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Abstract

Stretchable electronics have seen an increase in interest for applications in medicine, sensing, and robotics. Current
stretchable materials are either intrinsically stretchable, are patterned into stretchable architectures, or are made by forming a
composite of some stretchable material and a rigid material with some desired property, such as high conductivity. However,
there is a lack of stretchable magnetic materials available in the literature, and devices that combine stretchability and
magnetics are limited to using serial fabrication processes such as embedding millimeter scale pieces of magnet into polymer
matrices. In this work, a stretchable composite hard magnetic ink made by mixing barium hexaferrite nanoparticles with 9510
One-Part Epoxy Potting Compound and di(propylene glycol) methyl ether is presented. Using screen printing methods, the
ink is then used to fabricate a magnetic strain sensor, which acts as a proof-of-concept for the material and process. Results
indicate that a stretchable hard magnetic ink can be made that provides a remnant magnetization of 20 kA/m from the barium
hexaferrite particle inclusions, as well as a stretchability of at least 100% strain from the epoxy.

Keywords: stretchable materials, stretchable sensors, flexible materials, screen-printing, magnetic nanoparticle composites

1. Introduction

Stretchable electronics have gained increased interest in
recent years alongside applications such as wearable
electronics, medical monitoring, and soft robotics [1-4].
Generally, stretchable electronic materials can be separated
into two groups—intrinsically stretchable materials and
stretchable composites [5]. Intrinsically stretchable electronic
materials utilize the inherent stretchability found within the
bonds of these materials [6-8]. Unfortunately, devices made
from intrinsically stretchable materials often suffer from
issues including poor electrical performance and limited
stretchability. In comparison, stretchable composites are
realized in one of two ways, 1) by patterning a usually rigid
material in such a way that it can withstand greater strain than

usual, or 2) from mixing a relatively rigid material with some
desired property (such as a high conductivity) throughout a
highly stretchable matrix material. Serpentine and ribbon-like
structures are common examples of the first of these two types
of stretchable composites, but these only allow for limited
designs and can require complex fabrication methods [9-11].
The second type of stretchable composites are often simpler to
produce, as they only involve combining ingredients such as
nanoparticles or flakes with a stretchable material to form
composites with combined properties. Further, by lowering
the viscosity of these mixtures, these composite materials can
be formed into inks that can be deposited with screen-printing,
which is a proven batch-manufacturing technique with great
promise in the area of stretchable electronics [12-14]. An
example of a screen printable composite material includes
conductive silver ink made from silver flakes and epoxy which
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has been used to make stretchable and flexible coils, antennas,
and sensors [15-18].

While many types of stretchable composite inks are
currently available, there is not a wide variety of stretchable
composite magnetic inks. Such magnetic inks would be
formed by mixing magnetic nanoparticles with a stretchable
polymer and solvent and then screen-printed and patterned
into a variety of features. The result is a stretchable and screen-
printable magnetic material that can fill gaps in current
stretchable electronic technologies including stretchable
sensors, stretchable power electronics, and micro-robotics.
Currently, magnetic materials are often included in stretchable
devices by embedding millimeter scale magnets cut from
larger bulk magnets into a stretchable matrix made from
materials such as PDMS [19-24]. However, this method is a
serial process and involves individually cutting and placing
magnets in a specific pattern before surrounding them with the
stretchable matrix material. In contrast, a stretchable
composite magnetic ink made from magnetic nanoparticles
and a polymer would allow for the batch fabrication of
stretchable magnetic devices using screen-printing. In this
work, a stretchable hard magnetic ink made from a mixture of
barium hexaferrite nanoparticles and commercially purchased
epoxy is presented and characterized. The ink is then used to
fabricate a magnetic strain sensor that is based on previous
designs from Zhang et al. as a proof of concept for the material
[19]. This will demonstrate the potential applications for the
magnetic ink in this work and promote the development of
other types of magnetic ink and their applications.

2. Materials and Methods

2.1 Magnetic Ink

The stretchable magnetic ink is formed by mixing barium
hexaferrite nanoparticles from Nanostructured & Amorphous
Materials, Inc. located in Katy, Texas, U.S.A. (average
diameter of 500 nm) with 9510 One-Part Epoxy Potting
Compound (epoxy) from MG Chemicals and di(propylene
glycol) methyl ether (DPGME) from Acros Organics. Table 1
shows the mass ratios used throughout this work. This
composition ratio was chosen so that the final weight
percentage of barium hexaferrite in the cured ink would be
80% to maximize the amount of magnetic material present.
Note that the value of 80% is calculated by dividing the mass
ratio of the barium hexaferrite nanoparticles by the combined
mass ratios of the nanoparticles and the epoxy, as the DPGME
is expected to be completely removed during curing. The
mass ratio of DPGME used comes from the need for the ink
to still be fluid enough to be screen-printed in its un-cured
form. The mass ratio of 30% DPGME was determined through
trial and error, where smaller mass ratios of DPGME led to
inks that were too viscous for screen-printing. Mass ratios of
DPGME above what was required for screen-printing were not

desirable either since the DPGME is removed during curing
and so excess solvent would be wasted. Further, excess
solvent would likely lead to shrinking and voids in the cured
film and, if too much solvent is added, can interfere with the
quality of the screen-printing as the ink would begin spreading
on the substrate after passing through the screen.

TABLE |

Recipe for Magnetic Ink

Ingredient Mass Ratio
barium hexaferrite nanoparticles 56%
9510 epoxy potting compound 14%
di(propylene glycol) methyl ether 30%

First, barium hexaferrite nanoparticles were placed into a
plastic weigh boat and their mass was measured on an
analytical balance. The epoxy and DPGME were then added
to this weigh boat and mixed using a metal spatula for one
minute until a homogenous mixture was formed. Samples
were cured in a Lindberg/Blue M oven at 120°C for 10
minutes. Multiple tests were performed to characterize the
mechanical, material, and magnetic properties of the magnetic
ink. The Young’s moduli of the printed magnetic ink was
calculated using the micro-indentation method. This method
has been described elaborately in Feng et al. [25]. This method
uses a conical indentation tip and this tip is controlled by a
motor and a program developed specifically for a Mark-10
Test Stand (model no.: ESM303). The tip applies a force on
the material of interest, this force is also measured using the
Mark-10. The force and indentation depth are used to calculate
the Youngs modulus of the material. Images of the surface of
a cured sample of the magnetic ink were performed using a
FEI Nova 430 SEM. Images of the surface of a dried film of
barium hexaferrite nanoparticles were also collected for
comparison. Samples were analyzed via X-ray powder
diffraction patterns using a Panalytical X’pert powder
diffractometer with a Cu anode (Ka radiation, A= 1.54 A) and
scintillation detector (45 kV, 40 mA). The barium hexaferrite
(BaFe,0,9) nanopowder and magnetic ink samples were
scanned with a step size of 0.008°. The phase of barium
hexaferrite was then confirmed in both the powder and
composite with comparison to reference pattern 00-007-0276
for barium hexaferrite from the International Center for
Diffraction Data (ICDD). For magnetic characterization, the
ink was printed as a 1 cm? square onto a TPU substrate and
characterized using an ADE Tech. EV-9 VSM with max fields
of 1800 kA/m to measure and plot its hysteresis curve.
Thermogravimetric analysis (TGA) was performed on the
magnetic ink in order to determine the decomposition point of
the epoxy. Approximately 1.8 mg of the magnetic ink sample
was placed in a 100 pL platinum pan and loaded into a TA
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Instruments Q5000 thermogravimetric analyzer. The sample
was heated, under a continuous nitrogen purge, at 5°C/min to
100°C and held at 100°C for 10 minutes. Heating then
continued at 5°C/min to 500°C, with a hold at 500°C for 10
minutes.

3.1 Proof of Concept Magnetic Strain Sensors

As a proof of conept for the magnetic ink, a set of magnetic
strain sensors, replicated from those designed by Zhang et al.,
were fabricated and characterized [19]. Figure 1 shows the
process flow used to fabricate the magnetic strain sensors.
First, following the recipe and method described above, the
magnetic ink was made from mixing the barium hexaferrite
particles, epoxy, and DPGME. Then, using a mask made from
a 76 um thick sheet of cyclic olefin co-polymer (COC)
patterned using a Graphtec Craft ROBO Pro (model no.:
CE5000-40-CRP), the device patterns were screen-printed
onto a thermal polyurethane (TPU) substrate with a stiff
plastic backing to form ~100 pm thick features. After curing
the devices at 120°C for 10 minutes, a ~50 pum thick layer of
polydimethylsiloxane (PDMS) was screen-printed on top of
the magnetic portions of the device to act as a protective
encasement, and then this layer was cured at 75°C for about 1
hour. Finally, the TPU was cut into pieces to form the
individual sensors, and the stiff plastic backing on the TPU
was removed by hand. An Oersted Technology (Model 340B)
pulse magnetizer was then used to magnetize the magnetic
sections of the device in the out-of-plane, positive z-direction
using a ~1T field.
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Barium hexaferrite
nanoparticles

Epoxy DPGME

Step 1: Prepare ink by
mixing ingredients together
thoroughly in a weigh boat

Printing wedge

Ink

Screen . /

Step 2: Screen-print ink
onto a TPU substrate

Patterned ink e e 8
N

———————

Step 3: Cure ink in an oven
at 120°C for 10 minutes

Cured and patterned ink  Cured PDMS layer
4

"
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Step 4: Screen-print PDMS
packaging layer, remove TPU
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Fig. 1 — Process flow for fabricating magnetic strain
sensors. First the barium hexaferrite nanoparticles, epoxy,
and DPGME are mixed to form the hard magnetic ink.
Then the samples are screen-printed onto a TPU substrate
using the doctor blade method. Next the patterned ink is
cured in an oven at 120°C for 10 minutes. Finally, a PDMS
packaging layer is screen-printed onto the device and the
backing of the TPU is peeled off and the final strain sensor
with cured ink remains.

Figure 2 shows an illustration of the three differently
spaced magnetic strain sensors that were fabricated and tested.
The size of the magnetic sections on each of the sensors was
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kept the same (3x10 mm) while the spacing between them was
changed for each sensor. Figure 2a shows a sensor with a
spacing of 4 mm between its magnetic sections, Figure 2b
shows a sensor with a spacing of 6 mm, and Figure 2¢ shows
a sensor with a spacing of 8 mm. It is expected that by
increasing the spacing between the magnetic sections, the
overall field produced by the sensor, and the sensor’s
sensitivity, should decrease. This decrease in sensitivity is due
to a decrease in the magnetic field gradient between the
magnetic sections (which are all magnetized in the same out-
of-plane, positive z-direction) as they move farther apart.

4 mm 3 mm

L L

(a)

w1

6 mm

(b)

8 mm

(c)

Fig. 2 — Illustration of the three different strain sensors
that were fabricated with spacings between magnetic
materials of (a) 4 mm, (b) 6 mm, and (c) 8 mm. These
designs are the same as seen in Zhang et al. [19].

Figure 3 shows an illustrated mock-up of the test setup used
to characterize the magnetic strain sensors. An F.W. Bell
Series 9950 Gauss/Teslameter with an F.W. Bell 8000 Series
3-Axis Hall Probe was calibrated and placed into a holding
fixture. The probe was placed 1 cm away from the sensors
under test. Note that the Hall sensor embedded in the probe is
not located directly at the tip, but its location is accounted for
in the 1 cm separation. The sensor under test is then strained,
and the gaussprobe is used to record the change in the
magnetic field produced by the magnetic sections of the
device. The percent change in magnetic field versus the
percent strain is plotted for each sensor. A linear regression is
used to fit the data, and the sensitivity is taken as the slope of
the resulting line. A maximum of 100% strain was applied for
each device due to physical limitations of the setup. Further, a
sensor was cycled between 0% and 30% strain using a Mark-
10 Test Stand for 1-500 cycles, and the percent change in the
magnetic field produced by the sensors was measured to

understand the change in behavior for the device after multiple
cycles.

To gaussmeter

Gauss probe

Hall sensor

1 cm separation

Magnetic field lines .

-------

“ Stretch sensor

Strain Strain
S—

Fig. 3 — Illustration of the test setup used to measure the
change in the magnetic field produced by the sensors after
being stretched. Note that the Hall sensor in the Gauss
probe is not directly at the tip of the probe, so the 1 cm
separation between the Hall sensor and the strain sensor
includes this distance from the tip.

3. Results and Discussion

3.1 Characterization of Magnetic Ink

The Young’s modulus of the material on the TPU substrate
was found to be 2.65 £ 0.32 GPa. Figure 4 shows SEM images
of the barium hexaferrite particles and cured magnetic ink.
Figure 4a shows the top surface of a film of barium hexaferrite
particles that were suspended in water, dispensed onto a glass
slide, and dried in an oven at 120°C. Figure 4b shows the top
surface of a cured magnetic ink film that was screen-printed
onto a glass slide and cured in an oven at 120°C. The apparent
distribution of barium hexaferrite particles appears unchanged
between the two images, with the primary change being the
presence of the epoxy binding agent in Figure 4b. Further,
these SEM images allow for closer inspection of the barium
hexaferrite particles size distribution. A wide distribution of
particle sizes is seen in Figure 4a, with the smallest particles
appearing to be less than 500 nm in diameter, and the largest
being over 1 um in diameter. However, particles of all sizes
exhibit thin hexagonal prism shapes, which is expected due to
the crystal structure of the barium hexaferrite [26, 27].

()
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Fig. 4 — SEM images of (a) the barium hexaferrite
particles dried onto a glass slide and (b) the magnetic ink
(barium hexaferrite particles with the epoxy) printed and
cured on a glass slide. Note the charging effects in (b) that
arise from the presence of the insulating epoxy in the ink.

Figure 5 shows optical profilometry measurements of the
surface of a cured magnetic ink film. From this image, a
surface roughness of 2.74 pm was determined. The presence
of particles throughout the ink contributes to this surface
roughness, as well as the expected loss in volume caused by
the removal of solvents during the curing process. This surface
roughness is similar to those of other inks, such as the
conductive silver inks seen in the study by Mikkonen et al. [28]

TABLE 2

Magnetic Parameters from dc Hysteresis Curve

Parameter Value
Saturation (Ms) 60 kA/m
Remanence (M) 20 kA/m
Coercivity (Hc) 50 kA/m
Squareness (M, / Ms) 0.33

236 65

200

wrl

100 150 200 250
pm

Fig. 5 — Optical profilometry measurement of the
surface of a printed and cured magnetic ink sample.
Results showed a surface roughness of 2.74 pm.

300315

Figure 6 shows the XRD plots of the barium hexaferrite
particles and a cured magnetic ink film. Both the barium
hexaferrite nanopowder and corresponding magnetic ink are
compared to a reference pattern for hexagonal barium
hexaferrite (00-007-0276). The diffraction pattern of the
BaFe,0,9 nanopowder, along with that of the magnetic ink,
are both composed of hexagonal BaFe,0,9, as expected. The
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magnetic ink retains the characteristic peaks of hexagonal
BaFe12019.
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Fig. 6 — XRD plots of the barium hexaferrite
nanoparticles (bottom plot) and magnetic ink (top plot).
Note that the magnetic ink plot retains the characteristic
peaks of hexagonal BaFe ;09 (reference ID 00-007-0276).

Figure 7 shows a DC VSM hysteresis curve for a film of
cured magnetic ink, and Table 2 details the different magnetic
parameters determined from this measurement. The magnetic
saturation (Ms) is found to be 60 kA/m, the remnant
magnetization (M,) is found to be 20 kA/m, the coercivity (H.)
is found to be 50 kA/m, and the squareness (M,/Ms) is
calculated as 0.33. Notably, a magnetic remanence of 20 kA/m
indicates that the cured magnetic ink acts as a permanent
magnet due to the inclusion of the hard magnetic particles.

60.00
40.00 1
—  20.00
E |
< 000 : ‘r
S 30.00 -
2 20.00 l =
0.00
-40.00 L aso0
-30.00
_GD_OO -100 -50 0 50 100
-1500 -500 500 1500
H(KA/m)

Fig. 7 — DC VSM hysteresis curve for the barium
hexaferrite magnetic ink. Note the specific magnetic
parameter values given in Table 2. (Inset: zoom-in of the
curve to show intercepts.)

Figure 8 shows a TGA plot of a film of uncuredmagnetic
ink. A low temperature drop occurs due to the curing process,
while another drop occurs at ~300°C. This indicates the point
when the epoxy in the ink begins decompose. From this, an
upper limit of ~300°C is apparent for the operating
temperature of this ink and any devices made from it.
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Temperature (°C)
Fig. 8 — TGA plot of the cured magnetic ink. Note that
a drop in mass occurs at ~300°C, indicating the point when
the epoxy in the ink begins to break down.

3.2 Characterization of Proof of Concept Magnetic
Strain Sensors

Figure 9 shows optical microscopy images of the magnetic
strain sensors fabricated using the process seen in Figure 1.
The magnetic portions of all the devices were able to printed
in the desired dimensions of 10 mm by 3 mm. Figure 9a shows
the device with 4 mm spacing between the magnetic features,
Figure 9b shows the device with 6 mm spacing between the
magnetic features, and Figure 9c shows the device with 8§ mm
spacing between the magnetic features. Note that the surface
of the devices appears shiny due to the presence of the cured
PDMS packaging layer.

()

(b)

Fig. 9 — Optical image of the three different fabricated
strain sensors with spacings between magnetic materials
of (a) 4 mm, (b) 6 mm, and (c) 8 mm. Note that the surface
appears shiny due to the presence of the cured PDMS
packaging layer.

Figure 10 shows the plot of the measured magnetic field
above the sensors versus applied strain. Results were collected
for the three differently spaced sensor designs, and the
sensitivity of each was calculated as the percent change in the
measured magnetic field per the percent change in the applied
strain. These sensitivities were found to be -0.49, -0.64, and -
0.81 for the 8 mm spaced, 6 mm spaced, and 4 mm spaced
samples, respectively. From this, an indirect relationship is
seen between the spacing between the magnetic portions of the
sensor and the sensitivity of the device. A similar trend is
noted in the work from Zhang et al. [16] where the design of
these devices was found. This result is also expected because
as the magnetic portions (which are magnetized in the same
out-of-plane, positive z-direction) are brought closer together,
the magnetic field gradient between them increases. Further,
while the samples were only measured up to 100% strain due
to physical limitations of the measurement setup, it is notable
that the devices could have likely been stretched beyond these
limits before breaking. However, further strain is also
expected to cause a non-linear response from the sensor,
which is not ideal for sensor operation. This result helps to
show that the magnetic ink presented in this paper has
practical use in making functioning devices.

- 0%|®,
g ._‘.‘
S ok -
=
[
o 20%
S -30% “ig,.
& 0% T
= -50% Py “*® Sensitivity = -0.49
[ ..
0% I o .
] ~&-8 mm Spacing - ——
& -70% e, Sensitivity = -0.64
S =e—6 mm Spacing *e.,
o .
€ 8% ‘*.. @ Sensitivity =-0.81
Y -90% =#-4 mm Spacing
<
& -100%
0% 20% 40% 60% 80% 100%

Percent Strain (%)

Fig. 10 — Plot of the percent change in magnetic field
versus the percent change in strain experienced by each of
the differently paced magnetic strain sensors. Note that the
sensitivity (slope) of the sensors drop as the spacing
between the magnet features increase, which agrees with
previously seen results [16].

Figure 11 shows the plot of the percent change of the
measured magnetic field versus the number of 30% strain
cycles underwent by the sensor. A saturation of the value of
the magnetic field occurs between 1 and 10 cycles at a value
of ~75%. This data shows that devices made from the ink
presented in this paper would require at most 10 cycles at a
reasonable strain of 30% before proper calibration could
occur. This would allow the magnetic field produced by the
device to saturate at a constant value that is ~75% the initially
measured magnetic field. This saturation is likely to be caused
by a shift in the initial location of the field producing magnetic
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particles in the ink that would occur during initial stretching.
A shift in the location of the particles would cause a change in
the measured magnetic field but, once shifted, these particles
would be expected to follow a similar pattern during future
stretches.
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Fig. 11 — Plot of the change in the percent of the initial
magnetic field measured versus the number of 30% strain
cycles underwent by the sensors. Note that the sensors see
a saturation of the measured initial field at about ~75%
between 1 and 10 cycles.

4. Conclusion

This work describes the fabrication and
characterization of a screen-printable and stretchable hard
magnetic ink made using barium hexaferrite nanoparticles.
Further, a proof of concept is provided by fabricating and
analyzing a magnetic strain sensor made from the hard
magnetic ink. Results indicate that the ink can be screen-
printed, and results in a surface roughness of just 2.74 um.
SEM, VSM, and XRD results show that the barium hexaferrite
particles remain in the printed inks, and that the ink maintains
the magnetic properties and characteristic peaks of the
particles. Finally, TGA shows that the maximum operating
temperature of this ink is ~300°C, as that is the point where
the epoxy in the ink begins to break down. Using screen-
printing, three different strain sensors were made with
different spacing between the magnetic portions. These
sensors were then stretched and the magnetic field they
produced by the magnetic material was measured as a function
of strain. Results showed a similar pattern of decreased
sensitivity with increased spacing of the magnetic material on
the sensors as seen in previous work by Zhang et al. [16]. The
samples were also cycled with 30% strain up to 500 times in
order to see how the field produced by the magnetic material
changed after multiple cycles. Results showed that the field
produced by the magnetic material saturated at ~75% its initial
value between 1 and 10 cycles, indicating how the cured
magnetic ink reaches a consistent value once initially cycled.
This work looks to increase interest in the design and
application of stretchable magnetic inks, and future work will

Journal of Materials Chemistry C

focus on designing other types of inks (such as a soft magnetic
ink) and applying them in sensor, medical, and stretchable
electronic devices.
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Stretchable composite hard magnetic ink made from barium hexaferrite nanoparticles and epoxy is used
to fabricate a magnetic strain sensor.



