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While often focused on our visual system, adding touch to VR/AR environments can help render more
immersive, richer user experiences. One important touch percept to render is compliance, or ‘softness.” Herein,
we evaluate the perceptibility of soft, magnetorheological elastomers (MRE) in bare-finger interactions. Such
materials can be reprogrammed to distinct states of compliance. We fabricated MRE samples over elastic
moduli from 23—-173 kPa and measured that small 0.25 T magnetic fields increased modulus by 10—60 kPa.
MRE interfaces less and more compliant than finger skin were evaluated in discrimination experiments with
and without a magnetic field. The results indicate changes in modulus of 11 kPa are required to reach a 75%
threshold of discrimination, although greater differences are required when an MRE’s elasticity is about the
same as skin. The perceptual results with these magnetically-induced materials are similar to those with non-
actuated, solid silicone-elastomers that mimic naturalistic interactions.

INTRODUCTION

The emergence of haptic interactions in a wide range of
applications (e.g., VR/AR, medical simulation, surgical
training, human-to-human telecommunication) demands user
interfaces with natural, reconfigurable, and portable feedback.
In such settings, perceptual dimensions to be recreated involve
pressure, temperature, vibration, roughness, geometry,
stickiness, and in particular, compliance or ‘softness.” To
perceive compliance, psychophysical studies indicate that we
rely upon spatiotemporal patterns, or cues, in skin deformation
and musculoskeletal proprioception (Srinivasan and LaMotte
1995; C. Xu, Wang, and Gerling 2021). In active, volitional
touch, force-controlled movements are the most efficient and
optimal for eliciting cutaneous and proprioceptive cues (Hauser
and Gerling 2018; C. Xu, Wang, and Gerling 2021). This
implies that the displays with solely kinesthetic cues may not
sufficiently deliver a percept of softness absent cutaneous input.
Indeed, when rigid plates attached to springs have been used
(Heo and Lee 2017; Kim, Kim, and Lee 2016), one cannot
simulate objects softer than skin, in which case the skin holds
its 3D shape as it penetrates into an object’s surface.

To effectively create dynamic bare-finger interactions with
compliant objects, reconfigurable displays involving non-rigid
surface actuation approaches have been explored. The most
common approaches utilize hydraulic and pneumatic
mechanisms, which use fluid or gas to deform the geometry of
soft chambers and generate contact forces (Park and Wood
2013). For instance, jamming approaches control the stiffness
of silicone cells, where small coffee particles dispersed in a cell
respond to regulated air pressure (Menon et al. 2014; Stanley,
Gwilliam, and Okamura 2013). While most hydraulic and
pneumatic actuation techniques require extra instrumentation,
such as an air compressor or fluid pump, other self-actuation
devices utilize attraction forces between two electrodes, where
a micro-chamber filled with air or fluid is deformed by internal
pressure generated by electrostatic force (Leroy, Hinchet, and
Shea 2020; Song et al. 2019). The limitation of this strategy is
often scale, as electrostatic forces may not afford a suitable
range of deformation. More recently, non-contact actuation
techniques involving air flow (Lee and Lee 2016) and

ultrasound (Reardon et al. 2019; Sand et al. 2015) have been
proposed. Both strategies face challenges in actuating a
sufficient range of forces and/or displacements to produce
perceptible differences.

On the other hand, electromagnetic materials have been
configured whereby the mechanical properties of fillers respond
to an externally applied magnetic field. Such devices offer
noiseless operation, rapid response time, and high repeatability.
Ideal instantiations of haptic displays of compliance with such
materials would generate a perceivable range of forces and
displacements, utilize portable actuation mechanisms, and
afford natural bare-finger interactions between the skin and
deformable contact surfaces. Herein, we evaluate the
perceptibility of several reprogrammable magnetorheological
elastomer (MRE) materials in rendering discriminable percepts
of compliance. Such materials have been commonly used in
soft robotics as grippers as well as vibration absorbers (Deng,
Gong, and Wang 2006; Hill and Snyder 2002; X. Li et al. 2021;
Lu et al. 2018; Walsh and Lamancusa 1992), though not in
human touch interactions. In contrast to MREs, we note that
MR fluids (MRFs) have been used in human interactions (Rizzo
2013; Yang et al. 2021) and consumer displays (Ryu et al. 2015)
with promise, though present drawbacks with proper sealing
leading to fluid leakage and particle sedimentation. Because of
their practical nature as solid substrates, MRE-based materials
may render a range of compliance magnitudes and
discriminable states, and thereby be useful in VR/AR touch
interfaces across domains of medical stimulation, surgical
training, and human-to-human telecommunication.

METHODS AND EXPERIMENTS

We investigate the ability of human participants to
discriminate the compliance of MRE-based materials
combining silicone rubber and iron particles. Once forming
various combinations of MRE interfaces ranging from softer to
stiffer than skin, a study with 10 participants evaluated their
pairwise discriminability, which could be actuated up to ~10—
60 kPa upon application of a magnetic field. Prior work in
evaluating non-actuated, solid silicone-elastomers has shown
that such ranges are discriminable.



Figure 1. (A) Magnetorheological elastomer interface (20 mm diameter, 5 mm thick) sitting atop the electromagnet (EM), (B-C) vibration observable
through shape change at 2Hz with a thin MRE sample (17 mm diameter, 1 mm thick).

MRE materials principles

Magnetorheological elastomer materials are composites
that embed silicone rubber with iron particles. The types and
concentration of iron, magnetic particles in an MRE play an
essential role in achieving the desired effect on baseline
compliance and its dynamic range of actuation. Often, carbonyl
iron particles (CIPs) are often used due their high magnetic
permeability, fast response, and lack of hysteresis. Distinct
types of silicone-elastomers can form the substrate matrix of an
MRE, in specific silicone rubber, natural rubber, thermoplastic
elastomer, and Polyurethane elastomer (Chen et al. 2007; Cvek
et al. 2019; Wu et al. 2009; Z. Xu et al. 2020). Silicone rubber
offers heat resistance, electrical insulation, and chemical
stability. In particular, a silicone rubber with low shear viscosity
is desirable because iron particles can be readily mixed into it
in a homogeneous fashion. In this study, we explored two kinds
of silicone-elastomer, a two-component silicone rubber
(Ecoflex Gel and Ecoflex 00-10), and a liquid cure silicone
compound (Solaris) diluted by silicone oil.

Apparatus: Fabrication of MRE-based interface samples

To create a range of distinct compliances, we fabricated
MRE-based samples by varying the elasticity of silicone-
elastomer and concentration of CIPs, Figure 1. The fabrication
process followed two steps: 1) mixing the silicone-elastomers
with fillers and 2) curing the mixture under the desired
condition without alignment, Figure 2. Note that the distinct
MRE samples are formed to be isotropic, i.e., with homogenous
physical behaviors in each direction, which is achieved by
curing them in the absence of an applied magnetic field.

In specific, the two-component silicone rubber (Ecoflex
Gel) was mixed at ratio of 1:1. Next, spherical carbonyl iron
particles (MiniScience, Inc. USA) with diameters of 3—10 um
were dispersed into the silicone rubber matrix of given
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elasticity. To minimize sedimentation, an electrical blender
(12,500 rpm) was used to stir the solution thoroughly for 3
mins, Figure 2A. Then, the homogenous semi-solid mixture
was placed in a vacuum chamber under 30 in-Hg pressure for 5
min to avoid porosity Figure 2B. After that, the mixture was
poured into two 3-D printed circular molds and cured at 70°C
for 15 mins Figure 2C. After it solidified, a 10-mm diameter, 4-
mm thick sample was extracted from the first mold for
subsequent modulus characterization, Figure 2D. Moreover, the
MRE interface, Figure 1A, was extracted from the second mold,
with exact dimensions of 20 mm diameter, 5 mm thickness. We
calculated the volume fraction of each component based on its
density. The concentration of CIPs was increased at increments
of 5% in volume fraction until the mixture no longer formed a
smooth surface, Figure 2D, right.

We generated 24 formulations with combinations of
silicone-elastomers and carbonyl iron particles, Table 1
(columns 1, 2). Four silicone rubber types were employed,
including Solaris (Smooth-On, Inc., USA) with 300% and
400% dilutions by silicone oil (ALPA-OIL-50, Silicone oil
V50, Modulor, Germany), and Ecoflex Gel and Ecoflex 00-10
(Smooth-On, Inc., USA). As measured, they span a range of
elastic modulus both more and less compliant than human skin,
which lies between about 42 and 54 kPa (Miguel et al. 2015;
Oprisan et al. 2016).

Apparatus: Magnetic control electronics

A single microcontroller (Teensy 3.6) controlled an
electromagnet (WF-P34/25, 12 V, 200 N) in actuating an MRE
sample. A transistor (TIP120) and PWM output from the
microcontroller controlled the external electromagnetic field.
The electromagnet consists of a cylindrical iron rod surrounded
by hundreds turns of wires as adding a ferromagnetic core
largely strengthens the magnetic field. By applying a magnetic
field perpendicular to the surface of an MRE, it undergoes a
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Figure 2. Step by step explanation of the MRE fabrication process. (A) Mixing two components, (B-C) Molding and curing process, (D) Left: a well-
formed MRE sample with a smooth surface, made by Ecoflex Gel with 45% carbonyl iron particles (CIP). A 10 x 4 mm sample was extracted for
subsequent materials characterization. Right: a poorly formed MRE sample with uneven surface, made by Ecoflex Gel with CIP 50%.



Table 1. Modulus of fabricated MRE samples. The four grey
highlighted configurations were used in the human-subjects
experiments.

Silicone CIP At0T At0.25 T | Effect size
elastomer type (%) (kPa) (kPa) (kPa)
Solaris 300% 30 39.7 60.3 20.6
Solaris 300% 40 70.6 126.1 55.5
Solaris 300% 45 72.9 128.8 55.9
Solaris 300% 50 N/A N/A N/A
Solaris 400% 35 49.0 73.3 24.3
Solaris 400% 40 63.3 123.8 60.5
Solaris 400% 45 66.9 127.7 60.8
Solaris 400% 50 N/A N/A N/A
Ecoflex Gel 15 48.9 64.1 15.2
Ecoflex Gel 20 55.7 72.1 16.4
Ecoflex Gel 25 70.7 91.5 20.8
Ecoflex Gel 30 77.6 97.8 20.2
Ecoflex Gel 35 107.4 137.4 30.0
Ecoflex Gel 40 141.5 163.5 22.0
Ecoflex Gel 45 159.0 173.4 14.4
Ecoflex Gel 50 N/A N/A N/A
Ecoflex 00-10 15 73.2 106.6 33.4
Ecoflex 00-10 20 88.8 126.5 37.7
Ecoflex 00-10 25 126.3 137.8 11.5
Ecoflex 00-10 30 N/A N/A N/A

transition in elasticity, e.g., Solaris 300% with CIP 35%
modulus increased from 50 to 82 kPa with 0.25 T increase in
magnetic field, Table 1. In this way, by modulating the physical
form and properties of the MRE and actuating its stiffness with
the electromagnet, we achieved distinct states of compliance.

Experiments: Material measurement of stiffness

The stiffness and elastic modulus of MRE samples were
measured using standard uniaxial compression, by indenting a
rigid plate (Gerling et al. 2018). Figure 3A illustrates force-
displacement relationships two MRE configurations under two
magnetic fields, where larger forces are observed with the
magnetic field is set to 0.25 T. Per each substrate the error bars
indicate the variance between the 3 trials performed. A linear
model generated modulus by fitting a line to the first 10% of the
stress and strain data, Figure 3B. Figure 3C gives elastic
modulus per sample, calculated as 50.1, 81.6, 23.2, 34.4 kPa.

The complete set of the 24 MRE samples were evaluated
under two magnetic fields, 0 and 0.25 T, Table 1. The absolute
magnitude of their modulus ranged from 23.2 to 173.4 kPa
where the modulus of each sample could be shifted from as little
as 9.8 kPa to as large as 60.8 kPa.

Experiments: Human-subjects perceptual study
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Figure 3. Stiffness and elastic modulus measurements of MRE
samples. (A) Force-displacement data for two MRE configurations,
where force and displacement differs between the samples, and upon
the application of a 0.25 T magnetic field. (B) The stress-strain curve
of the MRE sample of 50.1 kPa modulus. (C) Elastic modulus of the
same four MREs, showing that a change in modulus for the Solaris
sample from 50.1 to 81.6 kPa upon application of the 0.25 T magnetic
field, over 3 trials, while the modulus for the Ecoflex Gel sample can
be actuated from 23.2 to 34.4 kPa.

A study with 10 participants (mean age =26.5, SD = 3) was
conducted to evaluate pairwise discriminability of the MRE
interfaces. As highlighted in Table 1, four pairs of MRE
interfaces were selected for evaluation, which span a range of
elasticities (23—82 kPa) and represent compliance values softer
(23-34 kPa, Ecoflex Gel, CIP 10%) and harder (67-78 kPa,
Ecoflex 00-10, CIP 10%) than the skin, as well as just slightly
harder (50-82 kPa, Solaris 300%, CIP 35%) and softer (45-56
kPa, Solaris 400%, CIP 30%). For reference, the skin’s stiffness
is about 42—54 kPa (Miguel et al. 2015; Oprisan et al. 2016).



MRE interfaces were placed atop the electromagnet, which
was set to either 0 or 0.25 T. Each participant was seated and
blindfolded to eliminate visual cues. Their index finger was
guided by the proctor to the center of the interface. Participants
were asked to press their finger into the interface one time and
lift until it separated from the interface. Each touch interaction
takes about 2 sec which consist of approximate 0.5 sec of down-
up movement and 1.5 sec of exploration. The participants were
asked to compare the softness of two MRE interface
configurations and report which was softer. We configured each
pair of interfaces at 0 T and 0.25 T in a random order, repeated
five times. In total, there are 400 configurations, including four
elasticity pairs, two magnetic configurations per pair, five
repetitions, and ten participants.

RESULTS AND DISCUSSION

This study investigates the ability of human participants to
discriminate the compliance of MRE-based materials, which
combine silicone rubber and iron particles and may prove useful
in VR/AR touch interfaces. In the study, where participants
were asked to discriminate the compliance of MRE interfaces,
the results show they could readily differentiate the 50-82 kPa
pair, but not the 45-56 kPa pair, Figure 4. Discriminability for
the 67-78 and 23-34 kPa pairs is near the 75% threshold of
discriminability. The minimum discriminable difference in
compliance is about 11 kPa, although greater differences are
required when the MRE’s elasticity is about the same as the
skin, i.e., 45-56 kPa. In comparison, for solid elastomeric
substrates, the literature shows compliance differences of 40
kPa in active touch and 28 kPa in passive touch are perceptually
discriminable (B. Li, Hauser, and Gerling 2023; C. Xu, Wang,
and Gerling 2021). Also, studies have shown that softness
discriminability is influenced by exploration duration and time
integration of sensory information (Kaim and Drewing 2011;
Metzger and Drewing 2019). Moreover, distinct perceptual
responses, as well as modes of skin deformation, have been
observed with stiffer objects, as compared with softer objects
nearer the skin’s compliance (Hauser and Gerling 2018).
Furthermore, we note that in this study we compared MRE
interfaces to each other, but we did not compare them to solid
elastomeric substrates. Further work in such regard is needed,
as while the actuated elastic moduli are similar to solid
substrates, there may be other perceptually discernable
differences, such as relate to their viscoelastic responses.

We envision the potential use of MRE interfaces in AR/VR
environments. This work evaluated these interfaces in a
grounded paradigm, similar to Figure 5, lower right. Another
mode of operation could be a hand or finger grounded
paradigm, as in Figure 5, upper right. Indeed, such materials
might be useful in human-to-human affective touch (Hauser et
al. 2019), Figure 5, left. They may also be useful in virtual
medical palpation training. Indeed, digital tools could help
trainees familiarize and practice essential skills before real
medical encounters. Current technology mainly relies on either
visual recognition and/or force feedback with stick-based tasks.
The MRE-based interfaces may simulate interactions with skin
and other biological tissues with similar mechanical properties.
Skin models for finger pad and forearm skin (42-50 kPa) and
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Figure 4. Results of human-subjects study. Four elasticity pairs
selected from Table 1 as more compliant than skin (23-34 kPa), less
compliant than skin (67-78 kPa) and overlapping with skin stiffness
(5082 and 45-56 kPa). Skin stiffness is about 42—54 kPa. Shown is a
75% level of discrimination threshold.

Figure 5. Human-to-human affective touch application in perceiving
another’s skin compliance, where an MRE-based device might be
deployed in finger-grounded and surface-grounded cases.

cardiac and skeletal muscles (90-110 kPa, 21-28 kPa) are
feasible, Table 1, and would afford evaluating individual
differences between people and normal versus disease states.
Furthermore, the device might be used to simulate one’s taking
the pulse of a patient, as combined with the vibration
functionality mode to be described below.

Indeed, in addition to rendering compliance, MRE
materials may also be used to render haptic vibration.
Preliminarily, in work done with a thin layer of MRE with 1
mm thickness, Figure 1B, C, vibration can be delivered from 2
to 250 Hz. Without actuation, the MRE sample lays flat, as
shown in Figure 1B, before areas not on top of the core are
attracted to the electromagnet’s surface due the ferromagnetism
of the iron particles embedded in the MRE. By turning the
electromagnet on and off with different frequencies, the MRE
achieves unique vibratory modes. In addition to settings of the
electromagnetic field, the magnitude of vibration in theory can
be further controlled by two factors, the height of the core and
the thickness of the MRE.

Finally, MRE-based materials, due their solid-state form,
present possibilities related to shape memory where the MRE’s
surface can retain a contact shape. In specific, when an object
is pressed into its surface in absence of magnetic field, the
device surface conforms to the object’s geometry. Upon
introducing a magnetic field, the surface contracts and hardens
rapidly towards the direction of magnetism, and as a result, the



geometry of contact sustains until the magnetic field is released.
Such response is rapidly onset, reversable, and highly
repeatable. Shape memory functionality can also provide
contact information that correlates with our perception of
softness. In particular, cutaneous cues such as contact area and
contact shape have been found to be associated with tactile
perception and individualized and personalized calibration (B.
Li and Gerling 2021; B. Li, Hauser, and Gerling 2020).
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