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1. Introduction 

Shape-memory polymers (SMPs) are active smart materials that can be deformed above a 

specific temperature, cooled into a metastable state and upon a stimulus such as heat, return to 

their previous shape.  They have a wide range of potential uses in devices such as smart fabrics 

(J Xu et al.), heat-shrinkable tubing (Heslop et al.), intelligent medical devices (MedShape 

Solutions’ Morphix® Suture Anchor) and other implants for minimally invasive surgery (Behl 

and Lendlein). Precise tunability of the thermo-mechanical properties of SMPs enables a new 

generation of smart materials that can meet the rigorous demands of various applications. 

     Myriad polymers with very different molecular structures and entanglement mechanisms 

exhibit shape-memory characteristics, so novel SMP systems must be carefully characterized in 

order to predict and control behavior under specific loading conditions. Tailorable thermo-

mechanical properties such as glass transition temperature (Tg), rubbery modulus (ER), loss 

modulus and tan delta can be predictably altered by varying the composition of starting 

monomers and controlling the reaction kinetics (Liu, Gall and Dunn).  The strain capacity of 

SMPs can also be controlled. Above a critical temperature, and when subjected to an applied 

stress, SMP chain segments uncoil, experiencing extreme elongation, sometimes nearing 1500 

percent for certain block copolymers (Behl, Marc and Andreas Lendlein), while other SMP 

systems have been shown to possess fully recoverable strains above 800 percent (Voit, Ware, et 

al.). Strain capacity and the shape-memory effect are governed by two distinct molecular 

interactions: physical entanglements and chemical crosslinks between chains.  Physical chain 

entanglements are present in all polymers, but a certain class of polymers called thermoset 

shape-memory polymers, also possess these covalent chemical links between chains and can 

experience low residual strains and good memory properties (Behl and Lendlein).  In order to 
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attain the fixed-strain recovery needed for a certain application, the crosslink density, or extent of 

network behavior, of the polymer networks must be controlled (Yakacki, Christopher M., et al).   

Strains and stresses can be characterized several ways. Unconstrained free recovery, stress 

recovery under full constraint at pre-deformation strain level, and stress recovery under full 

constraint at a strain level fixed at a low temperature are three major types of recovery that are 

important in predicting SMP behavior (Liu, Yiping, et al.). According to constitutive modeling 

developed from extensive dynamic mechanical analysis and thermo-mechanical testing, it was 

determined that in SMPs, both the initial pre-deformation and final recovery state are controlled 

by the rubbery elasticity of the SMP (Liu, Yiping, et al.).  The stored strain shows the 

deformation history under cooling and becomes the initial condition for reheating and unloading 

stress.  The energy released during heating is exactly the reverse process of energy storage 

during cooling, with minimal energy loss due to mechanical dissipation.  The recovery of strain 

occurs at or near the glass transition temperature, and due to the high stiffness of SMP's in their 

glassy state; stress under strain constraint is highly influenced by the thermal expansion of the 

polymer.  The constitutive model can be used to predict the strain and stress recovery responses 

of shape memory polymers under many conditions (Liu, Yiping, et al.).   

Often the underlying thermo-mechanical properties of copolymer systems alone do not meet 

application specifications; therefore, creating composite materials, utilizing shape-memory 

polymers and some additive or new material, has shown tremendous promise over the last 

decade toward fulfilling these requirements. SMP composites are created by embedding 

nanoparticles or fibers into SMP matrices before curing, often enhancing the toughness and 

ultimate tensile strength. Nanoparticles such as silicon carbide (SiC) can alter characteristics 

such as the micro-hardness, elastic modulus, strain recovery, and recovery force of the shape-
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memory polymer.  Gall et al. found that adding 40 wt% SiC into the base resin would increase 

the micro-hardness and elastic modulus by a factor of 3, and that the polymer had perfect shape 

recovery for SiC weight fractions below 40 wt%.  It was also observed that the recovery force of 

the polymer was increased by 50% with the addition of 20 wt% SiC (Gall, Dunn and Liu).  

Carbon nanotube-SMP nanocomposites have also shown promise.  Carbon nanotubes have been 

receiving increased attention in many industries due to their unique structural and electrical 

characteristics: they are capable of absorbing very large amounts of strain, and conduct 

electricity well (Ni, Qing-Qing, et al.).  When mixed into  SMP matrices, carbon nanotubes 

dramatically alter the mechanical properties of the base polymer.  According to Ni et al., Young's 

modulus, yield stress, and tensile stress of the composites become larger with increasing carbon 

nanotube weight fraction.  Specifically, the nanotubes reinforce the mechanical strength of the 

chosen thermoplastic polyurethane SMP, yet allow matrix ductility enabling large strains (Ni, 

Qing-Qing, et al.). Nanocomposites have similar shape recovery characteristics in comparison to 

the base SMP, but higher weight percentages of carbon nanotubes reduces the shape recovery by 

a substantial amount.  For lower weight percentages, shape recovery increases over multiple 

cycles, exhibiting a training effect.   

SMPs are excellent candidates for use in medical devices due to their ability to be pre-

deformed into complex shapes and to be triggered at body temperature to return to their 

functional shape (Langer, Robert and David A. Tirrell). In developing new materials for medical 

applications, biocompatibility must also be considered in order for the biomaterial to be safe 

interfacing the human body.  SMPs have unique properties that potentially fit the rigorous 

material demands of new commodity and biomedical applications.  In this capacity, we propose a 

multi-layered SMP-composite for use as an orthopedic cast (Figure 1).  The device would 
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Fundamental inquiry into several technical aims is necessary to achieve these ends. We propose 

the following: 

 Establish precise control of polymer Tg 

 Demonstrate the ability to alter ER 

 Impregnate nylon lycra fibers with the chosen SMP systems 

 Assess the stress-strain response of these composites at different temperatures 

 Develop a bench top prototype using the chosen composite system 

2.2 Preparation 

 The Fox equation (Pochan et al.) was used to predict the approximate proportions of acrylate 

monomers to be used to design several samples in order to achieve target copolymer Tg’s from 

0°C to 70°C in approximately 10°C intervals.  The chosen monomers were n-butyl acrylate, 

methyl acrylate, and isobornyl acrylate. The theoretical proportions were further modified in 

order to simplify solution preparation before addition of the crosslinking monomers (Table 1). 

Goal Temp °C 
Calculated Proportions (%) Copolymers Synthesized (%) 

MA BA IBoA MA BA IBoA 

0 61 39 0 50 50 0 

10 76 24 0 70 30 0 

20 91 9 0 90 10 0 

30 91 0 9 95 0 5 

40 68 0 32 75 0 25 

50 45 0 55 60 0 40 

60 23 0 77 45 0 55 
Table 1.  Theoretical ratios to achieve target Tgs and actual ratios mixed during polymer synthesis 

Two separate multi-functional monomers were used to crosslink the polymers and ensure 

thermoset behavior.  Trimethylolpropane triacrylate (TMPTA) was the trifunctional acrylic 

monomer used in the first batch of samples, while bisphenol A ethoxylate diacrylate (Mw ~ 512) 
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(BPA) was the difunctional monomer used in the second batch.  Each batch consisted of eight 

samples, varying copolymer compositions with target Tgs ranging from 0°C to 70°C. The first 

batch was synthesized with 1.00 wt% TMPTA and the second batch with 1.00 wt% BPA. Chain-

growth UV polymerization was initialized through UV cleaving under 365 nm wavelengths of 

0.1 wt% 2,2 dimethoxy-2-phenylacetophenone (DMPA) used as the photoinitiator.  

Polymer molds were crafted by clamping 1 mm thick glass slides onto custom-machined 

Teflon bases.  Each of the 16 samples of different compositions was injected in liquid form into 

the mold via pipette.  The solutions were then cured and hardened in a UV Translinker 

Crosslinking Chamber (UVP) for 10 minutes at 2000 mW cm-3.  The molds were removed, and 

the polymer extracted.  Each polymer sample was then post-cured in an oven at 60°C for an 

approximately one hour to drive off excess un-polymerized monomer.   

To produce samples with Anteres Nylon Lycra reinforcement, Nylon Lycra material was cut 

to a size slightly smaller than the mold (2 in. × 3 in.), in order to compensate for expansion upon 

saturation.  The Lycra material was pressed into the mold, and the Lycra was saturated with the 

appropriate monomer solution.  Excess solution was injected into the mold while the glass slide 

was slowly pushed over the mold to eliminate the formation of bubbles and create a seal and an 

anaerobic environment that would not hinder polymerization.  When the mold was full of 

monomer solution, and the glass slide completely sealed, the slide was clamped down with 

binder clips and the solution was polymerized.  Total sample size was 16 non-reinforced small 

samples (2 in. × 3 in.), 16 Lycra reinforced samples (2 in. × 3 in.), and 8 large non-reinforced 

samples (7 in. × 7 in.). 
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2.3 Characterization 

To determine the properties of each polymer, samples were thermomechanically 

characterized with four different precision instruments.  The TA Instruments Q800 Dynamic 

Mechanical Analyzer (DMA) was used to find the storage modulus and tan delta as a function of 

temperature.  The TA Instruments Q100 Differential Scanning Calorimeter (DSC) measured heat 

flow through the material across a range of temperatures.  The Instron 5567 Universal Testing 

Machine with a 2kN load cell was used to determine the strain-to-failure of the polymers and 

composites at several different, but constant temperatures.  The Zeiss Scanning Electron 

Microscope (SEM) was used to observe polymer-fiber interfaces.  

Dynamic Mechanical Analysis 

For use in the DMA, polymer strips were cut to be 15 mm long and 7 mm wide and fitted 

into the machine.  Thickness was a result of the polymerization and mold geometry and ranged 

from 0.70 to 0.92 mm. The DMA applies a tensile sinusoidal force to a predetermined strain 

upon the polymer or composite. Taking the user-input geometric dimensions of the sample, the 

software calculates the cross-sectional area (A) of the sample. With a known strain endpoint (e), 

set to be 0.2% which is well within the linear elastic regime of the sample, and known force (F), 

measured by the 18 N load cell, the DMA can calculate the stress (σ = F/A) and then the elastic 

(storage) modulus (E = σ/e) as a function of temperature. A Gas Cooling Accessory (GCA) was 

connected to a bulk liquid nitrogen tank and used to quench the thermal chamber to (-50 °C) 

while the heating elements would heat the sample to temperatures 40 °C above the Tg.  

Differential Scanning Calorimeter 

For testing in the DSC, specimens weighing 7.00 to 10.0 milligrams were placed into test 

pans, and underwent a heat-cool-heat cycle, ranging from room temperature to 150 °C to erase 
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thermal strains, then down to -50 °C and back up to 400 °C to determine the Tg of the polymer.  

The DSC software yields a plot of heat flow as a function of temperature across the test range. 

Exotherms and endotherms appear as materials undergo phase changes. From these peaks and 

transitions, Tg, melt and combustion temperatures can be found.  

 
 
Strain‐to‐Failure 

For the Instron tests, sample strips with gauge sections 10.0 mm long and about 7.00 mm 

wide were cut and clamped into grips.  Samples were run at the target Tg, at room temperature 

(25 °C), at body temperature (37 °C), and at 47 °C.  All samples were run at each temperature in 

triplicate to assess inter sample variability.  For use in the Scanning Electron Microscope (SEM), 

polymer samples were gold-plated to increase conductivity, and then viewed in the SEM. 

Scanning Electron Microscope 

The Zeiss Ultra 60 Scanning Electron Microscope (SEM) with an SE2 detector was used to 

observe the polymer-fiber interfaces at various magnification levels. Samples were precoated 

with a thin layer of gold (4-5 nm thick). Samples were placed under high vacuum and 

bombarded with electrons. Scattering patterns were observed at increasing magnification from 

150 X to 100kX. Tests were run at an accelerating voltage of 5kV on a flat (non-tilted) plane.  

2.4 Prototyping 

To create a reinforced polymer in a cylindrical tube shape required for a cast system, molds 

were made by pulling sewn tubes of Lycra over a polycarbonate or Teflon cylinder, then loosely 

wrapping vinyl bagging wrap over the cylinder.  The sides and bottom of each mold were sealed 

with epoxy.  Monomer solutions were poured into the cylindrical molds until full and the top was 
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increase in maximum strain and a decrease in maximum stress.  At 47°C, both samples have 

large max strains and max stresses.  This was the deciding factor in choosing 47°C as the 

deployment temperature of the cast.   

Sample Type 
Test Temp 

(°C) 
Strain-to-Failure 

(%) 
Max Stress (MPa) 

45MA 55IBoA Fiber 25 3.25 26.01 

45MA 55IBoA Fiber 25 9.65 21.13 

45MA 55IBoA Fiber 25 2 24.8 

45MA 55IBoA Fiber 37 168.49 11.11 

45MA 55IBoA Fiber 37 78 10.59 

45MA 55IBoA Fiber 37 160.8 17.35 

45MA 55IBoA Fiber 37 65.79 11.91 

45MA 55IBoA Fiber 47 295.5 9.3 

45MA 55IBoA Fiber 47 361 8.83 

45MA 55IBoA Fiber 47 331 7.57 

45MA 55IBoA Fiber 60 686.75 6.54 

45MA 55IBoA Fiber 60 827.89 8.39 

45MA 55IBoA Fiber 60 577.67 4.98 

45MA 55IBoA Control 25 2.5 9.34 

45MA 55IBoA Control 25 2.78 28.87 

45MA 55IBoA Control 25 Broke on Loading Broke on Loading 

45MA 55IBoA Control 25 3 24.53 

45MA 55IBoA Control 37 4.5 30.1 

45MA 55IBoA Control 37 3.57 31.78 

45MA 55IBoA Control 37 3.7 30.56 

45MA 55IBoA Control 47 366.7 4.7 

45MA 55IBoA Control 47 413.7 3.17 

45MA 55IBoA Control 47 Reached Ext. Limit Reached Ext. Limit 

45MA 55IBoA Control 60 254.5 2.46 

45MA 55IBoA Control 60 227.75 1.61 

45MA 55IBoA Control 60 675.93 0.99 

Table 3.  The  stress‐strain response at samples with a Tg of 60 (A2) at room temperature, body 
temperature, onset and Tg as controls and fibers 
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actuated shape memory polymer cast reinforced with anteres nylon lycra may work as 

theorized4.  

4. Conclusions 

 SMP-nylon lycra composite orthopedic cast systems have the potential to address several 

problems that plague current casts on the market.  Current orthopedic cast systems are bulky, 

heavy, and cannot adjust to conditions such as swelling and muscle degeneration.  SMP-based 

casting sleeves would fit onto the patient’s appendage and with the application of heat, deploy 

and compress the affected limb.  The cast system would also have the ability to be re-adjusted to 

compensate for any new conditions further in the healing process as post-operative swelling 

subsides.  The two-layer system would provide structural stability and strength while providing 

comfort for the user and impact protection from the abuses that could occur during cast use.  The 

results affirm that the thermo-mechanical properties of a methyl acrylate-isobornyl acrylate 

copolymer system crosslinked with trimethylolpropane triacrylate could potentially meet the 

requirements needed for a working cast prototype.  Results from prototyping indicate initial 

feasibility to continue development of a self-adjusting multi-actuated, fiber-reinforced shape-

memory polymer orthopedic cast. Tg for the soft outer layer was chosen to be near 24 °C 

(Sample A6) while the Tg for the hard inner layer was chosen to be 60 °C (Sample A2). The 

results shown a good fiber-polymer interface and demonstrate low residual strains. Furthermore, 

the results describe how recoverable force and stiffness can be tailored as a function of 

application temperature and polymer composition. The results of this study are intended to 

enable the rapid iteration toward a commercial orthopedic cast based on SMP-composites.   
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