Partial Polymerization of Shape Memory
Polymer as Substrate for Flexible Electronic
Pressure Sensors in Helmet Lining

Austin Kopec
Briarcliff High School



Kopec 2

Acknowledgements

This research was made possible with the help of Dr. Walter Voit, the Natural Science
and Engineering Lab (NSERL) at The University of Texas at Dallas, and the Briarcliff Manor
Research Program. Special thanks once again to Dr. Walter Voit, Mrs. Melissa Carnahan, Mr.

Michael Inglis, Ms. Kimberly Dyer, and Mr. Taylor Ware.



Kopec 3

Abstract

Shape memory polymers are a relatively new topic, and most of the research has been
concerned with the observation of properties. Only recently have researchers applied this
fascinating smart material to the field of biomedical engineering. In this study, the properties of
shape memory polymers are utilized in the field of sports medicine. A certain technique called
Partial Polymerization was used to allow a uniquely shaped original state of the plastic. The
goal of the project was to find the right type of polymer for this use. The two polymers we tested
had very positive results, and look to possibly serve as realistic substrates for the flexible
electronic pressure sensors inside of the helmet. These sensors could allow researchers to get a
better idea of concussions and what type of hits onset them. This research was supported by the

Natural Science and Engineering Lab (NSERL) at the University of Texas at Dallas.
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1. Introduction

Shape memory polymers (SMPs) are a group of smart materials that have properties which,
upon exposure to their Glass Transition Temperature (Tg), change their modulus to a rubbery
state and be manually deformed and cooled [1]. The polymer keeps this temporary shape, until it
is again exposed to its Tg, which causes it to automatically recover its original state.

SMPs are plastics that exhibit shape memory properties. The polymer is tuned to a Glass
Transition Temperature (or Ty). Ty is the temperature when the polymer goes from its glassy,
hard state, to its rubbery, or soft state. Once the polymer passes its Tg4, which for biomedical
applications can commonly range anywhere from = 20° C - = 50° C, the polymer enter its
rubbery state, where it starts to become soft and pliable. After it reaches this state it can be
manually deformed to any shape. The polymer is cooled at a low temperature, usually around 0°
C, and it keeps, or memorizes, the deformed shape. The shape is better kept if the T, is a higher
temperature, because even if the temperature it is kept at is slightly below its Ty, it will very
slowly lose its temporary shape. It will keep this deformed shape until the polymer is once again
exposed to its Ty, where the polymer will recover back to the original state where it started
within a matter of seconds [1].

Though shape memory polymers usually have a T4 temperature to create the transition
from glassy state to rubbery, there are a few other things that can cause the polymer to transition
from glassy to rubbery, and back again. Some examples are thermal, electrical, and magnetic
catalysts [2]. However when this is the case, the polymers are usually embedded with metal
particles that have magnetic forces and other properties that can be affected by magnetic force as

oppose to temperature [3].
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Shape memory polymers are a type of thermoset, not to be confused with a thermoplastic.
They are similar, however a thermoset exhibits shape memory and recovery properties, while
thermoplastics do not. Shape memory polymers are also crosslinked, as are all polymers. The
cross linking is done by mixing specific amounts of monomers, with the right amount of Photo-
Initiator (P1), and then put in a crosslinking chamber, where it is exposed to Ultra Violet (UV)
rays through free radical polymerization for about an hour depending on the mixture and amount
[4]. After the samples are taken out of the chamber, they are post cured in an oven for an
extended amount of time. Shape memory polymers are often applied for biomedical applications
and industrial engineering applications.

As previously stated, shape memory polymers are commonly used for biomedical
applications and industrial engineering applications. Examples of an industrial engineering
application are aircraft materials. A shape morphing aircraft wing was developed in a study by
A.Y.N. Sofla et al. [5]. The aircraft wing was made with smart materials, specifically shape
memory polymers. The wings are altered by length, size, position and then tested.

There is much research currently being done in biomedicine with shape memory
polymers. There are applications being designed for items such as orthopedic casts [1], synthetic
body parts [6], stents [7]. The cast is being made from tough shape memory polymer-fiber
composites. The advantage of the cast is that it starts out as a tube, with a smaller than where it
should be applied. The cast is heated above its Ty, expanded manually, cooled, and temporarily
stored at this temperature. When the cast is to be applied, it is placed over the appendage,
deployed over the appendage, or in other words exposed to its T4 again, therefore allowing it to
shrink to a skin tight fit over the appendage. The T for biomedical applications is usually from

body temperature and a little bit higher. For the cast, the Ty must be high enough that it won’t
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become deformed when against the appendage at body temperature, but also low enough that it
will not burn the patient when the cast is being deployed. The cast designed by W. Voit and G.
Ellson, is lighter, and significantly stronger than the standard orthopedic cast [1]. K. Takashima
designed an artificial muscle made from shape memory polymers. The actuator can transition
between its Ty and go from stiff to soft [7]. M. Yakacki and Ken Gall, using a PLLA polymer,
showed an experiment of a vascular stent made from shape memory polymers. The polymer
started out as a tube, relatively large compared to veins or arteries. The tube was exposed to its
Tq, Which was at 37° C (body temperature), and folded and rolled so it is a thin cylinder, and
cooled. The stent was placed in the veins or artery, and within a few seconds of contacting body
temperature, it started uncoiling. Within 100 seconds the stent should be fully opened and
displayed as a full tube, keeping the vein or artery open [7].

There have also been polymers designed to have a higher strain. Shape memory
polymers are known for having relatively good stress and strain properties. A study conducted
by Water Voit et al. developed shape memory polymer with goals of making a polymer with a
Thigh above the Ty, Shape fixing at a constant strain by decreasing the temperature below Ty,
unloading constant temperature of To, below Ty measuring the fixity, heating and measuring
shape recovery. They used an organic molecule, Xini, to cross link and act as an initiator. The
results showed that the Recoverable strains were above 800%, which was twice as much as
previously published, can be reached with polymers with a T, of 28 ° C. It also showed the
single molecule Xini could be used as a crosslinker along with an initiator in one, while still

having a very positive result [4].
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1.1 SMPs Applied to Sports/Research Objective

In American football alone, there are over 36,000 cases of traumatic brain injuries (TBI)
reported every year [8]. Previously our goal was to make a helmet inset made of SMP that would
allow a perfect personalized fit to the athlete’s head. This polymer would surpass its Tq and then
the athlete would put the helmet on and allow it to cool, therefore forming the plastic to the
shape of the athlete’s head. This personalized fit would hopefully lead to a reduction of internal
rattling in the helmet, and therefore lead to fewer concussions and other TBIs.

However, there were two very challenging obstacles that came up when trying to develop
this. The first problem was posed when trying to find a T high enough where the polymer
wouldn’t recover during use, and the second was finding a T4 cool enough where it wouldn’t
burn the athlete when he/she was first applying the helmet. This, along with the fact that the
shape memory polymer compositions at University of Texas at Dallas cannot be used like the
rigorous plastics that are used in the field of sports and other areas where durability is involved,
is the reason we decided to take our research in a new direction, but still in the field of sports and
TBI.

It is currently unclear what definitively causes concussions. At times an athlete might get
a light tap on the head, and have a very serious concussion. While at the same time, another
defenseless athlete could get a cheap shot right to the head while not looking, and be totally fine.
One study looked into finding a better understanding of how concussions occur in football, and
what kind of head protection can be used to prevent them [9]. In this project, the hope is to
develop an intra-helmet system of polymer substrates and flexible electronic pressure sensors to
find a correlation between the three factors stated above (magnitude, location, and frequency)

and how concussions happen.
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1.2 Partial Polymerization

Partial Polymerization is often used when one wants the original shape of their polymer
to be something other than the usual flat sample. The polymer is crosslinked in a UV chamber
for 6 seconds. The polymer will have solidified, but is still very pliable and soft. When in this
stage, the researcher will deform the polymer into the desired shape (ex. Wrapped around a vial).
The polymer is secured in this shape (by tape of clips) and then is put back in the UV chamber
for 15 minutes to finish its crosslinking. After this the polymer is post-cured for 18 hours. The
polymers original state will be in the deformed shape it was made into in-between crosslinking.
This allows for researchers to have the polymer be in a shape other than flat while in its natural

state.

2. Experimental
2.1 Materials

This polymer was made from the following chemicals: Tricyclodecane dimethanol diacrylate
(TCMDA), 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO), and Tris[2-(3-
mercaptopropionyloxy)ethyl] isocyanurate (TMICN).
2.2 Recipe

1. Add the correct amount of TCMDA and TATATO

2. Add Photo Initiator (PI)

3. Vortex for 2 minutes, then sonicate for 5 minutes

4. Add TMICN, and wrap vial in aluminum foil
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5. Vortex and Sonicate for appropriate amount of time

a. Vortex for 2 minutes

b. Sonicate for 5 minutes

c. Vortex for 2 minutes

d. Sonitcate for 4 sets of 5 minutes (or until all bubbles are gone)
2.3 Methods

When making this polymer, the correct amounts of TCMDA and TATATO were pipetted
into a 20-milliliter (mL) vial. After both were added, the correct amount of Photo Initiator (PI)
was added into the solution. As a precautionary measure, the vial was wrapped in aluminum foil
to prevent light exposure and cause premature crosslinking. After the solution was wrapped in
foil, the Vortex machine was used to mix the solution for 2 minutes. After two minutes, the vial
was placed within a Sonicator, making sure it did not submerge under water or fall over.
2.4 Synthesis
The method of synthesis for this polymer was different that the generic system. The

polymer used was a partially polymerized polymer. Partial Polymerization is often used when
one wants the original shape of their polymer to be something other than the usual flat sample.
The polymer is crosslinked in a 365 nm Ultra Violet chamber for 6 seconds. The polymer has
crosslinked long enough where the polymer chains allow the polymer to obtain a solid shape, in
order to secure that it is pliable and soft. When in this stage, the researcher took the polymer off
the glass slides used for crosslinking, and deformed the polymer into a shape (ex. Wrapped
around a vial). The polymer was secured in this shape (by tape of clips) and then was placed

back into the UV chamber for 15 minutes to complete its crosslinking.
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After the crosslinking was finished, the polymer was post-cured in an oven set at 60° C
for 18 hours. Once all remaining tape was removed and separated, it is anticipated that the

polymers will be in the manipulated deformed shape as a result of crosslinking.

2.5 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) is a method used to find the viscosity of polymers.
Stress was applied to the polymer and then strain was recorded. This allowed the researcher to
determine the complex modulus of the polymer. This technique was used in this study to find
the glass transition temperature of each sample.

2.6 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique used to measure
the difference in heat between a sample and a reference. The sample was put into a small metal
container, and was placed next to an identical metal container with nothing in it. This empty
container was used as a reference for the sample. The technique was used to measure the heat

flow through the sample.



3. Results

Dynamic Mechanical Analysis
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The graph above was created from the data from running SMP (33, 33, 33) and SMP (25,

50, 25) on a Dynamic Mechanical Analysis machine. This graph shows the relationship between

Storage Modulus (MPa) and Temperature (°C). This information can be used to find the Glass

Transition Temperature of the material tested.

Differential Scanning Calorimetry
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The graph above demonstrates the data from both SMP (33, 33, 33) and SMP (25, 50, 25)

on a Differential Scanning Calorimetry machine. The DSC shows the relationship between heat

flow and temperature, and how heat flows throughout the sample in order to heat the sample.

This method can be used to find polymer degradation.
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4. Discussion

This project involved using a partially polymerized shape memory polymer as a
substrate, or platform, for certain small flexible pressure sensors. These sensors were able to
record data about hits taken to the head, and transmit them to a chip located in the back of the
helmet.

The purpose of using a partially polymerized SMP, as opposed to just a regular one with
its temporary shape being to the curvature of the helmet, is that the partially polymerized SMP
will be in its stable and original state when being used in the helmet. This is desirable because
the pressure sensors were originally planted on the flat polymer substrate, therefore if one were
to use a regular SMP, the sensors would also potentially pick up readings of stress from the
deformed polymer. Therefore, the partially polymerized SMP will reduce the amount of stress
on the high strain sensors.

After each practice, game, or other event, the chip will be taken out and plugged into a
computer, allowing researchers to analyze the data taken during the performance. The sensors

will record magnitude of the hit, location on the helmet, and frequency (number of hits).

5. Conclusion

At first, this project started off having a goal of trying to develop a helmet band made
from shape memory polymers that would fit perfectly to the athlete’s head. However, after
dissecting and brainstorming the project while at the lab, it was determined that this project
would be unrealistic to try to create, given the resources available.

The researchers decided to take the research in a new direction and employ the

knowledge the lab has of Partial Polymerization. The goal became to develop an inner-helmet
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platform made from partially polymerized shape memory polymers, acting as a substrate for
sensors that could be used to collect data about contact made during use. The materials that were
tested for this substrate had very positive results. Although the project is in its preliminary

stages, it shows the potential to be a truly revolutionary idea.
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