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1. Introduction  

Shape memory polymers (SMPs) are a group of 

adaptive polymers that can recover the permanent 

shape from a temporary shape by external stimuli on 

demand. Among a variety of external stimuli for 

polymer actuation, temperature is the commonly 

used. However, due to slow heating rates, recovery 

of this type of SMP is usually slow. Recently, efforts 

have been made to improve the recovery rate of 

SMPs by using novel heating methods. For example, 

the SM effect is realized through converting 

electrical energy to heat through magnetic field 

induced inductive heating of magnetic particles 

dispersed in an SMP.  This approach offers the 

advantages of fast and remote heating. In this paper, 

we investigate the considerations in designing 

mageno-sensitive particle reinforced SMPs using 

finite element simulations enhanced by a newly 

developed thermomechanical finite deformation 

constitutive model. In particular, we study the 

influence of particle size, particle volume fraction, 

heating temperature to the recovery rate of SMP.   

2.  Model Description 

2.1 Shape Memory Polymers 

Shape memory polymers (SMPs) are a class of 

polymers capable of demonstrating large recoverable 

shape changes due to an environmental stimulus, 

such as temperature  [1, 2], light [3, 4], magnetic 

field [5, 6]. The latter can be thought of as indirect 

thermally triggered behavior. The first and most 

widely studied class of SMPs is thermally triggered. 

A typical thermomechanical history during an SM 

cycle includes two steps (Fig. 1): a programming (or 

shape fixing) step and a recovery (or deploying) 

step. In the programming step, the polymer first is 

deformed at a temperature above its glass transition 

temperature (Tg) into the desired deformed state. 

This is followed by cooling the polymer down to a 

temperature below Tg while maintaining the initial 

deformation constraint. The recovery step, the 

polymer is heated to a temperature above Tg. 

Depending on the application where the recovery 

strain or stress is important, heating can be either 

under free or constrained conditions respectively.  

 
Fig 1. A schematic depicting the thermomechanical 

history for a shape memory cycle showing the two steps 

of programming (shape fixing) and recovery (deploying) 

under both a constrained and free recovery scenario. 

 

 2.2 Constitutive Model for SMP  

Recently, a multi-branch model is developed by the 

authors to capture the SM effect by considering the 

complex thermomechanical properties of amorphous 

SMPs as the temperature crosses Tg. Fig. 2 shows 

the 1D rheological representation of the model.  
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Fig. 2. 1D rheological representation of the constitutive 

model for SMP. 
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Fig. 3. Comparison between numerical simulation and 

experimental results (A) for the stress response during a 

constrained recovery (b) the strain recovery during a free 

recovery at different recovery temperatures for a 

programming temperature of TH1 = 40°C. 

 

In Fig. 2, the mechanical elements consist of an 

equilibrium branch and several nonequilibrium 

branches. Each nonequilibrium branch is a nonlinear 

Maxwell element. In the set of nonequilibrium 

branches, only one is used to represent the relaxation 

behavior of the glassy mode, which describes the 

structural or segmental relaxation of polymers and 

defines the monomer friction coefficient which in 

term enslaves all the longer time scale chain 

relaxation processes. The remaining nonequilibrium 

branches are used to represent the relaxation 

processes in the rubbery state (or melt state), which 

can be represented by a series of Rouse modes. The 

detailed description of the model can be found in 

Westbrook et al. [7]. The comparison of the free 

recovery behavior between experiments and model 

simulations is shown in Fig. 3 for the case of 

constrained recovery (Fig. 3A) and free recovery 

(Fig. 3B). It can be seen that the model captures very 

well the experimentally observed shape memory 

behavior in SMP. 

2.3 Finite element model of magneto-sensitive 

SMP composites 

Recently, efforts have been made to improve the 

recovery rate of SMPs by using novel heating 

methods. For example, the SM effect is realized 

through the inductive heating of magnetic particles 

dispersed in an SMP [8, 9]. This approach offers two 

potential advantages for shape recovery. First, 

heating the material can be achieved remotely by 

alternating a magnetic field. Second, the heating rate 

of the SMP structure can be significantly increased. 

Besides these advantages, the inclusions of particles 

in SMPs [5, 10] allows for medical imaging 

techniques, such as fluoroscopy or computed 

tomography scans, to detect the implanted device 

without additional surgeries for proper device 

placement and function.  
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Fig. 4. Representative volume element (RVE) for a 

magnetosensitive SMP composite. (A) 2D cross-section 

schematic showing the RVE for the periodic problem. (B) 

Finite element model mesh for the RVE for a filler 

volume fraction of 10% and a filler diameter of 10 m. 

 

Here, we consider the effect of particle size and 

volume fraction on the free recovery behavior of a 

magnetosensitive SMP composite. In particular, we 

assume that the particles can be heated to the 
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targeted temperature immediately and be maintained 

at that temperature. The heat is then transferred into 

the SMP matrix to trigger the recovery. The effect of 

particle size on the shape recovery time is 

investigated. Assuming uniform particle dispersion, 

a representative volume element (RVE) is modeled 

in a 2D setting as shown in Fig. 4A. Although the 

2D model may represent a long fiber filler, the 

general insight from this model can be extended to 

particles. The filler volume fraction can be related to 

the RVE geometry by 
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where d is the diameter of the filler and 2a is the 

RVE edge length as shown in the schematic in Fig. 

2A. In the parametric studies for a given filler 

volume fraction, the filler diameter is varied over 

many decades and the corresponding RVE edge 

lengths are calculated.  

Using the geometry of the RVE, finite element 

models that couple heat transfer with finite 

deformation solid mechanics were created. For the 

SMP matrix, 4-node bilinear displacement and 

temperature, hybrid with constant pressure elements 

(CPE4HT) in Abaqus element library were used; for 

the filler, 3-node linear displacement and 

temperature elements (CPE3T) were used. A 

representative finite element mesh is shown in Fig. 

4B for a 10% volume fraction and a filler diameter 

of 10 m. Periodic boundary conditions (PBCs) [11, 

12] were applied by using equation constraints for 

the edge nodes. Because of the PBCs, the initial 

compressive displacement is applied on the RVE’s 

top left node. Additionally, to account for the 

thermal contraction during cooling, an analytic rigid 

surface was included so the top left node vertical 

displacement boundary condition could be removed 

after the initial compression. Here the programming, 

fixing were 40 °C, 20 °C, respectively for all the 

cases. The recovery temperature were 40°C and 

50°C, respectively. Following Westbrook et al. [13] 

it is assumed the SMP has a heat capacity, density 

and conductivity of 640 J/(kg °C), 1050 kg/m
3
 and 

0.15 W/(m °C), respectively. During the cooling 

step, the nodal temperature (SMP and filler) are 

prescribed; whereas, to account for instantaneously 

heating, the temperature of the particle nodes are 

ramped to the recovery temperature in 0.1 

milliseconds. 

3. Results 

Fig. 5 shows the effects of changing the diameter for 

three volume fractions, 0.1%, 1% and 10%. Here, 

the time for full recovery is taken to be when the 

recovery ratio reaches 95%. As seen in Fig. 3, for 

each volume fraction, there exists a critical diameter, 

below which the time for recovery is independent of 

the filler size. The critical diameters for the 0.1 %, 1 

% and 10% volume fractions are approximately 2 

m, 10 m and 95 m for recoveries at 50°C, and 20 

m, 80 m and 900 m for recoveries at 40°C, 

respectively. The existence of a critical filler size 

represents a transition of recovery from one 

dominated by heat transfer to one dominated by 

material intrinsic recovery. At the same filler 

volume fraction, decreasing filler diameter reduces 

the RVE size and thus effectively reduces the length 

of the pathway for heat transfer. Below a critical 

filler size, the size of the RVE becomes unimportant 

as heating can occur almost instantaneously. 

Therefore from heating efficiency and material 

recovery points of view, it is unnecessary to further 

reduce the filler size.  

 
Fig. 5. Free recovery time as a function of the size  

magnet-sensitive particle size. 

 

4. Conclusion 

This paper considers the improved recovery of SMP 

by using magneto-sensitive particles. Through 

simulation, we found there exists a critical particle 

size, below which reducing particle size will not 

improve recovery rate. 
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