
Magnetic Field Switchable Dry Adhesives
Jeffrey Krahn, Enrico Bovero, and Carlo Menon*

MENRVA Research Group, School of Engineering Science, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada

ABSTRACT: A magnetic field controllable dry adhesive
device is manufactured. The normal adhesion force can be
increased or decreased depending on the presence of an
applied magnetic field. If the magnetic field is present during
the entire normal adhesion test cycle which includes both
applying a preloading force and measuring the pulloff pressure,
a decrease in adhesion is observed when compared to when
there is no applied magnetic field. Similarly, if the magnetic
field is present only during the preload portion of the normal
adhesion test cycle, a decrease in adhesion is observed because
of an increased stiffness of the magnetically controlled dry
adhesive device. When the applied magnetic field is present during only the pulloff portion of the normal adhesion test cycle,
either an increase or a decrease in normal adhesion is observed depending on the direction of the applied magnetic field.
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1. INTRODUCTION

Since 2000, when evidence that van der Waals’ interactions
were the main contributors to gecko adhesion force was
discovered,1,2 a great number of research groups have spent
considerable effort in fabricating synthetic gecko adhesives. The
ability of geckos to adhere to a wide variety of surfaces has
inspired researchers to develop synthetic gecko tape which also
relies mainly on van der Waals’ forces for adhesion. The first
attempts at producing synthetic gecko tape were performed by
nanoindenting followed by the molding of poly-
(dimethylsiloxane) (PDMS) in nanoindented cavities.3 Other
fabrication techniques for producing biomimetic dry adhesive
fibers soon followed and include electron beam lithography,4

plasma etching,5 photolithography,6,7 and molding PDMS using
commercially available mesh.8 While some groups have
concentrated their efforts on developing new fabrication
techniques that allow increased fiber density,9 other researchers
have examined the effect of fiber tip shape,10,11 fiber aspect
ratio, and the addition of an overhanging cap.12−15 Still others
have tried to mimic the structures found on geckos by
developing hierarchical structures,16,17 which increase the
ability of the gecko fibers to conform to a surface.
Other approaches to increasing adhesion have been

presented such as the synergistic combination of electrostatics
and gecko tape where embedded particles24,25 or chemically
etched mesh26 was used as electrodes to generate electrostatic
forces. Still other researchers have embedded magnets onto the
ends of large macroscale polymer fibers27 or have dispersed
carbonyl iron particles in a PDMS network to form
magnetically actuated gecko microridges28 or beams.29

In the meantime, another approach to increasing adhesion
has been to change the stiffness of the backing layer to resist
peeling as described in our earlier work18 where a phase-change
material was used to conform to the surface of a spherical probe

when in the softer phase but to resist peeling when in a
hardened phase. Switchable adhesion has also been achieved
with thermally controlled shape memory polymers being used
as either a backing layer19 or for bending the fibers
themselves.20 Switchable adhesion has also been shown
through the use of microchannels21 within a backing layer,
contact surface area decrease through a thin film surface
collapse22 or by surface wrinkling.23

Recently, several research groups have studied the effect of
magnetorheological elastomers (MRE) made from PDMS and
carbonyl iron particles. In the presence of a magnetic field, the
MRE show an increase in shear modulus as the intensity of the
magnetic field increases,30,31 and a theoretical model explaining
the change in the modulus of MRE because of the presence of a
magnetic field has been developed.32,33 Other recent work on
magnetically controlled elastomers includes a magnetic micro-
fluidic mixer where the magnetic elastomer was used as a
magnetically controllable valve.34

In this study, a magnetically controlled dry adhesive device is
fabricated by dispersing iron oxide particles in a PDMS matrix.
In the presence of an applied magnetic field, the stiffness of the
devices’ backing layer increases as has been shown previously
by others.32,35,36 The increase in the stiffness of the backing
results in increased adhesion because a stiffer backing layer
resists peeling. Unlike the magnetic actuated dry adhesives
described by Gillies et al.,28 which show decreased adhesion
when the fibers are bent away from the contact surface and
which are designed for adhering to particles, this work describes
adhesion switching due to an increase in the stiffness of the
backing layer in the presence of a magnetic field. Our device is
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designed for potentially adhering to large surface areas as
opposed to individual particles. The adhesion provided by our
device is dependent on which portion of the normal adhesion
test cycle the magnetic field is applied and on the direction of
the magnetic field; either an increase or decrease in adhesion is
observed over the measured normal adhesion force as
compared to when no applied magnetic field is present.

2. METHODS AND MATERIALS
2.1. Configuration. The magnetically controlled dry adhesive

devices used in this study were fabricated from a polymer matrix of
PDMS and 20−30 nm iron oxide nanoparticles (Fe3O4, 3320DX
SkySpring Nanomaterials Inc.) herein referred to as Fe-PDMS. The
overall structure was composed of a thin layer of mushroom-like dry
adhesive fibers fabricated from PDMS. The backing layer was
constructed of 1.2 mm × 1.2 mm macroscale Fe-PDMS posts,
which were each 1.5 mm tall sandwiched between two thin flat layers
of Fe-PDMS. The PDMS microstructured layer was bonded directly to
the Fe-PDMS by a thin layer of Fe-PDMS.
2.2. Fabrication. To fabricate the magnetically switchable adhesive

devices, several fabrication stages were required. First, a mold in which
to cast the microscale features had to be fabricated in a process that
was similar to those reported previously.18,24,39 The fabrication of the
mold used to define the microscale feature began with spin-coating a
100 mm diameter poly(methyl methacrylate) (PMMA) wafer with a
thin layer of PMGI SF19 resist. After performing a 2 min soft bake at
100 °C, a layer of AZ 9260 photoresist was spin-coated over the PMGI
layer. The PMMA wafer with the two resist layers was then placed in a
thermal chamber and was baked for 1 h at 80 °C followed by 90 s at
100 °C. After allowing the wafer to cool, the wafer was soaked in a
deionized (DI) water bath for 30 min. After the rehydration step was
completed, the photoresist layers were exposed to i-line UV light to
transfer the mask pattern to the resist before the resist layers were
developed in AZ 400 K diluted in a 1:4 ratio by volume with DI water.
After achieving the desired undercut, which corresponds to the
overhanging mushroom cap of the dry adhesive fibers, a mold with an
array of microscale holes which define the shape of the mushroom-like
dry adhesive fibers was complete.
Once a suitable mold had been fabricated, PDMS (Sylgard 184) was

mixed in a 10:1 ratio of prepolymer to curing agent and was degassed
within a vacuum chamber before being spin-coated onto the wafer
mold. In the meantime, another mold had been fabricated from
PMMA using a laser cutter which cut an array of macroscale 1.2 mm ×
1.2 mm square holes into the 1.5 mm thick PMMA. After bonding the
PMMA with the array of macroscale holes to another flat piece of

PMMA, a mold capable of forming 1.2 mm × 1.2 mm × 1.5 mm tall
square posts was achieved. After mixing another batch of PDMS, again
in a ratio of 10:1 prepolymer to curing agent by weight, 20−30 nm
diameter iron oxide particles (Fe3O4, 3320DX SkySpring Nanoma-
terials Inc.) were introduced and were thoroughly mixed into the
PDMS. The iron oxide particles made up 50% of the total weight of
the Fe-PDMS. The choice to fabricate the switchable dry adhesion
device using a 50% concentration of iron oxide particles was due to
two factors: an increased concentration of particles resulted in an
increased adhesion switching effect, but iron oxide concentrations
greater than 50% were difficult to reliably degas and to remove
unwanted air pockets during fabrication. After carefully spreading the
Fe-PDMS over both the macroscale featured mold and the cured
PDMS on the microscale featured mold, the Fe-PDMS was degassed
in a vacuum chamber for a period of several hours before finally curing
the Fe-PDMS in a thermal chamber at 80 °C for several hours. After
demolding the cured Fe-PDMS from the macroscale featured mold,
the tips of the 1.2 mm × 1.2 mm posts were bonded to the Fe-PDMS
on the unstructured side of the microscale featured mold using a small
amount of Fe-PDMS. After demolding from the microscale featured
mold, the magnetically controlled dry adhesive device was ready for
use. A diagram of the completed device is shown in Figure 1.

2.3. Testing. The test setup, as illustrated in Figure 2, was
composed of the magnetic switchable dry adhesive device placed at the
center of a wire coil. Testing was performed with either a 6 mm or a 12
mm diameter spherical glass probe tip mounted to a load cell (Futek,
LRF 400) with a Nylon screw that was sufficiently long enough to
ensure that any magnetic field applied to the sample did not noticeably
affect the load cell reading, and any effect of switching the magnetic
field on or off on the load cell is below the sensitivity of the load cell.
This was confirmed by placing the probe tip at multiple locations both
near and away from the surface of the sample under test and switching
the magnetic field on and off repeatedly with the magnetic field
orientated in both directions. The load cell was mounted on a linear
stage (Zaber, T-LS28M-S) which controlled the traveling speed and
direction of the probe. The applied magnetic field was produced by a
wire coil (APW Company, FC-6489) and was measured using a Hall
effect sensor (OHS3150U, OPTEK Technology Inc.).

3. RESULTS AND DISCUSSION

The overall structure of the device was designed to take
advantage of the embedded iron oxide particles which, in the
presence of a sufficiently strong magnetic field, caused the
overall stiffness of the Fe-PDMS material forming the backing
layer to increase, while maintaining the strong adhesive

Figure 1. (A) An illustration of the fabricated device showing the PDMS and Fe-PDMS layers. (B) A scanning electron microscope image of the
microscale features fabricated from PDMS. (C) Typical cross section of the Fe-PDMS layer showing agglomerations of the 20−30 nm iron oxide
nanoparticles within the PDMS.
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capabilities of PDMS-based dry adhesives. To provide a
comparison of the adhesion change the magnetic switchable
dry adhesive device was capable of providing, a series of tests
were performed.
First, however, to characterize the magnetic field generated

by the coil, a Hall effect sensor (OHS3150U, OPTEK
Technology Inc.) was used. The magnetic field profile was
measured both from the upper to lower edges of the coil along
the central axis of the coil and across the diameter of the coil at
approximately the midway point between the top and the
bottom surfaces of the coil. The maximum field strength, as
shown in Figure 3, was measured to be 0.0126 ± 0.0009 T at

the center of the coil at a distance of 6.21 ± 0.01 mm from the
upper edge of the coil. As can be seen in Figure 3, at the
midway point between the upper and lower surfaces of the coil,
the magnetic field varied across the diameter of the coil from a
maximum of 0.0146 ± 0.0009 T near the edge of the coil to a
minimum of 0.0123 ± 0.0009 T at the center of the coil. The
measurements of the magnetic field strength were performed

with the magnetic field in orientation 1 which corresponds to
the current moving through the coil in the counterclockwise
direction.
As described previously, during the fabrication process, iron

oxide particles were mixed into PDMS to form the Fe-PDMS
magnetically controlled dry adhesive device. Each iron oxide
particle acted as a magnetic dipole and, when mixed together
and cured in the PDMS, the magnetic dipole of each particle
contributed to the net magnetic field of the magnetically
controlled dry adhesive device. The net magnetic field of the
magnetically controlled dry adhesive device is related to the
fabrication process and is due to the mixing process where the
particles are oriented in a random fashion and are free to
agglomerate before and during curing. As the Fe-PDMS is
curing, the particles are free to rotate within the Fe-PDMS, and
the net effect is that they are able to align themselves with each
other and with any external magnetic field. The net magnetic
field of the magnetically controlled dry adhesive device could be
measured using a Hall effect sensor and was determined to be
0.00023 ± 0.00009 T at the surface of the microscale structures.
The south pole of the device was determined to be facing away
from the device on the upper surface at an angle, θ, of 38° as
shown in Figure 4 A. When the magnetically controlled dry
adhesive device was placed in an applied magnetic field, the
magnetically controlled dry adhesive device would increase its
stiffness and its height would change as the particles embedded
within the PDMS matrix would try and align themselves with
the magnetic field as illustrated in Figure 4. The dry adhesive
fibers on the surface of the magnetically controlled dry adhesive
device were 12 μm tall with a 15 μm diameter cap and 1.8 μm
thick overhanging cap atop a 12.5 μm diameter post. The
center-to-center spacing of the fibers was 20 μm, and the
adhesive fibers created by the mold are shown in Figure 1B.
The PDMS layer which defined the microscale features was 75
μm thick.
To determine the effective Young’s modulus of the

magnetically controlled dry adhesive device, the applied
compressive load along with the indentation depth of the
spherical indenter was measured. Hertz theory of elastic contact
between a spherical indenter and a flat surface, ignoring the
effect of the microscale features, was used to estimate the
effective Young’s modulus E* = E/(1 − ν2), where ν ≈ 0.5 is
Poisson’s ratio. The Young’s modulus of PDMS is approx-
imately 2 MPa. The effective Young’s modulus was determined
by fitting the experimental data to

*=F E Rd
4
3

3

(1)

where F is the applied preload, R is the radius of the indenting
sphere, and d is the indentation depth.40 The indentation depth
of the glass sphere was directly determined by subtracting the
linear stage position when contact with the surface of the device
was initiated from the position of the stage at the desired
preload depth and was confirmed to be an accurate
determination of the indentation depth of the sphere on the
basis of images taken with a digital microscope (Keyence, VHX-
2000) fitted with a 100−1000X wide range zoom lens
(Keyence, VH-Z100WS).
Figure 5 A and B shows the indentation depth-preload and

preload-distance curves, respectively, for the magnetically
controlled dry adhesive device without the magnetic field
applied and with the 0.0133 ± 0.0009 T magnetic field applied
in both orientation 1 (current flowing counterclockwise) and

Figure 2. A diagram of the test setup. The magnetically controlled dry
adhesive device was placed at the center of a wire coil, and normal
adhesion force tests were performed without a current applied to the
coil and with a current applied to the coil in both directions resulting
in two different magnetic field orientations.

Figure 3. Measured change in magnetic field strength from the top
surface of the coil to the bottom surface along the central axis of the
coil and across the diameter of the coil at the midway point between
the upper and lower surfaces of the coil. The measured magnetic field
strength was measured to be 0.0133 ± 0.0009 T at the surface of the
device during testing.
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orientation 2 (current flowing clockwise). The sample was
loaded at a constant rate of 5 μm/s, and testing was performed
on the same location for each set of tests. Each data point in
Figure 5 A reflects the average of three separate tests, and the
error bars indicate the standard deviation. To minimize any
residual effect of the presence of the magnetic field on the
device on the test results, there was a minimum waiting period
of 10 min between each test, and testing was performed in the
following order: one test with no applied magnetic field, one
test with the magnetic field applied in orientation 1 followed by
one test with the magnetic field applied in orientation 2 before
performing the second and third set of tests in the same order.
After fitting eq 1 to the data shown in Figure 5, the effective
Young’s modulus was estimated to be 4.41 ± 0.06 MPa with no
magnetic field present and 4.92 ± 0.21 MPa or 4.82 ± 0.16
MPa with the magnetic field present in orientations 1 or 2,
respectively. The increase in the effective Young’s modulus
indicates that the magnetically controlled dry adhesive device
becomes stiffer in the presence of an applied magnetic field.
Because of the design of the device with a 75 μm thick layer of
PDMS defining the surface features, the difference in
indentation depths under preloading, as seen in Figure 5,
becomes apparent for preloads greater than ∼100 mN. On the
basis of the measured magnetic field strength of the coil shown
in Figure 3, it is unlikely that there is a significant variation in
magnetic field strength for the indentation depths at which
testing took place. While we were unable to accurately measure
the switching speed of the magnetically controlled dry adhesive

device, in our experience, the effect of switching the magnetic
field on or off is immediately noticeable.
To compare the effect of the application of a magnetic field

on the adhesion provided by the magnetically controlled dry
adhesive device, several different series of tests were performed
with 20 normal adhesion trials performed for each test. The
average preloading force was the same for all trials and was
311.2 ± 7.4 mN. The preloading force was chosen on the basis
of maximizing the magnetic field switching effect of our
magnetically controlled dry adhesive device while maximizing
the adhesion force as tests performed at higher preloads
without the magnetic field present did not show a significant
increase in adhesion. For each test, the preloading force was
achieved using a force feedback loop in our custom LabView
software which varied the loading rate from 100 μm/s
decreasing to as low as 1 μm/s as the measured preload
approached the desired preload. Pulloff measurements were all
performed with the stage moving at a rate of 200 μm/s.
Furthermore, the sample was allowed to relax for a minimum of
10 min between trials to minimize any residual effects of the
presence of the applied magnetic field on the magnetically
controlled dry adhesive device, and the trials took place over a
period of a few days. Multiple sets of trials indicate that the
order of testing did not significantly affect the normal adhesion.
For the first set of trials, the normal adhesion pressure was

measured using the test setup previously described in Figure 2
but without any current flowing through the coil and thus
without an applied magnetic field present. The average
maximum normal adhesion pressure was measured to be

Figure 4. (A) An illustration of the net magnetic field generated by the iron oxide particles within the Fe-PDMS. Placing the magnetically controlled
dry adhesive device in the presence of a sufficiently strong magnetic field in (B) orientation 1 and (C) orientation 2 results in an increase in the
stiffness of the Fe-PDMS material.

Figure 5. (A) Preload-compression curves. (B) Typical force−distance curves for a 6 mm diameter spherical probe indenting the surface of the
magnetically controlled adhesive device with no applied magnetic field present and the 0.0133 ± 0.0009 T magnetic field present during preload and
pulloff in either orientation 1 or orientation 2. In A, the dashed lines were fit to the experimental data using eq 1 and were used to estimate the
effective Young’s modulus. Each data point represents the average indentation depth over a period of three trials, and the error bars represent the
standard deviation.
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101.4 ± 4.2 kPa, as shown in Figure 6, with an apparent contact
area of 1.00 ± 0.03 mm2. The apparent contact area of the

sphere, A, was calculated on the basis of the measured
indentation depth, d, of the glass spherical probe with radius R
using

π=A Rd (2)

The second set of tests compared the measured normal
adhesion force when the 0.0133 ± 0.0009 T magnetic field was
present in either orientation 1 or orientation 2 during the entire
normal adhesion test cycle which includes during both
preloading and pulloff force measurements. As can be seen in
Figure 6, under an average applied preloading force of 311.2 ±
7.4 mN, the average normal adhesion pressure decreased to
70.4 ± 2.5 kPa with the magnetic field present in orientation 1
and to an average normal adhesion pressure of 80.1 ± 6.9 kPa
with the magnetic field applied in orientation 2. The apparent
contact areas were determined by measuring the indentation
depth of the spherical probe and were found to be 1.00 ± 0.03
mm2 and 0.95 ± 0.02 mm2, respectively.
The decrease in adhesion observed in the presence of the

magnetic field when it was applied in either direction during
both preload and pulloff portions of the adhesion test cycle is
due to the increase in stiffness of the magnetically controlled
dry adhesive device in the presence of the magnetic field as
indicated in Figure 5. The increased stiffness of the magneti-
cally controlled dry adhesive device results in a smaller contact
area for the spherical probe when undergoing the same average
311.2 ± 7.4 mN preload in the presence of the magnetic field as
compared to without the applied magnetic field present. The
decrease in contact area to achieve the same preload during
preloading results in a subsequent decrease in normal adhesion
force in the presence of the magnetic field. The difference in
adhesion pressure seen between the two magnetic field
orientations is likely due to the difference in the stiffness of
the device in the presence of the magnetic field in different
orientations as the effective Young’s modulus is highest when
the magnetic field was applied in orientation 1.
The third set of normal adhesion tests was performed with

the 0.0133 ± 0.0009 T magnetic field present in either
orientation 1 or orientation 2 during only the preloading
portion of the normal adhesion test cycle. As can be seen in

Figure 6, a decrease in adhesion was observed with the
magnetic field present in either direction. With the 0.0133 ±
0.0009 T magnetic field present in orientation 1 during only the
preloading portion of the normal adhesion test cycle, the
average normal adhesion pressure was measured to be 82.7 ±
2.3 kPa, and with the magnetic field present in orientation 2,
the average normal adhesion pressure was measured to be 94.6
± 3.4 kPa. The apparent area in contact in each case was
determined to be 0.97 ± 0.03 mm2 and 0.99 ± 0.03 mm2,
respectively. As mentioned before, the average preload for all
normal adhesion trials was 311.2 ± 7.4 mN. Again, the decrease
in normal adhesion force is due to the increased stiffness of the
magnetically controlled dry adhesive device in the presence of
an applied magnetic field during the preloading portion of the
normal adhesion force testing cycle which results in a lower
contact area as compared to when no magnetic field is present.
A slight increase in normal adhesion force is observed as
compared to when the magnetic field is present during both
preload and pulloff, which is due to the decrease in the stiffness
of the magnetically controlled dry adhesive device during the
pulloff portion of the normal adhesion test cycle. After the
desired preload is achieved, the applied magnetic field is
switched off, and the magnetically controlled dry adhesive
device relaxes into its softer phase resulting in a slight increase
in contact area which results in an increased adhesion force and
adhesion pressure.
The final set of normal adhesion tests involved performing

normal adhesion pressure measurements with the applied
0.0133 ± 0.0009 T magnetic field present during only the
pulloff portion of the normal adhesion test cycle. As shown in
Figure 6, over a period of 20 trials for each test, the average
normal adhesion pressure was measured to be 112.5 ± 2.6 kPa
with the magnetic field present in orientation 1. With the
0.0133 ± 0.0009 T magnetic field present in orientation 2,
however, a decrease in the average normal adhesion pressure
was observed as compared to when no applied magnetic field
was present. The average measured normal adhesion pressure
with the magnetic field present in orientation 2 was 94.8 ± 2.1
kPa. The average apparent area in contact was 1.00 ± 0.03 mm2

with no applied magnetic field present, 0.99 ± 0.02 mm2 with
the magnetic field applied in orientation 1, and 1.02 ± 0.02
mm2 with the magnetic field applied in orientation 2. An
analysis of variance (ANOVA) was performed to determine if
the adhesion results when there was no magnetic field were
statistically significant from when the magnetic field was applied
in either orientation 1 or 2 during pulloff. The F-value was
182.17 while the Fcritical-value was 3.179 indicating that the
results were in fact statistically significant.
To ensure that the changes in adhesion observed when the

magnetic field was applied during pulloff were not due to the
measured contact area being roughly the same size as the
macroscale posts forming the backing layer, testing was also
performed with a 12.93 mm diameter glass spherical tip. Figure
7 compares the adhesion pressure between when there was no
applied magnetic field present and when the magnetic field was
applied in orientations 1 and 2 during pulloff only. The average
preloading force for all three sets of tests was 1.013 ± 0.005 N,
and the average contact area for all tests was 4.83 ± 0.03 mm2.
Each data point shows the average adhesion pressure for 10
tests, and the error bars represent the standard deviation.
To determine if the increase in adhesion was caused by the

change in stiffness of the magnetically controlled dry adhesive
device or by another process such as an increase or decrease in

Figure 6. A comparison between the normal adhesion force when
there was no magnetic field present and when the magnetic field was
present in orientation 1 or orientation 2 during both preloading and
pulloff, during preload only, and during pulloff only. Error bars
indicate the standard deviation for each set of measurements, and each
data point represents the average adhesion pressure over a period of 20
trials.
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contact area, normal adhesion testing was performed with a flat
PMMA probe. To ensure alignment of the flat probe to the
magnetically controlled dry adhesive device, the flat PMMA
with a surface area of 35.08 ± 0.01 mm2 was gently placed on
the surface of the device and then, using the linear stage, was
bonded to a nylon screw attached directly to the load cell. After
curing, normal adhesion tests were performed as described
previously with no applied magnetic field and with the 0.0133
± 0.0009 T magnetic field applied in either orientation 1 or
orientation 2 during preloading. After applying an average
preloading force of 1.510 ± 0.003 N, the normal adhesion
pressure was measured to be 52.9 ± 0.5 kPa with no applied
magnetic field present, 52.3 ± 0.7 kPa with the magnetic field
applied in orientation 1, and 52.4 ± 0.4 kPa with the magnetic
field applied in orientation 2. In other words, there was no
significant difference in adhesion when the contact area
remained constant regardless of the orientation of the magnetic
field.
Interestingly, during the adhesion testing with the flat probe,

it was found that the height of the magnetically controlled dry
adhesive device changed depending on if the magnetic field was
applied and the direction in which it was applied. The change in
the height of the magnetically controlled dry adhesive device
was determined by subtracting the linear stage position when
the surface of the magnetically controlled dry adhesive device
was first contacted from the linear stage position when the
desired preload was achieved. With the magnetic field applied
in orientation 1, the thickness of the magnetically controlled
dry adhesive device increased by an average of 22.7 ± 0.9 μm
but decreased by an average of 3.5 ± 1.0 μm with the magnetic
field applied in orientation 2 on the basis of five tests each.
The increase or decrease in the overall thickness of the

magnetically controlled dry adhesive device in the presence of a
magnetic field is responsible for an increase or decrease in the
contact area of the spherical probe. The increase or decrease in
the contact area of the glass probe when the magnetic field is
switched on is due to the linear stage (and thus the glass probe)
being held stationary and the height of the magnetically
controlled dry adhesive device increasing or decreasing. The
increased thickness of the magnetically controlled dry adhesive
when the magnetic field is in orientation 1 and when the glass
probe is stationary potentially increases the contact radius from
553 to 610 μm. Similarly, with the magnetic field applied in
orientation 2 when the glass probe is stationary, the overall

height of the magnetically controlled dry adhesive device
decreases, and consequently, the contact radius is potentially
reduced from 553 to 543 μm. A diagram outlining the change
in contact area is shown in Figure 8.

Figure 9 compares three typical force versus time curves
which show the entire preload-pulloff normal adhesion test

cycle when there is no applied magnetic field and when a
0.0133 ± 0.0009 T magnetic field is applied during the pulloff
portion of the normal adhesion test cycle in both orientation 1
and orientation 2. Figure 9 breaks down the normal adhesion
test cycle into three distinct regions: (A) the preload is being
applied at a constant rate of 50 μm/s, (B) the linear stage and
glass probe are held stationary and the magnetic field is
switched on, and (C) the linear stage is moving in the reverse

Figure 7. A comparison of the average measured adhesion pressure
using a 12.93 mm diameter spherical glass probe when there was no
applied magnetic field present and when the magnetic field was applied
during pulloff in both orientations 1 and 2. Errors bars represent the
standard deviation, and each data point represents the average
adhesion pressure measured over a period of 10 trials.

Figure 8. A diagram showing the increase in contact area because of
the change in height of the device when the magnetic field is applied in
orientation 1. (A) The sample is preloaded without the applied
magnetic field present. (B) The magnetic field is switched on in
orientation 1 and the height of the device increases resulting in
increased contact area because the base of the device is fixed in place,
and the glass probe remains stationary.

Figure 9. Typical force vs time curves during the entire preload-pulloff
normal adhesion test cycle for when there was no applied magnetic
field and when a 0.0133 ± 0.0009 T magnetic field was applied in
either orientation 1 or orientation 2 during the pulloff portion of the
test. Region A shows the increase in force as the magnetically
controlled dry adhesive device is being preloaded. Region B shows a
slight decrease in force as the sample relaxes while the glass probe is
stationary while region C shows the decrease in force during the
pulloff portion of the test. Negative forces indicate that the device is
under tension. The inset shows a close-up view of the change in force
with respect to time in region B, and the circled region within the inset
shows the increase or decrease in force when the magnetic field is
switched on resulting in increased or decreased contact area.
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direction at a constant rate of 50 μm/s and the pulloff force is
being measured. The circled region in the inset of Figure 9
shows that there is a small increasing spike in the measured
preloading force when the magnetic field is switched on in
orientation 1 and a small decreasing spike in the preloading
force when the magnetic field is switched on in orientation 2
while the glass probe remains stationary. There is no sharp
increase or decrease in the preloading force when there is no
applied magnetic field. While the glass probe is stationary, the
preloading force decreases as the material of the magnetically
controlled dry adhesive device relaxes under the applied
preload, and the rate of decrease of the measured preloading
force, except for the increases or decreases in preload because
of switching on the magnetic field, is at the same rate for all
three cases.
To compare the effect of the magnetic field at varying

strengths in both orientations 1 and 2, a series of tests were
performed with a minimum of four trials per test. During each
set of trials, normal adhesion force measurements were
performed with the magnetic field applied in either orientation
1 or orientation 2 during the pulloff force measurements. The
strength of the magnetic field was varied by decreasing the
current through the coil, and normal adhesion force measure-
ments were performed with magnetic field strengths of 0,
0.0031, 0.0064, 0.0097, 0.0115, and 0.0133 T. As can be seen in
Figure 10 A and as summarized in Table 1, increasing the

magnetic field strength with the magnetic field applied in
orientation 1 during pulloff force measurements results in an
increase in the normal adhesion force as compared to when no
applied magnetic field is present. In Figure 10 B, a decrease in
normal adhesion strength is seen as the magnetic field strength
is increased, and the magnetic field is applied during pulloff
force measurements in orientation 2. In both cases, an applied

magnetic field strength of 0.0031 T or less appears to have a
minimal effect on the measured normal adhesion force.
Finally, to determine if the adhesion test results previously

shown for the protoype magnetically controlled dry adhesive
device were repeatable with another device, a second
magnetically controlled dry adhesive device was fabricated,
and normal adhesion tests were performed with the 0.0133 ±
0.0009 T magnetic field present during only the pulloff portion
of the adhesion test cycle. Figure 11 compares the % change in

adhesion for the first sample (sample 1) and the second sample
(sample 2) with the magnetic field applied in either orientation
1 or 2 over a series of five trials for each test. The % change in
adhesion is compared to the normal adhesion force measure-
ments performed without the applied magnetic present. The
overall behavior of the two samples was similar even though the
orientation of the magnetic field that resulted in the greatest %
increase in adhesion force was different for each sample. The
change in adhesion when in the presence of an applied
magnetic field appears to be a function of the net magnetic field
of the magnetically controlled dry adhesive device which is a
function of the fabrication process. The direction of the net
magnetic field of the magnetically controlled dry adhesive
device is due to the fabrication process where mixing iron oxide
particles into PDMS results in randomly aligned iron oxide

Figure 10. A comparison of the change in adhesion strength because of the presence of a magnetic field in (A) orientation 1 and (B) orientation 2.
The magnetic field strength for each adhesion measurement is shown at the base of each column. Each data point represents the average of four
trials, and the error bars indicate the standard deviation.

Table 1. Summary of the Normal Adhesion Test Results
Shown in Figure 9 A and B

magnetic field orientation 1 magnetic field orientation 2

magnetic field
strength (T)

preload force
(mN)

pulloff force
(mN)

preload force
(mN)

pulloff force
(mN)

0 299.6 ± 0.3 88.6 ± 1.8 299.6 ± 0.3 88.6 ± 1.8
0.0031 305.0 ± 1.3 89.2 ± 1.5 301.8 ± 0.5 88.8 ± 1.1
0.0064 307.6 ± 3.8 92.4 ± 4.4 301.9 ± 0.4 86.4 ± 1.2
0.0097 309.8 ± 5.7 93.6 ± 2.3 301.6 ± 0.6 84.9 ± 1.2
0.0115 313.4 ± 7.4 95.6 ± 3.2 302.6 ± 1.0 83.4 ± 2.0
0.0133 314.7 ± 6.6 95.1 ± 2.2 304.4 ± 2.0 80.8 ± 2.7

Figure 11. A comparison of the % change in adhesion between two
magnetically controlled dry adhesive device samples when the samples
were in the presence of a magnetic field and when no magnetic field
was present. The adhesion data shown previously corresponds to
sample 1. Each data point represents the average change in adhesion
over five trials.
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particles within the uncured Fe-PDMS. Prior to curing, the
particles are free to rotate within the uncured PDMS and can
align themselves with each other or with an external magnetic
field. In the future, a method of fabricating magnetically
controlled adhesive devices which optimally improves overall
adhesion should be developed and will likely involve curing the
Fe-PDMS in the presence of a controlled magnetic field, which
could result in a stronger net magnetic field over that which is
presently observed along a greater change in adhesion in the
presence of an applied magnetic field.

4. CONCLUSION
A method of fabricating magnetically controlled dry adhesive
devices was developed. Using a coil, a magnetic field of up to
0.0133 ± 0.0009 T was generated and, when normal adhesion
pressure measurements were performed, decreased normal
adhesion pressures were measured when the applied magnetic
field was present during the entire normal dry adhesive test
cycle as compared to when there was no applied magnetic field
present. Similarly, a decrease in adhesion was measured when
the magnetic field was present during only the preload portion
of the normal adhesion test cycle. In both cases, the decrease in
adhesion pressure was due to an increase in the overall stiffness
of the magnetically controlled dry adhesive device resulting in a
smaller contact area with the spherical glass probe under the
same preloading force. When the magnetic field was present
during only the pulloff portion of the dry adhesion test cycle,
the measured pulloff pressure increased when the applied
magnetic field was in orientation 1 and decreased when the
applied magnetic field was in orientation 2. With the magnetic
field applied in orientation 1 when the device was preloaded, a
spike in preloading force, because of the height of the device
changing, was seen and was responsible for increasing the
contact area which resulted in increased adhesion. When the
magnetic field in orientation 2 was switched with the device
preloaded, a decreasing spike in preload force was observed
because of the thickness of the device decreasing, and a slight
decrease in adhesion pressure was measured as compared to
when no applied magnetic field was present. Multiple devices
showed similar adhesion characteristics.
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Responsive Smart Polymer Composites. Adv. Polym. Sci. Polym. Sci.
2007, 206, 137−189.
(34) Li, J.; Zhang, M.; Wang, L.; Li, W.; Sheng, P.; Wen, W. Design
and Fanbrication of a Microfluidic Mixer from Carbonyl Iron-PDMS
Composite Membrane. Microfluid. Nanofluid. 2011, 10, 919−925.
(35) Varga, Z.; Filipcsei, G.; Szilaǵyi, A.; Zrínyi, M. Electric and
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