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Abstract 
This work presents a study on the feasibility of incorporating magnetorheological 
elastomer (MRE) springs in prosthetic devices. MREs are composite materials that consist 
of micron-sized magnetizable particles embedded in a non-magnetizable elastomer matrix. 
They have the property of dynamically varying their mechanical properties, notably their 
stiffness, under the influence of a magnetic field. 

The motivating application for this project is a prosthetic foot with an adaptive stiffness 
MRE spring. The design considerations include high stiffness, large deformations and a 
wide range between the off-state and on-state stiffness. An initial study of the 
manufacturing process of MREs is presented and the experimental test setup described. A 
prototype of a variable stiffness spring is designed and built, based on the initial 
experimental results and the requirements of a prosthetic foot. An MRE variable stiffness 
spring is found to have various implications in prosthetic devices, providing real-time 
controllable stiffness of the devices. 

Útdráttur 
Þessi ritgerð lýsir athugun á því hvort raunhæft sé að nota segulvirka elastómera til þess að 
gera stífni stoðtækja breytilega. Segulvirkir elastómerar eru samsett efni þar sem 
segulvirkar agnir eru blandaðar út í ósegulvirkt burðarefni. Þeir hafa þann eiginleika að 
geta breytt stífni sinni séu þeir bornir undir segulsvið. 

Sérstaklega er litið til notkunar á segulvirkum elastómerum í gervifótum. Gervifætur eru 
almennt framleiddir misstífir eftir þyngd notandans og virkni í daglegu lífi en fýsilegt þykir 
að geta framleitt fót sem hefur stýranlega stífni. Aðferðir við framleiðslu segulvirkra 
elastómera eru kannaðar ásamt því hvernig mæla má stífni þeirra með og án segulsviðs. 
Sýni eru framleidd og stífnieiginleikar þeirra mældir með sérsmíðuðum búnaði. Frumgerð 
gormbúnaðar með segulvirkum elastómer er hönnuð og smíðuð með tilliti til þeirrar stífni 
sem búnaðurinn þarf að hafa með og án segulsviðs auk þeirra færslna sem búast má við í 
gervifótum. Slíkur búnaður er talinn hafa notkunarmöguleika í stoðtækjum þar sem hægt 
verður að stýra stífni þeirra í rauntíma. 
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1 Introduction 

1.1 Motivation and background 

One of the most important design goals of prosthetic devices is to provide the 
appropriate level of stiffness for the user. However, this is not as simple as constructing 
a fixed stiffness device for a specific person. Ideally, the stiffness of the device would 
change dynamically in response to his or her current demands. A variable stiffness 
prosthetic device would mean improved quality of life for the amputee, as the device 
changes its characteristics in response to the current activity level. High stiffness is 
required in more demanding tasks while low stiffness is more convenient while at rest 
or moving casually. 

A variable stiffness prosthetic device can be constructed using various mechanical 
methods, which may require cumbersome mechanisms and manual interference of the 
user. Another method of varying the stiffness would be to use an adaptive, controllable 
smart material, such as magnetorheological elastomers (MREs). This is a class of 
composite materials that consist of micron-sized magnetizable particles embedded in an 
inert elastomer matrix. Typically, a carbonyl iron powder is mixed with silicones, 
polyurethanes or natural rubber. MREs change their mechanical properties, notably their 
stiffness, dynamically when subjected to a magnetic field and the response from low to 
high stiffness is almost instantaneous [1, 2]. Proposed applications of MREs include 
automotive bushings [3] and vibration absorbers [4] as well as actuators [5]. However, 
existing commercial applications are rare and the development and characterization of 
the materials are yet in the early stages. The application proposed in this paper is to use 
MRE materials for a dynamically adaptable stiffness prosthetic device, specifically a 
carbon-fiber prosthetic foot.  

The behavior of MREs under the influence of a magnetic field has been studied by a 
number of research groups, see for example [1, 6-12]. In order to describe this behavior, 
terms like the MR effect are used, which is the difference or the ratio between an elastic 
modulus with applied magnetic field (on-state) and the same modulus with no field 
applied (off-state). Factors that affect the MR effect include the initial elastic modulus 
of the matrix, the particles’ magnetic properties, size and concentration, the alignment 
of particles within the matrix and the use of additives for better matrix-particle 
interaction.  The reported results differ considerably, based on the materials and 
methods used.   In the literature,  MREs with initial off-state elastic modulus from 
around 100 kPa to a few MPa are found to increase their stiffness considerably, even 
more than 100% [7, 9, 10]. Some researchers have reported that the MR effect depends 
on strain amplitude [1]. However, considerable MR effect has been found for large 
strains of up to 100% [13]. The effect of cyclic deformation on MREs has been 
investigated by Zhang et al. [13], who finds the fatigue properties of the MREs to be 
significantly affected by the particle concentration. Keeping a low particle concentration 
could be needed to maintain decent mechanical strength. 
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MREs under the influence of a magnetic field can deform because of inter-particle 
magnetic forces, an effect called magnetostriction. For example, Diguet [8] has found 
deformation of up to 9,2 % in an MRE with low off-state elastic modulus. The 
deformation was found to be dependent on the aspect ratio of the MRE sample, 
decreasing with increased thickness of the MRE. Although it may have promising 
implications in actuators, the effect of magnetostriction can affect the feasibility of 
using MREs as spring members in structures if the applied strains are of similar or less 
magnitude as the strains induced.  

A comprehensive characterization of MREs is currently not available and bulk MRE 
material is, to this date, not commercially available. Motivation through new 
applications could be the key for further development and optimization of the materials, 
their characterization and stable manufacturing.  

1.2 Overview of the thesis 

In this thesis, the feasibility of integrating magnetorheological elastomers in prosthetic 
devices is studied. A particularly motivating application is considered - a variable 
stiffness spring in a prosthetic foot. The goal is to investigate some basic characteristics 
of the MRE composite, make proposals for application methods and to make a first 
prototype.  

Chapter 2 serves as an introductory chapter to acquaint the reader with the technology 
of MR Elastomers. In Chapter 3, the fabrication process of silicone- and polyurethane 
based MREs with micron-sized iron particles is described. Chapter 4 contrains a 
description of the equipment and methods for investigating the MR effect, followed by 
testing results for cylindrical MRE specimens. Chapter 5 describes the prototyping of 
one particular design of an MRE spring that has potential application in prosthetics. 
Further application possibilities in lower limb prosthetics are then discussed. Chapter 6 
concludes the thesis with discussion and proposals for future work. 
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2  MRE technology 
Magnetorheological materials are a class of smart materials of which some mechanical 
properties can be controlled by an external stimulus. These materials are further 
classified into MR fluids and MR elastomers and other classes, such as, MR gels and 
foams. They all are composites constituting of magnetizable particles within a non-
magnetizable medium. When magnetic field is applied, the particles become 
magnetized, resulting in inter-particle forces. These forces affect the mechanical 
properties of the composite as a whole, giving the MR fluids a controllable yield stress 
while the MR elastomers have a controllable elastic modulus. Figure 2.1 shows a 
schematic of MR materials. 

 

Figure 2.1: Schematic of MR materials 

Research on MR materials was first published by Rabinow 60 years ago [14], but 
interest in the technology started to develop after the commercialization of computer 
processors. MR technology has more implications when coupled with automatic control 
systems considering the quasi-instantaneous response of the materials to the magnetic 
field. While MR fluids have found commercial applications in dampers, breaks and 
clutches, no device utilizing MREs has been commercialized [15]. Therefore, MR 
elastomers have undergone much less research than MR fluids. 

Although no commercially available technology utilizes MREs, a number of research 
groups have investigated their behaviour. For a non-magnetizable medium or matrix 
material, silicones, natural rubbers and polyurethanes are most commonly used. The 
magnetizable particles ideally have a high magnetic permeability and low remnant 
magnetization. Magnetic permeability is a measure of how much a material is 
magnetized under a magnetic field. Remnant magnetization describes how much 
magnetization remains in the material after it ceases to be under magnetic field. 
Carbonyl iron powders are generally preferred as particles, with particle size usually on 
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the order of a few microns. To produce MREs, the CIP is mixed with the matrix 
material and the composite allowed to cure [15].  

Stiffness is the mechanical property that undergoes most change when a magnetic field 
is applied on an MRE. To describe how effectively an MRE changes this property, the 
term MR effect is used. The MR effect can be either the relative change in elastic 
modululs or the absolute change. A number of factors have been shown to affect how 
great the MR effect will be. The absolute MR effect has been shown to be independent 
on the nominal stiffness of the matrix material itself [11]. This means that using a softer 
matrix material will allow for a greater relative MR effect. Curing the material under 
magnetic field will align the particles in chained structures along the magnetic flux 
through the material. After the matrix material is cured, this is the lowest energy state 
for the particles to be in when under the influence of a magnetic field. Thus, deforming 
the MRE in on-state will require that the particles go to a higher energy state, resulting 
in magnetic forces. Research has shown that MREs with aligned particles show more 
MR effect than MREs with an isotropic distribution of the particles [15]. The off-state 
stiffness of a composite of particle-loaded elastomer increases as the particle 
concentration increases. As the off-state stiffness increases, a decrease in MR effect is 
to be expected. The optimal particle concentration has been predicted to be 27 % with a 
mathematical model [2] which has been confirmed with both earlier and more recent 
modeling and experimental results [1, 10].  

To make full use of the smart qualities of MREs, a suitable magnetic circuit has to be 
present to apply magnetic field. 

 

Figure 2.2: Schematic of a magnetic circuit 

A schematic of a magnetic circuit can be seen in Figure 2.2. The basic function of such 
a circuit is that the current through the turns of the coil induce a magnetic field H which 
has strength according to equation (1),  

 � =  
��

�
 (1) 
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Here, N represents number of turns in the coil, I represents electrical current and L is 
length of the coil. The coil is wound around a core made of material with high magnetic 
permeability, typically iron. High magnetic permeability, µ,  means that high magnetic 
flux density, B, is induced in the core by the magnetic field H. This can be seen in 
equation (2)  
 � = ��  (2) 
The magnetic flux density is a measure of magnetic flux per unit area and is 
schematically represented in Figure 2.2 as the density of the flux lines. Its unit is the 
Tesla (T). Magnetic flux density can be induced in the iron core up to a certain value of 
saturation, typically around 2,1 T. Surrounding the structure, air has negligible magnetic 
permeability and thus the magnetic flux is directed along the iron structure with 
practically no flux leakage. As the cross-sectional area of the flux path increases, so 
decreases the magnetic flux density. Given a certain MFD in the iron core, lets say 2,1 
T, if the cross-sectional area increases by a factor of 3 the MFD will decrease to 0,7 T. 
If the MRE has iron particles with the same saturation value as the core, at a 
concentration of 33%, then the effective cross-sectional area will decrease again by a 
factor of 3 and the particles will be saturated with an MFD of 2,1 T. The MFD through 
such an MRE will still be measured at 0,7 T. Figure 2.3, adapted from a study by Jolly 
[1], shows how MREs with more particle concentrations have higher saturation MFD. 

 

Figure 2.3:Absolute change in modulus vs. MFD for MREs with different particle 
concentration [1]. 

The above analysis is a simplification. In reality, a flux leakage to the surroundings may 
be expected, especially at the coupling between iron and MRE since the permeability of 
MRE is considerably lower than that of iron. Furthermore, the permeability of materials 
is usually not constant. Instead, the relationship between B and H is described with a 
nonlinear B-H curve. 
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3 Fabrication 

3.1 Sample fabrication 

For the MRE material testing, cylindrical samples with height 20 mm and diameter 25 
mm were fabricated, using two different types of matrix materials and two types of iron 
particles. The first matrix material was Wacker Dental ADS 931 two-component 
silicone. The second was Axson UR/5801/5825 Polyurethane Casting Resin. The choice 
of the Wacker silicone elastomer was based on the convenient in-house availability of 
the material during the research period. However, the high viscosity of the uncured 
material as well as its extremely short curing time (approximately 1 hour)  reduced the 
workability and made the mixing of particles difficult. Therefore, the polyurethane was 
also used for comparison. The polyurethane has much lower uncured viscosity and the 
mold time is 24 hours, thus allowing for the proper mixing of the particles, as further 
described below. 

The particles used were BASF CM and BASF CC carbonyl iron powder. Their 
properties are shown in Table 3.1. The CM particles are somewhat larger and according 
to previous research they should be able to provide a larger MR effect [12]. In all the 
samples fabricated, a particle volume fraction of 27% was used. This particle 
concentration has been shown to be optimal in terms of the acquired MR effect [2]. 

Table 3.1: Properties of CIP [14, 16]. 

Grade Min. Iron 
content 
[g/100g] 

Coating Max. 
Carbon 
content 
[g/100g] 

Oxygen 
content 
[g/100g] 

Particle 
size d 50 
[µm] 

Tap 
density 
[g/cm3] 

CM 99,5 None 0,03 0,10 - 0,25 7,0 - 9,5 3,7 - 4,4 
CC 99,5 Silicated 0,05 0,18 - 0,35 3,8 - 5,3 3,9 - 4,3 
 

The fabrication methods for the silicone and the polyurethane differed, depending on 
the curing properties of the material. 

For the silicone the method was as follows: 
First, the appropriate mass of each silicone component and carbonyl iron powder was 
put into beakers. The iron powder was thoroughly mixed into each silicone component 
by kneading for a few minutes. Then the components were poured into a mixing 
syringe. The mixing syringe was used to mix the components together and thrust the 
mixed silicone into the aluminum mold. The mold was then immediately placed in 
between two 50mm x 50mm x 25mm Neobdymium magnets. 

An improved method of fabrication was used for the polyurethane: 
The longer curing time of the polyurethane gave more time for mixing operations. First 
the CIP was mixed into the UR 5801 with a high-shear mixer for about 5 minutes. Then 
a Sonicifier2000 ultrasonic machine was used for 3 minutes for the purpose of splitting 
agglomerated CIP particles. This method is used by Össur to prevent agglomeration in 
MR fluids. The UR 5825 was then mixed into the blend of UR5801 and CIP and all 
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thoroughly mixed with a high
vacuum of -1 bar for degassing, for 5 minutes, until no n
on the surface. The blend was then poured into the mold
-1 bar vacuum for 2 minutes
with the silicone. The polyurethane samples were left 
releasing them from the mold and then left to fully cure for at least 72 hours before any 
mechanical testing was performed.

Figure 3.1 shows a schematic of the sample inside the mold between
the alignment of the particles resulting from the magnetic field. 
MRE sample. 

Figure 3.1: Schematic showing the m

The magnetic flux density was measured with a Tel A
one side of the aluminum mold, between the mold and 

 

with a high-shear mixer for 2 minutes. The blend was then placed in 
1 bar for degassing, for 5 minutes, until no new bubbles were seen forming 

The blend was then poured into the mold, the mold further degassed in   
bar vacuum for 2 minutes and the mold then placed between the magnets as was done 

with the silicone. The polyurethane samples were left to cure for 24 hours before 
releasing them from the mold and then left to fully cure for at least 72 hours before any 
mechanical testing was performed. 

shows a schematic of the sample inside the mold between the magnets and 
the alignment of the particles resulting from the magnetic field. Figure 

: Schematic showing the magnets, mold and MRE sample  with aligned 
particles. 

Figure 3.2: MRE Sample 

The magnetic flux density was measured with a Tel Atomic Smart Magnetic Sensor at 
of the aluminum mold, between the mold and the magnet. The magnet

 

shear mixer for 2 minutes. The blend was then placed in 
ew bubbles were seen forming 

the mold further degassed in   
placed between the magnets as was done 

to cure for 24 hours before 
releasing them from the mold and then left to fully cure for at least 72 hours before any 

the magnets and 
Figure 3.2 shows an 

 

MRE sample  with aligned 

 

tomic Smart Magnetic Sensor at 
he magnetic flux 
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density varied from 0,5 T at the edge of the mold to 0,57 T in the middle of the cross-
section. A magnetic flux density of this magnitude was considered sufficient to align the 
particles along the direction of flux. 

3.2 Particle distribution 

Flux density of over 0,5 T was thought to be sufficient to align the carbonyl iron 
particles in columnar structures along the direction of flux. This anisotropy in the 
alignment was confirmed by tearing samples apart along three perpendicular planes, 
whereas two of them were parallel to the flux lines and one was perpendicular to the 
flux lines.  As seen in Figure 3.3, when tearing along the flux lines, the samples went 
apart along the intended plane. On the contrary, when tearing perpendicularily to the 
flux, the sample cracked perpendicular to the intended plane so the crack developed 
along the flux. This indicates that the anisotropic distribution of the particles with 
aligned structures along the flux lines dominates the cracking or tearing behaviour of 
the sample over the internal forces of the matrix material. This behaviour was confirmed 
both in silicone- and polyurethane samples. 

 

Figure 3.3: Sample torn apart along 3 planes, showing the alignment of particles along 
the magnetic flux lines 

To further investigate the distribution of the particles within the matrix, scanning 
electron microscopy was considered. However, the columnar structures of the particles 
have been shown to be undetectable by inspection when the particle concentration is 
high, as shown in a study by Boczkowska [17]. At low concentration the particles align 
themselves in very distinctive columns but when the particle concentration is near to 
30% vol./vol. it becomes impossible to distinguish between a highly anisotropic 
distribution and a slightly less anisotropic distribution by eye. In that same study by 
Boczkowska, the anisotropy of the particle distribution was assessed with an image 
analysis which showed good results [17]. For the porposes of this study it was therefore 
deemed that SEM photography, would not be suitable for assessing wheather the 
alignment differs between methods and materials used. The image analysis method 
should be kept in mind for possible further studies.  

Although not suitable for comparison between fabrication methods, a few SEM photos 
were taken of silicone-based samples to investigate the particle distribution. Three 
methods were used to prepare samples for the SEM photography. 
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• Freeze-fracturing. The samples were frozen in liquid
with a hammer. 

• Tearing-apart. The samples were torn apart

• Knife-cutting. The samples were cut with a surgical knife

The surface of each sample was then gold

Figure 3.4, Figure 3.5 and 
knife-cut samples, respectively.
considered to give the clearest portrait of the particles and their distribution. The 
tearing-apart method results in a rather unclear picture (
to be rough, made up of loose particles
have been pulled out. Similarly, for the knife
3.6 are vacancies of particles that ended up on the other side of the knife’s cut.
anisotropy, represented by slightly horizontal columnar structures can be seen from all 
the three photos, the clearest being 
yellow lines. 

Figure 3.4: SEM photo of a freeze
slight horizontal column structures and a large agglemorate. Magnification: 2000x

 

fracturing. The samples were frozen in liquid nitride and broken in two 

apart. The samples were torn apart with hands. 

cutting. The samples were cut with a surgical knife 

ch sample was then gold-plated. 

and Figure 3.6 show images for freeze-fractured, torn
cut samples, respectively. The freeze-fracturing method in 

considered to give the clearest portrait of the particles and their distribution. The 
esults in a rather unclear picture (Figure 3.5). The surface 

to be rough, made up of loose particles and vacant holes of silicone, where particles 
Similarly, for the knife-cut method, the black dots seen in 

are vacancies of particles that ended up on the other side of the knife’s cut.
anisotropy, represented by slightly horizontal columnar structures can be seen from all 
the three photos, the clearest being Figure 3.4, where columns have been marked with 

: SEM photo of a freeze-fractured sample of silicone-based MRE, showing 
slight horizontal column structures and a large agglemorate. Magnification: 2000x
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Figure 3.5: SEM photo of a torn-apart sample of a silicone-based MRE. Magnification: 
600x 

 

Figure 3.6: SEM photo of a knife-cut sample of silicone-based MRE, showing a slight 
horizontal tendence of the CIP particles. Magnification: 1000x 

In addition to showing anisotropy in particle distribution, Figure 3.4 shows a large 
agglomerate of particles, marked with red. A high number of large agglomerates were 
seen across the SEM sample, which was silicone-based. A comparison was made of the 
agglomeration of particles in silicone samples and polyurethane samples. Figure 3.7 and 
Figure 3.8 are photos, taken through the lense of an optical microscope, showing the 
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cross-section of a silicone-based sample and a polyurethane-based sample respectively. 
Glares of white can be seen on the silicone-based sample where light is reflected from 
large agglomerates while the agglomerates appear much smaller on the polyurethane-
based sample. This is considered to be a result of a better fabrication method for the 
polyurethane, as described in last section, including the splitting of agglomerates with 
sonic waves. 

 

Figure 3.7: Photo of a silicone sample,  taken through an optical microscope. 

 

Figure 3.8: Photo of a polyurethane sample,  taken through an optical microscope. 
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4 Testing 
For the purpose of evaluating the MR effect obtainable with the materials and methods 
described above in chapter 3, the samples were tested in axial compression and their 
load-displacement curves investigated. The compression mode was chosen over shear or 
tension, based on the results from the study of Albanese-Lerner, which indicated that 
compression would yield the strongest MR effect [18]. Measurements were made on a 
total of 17 samples, with either silicone or polyurethane as matrix material and BASF 
CM or BASF CC carbonyl iron particles. Samples had either an aligned or isotropic 
particle distribution. Special testing apparatus was built to apply magnetic field for the 
on-state compression testing. 

4.1 Testing setup 

For testing the stiffness of the MRE samples under magnetic field, a testing apparatus 
was built. Prior to it‘s construction, a study was made to ensure that it would meet its 
purpose, which was to ensure a uniform magnetic flux through the MRE sample, with 
an MFD of about 0,6 to 0,7 T. According to the reports of other research groups, such 
testing apparatus would consist of a large copper coil, surrounded by a steel frame, and 
steel grips that would direct the magnetic flux through the MRE sample, which would 
be placed in the middle of the coil [10, 19]. Furthermore, the coil would consist of 
approximately 5000 turns of 20 AWG copper wire [19]. Suitable DC current through 
the coil was presumed to be on the order of magnitude of 1 Ampere to avoid excess 
heating.  

An axisymmetric finite element model was built to aid the design of the testing 
apparatus and to evaluate the MFD attainable. The model included B-H curves of the 
materials, which represent their nonlinear magnetic bahaviour. The B-H curves for the 
steel and MR elastomer were the same as used by Jonsdottir et al. in a finite element 
study of an MR fluid device [20]. Specifically, for the MR elastomer, a B-H curve of an 
MR fluid (Lord MRF-336AG) was used, since no B-H curve was found for an MRE. 
The assumption was made that the magnetic properties of the MR elastomer would be 
similar to those of the MR fluid. This assumtion was based on the fact that the magnetic 
properties of the materials of which an MRE consists are similar to those of an MR 
fluid. Furthermore, the proportions of the composites‘ materials are similar, as well as 
their on-state particle distribution. Therefore, the best approximation to a B-H curve for 
an MRE would be that of an MR fluid. These approximations were considered to give 
results that should be accurate enough for the purposes of aiding the design of the 
testing apparatus.  

Figure 4.1 shows a schematic of the chosen design of the testing apparatus. The coil is 
70mm long with inner radius 27mm, outer radius 174mm and 5548 windings of 20 
AWG copper wire. 66 Volts are needed to run a current of 1 Ampere through the coil. A 
cylindrical steel construction around the coil and steel grips direct the magnetic field 
uniformly through the MRE sample.  The thickness of the steel construction is 12 mm. 
Figure 4.2 and Figure 4.3 show the MFD vector sum and magnetic flux lines in the 
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testing apparatus, as presented by the finite element program. It could be seen from the 
model that this design would yield sufficiently uniform magnetic flux with density of 
0,69 T at the surface of the MRE sample. 

 

Figure 4.1: Schematic of the testing apparatus. Isometric section view. 

  

Figure 4.2: Magnetic flux density vector sum of the testing apparatus as presented by 
the FEM program.  
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Figure 4.3: Flux lines through the testing apparatus and MRE sample as presented by 
the FEM program. 

This testing apparatus was attached to an MTS QTest axial materials testing machine 
with aluminum grips to minimize magnetic interactions with the testing machine. A 
Hall probe was placed below the MRE sample to measure the flux density with a Tel 
Atomic Smart Magnetic Sensor. Figure 4.4 shows a photo of the testing rig. 

 

Figure 4.4: Testing rig 
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4.2 Testing Results 

For all compression testing of the samples, the maximum strain applied was 15%.  
Initial sample testing at maximum strain 30% showed samples getting damaged, see for 
example Figure 4.5. For the purpose of getting stable results and keeping samples 
undamaged it was decided that the maximum strain measured would be 15%. 

 

Figure 4.5: Fracture at high strain 

Table 4.1 and Figure 4.6 show an overview of the 17 samples on which the testing was 
performed. All specimens were cylindrical with height of 20 mm and diameter of 25 
mm and had a particle concentration of 27% vol./vol.. The table shows the off-state load 
measured at 15% strain (3 mm dislacement), as well as the on-state load measured at the 
same 15 % strain. Spring rate, k, is calculated accordingly. The figure shows the off-
state and on-state spring rates at 15% strain. The Magnetic flux density through the 
samples measured 0,56 T. 
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Table 4.1: MRE samples and measuring results at 15 % strain. 

Sample 

No. 

Matrix 

Material 

CIP 

Type 

Particle 

Distribution 

Foff 

[N] 

Fon 

[N] 

ΔF 

[N] 

koff 

[N/mm] 

kon 

[N/mm] 

Δk 

[N/mm] 

Δk/ koff 

1 Silicone CM Aligned 375 414 39 125 138 13 10 % 

2 Silicone CM Aligned 372 434 62 124 145 21 17 % 

3 Silicone CM Aligned 365 408 43 122 136 14 12 % 

4 Silicone CM Aligned 334 370 36 111 123 12 11 % 

5 Silicone CM Aligned 249 295 46 83 98 15 19 % 

6 Silicone CM Isotropic 179 200 21 60 67 7 12 % 

7 Silicone CM Isotropic 201 203 2 67 68 1 0 % 

8 Silicone CC Aligned 209 248 39 70 83 13 19 % 

9 PU CM Aligned 636 695 59 212 232 20 9 % 

10 PU CM Aligned 335 373 38 112 124 12 11 % 

11 PU CM Aligned 416 448 32 139 149 10 8 % 

12 PU CM Aligned 553 606 53 184 202 18 10 % 

13 PU CC Aligned  491 591 100 164 197 33 20 % 

14 PU CC Aligned  437 548 111 146 183 37 25 % 

15 PU CC Aligned 293 318 25 98 106 8 9 % 

16 PU CC Aligned 363 442 79 121 147 26 22 % 

17 PU CC Isotropic 354 412 58 118 137 19 16 % 

 

 

Figure 4.6: Off-State and on-state stiffness of the samples at 15% strain 

Considerable unstability is seen in the off-state stiffness between samples of same type. 
Although isotropic samples and samples with smaller particles tend to have lower off-
state stiffness, no concrete conclusions can be drawn on the difference in off-state 
stiffness between types of samples without further research and proper statistical 
methods. 

A particularily large difference in off-state stiffness is found between the polyurethane-
based samples. In Figure 4.7 a probable explanation of this difference can be seen. The 
photo is taken through the lense of an optical microscope and shows the cross-section of 
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two polyurethane-based samples. The upper one, referred to as sample no. 14 in Table 
4.1 has considerably higher off-state stiffness than the one below it, referred to as 
sample no. 15. Figure 4.7 shows that the stiffer sample also has much less airgaps in it. 
It may be that the air in the samples are causing instable results, demanding further 
degassing during the fabrication of polyurethane-based samples. 

 

Figure 4.7: Photo of two polyurethane samples (upper no. 14, lower no. 15), taken 
through an optical microscope. 

This problem of trapped air was not as significant in the silicone-based samples. If 
sample no. 5 is disregarded, the off-state stiffness  is relatively constant between aligned 
silicone-based samples with CM particles. Possible causes for inconsistency are the 
formation of agglomerates and improper mixing, due to the rapid curing of the silicone 
material as well as possible inconsistency in the alignment of particles.  

The most impressive absolute MR effect is found in samples no. 13 and 14, which are 
polyurethane-based. The reason for the elevated effect may be that these samples were 
properly mixed, showing less agglomeration than the silicone-based samples, and they 
have less air content than the other polyurethane samples. Whether the low uncured 
viscosity of the PU had effect on the particle alignment is left unsaid since a good 
assessment of the alignment has not been done. Interestingly, sample no. 17, which is an 
isotropic sample, has a larger absolute change in spring rate than most other aligned 
samples. Still the change is much lower than for samples of same material and 
fabrication method. 

No magnetostriction was apparent in the samples. Possibly, the nominal stiffnesses of 
the materials are too stiff for such an effect  
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Figure 4.8 is an example of load-displacement curves from the compression testing. The 
blue and red curves show off- and on-state measurements of an isotropic sample 
(sample no. 6) and the green and black curve show off- and on-state measurements of an 
aligned sample (sample no. 2). The figure represents well the general behaviour 
observed and it shows how samples with isotropic particle distribution have lower off-
state and on-state stiffness, less absolute MR effect and less energy loss than samples 
with aligned particle distribution. It furthermore shows that the difference in the 
derivatives of the on-state and off-state curves is mainly found where the displacement 
is well below 1 mm, or 5% strain, which means that the MR effect is mainly found at 
low strains.  

 

Figure 4.8: Compression testing results for an isotropic sample (blue: off-state, red: on-
state) and an aligned sample (green: off-state, black: on-state) 

Figure 4.9 to Figure 4.14 further describe how the MR effect depends on strain 
amplitude, comparing the off-state and on-state elastic moduli as well as the off-state 
and on-state spring rates. These are the results for sample no.2 which is a good 
representative. The difference between the moduli is highest for the lowest strain but 
drops down to practically zero at 3 % strain. The off-state modulus never surpasses the 
on-state modulus and, due to the high difference at low strains, a 17% difference in total 
spring rate is still seen at 15% strain. 
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Figure 4.9: Comparison of the off-state and on-state elastic modulus vs. strain of 
sample no.2. 

 

Figure 4.10: Absolute MR effect - The difference between off-state and on-state elastic 
modulus vs. strain. 
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Figure 4.11: Relative MR effect - The relative difference between off-state and on-state 
elastic modulus vs. strain 

 

Figure 4.12: Comparison of the off-state and on-state spring rate vs. strain of sample 
no. 2. 



   

22 

 

Figure 4.13: The difference between off-state and on-state spring rate vs. strain 

 

Figure 4.14: The relative difference between off-state and on-state spring rate vs. strain 

The change in stiffness experienced when subjecting the MRE samples to a magnetic 
field is in accordance with the results of other research groups, as discussed above in 
chapter 2. The results demonstrate that to fully utilize the change in elastic modulus, the 
MRE should be applied where low strains are to be expected. MREs should however 
provide a considerable change in total spring rate at higher strains. The maximum 
change in spring rate at 15% strain seen in the present study was 25%. Larger relative 
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effect could probably be attained using a matrix material that has even lower stiffness 
than those used in the present study. 
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5 Prototyping 
The motivation for this study was to see if MREs could be utilized to provide variable 
structural stiffness in prosthetics. Specifically, a lower-limb, below-knee, prosthetic foot 
was considered. 

The design of prosthetic feet aims for different goals, depending on the users’ activity 
levels and what qualities they prefer in their feet. High activity, such as running, 
jumping or carrying weight requires more stiffness while low stiffness is preferred at 
low activity to provide more comfort and less strain to the residual limb. Many users 
call for more robust feet for use in everyday life to be able to switch between low 
activity and high activity and retain both comfort and performance. This calls for feet 
that have real-time variable stiffness. 

Following the fabrication and basic characterization described in the previous chapters, 
an attempt was made to make a working prototype MRE spring that could meet the 
requirements for use in a prosthetic foot. This means designing a unit with a suitable 
magnetic circuit that involves an MRE section and a way to allow relative movement of 
two structural members with the MRE providing elasticity. 

5.1 Design 

A popular prosthetic foot design is the carbon-fiber design, where the foot is made of a 
layered carbon-fiber composite that extends from the amputees residual limb and aims 
to provide natural progression through the stages of normal gait. The stiffness of the 
foot and its response to load may be controlled via the thickness profile of the foot as 
well as its shape. Additionally, a spring may be introduced to the structure to provide 
further shock absorption. One such design can be seen in Figure 5.1 which shows the 
Re-Flex Rotate™ prosthetic foot, produced by Össur. The Re-Flex Rotate is based on a 
conventional carbon-fiber foot design but has a vertical shock absorbtion member 
connecting the foot and the limb. While, from a wide perspective, many ways of 
applying shock absorption members to prosthetics may exist, this is one that is 
relatively simple and has already been used with success. From there, it was considered 
obvious to try and make an MRE based spring unit that could replace that shock 
absorbtion member to provide variable stiffness. 

According to an informal technical study done by Össur, one stiffness category of the 
foot has the following specifications: 

• Weight of user: 69 kg – 77 kg 

• Spring rate of shock absorption member at low activity level: klow 112 N/mm 

• Spring rate of shock absorption member at high activity level: khigh 122 N/mm 

• Deflection at walking: d = 6mm 
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Figure 5.1: The Re-Flex Rotate™ prosthetic foot. 

The goal is to have a foot that can dynamically alter its stiffness from the low activity to 
the high activity level. The spring rates presented conveniently lie on a similar order of 
magnitude as the spring rates seen in the MRE sample testing of the present study (see 
chapter 4.2). To simplify calculations, the strain at the maximum deflection is assumed 
to be 15% and the stress-strain curves of MREs are assumed to be independent of the 
cross-section and length (intensive property). Further simplifying, linear elasticity and 
constant cross-sectional area are assumed so the off-state and on-state elastic moduli, 
Eoff and Eon, can be derived from equation (2): 

 	 =

�

�
 (2)  

The considered mechanical properties of MREs are taken from sample no. 14 in Table 
4.1, since that sample showed the strongest MR effect. Inserting the values for spring 
rates koff and kon of sample no. 14 at 15% strain into equation (2), along with the sample 
geometry values, L and A, on-state and off-state moduli are found to be 

Eoff = 5,9 MPa 

Eon = 7,5 MPa 

Thus, the required geometry of the spring made out of MRE material can be derived. 
For the material to be at 15 % strain at 6 mm displacement, it has to have total length  

L = 40mm 
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With off-state modulus Eoff 5,9 MPa and length 40 mm, to obtain off-state spring rate of 
koff = 112 N/mm, the cross-sectional area must be  

A = 759 mm2 

Given the on-state modulus of the material Eon = 7,5 MPa, an MRE spring material with 
the above geometry should give an on state spring rate kon = 142 N/mm. This already 
exceeds the change in stiffness specified in the study on the Re-Flex Rotate™. 

The next step in designing the prototype MRE spring unit was to choose a suitable 
electromagnetic circuit that would involve an MRE section and provide it with magnetic 
flux density of at least 0,6 T. It was considered convenient to use an already existing 
magnetic circuit, used in an MR fluid device, namely the Rheo Knee®, a prosthetic knee 
product by Össur. The magnetic circuit in the Rheo Knee is schematically described in 
Figure 5.2, which is an axisymmetric section view. A copper coil is wound around a 
highly magnetizable core, made of Vacoflux, which is press-fit at its ends into Vacoflux 
discs. The discs direct the magnetic flux through a cylindrical MR fluid section, where 
MR fluid is dispersed between thin steel blades. The coil is made of 352 turns of 28 
AWG copper wire and its total length is 19mm.  

 

Figure 5.2: Axisymmetric cross-section schematic of the magnetic circuit in the Rheo 
Knee. 

A finite element model has been made by Jonsdottir et al. [20] to evaluate the magnetic 
flux in the Rheo Knee’s magnetic circuit. The results in magnetic flux density can be 
seen in Figure 5.3. The MFD through the MR fluid section was found to be 
approximately 0,6 T at an electric current of 1,4 A through the coil. 
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Figure 5.3: Magnetic flux density in the RheoKnee® [20] 

A prototype MRE spring unit was built and its isometric section view can be seen in 
Figure 5.4. Some parts are used from the Rheo Knee. The same coil and upper- and 
lower discs are used but the upper disc, instead of being press-fit on the core, has a 
loose fit to allow movement relative to the core. The MR fluid section was replaced by a 
hollow cylinder made of polyurethane-based MRE. The MRE cylinder had inner 
diameter 33 mm and outer diameter 48 mm to correctly fit it between the Vacoflux 
discs, making the cross-sectional area equal to 954 mm2. The length of the MRE 
cylinder is 40 mm so, accordingly, the core is made longer than in the Rheo Knee. 
Above the magnetic circuit is a structure, made of a non-magnetizable material, such as 
aluminum. This structure’s purpose is to take on horizontal loads and direct the spring 
along the vertical axis. All in all, the aluminum housing, linear bearing and upper disc 
are fixed together and move vertically relative to the aluminum rod, core and lower disc 
which are fixed together.  

It was assumed that the magnetic circuit of the RheoKnee would provide the appropriate 
flux density of 0,6 T through an MRE with similar cross section as the MR fluid 
chamber of the RheoKnee. This was based on the assumption that no flux leakage 
would be present since the relative magnetic permeability of the MRE would be high 
enough. This magnetic circuit design would furthermore be relatively lightweight. 
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Figure 5.4: Isometric cross section of an MRE spring  

The method to produce the MRE was similar to the one described in chapter 3 for 
polyurethane samples. Thus, the material properties were assumed to come close to the 
properties of the polyurethane-samples. Given the properties of sample no. 14, and the 
length and cross-sectional area of the MRE, the prototype spring was expected to have 
spring rates of  

koff = 140 N/mm 

kon = 178 N/mm 

This is slightly higher than the spring rates specified in the study of Re-Flex Rotate™ 
and the difference is due to a larger cross-sectional area. This would correspond to a 
foot intended for a slightly heavier user. 

A visualization of how the MRE spring could fit on a prosthetic foot is shown in Figure 
5.5.  
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Figure 5.5: A prosthetic foot with an MRE spring used on the vertical axis. 

5.2 Testing and improvement 

Compression testing was conducted on the MRE spring prototype, both in off-state and 
on-state modes. An MTS QTest materials testing machine was used.  

The load-displacement curves obtained in off-state were similar in terms of shape and 
energy loss to those obtained from the cylindrical samples with aligned particles in 
chapter 4. The maximum load at 6 mm displacement was 450 N, meaning a spring rate 
koff = 75 N/mm. This is considerably lower than the expected 140 N/mm. This 
difference is probably due to air bubble cavities in the MRE. 

The load-displacement curves obtained in on-state, when 1,4 Ampere current was 
applied to the coil, were identical to the off-state curves, meaning that no MR effect was 
found during testing of the prototype MRE spring. The magnetic flux density was 
measured with a Tel Atomic Smart Magnetic Sensor, showing only 30 mT magnetic 
flux between the MRE and the upper disc. It was concluded that the magnetic circuit 
could not supply the MRE with enough MFD. 

To investigate the causes of low MFD, finite element modeling was used. 
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The first hypothesis was that the effect of steel blades in the RheoKnee’s magnetic 
circuit of the Rheo Knee® had been underestimated. 

Figure 5.6 and Figure 5.7 show flux lines and MFD vector sum of the magnetic circuit 
in the RheoKnee respectively. The magnetic flux properly goes through the MR fluid 
chamber and very little flux leakage is seen, resulting in an MFD of 0,6 T through the 
MR fluid. 

 

Figure 5.6: Flux lines of the magnetic circuit in the RheoKnee 

 

Figure 5.7: Magnetic flux density in the RheoKnee 
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Figure 5.8 and Figure 5.9 show the flux lines and MFD vector sum of the magnetic 
circuit when the material properties of the steel blades have been changed to MR Fluid, 
making the MR Fluid section undivided. It can be seen that flux leakage is greatly 
affected by omitting the steel blades, resulting in much less MFD through the whole 
magnetic circuit. Flux lines are seen exiting the intended flux path and the MFD through 
the MR fluid section is found to be about 0.15 T. It is concluded that the effect of the 
steel blades on the total magnetic permeability of the MR fluid section has been greatly 
underestimated. 

 

Figure 5.8: Flux lines in the RheoKnee® when steel blades are replaced by MR fluid. 

 

Figure 5.9: Magnetic flux density in the RheoKnee when steel blades are replaced by 
MR fluid. 
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The second hypothesis was that the efficiency of the magnetic circuit was reduced by 
the gap between the core and upper disc or by the threaded hole in the core. Figure 5.10, 
Figure 5.11 and Figure 5.12 show the vector sum of the magnetic flux density in the 
MRE spring’s magnetic circuit, for the prototype unchanged, the prototype when the 
gap between core and upper disc were eliminated and the prototype when the hole depth 
was reduced from 10 mm to 6 mm. It can be seen that these changes only affect the 
MFD by about 5 %. It is therefore concluded that airgaps are not the causes for low 
MFD in the prototype at present. 

 

Figure 5.10: Magnetic flux density of the MRE spring. 
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Figure 5.11: Magnetic flux density of the MRE spring with no gap. 

 

Figure 5.12: Magnetic flux density of the MRE spring with smaller hole. 

To initialize the search for a solution to the non-functionality of the MRE spring, an 
attempt was made to see if increased MFD would be obtainable by using a larger coil 
and by applying more current. Figure 5.13 shows an FEM model of a magnetic circuit 
with a coil of length 28 mm, width 5 mm and current of 2.8 A. The core is near its 
saturation and the MFD in the MRE is substantially higher, between 0.3 and 0.4 T, but 
rather heterogenous. A larger, more powerful coil will therefore increase the MFD 



   

35 

substantially, however, if the device should be improved to obtain 0,6 T through the 
MRE, more work and optimization of the magnetic circuit and coil is necessary.  

 

Figure 5.13: Magnetic flux density with a larger coil and higher current . a) The whole 
MRE Spring unit. b) A closer look of the MRE section 

5.3 Further design proposals 

Figure 5.14 shows schematic presentations of using MREs to provide variable stiffness 
in prosthetics. It demonstrates various placements for MRE spring. Figure 5.14a) shows 
the method already described in the section here above, with one vertical spring. Figures 
b) through f) describe additional placements, where the MRE spring could be positioned 
between wedged structures. Figure g) shows how one or several MRE springs (two are 
shown in the figure) could be embedded within an elastic structure, such as a 
polyurethane foam.  
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Figure 5.14: Various placements of MRE springs within prosthetic feet. a) Vertical axis 
b) Basic wedging idea c) Vertical wedge d) Heel wedge e)Vertical/Heel wedge f) 

Heel/toe wedge g) MRE springs within an inert elastic medium 

Furthermore, various designs exist or can be visualized for the MRE spring itself. Good 
examples can be found in Figure 5.15, which is taken from a paper by Albanese-Lerner 
[18]. The MR Elastomer can be used in compression, tension or shear or a combination 
of all.The magnetic field can be applied on the MRE in various ways, for example with 
a C- or U-shaped magnetic core, as shown in Figure 5.15, or with a magnetic circuit 



 

such as found in the Rheo Knee
Figure 5.15 would be attached to one structural member of the prosthetic device and the 
base mass would be attached to the other structural member.

Figure 5.15: Various designs for MRE springs
b) MRE in tension/compression c) MRE in compression

Following the present study, a provisional patent application, named 
Orthotic Devices Having a Magn
Stiffness, was filed by Össur
application can be found in the appendix to this thesis. These specifications 
describe the above application proposa
the patent application furthermore include all use of MRE spring units to provide 
variable stiffness in prosthetic and orthotic structures.

 

such as found in the Rheo Knee®. If used in prosthetics, what is called absorber mass in 
would be attached to one structural member of the prosthetic device and the 

base mass would be attached to the other structural member. 

Various designs for MRE springs [18] . a) MRE with shear strain applied 
MRE in tension/compression c) MRE in compression.

Following the present study, a provisional patent application, named 
Orthotic Devices Having a Magnetorheological Elastomer Spring with Controllable 

was filed by Össur. The specifications and drawings enclosed in the 
application can be found in the appendix to this thesis. These specifications 
describe the above application proposals of MRE springs in prosthetics. The claims in 
the patent application furthermore include all use of MRE spring units to provide 
variable stiffness in prosthetic and orthotic structures. 
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If used in prosthetics, what is called absorber mass in 
would be attached to one structural member of the prosthetic device and the 

 

. a) MRE with shear strain applied 
. 

Following the present study, a provisional patent application, named Prosthetic and 
etorheological Elastomer Spring with Controllable 

. The specifications and drawings enclosed in the 
application can be found in the appendix to this thesis. These specifications thoroughly 

s of MRE springs in prosthetics. The claims in 
the patent application furthermore include all use of MRE spring units to provide 
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6 Conclusions 

6.1 Discussion 

In this study, samples of MRE materials were produced from two different matrix 
materials and two types of magnetizable particles. The samples were tested in 
compression loading, both with and without magnetic field They showed considerable 
change in stiffness although the results were unstable due to manufacturing challenges. 
The change in stiffness is most impressive at low strains of about 1-2% while a change 
in total spring constant of up to 25% was exhibited at 15% strain. The highest stiffness 
change was exhibited by polyurethane samples that were specially treated to ensure low 
agglomeration of particles. 

A prototype MRE spring unit was built, having a magnetic circuit based on the 
magnetic circuit of an MR fluid device. This prototype showed no change in stiffness 
between on- and off-states. This non-functionality was explained with insufficient 
magnetic flux through its MRE section. For a fully functional MRE spring, more work 
is needed on the design of the magnetic circuit. 

Following the study, a patent application was filed by Össur, claiming the use of MRE 
spring units to provide variable stiffness in prosthetic and orthotic devices 

6.2 Proposals for future work 

A number of questions have risen from the present study. For a clearer vision of the 
potentials of MREs in prosthetics, further study should be made on the magnetic circuit 
of the MRE spring unit. Finite element analysis is an essential tool for such studies, 
making it possible to foresee the effect of flux leakage and optimize the design. Making 
a proper B-H curve for the MRE material could yield more accurate results but for the 
purpose of an initial design study the use of an MR fluid B-H curve may suffice. 

While designing an MRE spring unit a number of factors should be considered. The 
objective is to maximize the change in stiffness of the structure while keeping its weight 
and size at minimum. The variables involved include the mode of loading (compression, 
shear, tension), the geometry of the MRE section, the composition of the MRE 
composite, the core and magnetic flux path and the coil design. Choosing a softer matrix 
material would mean lower off-state stiffness and should, according to previous studies, 
result in a larger relative MR effect since the absolute MR effect would remain the same 
[11]. Thus, an MRE spring with larger cross-section could exhibit a larger stiffness 
change but would also need to be supported by a larger magnetic circuit. 

Along with the design improvements of the MRE spring unit, the MRE material itself 
should be studied more thoroughly. Its durability should be investigated, both in terms 
of static and cyclic loading. The present study only considers static stiffness of the 
material but dynamic stiffness should also be investigated. The fabrication methods and 
choice of materials could be improved, one aspect being the alignment of particles. An 
assessment of the alignment could possibly be executed with the aid of image analysis. 
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When possessed with a decent MRE spring unit, various control methods could be 
visualized. In addition to switching between an off-state mode and an on-state mode 
with the turn of a knob or push of a button, the stiffness could be controlled via a 
computer processor. The stiffness of the MRE spring could then be controlled based on 
input signals from sensors related to the current activity of the user. This could also be 
used to improve battery life and minimize heating in the coil as the MRE spring could 
be switched to on-state only at the time of impact. 

In addition to having potential as structural spring units in prosthetics, the impressive 
MR effect seen at low strains could suggest that the ideal application of MREs in 
prosthetics be to semi-actively absorb vibrations in the structure. This calls for a further 
investigation.  
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