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ABSTRACT
Magneto-active and magnetorheological elastomers are defined, in simplest terms, as a rubber
matrix filled with magnetic particles in order to affect the properties of the material by the interactions
between the magnetized particles and the application of an external field. While much is known about the
magnetorheological (MR) properties of magnetically filled elastomers, the property of a magneto-active
elastomer (MAE) to actuate based on the alignment of its constituent particles remains incompletely
investigated. The MR effect is a result of increased shear stiffening when the soft magnetic filler particles
of an MRE are exposed to a magnetic field. Only recently has the use of hard magnetic filler to produce
reversible deformation of a sample been investigated in MAEs. Researchers have determined the
necessary alignments of particles and sample compositions to produce this deformation in a shear mode.
While the shear actuation of an MAE patch in response to a sinusoidally applied field has been observed,
this dynamic response of the MAE has not been fully characterized and the relationship between applied
field and displacement amplitude has not been determined. In this study, MAE patches in a shear massspring-damper configuration were subjected to inputs from a magnetic field and the displacement of the
patch was observed. Analysis of the data demonstrates the correlation between applied field strength and
frequency and the responsive behavior of the MAE material. Displacement decays as a function of
frequency, however this is most likely due to the decrease of the external field as it decays due to
increased system electromagnetic impedance. The maximum displacement amplitude observed was 15.13
μm at a frequency of 0.25 Hz. The amplitude of the internal forcing function was shown to proportional to
𝐻 3/2 with an α coefficient value in the forcing function equal to 7.991 x 10-3 N/mT3/2, leading to a
maximum experimental displacement of 9.90 μm.

Keywords: Magneto-active Elastomers, MAE, magnetorheological effect, dynamic response, magnetomechanics.
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Chapter 1
Introduction
Magnetorheological elastomers (MREs) and all other magnetorheological materials, including
extensively studied foams and fluids, have been traditionally defined by the magnetorheological (MR)
effect of magnetic particles interacting with deformation and external fields within a nonconductive
matrix. The MR effect is the observable change in shear stiffness properties caused by the interactions
between magnetic particles in the matrix and enhanced by the application of an external field [1]. The MR
effect of a material can be expressed as the relative change of the shear storage modulus, G, between a
magnetized and non-magnetized sample as seen in Equation 1 [2, 3].
𝑅=

𝐺(𝐻 ≠ 0) − 𝐺(𝐻 = 0)
𝐺(𝐻 = 0)

1

Previous research has observed the shear stiffening properties of MREs in a magnetic field due to
the MR effect, yielding increased resonance frequency in a magnetic field [1, 2, 4]. Most of this research
studies MRE material fabricated with soft magnetic particles as filler. The MR effect is observed in a
magnetic field due to the change in energy between deformed and undeformed magnetized states. When
the material is magnetized and then deformed, it is in a higher energy state due to the displacements of
magnetic dipoles and seeks to return to its original lower energy state [2]. MRE materials composed of
hard magnetic particles have been investigated to a lesser extent, but the differences between soft and
hard MRE behavior have been identified. These differences stem from the remanent magnetization of the
hard magnetic particles, and the generation of magnetic torques distributed through an entire material
sample, leading to the classification of these elastomer materials as magneto-active (MAE) [5,6]. This
paper will explore the properties and characteristics of shearing actuation in MAE material composed of
aligned hard magnetic particles.
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Soft magnetic particles become magnetized in the direction of an applied field, meaning there is
no net torque that acts on the particle that are symmetric with respect to the field. Hard magnetic particles
⃑ , on the other hand, have the potential to produce
that have a certain remanent magnetization 𝑚
⃑⃑ = 𝑥𝐻
non-zero torques in any alignment not collinear to an applied field by Equation 2. With soft magnetic
particles, the magnetization and applied field are collinear by definition, meaning the cross product is
always equal to zero.
⃑ =𝑚
⃑
𝑇
⃑⃑ × 𝐻

2

If the hard magnetic particles have been aligned in a certain orientation during the curing of the elastomer
matrix, a net internal moment in the material can be observed as the result of an applied field. [2, 5]. As it
is evident from Equation 2, and observed by von Lockette [5] in a dynamic shear actuation test of MAE
patches, the strains that cause actuation of the MAE are maximized when hard magnetic particles are
magnetized and aligned orthogonally to the applied field. Furthermore, the actuating behavior is shown to
be linear and reversible, unlike the classical quadratic models of magnetostriction [5]. With these known
properties in mind, the relationship between the MAE’s elastic and magnetic characteristics may be
explored by driving a shear mass-spring-damper system in sinusoidal oscillations or free dynamic
response.
In Euler-Bernoulli beam theory, shear force 𝑉 = 𝑑𝑀/𝑑𝑥 , where M is an internal moment. A
constant distributed moment in a beam means that over the length of the beam 𝑑𝑀/𝑑𝑥 will be equal to a
constant shear force. The constant moments that are distributed throughout a MAE are the results of
individual magnetic moments on magnetized hard magnetic particles within the elastomer matrix, each
producing a torque by the cross product of their internal magnetization and applied field, as shown in
Equation 2. Assuming uniform hard magnetic particle sizes, particle magnetization, applied field, and
uniform elastomer matrix composition, a shearing force scalable by the applied field could be predicted
and produced in an MAE, which is the objective of this research. Granted, perfectly uniform magnetic
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particles and elastomer mixtures are not readily producible, but nonetheless, shearing displacement within
a certain degree of tolerance may be produced with MAE samples of the same composition across a
variety of tests. In contrast with the shearing MAEs, the aforementioned magnetorheological materials
will lack the distributed internal moments required to create a shear force in the material, because the
particle magnetization m and applied field H are always collinear.

Research into the MR effect began with the study of magnetorheological fluids, whose behavior
can be characterized by a field dependent yield strength due to the formation of chains of magnetized
particles in the presence of an external field [7]. Essentially, the fluid can resist flow when a field is
applied, leading to applications in valve, shear, or compression modes for dynamically controlled
damping. Solid elastomers naturally followed to meet needs for stiffness tunable structures, and also
changed the characteristic behavior of magnetic particle chains from post-yield flow to a pre-yield regime
[7]. The formation of these chains during a pre-cured fluid state of the elastomer leads to the field
dependent shear modulus due to displacement of cured in place magnetized (and magnetizeable) particles
observed across prior work on MRE (and MAE) [1-9]. Finally, the property of MAE cured with hard
magnetic particles with a remanent magnetization to deform reversibly has led to the exploration of smart,
origami styled structures utilizing MAE patches constrained by non-magnetized substrates [10]. Insight
into the dynamic characteristics of MAE under a variety of magnetic loading will further future
development of reversing MAE actuators and other applications that could control the position and
frequency of MAE integrated devices.
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Chapter 2
Background Research

MAE Composition
The topic of MRE and MAE composition has been studied extensively to arrive at a set of
materials and manufacturing standards that maximize the MR effect without sacrificing the structural
integrity of the elastomer matrix. Extensive research by Lokander and Stenberg has made perhaps the
most significant observation for MAE manufacture; the MR effect is maximized at a 30% volume
concentration of ferromagnetic particles for a variety of soft magnetic fillers and elastomer matrix
materials [8, 11]. At critical particle volume concentration, it is hypothesized that the ferromagnetic
particles are in contact with neighboring particles but the rubber matrix may still fill the remaining empty
space. At higher concentrations observed up to 50%, these spaces cannot be filled, and the strength of the
material deteriorates [8]. While this work was focused on soft magnetic particles, MAE work by von
Lockette and Ahmed et al. among others where actuation in a driving field was observed utilized this ratio
in composition of test samples [5, 10]. Further research on the MR effect demonstrates that the main
factors influencing the strength of the MR effect are matrix plasticity, particle-matrix interaction, and
particle size. Particle dispersion is shown to be subordinate to the ability of particles to naturally form
larger agglomerates, and the plasticity of the matrix eliminates gaps and high resistance to the alignment
of particles to an applied field [12].

MAE Magnetization and Magnetostatics
The MAE’s fundamental characteristics and differences from magnetorheological materials
reside in the nature of the hard magnetic materials embedded in the elastomer. As discussed in the
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introduction, the distributed force throughout an MAE is the result of a net moment created by the torque
of the cross product of particle magnetization and applied field described in Equation 2. The B-H curve in
Figure 1 is essential to understanding why soft and hard magnetic elastomers behave differently, and why
one is magnetorheological and the other magneto-active.

.
Figure 1: B vs. H curves comparing soft and hard magnetic materials.

In Figure 1, the B axis represents the magnetization of a magnetic particle in units of magnetic flux
density (T) The H axis represents the applied field that produces magnetization in the particles, with units
of A/m, and is related to magnetization B by 𝐵 = μ*H , with μ being permeability of the material. Soft
magnetic materials are magnetized and demagnetized (B) by smaller applied, coercive fields (H). Hard
magnetic materials are magnetized and demagnetized by higher coercive fields, so they tend to remain
magnetized once magnetization has been achieved, whereas a soft magnetic material is susceptible to
change in comparatively weak fields. The specific magnitudes of the coercive field and the resulting
remanent magnetization are dependent on the material being investigated. For barium ferrite (BaFe12O19,
commonly called BaM) used in this experimentation, the coercive field strength must be assumed to be
greater than 520 mT (assuming permeability at least that of free space, μ0 = 4π x 10-7 N/A2) [13], meaning
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a greater field is required to magnetize or demagnetize the BaM particles, but lower field strengths will
not have that effect, and will instead produce the desired actuation in an aligned MAE.

Theoretical Modelling
Literature reviewed in preparation for this research contained no shortage of equations to describe
the observed behavior of MRE and MAE under all kinds of conditions and configurations, and these
equations and relationships continue to be the subject of future research. Past study of MAE has
catalogued many of its properties as a viscoelastic material – one that displays definite properties of both
an elastic and viscous material. Previous experimental work that has created dynamic shearing with
aligned MAE in a magnetic field indicates a material that experiences fully reversible deformation due to
applied fields and returns to a zero-field deformation state when that field is removed. Intrinsic to the
latter is a predicted shearing force proportional to strain and the applied field squared that arises from
interparticle forces [2]. This is, of course, in addition to the stiffness properties of the filled elastomer
material. The MAE configuration is to be modelled as a viscoelastic material, specifically a Kelvin-Voigt
model consisting of a mass attached to a spring and damper in parallel, essentially meaning the material
will return to a zero strain state due to the stiffness of the material but with an inherent damping effect.
The simplified model of the MAE behavior will consist of a second order spring-mass-damper with a
sinusoidal forcing function given by the applied magnetic field, as seen in Equation 3.
⃑ , 𝑡) = 0
m𝑥̈ + 𝑐𝑥̇ + 𝑘𝑥 + 𝐹(𝐻

3

⃑ , 𝑡) is a shearing force expected to be proportional to the applied (actuating)
The forcing function, 𝐹(𝐻
field H as a sinusoidal function of time, given a proposed sinusoidal input, in some way. It represents the
effect of the bulk distributed moment created by the hard magnetic particles in the MAE aligning to the
applied field, resulting in an internal shear force causing the observed actuation [2]. The values c and k
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are the purely elastic damping coefficient and shear stiffness, respectively – the goal of this analysis is
primarily to evaluate the relationship of the forcing function to an applied field. Stiffness k can be related
to shear modulus G, MAE surface area A and thickness h by Equation 4.
𝑘=

𝐺∗𝐴
ℎ

4

With a small angle approximation, the shear strain in the MAE can be evaluated by dividing the
displacement, 𝑥 by sample thickness ℎ, as in Equation 5, where h is assumed to remain constant due to
the small displacement x. .
⃑)=
𝛾(𝑡, 𝐻

⃑ , 𝑡)
𝑥(𝐻
ℎ

5

DMA Test and Material Properties
The properties of MAE and MRE have been the subjects of extensive study as well, but
conclusions on the material properties dependent on composition and magnetic poling are not readily
available in literature. Turning focus specifically to Equation 3, damping properties have been found to
remain constant regardless of applied field, particle alignment, or material composition for a wide range
of MRE and MAE [2, 4, 14]. This damping coefficient value was placed at about c = 35 N*s/m by von
Lockette et al. [2]. A TA Instruments Q800 dynamic mechanical analyzer (DMA) was used to provide
insight into the shear stiffness property under investigation in this research [15]. The DMA test applied a
constant strain rate of 0.1 mm/s to two 12 x 8 x 1.79 mm3 patches of 30% BaM MAE in a shear sandwich
clamp, and by recording the force / area, produced a stress-strain curve from which the shear modulus, G,
is extracted for the material, as seen in Figure 2. The shear modulus is found to be 4.403 MPa, evaluated
by the slope of the straight line section of the curve.
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Figure 2: shear stress-strain curve with linear fit of G = 4.4029 MPa [15]
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Chapter 3
Experimental Methodology

Test Setup Design
Design of the test setup for this experimentation involved three main components: the driving
magnetic field, the MAE mass-spring-damper itself, and the system to measure its oscillations. The setup
is based around a C shaped electromagnet with a nominal pole face spacing of 38 mm, and pole area of 45
x 50 mm2. Oscillations of the magnetic field are driven by an Agillent 33220A 20 MHz function
generator, generating between 0.5 and 2.0 volts to a Labworks PA 138 linear amplifier with a maximum
gain of 40 V (400 W) driving the coil of the electromagnet. A Hall probe attached to a Lake Shore 475
gaussmeter is mounted on a stand and inserted between the pole faces of the electromagnet to provide an
accurate reading of instantaneous or peak to peak field strength during testing. The maximum amplitude
of the field strength generated by this system was observed to be 123.02 mT (246.04 mT peak-to-peak)
while the function generator is producing 1.5 V at 0.5 Hz. to the amplifier which was set at full gain. The
maximum amplitude of the field strength decreased to 5.13 mT at the maximum tested frequency of 50
Hz.

The MAE mass-spring-damper is designed to oscillate in shear mode and have its position be
continuously measured by the laser displacement sensor discussed below. The footprint of the MAE patch
is 30 x 30 mm2, and the height of the patch set at 3.58 mm. The MAE will be glued to the test stand which
is mounted directly over the pole face of the electromagnet using Loctite plastic bonding cement. A
nonconducting mass is glued to the top surface of the MAE, resulting in a shear spring-mass-damper and
constraining the sample height to be uniform across the planar surface area. As seen in Figure 3, the
deflection 𝑥(𝑡) of the mass will be recorded by a laser displacement sensor, allowing for the
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interpretation of the data for a shear mass-spring-damper system with a shear forcing function. With the
sample height h assumed to remain constant throughout the shearing, the shear strain γ may be calculated
⃑ , as laid out in Equations 3 – 5. Some degree of
by Equation 5 as a function of time t and applied field 𝐻
compression due to the non-magnetic mass will exist, but it is assumed not to influence the characteristic
response of the system.

Figure 3: drawing of sample, mass, and displacement to be measured by LDS.

The mass of the acrylic weight on the sample was chosen with the goal that the system could be
driven at a damped natural frequency between 10 and 100 Hz. Acrylic slabs cut out while making molds
for the MAE were stacked to allow a range of natural frequencies to be investigated. The ranges of natural
frequencies for different mass materials is shown in Figure 4, and the damped natural frequencies for
readily available acrylic mass sizes listed in Table 1. However, as will be discussed in sections on test
procedure, data acquisition at frequencies this high will be limited since the sampling rate of the laser
displacement sensor is fixed at 300 Hz.

Damped Natural Frequency (Hz)
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450
400
350
300
250

Acrylic

200

Nylon

150

Ceramic

100
50
0
0

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

Mass Height (m)

Figure 4: required mass vs. desired natural frequency for three mass materials.

Height (mm)
Mass (g)
Damped Natural
Frequency (Hz.)

1.79
1.92
overdamp

3.58
3.83
295.24

6.35
6.80
405.89

7.16
7.67
401.37

8.95
9.59
384.29

10.74
11.50
365.39

12.7
13.60
346.01

19.05
20.40
296.84

25.40
27.21
263.06

Table 1: damped natural frequencies investigated for readily available stacks of 1.79mm and ¼” thick acrylic

Measurement of the MAE oscillations was accomplished with a laser displacement sensor
measuring the movement of an acrylic mass mounted to the free surface of the MAE patch. The laser
displacement sensor used is a Microtrak III 25-02 with a nominal range of 25 ± 1.25 mm. To guarantee
accurate range, the sensor was mounted on a laser cut acrylic board such that the laser dot would be
exactly 25 mm from the edge of a 30 x 30 mm MAE patch centered on the pole face of the electromagnet
in the MAE’s zero field zero deformation state. It was assumed and later confirmed through static and
dynamic displacement testing of the MAE patches in the C magnet field that the range of deflections was
well within the operational range of the laser displacement sensor. Oscillation data was sampled at 300
Hz and recorded in .csv files for plotting and analysis for field frequencies below 50 Hz. The test setup,
including the MAE test samples, electromagnet, gaussmeter, and laser displacement sensor are shown in
Figure 5.

12

Figure 5: Test setup showing sample (1), LDS (2), function generator (3), amplifier (4), computer interface
(5), and gaussmeter probe (6) mounted to C magnet (7)

MAE Sample Manufacture
MAE samples for this study were produced using Sylgard 184 elastomer base and catalyst as the
rubber matrix and barium ferrite (BaM) particles supplied by ESPI Metals as the hard magnetic filler. The
BaM particles have a nominal size of 44 microns and smaller (325 mesh). The composition of the MAE
patches is 30% BaM by volume, a standard that has been observed for maximum MR effect while not
compromising the structure of the elastomer due to overfilling [8, 11]. Lokander [8] observed the
maximum MR effect at 30% volume ratio for particles less than 60 microns. Equation 6 is used to
determine the weight of BaM mixed with the elastomer base and catalyst.
𝑊𝑓𝑖𝑙𝑙 =

𝜌𝑓𝑖𝑙𝑙
𝜏
∗
∗ 𝑊𝑏𝑎𝑠𝑒
1 − 𝜏 𝜌𝑏𝑎𝑠𝑒

6

Where the density of the BaM filler, 𝜌𝑓𝑖𝑙𝑙 = 5.28 g/cm3 and the density of the elastomer and catalyst,
𝜌𝑏𝑎𝑠𝑒 = 1.0 g/cm3. The 𝜏 is equal to the desired volume percentage of BaM filler, in this case 30%. The
MAE patches used in the dynamic oscillation tests were manufactured using the following procedure. The
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Sylgard 184 elastomer base is mixed with 10% catalyst by weight for five minutes. BaM particles are then
added to the base by weight based on Equation 6. The final mixture is stirred an additional five minutes
before being poured into a 30 x 30 x 3.58 mm3 sample mold. The mold is then wedged securely into a
magnet with a pole face spacing of approximately 2.1” such that the magnetic field generated is
perpendicular to the normal face of the sample plane. The magnet generates a field measured at 600 mT,
and the samples are exposed to the field for 1 hour to align and magnetize the BaM particles before being
removed for an additional 24 hours of curing. As discussed in Chapter 2, this field strength is sufficient to
allow for the coercion of the particles to magnetization and alignment, allowing for limited discrepancy in
the permeability of the elastomer matrix and acrylic molds.

Test Procedure
Three MAE samples are prepared from the same batch to the composition and dimensions
specified in previous sections. Each sample is mounted with a 3.58 mm tall acrylic mass using Loctite
plastic bonding cement, and then to the center of an acrylic sample mount centered over the pole face of
the C-magnet. Figure 6 shows the final setup of the MAE patches (5.1) and acrylic masses (5.2) with both
the gaussmeter (5.3) and laser displacement sensor (5.4).

Figure 6: Close up of MAE (1) and mass (2) in magnetic field during tests with Gaussmeter probe (3) and
laser displacement sensor (4).
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The laser displacement sensor is mounted to a slab of laser cut acrylic such that the laser head is located at
its nominal operating range of 25.0 mm from the edge of the MAE, and pointed directly at a masking tape
target on the side of the acrylic mass. The gaussmeter probe is taped down to the surface of the acrylic
sample mount such that it measures the field out of the plane of the pole faces. The directions of the field
are indicated with a blue arrow in Figure 6.

To obtain a range of data from which to determine a correlation between field strength and MAE
actuation, the three samples were each subjected to displacement testing at 16 sinusoidal field frequencies
ranging from 0.1 to 50 Hz and five peak-to-peak output voltages from the function generator, ranging
from 0.5 to 2.0 volts each with the maximum gain allowed by the amplifier, ranging from 25 to 400
Watts. This resulted in a total of 240 sets of oscillation data. The displacement of the MAE was sampled
by the laser displacement sensor at 300 samples per second and recorded to .csv files by the sensor’s
desktop interface software, with each run sampled for up to 10 seconds or for 5 observable peaks at the
lowest frequencies. The magnetic field was removed and the laser displacement sensor zeroed between
each sampling of the data. The amplitude of the field strength, as measured in milli-Tesla (mT) by the
Gaussmeter probe, was also tabulated for each test run. The characteristics of the magnetic field as a
function of input voltage and frequency were studied and are elaborated on in the following section.

Magnetic Field Analysis
Before and during the data collection of the MAE oscillation, the magnetic field that the MAE
would be oscillating in was analyzed. As anticipated, the measured amplitude of the field decayed rapidly
with increasing frequency across all input voltages. This is due to the effect of eddy currents and
hysteresis losses, the latter of which is directly related to the reversal of the field direction as the
frequency of field reversal increases. Figure 7 below tabulates the mean field strength amplitudes at all

15
examined frequencies for each function generator output voltage. Mean values clearly begin to reach a
steady value as voltage increases beyond 1.5 V. Also as predicted, the mean value of field strengths
diminishes towards a steady state value as frequency increases, with the highest field strengths being
observed at 0.5 Hz, indicated in green on Figure 7. Two lower frequencies, 0.1 Hz and 0.25 Hz (indicated
in blue) are contrary to this trend, and this is believed to be a result of the amplifier’s limited low
frequency response and not the magnet or Gaussmeter recording the data.

Figure 7: Field strength amplitude (mT) vs. function generator output for all frequencies examined. Blue
curves indicate low frequencies with lower field strengths than anticipated. Green is the maximum frequency
– field strength.
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Figure 8: field strength (mT) vs. field frequency (Hz) for five voltage levels.

Figure 8 provides an alternate characterization of the magnet’s behavior, and makes the rate of
decay of field strength very clear across all voltage inputs as the frequency of sinusoidal input current and
field output increase beyond 20 Hz. Complete tabulated data of recorded field strengths can be found in
Tables 3-7, Appendix B.
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Chapter 4
Results and Analysis
Data Processing
Raw collected data from the laser displacement sensor output consisted of a displacement from
the zero field value in millimeters and a timestamp in seconds for each data point. Samples of the raw
data read by the laser displacement sensor are found in Figure 9. This data is read into Matlab and
catalogued by sample, frequency, and function generator voltage. Trends and noise in the data are
removed during pre-processing using Matlab’s detrend and smooth functions. Significant amounts of
noise and random trending of the data were observed at frequencies equal to 50 Hz, so problematic
sections of these samples were removed by hand.

Figure 9: Raw displacement vs. time data from laser displacement sensor. Sample 3, 1.0V. Clockwise from
top left: 0.1 Hz, 1.0 Hz, 5.0 Hz, and 10.0 Hz.

Following pre-processing, a fast Fourier transform (FFT) was performed on each set, and a peak finding
algorithm run on each FFT, resulting in a set of peak displacement values at each field frequency for each
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sample. Stacks of raw FFT data – consisting of the FFTs for each sample and frequency – are shown in
Figures 16 – 20, Appendix A. From this data, a curve of diminishing displacement values with frequency
that mirrors the decay of the magnetic field strength with frequency shown in Figure 8 begins to take
shape. Also seen in Figures 16-20 are the individual peaks extracted for each sample, and the mean of
these peaks used for further analysis. Finally, each of these figures includes the displacement amplitude
(µm) vs. field frequency (Hz) for each function generator voltage, displaying the mean amplitude and the
standard deviation based on the three samples making up the mean data point.

All mean displacement values for the voltages tested in the Appendix A figures are compiled for
visual comparison in Figure 10. A visual evaluation of the mean displacement amplitudes and their
standard errors reveals much larger standard deviations as voltage decreases from 2.0V to 0.5V, as seen in
Figures 16 - 20. This is likely attributed to the prevalence of sensor noise over displacement data when
displacements are smaller, although there are other issues to consider. A quick glance at Tables 6 and 7 in
Appendix B shows similar spread among recorded field strengths at the 1.5 and 2.0V tests, respectively
for low frequencies, but much larger standard deviations among the 1.5V data points. An examination of
Figure 9 demonstrates a correlation with the asymptotic behavior of the magnetic field strengths with
frequency visible in Figures 7 and 8. Displacement means for 1.0, 1.5, and 2.0V are tightly clustered
together, with no distinct maximum among the lowest frequencies, but with displacement magnitude
becoming proportional to increasing voltage as frequencies increase beyond roughly 5 Hz. The
magnitudes of the 0.5 and 0.75V curves are appropriately scaled to their respective voltage inputs, as
anticipated.
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Figure 10: Comparison of mean amplitudes of displacement (μm) for all function generator voltages vs. field
frequency (Hz).

Since field strength (H) varies with the frequency of the field, an examination of how
displacement proportional to H varies with frequency is needed. Since the displacement of the MAE is
expected to be directly proportional to the applied field over all frequencies of oscillation, then a plot of
mean displacement divided by H vs. frequency should theoretically be a straight line from which a
constant that predicts MAE behavior may be drawn. Figure 11 below shows that this is not exactly the
case, although the potential for a μm/mT constant to describe MAE displacement at higher frequencies is
evident. Note the log scale of the x axis to show the behavior at frequencies below 1.0 Hz, and note that
the outlying points at f = 0.1 and 0.25 Hz do not scale with voltage with the same trend as higher
frequencies. At these values, field strength remained relatively low while displacement was consistent
with the behavior of higher frequencies. Examining frequencies over 0.5 Hz reveals a decreasing trend
with a roughly constant slope of -0.0005 (μm/mT)/Hz, but further analysis will be required to determine a
usable relationship between displacement and applied field.
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Figure 11: Mean displacements / field strength vs. field frequency. Note log scaled x axis.

Determination of Correlation Constant
With experimental data on oscillation frequency, amplitude, and field strength collected for
multiple samples, frequencies, and magnetic fields, the correlation between the analytical model
discussed in Chapter 2 and the observed data may be investigated. Further assumptions made with respect
to this model include setting the damping coefficient, c, equal to zero. The damping constant value
obtained from the literature review, c = 35 N*s/m [2], yields a damping ratio ζ = 0.2, and has thus been
deemed negligible to the final result. Thus, the frequency of the forcing function, ω, is equal to the
frequency of the displacement function. The forcing function is assumed to take the form
𝐹(𝐻, 𝑡) = 𝐴0 sin(𝜔𝑡), and the displacement solution take the form 𝑥(𝑡) = 𝑋 sin(𝜔𝑡). With these
assumptions in mind and substituted into the governing differential equation, Equation 3 from Chapter 2
can be rewritten as Equation 7, as follows.
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𝐺∗𝐴
𝐴0
−𝜔2 ∗ 𝑋 sin(𝜔𝑡) + (
) ∗ 𝑋 sin(𝜔𝑡) = − ( ) sin(𝜔𝑡)
ℎ∗𝑚
𝑚

7

Where 𝐴0 = 𝛼 ∗ 𝐻 (𝑛) and n the proportionality of α to H. Whether α is proportional to H, √𝐻, H2 , or
some other factor must be investigated. The peak displacement amplitude of the MAE patch as a function
of the applied frequency at that point is X, and H represents the peak field strength amplitude in mT.
Solving Equation 7 for 𝐴0 leads to Equation 8.
𝐴0 = 𝑚 ∗ 𝑋(𝜔) ∗ (𝜔2 −

𝐺∗𝐴
)
ℎ∗𝑚

8

An array of data points for A0 for each function generator output voltage and each examined
frequency is generated, and the nature of the correlation between α and H is examined by dividing A0 by
the mean √𝐻, H, 𝐻 3/2 , or 𝐻 2 for each frequency across each output voltage, such that 𝛼 =

𝐴0
⁄ (𝑛) .
𝐻

The obtained solutions for α will be solved for with the transfer function in Equation 9 with
corresponding values of H and the investigated proportion n.
𝛼 ∗ 𝐻 (𝑛)
𝑋(𝑠)
𝑚
=
𝐺∗𝐴
𝐹(𝑠)
(𝑠 2 ) −
𝑚∗ℎ

9

In evaluating α, two values of G will be tested: one approximated from results in the literature survey and
one obtained from the DMA result. Note that G is typically a function of magnetic field strength [1-9], but
for the purposes of this model, it is assumed to be constant. The former value of G is equal to 0.336 MPa,
or equivalent to G = 𝐸 ⁄(2 + 2𝜈) when E = 1.0 MPa and ν = 0.49, and the latter was experimentally
determined to be 4.4 MPa from a DMA shear test on an MAE sample, as discussed in Chapter 2.

It was initially assumed that the forcing function would be directly proportional to H, however
experimentation showed this to not be the case (Figure 11). Therefore, other normalizations were
investigated to determine the best relationship. Using the aforementioned normalizations, the set of 16
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alphas, one set per frequency – normalization pair, were tested to determine which normalization yielded
proportionality between displacement and applied field across all frequencies. The mean and standard
deviation within each set are taken at each frequency across the five tested voltages, and these values are
plotted against frequency in Figure 12. Proportionality would be evidenced by a constant value of α
across the entire set, i.e. for all frequency-normalized field strength combinations. The log scale of α
allows for distinction between the curves, a non-log scaled version of this plot is featured in Appendix A,
Figure 22. Values of α are evaluated by solving the frequency response of the transfer function Equation 9
at the desired frequencies and their corresponding magnetic field strengths H using Matlab’s frequency
response function. The solution contains the displacement amplitude X and the frequency it occurs at.

It is clear from Figures 12 and 22 (Appendix A) that an alpha value with units of N/mT3/2 or
N/mT2 has the desired behavior of being relatively constant across applied frequencies with low standard
deviation over the range of field strengths sampled.

Figure 12: alphas vs. frequency (Hz.) for multiple units of alpha, G = 4.403 MPa.

Since both α values (further referred to as αn=3/2 and αn=2, respectively) are susceptible to the same
inconsistencies at lower frequency as the displacement data, mean values of α1 and α2 are taken from the
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data points for frequencies greater than 0.5 Hz. This yields αn=3/2 = 9.3e-3 N/mT3/2 and αn=2 = 2.8e-3
N/mT2 for G set at G = 4.403 MPa from the DMA analysis, and this value assumed to be constant and
correct. Next, αn=3/2 and αn=2 are substituted into Equation 9 with n set equal to 3/2 and 2, respectively. The
frequency response function of Matlab is used to find the amplitudes and corresponding frequencies of
Equation 9, to obtain the displacement amplitude and frequency for each tested input frequency and
corresponding magnetic field strength. The resulting curves of displacements in mm over 5 sets of field
strengths are plotted against field frequency in Figures 13 and 14 below, where the lines are the analytical
solution of displacement and points of the same colors are the observed mean displacements at the
corresponding frequencies and field strengths.

Figure 13: analytical and experimental displacements vs. frequency. Alpha = 9.3e-3 N/mT3/2, G = 4.403 MPa
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Figure 14: analytical and experimental displacements vs. frequency. Alpha = 2.8e-3 N/mT2, G = 4.403 MPa

As can be seen in Figure 13, the experimental solution is a noticeably excellent fit for the
experimentally observed data points, giving a strong indication that the sought after α solution for the
forcing function in Equation 7 is proportional to the magnetic field strength to the 3/2 power. Figure 14
shows a noticeably weaker fit for an αn=2 value proportional to H2. To determine a more precise value of
α, a curve fit is performed on the experimental displacement data using the Matlab built-in curve fitting
app. Assuming the value of G provided by the DMA (G = 4.403 MPa) is correct, and that the damping
coefficient c is negligible (c = 0), values for α are produced over the five magnetic field strength curves.
The α1 and α2 values and corresponding R2 values for the curve fit are tabulated in Table 2, below. Due to
the nature of the amplifier-electromagnet setup outputting its peak field strengths at 0.5 Hz rather than the
lower frequencies as expected, the curve was fit to displacement data points at frequencies of 1.0 Hz and
higher.
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Voltage (V)

0.5

0.75

1.0

1.5

2.0

Means of all field &
displacement data.

αn=3/2 (N/mT3/2) x
10-3

8.079

6.239

9.083

7.899

7.234

7.991

R2 (α1)

0.9956

0.9895

0.9909

0.9982

0.9921

0.9956

αn=2 (N/mT2) x 10-3

1.247

0.779

1.032

0.785

0.736

0.915

R2 (α2)

0.9548

0.9452

0.9413

0.9746

0.9588

0.9585

Table 2: α and R2 values from experimental displacement curve fit for two normalizations.

The mean of all fields and displacement column takes the average of all recorded field strengths
and amplitudes of oscillation and fits a curve to those points, in an effort to reconcile all observed curves
with an analytical solution. As is visible in Figure 13, the R2 values for αn=3/2 in Table 2 confirm that an α
proportional to H3/2 yields the best fit for the experimental data, noting that the fits are almost equally
strong across all sets of field strengths tested. The H2 fits confirm what is seen in Figure 14, that α is
likely not proportional to H2 and this fit of the curve will therefore be disregarded for further analysis.
Selecting the value of α from the mean displacement curve fit, α = 7.991e-3 N/mT3/2 and substituting it in
Equation 9, a final analytical vs. experimental displacement vs. frequency curve is generated and
displayed in Figure 15. In comparing Figure 13 (initial prediction of α = 9.3e-3 N/mT3/2) to Figure 15,
some important distinctions emerge. Figure 13 contains the best tracking of the low frequency
displacement values, with the analytical fit in Figure 13 predicting the peak values of displacement that
occur for each voltage (set of field strengths) albeit at an offset frequency. The analytical fit in Figure 15
cannot predict these high values, and rather predicts the displacement values greater than and equal to 0.5
Hz. This is significant since the Figure 13 fit only used displacements at frequencies greater than 0.5 Hz
and displacement values specific to the tested field strength in generating α, while the Figure 15 curve fit
used frequencies greater than 1.0 Hz and a mean displacement and field strength for all tests.
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Figure 15: Displacement amplitude (mm) vs. field frequency (Hz) for alpha = 7.991e-3 N/mT3/2, G = 4.403
MPa

Ultimately, the curve fit value of α shown below is the strongest available with the developed
model, and further testing to account for discrepancies between voltage, field frequency, and MAE
oscillation amplitude should be performed. It should be noted that setting c = 35 N*s/m and solving the
above solutions and curve fits produced no discernable changes to the Matlab-reported values of α or R2,
which confirms the zero damping assumption to be valid.
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Chapter 5
Conclusions

In conclusion, the simplified model of MAE material properties and field dependent forcing
function can be resolved with experimental data by a coefficient proportional to the peak strength of the
applied field in milli-Teslas to the three-halves (3/2) power. The coefficient, α, is found to be equal to
7.991 x 10-3 N/mT3/2 for an experimentally determined value of the shear modulus, G = 4.403 MPa. With
an R2 coefficient of determination equal to 0.996, this value of α is reported to a high degree of
confidence. Another α, proportional to N/mT2 resulted in an R2 of 0.9585 and α = 9.15 x 10-4 N/mT2.
While still producing a relatively strong fit, the amplitude of the forcing function is clearly proportional to
the field strength to the three-halves power.

Three assumptions were inherent to creating the model of the MAE from which Equations 3 and
7-9 are developed. First of which is that the MAE response can be simplified to a second order function
without any of the dynamic properties that characterize MAE, including tunable stiffness, damping, and
complex shear modulus. Second is the exclusion of internal shearing forces that define MRE stiffening
under loading and are anticipate to occur in MAE as well [1, 2 ,4 ,7]. A final significant assumption is the
disregard of damping force altogether, with this force being set to zero for all steps of analysis. Although
substituting values of damping into the final sets of equations outlined in Chapter 4 produced no
observable changes to the curve fit in Figure 15, the presence of damping force throughout the evaluation
could have an impact. All three of these assumptions are justified by the nature of the model, which
attempts to represent all magnetoactive forces present in the MAE under one forcing function, which has
been shown through this analysis to be proportional to the applied field to the three-halves power.
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Chapter 6
Recommendations, Applications, and Direction for Future Research
Despite the success of this research in evaluating a constant for the shear stress on MAE samples,
there are many directions to take and factors to analyze in order to further characterize the MAE. First
among these is the analysis of further MAE properties as they relate to shear actuation and oscillation.
These include the damping ratio of the material itself, and dynamic damping and stiffness of the system
under a magnetic field that also characterize MAE and MRE behavior. More extensive models of the
MAE behavior – beyond a simplified second order system with forcing function – would improve the
overall characterization. Second among these recommendations involves the experimental method and
measurement techniques. The 25-02 laser displacement sensor proved to have too low of a sample rate to
effectively analyze oscillations above 50 Hz, and the resolution, alongside issues of low resolution, noise,
and drifting curves. Seeking new sensors to allow for higher resolution at higher frequencies should
explore displacement values with a much lower standard deviation than those analyzed at low
frequencies. On that topic, an amplifier that provides stable output at very low frequencies, and constant
output for static displacement testing of the MAE would effectively round out the results.

Specific concerns with this testing include variation in peak displacement among the three
samples examined. As can be seen in Appendix A, Figures 16-20, samples 1 and 2 had markedly lower
displacement values across all field strengths and frequencies than sample 3, which appears most
consistent across tests from a cursory glance. Ultimately, larger batches of MAE with an improved
manufacturing process would eliminate outliers in the data, but time and material restrictions led to the
use of only three MAE samples in this experimentation.

Recommendations for further analysis with test setup available include analysis of the
viscoelastic response of the MAE to step inputs, as well as determination of an α coefficient with static
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displacement using a constant strength field. Potential observations with these tests include stress
relaxation of the material over time with a constant input. Ultimately, a full characterization of MAE
properties and relations to time, frequency, and field strength can be made by developing the solution
beyond a simplified second order representation, but the results of this thesis provide an analysis of the
most significant force that cause the observed actuation behavior that defines MAEs; the relationship
between applied magnetic field, internal shearing forces in the MAE, and the observable displacement of
the material in shearing. Potential applications of this research beyond expanding on the results include
the development of smart structures and origami based engineering from MAE patches in a similar shear
mode.
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Appendix A
Experimental Data

Figure 16: Peaks and mean the of peaks (1) for three samples at 0.5V, stacked FFT (2), and mean
displacement vs. frequency with standard deviation (3).
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Figure 17: Peaks and mean the of peaks (1) for three samples at 0.75V, stacked FFT (2), and mean
displacement vs. frequency with standard deviation (3).
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Figure 18: Peaks and mean of peaks (1) for three samples at 1.0V, stacked FFT (2), and mean displacement
vs. frequency with standard deviation (3).
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Figure 19: Peaks and mean of peaks (1) for three samples at 1.5V, stacked FFT (2), and mean displacement
vs. frequency with standard deviation (3).
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Figure 20 Peaks and mean of peaks (1) for three samples at 2.0V, stacked FFT (2), and mean displacement vs.
frequency with standard deviation (3).
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Figure 21: alphas vs. frequency for frequencies greater than 5 Hz, G = 0.336 MPa

Figure 22: alphas vs. frequency for frequencies greater than 5 Hz, G = 4.403 MPa
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Appendix B
Complete Analysis of C-Magnet Field
Voltage
Sample
Field
Frequencies
(Hz.)

0.5 V
0.1
0.25
0.5
0.75
1
2.5
5
7.5
10
12.5
15
17.5
20
25
30
50

1
12.235
41.02
55.045
51.895
48.275
26.88
15.315
10.595
7.765
6.345
5.47
4.775
4.245
3.635
2.99
2.2

2
11.615
35.255
45.79
43.79
39.885
23.44
12.98
8.625
6.685
5.44
4.74
4.2
3.735
3.055
2.805
2.09

3
12.015
41.7
54.135
51.805
47.165
27.19
14.86
9.75
7.585
6.25
5.185
4.51
4.09
3.44
2.95
2.11

Magnetic field
strength
amplitude
(mT)

Table 3: complete field strength amplitude recordings (mT) at 0.5V

Voltage
Sample
Field
Frequencies
(Hz.)

0.75 V
0.1
0.25
0.5
0.75
1
2.5
5
7.5
10
12.5
15
17.5
20
25
30
50

1
15.74
55.55
73.805
70.44
64.73
38.74
21.855
14.995
11.445
9.195
7.745
6.655
5.97
4.895
4.03
2.75

2
27.345
67.41
87.55
84.04
76.53
45.3
25.145
17.085
12.83
10.32
8.72
7.385
6.56
5.325
4.455
2.845

3
17.01
57.355
75.32
72.085
65.96
37.415
20.7
14.235
10.855
8.665
7.345
6.26
5.5
4.565
3.935
2.59

Table 4: complete field strength amplitude recordings (mT) at 0.75V

Magnetic
field strength
amplitude
(mT)
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Voltage
Sample
Field
Frequencies
(Hz.)

1.0 V
0.1
0.25
0.5
0.75
1
2.5
5
7.5
10
12.5
15
17.5
20
25
30
50

1
24.65
77.475
95.995
71.595
66.405
48.68
27.31
18.625
13.61
10.875
9.135
7.77
6.875
5.535
4.46
3.08

2
22.34
71.29
99.155
100.53
92.275
53.315
29.09
19.865
15.11
12.175
10.07
8.735
7.625
6.23
5.185
3.15

3
24.65
77.475
104.215
101.445
92
53.13
29.07
19.93
14.785
11.88
9.925
8.55
7.5
6.095
5.035
3.215

Magnetic
field strength
amplitude
(mT)

Table 5: complete field strength amplitude recordings (mT) at 1.0V

Voltage
Sample
Field
Frequencies
(Hz.)

1.5 V
0.1
0.25
0.5
0.75
1
2.5
5
7.5
10
12.5
15
17.5
20
25
30
50

1
31.18
88.195
124.91
119.6
110.7
68.65
37.71
25.95
19.645
15.785
13.2
11.215
9.93
7.94
6.665
4.18

2
27.13
78.865
108.72
107.6
100.925
62.8
35.96
24.84
18.985
15.31
12.695
10.925
9.79
7.795
6.47
4.05

3
35.395
100.335
135.43
132.315
122.605
74.585
42.35
29.07
22.025
17.765
14.65
12.685
11.085
8.79
7.34
4.495

Table 6: complete field strength amplitude recordings (mT) at 1.5V

Magnetic
field strength
amplitude
(mT)
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Voltage
Sample
Field
Frequencies
(Hz.)

2.0 V
0.1
0.25
0.5
0.75
1
2.5
5
7.5
10
12.5
15
17.5
20
25
30
50

1
28.2
73.355
101.365
100.19
91.26
60.76
35.8
25.19
19.475
15.64
13.085
11.315
9.915
7.94
6.785
4.215

2
32.75
86.395
120.415
121.33
112.11
70.62
40.815
28.155
21.73
17.475
14.725
12.57
11.405
9.05
7.785
4.6

3
30.931
100.37
135.91
131.205
117.605
81.86
47.36
32.535
24.485
19.675
16.385
14.175
12.35
9.875
8.305
5.13

Table 7: complete field strength amplitude recordings (mT) at 2.0V

Magnetic
field strength
amplitude
(mT)
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