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Preliminary Prototyping and Simulations to
Explore Mechanical Properties of 3D Printed
Materials for Supporting the Head

Matthew Dickinson

Absiract- A novel exoskeleton design has been produced that
assists the contraction of neck muscles. 3D printing has been
employed to reduce costs of manufacturer. The two printing
materials employed were Polylatic acid (PLA) and polyethylene
terephthalate with carbon (PET-C), and the central spinal cord
of the design being Nitrile rubber. The aim of this work was to
study the use of 3D printed materials as the main skeletal
structure to support the human head and neck. To identify if
the 3D printable materials could be offered as an equivalent
alternative to conventional more expensive materials. A
simulation and proto type were created for this work. An
exoskeleton was designed to assist with neck extension. A
maximum load of lift force was calculated to be 20N, and this
was incrementally reduced to study the effects on the material.
A total number of 10 simulations were run to study the head in
conditions with no muscular support through to 90% of
operational support. When measured against the head, the
material performed well within its operational value. The
validation of this work showed a m difference which could
have been related to the ability of the material to combine
while being manufactured. This study presents work in the
form of a novel exoskeleton that presents 3D printing as a
possible alternative to conventional manufacturing.

Keywords: 3D printing, exo-skeleton, PLA, PETC.

I. INTRODUCTION

ver the past decade the development of

wearable robotic structures for replacement

limbs for rehabilitation’s has received attention
by many researchers and developers. [1-7] Exoskeleton
systems have been traditionally designed for the 1
manufacturing and military sectors, prioritising the ability
to move a large mass as efficiently as possible. [8, 9]
These systems primarily support an able person’s lower
body to assist in difficult tasks, such as carrying a load
whilst navigating tough terrain, of which the human body
alone would not be capable. One example of this type of
development is the Berkeley Lower Extremity
Exoskeleton (BLEEX) which was designed for
applications where a wheeled vehicular transport is not
practical. [10] In the past decade, with motors reducing
in size and advancements in battery technology, there
has been an increase in exoskeleton development for
medical purposes. There are two main types of
exoskeleton in this category; rehabilitative exoskeletons
and assistive exoskeletons. Rehabilitative examples aim
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to assist with the recovery of total or partial motor
abilities. These systems are designed to be reusable,
but temporary solution for those patients who have
suffered, or are suffering from, a curable illness or injury.
Assistive exoskeletons are used for patients who have a
permanent disability, such as an amputated limb, or a
muscular degenerative disease. Both of these systems
can greatly improve quality of life. Spinal cord injuries
(SCIl) are one of the most common reasons for
paralysis. In 2010, Berkeley Bionics unveiled their latest
exoskeleton development “eLEGS”. This system allowed
users who suffer with mobility disorders, or are
paralysed, to stand and walk. This light weight (20.4 kg),
lower limb exoskeleton structure allows wearers to walk
upright with little physical exertion. To control the
system, the user’s intent is measured and this is then
passed through a proportional-integral-derivative (PID)
feedback-loop found on a micro controller. The output
signal is then used to drive the motors in the system
thus facilitating movement. [11] Dynamically driving a
machine that will assist it the actuation of the human
body is an extremely complicated problem. [12-14]
Ensuring that muscles are helped to move, using a
similar pattern to the human central pattern generator
(CPG), [15] and ensuring that the system is lightweight
and simple to use, prove to be some of the largest
challenges in creating devices of this nature. A team at
Columbia Engineering developed a Robotic Spine
Exoskeleton (RoSE), designed to assist patients with
spinal abnormalities. [3] Spinal deformities are usually
treated by using a fixed brace around the torso and hips
to correct the abnormality. [16] Studies showed that the
device allows for the three dimensional forces of the
human torso to be mapped via force and position
sensors mounted to the actuators, allowing for control
methodology known as impedance, which is a method
of control which simply regulates the position or force of
a system. The RoSE, consists of three rings placed on
the pelvis, mid-thorax, and upper-thorax. These rings
are connected by 6 pairs of motors to produce a total of
12 degrees of freedom. By using a PID controller, the
system can apply corrective forces in any direction,
focussing on specific areas of the spine whilst also
having freedom of movement in ways which do not
affect it. [3] Since the early 1980’s when Charles Hull
introduced the world first 3D printer, 3D printing has
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become a major interest in the research and
development environment. [17] These machines have
become widely available due the massive reduction in
cost and increased availability of low cost technology.
With the development of high performing source
materials, researchers have begun use of 3D printed
materials for orthotic and prosthetic 2 applications. [18-
20] Zuniga presented a study that examined the use of
Polylatic acid (PLA) as a material for manufacturing of
low cost prosthetic limbs. The study successfully
demonstrated the use of PLA for the manufacture of
prosthesis could serve as an alternative to conventional
high priced material, however, the conclusions did
highlight a problem in that PLA has poor thermal
performance and noted that fluctuations in heat can
lead to components failure. [21] In an effort to address
the low thermal performance of the material Bo-Hsin
presented an improved PLA filament by modifying the —
NCO (Cyanate) and the -OH (Hydroxide) ratio of the
material, resulting in glass transition temperature (TQ)
improvement from the standard 550C to 640C. [22] With
these advancements further development into the use of
3D printed materials within the medical world have been
untaken, more specifically single limb orthoses and
upper limb prostheses. [23] By the use of 3D printing
the manufacturing of components, the exoskeleton has
the potential to offer an improved quality of life for
millions of people around the world. The use of
exoskeleton technology is in it's infancy with the
problems of accessibility preside, at present the costs of
these devices can be as high as $45,000 per system.
[24] Offering these types of technology’s to low income
countries can prove to be extremely difficult. One
possible way of lowering the price of these skeletons is
to consider the costs for manufacturing and ease of
maintenance, by incorporating the use of 3D printing
technologies. Typically exoskeletons are made from
rigid, structured materials such as aluminium. [5, 25-28]
Recently, 3D printing has proven to be a tool that has
the potential to impact the field of prostheses and
orthoses. [20, 29] Similar to traditional methods, the use

of 3D printing allows the designer to offer a tailored fit to
the patient’s limb or amputated area. 3D-printed objects
can be made from Polylactic acid (PLA), which is a
cheap and strong alternative to a traditional material,
such as Aluminium. [30] This paper presents the use of
3D printed materials for exoskeleton structures. The
work forms part of a larger exoskeleton project that we
have named “E’'ssist”.

[I. DESIGN

The initial design challenge for the exoskeleton
was to develop an actuating system that assist in the
extension of the neck. The system has been designed to
be used in conjunction with a neck support wrap. Two
Actuonix linear actuators where used to provide
alternative to the typical muscle strength, each motor
was attached to a connector which in turn provided the
assistive moment to the head. The position of the
connectors were deemed one of the most important
elements of the prototype exoskeleton, as wrongly
positioned actuation points could lead to further muscle
damage and/or injury to the subject. The trigger points
of the trapezius muscle were used as key areas for
actuation. Work noted by Palastanga confirmed the
muscle is the main point of head support for mobility.
[31] The exoskeleton under development is
predominantly aimed at children with muscular
deficiencies, and therefore a user height range of 100
cm 3 to 180 cm was chosen and the system was
designed accordingly. The strength range that
influenced motor selection was based on a study by
Hosking, where 19 children aged between 4 and 13
years of age were subject to a series of strength tests.
[32] In this work, only the upper trapezius muscles were
assessed through “Neck Flexor” examinations. Further
work from Sandercock confirmed these examinations
remain relevant. [33] A study completed by Villia
explicitly examined skeletal muscle function in children,
at the age of 11 years 33. The results from both studies
agreed, and they are listed in Table 1.

Table 1: Neck Muscle Strength

Muscle Group Min (height = 100 cm)

Max (height = 170 cm)

Trapezius 20N

80 N

To verify the Trapezius results noted in these
studies, the human head force (HF) was modelled as a
Class 1 lever. The centre of gravity (CG) relative to the
pivot point around the atlas vertebra acts at a
displacement of roughly half of the force lever arm.
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Figure 1: First Class Lever Human Head

Figure 1 shows the human head, for which a
Class 1 lever is assumed to be an appropriate model,
where A, A F, and F are the resistance arm, the force
arm or the lever, resistance force of the human head
and force generated by the muscle to operate the lever,
respectively. Palastanga [31] suggests that the force
and the resistance arms are directly related to each
other, thus the resistance arm of the lever is calculated
as:

Where A; and A, is the distance from the atlas
vertebra to the point of muscular interface and
resistance arm, respectively. The mass of the head is
assumed to be in the range 4 kg - 5 kg.

R,

Hp = A_f (2)

Based on this, a pair of linear actuators were
used to share the loading of H. The motors

A, = % (1) performance rating is noted in Table 2.
Table 2: Linear Actuator
Motor Force (N) Key point muscle group area

L12 Micro Linear Actuator 42N

Trapezius

Table 3: Material Masses

Compnents Material Mass (g)
Top Segment PLA 54.1
Middle Segment PLA 26.6
Bottom segment PLA 68.6
Connectors x 4 PET-C 14
Actuators x 2 56

Total mass 317.3

The design of the structure is shown in Figure 3.

To enable smooth transition from the force delivered from the motor through to the body, a novel connection

method was proposed Figure 2.
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Figure 2: Connector Assembly

The connector ensured that the muscle did not
receive direct force from the motor as this may cause
damage to the subject (Figure 6). This also added a
three degrees of freedom relationship between the spine
segment and the linear actuator connecting point. Both
connector lid and housing were made from a

Connector

5

Polyethylene terephthalate with carbon mixture (PET-C).
These components were 3D printed with 40 % infill of
material with a triangular support structure. Both the
bush and the central cords were Nitrile rubber (NBR).

Figure 3: Neck Exo-Structure

By taking the precise locations for H, and H,
which are the coordinate locations of where the
actuators connect respectively, it was possible to
calculate the vectors, representative of the actuation
during operation, as follows:

F, = 42N sinb, (3)
F, = 42Nsinb, (4)

Where F,and F, are the vector force for both x
and y components respectively. The maximum output
from the actuators used is 42 N and where U, and §, are
the directional vector angles in respects to H,and H,. To

© 2023 Global Journals

consider the variation in neck muscular assistance, the
simulations were run with a variation of Hg. 2 N assumes
that 90% of the muscles are actively supporting the
mass of the head and at 20 N it was assumed that there
was no muscular assistance, hence all support drive
was provided by the exoskeleton. From the minimum
value Increments of 10% in H were studied. As noted by
Abbot, when simulating 3D printed materials it is good
practice to verify the material used within the simulation.
[34] To verify the material values used within the
simulation the deformation and stress concentration
were calculated using the deflection of a cantilever. This
is represented as:
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were calculated using the deflection of a cantilever. This
is represented as:
PIL3

= 3B1 ©)

Y

Where y, P, L, E and | are the maximum

deflection, load, length, modulus of elasticity and
moment of inertia, respectively.

Both equations were applied in a simple
bending test to verify the material data being used in the
simulation. As the spinal structure is connected with
NBR cords, hyper elastic phenomena will occur during
this operation. One of the most popular models for the
extension of elastic material is Storakers equation [35],
more specifically for this work the Ogden model was
used [36], which operates by the materials strain energy
function:

P
Obend = Ty (6)
N ou 1
k a « « —apfr—1
= —— [ ATF AR+ AT =3+ — (J 7
w ; OL% |: 1 + 2 + 3 + 616 ( el ):| ( )
Where A, A, and A; are the distortional principal  rotational strain, we used the Mooney-Rivliin two

stretches of the material. w is the strain energy fuction,
Je; is the elastic ratio of the material, w, a, and 6, are
functions of the material properties. When simulating the
hyper elastic material in an FE package, these
parameters need to be provided as an input, and the
values used in this work are taken from. [37] As the
notation of the bush on the connector is subject to

parameter model, as this model great shear behaviour.
[38] The Mooney-Rivlin model is commonly seen as an
extension to the to the Neo-Hookean model, by
providing a greater accuracy on the elastic strain
coefficient 15 variable by incorporating the use of the
Helmholtz free energy per unit reference.

K 2

\I/(Clo,C(nMﬂ:Clo (If—3)+001 (I;—3)+*(J—1) (8)

As noted in equation 8, the nearly
incompressible Mooney-Rivliin method operates with
three key properties of the material. C,, is the
representation of elastic behaviour of the material, CO1
this is the none linearity component of the material, and
k is the bulk modulus. Showing the connection between
Strokers and Mooney inl,, = A> + A*> + A% To ensure
our results remained accurate, the 3D printed
components were modelled in Autodesk Inventor with
an internal geometry representative of the infill structure.

The test equipment was produced on an
Ultimaker S5, both the connector and spine segments

Microcontroller

Figure 4: Neck Spine test Equipment

[II. RESULTS

Simulation of the neck assembly was performed

with  COMSOL  Multiphysics and validated with

2

were produced with a 0.4 mm extruder head and 0.1
mm layer thickness. The 6 mm NBR cord was
purchased and cut to size. Each connector was
attached to the spine using a NBR bush Figure 4. The
assembly was controlled through an Arduinouno and
coded to cycle to maximum extension and maximum
contraction. All cycles were run at 0 — 3 seconds. At the
connection point between the segment and the
connector a BF350 strain gauge was placed.

experimental data using BF350 strain gauge and
Arduino Uno on the linear actuator connector. Von

Mises Stress are calculated because this is a way of

testing to failure of the material.
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Figure 5: Connect Force Distribution

Figure 5 shows the connector after running the
test at the maximum loading of 42 N. The resulting
deformation and surface stress shows a maximum of
250 9 N/m? at the point of actuator connection and also

shearing force around the Nitrile interface. As the linear
actuators are assumed to be in maximum operation,
these results have been applied to the spinal segments
in the simulation of all head force variations.

Surface: von Mises stress (N/m°)

-300

-250

mm

=200

mm

Figure 6: Neck Assembly with 42 N Linear Force

Figure 6 shows the neck in an isometric view
aimed at the front and the rear of the assembly. The top
segment that interfaces with the head and spine
connection shows the most concentrated area of stress.
This is located in particular around the NBR connections
and the linear actuator interfaces. The maximum stress

107

2

Von Mises Stress (N/m”)

0 1 2

3

is noted to be be 2x10° N/m? which remains well within
the Young’s modulus of both PLA and the nitrile. Further
testing was run to examine the neck assembly in variant
conditions simulating situations where a subject would
be capable to offering differing degrees of self-actuation
of neck muscles.

4 o 6

Fixing point arc length (mm)

Figure 7: Neck Stress around Mounting Hole
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Figure 7 shows the results from the simulation  exoskeleton is holding the full weight of the head. The
when varying the head force in the range of 2 — 20 N.  results from the simulation show that the exo-skeletal
When the He is tested at 20 N this assumes no  structure receives below 9.5x10° N/m? of stress.

assistance from muscular support, hence the

o x107
5 : : : .
4
E3sp -
— =4
E ,|[—H=2N
E H.=4N
(7] f
225 H.=6N |
Z H,=8&N
§ 2y
— & = 10N
2151 H=12N
He=14N
Ll —H=16N
05k H=18N|
H.=20N
f
0 . . . . .
Fixing point arc length (m) %107

Figure 8: Top Joint Displacement

Figure 8 shows the displacement of the top joint  deformation of the joint is 480 um and demonstrating a
after the range of H; being applied. This showing that linear relationship between H and displacement.

when maximum Hg is applied at 20 N the maximum

. x107°
>

Simulated
48F Experimental |

Total DIsplacment (m)
woow =
=3 -] 4= it = >

W
oY

e
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Fixing point arc length (m)  « 107

Figure 9: Simulated Vs Experimental Result

Figure 9 shows the results from the physical test
equipment and also the simulation at head force of 2N.
The simulation deformation begins at 4.8x10°® m and
ends above 4.2x10°8 m, the physical results show above
4.6x10"® m and ends above 3.2x10°® m, showing 1x10®
m difference between both outputs.
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Figure 10: Caption

Figure 10 shows the results from the physical
and simulated test result of H, of 2N. The simulated
stress begins 4.2x104 N/m2 of force and ends above
6x104 N/m?. The experimental results beneath 4.2x104
N/m2 and end above 6.5x104 N/m? showing almost a
0.5 N/m? difference between the two results.

V. DISCUSSION

In all simulations and experiments, the linear
motors where actuated to their maximum displacement
of 10 mm resulting in an arc length of the upper edge of
the top segment of 5 mm, A resistance force
representing the assistance or lack of assistance from a
subject was varied between 2-20 N, and the resulting
surface stress was simulated, firstly within the connector
with an actuator force directly applied and secondly as
part of a complete assembly of the neck prototype. As
the connector was produced using PET (Carbon) the
250 N/m2 stress exhibited are well below the yield stress
of 2.7 GPa published for this material. [39] The stress
predicted within the Nitrile rubber bush are also well
within the tolerable limits published for this material. The
results from the assembly simulation demonstrate the
largest stress concentration are found in the upper
segment where the mass of the subject’s head would
be supported. The concentrated forces in this segment
result in stresses as high as 2 x 105 N/2 but once again,
these lie well within the published yield stresses of PLA.
Head force variation applied at 2N increments of
resistance force, which assumes minimal assistance to
the patient, the result demonstrate a linear relationship
between deflection and Head Force 480um - 48um,
however a linear relationship between max stress and
HF is not observed directly only through calculation of
13 rate of change of Hg with respect to stress is a
linearity observed. To validate the results from the neck
exoskeleton, the system was manufactured and run in
the same conditions. The linear actuators where moved

© 2023 Global Journals

by the full 10 mm and a resistance force was placed on
to the neck of 2 N. When compared against the
simulation results the initial starting displacement shows
almost over 0.166 x 10°® m difference between the
simulated material and the manufactured material. The
elastication of the material also shows a greater
displacement than what is seen in the simulation, noting
a difference of 0.976 x 10°® m. The normal stress
between the simulated and the manufactured material
showed a maximum of 10% difference. As the material
used within the simulation has been selected based on
values presented within the COMSOL software, the
variation of results could be an indicator that the PLA
used has a slight greater performance as the one
presented within the software. The experimental results
show good corroboration with those from COMSOL
simulation, error is deemed acceptable. The double
nitrile lines which continue up the spine hold similar
stress concentration to what is seen within the top
section of the spine however, the patent will be unable
to perform all ranges of motion, as head tilt is
unachievable.

V. CONCLUSION

This study examines the use of 3D printed
materials for use in wearable robotic structures. The
human neck is a complex series of connected segments
which work together to create a system that allows for 6
degrees of freedom (DoF). To ease the process of
design this study has focused on the pitch element of
human head motion (looking up and down). This study
has demonstrated that 3D printed structures are suitable
for use with exoskeleton components and the materials
chosen here for this prototype design are able meet the
physical demands expected during operation.
Additionally, these results have also demonstrated this
prototype design is over engineered while at the same
time providing a suitable method of refining design to
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reduce materials used and maintain crucial structural
integrity.

VI. FURTHER WORK

To further this work testing of the raw material to
produce a detailed mechanical data base is
recommended. With information of this nature the error
difference between modelled and tested would become
less. As the material is show to be able to support the
body for assistive movement it is suggested that this
work be continued to the lower spine section to examine
the use of the structure on the torso area. Further to the
design it is suggested that the duel nitrile lines be
revised to a design which contains a single feed as full
mobility of the neck and head could not be achieved in
this solution.
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