoskeleton and follow prescribed
head-neck motions. Their performance with the exoskeleton
was compared with their own performance when not receiving
any assistance from the exoskeleton. Head orientations and
surface electromyography of four select neck muscles were
recorded. Outcome variables were derived from these data and
compared between the two experimental conditions. We observed
that the subjects decreased their motion tracking errors and
reduced their neck muscle activation when receiving the robotic
assistance. We conclude that the powered neck exoskeleton could
help ALS patients regain their head-neck control.

I. INTRODUCTION

Head drop is a common symptom in patients diagnosed
with amyotrophic lateral sclerosis (ALS) [1], [2], [3], [4].
Due to the weakness of their neck muscles, patients present
with difficulties in positioning and moving their head-neck in
a controlled manner. In extreme cases, the head completely
drops, resulting in a chin-on-chest posture. Head drop limits
an individual’s ability to perform daily functional tasks, such
as participating in a conversation, or feeding themselves.
Additionally, patients with head drop often report neck pain
and suffer from respiratory issues [5], [6], [7], [8]. Prolonged
head drop may further result in muscle atrophy.

Static braces are recommended by physicians to support the
head [9], [10], [11]. Popular designs use parts that are made
of plastic or foam to form an enclosure around the neck to
support the head at the chin [12], [13]. However, these braces
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are often not used over a prolonged time by those with ALS
[14] because they are uncomfortable and challenging to wear.
The brace is either too tight, causing skin breakdown due to
humidity, or too loose, failing to effectively support the head.
Current research is mainly focused on improving the comfort
of static braces. Sheffield collar, for example, was invented
to support the head upright while allowing small movement
of the head. This collar was shown to be more comfortable
when compared with conventional braces [10]. However, the
need of regaining controlled head-neck movements was not
addressed for and hence remains unmet.
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Fig. 1: (A) The powered neck exoskeleton worn by a healthy
individual. The structure of the robot is attached between the
shoulders and the forehead. The electronics and control unit is
housed in a pouch which can be attached to the waist of the user.
(B) An ALS subject with head drop using this powered exoskeleton
to perform head-neck motions during the present study.

A powered neck exoskeleton was developed in the Re-
habilitation and Robotics (ROAR) Laboratory at Columbia
University to support head-neck movement (Figure 1). This
wearable device weighs less than 1.5 kg and allows up to
70% range of rotation of the head-neck in daily activities
[15]. Unlike conventional braces supporting the head under
the chin, this device is attached to the forehead through soft
fabric and can rest on the shoulders over a pair of pads. All
linkages are located on the back of the user so that their field
of view is not blocked. This choice also limits the posterior
extension, thus prevents hyper-extension of the neck. A novel
parallel mechanism was used to design the structure of this
robotic device and was then optimized based on the head-neck
movement data of human subjects.

A series of studies with healthy subjects have been
previously performed to validate the design and control to
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assist and retrain head-neck movements [16], [17], [18], [19],
[20]. Yet, the efficacy of this powered exoskeleton in assisting
ALS head drop patients with head-neck motion remains
untested. As a crucial step in moving forward, in this paper,
we present a pilot study where this robotic innovation was
evaluated by ALS patients who had mild-to-moderate head
drop. The focus was to investigate the mechanical integrity
of the robot and the user performance when using it.

We show that with the motion assistance provided by the
exoskeleton, the participants could move their head over a
larger range of motion and achieve more precise control of
the motion with lower neck muscle activation. To the best of
our knowledge, this is the first study to demonstrate that ALS
patients with head drop can regain coordinated head-neck
movements through a powered neck exoskeleton.

II. METHODS AND MATERIALS
A. Powered Neck Exoskeleton

The powered neck exoskeleton was used both as a measure-
ment and an assistive device in the present study. This robotic
device has three degrees-of-freedom and is actuated by three
servomotors (Dynamixel XM430-W350-R, ROBOTIS Co.
Ltd, Seoul, South Korea). The robot is highly back-drivable
due to the choice of the actuators and the kinematics of its
structure. The exoskeleton can therefore be used as a motion
sensor, i.e., measuring head-neck spatial orientation relative
to the shoulders when the motor torques are turned off.

To provide motion assistance, a keyboard control was imple-
mented in this study. The exoskeleton was controlled to make
incremental rotations by six different key: forward/backward
tilts and bi-directional turns and bends. The step sizes of
the increments were controlled by another pair of keys.
Inverse kinematics model was then used to compute the
motor trajectories based on the user inputs.

B. Subjects

TABLE I: Subject Characteristics

D Gender Age  Height (cm)  Weight (kg) %FVC!
001 M 55 195 91 37
002 M 33 185 116 20
003 F 56 169 73 99
004 M 76 166 69 89
005 M 39 183 110 53

Five ALS subjects (Table I) were enrolled in this study,
approved by the Institutional Review Board (IRB) at Columbia
University. These subjects were under consultation with
the neurologists at the Eleanor and Lou Gehrig MDA/ALS
Research Center, Columbia University Irving Medical Center.
They had presented or complained about heaviness of the
head during their most recent clinical checkup and were
recommended by their physicians to participate in this
experiment. The diagnoses of ALS of these patients were
made based on the El Escorial ALS diagnostic criteria [21],

L%FVC is percentage forced vital capacity.

TABLE II: Motion tasks used in this experiment.

Motion Tasks Functions (Units: SI)

(1) = 15°sin(0.271) — 10°
x(t) = 20° sin(0.27t)
x(t) = 25%sin(0.271)

Sagittal Plane Flexion-Extension
Coronal Plane Lateral Bending
Transversal Plane Axial Rotation

[22], clinical findings [23], [24], and lab testing. Static neck
braces or collars were used by three participants (subjects 001,
002, and 005) at the time of the experiment. Four subjects
presented with dropped head posture while seated (subjects
001, 002, 004, and 005). One subject reported moderate neck
pain (subject 001).

C. Experimental Procedures

After obtaining their consent, each subject was seated in
front of a computer screen (Figure 2A). On the screen, we
displayed the movement tasks to the subjects through a visual
interface (Figure 2B). The prescribed head-neck motion was
shown by an avatar (solid). It was overlaid with the actual
motion of the subject’s head-neck, represented by another
avatar (translucent). The powered exoskeleton (Figure 2C)
was then aligned and attached to the subject’s shoulders and
forehead. Soft padding was added, as needed, to ensure com-
fort and obtain a good fit between the robot and the subject.
Additionally, electrodes for surface electromyography (SEMG,
DTS, Noraxon USA Inc., Scottsdale, AZ, USA) were placed
at the four neck muscles of interest — sternocleidomastoid
(SCM) and splenius capitis (SC) on both sides of the neck.
The measurement of the EMG was time synchronized with
the neck exoskeleton system.

Three prescribed motions were used in this study (Table
II): sagittal plane flexion-extension, coronal plane lateral
bending, and transversal plane axial rotation. For each motion,
the subject followed continuously for five times within a
trial. The first and last cycles were discarded from the data
analysis. Because the neck exoskeleton was designed to
prevent hyper-extension of the head, the range of motion
allowed by the brace in extension is much smaller compared
to flexion [15]. Therefore, the motion in the sagittal plane
was chosen asymmetrically about the neutral upright position.
The amplitudes of the motions were selected such that the
subjects could see the computer screen while rotating their
head. The speeds of motions were chosen to be relatively
low so that the subjects were able to understand the motion
tasks using the visual interface.

The experiment had two conditions. First, each subject
performed the prescribed head-neck motions using their
own ability (Baseline condition). The exoskeleton was in
its ‘transparent mode’ to measure the head-neck motion of
the subject (Supplemental Video 1). Then, the subject repeated
the same motions (Assist condition), aided by the powered
exoskeleton through the motion controller (Supplemental
Video 2).

Due to neck muscle weakness, in the Baseline condition,
some subjects had difficulties to fully reach the desired range
of motion or to continue a motion that was in opposite
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direction to gravity (e.g., flexion/extension). Hence, during
this session, an experimenter stood by and placed the hands
around the subject’s head to gently support the head and
prevent it from falling. Due to the progression of the
disease, some subjects had developed weakness in their upper
extremity. Thus, pressing the keys on the keyboard was not
practical for them. During the Assist condition, a designated
experimenter watched the screen and pressed the keys for the
subjects to follow the prescribed motion. The experimenter
was kept the same across all five subjects. The subjects were
encouraged to rely on the motion provided by the neck brace
during the Assist condition.

Screen with

B
A Visual Display Neck Brace

Computer

EMG
Electrodes

Keyboard

Fig. 2: (A) A schematic of the experimental setup. The subject was
seated in front of a computer screen with an avatar interface. The
neck exoskeleton and the surface EMG electrodes were attached
to the individual. (B) The computer screen displayed the desired
and actual head motions through two avatars. The translucent avatar
indicates the actual head motion of the user, measured by the
exoskeleton, while the avatar with solid colors showed the desired
planar movement of the head-neck. Bar indicators placed on top of
the heads of the avatars updated the tracking accuracy with color
changes. (C) The structure of the powered neck exoskeleton. This
robot attaches to the shoulders and forehead of the user, measures
the head-neck movements through encoders, and assists with the
head-neck motions through three servomotors.

Prior to each experimental condition, verbal instructions
were given to the subjects. They were then allowed to
practice and familiarize themselves with the tasks and the
system. This period lasted for up to five minutes. A static
trial was performed to record the head-neck posture and
muscle activities while the head was in the upright neutral
configuration. This step provided a reference for the head
kinematics and neck muscle EMGs at rest.

D. Data Processing and Analysis

The independent variables in this study included the
experimental condition (Baseline vs. Assist), the movement
plane (Sagittal, Coronal, and Transversal), and the muscle
channels (ISCM, rSCM, ISC, rSC). The outcome (dependent)
variables were derived from the head kinematics and the neck
muscle activation, collected by the neck exoskeleton (50 Hz)
and the surface EMG sensors (1.5 kHz), respectively. The
kinematic data were low-pass filtered at 10 Hz. The EMG

data were de-trended and band-pass filtered between 3 and
450 Hz, followed by a full wave rectification.

For the dependent variables, we use a representative data
(Figure 3) to illustrate these variables:
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Fig. 3: Kinematic and EMG outcome variables from a subject during
sagittal plane flexion-extension: (Top) Desired (grey dashed) and
actual (black) movement of the head-neck in sagittal plane. The
difference between the maximum and minimum value of the actual
movement in the sagittal plane denotes the range of motion of the
subject during this trial. To compute IPE, the actual movement
was first shifted to be aligned with the desired signal. (Middle)
Out-of-plane movements of the head. (Bottom) Filtered EMG of
the left SCM (blue) where the iEMG is the area under the curve
(shaded blue).

In-plane tracking error (IPE): This variable was defined
as the root mean square (RMS) error of the actual head-neck
motion compared to the prescribed motion in the desired
movement plane, during the three motion cycles recorded. To
eliminate the time delay when reacting to the target movement,
the signals were aligned in software prior to computing this
variable. This variable evaluates the ability to follow the
movement within the desired plane.

Out-of-plane error (OPE): There are two out-of-plane
rotations when tracking a single plane motion. It is the lateral
bending and the axial rotation during a sagittal plane motion,
for example, as shown in Figure 3. The OPE was defined
as the maximum value of the absolute mean of these two
angles, during the three motion cycles recorded. This variable
assesses the ability to control the head to move within the
desired plane.

Range of motion error (RME): This was defined as the
absolute difference of the motion ranges between the desired
and the actual movements within the desired plane, during
the three cycles recorded. The desired ranges of motion can
be computed from the desired motions in Table II. The actual
ranges of motion were obtained by the arithmetic difference
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between the maximum and minimum value of the actual
motion. This variable quantifies the ability to coordinate
movements within the specified range.

Integrated EMG (iEMG): This variable was defined as the
area under the curve of the EMG from a specific muscle
during the three motion cycles recorded in each trial. It is
used to infer the amount of muscle input from the subject
during a movement.

We hypothesized that all outcome variables, i.e., the
IPE, OPE, RME, and iEMG, decrease among the subjects
while performing the tasks assisted by the neck exoskeleton.
Due to the small sample size and heterogeneity among the
subjects, non-parametric tests were used. Wilcoxon signed-
rank test was performed to investigate the effects of the
experimental conditions on the outcome measures. The
influence of the movement directions and the muscle groups
were examined using Friedman test. Additionally, the effects
of the consistency of the designated experimenter who pressed
the keyboard during the Assist condition on variables of
head kinematics (IPE, OPE, and RME) were tested using
Kruskal-Wallis test. Matlab (R2018b, MathWorks Inc., Natick,
MA, USA) was used to perform the statistical analysis. The
statistical significance threshold was set at p < 0.05.

III. RESULTS

Individual performances of these five subjects are sum-
marized in Table III. Except for subject 001, all subjects
were able to complete the Baseline condition against gravity
without receiving support from the experimenter. When aided
by the neck exoskeleton, all five subjects were able to
complete the movement tasks of the head-neck.

The subjects can be roughly categorized into three levels
based on their performances. Subject 001 was not able
to complete the motions as this individual needed gentle
push from the experimenter to continue the task and had
a small range of motion. When aided by the exoskeleton,
the range of motion of the head-neck of this individual
increased significantly. Subjects 002, 004, and 005 were able
to complete the tasks on their own during Baseline. When
supported by the exoskeleton, their tracking performance
gained moderate improvements with lower muscle activation.
Subject 003 out-performed other participants during Baseline.
The muscle EMG of this subject reduced significantly by
46.9% when assisted by the robotic brace.

The IPE was found to be significantly lower in the Assist
than the Baseline condition (Median = 2.67°, IQR = —0.69° ~
5.63°; p = .008). The movement planes of the tasks had little
effect on IPE (Chi-square = 3.79; p = .15). The OPE was also
found to be significantly lower in the Assist than the Baseline
condition (Median = 3.11°, IQR = 1.01° ~ 5.45°; p = .002).
The change of movement planes did not influence the OPE
(Chi-square = 2.08; p = .35). Additionally, the RME was
reduced in the Assist condition, as compared to the Baseline
condition. This reduction was found to be significant (Median
=9.21° IQR = 4.62° ~ 12.90°; p < .001) regardless of the
movement planes (Chi-square = 4.75; p = .093).
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Fig. 4: A box plot for the in-plane tracking error (IPE), compared
between two conditions during head-neck movements in three
anatomical planes.
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Fig. 5: A box plot for the out-of-plane tracking error (OPE),
compared between two conditions during head-neck movements
in three anatomical planes.
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Fig. 6: A box plot for the range-of-motion error (RME), compared
between two conditions during head-neck movements in three
anatomical planes.

The iEMG was found to be significantly reduced when
the head-neck was supported by the exoskeleton (Median =
68.03u - Vs, IQR = 26.18 ~ 106.99u - Vs; p < .001) during
both the static (i.e., holding the upright posture) and the
dynamic tasks. This was consistent across all four muscles
(Chi-square = 0.21, p = 0.98).

Kruskal-Wallis test revealed that when assisted by the
exoskeleton, the head kinematics were not significantly differ-
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TABLE III: Individual subject performances.

IPE (5) OPE (5) RME (o) IEMG (uV-5)
ISCM  rSCM ISC rSC
Sagittal Bass:line2 9.7 4.9 14.4 212.8 167 168.1 2478
Assist 4.6 1.5 4.8 177.8 110 136.2 2153
001  Coronal Bas.eline 12.3 0.6 33.8 193 249.4 125.9  207.5
Assist 2 1.1 2 142.8 162.9 76.7 176.7
Transversal Bas;]ine 18.2 0.1 47.2 170.8 3225 132 220.7
Assist 9.6 2.8 2.6 152 183.8 125.1 1833
Sagittal Basgline 6 3 0.4 296.5 2103  490.1 563.5
Assist 2.8 0.9 4.7 220.5 199.1 404.7  498.6
002 Coronal Baseline 7.4 10.9 12.9 301.7 267.1 4955 550.8
Assist 8.6 3.6 3.7 206.1 168.3  355.7 405.8
Transversal Bas;line 7.6 44 14.7 371 336.8 4778 5148
Assist 8.6 1.3 1.6 160.3 169.8  354.7 417.5
Sagittal Bas.eline 8 6.4 15.7 1712 89.6 2143 2159
Assist 2.1 0.5 33 83.3 77.8 1348  139.1
003  Coronal Bas;line 5 4.5 7.5 292.1 312.7 155.7 186.8
Assist 3 0.9 0.4 125.1  247.6 102.3 1155
Transversal Basgline 6.9 23 19.5 2162 456.1 152.8 226
Assist 6.6 1.4 0.7 1144 824 91.5 113.9
Sagittal Bas;line 43 2 10 108.6 1333 170.1  128.1
Assist 1.9 0.5 5.6 123.8 1379 174 136
004 Coronal Bas;line 4.6 10 5.5 2473  438.1 1919 121
Assist 1.9 1.7 0.3 1165 2372 1474 1129
Transversal Basgline 4.4 3 4 1223 251.8 2302 132
Assist 6.6 2.2 24 115.5 151.8 159.2 125
Sagittal Bas;line 8.3 7 13.6 53477  246.6 2166 1432
Assist 5.6 3 8.5 148.1 1689  212.1 121.6
005 Coronal Bass:line 2.3 9.3 2.6 585.7 200 2257 1354
Assist 4.1 1.2 1.1 1739  128.1 167.2 1325
Transversal Bas.eline 9.7 2.8 18.6 607.9 275 227.1 1463
Assist 2 0.2 6.1 168.6 128.4 1744 135.6
300 patients with mild-to-moderate head drop were recorded when
ol M rSCM I8¢ rSC using the exoskeleton. The subjects were asked to follow
desired three single-plane head-neck movements, aided by the
3600 + powered exoskeleton. Their performance was compared with
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Fig. 7: A box plot for the integrated EMG (iEMG), compared
between two conditions across four neck muscles.

ent among subjects. The IPE (Chi-square = 3.23; p = 0.52),
OPE (Chi-square = 2.17; p =0.71), and RME (Chi-square =
3.3; p=0.51) were all similar regardless of subjects. These
results suggest that the designated experimenter performed
consistently to press the keyboard to control the exoskeleton.

IV. DISCUSSION

The main objective of this paper was to evaluate a powered
neck exoskeleton to assist with head-neck motions for ALS
head drop patients. A human study was conducted where
the head kinematics and neck muscle EMG of five ALS

*The experimenter supported the subject to avoid falling of the head
during the experiment.

Holding the head upright is a simple task for a healthy
individual. It requires the neck muscles, flexors and exten-
sors, to coordinate so that the stability of the head can
be maintained under gravity. This task, however, becomes
progressively challenging for ALS patients. Our data (i.e.,
iEMG) suggest that the powered neck exoskeleton supported
the head for these subjects to stay upright with much lower
muscle activation of their own.

During three single-plane motions, the head kinematics,
quantified by the IPE, OPE, and RME, improved when the
head-neck was aided by the exoskeleton. Meanwhile, the neck
muscle activation of the subjects, quantified by the iEMG,
was also found to be much lower across neck muscles when
using the powered exoskeleton. These results suggest that
this robotic device effectively decreased the muscle inputs
from the subjects while helping them complete the tasks.

The desired movements were displayed on a computer
screen and cued by avatars. This design provided visual
feedback and was easy to understand by the subjects. Like a
metronome, it helped set the pace but it also offered richer
visual information for the subjects to make adjustments during
the tasks.
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With the progression of ALS, patients lose muscle strength
and functional range of motion to perform head-neck motions.
As seen in the enrolled subjects, for example, patients with
weaker neck muscles had more difficulty to follow the
prescribed movements. Unlike conventional static braces, we
demonstrated that the powered neck exoskeleton can support
the head-neck and help head drop patients regain coordinated
movements and range of motion. As commented by some
of the subjects, this robotic solution could potentially enable
them to socialize with others. It could also help them stretch
the neck muscles to gain range of motion and relieve neck
pain.

A keyboard interface was used in this study to control
the neck exoskeleton. Due to the weakness of the upper
extremity, however, a few patients could not press on the keys
or react fast enough to use this interface. An experimenter was
designated to press the keys to command the brace, based on
the experimenter’s perception of the tasks and the familiarity
of the keyboard. We show that the performance delivered by
this experimenter remained consistent across all five subjects.
Nevertheless, simple but intuitive input devices need to be
integrated with this wearable robot to allow a patient to
control intended head-neck movements on their own. Special
keyboards with bigger keys and wearable eye-trackers could
potentially be options [25].

V. CONCLUSIONS

This paper investigated the efficacy of a powered neck
exoskeleton to assist with head-neck motions for ALS patients
with head drop. While performing head-neck tracking tasks
without and with the assistance of the exoskeleton, the head
kinematics and neck muscle EMG were compared in five
ALS subjects with mild-to-moderate head drops. The results
suggest that these participants improved tracking with lower
muscle activation while aided by the powered exoskeleton.
We believe that this robotic device can assist with head-neck
motions for ALS head drop patients, potentially improving
their quality of life.
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