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Abstract 

An electro-mechanical device was developed to provide mechanical stimulation to cell 

populations for the purpose of studying how mechanical signals affect cell activity.  The system 

can dynamically deform cubes of hydrogel seeded with cells by applying combinations of normal 

and shear forces to the faces of the hydrogel cube using plastic pads attached to the cube. The 

compact device was fabricated using rapid prototyping methods with ABS plastic and uses shape 

memory alloy actuator wires to generate the necessary forces. The actuator wires can be 

independently activated in sequence to create stimulation routines involving compression, tension 

and shear forces. All of the components can be sterilized and are corrosion resistant so they are 

not affected by the high humidity environment of a tissue incubator where cell stimulation studies 

are performed. The system fits inside a standard plastic lab container measuring 7 cm tall by 4 cm 

in diameter to maintain sterile conditions and hold the liquid culture medium required by the 

cells. During operation the hydrogel cube and the contact pads are submerged in the culture 

medium. The shape memory alloy actuators have been modeled in a two step process: 1) the 

electrothermal model, relating input electrical current to the wire temperature due to resistive 

heating and 2) the thermomechanical model relating the wire temperature to the wire strain and 

actuator stroke due to the shape memory effect. Testing was completed to validate the models and 

calibrate the shape memory alloy actuators. There was good agreement between the model 

predictions and the experimental results. For experiments with a hydrogel cube with sides 

measuring 1 cm, the system was capable of compressing the hydrogel cube up to 8 %, and 

generating shear strains of up to 7%. Tensile strains were much smaller at 0.9%. The dynamic 

deformations were applied at a frequency of 0.5 Hz. 
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Chapter 1 

Introduction 

 

In a living organism, cells are continuously responding to changes in the environment 

around them. Researchers have designed many laboratory systems that attempt to simulate the 

environment found inside the body, often with the goal of determining how a particular 

environment variable affects cellular activities. It has been established that mechanical signals 

affect cellular activity, especially the activity of cells found in connective tissues such as cartilage 

and ligaments which are subjected to mechanical loading in vivo. 

This work focuses on the design, modeling, fabrication and evaluation of a novel 

electromechanical system that can apply multi-axial mechanical stimulation to populations of 

living cells. Mechanical stimulation in this context refers to controlled dynamic deformation of 

the biological material. The stimulus is delivered by applying combinations of normal and shear 

forces to the faces of a cube shaped volume of hydrogel seeded with a live cell population as 

illustrated in Figure 1.1 (a)-(c). 

The device provides independent control of the magnitude and frequency of periodic 

deformation in each axis and can be configured to apply various combinations of compression, 

tension and shear. The intended end users of this device are researchers in the fields of tissue 

engineering and developmental biology who are studying how mechanical signals affect cellular 

activities including differentiation, cell division (proliferation) and protein production. 
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Figure 1.1 Normal and shear forces applied to the faces of a hydrogel cube seeded with cells  

 

The thesis is organized as follows. Chapter 2 presents the necessary background material 

and a review of mechanical stimulators for tissue engineering found in the literature. The design 

of the new device is described in detail in Chapter 3. Physically motivated analytical models for 

the electrothermal and thermomechanical behavior of the shape memory alloy actuation system 

are developed in Chapter 4. The models are validated through experimental testing and the results 

are presented and discussed in Chapter 5. Chapter 6 presents a summary of the completed work 

and recommendations for future work. 
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Chapter 2 

Background and Literature Review 

 

In this chapter, mechanical cell stimulation methods are introduced. Many of the 

stimulation systems discussed in the literature review were designed to work with load bearing 

tissues such as articular cartilage, so a brief description of this tissue is given. The chapter 

concludes with a review of existing cell stimulation systems. 

2.1 Mechanical Cell Stimulation 

 

Mechanical signals have been shown to have an affect on cellular processes such as cell 

division (proliferation), differentiation and protein production. The process of cell division, where 

a parent cell divides into two daughter cells can be modulated with mechanical stimulation. Liu et 

al (1992) increased rat lung cell proliferation using mechanical stretch stimulation. Mechanical 

stretch also promoted the proliferation of rat bone marrow cells in a study conducted by Song et 

al (2007). The effects of stimulation on cell division have also been studied by Curtis and Seehar 

(1978), Iwamoto et al (2004), Maul et al (2007) and Grossi et al (2007). 

Differentiation is a cellular process where the cell changes to a specialized cell type with 

a specific physiological function (Palsson et al 2003). Mechanical stimulation has been shown to 

modulate cell differentiation in various tissues, including: smooth muscle tissue (Stegemann and 

Nerem 2001), bone (Stanford et al 1995, Roelofsen et al 1995, Nieponice et al 2007) and 

vascular tissue (Stegemann and Nerem 2003). Mechanical stimulation can also modulate the 

synthesis of extracellular matrix (Hunter et al 2002, Davisson et al 2002, Buschmann et al 1995). 
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2.2 Mechanical Stimulation Techniques 

 

Techniques for cultivating and mechanically stimulating cells have been reviewed by 

Brown (2000) and Schulz et al (2007). The methods vary, depending on the desired stimulation 

mode: compression, stretch (tension) or shear. 

Hydrostatic pressure can be used to compress cell cultures. The stimulation is spatially 

homogeneous and there are no barriers to impede mass transfer between the cells and the 

surrounding nutrient solution (see Figure 2.1(a)). A second method of compression stimulation is 

direct platen contact. In this method, cells are usually seeded in a three dimensional hydrogel 

scaffold and plates or pistons are used to compress the sample (see Figure 2.1 (b)). Porous 

materials can be used to fabricate the platen to allow mass transfer by diffusion between the tissue 

sample and the nutrient medium. The strain resulting from this method may not be homogeneous 

due to friction between the sample and the platen. 

Culturing cells on a deformable substrate is an effective way to provide tensile loading. 

Deformation of the substrate can be achieved by uniaxial force (see Figure 2.2 (a)) or with four 

point bending (see Figure 2.2 (b)). With this method there is a component of compressive strain 

in the direction perpendicular to the applied tensile load due to the Poisson effect in the substrate. 

Both methods require good adhesion of the cells to the substrate material. 
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Figure 2.1 (a) Hydrostatic pressure for cell compression (b) Direct platen contact for cell 

compression (adapted from Brown (2000)) 

 

 

Figure 2.2 (a) Uniaxial substrate stretch (b) Four point bending substrate stretch (adapted 
from Brown (2000)) 
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Fluid shear systems can also be used to stimulate cells. In one method, a rotating cone is 

positioned above a flat plate inside a fluid filled container, resulting in a spatially homogeneous 

fluid shear stress on the plate surface where the cells are cultured (see Figure 2.3 (a)). In another 

method, cells are cultured inside a parallel plate flow chamber where a uniform laminar flow 

passes over the cells (see Figure 2.3 (b)).  

 

Figure 2.3 (a) Rotating cone for fluid shear (b) Parallel plate flow chamber for fluid shear 
(adapted from Brown (2000)) 

 

2.3 Articular Cartilage and Tissue Engineering 

 

Tissue has two main components: cells and extra cellular matrix. Extra cellular matrix 

(ECM) consists of cell secretions that create a three-dimensional scaffold for the cells, defining 

the tissue’s form and bulk material properties.  

Articular cartilage is a connective tissue found on the contact surfaces of articulating 

joints. It provides a very durable and smooth bearing surface with excellent wear characteristics. 
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Chondrocytes are the only cells found in cartilage and they account for less than 10% of the tissue 

volume. These cells produce the extra cellular matrix components collagen (10 -30% by wet 

weight) and proteoglycans (3 – 10% by wet weight). The remaining tissue content is water (60-

87%). Cartilage has a layered structure because the collagen is not uniformly distributed (Guilak 

et al 2003). There are three distinct layers in articular cartilage. The superficial tangential zone 

(10-20% of total thickness) is made up of dense sheets of woven collagen fibers parallel to the 

bearing surface. The middle zone (40-60% of total thickness) has dispersed randomly oriented 

fibers. Finally, in the deep zone (30% of total thickness) fibers are gathered together in bundles. 

This zone also includes the cartilage-bone interface. Proteoglycans are concentrated in the middle 

zone while water content is concentrated near the upper surface of the superficial zone. Cartilage 

is avascular, meaning there is no network of blood vessels in the tissue. Therefore, this type of 

tissue has a limited ability to heal itself. Damage or deterioration of the cartilage layer due to an 

injury or aging can lead to painful bone on bone contact, severely affecting joint mobility. 

Currently, there are surgical treatments for this condition, with varying levels of invasiveness. 

Total joint arthroplasty or replacement (TJR) surgery replaces the damaged joint with a metal and 

high density plastic prosthetic. Another technique, known as mosaicplasty (Einhorn et al 2007), 

requires harvesting small plugs of healthy cartilage from non load bearing locations and 

transplanting them into the damaged area. A third procedure, termed autologous chondrocyte 

implantation involves harvesting a sample of healthy cartilage from the patient and extracting the 

chondrocytes. The cells are cultured and multiply for a period of a few weeks. Then, during a 

second surgery the large population of chondrocytes is deposited in the damaged area and 

covered with a tissue flap to repair the damaged area (Einhorn et al 2007). New treatments are in 

development based on a tissue engineering approach, where cells are implanted in engineered 

scaffolds in vitro to produce ready-to-use cartilage replacement materials.   



 

 8 

Guilak et al (2003) describes tissue engineering as a combination of biology and engineering with 

the goal of repairing or replacing damaged tissues and organs. Engineered tissue usually includes 

implanted cells; scaffolds including hydrogels, fibers and membranes that mimic certain 

properties of the native ECM; and signals in the form of soluble molecules. Tissue is usually 

cultured in laboratory incubators that maintain sterility as well as control temperature and 

humidity. Also, nutrients must be supplied to the tissue, usually via a liquid culture medium. 

2.4 Previous Studies 

 

There have been many custom designed mechanical stimulators for various types of 

natural and engineered tissues. They can be characterized by the type of loading they apply, the 

operating frequency, the method of actuation and the materials used. 

Frank et al (2000) developed a shear and compression device for mechanical stimulation 

of tissue explants. The device measured 30 cm x 25 cm x 20 cm and was constructed mainly with 

stainless steel components. Twelve samples were contained in wells positioned near the perimeter 

of a circular plate. To compress the samples, a movable upper plate is driven downwards by a 

screw drive mechanism. Shear strains are applied to the cartilage disks by rotating the lower 

circular plate as shown in Figure 2.4. Samples were subjected to a combination of static 

compression and cyclic shear loading at frequencies ranging from 0.01 to 1 Hz. Average 

engineering shear strain was calculated as the rotation angle times the circular plate radius 

divided by the sample thickness. 

 



 

 9 

 

Figure 2.4 Shear and compression stimulator developed by Frank et al (2000) 

 

A similar device was designed by Aufderheide et al (2006). It had a sensitive load cell for 

force feedback control and a displacement transducer for position feedback. The device could 

stimulate 45 tissue explants contained in a sterile plastic chamber. The chamber also contained 

culture medium to sustain the tissue. 

Hung et al (2004) designed a stimulator to apply compressive deformational loading to 

engineered cartilage disks. The tissue construct consisted of a hydrogel scaffold seeded with 

chondrocytes. Instead of using a screw drive as described above, a movable plate was driven up 

and down by a stepper motor driving an eccentric cam (see Figure 2.5). The acrylic loading platen 

was integrated with a standard Petri dish to maintain sterility during testing. The chosen operating 

frequency for the study was 1 Hz. 
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Figure 2.5 Compression stimulator for cells seeded in hydrogel developed by Hung et al 

(2004) 

 

A system for applying tensile loads to natural connective tissue samples using 

displacement or force feedback control was developed by Asundi et al (2007). The system 

consisted of six identical mechanical stimulation units. A tissue specimen was clamped between a 

fixed stainless steel clamp and a second clamp attached to a linear actuator. The clamped tissue 

was placed inside a standard plastic culture tube filled with culture medium. Cyclic loading 

frequencies of up to 2 Hz were used. 

A device for four point bending of natural or engineered three-dimensional tissue samples 

for bone engineering research was designed by Shimko et al (2003). High voltage piezoelectric 

transducers, capable of precise, high frequency motion were used. Loading plungers (see Figure 

2.6) were made of Teflon because it is easy to machine, it is biologically inert and it can be 
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sterilized. The device made use of a standard six well tissue culture plate to hold the samples and 

culture medium. 

 

Figure 2.6 Teflon four point bending device developed by Shimko et al (2003) 

 

Wartella and Wayne (1995) designed a biaxial mechanical stimulator for applying 

compression and tension to thin disks of engineered tissue. To apply tension, the disk was 

clamped between a fixed grip and a movable grip at the end of a piston actuator. The disk was 

centered between a raised platform and a vertical piston actuator that could apply compressive 

loading to the disk (see Figure 2.7). The piston actuators passed through flexible latex membranes 

in the walls of the sealed tissue culture container to maintain sterility. 
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Figure 2.7 Biaxial (compression and tension) stimulator developed by Wartella and Wanye 

(2005) 

 

Waldman et al (2003, 2004) examined the effects of long term intermittent dynamic 

compression and dynamic shear loading on engineered articular cartilage in two separate studies. 

Both experiments used a modified commercially available mechanical testing system with 

custom, porous contact platens to allow mass transfer between the tissue sample and the 

surrounding culture medium. The samples were stimulated at a frequency of 1 Hz for 400 cycles 

every second day for four weeks. The magnitude of the deformations was between 2 and 5 per 

cent of the sample thickness. 
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2.4.1 Summary of Existing Mechanical Cell Stimulation Systems 

 

To summarize the important design features of existing mechanical cell stimulators: 

 

• Components and materials must be compatible with sterilization procedures 

• Many designs incorporate standardized, pre-sterilized laboratory containers 

• The tissue container should be closed to maintain sterility 

• Reported operating frequencies range between 0.1 Hz and 2 Hz 

• Most devices apply one type of deformation (e.g. compression) or a combination of two 

(e.g. compression and shear) 

• Common actuation methods are stepper motors and linear actuators 

 

 This chapter has introduced cell stimulation techniques and devices as well as one 

specific application area (cartilage tissue engineering) to provide context for the current work. 

The following chapter is devoted to describing the proposed stimulator design. 
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Chapter 3 

Mechanical Stimulator Design 

 

Based on the review of existing mechanical stimulation devices, there is a need for a 

system that can provide all three of the common modes of mechanical stimulation – compression, 

tension and shear. There is also a need for a compact system so that multiple units can operate in 

a standard tissue incubator at the same time. The new mechanical cell stimulator should meet the 

following functional requirements: 

• Provide mechanical stimulation to cells seeded in a three dimensional hydrogel construct 

• Provide three modes of mechanical stimulation (compression, tension, shear) in multiple 

axes 

• Fit in a standard disposable lab container (7 cm tall by 4 cm diameter) 

• Use corrosion resistant materials that are compatible with sterilization procedures 

 

The system is designed to apply deformational loading to a cube shaped volume of 

agarose hydrogel seeded with a population of live cells. Agarose hydrogel is a natural polymer 

usually derived from algae and available as a dry powder. The powder is mixed in a 2% weight 

by volume solution and cast in a mould. When the hydrogel sets it has sufficient mechanical 

strength to survive mechanical stimulation, as demonstrated by Hung et al 2004, when a 2% 

agarose hydrogel was used with a dynamic compression stimulator applying strains of 10%.  

In the proposed design, loading is applied with plastic pads in direct contact with the 

faces of the cube. The mechanical stimulator has two main subsystems: the contact pads and 

hydrogel mould; and the actuation system. 
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3.1 Contact Pads and Hydrogel Mould 

 

The cell population is added to the liquid hydrogel prior to a multiple step moulding 

process that forms the hydrogel cube and attaches the contact pads to the faces of the cube. First, 

four plastic pads are inserted into the mould base as shown in Figure 3.1 (a) and (b). Then, a 

measured volume of liquid hydrogel is poured into the cube shaped cavity, (see Figure 3.1 (c)). 

When the hydrogel has set, the hydrogel cube is removed together with the pads using an ejection 

plunger in the bottom of the mould base. Figure 3.1 (d) shows the hydrogel cube and the attached 

pads after release from the mould. 

 

Figure 3.1 (a)-(d). Contact pads and mould for forming the hydrogel cube 



 

 16 

 

Figure 3.2 shows a contact pad with a tapered channel cut out of the contact surface that 

fills with hydrogel during the moulding process; in this way, once the hydrogel sets, it is anchored 

to the pads. Figure 3.3 is a cross section view of the contact pad showing the shape of the tapered 

channel cutout in the face of the pad and Figure 3.4 shows how the hydrogel fills the channel. A 

photograph of the released cube with the four contact pads is shown in Figure 3.5. 

 

Figure 3.2 Contact pad 
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Figure 3.3 Contact pad cross section 

 

 

Figure 3.4 Connection between the hydrogel cube and the contact pads 
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Figure 3.5 Contact pads connected to hydrogel cube after release from mould 

 

 

3.2 Actuation System 

 

The actuation system includes a base structure, motion amplifier, actuators and a 

controller. The base is a circular plastic plate connected to a frame in the shape of a ring that 

provides a mounting surface for the actuators. The motion amplifier is a group of four identical 

cantilever beams anchored to the base plate. The actuators are shape memory alloy wires which 

are connected to the cantilever beams. The controller is a group of three adjustable current 

sources that can be switched on and off in timed sequences using LabView software. 

The actuation mechanism is connected to the contact pads as illustrated in Figure 3.6. A 

square peg at the end of a flexible beam fits into the pad, which is further secured by a collar that 

fits tightly around the beam. When the connection is complete, the device can be inverted and the 
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hydrogel cube and the contact pads can be lowered into a container of culture solution that 

provides the proper environment for the cells. The hydrogel cube is deformed by bending the 

cantilever beams attached to the contact pads. 

 

Figure 3.6 The connection between the contact pads and the cantilever beams 

 

Shape memory alloy (SMA) actuator wires are used to bend the flexible beams. The 

wires are looped through holes in the beam and the ends of the wires are anchored to the ring 

shaped frame that surrounds the beams. When an electric current is passed through the shape 
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memory alloy, it heats up and contracts due to the shape memory effect. As the wire contracts it 

applies a point load perpendicular to the beam axis, deflecting the beam towards the wire anchor 

point. When the current is switched off, the wire cools and the opposing force from the deflected 

beam stretches the wire back to its original length. A concept sketch of the shape memory alloy 

actuation mechanism is shown in Figure 3.7. The end of the beam actually travels along an arc 

but because the deflection is so small, the motion is considered to be rectilinear. 

 

Figure 3.7 SMA wire actuation concept 
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Since the wire is small (100 μm diameter) and difficult to clamp, wire crimps are 

attached to the ends to facilitate anchoring. First, the wire is looped through the crimps, which are 

short lengths of 2 mm diameter brass tube. Then the tube is secured to the wire by compressing it 

with a bench top vise. The external frame, anchoring clamps and wire crimps all appear in Figure 

3.8. The anchoring clamps are fastened to the external frame with small machine screws, which 

can slide forwards and backwards in slots in the external frame. This allows for minor 

adjustments in the clamp position to ensure proper initial tension in the SMA wires. 

 

Figure 3.8 External support frame, wire anchoring clamps and wire crimps 

 

Shape memory alloy actuator wires are compact; they are corrosion resistant, which is 

important due to the humid tissue incubator environment; they can be easily sterilized; and they 

are inexpensive. In this application, the operating frequency of the actuators is limited by the 

amount of time required to cool the wires by free convection so that they will stretch out to their 

original length. Also, there is hysteresis in the SMA heating and cooling cycle that can make it 
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difficult to accurately predict the material’s behavior. The concept of using SMA wires to 

actively control flexible structures has been well studied, with many examples of beams actuated 

by attached SMA wires (Brinson et al 1997), (Shu et al 1997), (Chaudhry and Rogers 1991) and 

(Moallem 2003). 

During cell stimulation experiments, sterile conditions must be maintained and the cells 

need to be submerged in a liquid nutrient medium, so the system is housed within a closed 

container. The chosen container is a standard, pre-sterilized 90 mL cylindrical plastic container (7 

cm tall by 4 cm diameter) commonly used in biomedical research laboratories. A lid with an 

overhanging edge prevents contaminants from entering the container. An assembled device is 

shown in Figure 3.9 with the container. 

 

Figure 3.9 Mechanical stimulator with sterile container 
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The stimulator components were fabricated using fused deposition modeling (FDM) 

(Rodriguez et al 2003, Ahn et al 2002), a rapid prototyping process where three-dimensional 

objects are manufactured by depositing many thin horizontal cross-section layers. The machine 

extrudes a filament of ABS plastic through a heated nozzle, creating a patterned layer of plastic 

that fuses to the layer below it. A water soluble support material can be deposited to support 

overhanging features during fabrication but is easily removed afterwards. A tray of fabricated 

parts is shown in Figure 3.10 with the inset photo showing the soluble support material 

surrounding a contact pad. 

 

Figure 3.10 Stimulator components fabricated with the FDM process 

 

The ABS plastic can be sterilized and is biologically inert in terms of interactions with 

cells. The individually fabricated pieces are assembled by hand and glued together. Initially, a 

general purpose water based glue was used in the assembly process but the glued joints failed 

during testing so the device was reassembled using a quick setting epoxy. 
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In its current configuration, the stimulator is capable of applying compression with one 

pair of contact pads and shear or tension with the other pair of contact pads. Figure 3.11 shows an 

overhead view of the actuator wire layout with the wire functions labeled and the direction of 

beam deflection indicated by arrows. The contact pads have been removed from the beams for 

this photograph to show the wires. 

 

 

Figure 3.11 Actuator wire layout 

 

Rapid prototyping methods made multiple design iterations possible. Figure 3.12 shows 

multiple design iterations for the hydrogel moulding components and the actuation system. The 

prototype on the far right side of Figure 3.12 is not the same colour as the previous versions 
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because it was fabricated with a different prototyping machine that uses a higher strength ABS 

plastic material. 

 

Figure 3.12 Design evolution of the hydrogel mould and actuator components 

 

3.3 Discussion 

 

It should be noted that because the pads are attached to the hydrogel and because there is 

friction between the hydrogel and the contact pad, cells located at the edges of the cube will 

experience a different strain than the cells near the center of the contact pad face. The effect of 

friction between a platen and a hydrogel construct is illustrated in Figure 3.13. If there is no 

friction, the compressive strain experienced by the sample is uniform. However, if there is 

friction or if the sample is anchored to the platen, the cells located near the edges of the hydrogel 

volume may experience tension instead of compression. 
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Figure 3.13 Illustration of the effect of friction on compressive strain homogeneity 

(adapted from van Donkelaar and Schulz (2008)) 

 

During long term stimulation studies, the samples will increase in size because the cells 

are producing extra cellular matrix (ECM). In some of the previous studies discussed in Chapter 

2, this issue was addressed by periodically measuring the sample’s dimensions and compensating 

for tissue growth by adjusting the position of the loading platen to maintain a constant strain 

amplitude (Waldman et al 2003, 2004). This type of adjustment function is not currently 

implemented in the stimulator design presented here. 

In a review of patents for mechanical stimulation systems for cartilage tissue engineering, 

van Donkelaar and Schulz (2008) identified two future development directions for mechanical 

stimulator systems: research focused and commercial focused. The research focused devices are 

equipped with sensitive force and displacement sensors to accurately quantify the mechanical 

stimulation applied to a small number of samples. These systems are costly and the sophisticated 

sensing components present sterilization challenges that make these devices unsuitable for large 
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scale clinical use. On the other hand, the commercial systems are designed for larger scale, 

efficient production of tissue engineering products, with an emphasis on process automation and 

sterile culture environment. These systems may include disposable components to minimize the 

chance of contamination/infection. 

The system presented here is intended to be a low cost, reconfigurable research system. 

The compact design of the stimulation system allows for the operation of multiple units inside a 

laboratory incubator. This feature, coupled with the many possible combinations of multi axial 

forces the system can apply makes it possible to run multiple experiments with various 

stimulation conditions in parallel. Multiple units could be used to efficiently conduct wide sweeps 

of different stimulation programs to identify beneficial conditions for further study with more 

precise instruments. 

This chapter has presented the design, operating principles and fabrication methods of the 

proposed mechanical cell stimulator. In the following chapter the SMA actuation system is 

modeled for the purpose of understanding the shape memory effect and the coupled beam/wire 

system. 
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Chapter 4 

Modeling the Shape Memory Alloy (SMA) Actuators 

 

The modeling of the actuator system can be separated into two separate models. First, the 

electrothermal model gives a relationship between the input electric current and the resulting 

temperature of the SMA wire due to resistive heating. The second model relates the SMA wire 

temperature to the beam tip deflection through a combination of SMA constitutive equations and 

elastic beam equations. 

4.1 Electrothermal Modeling 

 

The temperature of the SMA wire is increased by resistive heating as electric current is 

passed through the wire. When the current is turned off, the wire cools by free convection. Maple 

10 software was used to numerically solve the partial differential equation describing the 

temperature distribution in the wire given by Shu et al (1997) as 

( ) ( ) ( )( ) 2, JTt
D2

2 4,, xTh
x

txTktxTCv −
t eo ρ+−

∂

∂
=

∂
∂

 
(4.1)

with the following boundary conditions and initial conditions 

 

( ) ( ) oTtLTtT == ,,0  for  0≥t (4.2)

and, ( ) oTxT =0,  for Lx <<0 , 0=t  (4.3)

where , k  and vC eρ are the volumetric heat capacity, thermal conductivity and electrical 

resistivity respectively. is the current density in the wire and  is the heat transfer J h
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coefficient. D  is the wire diameter,  is the wire length and  is the surrounding air 

temperature. It is assumed that volumetric heat capacity, thermal conductivity, electrical 

resistivity and the heat transfer coefficient are constants. For these boundary and initial conditions 

the temperature at the ends of the wire remains fixed at the surrounding air temperature and, 

initially, the temperature of the entire wire is equal to the surrounding air temperature. 

L oT

Results from the numerical solution for a 0.085 m long wire show a uniform temperature 

along most of the wire length. Faulkner et al (2000) observed a similar result when measuring the 

temperature at three locations along a 0.09 m heated SMA wire sample. Figure 4.1 shows the 

wire temperature as a function of x  at three different times: =t  0, 1 and 10 seconds.  

 

Figure 4.1 Maple simulation results of the temperature distribution in the heated SMA wire 

after 0, 1 and 10 seconds of heating 



 

 30 

 

To simplify the model, the temperature is assumed to be uniform along the length of the 

wire. In this case, under steady state conditions the heat generated by resistive heating is equal to 

the heat transferred to the surroundings. 

( )( ) 24 JTtT  
(4.4)

D
h

eo ρ=−

The material properties are obtained from the manufacturer’s data sheets and listed in 

Table 4.1. An estimate of the heat transfer coefficient is obtained experimentally with a procedure 

described in Chapter 5. 
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Table 4.1 Properties of the SMA actuator wires 

Parameter Symbol Unit Value 

Young’s modulus1 ME  MPa 30 x 103 

 AE  MPa 69 x 103 

Thermal expansion coefficient Mα  oC-1 6.6 x 10-6 

 Aα  oC-1 11 x 10-6 

Slope of stress-temperature plot MC  MPa oC-1 12 

 AC  MPa oC-1 13 

Heat capacity vC  J m-3 oC-1 5.44 x 106 

Maximum transformation strain H  -- 3% 

Diameter D  m 100 x 10-6 

Convective heat transfer 

coefficient 

h  W m-2 oC-1 203 

Thermal conductivity k  W m-1 oC-1 18 

Resistivity eρ  Ω m 93 x 10-8 

Martensite finish temperature fM  oC 31 

Martensite start temperature SM  oC 50 

Austenite finish temperature fA  oC 53 

Austenite start temperature SA  oC 50 

    

 

1 The subscript A refers to the austenite phase and the subscript M refers to the martensite phase 

of the shape memory alloy 
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4.2 Shape Memory Alloy Modeling 

 

Shape memory alloy (SMA) is a unique material that can be easily stretched at low 

temperatures but recovers the strain and returns to its original length when it is heated due to a 

phenomenon called the shape memory effect. The alloy has two phases, the high symmetry parent 

phase known as austenite and the low symmetry product phase known as martensite. The shape 

memory effect is the result of a reversible transformation between phases that is dependent on the 

stress in the material and the temperature.  

Under zero stress conditions, the transformation temperatures As and Af define the start 

and finish temperatures of the transformation from martensite to austenite. Similarly, Ms and Mf 

are the stress-free start and finish transformation temperatures for the phase change from 

austenite to martensite. There are two variants of martensite: twinned and detwinned. Twinned 

martensite is formed if the phase transformation takes place with low stress in the material; no 

macroscopic strain results from this type of transformation. If stress is applied to the twinned 

martensite at low temperatures, detwinning occurs, meaning that the material’s internal lattice 

structure is reoriented and large strains are observed (up to 10%). This strain remains after 

unloading, but it is recovered when the material is heated and transforms back to the parent 

austenite phase. The slopes of the temperature-stress curves that define the phase transformation 

regions on a temperature versus stress plot are given by  and  (Brinson et al 1997, Gao et 

al 2007, Bekker and Brinson 1998). 

MC AC

Figure 4.2 shows a phase diagram describing the 

thermomechanical behavior of an SMA material. The region labeled [A] is where the 

transformation from martensite to austenite occurs. The [M] region is where austenite is 

converted into detwinned martensite, resulting in large strains. If the material is cooled at low 

stress levels, austenite is converted to twinned martensite in the [t] region and no macroscopic 
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strain is observed. The region of irreversible plastic deformation is labeled as P; the regions of 

pure detwinned martensite and pure austentite are labeled M and A respectively. 

 

 

Figure 4.2 SMA phase diagram 

 

Constitutive models have been developed to relate the stress, strain, temperature and 

martensite fraction in the SMA material (Brinson 1993, Brinson and Huang 1996, Tanaka et al 

1986). The one dimensional SMA constitutive model developed by Boyd and Lagoudas (1994), 

modified by Bo and Lagoudas (1994) and used in Shu et al (1997) is coupled with linear Euler 

beam theory to predict the displacement of the contact pads given the temperature of the actuator 

wire. From Shu et al (1997), the generalized Hooke’s law for the wire is 

( )[ ]o
t TTE −−−= αεεσ  (4.5) 
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where σ , ε  and  are the uniaxial stress, total strain and transformation strain respectively. tε T  

is the temperature of the wire and  is the ambient reference temperature. oT E  and α  are the 

Young’s modulus and the coefficient of thermal expansion respectively. Both are dependent on 

the martensite fraction following the rule of mixtures. 

( )AMA EEEE −+= ξ  (4.6)

( )AMA ααξαα −+=  (4.7)

ξ  is the martensite volume fraction, which takes values in the range [0,1]. It has a value of 0 

when the alloy is entirely austenite and 1 when it is entirely martensite. , , AE ME Aα  and Mα  

are the Young’s modulus and coefficient of thermal expansion of the pure austenite and 

martensite phases of the alloy.  

In the one dimensional case, the transformation strain is related to the martensite fraction by 

ξε Ht =  (4.8)

where H  is the maximum axial transformation strain. 

The criterion for the onset of the phase transformation from martensite to austenite is given by 

Boyd and Lagoudas (1994) as 

( ) ( ) 0
2
1

0
21 =+−−−−Δ+Δ+ fAsfAA HACAAHCHTCTTaH ξασσσ  

(4.9)

during cooling, the transformation from austenite to martensite is governed by 

( ) ( ) 0
2
1

0
21 =+−−−−Δ+Δ+ sMfsMM HMCMMHCHTCTTaH ξασσσ  

(4.10) 

 

where 



 

AM EE
a 111 −=Δ  

(4.11)

AM ααα −=Δ  (4.12)

 and  are the slopes of the temperature ve us stress curves and 

the d  st s c diti

orce  is the link between the SMA model and the beam deflection model. 

i

Figure

MC AC SA , fA , SM , fMrs  are 

start an finish temperatures of the phase transformations under zero res on ons (see 

Figure 4.2). 

The f  beamF

d appbeamF  s a point loa lied perpendicular to the beam’s axis by the SMA wire as shown in 

 4.3. It is related to the stress in the wire by 

wirebeam AF σ2=  (4.13)

where  is the cross sectional area of the wire  can also be directly related to the wireA . beamF

deflection of the cantilevered beam at the location where the point load is applied by 

IE
aFbeam

3
=δ  

beam
a 3

(4.14)

where  is the distance from the base of the beam to the point load,  is the Young’s a beamE

modulus of the ABS plastic and I  is the beam’s moment of inertia. 
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Figure 4.3 Beam deflection due to applied force Fbeam 

 

The total wire strain is related to the beam deflection by 

SMA

a

L
H

δ
ε

2
−=  

(4.15)

where  is the length of the actuator wire before actuation. The maximum axial 

transformation strain

SMAL

H , is equal to the amount the wire is strained before installation in the 

device; approximately 3%. The wire is initially in the martensite phase, but once the wire is 

heated above the transformation temperature it begins to contract. The beam acts as a restraint, 

causing stress in the wire which then applies a point load on the beam, resulting in the beam 

deflection.  
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An iterative solution method is used to calculate the beam deflection as the temperature 

of the wire changes. Given the SMA temperature and the total wire strain, the expressions (4.5) 

and (4.8) are substituted in equation (4.9). The resulting nonlinear equation is solved numerically 

for the martensite fractionξ . Using this value, (4.5) is evaluated to obtain the stress in the wire 

and subsequently the force applied to the beam  is found using equation (4.13). From 

equation (4.14), the beam deflection 

beamF

aδ  is calculated and then used to find the new total wire 

strain from equation (4.15). Then the previous steps are repeated using the new value of total wire 

strain. At the end of every iteration, the current value of wire stress is compared to the wire stress 

of the previous iteration to check for convergence. When convergence is achieved the values of 

σ , ξ , , beamF ε  are saved and the solution procedure starts again with a new temperature. 

After calculating , the displacement of the contact pad at the tip of the beam can be 

found using linear beam theory. The pad displacement is given by 

beamF

IE
baF

IE
aF

beam

beam

beam

beam
b 23

23
+=δ  

(4.16)

where is the distance from the base to the location of  and b is the distance from  t

the contact pad (see 

a beamF beamF o 

Figure 4.3). The model algorithm has been implemented in Maple 10 

software and the program code appears in Appendix A. 

 This chapter has presented a two step model for the SMA actuation system relating input 

current to beam deflection. The next chapter contains the model results and the experimental 

results. 
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Chapter 5 

Results and Discussion 

 

This chapter contains the results of tests that focused on the performance of individual 

components like the cantilever beams and the SMA wires as well as tests that evaluated the 

operation of the entire system. Section 5.1 describes the force-deflection characterization of the 

cantilever beams. Section 5.2 describes an experiment performed with one of the early prototypes 

that had compression springs to help return the cantilever beams to their initial positions. Sections 

5.3 and 5.4 deal with the electrothermal and thermomechanical behavior of the SMA wires. Three 

tests that investigate the repeatability of the compression, shear and tension SMA actuation stroke 

are presented in sections 5.5, 5.6 and 5.7 respectively. Section 5.8 and 5.9 focus on testing all 

three stimulation modes in sequence, with and without hydrogel. 

5.1 Cantilever Beam Testing 

 

The cantilever beams are an important component of the actuation system so experiments 

were carried out to validate the beam model predictions using a commercially available 

mechanical testing machine (Mach 1 from Biosyntec) to measure the applied force and the 

resulting beam deflection. A custom clamping jig shown in Figure 5.1 was designed and 

fabricated to hold the beams perpendicular to the tester’s loading tip. The jig has two manual 

precision motion stages to position the beam under the Mach 1 loading tip. 
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Figure 5.1 Positioning jig for the Mach 1 beam tests 

 

The loading tip was lowered until it just made contact with the beam and then the tip was 

displaced in 50 μm increments while the applied force was measured with a 1 kg load cell.  

 Results showed beam stiffness values much lower than the theoretical values with large 

variation between beams. This was attributed to the glued joints anchoring the flexible beams to 

the base. General purpose glue had been used to bond the beams to the base and it was observed 

after testing that the glue bond had failed. To fix this problem, a 3 mm thick layer of epoxy was 

deposited around the bases of the beams. Figure 5.2 shows the beam deflection versus applied 

load before the epoxy treatment, revealing large inconsistency between beams. Figure 5.3 shows 

the results of a similar test after the epoxy layer was in place. Also shown in Figure 5.3 is the 

predicted beam behavior from the linear beam model of Chapter 4 (Equation 4.10) using the 
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Young’s modulus value for the rapid prototyping plastic ( E = 2265 MPa, from the Dimension 3D 

Printer data sheet).  

 

Figure 5.2 Beam deflection before epoxy layer was added 
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Figure 5.3 Beam deflection after epoxy layer was deposited around the beam bases 

 

Each beam was tested twice, first with the force applied parallel to the thin horizontal 

layers deposited by the rapid prototyping process and then normal to the layers as illustrated in 

Figure 5.4. The ABS components can have anisotropic material properties due to the printing 

process such that the stiffness depends on the orientation of the extruded filaments relative to the 

applied load (Ahn et al 2002). 
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Figure 5.4 Two beam loading configurations used in the Mach 1 tests 

 

Interestingly, the tested beams had similar stiffness values in both axes (parallel and 

normal to the deposited layers). To compare the stiffness in each axis, the data for the two loading 

configurations was plotted together in Figure 5.5. The prototyping machine used to fabricate the 

beams deposited the semi-molten ABS filaments very close together, producing uniform high 

quality components which have similar stiffness values in both axes. 
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Figure 5.5 Comparison of beam stiffness with load applied normal and parallel to deposited 

plastic layers 

5.2 Bias Spring Trials 

 

One of the stimulator prototypes had compression springs positioned between the flexible 

beam and the rigid frame, parallel to the actuator wires as shown in Figure 5.6. As the actuator 

deflects the cantilever beam, the spring is compressed and potential energy is stored in the spring. 

When the SMA wire is cooled the energy in the compressed spring is used to elongate the wire 

back to its initial position. The concept of using a spring to provide the restoring force to elongate 

SMA wires was presented in Liang and Rogers (1997). 
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Figure 5.6 Compression spring for providing restoring force concept sketch 

 

A spring loaded pin designed for use in electronic devices was selected because the 

spring enclosure made it easy to mount the spring in the external frame and it ensured that the 

spring force was perpendicular to the beam axis. The spring loaded pin has an outer cylindrical 

sleeve surrounding a spring loaded plunger as illustrated in Figure 5.7. The sleeve has a mounting 

pin that is inserted into a hole in the external frame. The spring loaded plunger has a rounded tip 

that presses against the cantilever beam. 
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Figure 5.7 Spring loaded pin mounting method 

 

To evaluate the effectiveness of the restoring spring, two beams, one with a spring and 

one without were actuated with the same input current signal and the displacement of the contact 

pad at the end of each beam was measured. A square wave current signal was used and the pad 

displacement was measured during 25 on/off cycles. The results showed that the spring did 

improve the consistency of the actuator stroke from cycle to cycle. It also slightly reduced the pad 

displacement as expected. The displacement of the pad with the spring is shown in Figure 5.8 and 

the displacement of the pad without a spring is shown in Figure 5.9. Although there is some 

evidence of drifting in the motion of the pad without a spring, the difference in actuator stroke 

between the two different configurations is less than 100 μm. It was concluded that the deflected 

cantilever beam provided a large enough restoring force on its own to stretch the wire during the 

cooling portion of the actuation cycle so restoring springs were not included in subsequent 

prototypes. 



 

 46 

 

Figure 5.8 Pad displacement with compression spring 

 

 

Figure 5.9 Pad displacement without compression spring 
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5.3 SMA Wire Electrothermal Results 

 

To validate the electrothermal model presented in Chapter 4, a data acquisition system 

was assembled to measure the temperature of an SMA wire heated by an electric current. Fine 

gage J-type thermocouples with 25 μm diameter wire and an approximate junction size of 100 

μm were selected to perform the measurements. Figure 5.10 is a photo taken through a 

microscope showing the thermocouple junction beside the SMA wire to show the relative size of 

the two objects. To attach the thermocouple to the wire, a small amount of high thermal 

conductivity paste was applied to the top surface of the wire and the thermocouple junction was 

inserted into the paste (Paste not shown in Figure 5.10). 

 

Figure 5.10 Photo of thermocouple junction beside SMA wire 

 

Using a DC power supply, electrical currents were applied to a 0.085m long wire sample 

and the average steady state temperature was calculated from 250 data samples from the 

thermocouple after the temperature had stabilized. Assuming a uniform temperature distribution 

in the wire, this data was used to estimate the heat transfer coefficient . First, the difference h
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between the measured wire temperature and the air temperature, ( )oTT −  was plotted against , 

the square of the current density in the wire. Then, Maple 10 software was used to perform a least 

squares curve fit to the data. 

2J

Figure 5.11 shows the linear relationship between and 2J ( )oTT − . 

The value of the heat transfer coefficient was estimated using the slope of the fitted curve and the 

known wire diameter and electrical resistivity. 

R2 = 0.998
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Figure 5.11 versus 2J ( )oTT −  for a resistively heated SMA wire 

 

The estimated value for  is 203 W m-2 oC-1 for the 100 μm diameter wire used in this 

system. Bhattacharyya et al (2002) reported a coefficient value of 68 W m-2 oC-1 for a 360 μm 

diameter wire and Faulkner et al (2000) reported a coefficient value of 61 W m-2 oC-1 for a 380 

μm diameter wire. No reported heat transfer coefficient values for 100 μm diameter SMA wires 

h
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were found for comparison. Figure 5.12 shows the measured steady state wire temperature and 

the model prediction using Equation (4.1) from Chapter 4 with the estimated heat transfer 

coefficient. The model with constant material properties and constant heat transfer coefficient 

agrees well with the experimental data over the measured temperature range. 
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Figure 5.12 Measured SMA wire temperature versus applied current 

 

Using the estimated heat transfer coefficient, the transient electrothermal response of the 

wire was simulated with Maple software. To avoid overheating the 100 μm diameter wire, the 

maximum input current recommended by the manufacturer is 0.180 amps. Figure 5.13 shows the 

predicted wire temperature due to a 0.180 amp step input. The system will be operating in a tissue 

incubator with an air temperature of 37 oC so the wire temperature was plotted for these 
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conditions as well as for a typical room environment of 26 oC. The wire reaches a maximum 

temperature of 97 oC after approximately two seconds of heating in the incubator environment 

and a maximum temperature of 79 oC in a 26 oC environment. 

 

Figure 5.13 SMA wire temperature simulation due to a 0.180 A input current 

 

A simple square wave input signal was chosen to achieve the periodic deformations of 

the hydrogel cube during stimulation studies. To investigate the wire’s thermal response to a 

periodic input current, a square wave current signal with a period of 2 seconds and amplitude of 

0.180 amps was used in the electrothermal simulation. Figure 5.14 shows how the wire 

temperature responds to the periodic input current for the two environmental conditions: 

incubator at 37 oC and room environment at 26 oC. 
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Figure 5.14 SMA wire thermal response simulation to a square wave current input 

 

The time required to heat the wire can be reduced by applying a larger input current as 

illustrated by Figure 5.15, which compares the time required to reach a wire temperature of 70 oC 

with input currents of 0.180, 0.195 and 0.215 amps. To reduce the risk of overheating the wire it 

was decided to apply an input current of 0.180 amps for one second to heat the wire followed by 

one second of cooling by natural convection as shown in Figure 5.14. 
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Figure 5.15 Comparison of SMA wire heating times for different input currents 

(simulation) 

 

While the heating time can be easily shortened by increasing the input current, reducing 

the cooling time is much more difficult. Heat sinks, forced convection (Shu et al 1997) and 

thermoelectric cooling devices employing the Peltier effect (Bhattacharyya et al 1995) have been 

successfully used to accelerate wire cooling, but there is limited space for mounting fans or 

attaching cooling devices to the wires in the compact stimulator system and any additional 

cooling system components would have to be sterilized. For these reasons, and to minimize the 

complexity and cost of the system, the wires are cooled by natural convection. 

5.4 Thermomechanical Results 

 

A second series of experiments measured both the contact pad displacement and SMA 

wire temperature of one of the actuated beams over a range of input currents. The thermocouple 
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was attached to the SMA wire using the method described above. A video camera and machine 

vision software were used to measure the contact pad displacement by capturing sequences of 

images and then tracking the pad motion with a pattern matching application. Adhesive stickers 

with a cross pattern were attached to the pads to provide a well defined shape for the pattern 

matching program to track. The benefit of this displacement measurement system is that it is a 

non-contact method so it will not influence the actuator’s movement and no sensors need to be 

mounted on the prototype. Also, it is efficient in the sense that from one set of images, the 

displacement of any of the four pads can be determined in a two dimensional plane. The pattern 

matching software is accurate to within one pixel, which translates to approximately 40 μm based 

on a simple calibration procedure built into the machine vision software. 

During the experiment the input current was increased in 10 mA increments from 70 mA 

to 180 mA while temperature measurements and digital pictures were taken. The measurements 

were repeated as the current was decreased in 10 mA increments back to 70 mA. Figure 5.16 

shows the pad displacement as a function of SMA wire temperature. The plot reveals a major 

hysteresis loop in the heating-cooling cycle that is typical of SMA actuators (Brinson et al 1997). 

There is reasonable agreement between the physically motivated model that was presented in 

Chapter 4 and the observed behavior. 
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Figure 5.16 Contact pad displacement versus SMA wire temperature 

 

As discussed in Chapter 4, the martensite volume fraction ξ , decreases as the phase 

transformation from martensite to austenite occurs during heating. As the alloy is cooled and 

austenite transforms back to martensite,  ξ  increases and reaches a value of one when the 

transformation is complete. Figure 5.17 shows the change in martensite fraction predicted by the 

SMA model corresponding to the temperature cycle of Figure 5.16. The hysteresis behavior of 

SMA materials is again seen in the distinct heating and cooling segments of the plot, as the 

martensite fraction decreases to approximately 0.4 and then increases back to 1. 
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Figure 5.17 Martensite fraction evolution during one actuation cycle (simulation) 

 

The SMA model developed by Boyd and Lagoudas (1994) and used in this work to 

model the stimulator actuators is piecewise linear, with one linear segment describing the 

martensite to austenite transformation and a second segment for the austenite to martensite phase 

transformation.  

The parameters , , , ,  and  associated with the phase 

transformations are sensitive to the particular composition and processing of the alloy (Prahlad 

and Chopra 2001). These parameters can be extracted from the following material 

characterization experiments: stress-strain measurements at constant temperature; stress versus 

temperature measurements at constant strain; and strain versus temperature measurements at 

SA fA SM fM MC AC
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constant stress (Zak et al 2003). Table 5.1 lists SMA transformation parameters reported in 

engineering literature for SMA actuator wires of various diameters. 

Table 5.1 Comparison of reported SMA phase transformation parameters 

Parameter Unit Brinson et 

al 1997 

Zak et al 

2003 

Shu et 

al 1997 

Wong and 

Boissonneault 

2006 

Prahlad and 

Chopra 

2001 

Diameter μm 1300  400 200 100 380 

fM  oC 9 20.7 31.5 27 42 

SM  oC 18.4 26.8 41 41 55 

SA  oC 34.5 37.2 48 85 52 

fA  oC 49 47.0 53 94 65 

ME  MPa 26.3x103 33.1 x103 30 x103 20.3 x103 20.3 x103 

AE  MPa 67 x103 69.6 x103 69 x103 45 x103 45 x103 

MC  MPa oC-1 8 10.6 7 5.75 12 

AC  MPa oC-1 13.8 9.7 9 6.5 8 

 

Shu et al (1997) identified the transformation parameters for their particular system 

through a simple method of trial and error, by comparing the model predictions with the observed 

experimental results. The trial and error identification approach used by Shu et al (1997) was 

adopted in this work when modeling the mechanical stimulator actuators. The values for  and 

 , identified in this work as 12 MPa oC-1 and 13 MPa oC-1 respectively, are within the range of 

2.5 to 20 MPa oC-1 reported by Duerig et al (1990). 

MC

AC

If the transient electrothermal model and the SMA model are combined, the relationship 

between pad displacement and time can be plotted for a given input current. Figure 5.18 shows 

the pad displacement during four seconds of heating due to a 0.175 amp input current followed by 
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two and a half seconds of cooling by natural convection. The curve labeled “Model a” uses the 

same austenite transformation temperatures that were used to create Figure 5.16 ( = 50 oC and  

= 53 oC), but it over predicts the pad displacement in this case. The curve labeled “Model b” 

uses adjusted transformation temperatures ( = 55 oC and  = 58 oC) and more closely 

matches the experimental data. This example shows the model’s sensitivity to the SMA material 

transformation parameters. 

SA

fA

SA fA

 

Figure 5.18 Pad displacement versus time for a 0.175 A input current 

 

5.5 200 Cycle Compression Test 

 

A test consisting of 200 compression cycles with a 2% agarose hydrogel cube (length of 

each side = 8 mm) was conducted to investigate the repeatability of the SMA actuator stroke. A 
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square wave current signal with amplitude 0.150 amps and frequency 0.5 Hz was used. The first 

ten cycles were not included in the analysis since the SMA material usually requires 10 to 20 

actuation cycles to settle into a consistent stroke. The mean actuator stroke was 0.178 mm with a 

standard deviation of 0.006 mm. The standard error of the mean is 4.2 x 10-4. Figure 5.19 shows 

the magnitude of the actuation stroke for each cycle as well as the mean value. 
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Figure 5.19 Actuator compression stroke with a 2% agarose hydrogel cube 

 

5.6 200 Cycle Shear Test 

 

A 200 cycle test was performed with the shear deformation mode as well, using a square 

wave current signal with amplitude 0.160 amps and frequency 0.5 Hz. The displacement of each 

shear pad was analyzed individually to see if either of the pads separated from the hydrogel 

during the test since the shear/tension pads are more at risk of detachment. Similar to the 

compression test, the first 10 cycles were excluded from the analysis. Figure 5.20 shows the shear 
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stroke of one of the pads with a mean actuation stroke of 0.125 mm and standard deviation 0.006 

mm. The standard error of the mean is 4.2 x 10-4. 
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Figure 5.20 Actuator shear stroke with a 2% agarose hydrogel cube 

 

Figure 5.21 shows the results for the other shear pad with a mean of 0.099 mm and 

standard deviation 0.009 mm. The standard error of the mean is 6.4 x 10-4. There is a trend of 

increasing stroke during the last 60 cycles of the test because the contact pad partially detached 

from the hydrogel cube. The detachment was confirmed by visual inspection after the test was 

complete. 

 



 

 60 

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0 20 40 60 80 100 120 140 160 180 200

Cycle #

Sh
ea

r 
st

ro
ke

 (m
m

)
μ+σ

μ

μ−σ

 

Figure 5.21 Pad detachment resulting in an increased shear stroke 

 

5.7 200 Cycle Tension Test 

 

The cycle testing was also performed with the tension deformation mode. For this test, a 

square wave current signal with amplitude 0.180 amps and frequency 0.5 Hz was used. The 

tension stroke increased during the first 25 cycles, indicating that the bond between the hydrogel 

and the pads was weakening. At the 25th cycle one of the pads detached from the hydrogel, which 

caused the sudden increase in pad displacement seen in Figure 5.22. During the cycles just prior 

to detachment the strain experienced by the cube was approximately 2.5%. 
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Figure 5.22 Actuator tension stroke with a 2% agarose hydrogel cube 

 

 These cycle tests show that the strength of the bond between the hydrogel cube and the 

pads determines the maximum safe strain that can be applied in the shear and tension modes. The 

strength of this bond is a function of the mechanical properties of the hydrogel and the cross 

section area defined by the tapered cutout on the surface of the pad. The normal and shear forces 

applied by the pad are transferred to the cube across this cross-sectional area of the hydrogel. The 

strength of this hydrogel (Sigma-Aldrich Agarose Type VII, product # 9045) reported by the 

manufacturer is 200 g/cm2. The cross-sectional area of the hydrogel connecting the cube to the 

pad is 0.2 cm2, which means the hydrogel could fracture if a force of 40 grams is applied. 
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5.8 System Testing Without Hydrogel 

 

The system was configured to repeat the following sequence of six steps 50 times:  

1. turn on the tension pair of wires for two seconds 

2. turn off  and wait one second 

3. turn on the compression pair of wires for one second 

4. turn off and wait one second 

5. turn on the shear pair of wires for one second 

6. turn off and wait two seconds 

 

 A picture was taken at the end of every step, resulting in a set of 300 images. Working 

from a reference picture taken just before the test began; the displacements of the pads were 

found using pattern matching software. Plots were constructed showing the x-y plane with the 

points representing the displacement of the contact pad at the end of each step. The origin (or 

initial position) of each pad is fixed in the reference picture and the displacements are calculated 

in millimeters relative to that point. The four pads are labeled A through D as shown in Figure 

5.23. Pads A and C are the compression pair, while pads B and D are used to apply shear and 

tension. 
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Figure 5.23 Reference picture showing four contact pads labeled A, B, C and D 

Figure 5.24 shows the motion of pad C (one of the compression pads) during the 50 

cycles. The two clusters of points displaced from the origin are the “Compression on” position 

and the “Compression off” position. The compression pads remain at or near the origin during the 

tension and shear phases of the cycle. This plot highlights the fact that SMA actuators need 10 to 

20 cycles to settle into a consistent stroke (Brinson 1997). The “Compression on” positions for 

the first 19 cycles of the test are circled in the plot. The “Compression on” position is displaced 

from the Δy axis by 0.01 mm due to a small beam misalignment introduced in the assembly 

process. 
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Figure 5.24 Plot of pad C (compression pad) displacement relative to reference position 

 

A second feature of Figure 5.24 is that the “Compression off ” position is offset from the 

origin by 0.2 mm. This shows that the 1 second of cooling and relaxation time is not long enough 

to let the pad completely return to its initial position. 

Figure 5.25 shows the motion of pad B (one of the tension/shear pads). The two labeled 

point clusters are the “Tension on” position and the “Shear on” position. The tension/shear pads 

remain at or near the origin during the compression phase of the cycle. Again, the initial cycles 

are circled, showing how the actuator stroke settles into a stable pattern. 
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Figure 5.25 Plot of pad B (tension/shear pad) displacement relative to reference position 

 

From all these tests the correlation between wire length and actuator stroke is seen in the 

actuator performance, with the compression stroke being the largest since that pair of beams has 

the longest actuator wires. The tension mode has the smallest actuation stroke since it has the 

shortest actuator wires. The length of the tension actuator wires could be increased by adding 

extension tabs to the beams to increase the distance between the wire anchor point on the beam 

and the anchor points on the external frame. This concept is illustrated in Figure 5.26. 
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Figure 5.26 Extension tabs for increasing the length of the tension wires 

 

5.9 System Testing With Hydrogel 

 

The previous experiments were carried out to characterize the SMA-cantilever beam 

actuation system. Other experiments focused on operating the system as intended with a hydrogel 

cube. The initial tests were conducted with an earlier prototype that had beams with 4 mm by 4 

mm cross sections and 300 μm diameter SMA wires. Figure 5.27 compares the magnitude of the 

actuator’s compressive stroke with and without a hydrogel cube between the pads. The actuator 

compressive stroke is defined as the change in separation distance between the faces of the pair of 

contact pads and is calculated by adding the two pad displacements together. With the hydrogel 

cube in place, the maximum measured actuator stroke was 0.8 mm, which corresponds to an 8% 

compressive strain of the hydrogel cube. The magnitudes of compressive strains reported in other 
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stimulation studies range between 2% (Waldman et al 2004) and 10% (Hung et al 2004). As 

expected, since the hydrogel is constrained on four sides by the contact pads its presence 

significantly decreases the maximum achievable actuator stroke. The hydrogel’s resistance to 

compression is most likely a combination of the stiffness of the hydrogel itself and interstitial 

fluid pressure. Confined compression tests of agarose hydrogel disks performed by Mauck et al 

(2000), measured the total stress in compressed hydrogel disks as well as the interstitial fluid 

pressure and found that the two nearly matched, indicating significant fluid load support.  

 

Figure 5.27 Comparison of compression stroke with and without hydrogel 

Figure 5.28 shows the maximum shear stroke magnitude of one actuated beam to be 0.75 

mm which corresponds to a 7.5% shear strain of the hydrogel cube. In this case of simple shear 
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deformation, the actuator stroke is similar with or without the hydrogel because no volume 

change is associated with the deformation. 

 

 

Figure 5.28 Comparison of shear stroke with and without hydrogel 

5.9.1 Testing All Three Stimulation Modes With Hydrogel 

 

The six step actuation cycle that was described earlier was used again with a 2% agarose 

hydrogel cube and the final prototype that has 100 μm diameter actuator wires. The cube is 

shown in Figure 5.29 with the contact pads labeled A through D. The texture visible on the 

exposed face of the hydrogel is transferred to the hydrogel by the ABS mould. 
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Figure 5.29 Reference picture showing four contact pads labeled A, B, C and D and the 

agarose hydrogel cube 

 

Figure 5.30 shows the motion of pad C (one of the compression pads). There is a group 

of points at the “Compression on” position as expected, but the pad is also moving during the 

shear phase of the cycle. This is because the hydrogel connects the pads, such that one pad’s 

motion affects the other pads. In this case, the compression pad is displaced 0.015 mm in the 

positive x direction when the adjacent pads (B and D) apply the shear deformation. This coupling 

effect could be reduced by modifying the beam’s cross section to increase the bending stiffness in 

the axis where the undesired deflection is occurring. 
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Figure 5.30 Plot of pad C (compression pad) position showing the influence of the 

tension/shear pad motion 

 

A similar coupling or “cross-talk” effect was observed in the tension/shear pad’s motion. 

When pads A and C are actuated to compress the hydrogel, the other pads (B and D) are 

displaced as the hydrogel deforms. In step 3, as the hydrogel cube is compressed in the y axis it 

also expands in the x axis, causing pad B to move 0.02 mm in the positive x direction as seen in 

Figure 5.31. 



 

 71 

 

Figure 5.31 Plot of pad B (tension/shear pad) position showing the influence of the 

compression pad motion 

 

This chapter has presented testing results for individual device components and overall 

system function. The final chapter summarizes the completed research and outlines possibilities 

for future work. 
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Chapter 6 

Conclusions and Recommendations 

 

6.1 Conclusions 

 

The goal of this work was to develop an electromechanical system to provide mechanical 

stimulation to three dimensional constructs of hydrogel seeded with cells. This system can be 

used by tissue engineering and developmental biology researchers to investigate the relationship 

between mechanical signals and cell activities including differentiation, division and protein 

synthesis. The mechanical stimulation is applied through direct contact between four plastic pads 

and four faces of the cube shaped volume of hydrogel. The direct contact approach offers 

flexibility in the type of deformations that can be applied (compression, tension, shear) as well as 

independent control of the magnitude and frequency of the mechanical signals. One challenge of 

the direct contact approach is that pads can impede mass transfer between the cells and the 

nutrient medium. 

As highlighted in the literature review, maintaining a sterile environment is one 

requirement of a cell stimulation system. All the materials in the proposed system can be 

sterilized and all the components fit inside a sterile culture container. Also, the combined 

hydrogel moulding/pad attachment process reduces the amount of handling the samples 

experience. 

An emphasis has been placed on being able to apply different modes of stimulation 

(compression, tension, and shear) with a compact design. These characteristics allow multiple 

units with varied stimulation routines to operate in parallel inside an incubator. The limitation of 
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the current design is that it lacks integrated sensors to continuously measure the applied 

deformations and a closed loop control system to control the shape memory alloy actuators. This 

system could be used to identify beneficial stimulation conditions for further study with other 

larger, specialized stimulators that have feedback control systems to precisely control the applied 

mechanical loading. 

The proposed hydrogel moulding process can successfully form a hydrogel cube as well 

as attach the contact pads to the faces of the cube. Also, the ejection plunger integrated in the base 

of the mould releases the hydrogel and the pads without damaging the sample. Care must be 

taken to ensure that the mould is watertight to prevent the hydrogel from leaking during the 

setting period. 

The SMA actuator wires are capable of providing the required force and displacement for 

deforming the hydrogel cube, but their operating frequency is limited to approximately 0.5 Hz, 

making them unsuitable for higher frequency mechanical stimulation studies. The limiting factor 

in the operation of the SMA actuators is the time required to cool the wires so they return to their 

initial length. Although active cooling devices have been demonstrated to be effective in other 

applications, due to space constraints they were not implemented in the mechanical stimulator 

system. 

Rapid prototyping fabrication methods produced high quality, cell culture compatible 

plastic parts that could be sterilized. Both the plastic parts and the SMA wires are corrosion 

resistant and are unaffected by the humid incubator environment. 

The tasks of stretching or pre-straining the wire and installing the wire crimps were 

completed by hand for the small number of prototypes, but an assembly jig system would 

improve the quality and ease of assembly. 
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The concept of using bias springs to provide additional restoring force for elongating the 

SMA wires was tested and it was found that the small improvement in actuator stroke consistency 

the springs provided did not warrant the added complexity of installing and calibrating multiple 

springs in the actuator system. 

The machine vision displacement measurement system enabled simultaneous non-contact 

tracking of all four contact pads. This system was straightforward to use, although improvements 

could be made to further automate the image processing stage. Also, with a single camera, the 

measurement system is limited to tracking motion in a two dimensional plane. 

The fine gage thermocouple made SMA wire temperature measurements possible, but it 

was challenging to attach the thermocouple junction to the SMA wire due to the small size of 

both objects. Non permanent attachment was achieved with high thermal conductivity paste, but 

the thermocouple could be attached permanently with high thermal conductivity epoxy if desired. 

There was a linear relationship observed between the square of the current density and 

the temperature in the SMA wire due to resistive heating. It was also observed that the 

electrothermal model with constant material properties and constant heat transfer coefficient 

could accurately predict the temperature of the SMA wire for a given input current. 

The physically motivated SMA model used to describe the actuator wire behavior was 

useful for providing an understanding of the alloy’s phase transformations and how they relate to 

wire temperature, wire stress and wire strain. The linear model does reproduce the hysteresis 

behavior of the material, but the SMA model is sensitive to the chosen phase transformation 

parameters and it demonstrates the challenges associated with an open loop predictive modeling 

approach for this material. A closed loop control system is the most effective way to overcome 

these challenges and precisely control the SMA actuators. 
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The linear beam theory accurately modeled the cantilever beams fabricated with the rapid 

prototyping machine. Experimental testing highlighted the importance of a strong connection 

between the beams and the actuator system base plate. The connection between the beams and the 

base plate was strengthened by adding a layer of epoxy. 

It was observed during experiments with hydrogel cubes that the motion of the actuated 

pads transferred through the hydrogel to the resting pads. This could be reduced in the case of the 

compression pair of pads by increasing the bending stiffness of the cantilever beams in one axis. 

It is more difficult to eliminate unwanted motion of the tension/shear pads because to apply both 

shear and tensile strains the cantilever beam must have equal stiffness in both axes. The system 

could be made more precise by having each beam/pad only apply one type of deformation.  

6.2 Recommendations 

 

 Based on the information collected during prototype testing, the following 

recommendations for future work are proposed: 

 

• Strain gauges could be mounted on the cantilever beams to continuously measure beam 

deflection during operation. These sensors would provide the information needed for 

feedback control of the actuators. 

• A closed loop control system could be implemented to control the contact pad 

displacement. Many control strategies for SMA actuators are reported in engineering 

literature (Jayender et al 2008, Lee and Mavroidis 2002, Madill and Wang 1998). 
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• The modeling presented in chapter 4 focused on the SMA actuators and the cantilever 

beams. It could be expanded by including a model for the hydrogel cube including the 

hydrogel stiffness. 

 

• The contact pads are constrained to move in a two dimensional plane due to the fixed 

length of the cantilever beams. The system could be modified to add a third degree of 

freedom to some or all of the contact pads. 

 

• In the current prototype the wires are anchored to a ring that surrounds the beams such 

that the wires are perpendicular to the beams. The anchoring point could be moved to a 

location on the actuator base plate as illustrated in Figure 6.1. An offset would have to be 

added to the beam to generate a bending moment when the SMA wire contracts. By 

anchoring the wires to the base, the ring that surrounds the beams could be removed and 

the system would fit in a smaller diameter cylindrical container. This modification would 

also increase the starting length of all of the SMA wires, which would allow for larger 

wire strains and therefore larger sample deformations. 

 



 

 77 

 

Figure 6.1 Alternate wire anchoring point concept 

 

• The liquid culture medium that surrounds the contact pads and the hydrogel is expensive. 

The volume of liquid required could be reduced by fabricating an ABS insert to fill the 

gaps between the pads and the container walls, leaving only a small clearance around the 

outside edges of the pads. 

• The strain experienced by the hydrogel could be determined by optically measuring the 

deformation of the geometric pattern that is imprinted on the surface of the hydrogel by 

the mould.  
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Appendix A 

Maple program for SMA actuator analysis 

This program calculates the wire strain and beam deflection for a coupled SMA wire-cantilever 

beam system. The input is the SMA wire temperature. 
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