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ABSTRACT

3D printing of magnetorheological elastomers (MREs) can potentially create versatile and complex mechanical
structures with reversible stiffening properties. Several additive manufacturing (AM) methods, like direct
printing and stereolithography (SLA), have been used to achieve magnetic thermoset and elastomer composite
structures. For the first time, we demonstrate the use of MREs based on thermoplastic elastomers (TPE) in AM
and we investigate their magnetorheological (MR) effect when used in lightweight honeycomb designs. Due to
the low shore hardness of TPE, a screw extruder-based printing head is employed to print disk-shaped samples
with honeycomb patterns at infill percentages varying from 15% to 50%. In order to compare the MR effect of
disks with varying honeycomb infills through a compression method, we investigated the effect of different
testing configurations. We observe that different permanent magnet configurations, as it has been used in
literature so far, create an additional effect on the measured MR effect of the MRE samples. To eradicate this
effect, a test setup with an unpaired permanent magnet configuration is proposed. MRE structures with an infill
density of 20% showed, at 1% deformation range, the highest MR effect, almost four times as high as 100%
infilled samples. MRE structures with an infill density between 30% and 50% showed a lower MR effect than at
20%, but were still higher than at 100%. We observe in simulations that the magnetic flux density of 100%
infilled samples was higher at the edges of the samples and lower at the center. For samples with honeycomb
infill, the magnetic flux density was higher at the outer rim of the samples and edges of the walls within the
sample, which causes a higher MR effect. Our work demonstrates that the MR effect can be tuned by designing a
MRE structure with a honeycomb infill. The honeycomb infill results in lightweight MREs with improved MR
effect useful for various downstream applications that require reversible strong stiffening while remaining
comparatively lightweight.

1. Introduction

casting techniques [6]. Various polymer matrix materials like natural
rubber [7-9], silicone [10-12], polyurethane [13,14], and thermo-
plastic elastomers [2,15] are employed in the process. The fabrication
process involves mixing an elastomer matrix material with magnetic

Magnetorheological elastomers can be categorized as “smart” or
“intelligent” materials by virtue of their reversible stiffening properties
under the application of an external magnetic field [1,2]. The reversible
change in stiffness of the MRE is called the magnetorheological (MR)
effect [3]. MREs primarily comprise a polymeric matrix and
nano/micro-sized magnetic filler particles. The filler particles can be
distributed in the polymer matrix in an aligned manner, called aniso-
tropic MRE, or can be distributed randomly, termed isotropic MRE [2,4,
51.

Fabrication of MREs is usually done using conventional molding and

particles, casting the mixed composite into a desired shape, and curing
the composite with or without the application of an external magnetic
field. Recently, additive manufacturing has paved the way for the
innovative fabrication of smart composite materials. Several works have
been reported that involve the 3D printing of magnetic composite ma-
terials and their wide range of applications, namely mechanical re-
inforcements [16,17], electronic components [18], and magnetic robots
[19-22].

AM techniques like direct ink writing and stereolithography (SLA)
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Nomenclature

3D Three-dimensional

MREs Magnetorheological elastomers
AM Additive manufacturing

SLA Stereolithography

MR Magnetorheological

TPE Thermoplastic elastomers

FDM Fused Deposition Modelling
uv Ultra Violet

ABS Acrylonitrile Butadiene Styrene

PLA Polylactic Acid
MEX Material Extrusion

FFF Fused Filament Fabrication

SEBS Styrene-Ethylene-Butylene-Styrene
CIP Carbonyl Iron Powder

pm micrometer

vol% Volume percentage

rpm Rotation per minute

kv Kilo Volt

T Tesla

have been investigated for developing magnetic composite structures.
Bastola et al. used direct ink writing for the development of MRE
structures by encapsulating MR fluid and MR elastomer in a silicone
matrix [23-25]. A similar approach was reported earlier by Krueger
et al., where they dispensed magnetic powder in a silicone matrix [26].
However, direct ink writing has some disadvantages in comparison to
the fused deposition modeling (FDM) process, like its comparatively low
resolution and slow printing speed.

Ji et al. [27] and Lantean et al. [28] developed soft magneto-
responsive materials using the SLA method. A photocurable resin with
dispersed magnetic nanoparticles was formulated and printed into
soft-magnetic structures. Although SLA can be used to develop struc-
tures with high precision, there are limitations in the range of useable
resins, magnetic filler content, and the need for post-processing; the
SLA-printed structures often need cleaning and additional UV curing
after print completion. Higher filler content can hinder the efficiency of
UV curing due to reduced light penetration and light scattering.

The FDM method has an added advantage when compared to direct
ink writing or SLA. Using FDM-based 3D printing, a wide range of
polymers can be printed into complex shapes with higher time effi-
ciency. The fused deposition modeling, which is recently, also termed
the material extrusion-based additive manufacturing method [29], has
already been used for developing soft magnetic polymer composites by
Khatri et al. [30]. Their work demonstrated that by increasing the filler
content of steel powder inside an ABS polymer matrix, the magnetic flux
density in the 3D printed structure increased. Ralchev et al. [31]
investigated the magnetic properties of FDM printed magnetic structures
with different design variations. The work reportedly used polylactic
acid (PLA) and iron microparticle composite filaments for the printing
process with different infill patterns. Their work also highlighted that
the relative magnetic flux density decrease with lowering the density of
the infill patterns through the 3D printing process. It is worthwhile to
mention that even though PLA and ABS are thermoplastic matrix ma-
terials, they are not suitable for magnetorheological applications owing
to their rigidity and lack of elastomeric properties.

Lightweight cellular structures are potential candidates for various
engineering applications. Of the various types, honeycomb structures
have been widely reported in the literature and have demonstrated
better performance than solid structures [32,33]. Their mechanical
properties can be tuned by adjusting geometric parameters like honey-
comb cell size, angles between walls, thickness, etc. [34,35].

Composites Part B 252 (2023) 110498

Honeycomb structures can be used in sandwich structures as core ma-
terials, and as shock absorbers owing to their high energy adsorption
capacity [32,35,36]. Fabrication of such honeycomb structures has been
made feasible with the advances in 3D printing technology. Li et al.,
combined numerical methods, experiments, and 3D printing to develop
a programmed sandwich structure containing 3D printed honeycomb
cores [36]. Chen et al., employed a 3D printing technique to develop a
new class of hierarchical honeycomb and investigate their mechanical
properties at a large compressive deformation range [37]. Although
honeycomb structures are being actively fabricated with different
metals, polymeric resins, or thermoplastic for various mechanical
properties, these structures have not yet been investigated as magne-
torheological materials.

Magnetorheological behavior of MREs has been explored using
magneto-mechanical analysis methods like shear deformation [38-40],
uniaxial compression [40-42], and tensile testing [40,43]. The charac-
terization methods involve the use of an external magnetic field to
measure the magnetorheological effect in the elastomer-based com-
posite.  Schubert and Harrison compared three different
magneto-mechanical analysis methods, namely uniaxial compression,
uniaxial tension, and pure shear deformation, to investigate the MR
effect of their silicone-carbonyl iron composites [40]. Depending on the
test method they used, the MR properties differed significantly. Both
Gordaninejad et al. and Li et al. reported a higher MR effect in
compression testing compared to the shear mode testing [18,19]. This
observation is owed to the fact that in compression loading mode the
distance between the magnetic particles decreases. Furthermore, studies
on effect of various test parameters on magnetorheological properties of
MREs in compression mode has also been performed. It has been re-
ported that pre-strain has a strong influence on the MR effect in
compression mode and with increasing pre-strain, a decrease in relative
MR effect has been observed [44]. Vatandoost et al., investigated the
effect of shape factor on the MR effect and concluded that an increase in
shape factor also leads to increment of MR effect in cylindrical shaped
MRE:s [45]. Studies have also shown that particle volume fraction has an
effect on the magnetorheological properties under compression mode
[46,47]. To investigate the magneto-mechanical behavior by a
compression method, an external magnetic field has been applied by
permanent magnets [48-50] and electromagnets [41,42]. Typically the
setup for electromagnets is bulky and researchers have optimized the
electromagnet shape to build a compact yet efficient test setup [48].

One of the major drawbacks of electromagnets is the heating of the
sample during the testing process which can be avoided by using
massive iron cores to increase the heat capacity, however, that leads to a
bulky test setup. Therefore, for material development, researchers have
started to use paired and unpaired permanent magnet configurations.
Koo et al. [48] and Wan et al. [49] placed permanent magnets on the top
and the bottom of the samples (also termed paired permanent magnet
configuration) for their compression tests. In contrast, Mistik et al. used
an unpaired magnet configuration by placing permanent magnets below
the sample during the compression test [51]. A key point that one has to
consider is that in compression mode with paired magnet configuration,
the magnetic forces and the mechanical forces act in parallel directions,
thereby resulting in a pre-compression which further leads to an over-
estimated MR effect of the composite [5,44].

For the first time, we investigate a honeycomb-based lightweight
structure concept in MREs using the thermoplastic material extrusion
(MEX) based AM process [29], well known as FDM or fused filament
fabrication (FFF). We aim to investigate the MR effect of MRE
honeycomb-patterned structures by varying the infill density parameter
during the printing process. Due to the low Shore hardness (Shore 30A)
of the MRE, a filament printing head is not suitable, thereby, a
screw-extruder-based printing head, also termed pellet extruder, is used
for the 3D printing of MRE honeycomb structures. With the aid of pellet
extrusion-based FDM printing, it is possible to print materials with shore
hardness comparable to that of silicone. Prior to the analysis of the
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magneto-mechanical properties, we performed an evaluation and
investigated some setup parameters that affect the MR effect of the
composite structures.

2. Materials and methods
2.1. Raw materials

A styrene-ethylene-butylene-styrene block copolymer (SEBS), KTF
ATL 2, with Shore A hardness 22, and density of 1.02 g/cm?® (Kraiburg
TPE, Waldkraiburg, Germany) was used as the matrix material. CC-
grade carbonyl iron powder (BASF, Ludwigsburg, Germany) was used
as the soft ferromagnetic filler material. The carbonyl iron powder (CIP)
is coated with SiO; layer and has an average size (dso) and density of 4.7
pm and 7.89 g/cm®, respectively. To investigate the magneto-
mechanical compression setup, other SEBS materials (Kraiburg TPE,
Waldkraiburg, Germany) with a Shore A hardness of 30, 48 and 70, were
used.

After printing the different honeycomb samples, the cavity cells of
the honeycombs were infiltrated with silicone Ecoflex 00-10 (Smooth-
on, Inc., Macungie, Pennsylvania, USA) by casting process. The infil-
tration maintained the honeycomb structure during testing. The Shore A
hardness of the liquid silicone Ecoflex 00-10 after curing was measured
to be Shore 8A.

2.2. Compounding and pellet fabrication

A torque rheometer, HAAKE Polylab Rheomix 600 from Thermo-
fisher (Karlsruhe, Germany), was used for the compounding process.
The SEBS was heated to 180 °C in the high shear mixer and 30 vol.-% of
CIP was added to the polymer in short intervals. The compounding was
performed at 30 rpm for 30 min. The resulting composite was then
extruded into 1.75 mm filaments using a capillary rheometer RH7 from
NETZSCH (Selb, Germany) at 180 °C and at a speed of 10 mm/min. A
constant pressure of 20 bar was measured during the extrusion process.
After extrusion, the filaments were manually pelletized with a scissor. A
pellet extrusion-based 3D printer, Voladora NX+ from International
Technology 3D Printers, S.L. (Valencia, Spain), was used to produce
samples with different infill densities. A schematic of the MRE fabrica-
tion process is highlighted in Fig. 1.

2.3. Pellet-extrusion based 3D printing

A simple cylindrical design was used to generate various samples
with interior honeycomb structures with varying infill percentages as
shown in Table 1. Given a honeycomb pattern, the infill percentages
varied between 15% and 50% by adjusting the infill percentage
parameter in the slicer software Simplify3D. The slicer software gener-
ated G-codes that were loaded in the web browser control of the Vola-
dora NX+ 3D printer. The temperature of the extruder and the print bed
was set to 220 °C and 50 °C, respectively. For all printed structures,
nozzle diameter of 0.8 mm and an extrusion multiplier of 16 were

Thermoplastic Carbonyl iron
elastomer\ , particles

Feedstock

G e—Filament

Pellet fabrication using capillary
rheometer

High shear mixing
using torque
rheometer

Piston
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Table 1
Sample naming convention.

Magnetic filler content (vol.-%) Honeycomb infill density% Sample name

0 100 SEBS

30 15 SEBS-30CIP-15
30 20 SEBS-30CIP-20
30 25 SEBS-30CIP-25
30 30 SEBS-30CIP-30
30 40 SEBS-30CIP-40
30 50 SEBS-30CIP-50
30 100 SEBS-30CIP-100

selected. A printing speed of 15 mm/s was used for all the different
samples. In addition to the honeycomb structures, samples with 100%
infill were printed with 0% and 30% CIP filler content to investigate the
right compression setup for the study (see Section 2.4.3). The naming
convention of samples is mentioned in Table 1. All the mentioned MRE
samples were printed with a diameter of 25 mm and a height of 5 mm.
Additionally, SEBS-30CIP-100 samples were also printed with heights of
3 and 7 mm. After printing, all honeycomb structures were infiltrated
with Ecoflex 00-10 (Shore hardness 8A), as shown in Fig. 2b. An image
of SEBS-30CIP-100 is shown in Fig. S1. The structural stiffness of the
honeycomb samples made by 15% infill density was too low and
therefore deformation in its structure could be observed by applying an
external magnetic field.

2.4. Characterization technique

2.4.1. Scanning electron microscopy

To investigate the morphology of the carbonyl iron powder, scanning
electron microscope (SEM) experiments were performed using Tescan
Vega 3, TESCAN, Brno (Kohoutovice, Czech- Republic). High vacuum
mode and 10 kV accelerating voltages were needed to achieve high-
resolution images. The powder was plated with a thin layer of carbon
before image analysis.

In order to observe the distribution of the CIP particles in the TPE
matrix, a cross-section view and a side view of a 3D printed SEBS-30CIP
sample were observed using Quanta 650 Environmental Scanning
Electron Microscope (ESEM) from FEI, (Oregon, United States). An
accelerating voltage of 20 kV was used to obtain the images.

2.4.2. Vibrating sample magnetometer

The magnetization of the MRE composite with 30 vol.-% CIP was
measured using a vibrating sample magnetometer (VSM) from Quantum
Design (San Diego, USA). A 0.095 g SEBS-30CIP sample and an out-of-
plane sample holder were used for the VSM measurements. A mag-
netic field from 0 T to 2.5 T at ~0.1 T/min was applied and the tem-
perature was kept constant at 300 K.

The M — H curve derived from the data is further plotted in Fig. S5
and the magnetic permeability of the composite was calculated.

Pellets
Screw extruder

=— Heater ————p . e .
& Nozuzle 10mm

Al

!
-*'—Print bed

3D printing of MRE using
pellet extrusion based FDM

Fig. 1. Fabrication process of MRE samples. Thermoplastic elastomer (TPE) and carbonyl iron powder were mixed above the melting temperature of the TPE. The
MRE was extruded into a filament that was later cut into pellets suitable for feeding into the printer head with screw extruder. The MRE samples were printed with

different infill densities.
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Fig. 2. SEBS-30CIP samples printed with different infill density percentages from 15% to 50%. All samples were printed with a diameter of 25 mm and a height of 5
mm. a) Samples as printed b) Samples infiltrated with silicone (Shore hardness 8A after curing).

2.4.3. Magneto-mechanical characterization

A universal testing machine Z005 from Zwick Roell GmbH & Co.
(Ulm, Germany) was used for the magneto-mechanical analysis of the
samples in compression mode. The setup consisted of the 5 kN load cell,
a probe, aluminum sheets for magnetic shielding, and permanent NdFeB
magnets (Webcraft GmbH, Uster, Switzerland). N45 NdFeB disc-shaped
permanent magnets with a diameter of 30 mm and a height of 3 mm with
the remanent magnetization of 1.32-1.37 T and relative magnetic
permeability (p,) of 1.05 were used to study the compression setup. To
investigate the magneto-mechanical compression setup, the external
magnetic field was varied by stacking permanent NdFeB magnets with a
thickness of 3 mm on top of each other. The magnetic flux, achieved by
the number of stacked magnets, was measured by a magnetic field meter
(AC/DC Magnetic Meter, Extech Instruments, Nashua, USA) and simu-
lated using FEM analysis (FEMM, an open-source platform built by
David Meeker). For the magneto-mechanical analysis of the honeycomb
samples, a single NdFeB hard ferromagnet with 10 mm height and 30
mm diameter was used. The 3 mm NdFeB magnets were used in both
paired and unpaired configurations. For the paired magnet configura-
tion, a different number of permanent magnets were placed on the top
and the bottom of the MRE samples. For the unpaired magnet configu-
ration, the magnets were placed on the bottom of the sample. An image
of the two setups used for this study is demonstrated in Fig. 3.

To investigate the effect of the test parameters, like magnet config-
uration, pre-load, sample height, and material stiffness, preliminary
compression tests were performed with both the paired and unpaired
magnet configuration using samples SEBS and SEBS-30CIP-100. Stacks
of 3 mm thick NdFeB magnets and a 10 mm thick NdFeB single ferro-
magnet (large magnet) were used to vary the magnetic field.

A pre-loading force is commonly used in compression tests to ensure
sufficient contact between the disc-shaped sample and the probe of the
testing machine. Additionally, a pre-loading force also takes into ac-
count the scenario where the MRE can be prone to experiencing a static
strain during its use in an application. Unfortunately, a pre-load on
considerably soft material results in a pre-compression which further
has a considerable effect on the MR effect [44]. For the compression
testing of MREs, different pre-compression values have been reported
[48,52]; however, the required pre-loads to achieve these
pre-compression values have not been reported. Brancati et al. used a
high pre-load variation between 200 N and 700 N to investigate the
influence of axial pre-load on the stiffening effect of the MRE. In contrast
to these high pre-load values, Li et al. used a constant pre-load of 15 N
for their compression tests [53,54].

To investigate the effect of the pre-load on the magneto-mechanical
compression setup, plain SEBS samples were investigated. In this study,
the term compression has been used from hereon to define the
contraction of the height that the sample undergoes during the
compression tests. For both paired and unpaired magnet configurations,
a constant compression of 1% was applied after applying a pre-load of 1
N and 10 N, respectively.

The calculation of the MR effect is done by using the compression
modulus of the MRE with and without an external magnetic field,
derived from the compression tests. The MR effect is calculated by the
following formulae,

Relative MR effect [%] * 100 @

_E,—E,
0

Fig. 3. Two magneto-mechanical compression setups to investigate the MR effect of 3D printed samples. a) paired magnet configuration with one pair of magnets
and sample in between; b) unpaired magnet configuration with two unpaired magnets underneath the sample.
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Absolute MR effect = E-E (2)

where Eg is the slope of the stress-strain curve of the MRE under a
magnetic field and E is the slope of the stress-strain curve in absence of
an external magnetic field. At the beginning of this study, the magneto-
mechanical compression test setup was investigated with a pure SEBS
sample, as mentioned above, and therefore stiffening effect in these
samples was also analyzed using Equation (1). For compression testing,
a pre-loading force is commonly used to ensure contact between the test
specimen and the testing probe of the machine. In this study, a preload
of 1 N, a pre-compression of 10% and a further compression of 1%, 2%,
4% and 10% were used for the different cyclic magneto-mechanical
measurements.

3. Results and discussion

3.1. Microstructure analysis and magnetization behavior of CIPs and
MRE composites

To investigate the morphology of the CIP particles, SEM analysis was
performed. As shown in Fig. S2, the particle size of 2 + 0.75 pum of the
spherical carbonyl iron particles was calculated using ImageJ (National
Institutes of Health, Maryland, USA). The analyzed particle size was
slightly smaller in comparison to the datasheet information obtained by
BASF (4.7 pm). As seen in Fig. S2, agglomerates of spherical particles
with smaller particles attached to the surface can explain the difference
between the image analysis and the data sheet given by the supplier.
Furthermore, we can see the nature of CIP particle distribution in the
thermoplastic elastomeric matrix after printing in Fig. S3. As shown in
the SEM analysis, the particle distribution is homogeneous within the
thermoplastic matrix. Additionally, to confirm the homogeneous dis-
tribution of the CIP particles a capillary rheometry analysis was done. As
depicted in Fig. S4 a constant pressure was achieved during the extru-
sion process.

Magnetization of the MRE composite with 30 vol.-% CIP was inves-
tigated by VSM and a saturation magnetization of 0.65 T was analyzed.
Using the mixing rule equation:

B(composile) :B(Cl[’) 0.3+ B(SEBS) 0.7 (3)
where B(composite) is the saturation magnetization of the composite and
the value for pure carbonyl iron can be calculated. Since SEBS is a
paramagnetic material, the respective term can be neglected and a value
of 2.17 T for pure carbonyl iron is calculated. The calculated value is
similar to the theoretical value of iron (2.2 T).

In order to calculate the magnetic permeability, the M — H curve is
plotted as demonstrated in Fig. S5. Magnetic permeability (i) can be
derived from the slope of the M — H curve using the following equation,
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It is noteworthy, that Equation (4) holds only when both M and H are
represented in the same unit, as in this case kA/m.

3.2. Experimental analysis and simulation of permanent magnet
configuration

The resulting magnetic flux from the paired and unpaired magnet
configuration is presented in Fig. 4, and it is evident that paired magnets
result in higher magnetic flux. However, for a low number of magnets,
the magnetic flux for both configurations is observed to be similar. The
measurements for paired configuration were done by placing the mag-
netic field meter probe in between the stacked pair of magnets while for
the unpaired magnet configuration, the probe was placed on top of the
stack of magnets. For all experimental analyses, a deviation of £+10 mT
was observed.

Fig. 4 shows that the simulated magnetic flux is lower in comparison
to the magnetic flux derived from experimental data. The discrepancy is
because a theoretically correct relative magnetic permeability (p/po) of
1.05 for the N45 permanent magnet was used in the simulation. The
value for the N45 magnets used for the measurements seems to be higher
in reality.

3.3. Effect of compression test setup on magnetorheological behavior

The results of compression tests with 1 N and 10 N are plotted against
the force-compression curve of the sample measured with 0.1 N pre-load
(Fig. S6). A pre-load of 1 N and 10 N results in a pre-compression of 6%
and 10%, respectively. It is evident that a higher pre-load resulted in a
higher deformation, however, for hyperelastic materials this results in a
slope change (i.e., compression modulus change). Brancati et al.
demonstrated in their work, that a large pre-load leads to a higher slope
of the force-deformation curve with and without an applied magnetic
field [53].

As shown in Fig. S6, the pre-compression shifts to higher values when
applying an external magnetic field. The increase in pre-compression
value is significantly higher when using a paired magnet configuration
in comparison to an unpaired magnet configuration. The pre-
compression can be calculated by the following equation:

()

It is worthwhile to mention that when a pre-load of 10 N was applied
to the MRE samples, the change of the slope was significantly smaller in
comparison to 1 N pre-load (see Fig. S6). For the setup of two paired
magnets, the pre-compression was two and three times higher than the
pre-compression without magnetic field (for 1 N and 10 N pre-load,
respectively). Using four unpaired magnets, the pre-compression only

gpre—compressiun = gpre—luad + gmagnetic field

M _a +1 4 increased by 33% and 20% for 1 N and 10 N pre-load, respectively.
dH In Fig. 5, the MR effect in SEBS-30CIP-100 samples and the stiffening
a) oo Simulated using FEM b) S Measured with magnetic field meter
700 700
600 . 6004

500 =

300

Magnetic flux (mT)
S
o
o

200 -

100 + ®  paired magnets

® unpaired magnets
0 T T T T

500

400

300

Magnetic flux (mT)

200

1004 —a— paired magnets

®— unpaired magnets

0

2 4 6 8
Number of magnets

T T T

0 2 4 6 8
Number of magnets

Fig. 4. Magnetic flux resulting with paired and unpaired magnetic configuration, using a) simulation and b) experimental data. The experimental data were analyzed

by a magnetic field meter.
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Fig. 5. a) Stiffening effect of SEBS-30CIP-100 and SEBS 3D printed samples and b) SEBS samples with different shore hardness. The samples were printed with 100%
infill density and magneto-mechanical behavior was investigated using paired and unpaired magnet configuration with a pre-load of 10 N and deformation of 1%.

effect in SEBS samples using paired and unpaired magnet configurations
are shown. Based on the above results, the study was continued with a
pre-load of 10 N and 1% deformation. As expected, the paired magnet
configuration resulted in an increase in the stiffening effect also for the
pure SEBS sample (Fig. 5a). Due to the attraction force between the
paired magnets, the SEBS sample was pre-compressed and showed a
stiffening effect even without CIP.

Due to the CIP filler, the SEBS-30CIP-100 sample resulted in higher
stiffening (i.e., MR effect) due to the high magnetic flux through the
sample (Fig. 4). However, similar to the pure SEBS samples, the addi-
tional attraction force between the magnets results in a higher pre-
compression, which thereby leads to an overestimated MR effect of
the sample. It can be expected that the overestimation of the MR effect is
lower in this case, due to the higher Shore hardness of the SEBS-30CIP-
100. Upon adding CIP to the SEBS matrix, the Shore A hardness in-
creases from 22 to 30, which further leads to a result in an increase in the
material stiffness and higher compression modulus [55].

To predict the overestimation of the MR effect (resulting from the
additional magnetic attraction force) due to the changing of Shore A
hardness, SEBS samples were printed with four different levels of Shore
A hardness, namely 22, 30, 48, and 70. As shown in Fig. 5b, it was
observed that the softer the matrix, the higher the stiffening effect. It is
evident, that for the SEBS-CIP samples also, an overestimation of the MR
effect can be expected.

From this observation, we infer that a paired magnetic configuration
has an additional effect on the compression test measurements. The
additional stiffening effect is due to the magnetic force of attraction in

a) c)

r:I.oad

Fload

the paired configuration, which adds up with the mechanical load and
thus to a pre-compression since they are unidirectional. A free-body
diagram, as shown in Fig. 6, can be used to better explain this
phenomenon.

The force equalization for the SEBS and SEBS-30CIP-100 sample in
Fig. 6a and b results to:

Nis = Fioad + mug + mgg + Fy (6)
The force equalization for SEBS-30CIP-100 in Fig. 6¢ results to:
Nis = Fioad + msg + Fr 7

From Equation (6), it is apparent that an extra force Fy acts on the
sample along with the compression loading Fjy,q that is applied during
the test. This extra force Fy is the magnetic force of attraction between
the two paired magnets and acts on both SEBS and SEBS-30CIP-100
resulting in an additional unwanted compression.

In Equation (7), this extra force Fy; is absent because of the unpaired
magnet configuration. However, a magnetic force of attraction Fy, exists.
It is worth mentioning that the attraction force Fy, also exists for SEBS-
30CIP-100 in paired magnet configuration as seen in Fig. 6b. Never-
theless, this force cancels out due to the attraction force Fy which is
equal to F1. In comparison to Fy; the attraction force between the paired
magnets, Fy, in unpaired magnet configuration is much smaller. How-
ever, with an increasing number of unpaired magnets, this force in-
creases and thereby, has an effect on the magneto-mechanical
compression testing of the MREs. Additionally, it can be hypothesized
that the observed deformation in the sample SEBS-30CIP-15, is because

Fiosq - Load applied and reaction force from
aluminium sheets

Fy - Magnetic force of attraction between two
magnets

Ng,, - Normal reaction force of sample on upper
magnet

Fy - Force of attraction between sample and upper
magnet

F, - Force of attraction between sample and lower
magnet

m,g - Gravitation force due to weight of sample

U = Upper magnet

L- Lower magnet

S- Sample

B- Base of the setup

Fig. 6. Free-body diagrams for compression test using a paired magnet configuration with a) SEBS and b) SEBS-30CIP-100; and using an unpaired magnet

configuration with ¢) SEBS-30CIP-100.
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of Fi, on the sample and the less structural stiffness of the sample.

To experimentally validate our inference from the free-body dia-
gram, simple dimension measurements were performed using a non-
metallic digital caliper. The results obtained from these measurements
are presented in Table S1. It is observed that the paired magnets pre-
compress the sample in between, due to the magnetic force of attrac-
tion and this pre-compression is significant. However, the unpaired
magnet configuration has almost no pre-compression effect on the
sample. Based on the analysis of the magneto-mechanical compression
setup unpaired magnet configuration with pre-load of 10 N was used to
continue this study.

3.4. Effect of sample height on magnetic flux distribution

Using an unpaired configuration, it can be expected that the mag-
netic flux measured on top of the sample will be lower in comparison to
the bottom surface. Therefore, SEBS-30CIP-100 was printed in three
different heights, namely 3, 5 and 7 mm. From FEMM simulation data
(Fig. 7a), it was observed that the magnetic flux at the center of the
sample cross-section was similar for the three different sample heights.
However, as expected, the magnetic flux on top of the sample increased
by increasing the external magnetic field. Similar to the previous anal-
ysis, the magnetic flux was measured on top of the SEBS-30CIP-100
samples with a magnetic field meter (Fig. 7b). A clear depiction of the
change in magnetic flux by varying the height of the sample could be
observed. It is notable that the difference in magnetic flux for the
different sample heights increases by increasing the magnetic field.
Gordaninejad et al. reported a similar observation where they analyzed
the magnetic flux for MRE samples of different heights for a given filler
particle concentration [42]. They demonstrated that there is no effect of
the sample height on the MR effect by assuming that the magnetic flux
density decreases by increasing the sample height and therefore plotting
the change in modulus versus the magnetic flux density.

The difference between simulated and experimental data can be
explained by the magnetic properties in the discretized volume of a cell
unit. For the simulated values the magnetic flux is almost similar,
whereas for the experimental data the thickness affects the magnetic
flux as mentioned previously. The discrepancy cannot be simply
explained by the difference in the relative magnetic permeability for the
simulated and experimental results (Fig. 4). For the modeling, the
magnetic properties in all the cells of discrete volume are constant. In
the experiment, the samples are based on a composite consisting of a
ferromagnetic filler and a paramagnetic SEBS matrix. The heteroge-
neous composite will result in a microscopic inhomogeneous magnetic
flux density within the sample, which shall decrease with sample
thickness.

It is noteworthy, that for the simulation and the experiments the
magnetic flux at the center of the sample surface had a minimum value
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and the flux increased towards the edge of the samples as shown in
Fig. 8. This observation has been made for all the samples with 100%
infill and can be explained by the magnetic field lines, which are denser
near the sample edge and lowers through the center as shown in the
simulation results. The discrepancy between the simulated data and the
measured value can be explained by the microscopic inhomogeneous
magnetic flux density in the composite as mentioned earlier.

3.5. Magnetorheological behavior of MRE structures with honeycomb
infill pattern under compression mode

Based on the analysis of the magneto-mechanical compression setup
unpaired magnet configuration with pre-load of 1 N was used to
investigate the MRE honeycomb structures. All samples were printed at
a height of 5 mm and the MR effect was investigated at a constant
magnetic field of 0.357 T (using the same 10 mm thick NdFeB
ferromagnet).

The different honeycomb structures were achieved by the variation
of the infill density during the 3D printing process. In Fig. 9, optical
microscopic pictures of honeycomb structures with different infill den-
sities are demonstrated. To have a better understanding, the values of
the cell thickness and the wall size, analyzed from the microscopic
pictures, are reported in Table S2.

Asindicated in Table S2, the wall thickness is similar between 15, 20,
and 25% infill densities and does not vary significantly. Above 30% infill
density, the wall thickness increases significantly. As expected, the cell
size shows a decreasing trend with an increase in infill density. Under-
standably, the sample SEBS-30CIP-15 has the highest cell size while the
SEBS-30CIP-50 has the lowest. Owing to this reason, the honeycomb
structure based on 15% infill density was not stable for MR effect
measurements. The geometrical stiffness of the sample was low and
deformation was observed during the application of an external mag-
netic field with an unpaired 10 mm thick NdFeB.

Unfortunately, the magnetic flux could not be reliably measured
using our magnetic field meter. Therefore, only simulation was per-
formed on the MRE sample with 20% infill density. A vertical cross-
section of the sample SEBS-30CIP-20 was used for the simulation as
shown in Fig. 10. The figure shows that the magnetic field lines deviate
toward the walls within the MRE structures. Furthermore, it is observed
that the magnetic flux density is higher at the rim and the edges of the
walls within the sample. Fig. S7 shows the simulated magnetic flux
density plot over the sample SEBS-30CIP-20, across its cross-section.

To calculate the MR effect in honeycomb structures, cyclic mea-
surements with a pre-compression were performed and 10 cycles were
performed. Fig. 11 demonstrates the cyclic measurements at different
compressions (1%, 2%, 4% and 10%). The MATLAB polyfit function was
used to find the slope of the best fit line of the loading phase in the 9th
cycle, as shown in Fig. 11. It was observed that at a low compression
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5 mm, and €) 7 mm. A single large NdFeB (10 mm thick) ferromagnet was used to produce the magnetic field in both experiment and simulation.

Fig. 9. Optical microscopy analysis of the wall thickness and cell size for the different honeycomb samples achieved by changing the printing infill density from 15 to
50%. All samples have a diameter of 25 mm and a height of 5 mm. A magnification of 11.3x was used for all the images.

level, the loading curve was close to linear. However, at increased
compression range, the linearity of the loading curve disappeared. The
multiple cyclic tests were performed to minimize the Mullins effect [56,
57].

The Mullins effect describes the stress softening behavior of
hyperelastic materials and is a viscoelastic effect [58]. Mullins et al.
reported that the stress-strain curve obtained after ’conditioning’”
deformation cycles are more significant and useful than the curve ob-
tained in the first cycle. It has been reported that during cyclic
loading-unloading, the stress softening behavior of the elastomer is
initially high, while it becomes negligible after 5-10 cycles [59]. Gan
et al. studied the effect of magnetic flux density, pre-compression,
compression mode and anisotropy of the MRE on magneto-induced
Mullins effect in magnetorheological elastomer [60].

To better explain the Mullins effect in our experiments, a drift in
force was further analyzed in Fig. S8. The drift in the maximum force
and the minimum force during the loading phase of the cycle has been
plotted against the number of cycles, for different compression ranges.
Due to the stress softening the highest drift occurs between the first and

second cycles and it decreases with an increase in cycle number. A
similar observation has been reported by Francesca et al., where carbon
black-reinforced rubber was investigated [61].

Comparing the various compression ranges a decrease in MR effect
by increasing the compression range could be observed (Fig. 12). This
observation is in good agreement with previously reported data for
compression testing of MREs fabricated by casting method [40,41]. Both
Kallio et al. and Schubert et al. reported in their work that MREs show a
higher MR effect in low strain regions. Furthermore, the infill % also has
a significant impact on the MR effect. SEBS-30CIP-20/25 samples have a
higher MR effect than samples with higher infill%, as shown in Fig. 12b.
The maximum relative MR effect obtained with these samples were
128% and 61.3% respectively, which is comparatively higher than other
3D printed MREs in literature. Bastola et al., reported a maximum
relative MR effect of 65.2% and 30.1% for their hybrid MRE structures
filled with MR fluids and MR elastomers respectively [24]. To confirm if
the MR effect is an effect of the geometrical stiffness, a sample with an
equivalent effective area as SEBS-30CIP-20 was printed with 100% infill
(from here on referred to as SEBS-30CIP-100_2). Both samples showed
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mm thick NdFeB magnet has been used for application of the external magnetic field.
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Fig. 11. Cyclic measurements of SEBS-30CIP-100 sample, where a pre-compression of 10% is applied from the second cycle. The measurements were done for
various compression range, namely, 1%, 2%, 4% and 10%. Similar experiments were done for SEBS-30CIP sample with varying infill density.

same stiffness under compression loading, without a magnetic field
(Fig. S9). However, in presence of a magnetic field, SEBS-30CIP-20
showed a higher MR effect than SEBS-30CIP-100_2. The
SEBS-30CIP-100_2 sample showed a comparable MR effect to
SEBS-30CIP-100 as shown in Fig. 12. Thereby, it can be confirmed, that

the improved MR effect is not due to geometrical stiffness.
As discussed previously, the magnetic flux density is inhomogeneous

within the honeycomb sample. The magnetic field lines are more
concentrated at the rim and the edges of the walls inside (Fig. 10).
Thereby, the way the magnetic field lines are distributed within the
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samples with various honeycomb-patterned in-fill densities, b) for samples with 20% infill and samples with 100% infill (25 mm and 11.18 mm diameter). The

compression range varied from 1 to 10%. All samples used are 5 mm in height.

sample will result in a higher MR effect. It is observed in Fig. 12a, that
samples with 30, 40, and 50% infill have approximately similar MR
effect values as the 100% infill sample. The similarity in MR effect could
be an effect of the larger wall thickness of those samples (Table S2)
which result in a similar magnetic flux density profile as in the case of
SEBS-30CIP-100.

In literature different works have also reported the absolute MR ef-
fect in order to evaluate the magnetorheological properties of MREs [62,
63]. The absolute MR effect for all SEBS-30CIP samples with varying
infill density is shown in Table S3. The highest absolute MR effect could
be observed for the 20% infill sample (SEBS-30CIP-20). The samples
with 25% infill and 100% infill show a similar absolute MR effect value.
However, it is worthwhile to mention that the samples with 25% infill
have a significantly lower stiffness in comparison to the 100% sample.
For samples with 30, 40 and 50% infill density, the absolute MR effect
was the lowest and was lower in comparison to the SEBS-30CIP-100 at
all deformation ranges. Unfortunately, for 3D-printed hybrid MREs, the
absolute MR effect has not been reported so far and therefore a com-
parison of our results with the literature cannot be drawn.

4. Conclusion

To investigate the lightweight structure concept for MREs, soft
honeycomb-patterned magnetorheological structures based on TPE
matrix and CIP filler particles were successfully printed with FDM
technology. A study of the compression testing setup and the various
testing parameters like pre-load, pre-strain, paired, and unpaired mag-
net configuration allowed for a comparison between the samples with
different infills while identifying artifacts from test configurations. The
study showed that a paired magnet configuration leads to an over-
estimated MR effect. To explain the overestimation, a free-body diagram
made apparent that there is an additional magnetic force of attraction
between the magnets in the paired configuration. The hyperelastic
materials showed a non-linear force strain curve and a pre-compression
resulted in a shift of the strain range and therefore a change in slope in
the force-strain curve. Cycling tests were performed to eliminate the
stress softening behavior due to the Mullin’s effect. Finally, it was
observed that samples with less infill density showed a higher MR effect.
The increase is not caused by the lowered geometrical stiffness. Using
FEM analysis indicated that the effect is caused by the introduced
inhomogeneous magnetic field inside the honeycomb pattern infill.

We conclude that the MR effect in MREs can not only be tuned by
changing the filler content or the matrix material to a different Young’s
modulus, but also by using a lightweight, cellular structure concept.

We only focused on honeycomb structure infill for this study, other
infill patterns should be investigated in the future. Additive
manufacturing such as multi-material FDM printing will make it feasible
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in future to tune the MR effect and produce complex "soft" cellular
structures with even higher MR effect.
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