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INTRODUCTION in the literature [1, 2] to name a few. Significant modeling ef-
The most common shape-memory polymers are those in forts have also been published [2, 3] to name a few. How-
which the shape-recovery thermally-induced. A body made ever, at this point in time, a thermo-mechanically-coupled large-
from such a material may be subjected to large deformations at deformation constitutive theory for modeling the response of
an elevated temperature above its glass transition tempegature  thermally-actuated shape-memory polymers is not widely agreed
Cooling the deformed body to a temperature befgunder ac- upon — the field is still in its infancy. The purpose of this
tive kinematical constraints fixes the deformed shape of the body. manuscript is to present results from of our own recent [4], and
The original shape of the body may be recovered if the material ©ngoing research in this area.
is heated back to a temperature abByavithout the kinematical

constraints. This phenomenon is known as shape-memory mechanically-coupled large-deformation constitutive theory and
effect. If the shape recovery is partially constrained, the ma- 5 merical simulation capability for modeling the response of

terial exerts a recovery force and the phenomenon is known asthermally-actuated shape-memory polymers, we have (i) con-

constrained-recovery. ducted large strain compression experiments on a representa-
As reviewed by [1], one of the first widespread applications  tive shape-memory polymer to strains of approximately unity
of shape-memory polymers was as heat-shrinkable tubes. Suchat strain rates of 16 s and 10 s1, and at temperatures
rudimentary earIy applications did not necessitate a detailed un- ranging from room temperature to approximateiy 30C above
derstanding or modeling of the thermomechanical behavior of the glass transition temperature of the polymer; (i) formulated
these materials. However, in recent years shape-memory poly-a thermo-mechanically-coupled large deformation constitutive
mers are beginning to be used for critical biomedical appli- theory; (jii) calibrated the material parameters appearing in the
cations, microsystems, re-writable media for data storage, andtheory using the stress-strain data from the compression exper-
self—deployable space structures. In order to develop a rObUStirnent5; (IV) nurnericaiiy impiemented the theory by Writing a
simulation-based capability for the design of devices for such yser-material subroutine for a widely-used finite element pro-
critical applications, one requires an underlying accurate thermo- gram; and (v) conducted representative experiments to validate
mechanically-coupled constitutive theory and an attendant vali- the predictive capability of our theory and its numerical imple-
dated numerical implementation of the theory. mentation in complex three-dimensional geometries. By com-
In the past few years several efforts at experimental char- paring the numerically-predicted response in these validation
acterization of the thermo-mechanical stress-strain response ofsimulations against measurements from corresponding experi-
a wide variety of shape-memory polymers have been published ments, we show that our theory is capable of reasonably accu-

Specifically, with the aim of developing a thermo-
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rately reproducing the experimental results. Also, as a temo
stra?i_on of the robustness of the 'Fhree—t_jimensional numerical ca- 0.1 -1 ‘ —Ekperimeht
pability, we show results from a simulation of the shape-recovery

L ; —— Model
response of a stent made from the polymer when it is inserted in
an artery modeled as a compliant elastomeric tube.

Furthermore, as is well known, when the shape-memory
polymer recovers from its temporary shape it returns stored en-
ergy and can serve as a thermally-activated actuator. Due to the
low rubbery modulus of the polymer above the glass transition
temperature, its actuation force is limited and the material is

N
o

True Stress (M
w
o

thus restricted form numerous applications where “high” actu- 201

ation forces are required. To combat the problem of low actua-

tion force of shape-memory polymers, we have synthesized re- 10

inforced shape-memory polymer composites using superelastic

nitinol _Wires. Specifically with these_ reinforced c_:omposites we 00 0:2 04 06 08
have (i) conducted thermo-mechanical three-point bend experi- True Strain

ments on samples with and without nitinol wires. In these exper-
iments the deformation is constrained so as to measure the ac-Figure 1. Compressive true stress-strain response of the shape-memory
tuation force; (ii) numerically simulated the thermo-mechanical polymer at a constant true strain rate of 0.1 s~ and various temperatures
response of the shape-memory polymer composite in the afore-2s indicated. Solid lines are experimental data, and the dashed lines are
mentioned condition of constrained recovery using the simula- the model fit.

tion capability developed. The numerical predictions are in good
agreement with the experimental results of constrained-recovery

of the reinforced shape-memory composites eter and 3.15mm tall. The compression experiments were con-

ducted at true-strain rates of 1¥s and 10 s 1at22C, 30C,

40C, 50C, and 65 C, up to true strain-levelso£00%. Figure 1
shows a few representative true stress-strain curves at a constant
true strain rate of 0.1 and various temperatures. The polymer

MEMORY POLYMER hibits two distinctly diff t tt t bel
As a representative thermally-actuated shape-memory poly- Z)r(\ dlalbf)vveveo' ISUNCH QITErent responses at lemperatures below
g.

mer we chose to characterize the mechanical response of a
chemically-crosslinked thermoset polymer recently studied by 4 The stress-strain curves at 22C and 30C are beftgw
[5].  Following a procedure described by these authors, the At these temperatures the polymer exhibits a strain-rate

EXPERIMENTAL CHARACTERIZATION OF A SHAPE-

shape-memory polymer was synthesized via photopolymeriza- and temperature-dependent response typical of a “glassy-

tion (UV curing) of the monomer tert-butyl acrylate (tBA) polymer”. That is, a well-defined yield-peak, followed by

with the crosslinking agent poly(ethylene glycol) dimethacrylate strain-softening, and eventual rapid strain-hardening at large

(PEGDMA,), in the following specific composition: tBA 90% by strains. Upon unloading after compression to a strain level

weight (mol. weight: 128 g/mol) with PEGDM 10% by weight of ~ 100%, about 5% of the strain is recovered and the re-

(mol. weight: 550 g/mol). _ mainder is left as a “permanent-set” (as long as the temper-
The chemicals were mixed in a glass beaker for 2 minutes, ature is held constant).

and the mixed liquid solution was then degassed in a vacuum o The stress-strain curve at 50 C is abdye At these tem-
chamber for 10 minutes. The degassed mixture was then injected peratures the material exhibits a “hysteretic-rubber’-like re-

between two glass sheets that were separated with spacers. A sponse. That is, the initial stiffness of the material drops

UV-Lamp was used to photopolymeriz_e the solution at an inten- dramatically from its value belo@g, the yield-peak disap-

sity of ~ 30mW/cnf for 10 minutes. Finally, the polymer was pears, and upon unloading there is essentially no permanent
heat-treated at 90 C for 1 hour to complete the polymerization set. However, there is significant hysteresis in the stress-
reaction. strain response which is significantly rate- and temperature-

This polymer is chosen for study because the shape-memory dependent.
actuation temperature for this polymer is close to that of body-
temperature — thaominal glass transition temperature for this  Of particular interest is the stress-strain curve at 40 C, a temper-
polymer isdg ~ 37 C [6]. ature which is in the vicinity of theominal glass transition tem-
We have conducted a set of simple compression experimentsperature 0fg 2 37 C. At the lower strain rate of 1§s1 (not
on this polymer. The cylindrical specimens were 6.3 mm diam- shown in the Figure) the material responds like a “hysteretic-
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rubber”, while at the higher strain rate of 705! the ma- mechanical-crosslinks are expected to disintegrate when the tem-
terial responds like a “glassy-polymer.” Thus, in accordance peratureisincreased throufi; the dashpotin micromechanism
with the well-known result from frequency-dependent dynamic- 2 represents thermally-activated plastic flow resulting from such
mechanical-tests on amorphous polymers, this result shows thata phenomenon. The micromechanism 3 represents chemically-
the “glass transition temperatur@y is not a constant for a ma- crosslinked backbone of the thermoset polymer in which the
terial — it increases as the strain rate increases. crosslinks do not slip.
The material parameters in the constitutive theory were cal-
ibrated by fitting the model to the simple compression experi-
SUMMARY OF THE CONSTITUTIVE THEORY ments described previously. As a representative example, Figure
In this section we present a brief summary of the consti- 1 shows a comparison between the experiments and the model.
tutive theory given in [4]. Although no real material is com- For full details of the constitutive theory, including that for gen-
posed of springs and dashpots, as a visual aid, Figure 2 showseral amorphous polymers, the reader is referred to [4, 7-9].
a schematic “spring-dashpot” rheological representation of our

three micromechanism model.
VALIDATION EXPERIMENTS AND SIMULATIONS

In order to validate the predictive capabilities of our consti-
OONONNNNN tutive theory and its numerical implementation, in this section
we show the results of two thermo-mechanical experiments that
@ we have performed on the tBA/PEGDMA shape-memory poly-
mer, and compare the results of macroscopic measurements from

% these experiments against results from corresponding numerical

®

Stiffness

Flow \_‘_1

simulations. The validation experiments considered below are:

(i) Measurement of the displacement-versus-time response of
a planar specimen of tBA/PEGDMA in the shape of a
diamond-shaped lattice which was subjected to the follow-
ing thermo-mechanical history: the specimen was com-
pressed between two platens at temperature abgoe the
material, the compression platens were then held fixed while

~" N the specimen was cooled to a temperature belgw The
Imemf“’lecum MO]eC‘ﬂ‘f‘r Network constraint of the platens was then removed, and the speci-
Resistance Resistance men was heated to a temperature abdyeand allowed to

freely recover its shape. We call an experiment of this type
an unconstrained-recovery or a free-recovery experiment.

(i) Measurement of the force-versus-time response of a ring-
shaped specimen of tBA/PEGDMA which was subjected
to the following thermo-mechanical history: the specimen
was heated to a temperature abdeof the material, the
ring was then compressed into an oval shape, the compres-
sion grips were then held fixed while the specimen was first
cooled to a temperature belddy, and then heated back to
its initial temperature abovéy. We call an experiment of
this type a constrained-recovery experiment.

Figure 2. A schematic “spring-dashpot” representation of the model.

These three micromechanisms are intended to represent the
following underlying physical phenomenavicromechanism
(1): The nonlinear spring represents an “elastic” resistance due
to intermolecular energetic bond-stretching. The dashpot repre-
sents thermally-activated plastic flow due to “inelastic mecha-
nisms,” such as chain-segment rotation and relative slippage of
the polymer chains between neighboring cross-linkage points.
Micromechanisms (2,3): In addition to the chemical crosslinks
which are present throughout the temperature range of interest
in thermoset polymers, at temperatures befguwe expect that Free-recovery
the polymer also exhibits a significant amount of mechanical- The flat diamond-lattice-shaped specimen, Figure 3a, was
crosslinking. We conceptually distinguish molecular chains 50 mm wide, 35 mm tall, and 3 mm thick. Each diamond-shaped
between mechanical-crosslinks and molecular chains betweencut-out was a square with 6.5 mm sides with a 1 mm fillet-radius
chemical-crosslinks by introducing two micromechanisms, 2 and at the corners; the width of the ligaments forming the lattice was
3, respectively. The nonlinear springs in these two mechanisms 2.16 mm.
represent resistances due to changes in the free energy upon The specimen was subjected to the following thermo-
stretching of the molecular chains between the crosslinks. The mechanical history: (i) it was compressed between two platens at

Downloaded From: http://proceedings.asmedigitalcollection.asme.org on 10/19/2018 Terms of U§e: http://www.asme.org/about-asme/terms-of-use Copyrlght © 2010 by ASME



60 C at a relative platen velocity of 0.02 mmlsand the height

of the specimen was reduced from 35 mm to 20.5 mm — this re-
sulted in an increase in its width from 50 mm to 59.5 mm; (ii)
the platens were held in place and the specimen was cooled to
21 C — the deformed shape is shown in Figure 3b; (iii) the
compression platens were then removed and the specimen was
heated to 58 C. The dimensional changes in the specimen during
this unconstrained-recovery phase were measured using a video-

— Experiment
---Simulation |

Stretch in
1-direction

Stretch in

extensometer. The experimentally-measured streftlygs) in

the 1- and 2-directions as functions of temperature and time dur-
ing the unconstrained heating phase of the experiment are shown 0.7

in Figure 4 and Figure 5, respectively.

(b)

Figure 3. Diamond-shaped-lattice specimen: (a) Undeformed speci-
men. (b) Deformed specimen in its “temporary shape” at room temper-
ature — deformed at 60 C, constrained cooling to 21 C, and constraints
removed.
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---Simulation |
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Figure 4. The solid lines show the experimentally measured stretch-
temperature curves in the 1- and 2-direction during the unconstrained
heating phase of the experiment. The dashed lines are the corresponding
numerically predicted results.

2-direction

% 100 200 300
Time (s)

Figure 5. The solid lines show the experimentally measured stretch-
temperature curves in the 1- and 2-direction during the unconstrained
heating phase of the experiment. The dashed lines are the corresponding
numerically predicted results.

For the finite element simulation of this experiment we
make use of the symmetry of the geometry and only mesh one-
eighth of the geometry, using 1962 ABAQUS-C3D8HT thermo-
mechanically-coupled elements. Our numerical simulation in-
cluded all the steps described above for the thermo-mechanical
history, including the initial hot-deformation, cooling, and fi-
nally the unconstrained shape-recovery with the applied temper-
ature change. Figure 4 and Figure 5 compare the numerically-
predicted and experimentally-measured stretches in the 1- and 2-
directions versus temperature and time, respectively, during the
unconstrained heating phase of the experiment. The numerically-
predicted results are in good agreement with experimental mea-
surements.

Constrained-recovery

The flat specimen, 3mm thick, was ring-shaped with two
extension arms which were used for gripping the specimen. The
ring portion of the specimen had an outer diameter of 11.9mm
and an inner diameter of 6.3 mm, while the extension arms were
each 12.7mm long and 4.1 mm wide. The experimental set-up
with the tBA/IPEGDMA specimen mounted in place within the
furnace of the EnduraTEC testing machine is shown in Figure 6.
The top and the bottom flat surfaces of the extension arms were
rested against the base of the grips, and the vertical sides were
securely tightened in the grips.

The specimen was subjected to the following thermo-
mechanical history: (i) it was heated to 58 C and gripped; (ii)
the bottom grip was fixed in place while the top grip was moved
downwards at a velocity 0.01 mmfor a total displacement of
2.5mm to deform the ring; (iii) the grips were then held fixed in
their positions and the specimen was first cooled to 32 C and then
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Figure 6. Experimental set-up for the thermo-mechanical constrained-
recovery experiment on a ring-shaped specimen of tBA/PEGDMA.

heated back to 58 C.

For the finite element simulation of this constrained-
recovery experiment we make use of the symmetry of the
geometry, and only mesh one-eighth of the geometry us-
ing 537 ABAQUS-C3D8HT thermo-mechanically-coupled ele-
ments. Figure 7 compares the experimentally-measured and th
numerically-predicted force-versus-time curves. The measure-
ments from the experiment show that a compressive force was
generated during the deformation at 58 C. Subsequently, under
the fixed-grip conditions, upon cooling to 32 C the compressive
force gradually reduces and transitions to a state of tension; and
finally, upon heating back to 58 C, the reaction force transitions
back to a compressive state. As shown in Figure 7, the simula-
tion is able to reasonably accurately predict the force-versus-time
response for the constrained-recovery experiment.

APPLICATIONS
Vascular Stent

As a numerical example, we consider a vascular stent ap-
plication. The stent was subjected to the following thermo-
mechanical history: (i) it was radially compressed abdyeat
60 C to reduce its outer diameter to 4.7 mm from 8.0 mm; (ii)
cooled under kinematical constraints to 22 C at a rate of 0.1C
s 1 to fix its deformed shape; (iii) the constraints were removed;
(iv) following which it was inserted into an arterial tube; and (v)
was heated back to 60 C at a rate of 0.1¢ ® allow the stent
to attempt to recover its initial shape under the constraints im-
posed by the artery. Due to the symmetry of the problem in our
simulation we considered only one-eighth of the stent geome-
try, which was modeled using 1077 ABAQUS-C3D8HT thermo-
mechanically-coupled elements. To apply the initial deforma-

[S)

‘—Experiment
---Simulation
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Cooling l;' I:
2 0 ,'l I',I XHcating
~ 1\ Deformation f
8 ﬁove g )
AN
L‘[_. 5 ;
_ot .
N T
-3 . ,
0 500 1000 1500
Time (s)

Figure 7. The solid line shows the experimentally measured force-time
curve for the constrained-recovery experiment. The corresponding nu-
merically predicted response is shown as a dashed line.

tion abovedy, all of the nodes at the outer diameter were given
an inward radial displacement. The finite element mesh for the
artery consisted of 1500 ABAQUS-C3D8H elements: 2 elements
through the thickness, 50 elements along the length, and 15 ele-
ments around the one-quarter circumference. The atery is mod-
eled as an incompressible Neo-Hookean material with a shear
modulus of 33.33kPa. Contact between the stent and artery was
modeled as frictionless. Figure 8a shows the initial undeformed
stent, while Figure 8b shows the deformed stent after radial com-
pression at 60 C. Figure 8c shows snapshots of the stentinside the
artery during shape-recovery at’22 42°C, and 60C.

Composite Beams

In order to increase the actuation force produced by a shape
memory polymer when recovering an initial deformation under
kinematic constrains, we synthesized a composite composed of
super-elastic nitinol wires suspended in a shape memory poly-
mer matrix. The manufacturing process and chemical composi-
tion of the polymer is identical to that presented earlier, with the
sole distinction that the degassed polymer mixture was injected
between two glass slides separated by a sandwich of aluminum
spacers and nitinol wires. The casting structure suspended the
nitinol wires inside the liquid polymer mixture during the UV
curing process and was removed after the curing was completed.
The nitinol wires used were 0.5mm in diameter and composed
of 56 % Nickel and 44 % Titanium. Beams being 2.5 mm thick,
50.8 mm long, and 20.3 mm wide were manufactured with one
nitinol wire and no nitinol wires in the polymer matrix. A beam
with the same dimensions and width of 31.8 mm was manufac-
tured with two nitinol wires suspended in the polymer matrix.
Figure 9a shows a sample beam with two nitinol wires.

The actuation force was measured through thermo-
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Undeformed shape at 60C  Deformed shape at 60 C
(a) (b)

22C
Log Strain
0352 @ (0)

490 §E%§ Figure 9. (@) Nitinol-reinforced shape-memory polymer composite beam
O-oe with two nitinol wires suspended in the polymer matrix. (b) Experimen-
0-0a tal set-up for thermo-mechanical constrained three-point bend testing of

nitinol-reinforced shape-memory polymer beams.
Y60C
4'57_E.Xperin?ent Two Nitinol
(c) 4~-Simulation /7 Wires

Figure 8. (a) Undeformed original mesh. (b) Deformed stent. (c) Shape- 3.5
recovery of the stent inside the artery with temperature. 3

E 23 One Nitinol
mechanical three-point bend testing. The specimen was sub- g 2 Wire
jected to the following thermo-mechanical history: (i) it was é 15
heated to 65 C for 30 minutes and then bent by displacing the
top fixture 10 mm. (ii) The fixture was then held fixed and the 1 No
specimen was allowed to cool to 25 C for 30 minutes. (iii) The 0.5 Nitinol
specimen was reheated to a temperature of 65 C while the fixture 0
was held constant and the load on the fixture was measured. It o5 ‘ ‘ ‘ ‘ ‘ ‘
is important to note that the load measurement was only taken "0 50 100 150 200 250 300

during the re-heating of the specimen. Figure 9b shows the ex- Time (s)

perimental three-point bend set up mounted in place within the
furnace of the EnduraTEC testing machine prior to re-heating the
specimen.

For the finite element simulation of this constrained- _

. dashed lines.

recovery experiment we make use of the symmetry of the geome-
try, and only mesh one-quarter of the geometry using 1802, 3602,
and 5002 ABAQUS-C3D8HT thermo-mechanically coupled el- force-versus-time response of the nitinol reinforced shape mem-
ements for the no-nitinol, one-nitinol, and two-nitinol wire sim-  ory polymer composites. The simulation capabilities developed
ulations, respectively. The constitutive model used for the nitinol here are thus capable of being used as a tool in the design of
wires is the ABAQUS built-in implicit user subroutine for nitinol  thermally-activated actuators based on nitinol-reinforced shape
with the default material parameters. memory polymers composites. For full details of the manufactur-

Figure 10 compares the experimentally-measured and the ing, testing, and simulation of nitinol-reinforced shape memory
numerically-predicted force-versus-time curves. The measure- polymers, the reader is referred to [10]
ments from the experiment show that the introduction of just a
single nitinol wire increases the actuation force fren®.4 N to
~ 2 N, a five fold increase. With two nitinol wires the actuation CONCLUDING REMARKS
forceisincreased te 4 N, a ten fold increase. As shown in Fig- We have reviewed our recently developed thermo-
ure 10, the simulation is able to reasonably accurately predict the mechanically-coupled large-deformation constitutive theory and

Figure 10. The solid lines show the experimentally measured actua-
tion force behavior for the constrained-recovery three-point bend exper-
iment. The corresponding numerically predicted responses are shown as

Downloaded From: http://proceedings.asmedigitalcollection.asme.org on 10/19/2018 Terms of L@e: http://www.asme.org/about-asme/terms-of—useCopynght @ 2010 by ASME



a numerical simulation capability for modeling the respoose

thermally-actuated shape-memory polymers given in [4]. The
theory and methodology developed in this study offers the poten-
tial for the development of a robust simulation-based capability

for the design of devices made from shape-memory polymers for [10] DiLeo, C. V., 2010.

a variety of applications.

Furthermore, we have synthesized nitinol-reinforced shape
memory polymers to increase the actuation force of shape-
memory polymers. We have shown, that in the case of a flat beam
under three-point bending, the actuation force can be increased
ten fold by the use of nitinol wires as reinforcing members of
the polymer matrix. The composite beams illustrate one possi-
ble application of shape-memory polymers as thermally activated
actuators.
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