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Abstract— Cervical traction is a common and effective treat-
ment for degenerative disk diseases and pain in the cervical
spine. However, the manual and mechanical methods of ap-
plying traction to the head-neck are limited due to variability
in the applied forces and orientation of the head-neck relative
to the shoulders during the procedure. Current robotic neck
braces are not designed to provide independent rotation angles
and independent vertical translation, or traction, to the brace
end-effector connected to the head, making them unsuitable for
traction application. This work proposes a novel architecture
of a robotic neck brace, which can provide vertical traction to
the head while keeping the head in a prescribed orientation,
with flexion and lateral bending angles. In this paper, the
kinematics of the end-effector attached to the head relative to a
coordinate frame on the shoulders are described as well as the
velocity kinematics and force control. The paper also describes
benchtop experiments designed to validate the position control
and the ability of the brace to provide a vertical traction
force. It was shown that the maximum achievable end-effector
orientations are 16◦ in flexion, 13.9◦ in extension, and ± 6.5◦

in lateral bending. The kinematic model of the active brace
was validated using an independent motion capture system
with a maximum root mean square error of 2.41◦. In three
different orientations of the end-effector, neutral, flexed, and
laterally bent, the brace was able to provide a consistent
upward traction force during intermittent force application.
In these configurations, the force error has standard deviations
of 0.55, 0.29, and 0.07N, respectively. This work validates the
mechanism’s ability to achieve a range of head orientations and
provide consistent upward traction force in these orientations,
making it a promising intervention tool in cases of cervical disk
degeneration.

Index Terms— Parallel Mechanisms, Kinematic Analysis, Re-
habilitation Robots

I. INTRODUCTION

Cervical spondylosis is a disease that refers to age-related
degeneration of the cervical spine [1]. This disk degeneration
affects approximately 80-90% of people over the age of 50
[2]. Spondylosis can cascade into a variety of subsequent
neck deformities, including cervical radiculopathy, which
is a disorder caused by nerve root dysfunction [3] [1].
These deformities can cause weakness in the upper or lower
extremities and difficulty with fine motor tasks [4]. Further-
more, the pain and dysfunction associated with cervical disk
degeneration can negatively affect quality of life and interfere
with the ability to complete activities of daily living [5].
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While surgery can correct some degenerative disk condi-
tions [6], it increases the risk of complications [7]. In order
to mitigate the risks associated with surgery, non-operative
methods are used to treat cervical disk disease. A survey
concluded that 93.1% of physical therapists use traction as
a method for treating nerve root compression caused by
cervical radiculopathy [8]. In a clinical setting, manual and
mechanical traction methods are used to treat patients [8].

During manual traction, the patient‘s head and neck are
manipulated by a trained physical therapist or a physician.
The head is moved in a variety of orientations, and traction
is applied as the clinician sees fit [9]. Manual traction
provides the clinician with the most freedom to manipulate
the position and orientation of the head, but suffers from
the error intrinsic to human manipulation. When clinicians
deliver traction forces manually within coarse categories of
0-20N, 20-50N, and 50N+, they are able to achieve the
correct level only 75% of the time [10].

Mechanical traction is a common method of applying cer-
vical traction, where the patient lies in a supine position with
the head flexed forward on a cradle [11]. As nomenclature,
flexion and extension are rotational movements in the sagittal
plane, where the chin is moving towards or away from the
chest, respectively. This cradle is attached to a machine that
moves on a track in a direction away from the shoulders
parallel to the cervical spine. Mechanical traction has an
advantage over manual traction as it has more precise control
over both the head position and the magnitude of forces ap-
plied during traction. It can also provide intermittent traction
to the patient during which the traction force cycles between
high and low values with specific timing. Intermittent traction
has been shown to decrease pain in people with cervical
radiculopathy and reduce the effect that the disease has
on their activities of daily living [12]. Intermittent traction
has also been shown to outperform continuous traction in
reducing pain and increasing mobility [13].

Another form of mechanical traction is over-the-door
traction for at-home use [14]. In this method, the user wears
a head halter, which is fitted around the base of the head
under the skull [15]. The halter is connected to a water bag
on a pulley, which provides an upward force on the head. In
patient groups with cervical radiculopathy, over-door traction
was found to lower neck disability and pain [16]. Both forms
of mechanical traction have limited control over the angle
of the head, and neither allows for rotation in the frontal
plane, also known as lateral bending. The ability to provide
traction force in a lateral bending position has been shown
to improve cervical range of motion and reduce neck pain
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[17]. Therefore, it is important to include this capability in a
traction device, but there is no mechanical traction method
that can keep the head in a laterally bent position.

A clear gap exists in this area due to (i) lack of control
of the angular orientation of the head during traction and
(ii) control of the traction force. Robotic neck braces have
recently emerged as a method of prescribing an orientation
of the head or for applying forces. These devices use active
linkages between the shoulders and the head to control head
movement, making them attractive options for the application
of cervical traction. However, existing robotic neck brace
architectures have limitations in the application of cervical
traction. Robotic neck braces that are focused on head
rotation lack the ability to provide an independent vertical
translation to the head [18]. Similarly, other proposed cable-
driven dynamic neck brace designs have 3 rotational degrees-
of-freedom, but lack independent vertical translation [19].
While a 6 degree-of-freedom mechanism has been designed,
using the architecture of a Stewart platform, it was not
aimed at exploring traction force application [20]. Another
mechanical traction device was designed and tested for the
application of cervical traction in a surgical setting [21].
This device can provide a traction force, with a manually
prescribed flexion angle, but does not provide control over
the lateral bending angle.

Two neck devices were proposed for traction application
that use a 3RPS structure as the architecture of the brace
[22] [23]. However, the motion of these mechanisms is not
ideal for traction. This is due to the coupling of the axial
rotation angle to the lateral bending and flexion-extension
angles of the end-effector. During traction, therefore, the
clinician would not be able to command an angle of lateral
bending or flexion without also affecting the axial rotation
of the head-neck. Therefore, a different architecture must
be chosen to decouple the axial rotation motion from the
other two rotations while also allowing independent vertical
translation. These gaps in the current literature motivate the
work presented in this paper.

A. Motivation and Novelty

Existing methods of applying traction have limitations
either due to human variability or physical inability to
provide traction to a patient in a lateral bending orientation.
Robotic neck braces, while allowing both flexion-extension
and lateral bending, currently cannot independently control
the vertical translation.

Therefore, a novel architecture of a robotic neck brace is
proposed with three chains, which can independently control
vertical translation, each consisting of an RPUR structure.
This architecture of the parallel mechanism was included
in a collection of possible parallel mechanisms in [24].
However, detailed analysis and design of mechanisms with
this architecture have not been reported in the literature or
pursued for this application. Due to the specific architecture
of the individual chains of the parallel robot, it can be
verified, using the principles of screw theory, that the end-
effector has an independent vertical translation in the inertial

S1

S2

S3

A1

A2

A3

Q1

Q2

Q3

E1

E2

E3

x y

z

O

x y

z

P

θ11

θ13

x

z

A1

S1

Q1

E1

O

d21

θ11

L

l

Fig. 1. (Top) Schematic of overall Brace: The base frame is defined by
the shoulders, with an origin at point O. The end-effector frame is at the
head and has an origin at point P. (Bottom) A schematic of chain 1 of the
mechanism.

frame aligned with the shoulders. This work proposes the
first traction device that can apply an independent vertical
translation to the end-effector, along with degrees-of-freedom
of the end-effector in both flexion-extension and lateral
bending. The brace was designed, constructed, and validated
to demonstrate these features in this paper.

II. MATHEMATICAL MODEL

A. Mechanism Architecture

The brace has three RPUR chains, and the end-effector
has three degrees-of-freedom. This structure provides flexion,
extension, lateral bending, and vertical translation roughly
parallel to the cervical spine relative to the shoulders. A
three-chain mechanism was selected to be placed around the
head and shoulders in a wearable application. Each chain has
the same RPUR structure. The chains are placed such that
the axes of the first revolute joints (Si) for chains 1 and 3
are parallel to each other and perpendicular to the axis of
the first revolute joint of chain 2 (See Fig.1). The universal
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Fig. 2. Brace CAD with chain 1 parts labeled.

joint consists of two revolute joints, whose axes intersect at
the point Qi. The axis of the second revolute joint on the
universal joint and the axis of the final revolute joint on the
chain intersect at the points Ai. The prismatic joints between
Si and Qi are the active joints in this design.

A CAD model of the device is displayed in Fig. 2
where chains 1 and 3 sit on the left and right shoulders,
respectively, while chain 2 is attached behind the neck, taking
support from the shoulders. The end-effector of the device is
designed as a headband around the forehead of the wearer.

Examination of the constraints on key points of the mech-
anism reveals that A1 and A3 are constrained to the xz plane
of the base frame. Therefore, the plane created by Ai cannot
rotate about the z-axis. Since the plane Ai is on the rigid
body of the end-effector, it can be concluded that the end-
effector cannot rotate about the z-axis and the rotation in the
horizontal plane (α) must be zero.

B. Inverse Kinematics

The prismatic joint lengths in chains 1, 2, and 3
(d21, d22, d23) were computed given a desired end-effector
flexion angle (β), lateral bending angle (γ), and vertical
position (FOPz). The rotation matrix ORP of the base frame,
FO, to the end effector frame, FP , was described as a Space
3-1-2 rotation with angles [α, β, γ].

ORP =

sαsβsγ + cγ sβsγ − cγsα cβsγ
sαcβ cαcβ −sβ

sαsβcγ − sγ cαsβcγ + sγsα cβcγ


where s and c are abbreviations for sin and cos, respec-

tively.
As previously established, α = 0, which allows the

rotation matrix to be simplified further.

ORP =

 cγ sβsγ cβsγ
0 cβ −sβ

−sγ sβcγ cβcγ



The locations of Ai and Ei in the base frame were
computed using the rotation matrix from the base frame to
the end-effector frame, ORP , where i refers to the chain
being analyzed.

FOAi =
FOP + ORP

FPAi, i = 1, 2, 3 (1)
FOEi =

FOP + ORP
FPEi, i = 1, 2, 3 (2)

Due to the constraints on the y positions of A1 and A3, as
well as the constraint on the x position of A2, a relationship
was computed between the angles β, γ, and the Cartesian
positions of the end-effector. By setting the expressions for
A1y and A2x equal to zero, the relationship between these
values was found and is displayed in (3). For simplicity, the
position of the origin on the end-effector in the base frame
will be written as x, y, and z, moving forward in the paper.

y = −FPA1xcβ − sβ(L− l)

x = −FPA2ysβsγ + cβsβ(L− l)
(3)

The lengths ||EiQi|| and ||AiQi|| are constants and known.
Using these lengths, two equations were created for each
chain i.

||FOAi − FOQi||2 = ||AiQi||2 (4)

||FOEi − FOQi||2 = ||EiQi||2 (5)

i = 1, 2, 3

Equations (4) and (5) are simplified and recombined into
(6) and (7), The values of a1i, a2i, a3i, a4i, a5i, and a6i are
known given the end-effector orientations [β, γ, z].

(a1i − b1i)
2 + (a2i − b2i)

2 = a3i (6)

(a4i − b1i)
2 + (a5i − b2i)

2 = a6i (7)

where,
b1i = d2isinθ1i

b2i = d2icosθ1i

Using the trigonometric identity s2θ1i + c2θ1i = 1, (6) and
(7) were simplified and combined to create a matrix equation,
where a7i and a8i are functions of a1i, a2i, a3i, a4i, a5i, a6i,
and d2i. [

a1i a2i
a4i a5i

] [
sθ1i
cθ1i

]
=

[
a7i
a8i

]
(8)

After solving for sθ1i and cθ1i, the trigonometric identity
s2θ1i + c2θ1i = 1 was used again to yield the following
scalar equation.

(a5ia7i − a2ia8i)
2 + (−a4ia7i + a1ia8i)

2

= (a1ia5i − a2ia4i)
2 (9)

Equation (9) can be solved numerically for each chain to
determine the joint lengths [d21, d22, d23] for a commanded
β, γ, and z.



C. Forward Kinematics
The forward kinematics of this system is defined as finding

the flexion angle, β, the lateral bending angle γ, and the
z position of the end-effector, z, given the prismatic joint
lengths in chains 1, 2, and 3, i.e. d21, d22, d23. This is
accomplished by finding (9) for each chain. This set of three
equations relates the three unknown variables, [β, γ, z], to
the known variables d21, d22, d23. All other variables in the
equations are known based on the geometry of the brace.

This system of equations can be solved numerically. In
order to reduce error due to multiple solutions, an initial
guess for the values of [β, γ, z] is selected. During real-time
computation, the initial guess is set as the [β, γ, z] values of
the brace from the previous time step.

D. Jacobian
During force control, the forces of interest are the three

Cartesian forces. Fx, Fy , and Fz . Therefore, (6) and (7) were
modified such that they were in terms of d2i, θ1i, x, y, and
z. The relationships between β, γ, x, and y were previously
derived in (3). These equations were then differentiated with
respect to time, yielding the following three sets of two
equations.

A1i
˙d2i +B1i

˙θ1i + C1iẋ+D1iẏ + E1iż = 0 (10)

A2i
˙d2i +B2i

˙θ1i + C2iẋ+D2iẏ + E2iż = 0 (11)

i = 1, 2, 3

where the coefficients A1i, A2i, B1i, B2i, C1i, C2i, D1i,
D2i, E1i, E2i are dependent on the brace configuration.

Equation (10) was solved for ˙θ1i and substituted into (11).
This results in 3 equations which can be combined to create
the matrix equation (12) which relates the joint velocities to
the Cartesian end-effector velocities.

H

 ˙d21
˙d22
˙d23

 = K

ẋẏ
ż

 (12)

where

H =

A21 − A11 B21

B11
0 0

0 A22 − A12 B22

B12
0

0 0 A23 − A13 B23

B13



K =

C21 − B21 C11

B11
D21 − B21 D11

B11
E21 − B21 E11

B11

C22 − B22 C12

B12
D22 − B22 D12

B12
E22 − B22 E12

B12

C23 − B23 C13

B13
D23 − B23 D13

B13
E23 − B23 E13

B13


Therefore, the velocity kinematics of the mechanism can

be described as follows.ẋẏ
ż

 = J

 ˙d21
˙d22
˙d23

 (13)

where J = K−1H .
Simulation analysis confirms that the matrix K remains

invertible throughout the range of motion of the mechanism.

E. Force Control

Due to the constraints on the degrees-of-freedom of the
mechanism, there is a relationship between select Cartesian
velocities and angular velocities of the end-effector. The re-
lationships between the measure numbers of angular velocity
of the end-effector and the rate of change of the Euler angles
in a Space 3-1-2 rotation are available in [25]. As α = 0,
the equations can be further simplified.

ω1 = β̇

ω2 = γ̇cβ (14)

ω3 = −γ̇sβ

where ωi are the measure numbers of the angular velocity of
the end-effector along the coordinate directions of the end-
effector.

The time derivative of the position constraint equations
in (3) can be computed using a symbolic toolbox, yielding
the following equations, where the coefficients f, g, h are
dependent on brace geometry and configuration.

ẋ = fβ̇ + gγ̇

ẏ = hβ̇
(15)

These equations can be solved for β̇ and γ̇, which can
then be substituted into (14), resulting in three equations that
relate the components of the angular velocity and Cartesian
velocity of the end-effector. These equations can then be put
into matrix form, yielding the velocity constraint matrix G.ω1

ω2

ω3

 =

 0 1
h 0

cβ − fcβ
gh 0

−sβ
g

fsβ
gh 0


︸ ︷︷ ︸

G

ẋẏ
ż

 (16)

The joint actuator forces [F1, F2, F3] can be related to
the end-effector forces and moments by equating the rate of
work done by the actuators to the rate of work done on the
environment by the end-effector.[

F1 F2 F3

]
q̇ = FT Ẋ (17)

where FT = [Fx, Fy, Fz,Mx,My,Mz], the end-effector
forces exerted on the environment, Ẋ = [ẋ, ẏ, ż, ω1, ω2, ω3],
and q̇ = [ ˙d21, ˙d22, ˙d23].

On substituting (16) into (17) and collecting terms, we get
the following force relationship

[
F1 F2 F3

]
= (

[
Fx Fy Fz

]
+

[
Mx My Mz

]
G)J
(18)

It is important to observe the structure of (18). As the
third column of G consists of all zeros, the third element of
(
[
Fx Fy Fz

]
+

[
Mx My Mz

]
G) is Fz , the vertical

force along the z direction. This feature allows for indepen-
dent control of vertical traction force.
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III. METHODS

A. Prototype

The brace is primarily constructed of 3D printed parts,
along with off-the-shelf parts for fasteners, joint hardware,
motors, and force sensors. The first revolute joint of each
chain uses the existing joint axis at the bottom of the linear
actuator at Si, as displayed in Fig. 2. A custom 3D printed
adapter was designed to attach one side of a Futek LCM 200
load cell to the end of the linear actuator. Connected to the
other side of the load cell is a universal joint, which contains
two revolute joints, and is located at the intersection points
of the revolute joint axes, at point Qi. Finally, the distal link
is attached to the end of the universal joint and at point Ei,
the chain attaches to the headband end-effector.

The Actuonix P16-100-64-12-P linear actuators selected
for this mechanism use a DC motor with an integrated
encoder to deliver position feedback to the microcontroller.
The load cells are connected to Futek amplifiers, which allow
the microcontroller to read the forces. This brace utilizes a
Photon microcontroller for low-level control of the motors in
both position and force control modes. The high-level control
is conducted on a desktop computer which streams position
or force commands to the microcontroller over WiFi.

B. Position Control

A benchtop experiment was designed to validate position
control of the brace. Commands for end-effector orienta-
tion and position were sent in a sinusoidal pattern ranging
from the minimum to maximum values of flexion-extension
movement, lateral bending, and vertical translation. Based on
the mathematical model, taking into consideration the stroke
length of the linear actuators, the maximum achievable end-
effector angles in flexion-extension motion are 21.1◦ and -
16.6◦, where the positive and negative values refer to the
flexion and extension angles, respectively. The maximum lat-
eral bending angle is 8.25◦ symmetrically in each direction.
In the neutral configuration, the vertical range of motion is
50 mm. The brace was commanded to complete 3 cycles of
motion in each direction with a period of 25 seconds.

The linear actuator lengths were computed from the de-
sired position and orientation and were sent to the microcon-
troller at 50Hz, following the position control block diagram
in Fig. 3. A VICON motion capture system was used to
measure the achieved position and orientation of the end-
effector and the base. Three retroreflective markers were
placed near points Ei, and three near points Si in order
to define the end-effector and base frames, respectively. The
commanded and achieved joint positions were recorded along

Force Torque 
Sensor

Aluminum
 Framing

Adjustable 
Spherical Joint

Fig. 4. Force testing apparatus with a six-axis force-torque sensor installed
between the brace end-effector and the fixed frame.

with the orientation and position of the end-effector relative
to the base frame by using a VICON Lock Lab control box.

C. Force Control

In order to validate the ability of the robotic brace to
provide a traction force to the head, the brace was placed
in three different configurations, neutral, where flexion and
lateral bending angles are set to 0, 10 degrees of flexion,
and 5 degrees of lateral bending. These values of flexion and
extension were chosen away from the neutral configuration
while avoiding the extreme edges of the workspace. The
force apparatus displayed in Fig. 4 was designed such that
the end-effector of the brace could be configured to a certain
position and orientation before being locked into place by
the adjustable spherical joint. A piece of aluminum framing
was used to fix the end-effector in place. This testbed was
designed to imitate human neck movement and validate the
device’s ability to apply forces in the direction and configu-
rations commonly used during traction. An ATI Mini45 six-
axis force torque sensor was connected between the end-
effector and the aluminum framing, allowing it to measure
the forces exerted by the end-effector on the environment.
The origin and axes of the force torque sensor were aligned
with those of the end-effector frame.

The control diagram in Fig. 5 depicts the method by
which the upward force input was applied to the end-
effector, with the lower level control once again occurring
on the microcontroller. At each of the previously described
positions, a vertical force of 22.3N (5lbs) was commanded
for 15 seconds and then the commanded force was set to 0N
for 15 seconds, which was repeated 3 times. The remaining
end-effector forces and moments were set to be zero. This
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method was chosen to mimic intermittent traction, which
generally has a holding time of 10-25 seconds [26]. This
force pattern uniquely suits the brace as it requires the timed
application and release of traction force.

During vertical force testing, the rise time, steady state
error, and maximum out-of-plane forces were collected. Rise
time was calculated as the time required for the vertical force
to reach its average steady state value from the time the
command was sent. The steady-state error was computed
as the difference between the commanded force and the
average value of the vertical force during the second half
of high force application. This timing was selected to allow
the mechanism to reach a steady force. The maximum out-
of-plane forces were the maximum forces measured in the x
and y directions which were commanded to be zero.

IV. RESULTS AND DISCUSSION
The conducted experiments aimed to prove the ability of

the robotic traction neck brace to achieve controlled position
and orientation control, as well as vertical force control.

A. Position Control
The maximum achieved angles for flexion and extension

were 16.01◦ and -13.9◦, respectively. This range of motion
includes commonly used flexion angles, which can be around
15◦ [27] during traction. The maximum lateral bending an-
gles were 6.54◦ and -6.58◦ for left and right lateral bending,
respectively. The flexion and extension angles achieved by
our mechanism is larger than the range of motion of the
device proposed in [23], which had maximum flexion and
extension angles of approximately 8◦. The maximum lateral
bending angle is comparable in the two designs with the
maximum lateral bending angles of 7◦ in each direction.
When compared with the range of motion in [22], our device
has a higher maximum flexion range of 13.5◦. However, the
right and left lateral bending angles of 20◦and 22.1◦were
higher than those achieved in our device. The mechanism
proposed in this paper outperforms both of these mechanisms
in flexion. The device in [18] has a higher range of motion
in both flexion and lateral bending, 45◦and 35◦, respectively.
Our brace’s ability to achieve flexed, laterally bent, and
neutral positions demonstrates the device’s ability to access
different head orientations to apply traction forces. Despite
the lateral bending angle being limited relative to other
robotic devices, the independently controlled lateral bending
and vertical translation of this device are key features that
do not exist in current mechanical traction devices.

The ability of the motors to reach commanded positions
was measured through the root mean square error (RMSE)

TABLE I
ERROR BETWEEN COMMANDED (C), MEASURED (M), AND EXPECTED

(E) POSITIONS

Trial RMSE C vs E RMSE E vs M
Flexion Extension 4.72◦ 2.41◦

Lateral Bending 1.97◦ 1.04◦

Vertical Translation 6.03mm 1.56mm

between the commanded and expected end-effector position
and orientation based on the motor encoders and the forward
kinematics model. The RMSE, as displayed in Table I, re-
mained below 5 degrees in both flexion-extension and lateral
bending motion. Fig. 6 displays the two signals through
the duration of each position trial. A major source of this
error was the delay between when the command was sent
to the microcontroller and when the motors achieved this
position. This delay, likely caused by high gearing ratios, is
not expected to negatively impact traction application, as the
application happens gradually. The validity of the positional
kinematic model can be evaluated by comparing the expected
position and orientation of the end-effector to the achieved
position and orientation, which is shown in Fig 7. The
forward kinematics method described in Section II was used
to calculate the expected end-effector orientation based on
the recorded motor positions from the integrated encoders.
The RMSE was selected as the main error measure between
the commanded and measured positions. The maximum
RMSE of 2.41◦ is lower than another robotic neck brace
which has a maximum RMSE of 4.9◦ between the angle
measures and motion capture measurements [18].

B. Force Control

The vertical force tests were comprised of a commanded
upward traction force in a square wave. Therefore, the
average rise times and steady-state errors, along with their
respective standard deviations were calculated and are pre-
sented in Table II. The commanded force that was validated
for vertical traction was 22.3N (5lbs), and it was able to
achieve a mean force value of 17.17N and 15.98N in both
the neutral and lateral bending configurations. In the flexed
configuration, the brace was able to reach 20.39N.

The variability of force application during manual traction
drives the need for a robotic traction brace design. The low
standard deviations in all three configurations tested (0.55N,
0.29N, 0.07N) illustrate that the device can consistently apply
a traction force when applied intermittently. In [28], the
amount of cervical traction was gradually applied to the
maximum level tolerable by the patient. In this case, the
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exact force level is not as important as the ability to con-
sistently deliver that same force during traction, especially
during intermittent traction. As summarized in Table III, this
mechanism combines several abilities in a way not seen in
existing traction methods. The application of vertical force
in this experiment demonstrates the first robotic neck brace
that can apply vertical force to the end-effector in prescribed
degrees of flexion and lateral bending.

C. Limitations and Future Work

The range of motion in flexion of the brace is smaller than
the full range of flexion angles, which may be resolved by
changing the alignment of the base frame and the shoulders.
In the current design, we have tested traction forces in the
range of 20N. While the device proposed encompasses the
lower range of forces mentioned in [10] with a high degree
of consistency, higher acheiveable forces would increase
its clinical utility. In the future, linear actuators which can
provide higher maximum forces will be also considered in
the design. We can also increase the traction force magnitude
by constructing the linkages out of a less flexible material

TABLE II
VERTICAL FORCE CONTROL ANALYSIS

Configuration Rise Time (s) Steady State
Error (N)

Max Fx

(N)
Max Fy

(N)
Neutral 3.11± 1.54 5.07± 0.55 -2.87 3.82
Flexion 4.48± 0.42 1.85± 0.29 -3.60 -1.92
Lateral 2.78± 0.08 6.26± 0.07 1.73 4.18

TABLE III
CAPABILITIES OF TRACTION METHODS AND ROBOTIC NECK BRACES

System
Independent
Vertical
Translation

Independent
Lateral
Bending

Controlled
Force
Magnitude

Manual Traction Y Y N
Mechanical Traction Y N Y
3RRS Device [18] N Y Y
3RPS Device [23] [22] Y N Y
3RPUR Device Y Y Y

such as aluminum. This will reduce the deformation of the
linkages and allow higher forces to be applied by the end-
effector. While the forces in the x and y directions during
traction are low in comparison to the traction force itself,
reducing link deformation may further minimize them.

Having validated the brace’s ability to provide a controlled
traction force, human studies should follow to verify the
brace’s ability to transmit the force to the human head.
Human studies, including observation of muscle activation
and comfort of the device, must also be conducted to
verify the device’s compatibility with human users. Further
investigation to explore the brace’s potential to apply traction
on patients with cervical disk degeneration will be conducted.
This may include investigations into intermittent traction
during lateral bending and complex traction force profiles.

The brace’s architecture has additional desirable features
which can be explored. For users with anthropometric dimen-
sions different than an average adult, the placement of the
brace on the human shoulders and parameters of the brace
can be modified to allow for a shorter neck, narrower shoul-
ders, and smaller head circumference. Additional degrees-of-
freedom of the end-effector can also be included based on
the placement of the virtual points Ai. Additionally, using
the same chain structure, a 4 chain mechanism can allow 2
degrees-of-freedom to the end-effector [29]. The architecture
described in this paper can be used and modified not only for
traction applications, but also for other applications requiring
specific control of head movement.

V. CONCLUSION

This work presented the design of an active robotic neck
brace that allows the end-effector to have three degrees-of-
freedom consisting of flexion/extension, lateral bending, and
vertical translation. The novel 3RPUR mechanism provides
independent vertical translation to the end-effector that is
infeasible to achieve in other design architectures. This fills
the previously unmet need for a traction device that can
apply consistent traction forces and independently command
the lateral bending angle. The validation of the position and



force control of the end-effector of this brace allows potential
future studies to apply traction forces on the human head.
This brace would enable clinicians to prescribe precise head
orientations during activities of daily life such as sitting
or standing. Additional capabilities such as lateral bending
and intermittent traction provide an avenue for clinicians to
explore new treatment methods. Benefits afforded by this
brace could improve clinical treatment and at-home pain
relief for many people afflicted with cervical spine diseases.
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