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Magnetorheological elastomers (MREs), which adapt their mechanical properties in response to a mag-
netic field, can enable changes in stiffness and shape for applications ranging from vibration isolators to
shape morphing robots and soft adaptive grippers. Here, a unified design approach is introduced to
create MRE materials for extreme stiffness tuning, up to 70X, with rapid (~20 ms) and reversible shape
change. This guides the creation of a hybrid MRE composite architecture that incorporates a combination
of magnetic particles and magnetic fluids into elastomers. The role of both solid and fluid inclusions on
magnetorheological response is systematically investigated and a predictive model is developed that cap-
tures the stiffness tuning response of MREs across diverse material microstructures and compositions.
This general understanding enables MRE materials with programmable response and greatly enhanced
stiffness tuning and rapid response times compared to many MRE, granular jamming, and phase change
approaches. This insight is utilized to optimize composites for a soft adaptive gripper which grasps and
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1 Introduction

Adaptive materials which change their stiffness and shape in
response to engineering stimuli have emerged as important
components for emerging applications such as reconfigurable
and adaptive robots and machines.''° One essential feature of
these materials is the ability to rapidly undergo extreme
changes in stiffness to enable multifunctional components.
Stiffness tuning can be accomplished at the material level by
utilizing mechanisms such as phase change,"'™*® granular
jamming,"*'® or magnetic material response.'”'® The
stiffness tuning capability of a material is typically an experi-
mentally measured quantity for several performance para-
meters including the magnitude of stiffness, the stiffness
tuning ratio, and the response time.'® For example, materials
utilizing low melting point alloys and polymers have demon-
strated large changes in stiffness by taking advantage of their
solid-liquid phase transition in response to heat.*"'"'*?°
Granular media rapidly responds to negative pressure with a
transition between a fluid-like granular state, where particles
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releases objects of diverse geometries.

freely move past each other, to a jammed state, where the
jammed  particles form a  solid-like = mechanical
response.'*'®?! Magnetically active materials such as magne-
torheological elastomers (MREs) have some of the fastest
response times among stiffness tuning materials (<0.01 s),2>?*
however, the stiffness change of traditional MRE systems
(~10x) is typically lower than that of other stiffness tuning
materials.”>** Improvement of the stiffness tuning effect of
MREs offers the possibility to create adaptive materials with
both rapid response and extreme stiffness tuning that enable
the next generation of adaptive machines.

Magnetic elastomer composites have traditionally been
created by incorporating magnetic particles into soft elasto-
mers such as silicones or polyurethanes,> to provide a combi-
nation of soft mechanical response and magnetic functionality
for applications including stretchable and adaptive electronics
and sensing,”®' automotive components,>*>* and soft
robotic grippers.®>° A key feature that has lead to substantial
research of MREs is their magnetorheological effect, which
leads to magnetic field-driven tunable stiffness,'”'® variable
energy dissipation and damping,***' and shape-memory
effects.*” To improve the stiffness tuning effect (often called
the MR effect or MR ratio) of these materials, MREs have been
created with varied parameters such as elastomer matrix
material,**>° magnetic particle size,”®***®>! shape,®** and
volume fraction,***>” and recently through the introduction
of magnetic fluids as functional content.”®*>"®
Magnetorheological fluids, which are magnetic fluids that
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rapidly change viscosity and yield stress when subjected to a
magnetic field,”>®® have recently been used as inclusions for
MRESs. These fluid inclusions are incorporated as millimeter-
scale droplets into elastomers through 3D printing or by
micro-dispersing magnetorheological fluid droplets through
mixing, and provide unique opportunities to achieve large
stiffness tuning with highly deformable and adaptive
properties.>***°%%1  However, how stiffness tuning and
response in these diverse MREs depends on material compo-
sition and microstructure is not well understood, which limits
performance and programming of desired properties.

Here we determine a predictive model for the understand-
ing and enhancement of MRE properties to optimize magnetic
elastomers with rapid material response and extreme stiffness
tuning. The model is validated through MREs with diverse
material architectures, which includes traditional rigid particle
composites (RCs), state-of-the-art magnetorheological fluid
composites (FCs), and a new form of hybrid composite (HC)
MRE which contains both rigid particles and magnetorheolo-
gical fluids as discrete domains (Fig. 1a-c). We systematically
investigate the effects of material structure and zero-field
mechanical response on the MR effect of MREs, and find that
our model unifies the stiffness tuning effect for each of the
three investigated microstructures under a single predictive
equation (Fig. 1d). This quantitative understanding of the
relationship between zero-field modulus and MR effect allows
for the optimization of MRE performance, which we show
through the creation of MRE materials with unprecedented
changes in stiffness (70x) (Fig. 1e) and rapid magnetic
response times of ~20 ms (Fig. S11) (Movie S1t). The magne-
torheological response of these materials gives rise to a rapidly
reversible shape-locking and stiffness tuning effect (Fig. 1f),
which we utilize through our multi-phase HC MRE (Fig. 1g) to
create adaptive grippers for controlled manipulation of diverse
objects.

2 Results and discussion
2.1 Predicting MRE stiffness tuning

To predict the stiffness tuning of magnetically active compo-
site materials, we consider a material effect from the compo-
site zero-field modulus (E.z-,) and a magnetic contribution
(Emag)- When subjected to a magnetic field, we assume that
the material and magnetic forces are additive (i.e. a parallel
arrangement of springs) which yields a composite modulus,
E., such that E. = E.p-¢ + Emae. We then normalize this
equation by E. p- to understand how the tunability of the mag-
netic composite depends upon both the material contribution
and the effective magnetic contribution:

- EmagEc,B:071 +1 (1)
Ecp—o

Eqn (1) gives an analytical expression for the MR enhance-

E,
ment factor < ¢

), which is the ratio between the compo-
¢,B=0
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site modulus under a magnetic field (i.e. activated) and the
zero-field modulus of the composite (i.e. unactivated), where
large values indicate high stiffness tunability. When the MR
enhancement factor approaches a value of 1, the composite
modulus does not increase when subjected to a magnetic
field, which occurs as Emag < Ecp-o. This provides a lower,
physical limit to rigidity tuning when magnetic interactions
are low or when the initial composite modulus is high. Eqn (1)
provides a clear design paradigm where maximum rigidity
tuning is achieved when magnetic interactions are increased
or when initial composite modulus is lowered. From a
materials design perspective, this requires an approach to
achieve significant magnetic material loading to increase the
magnetic effect, while still maintaining a soft composite
response. Through this general guidance, we will show how
composite microstructure and composition can be used to
achieve high degrees of stiffness tuning and programmable
composite modulus.

We can also rearrange this relationship to predict a para-
meter that is commonly used to quantify stiffness tuning for
MREs: the MR effect (MRegrect), Or the relative change in
modulus of the sample. By utilizing the relationship between
parallel springs and solving for MRcgec, the MR effect can be
modeled as a function of E¢ p-o and Epag:

MReffect = EmagEc,B:071 X 100% (2)

These simple yet robust relationships provide an accurate
fit to the data acquired in this work across RC, FC, and HC
composite architectures over several orders of magnitude in
zero-field modulus of the composites, where Ep,,o is used as a
fitting parameter (Fig. 1d). We consider E. z-, a primary factor
in determining the magnetorheological response, as previous
work has shown that stiffness tuning becomes limited as the
zero-field modulus of the composite increases.®* This is con-
sistent with our results and prediction, where MRggrece &
Ec,Bzo‘l, demonstrating that as FE.p-o increases MRegrect
decreases.

We note that eqn (1) and (2) are not simply the equations
for the MR effect, which is typically an experimentally
measured quantity relating the modulus of the material under
a magnetic field (E.) relative to the same material without a
Ec - EC,B:O

¢,B=0
(2) instead give insight into the stiffness tuning contributions
from the inherent stiffness of the composite material (E. z-o)
and the effective stiffness imparted to the material through an
applied magnetic field (Epag).

magnetic field (E. z-o), ie. < X 100%). Eqn (1) and

2.2 MRE composition

To determine the effect of microstructure on the magnetorheo-
logical response, as guided by eqn (1) and (2), we fabricate
MREs of three different material architectures and mechani-
cally quantify their stiffness tuning properties. RC MREs are
fabricated with a volume fraction of 25% iron powder within
the elastomer matrix. This volume fraction was chosen as it

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Material structure and properties. (a) Schematics of rigid particle composite (RC), (b) magnetorheological fluid composite (FC), and (c) hybid
composite (HC) material architectures. (d) Effect of zero-field modulus on the relative MR effect of the materials tested in this work (Emag = 530 kPa
for egn (2)). (e) Change in stiffness of an RC MRE with no field applied and with a magnetic flux density of 0.75 T. (f) Image of a hybrid composite
magnetorheological elastomer utilizing magnetorheological stiffness tuning to realize a shape memory effect. (g) SEM image of hybrid composite
MRE. The image is artificially colored red for the magnetic elastomer phase and blue for the MR fluid phase. An unaltered image can be found in

Fig. S2.1

allowed for a low enough viscosity to be easily processed into
testing geometries, while also imparting a significant magnetic
response. FC MREs incorporate an iron based MRF that con-
tains a volume fraction of 35% iron powder in a propylene
glycol carrier fluid that is immiscible with the silicone matrix
and processed to be contained as discrete microdroplets
within the elastomer. The volume fraction of MRF in the FC
MREs is 50%, leading to a total iron powder volume fraction of
17.5%. Above an MRF volume fraction of 50% large-scale
phase separation occurred and evenly dispersing the MRF as

© 2023 The Author(s). Published by the Royal Society of Chemistry

microdroplets was a challenge. This volume fraction of MRF is
higher than that reported in previous work for FC MREs which
showed MRF volume fractions of 30-40%.**°" HC MREs are
fabricated with a volume fraction of 50% MREF, as well as 15%
iron powder located in the elastomer matrix for a total iron
particle volume fraction of 25%, which is equivalent to the
volume fraction of magnetic content in the RC MREs.
Scanning electron microscopy of the RC, FC, and HC material
architectures can be found in Fig. S3 and S4.f In addition to
investigating microstructure, the elastic modulus of the sili-

RSC Appl. Polym., 2023,1, 315-324 | 317
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cone matrix (Ey,) is varied to study the effect of zero-field
modulus on the stiffness tuning capabilities for each of the
MRE material architectures. E,, is controlled by changing the
crosslinking density of the silicone matrix, or by creating
blends of two silicone elastomers with different matrix moduli
(details in the Experimental section).

2.3 MRE characterization

The MR effect of the magnetic elastomer composites is
measured through a custom magnetorheological compression
fixture (Fig. 2a). The MRE testing fixture consists of a copper
electromagnetic coil integrated with a 1020 steel bottom com-
pression plate and an outer steel housing (top compression
plate). Compression tests are run on each material using the
electromagnet with average magnetic field strengths of H =
0-280 kA m™". Finite element analysis (FEA) is used to deter-
mine the average magnetic flux density through the samples
(Fig. 2b), which is determined to be up to 0.75 T for the RC
and HC MREs and up to 0.58 T for the FC MREs (Fig. S57).
The difference in flux density arises from the difference in
magnetic content between the material architectures.

Representative compression curves for RC, FC and HC
MREs with constant E,, = 200 kPa are shown in Fig. 2c-e
respectively, with the solid lines representing the zero-field
mechanical response and the dashed lines indicating the
mechanical response with an applied field of 280 kA m™". For
the same matrix modulus, RC MREs demonstrate a more rigid
zero-field mechanical response than the FC and HC MREs.
This is attributed to the incorporation of MRF in both the FC
and HC MREs, which mechanically cloaks the rigid character
of the solid particle inclusions and creates a softer composite
mechanical response. The RC MRE also shows a substantially
smaller change in mechanical properties under the influence
of a 280 kA m™" field. From our understanding introduced in
Fig. 1d we attribute this to the larger zero-field modulus of the
RC MREs. Thus, to program the magnitude of the magnetor-
heological stiffness effect, it becomes necessary to control the
zero-field modulus of the composite (E. -o).

Control over E.p-o is demonstrated through two material
design strategies: the microstructure of the MREs can be
changed to either increase or decrease the modulus of the
composite by utilizing rigid particle or MRF inclusions, or E,
can be varied through changes in elastomer crosslinking
which has a strong influence on the composite modulus.
These two design strategies allow for diversity of fabrication in
the event that an application is limited by either the choice of
elastomer or the magnetic inclusions. Fig. 2f shows the change
in zero-field modulus with respect to each of the material
architectures with a constant E,,, of 200 kPa. The compressive
moduli are determined from the linear portion of the of the
stress versus strain curves (details in Experimental). The
addition of solid filler increases the zero-field modulus of the
composite, while the addition of the MRF decreases the
modulus of the composite. Fig. 2g shows the alternative
method of controlling the zero-field modulus for a constant
material architecture of HC MRE by varying the elastomer
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modulus, E,,. Controlling the zero-field modulus of the com-
posite by either of these two methods has a strong influence
on the magnetorheological effect.

2.4 Active magnetorheological properties

For MREs to be utilized for active property tuning, it is essen-
tial to understand how the MRE material properties relate to
the active stiffness tuning response. We determine that the
zero-field modulus, E. -, is the controlling factor in determin-
ing the stiffness tuning capabilities of MREs. Fig. 3a shows the
range of achievable modulus of MREs as a function of zero-
field modulus. The lowest point on each bar represents the
lowest achievable modulus (E.z-o) of the sample, while the
highest point of each bar is the modulus under an applied
field of H = 280 kA m™". The softest MREs in this work were
fabricated with E. z-, on the order of 10 kPa, and demonstrate
changes of stiffness of up to 70x their zero-field modulus. As
the zero-field modulus is increased up to 13 MPa the relative
tunability of the composite modulus decreases to only ~3%.
This decrease in mechanical tunability with respect to E g is
a fundamental trade-off in these material systems that is attrib-
uted to stiffer material resisting the distortion of the compo-
site by the magnetic inclusions,®*®® creating a large effect of
E. p-o relative to Epag.

Fig. 3b shows the maximum measured MR enhancement
factor as a function of E.p-, for the materials tested in this
work as well as literature data.'”****°%7 Here, we focus only
on the maximum achievable stiffness tuning effect to under-
stand the factors governing the creation of extreme stiffness
tuning MREs. We find that eqn (1) accurately predicts the
stiffness tuning effect of not only the MREs in this work, but
of those reported in previous research as well by fitting the
data to a single value of Ep,,. The data is fit with a value of
Enmag = 530 kPa, which remains accurate across the wide range
of E. o, is independent of the investigated microstructures,
and fits a wide variety of iron particle volume fractions ranging
from 17-30%, and MRF volume fractions from 40-50%. The
MR enhancement factor is shown to approach a value of 1,
indicating a negligible change in modulus as E.p- is
increased above 1 MPa, which quantifies the fundamental
tradeoff between MRE active properties and their zero-field
modulus. This is consistent with the prediction that when
Emag < Ecp-o the MR enhancement factor approaches 1. This
finding is an essential result for the optimization of MREs, in
that it provides evidence that the maximum magnetic contri-
bution to the modulus is not drastically changed by any of the
three material structures. Ep,,s is instead likely primarily a
factor of the magnetic properties of the inclusions, where iron
is most commonly chosen because of its high permeability,
high saturation, and low remnant magnetization.>*®*

For materials with the same magnetic inclusions, the
ability to tune Ep,,, even across relatively large changes in
volume fraction, does not have as great of an effect on the
maximum stiffness tuning effect as E.z-,. By understanding
that zero-field modulus is a dominant factor in determining
the stiffness tunability of these material systems, we can now

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lp00109a

Open Access Article. Published on 02 October 2023. Downloaded on 12/9/2025 2:59:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Applied Polymers

Top compression plate

MRE sample

Electromagnetic coil

Bottom compression plate

View Article Online

Paper

B(T)
1.4

0.7

0.0

c RC MRE: E_ = 200 kPa d FC MRE: E, =200 kPa e HC MRE: E,, = 200 kPa
200 . 200 200

I ——0kAm™ // L ——0kAm™ L ——O0KAm™'
—~ 150 F — —-280kAm™ , —~ 150 - — —-280kAm ™"’ —~ 150  — — -280kAm™’ -
© © [0 s
o o L o L -
< < X e
%) n 100 ~ _ %) 100 — //
7] %] - 7] P
S o i -7 Q i s
0 nh 50 | -7 &N 50 - //’

- // _/
0 T 0 LT

0 2 4 6 8 10 0 2 4 6 8 10
Strain (%) Strain (%) Strain (%)
f 1200 Constant E_: 200 kPa g Constant microstructure: HC MRE
B RC
. Bl FC
® 800 B He
<
E
> 400
W E =200 kPa
0
Rigid particle MR fluid Hybrid 200 900 3000
composite composite composite Em (kPa)

Fig. 2 Magnetorheological elastomer characterization. (a) Schematic of the magnetic compression fixture used to determine magnetorheological
properties in this work. (b) FEA analysis for RC and HC MREs to determine the magnetic flux density and uniformity throughout the compression
specimen. (c) Compressive stress—strain curves of Ecoflex RC, (d) FC, and (e) HC MRE with 0 and 280 kA m™ applied fields. (f) Tunability of zero-
field modulus with respect to material architecture for constant elastomer matrix modulus. (g) Tunability of zero-field modulus with respect to

matrix modulus with constant material architecture.

program the MR effect through their zero-field response by uti-
lizing either E,, or material structure as discussed in Fig. 2f
and g.

MREs have long been known to have rapid response times,
however the stiffness tunability has been lacking when com-

© 2023 The Author(s). Published by the Royal Society of Chemistry

pared to other active material systems.>”> By creating MREs
with a sufficiently low zero-field modulus, we can produce
materials with extreme stiffness tuning effects (MRegreer =
7000%) that are greater than many granular jamming and low
melting point systems,®'"***! while showing faster response

RSC Appl. Polym., 2023, 1, 315-324 | 319
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Fig. 3 Magnetorheological stiffness tuning. (a) Range of achievable moduli of MREs as a function of their zero-field modulus. The bottom of the
floating bars indicate the zero-field modulus of the sample, while the top of the bars correspond to the measured modulus with an applied field of
280 kA m™L. (b) Maximum measured magnetorheological enhancement ratio as a function of zero-field modulus for the materials tested in this work

as well as literature data (Eqmag = 530 kPa for egn (1)).17:2442:56:57

times on the order of ~20 ms. The results of this work produce
a clear design framework for MREs of diverse structures that
allows for the optimization of MRE materials with extreme
stiffness tuning capabilities and rapid response, overcoming
trade-offs in MRE and phase change based stiffness tuning
materials.

2.5 Adaptive MRE gripper

The magnetorheological response of the HC MREs leads to a
shape-locking effect with a rapid material response to a mag-
netic field. Here we show a soft adaptive gripper capable of
rapidly gripping and releasing delicate and rigid objects with
diverse geometries (Fig. 4 and Movie S21). The gripper consists
of an HC MRE (E,,, = 200 kPa) membrane which becomes rigid
and locked into shape through a magnetic field, integrated
with an inflated air pocket which allows for rapid reversibility
to drop the object upon reduction of the field. The MRE

320 | RSC Appl. Polym., 2023, 1, 315-324

gripper is adhered to the center of the electromagnet (Fig. 4a),
where the magnetic field is controlled electronically.

The gripper is able to passively conform around delicate
objects without damage, and then grasp upon the application
of an applied magnetic field, which increases the stiffness of
the MRE membrane and locks in the conformed shape.
Fig. 4b demonstrates the grasping of a tomato, where (i) the
gripper begins to approach the object, (ii) the gripper con-
forms around the object and the magnetic field is applied, (iii)
the gripper is retracted while grasping the object, and (iv) after
holding the object for 10 seconds at its original position, the
magnetic field is turned off and the object rapidly drops from
the gripper in less than 0.07 s. The adaptive gripper is also
able to adapt to objects of complex geometry, which is shown
through the grasping of a lego brick (Fig. 4c), objects of small
cross-sectional area such as a marker (Fig. 4d), and complex,
multipart shapes such as a cluster of grapes (Fig. 4e). This HC
MRE composite gripper is enabling for areas such as robotic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Adaptive MRE gripper. (a) Schematic of an adaptive gripper consisting of an HC MRE membrane and an incorporated air pocket and test
fixture. (b) Images of the adaptive gripper grasping a tomato, (c) a lego brick, (d) a marker, and (e) a cluster of grapes.

manipulation and manufacturing which may require diverse
grasping capabilities.

3 Conclusion

A unified MRE stiffness tuning model is demonstrated which
accurately predicts the stiffness tuning effect of diverse MRE

© 2023 The Author(s). Published by the Royal Society of Chemistry

architectures. As a result of this model, the fundamental
tradeoff between MR effect and zero field modulus is quanti-
fied, and materials above E.p-o = 1 MPa are shown to have a
drastically reduced MR enhancement factor approaching 1.
This fundamental understanding of MRE active properties is
utilized to create MREs with unprecedented MR effects of up
to 7000% that can respond on the order of 20 ms. The large
mechanical adaptability and rapid response of the MREs

RSC Appl. Polym., 2023, 1, 315-324 | 321
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shown in this work are expected to have applicability towards
stiffness tuning elements for applications in robotics, trans-
portation, and active technologies such as human-machine
interfaces. Further, the improved understanding of the micro-
structure and magnetorheological response of soft composites
is expected to have impacts on the development of active and
programmable material systems for future advancements in
functionality.

4 Experimental section

4.1 Silicone elastomer fabrication and mechanical property
control

The silicone elastomers in this work utilize Sylgard 184 poly
(dimethylsiloxane) (PDMS) silicone elastomer (Dow Silicones)
which is a two part silicone elastomer, Ecoflex 00-30 (Smooth-
On) which is a two-part platinum-catalyzed silicone elastomer,
or a combination of the two silicone elastomers to vary E,.
The elastomers are prepared prior to the introduction of mag-
netic content. The silicone matrix with E,, = 8 kPa is made uti-
lizing PDMS. The PDMS is mixed with a 60:1 ratio of base to
curing agent in a dual asymmetric centrifugal (DAC) mixer
under vacuum (FlackTek) at 1800 rpm for 100 s. For the sili-
cone with E,,, = 60 kPa, the PDMS is mixed with a 45 : 1 ratio of
base to curing agent at 1800 rpm for 100 s under vacuum. The
silicone matrix with E,, = 200 kPa is made utilizing Ecoflex 00-
30. Ecoflex is mixed with equal parts by weight of part A and
part B. The uncured elastomer is mixed for 270 s at 2000 rpm
under a vacuum. The silicone matrix with E,, = 900 kPa is
made utilizing a combination of PDMS and Ecoflex 00-30.
Ecoflex is mixed with equal parts by weight of part A and part
B for 270 s at 2000 rpm under a vacuum. PDMS is mixed with
a 10:1 ratio of base to curing agent at 1800 rpm for 100 s. The
two uncured elastomers are combined in a 1 to 1 ratio by
weight. The mixture is then mixed for 270 s at 2000 rpm under
a vacuum. The silicone matrix with E,, = 3000 kPa is made uti-
lizing PDMS. The PDMS is mixed with a 10:1 ratio of base to
curing agent at 1800 rpm for 100 s under vacuum. Further
information about the composition of these silicones can be
found in Table S1.}

4.2 Composite fabrication

RC MREs are fabricated with iron powder (mean particle dia-
meter: 5 pm, US Research Nanomaterials) with a particle
volume fraction of Qcomposite = 25%. A 35% volume fraction of
iron powder in propylene glycol is used to create the MRF used
for both the FC and HC MREs (2yrr = 35%). FC MREs are fab-
ricated with an MRF volume fraction of ¥ = 50%. The HC MRE
consists of an MRF volume fraction ¥ = 50% and a magnetic
elastomer phase with Q.ix = 15%. The total iron powder
volume fraction for FC and HC MREs can be determined by
Lcompositerc = PEMrE and Lcompositenc = Fyvrr + a -
P)Qmatrix,  giving  values of Qcompositerc = 17.5% and
Lcomposite,nc = 25% respectively. Further information about the
composition of these materials can be found in Table S2.}
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RC MREs are fabricated by adding the 25% by volume iron
powder to the uncured silicone elastomer and then mixing at
800 rpm for 120 s under vacuum in a FlackTek SpeedMixer.
The molded samples were then cured in a convection oven for
at least 12 hours at 40 °C.

FC MREs are fabricated by adding the magneteorhelogical
fluid to the uncured elastomer in a 50% mixture by volume.
The composite is then mixed for 120 s at 800 rpm under
vacuum in the SpeedMixer. The samples are cured by convec-
tion oven for at least 12 hours at 40 °C.

HC MREs are fabricated by adding 15% iron powder by
volume to the uncured elastomer. Hexanes are added ina 1:4
proportion to the uncured elastomer by weight to reduce the
viscosity for ease-of-processing. The composite is then mixed
for 120 s at 800 rpm at atmospheric pressure in the
SpeedMixer. The magnetorheological fluid is then added to
the mixture in a 1:1 ratio of MRF to elastomer and iron
powder by volume. The mixture is then hand mixed. The
material is poured into molds, placed under vacuum to
remove residual hexanes, then cured for at least 12 hours in a
convection oven at 40 °C.

4.3 Magnetorheological testing fixture

A two part magnetic compression testing fixture was machined
out of 1020 steel. The bottom half of the fixture is a com-
pression plate, and the top half is a steel housing to increase
the magnetic flux density through the material. 500 turns of
18 AWG copper of wire are integrated with the bottom com-
pression plate to provide the magnetic field. Currents of 0-7 A
are supplied to the electromagnet resulting in average mag-
netic field strengths of H = 0-280 kA m™".

4.4 Magnetorheological compression tests

Compression samples were cured in 28.6 mm diameter,
12.5 mm deep molds. Samples are tested via a multi-step
process with the MRE loaded in the magnetic compression
testing fixture. Because the test fixture itself is subject to a
force when a magnetic field is applied to the system, a series
of reference tests are used to determine what proportion of the
measured load was applied as a stress to the sample. First,
reference data is taken by measuring the load exerted by the
magnetic field on the sample at several static displacements
and all applied currents. A power law curve is fit to the refer-
ence data for each sample to model the load exerted by the
magnetic field during sample testing. Compression tests with
three loading and unloading cycles are then carried out on the
sample with currents from 0-7 A applied to the electromagnet.
The load from the power law model is then subtracted from
the compression test load data to determine the material
response to the magnetic field. Tests were performed at a rate
of 12 mm min~" and the compressive modulus was calculated
by determining the slope of a linear fit of the stress versus
strain data from 2.5-7.5% strain.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.5 Adaptive gripper fabrication

The gripper is made from an HC MRE (E,,, = 200 kPa) cast into
a 30 mL high form crucible. The uncured composite is placed
under vacuum to remove residual hexanes. The material is
then poured into the crucible and then checked for air
inclusions. Then, the bulk of the material is poured out
leaving a thin coating (similarly to a slipcasting process). The
crucible is then immediately set upside down on the glass
plate, which allows the excess material to flow down onto the
plate creating a sealed bottom. The mold is then placed in a
40 °C oven and allowed to fully cure for at least 45 min.
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