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Miniature Soft Electromagnetic Actuators  
for Robotic Applications

Thanh Nho Do, Hung Phan, Thuc-Quyen Nguyen, and Yon Visell*

Electromagnetic actuators (EMAs) serve the majority of motion control needs 
in fields ranging from industrial robotics to automotive systems and biomed-
ical devices, due to their unmatched combination of speed, precision, force, 
and scalability. This paper describes the design and fabrication of miniature 
soft EMAs that operate based on the Lorentz force principle. The actuators 
are fabricated from silicone polymer, liquid metal (LM) alloy (eutectic gallium 
indium, EGaIn), and magnetic (NdFeB) powder. They are small, intrinsically 
deformable, and can be fabricated using simple techniques. The central ele-
ments of the actuators are fine, 3D helical coil conductors, which are used as 
electromagnetic inductors. The coils are formed from stretchable filaments 
that are filled with a LM alloy. To achieve high power densities, the filaments 
themselves may be fabricated from colloids of EGaIn microdroplets in a 
silicone polymer matrix, allowing them to dissipate heat and accommodate 
high currents, and thus high forces. Millimeter-scale cylindrical actuators are 
demonstrated for linear high frequency motion and articulated devices for 
bending motion. These actuators are applied in a vibrotactile feedback display 
and in a miniature soft robotic gripper.
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in robotics, healthcare, and other 
domains. Mechanical systems based on 
soft actuators are also adaptable to sys-
tems of greatly varying length scales, 
ranging from miniature grippers, to 
mobile robots, wearable tactile displays, 
and biomedical devices.[5,8,14] Methods 
of actuation for soft robotics include 
tendon-driven actuation, smart mate-
rials, such as shape memory polymers 
(SMPs), shape memory alloys (SMAs), 
pneumatic fiber braids, pneumatic poly-
mers elastomers, hydrogels or electroac-
tive polymers (EAPs).[5,8,9,15] Despite their 
promise, all of these methods possess 
limitations in performance and control-
lability in comparison to systems based 
on electromagnetic motors. SMAs and 
SMPs can achieve large strains when 
heated, but are limited by heating, 
cooling, and hysteresis effects. Pneu-
matic polymers require external air power, 
respond at speeds that are limited by 

the supply pressure, and are difficult to control proportion-
ally. Soft EAPs comprise two main categories: ionic and elec-
tric. Ionic EAPs are usually limited by their poor coupling 
efficiencies and relatively slow actuation speeds. Electric 
EAPs require high voltages (typically 100 V to several kV),[5,16]  
which can pose design problems and, in some cases, safety 
issues.[17] In addition, they typically produce weak force and 
careful design is needed to avoid mechanical instabilities.

Electromagnetic actuators (EMAs) can be readily designed 
and driven with large bandwidths, especially when compared 
with devices that operate as capacitive loads (such as elec-
trostatic actuators). The use of high performance magnetic 
actuators, such as the ones in magnetically driven robots, has 
attracted growing attention.[18–24] In one form, these actuators 
are operated via the control of magnetic microparticles in a 
polymer matrix using an external magnetic field from an elec-
tromagnet. By varying the orientation and magnitude of such 
a field, the deformable magnetic composite may be controlled 
in torque, deformation, elongation, contraction, or bending.[5] 
These actuated structures can achieve fast response times, high 
dynamic ranges, small size, high power efficiency, and low 
driving voltages (typically 0 to 30 V).[5,9,25] As a result, they have 
been successfully utilized for creating a variety of high perfor-
mance mechatronic and microrobotic systems, including swim-
mers, crawling devices, micropumps, and many others.[5,9]

There are several challenges that have prevented the 
development of high performance EMAs for soft robotics.  

Soft Electromagnetic Actuators

1. Introduction

Soft robotic systems are of increasing interest due to the 
promise they hold for ensuring safe human–robot interaction 
and highly robust and adaptable operation in complex, unstruc-
tured environments.[1–9] They offer many advantages over 
conventional systems made of rigid elements. They can flex-
ibly adapt to a great variety of configurations, and to different 
mechanical settings, can ensure safe cooperation with humans, 
and can facilitate the coordination of large numbers of degrees 
of freedom.[8] Many types of stretchable and wearable sen-
sors, soft actuators, soft energy harvesters, and storage devices 
have been developed,[10–13] often motivated by applications  
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Conventionally, such devices use rigid conductive wire induc-
tors, such as copper wire coils, to generate time-varying mag-
netic fields via applied currents, and to exert forces on perma-
nent magnet components. While wire electromagnetic induc-
tors may be introduced into soft materials,[26–28] their rigidity 
can greatly limit deformability, and can reduce the durability 
and longevity of the materials due to stress concentrations  
that develop at material boundaries. Among soft conduc-
tive materials, liquid metals (LMs) including eutectic alloys 
Galinstan (68% Ga, 21.5% In, and 10% Ti) and gallium indium 
(EGaIn, 75% Ga, 25% In by mass) have attracted considerable 
attention for applications in stretchable electronics and soft 
robotics. These materials have excellent electrical conductivity 
(EGaIn, σ  =  3.4  × 104 S cm−1) and thermal conductivity (EGaIn, 
κe =  24.9 W m−1 K−1), low melting point (EGaIn, 15.7 °C),  
low vapor pressure, and low toxicity.[29–31] When introduced 
into channels of a soft substrate, such as a polymer elastomer, 
they can facilitate a wide range of applications from soft wear-
able sensors, to soft electronic interconnects, stretchable RF 
antennas, and soft liquid metal actuators.[10,30–32]

Several microfluidic and soft lithography methods have 
been developed for the creation of simple planar devices based 
on liquid conductors and elastomers,[30,31,33,34] but the fabri-
cation of 3D structures, which are needed in order to realize 
most functional actuators, is challenging using standard 
methods. In one such method, multiple layers of soft mate-
rials (e.g., polydimethylsiloxane (PDMS), or soft silicone poly-
mers) are patterned and sealed together to form an internal 3D 
channel.[12,35–38] In another, sacrificial and 3D printed molding 
methods, using solvent casting, are used, but these methods 
require harsh chemical processing, and do not scale to small 
sizes.[39,40] The fabrication of stretchable radio frequency (RF) 
antennas and inductors for stretchable acoustic devices has 
been previously reported,[33,41] but this work has often been lim-
ited to planar (2D) structures, or to very simple multilayer topol-
ogies that are not well suited to actuator design.[42–44] Recently 
proposed methods for 2D composite fabrication with eutectic 
alloys can yield novel functionalities, including semiconducting 
devices,[45] but are not amenable to the realization of actuators.

Here we propose new methods for the design and fabrica-
tion of soft, composite structures for miniature EMAs suited 
to applications in areas ranging from tactile displays to med-
ical robots. We present a simple fabrication process based on 
a roller coating and stencil printing method, which allows us 
to realize highly conductive, stretchable filaments that we use 
to create inductors, such as helical coils, with a wide variety of 

possible geometries. This method is simple and effective and is 
amenable to integration in composite devices and circuits, and 
to fabrication in research lab settings or to being adapted for 
manufacturing.

The deformability of these actuators holds promise for many 
applications. Their ability to conform to the human body or 
other structures is advantageous for wearable computing and for  
soft surgical robots that work in complex and unstructured 
environments. To demonstrate advantages of the proposed 
methods, we design and fabricate soft electromagnetic vibrotac-
tile actuators (EMVAs) and a soft, articulated miniature robotic 
gripper that manipulated various objects or loads (Figure 1). 
These devices are made from 3D helical coils, LM alloy, soft sili-
cone substrates, permanent magnets, and magnetic microparti-
cles. They are soft, inexpensive, and able to realize vibration or 
motion for wearable computing and robotics applications. We 
introduce theoretical models for the devices and validate them 
in experiments.

2. Development of a Soft 3D Electromagnetic 
Inductor
2.1. Fabrication of Soft 3D Helical Coil with Stretchable 
Conductive Channels

We developed a new process (Figure 2) for the design and 
fabrication of 3D helical coils for use in soft electronics. First, 
a liquid elastomer emulsion with high thermal conductivity 
(Section 2.2) is deposited in a thin layer (around 150 µm) on 
a flat surface using a stainless steel roller (Figure 2A). A fine 
carbon fiber rod (200 µm) is slowly rolled onto the thin silicone 
composite, followed by heating with a hot plate (Figure 2B,C).  
The cured silicone layer is peeled from the rod to form a hollow 
elastomer filament. The wall thickness of the hollow fila-
ment is ≈120 µm (see Figure S5, Supporting Information for 
more details). LM alloy is injected into the hollow fiber using 
a fine needle and syringe to form a long, stretchable, conduc-
tive hollow filament (Figure 2D). Wire electrodes are inserted 
into the ends, forming electrical connections, and the hollow 
filaments are then sealed. The soft hollow filament is wrapped 
around a plastic cylinder to form a 3D helical coil (Figure 2E), 
and, to maintain its shape, is integrated with a soft silicone sub-
strate (Figure 2F). To form actuators, the coils can be mechani-
cally coupled to permanent magnets and flexible elastic 
membranes.

Adv. Funct. Mater. 2018, 28, 1800244

Figure 1. Soft electromagnetic actuators for wearable tactile display and miniature robotics applications. A) Soft 3D helical coil adhered onto a soft 
silicone layer. B) An array of soft vibrotactile actuators, formed via the coupling of soft inductors with permanent magnets and flexible membrane 
suspensions; see Section 2. C) A miniature soft magnetic gripper, suited to micromanipulation tasks, formed from soft 3D helical coils and magnetic 
arms, shown with an ant.
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In the operation of actuators made from these coils, a mag-
netic field Bc is generated by the coil when a current is applied, 
as can be calculated from first principles. Here, we modeled 
the magnetic field for the 3D helical coil as a solenoid inductor. 
The cross section is shown in Figure S1 of the Supporting 
Information. We apply Ampere’s law to calculate the magnetic 
field strength at a point P located at distance z from the coil 
center on the axial z-axis (see Equations (S1)–(S3), Supporting 
Information). The amount of electrical power dissipated via 
Joule heating can also be calculated directly from the electrical 
resistance of the coil (see Equations (S4) and (S5), Supporting 
Information).

From the resulting equations, the magnetic field gener-
ated by the coil depends on an array of factors, including the 
number of turns, size of coils, current applied, permeability, 
and distance between the coil center and the object. In addi-
tion, the power consumption and thermal behavior also depend 
on the current, resistance, material properties, and ambient 
temperature. For a given coil geometry, the field strength 
(and hence force) and power consumption are constrained by 
heating, which, for fixed current, depends on resistance of the 
conductor and the thermal conductivity of the filament sheath.

2.2. Elastomer Filaments Inductors with High Thermal 
Conductivity

To achieve high power densities and field strength, EMAs 
must typically be driven with large currents (>1 A). For soft 
polymer devices like those presented here, this can readily 
lead to thermal failure, due to the inefficient thermal trans-
port of elastomers, and becomes a limiting factor. One method 
for reducing heating is to enhance the electrical conductivity 
of the liquid metal by suspending conductive (silver or gold) 
nanoparticles in it using one of several previous described 
techniques.[46–51] The resulting solutions are invariably high 
in viscosity, making them difficult to introduce into solid sub-
strates. As an alternative, we engineered thermally efficient 

inductors using elastomer filaments formed from colloids 
of LM alloy in a polymer matrix, yielding greatly increased 
thermal transport and thus increase the current and force limi-
tations.[29,52] Thermal transport in soft elastomers is limited by 
the dynamics of elastic vibrations, or phonon transport proper-
ties.[29,52–54] From kinetic theory one finds that thermal conduc-
tivity κe is given by κe ≈ v CVλ/3  = (E/ρ)1/2 CVλ/3, where v is 
the speed of sound, E is the elastic modulus, ρ is the density, 
CV is the volumetric specific heat, and λ is the mean free path 
of phonons.[55] Thus, low modulus dielectric materials typi-
cally exhibit low heat transfer. Various methods for overcoming 
this limitation on thermal transport in compliant materials 
have been proposed, often through the introduction of filler 
materials with higher thermal conductivity.[53] Among these, 
a recently introduced family of engineered elastomer colloids 
with elongated inclusions of LM,[29,52] which function as ther-
mally conductive pathways, is especially attractive for its ability 
to preserve the low stiffness and high strain limit of the pol-
ymer, and to achieve high thermal conductivities, approaching 
10 W m−1 K−1.

To apply this, we fabricated a composite elastomer via shear 
mixing of EGaIn with a liquid polymer elastomer (Ecoflex 0030) 
at specified weight ratios to produce an emulsion of elongated 
LM domains within the polymer medium, which, upon curing, 
yields an elastic colloid with improved thermal conductivity, as 
demonstrated below (see the Experimental Section for com-
plete details).

We used this material to fabricate elastomer filaments with 
several different mass ratios of EGaIn, and from which we 
made 3D helical coils (Figure 2). The increased thermal con-
ductivity allows the resulting coils to be operated at higher 
currents (and hence forces) for longer times without under-
going thermally induced mechanical failure or overheating 
(Figure 3).

We characterized the heating of coils formed from com-
posite elastomers with different mass ratios of LM (0%, 30%, 
60%, and 90%) using a thermal imaging camera (FLIR A35 
Series, FLIR Systems, Inc., USA). Initially, the coils were 
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Figure 2. Fabrication process for the soft, 3D helical coil inductor. A) A thin layer of liquid silicone elastomer (Ecoflex 0030) is laminated onto a flat 
surface using a stainless steel roller. B) A fine, carbon fiber rod is rolled onto the thin silicone layer. C) The laminated layer and rod are heated via hot 
plate. D) Liquid metal alloy (EGaIn) is injected into the hollow filament, and electrodes are inserted into the two ends. E) The hollow filament is wound 
to form a 3D helical coil. F) 3D helical coil is adhered to a soft silicone layer.
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unpowered. Subsequently, a high current of 2 A was applied 
for 29 s, then removed (Figure 3B). The thermal imaging 
results indicate that the coils formed from composite elasto-
mers with the highest mass ratios dissipated heat most effi-
ciently, leading to far lower surface temperatures. At 90% mass 
ratio, the surface temperature remained below 30 °C, while 
the surface temperature of the sample with 0% mass ratio 
grew monotonically, reaching 40 °C. When the current was 
removed, the surface temperatures dropped more rapidly for 
the composite elastomer coils, indicating that these devices can 
achieve better thermal performance under both sustained and 
transient loading with high currents without degrading their 
mechanical performance.

3. Applications of Soft 3D Helical Coils

3.1. Soft Vibrotactile Actuators (SVAs)

Haptic technologies—electronic displays for the sense of 
touch—have received growing interest in the last few dec-
ades. Such displays, analogous to graphical display for vision, 
deliver mechanical stimuli to stimulate the skin. Among the 
many types of haptic devices, vibrotactile displays, based on the 
application of mechanical vibrations to the skin, are the most 
widespread and investigated because of the ease of designing 
and driving them.[56] To date, vibrotactile display devices have 

used rigid electromagnetic motors, piezoactuators, electroactive 
polymer actuators, or dielectric actuators, among others,[57–60] 
all of which involve tradeoffs in rigidity, performance, or com-
plexity. Although dielectric elastomer actuators have attracted 
attention in haptics, as soft devices that can respond quickly 
and that can be made compact, they typically require high volt-
ages (often 1 kV or more), complex fabrication procedures, 
and carefully controlled mechanics; also, these devices involve 
tradeoffs between size, displacement ratio, and force that make 
it difficult to achieve adequate power densities.[61]

The SVAs we introduce here can operate at low voltages 
and are facile to fabricate. They can be designed as indi-
vidual elements or as arrays that are amenable to integration 
in skin-worn interfaces, as demonstrated in several proto-
types presented here (Figure 4). As discussed in Section 2.2,  
coils may be fabricated from colloids of polymer with LM 
microdroplets where high thermal conductivity is required. In 
the illustrative demonstrations presented here, which required 
only low current values, and were thus not limited by thermal 
performance, we selected noncolloidal polymer as the substrate, 
thus simplifying the fabrication procedure and description.

To fabricate the SVAs (Figure S2, Supporting Information), 
first, the helical coil (Figure 2) is attached to a silicone sub-
strate by adhering it with a layer of liquid uncured Ecoflex 0030 
(Smooth-On, Inc, Easton, PA, USA). It is then cured at 60 °C 
for 1 h. Next, a silicone membrane (Ecoflex 0030) is bonded 
to the coil, and a permanent magnet is bonded to its opposite  
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Figure 3. Enhanced thermal regulation through the use of colloids of silicone polymer with liquid metal alloy (EGaIn). A) Coil heating with different 
mass ratios of EGaIn and polymer: 0%, 30%, 60%, and 90%. B) A DC current of 2 A was switched on for 29 s, then switched off. C) As the EGaIn ratio 
increased, the surface temperature remained lower, and decreased more rapidly when the current was removed.
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face (Figure 4A). To create arrays of vibrotactile actuators 
(VAs), multiple 3D helical coils are attached and assembled on 
a single substrate. To avoid otherwise high interaction forces 
between neighboring magnets, we fabricated magnetic shield, 
consisting of a high magnetic permeability elastomer com-
posite, covering all but the coil side of the magnet (Figure 4A;  
Figure S2, Supporting Information). This ensures that each 
vibrotactile actuator can respond independently, and that 
the static magnetic forces do not disturb the soft structures 
involved.[62] The dynamics of the resulting actuators can be mod-
eled by building on the results of Section S6 of the Supporting 
Information, and accounting for the motion of the magnet 
and membrane. The membrane deformation is modeled as  

a simply supported annular plate with outer radius a, corre-
sponding to the membrane, and inner radius b (Figure 4C),  
corresponding to the radius of the permanent magnet bonded 
to it.[63] The maximum deflection δmax is at the inner edge of the 
membrane, r  =  b. Using F  =  2πbP, for small displacements, 
the maximum deflection in response to applied force F can be 
obtained from solid mechanics consideration, yielding a linear 
relation δmax =  F g(a,  b ϑ,  D), where the proportionality con-
stant g depends on the geometric and material parameters of 
the device (see Equation (S17), Supporting Information).

To validate the proposed design and approach, we used the 
parameters corresponding to the fabricated device. Predicted 
values and results of real-time experiments are shown in  
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Figure 4. Soft electromagnetic vibrotactile actuators. A) Structure of a soft electromagnetic actuator. B) Fabricated soft electromagnetic vibrotactile 
actuators. C) Solid mechanical model, consisting of an annular plate subjected to a load at the radius b of the magnet. D) A comparison of model 
predictions and experimental measurements of the actuator displacement versus force deformation show close agreement. E) The useful actuator 
response extends beyond 500 Hz, overlapping virtually all of the range of sensitivity of tactile sensation. Parameters for fabricated device b  =  3 mm,  
a  =  4 mm,  h  =  0.12 mm,  E  =  125 KPa,  ϑ  =  0.5. Scale bar: 5 mm.
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Figure 4D. We applied forces that ranged from 0 to 0.15 N, 
measured the membrane displacement via a laser position sensor 
(Model IL-065, Keyence, USA). The displacement is approximately  
linear with the applied force (F = Kδmax, K  = 0.27 Nm m−1). 
In implementations, this relation can be used to estimate 
forces between the magnet and the soft coil using sensed 
displacement information, which may be useful when other 
force sensing methods are not available. We also evaluated the 
actuator response to oscillating inputs. As shown in Figure 4E 
and Videos of the Supporting Information, the actuator readily 
responded to sinusoidal driving signals ranging from 0 to 
500 Hz.

We also characterized the force F, which is described by 
Equation (S9) of the Supporting Information, generated by 
the soft coil to the external magnet with volume Vm and 
magnetization Mm. The results are reported in Figure 5A. 
A higher value of force can be achieved by increasing the 
number of turns N and the current I at the expense of greater 
power consumption. The magnetic force F of the coil on the 
external magnet for I = 1 A is ≈32 mN corresponding to a 
displacement δmax of 0.23 mm. The work density of the VA 
is approximately  Wvibro =  Fδmax/Vact or Wvibro =  0.053 kJ m−3 
where Vact =  1.531  × 10−7 m3 is the actuator volume. We 
also calculated the power consumption for the single VA (see 
Equation (S4), Supporting Information). With current I = 1 A 
and resistance Rc = 0.9 Ω, the mean power consumption Pvibro 

for a single actuator is 0.9 W. The energy conversion ratio η 
between the energy supplied to the actuator and the mechan-
ical work is approximately η  =  (Fδmax)/(tmovePvibro) or 0.03% 
where tmove ≈ 0.03 s is the travel time of the magnet from the 
origin to a position of 0.23 mm. A comparison of this device 
with other actuators is provided in Table S1 of the Supporting 
Information.

We also evaluated the magnetic field as a function of the 
applied current via a real-time experiment, using the design 
parameters given above, yielding close agreement, with some 
discrepancy at high currents (Figure 5B), likely attributable 
to the change in magnetic field with distance from the coil. 
We also evaluated the stretchability of these devices by under 
strain-controlled loading from 0% to 100% (step size 10%) and 
assessed their flexibility by controlling the bending angle of 
the supporting surface, from 0° to 45° (see Figure 5D). In both 
experiments, we applied a constant current (I = 0.8 A) to the coil 
and measured the magnetic field immediately above the center 
of the coil (at z = l/2) using a Gauss meter (model 5180, F.W. 
Bell, USA). The nominal field strength of 1.2 mT decreased 
with bending due to the change in coil geometry (Figure 5C,D),  
reducing to a minimum of 0.85 mT for large values of strain 
and 0.9 mT for very large bending angles. Despite the modest 
flux loss, the devices remained functional throughout this 
range, and hold promise for applications in which stretch-
ability and conformability are paramount. See also in Figure S7  

Adv. Funct. Mater. 2018, 28, 1800244

Figure 5. Soft 3D coil characterization. A) Magnetic force versus applied current: mathematical model and measurements. B) Magnetic field strength 
versus current: mathematical model and measurements. C) Magnetic field strength versus coil elongation. D) Magnetic field strength versus bending 
angle. The model parameters of the device are as µ0 =  4π × 10−7 JA−2 m−1, N = 7, l = 3 mm, R = 4.5 mm, and z = (l/2 + 0.75) mm, Mm = 1.48/µ0 Am−1, 
hm =  4.15 mm,  Rm =  3.17 mm, where hm and Rm are the height and radius of the permanent magnet, respectively.
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and Videos of the Supporting Information for more details. 
To further evaluate the stretchability of the coil, we measured 
the change in resistance under the applied strain ranging 
from 0% to 100%. The results reveal a change in resistance 
with minimal effect on device performances (see Figure S5,  
Supporting Information). During the experiments, we held the 
current I ≤ 1 A. Higher currents can be sustained if the coil is 
fabricated from the proposed thermal composite, as shown in 
Section 2.2.

3.2. Miniature Soft Electromagnetic Gripper (SEMG)

Advances in soft microrobotics may enable many applications, 
especially in healthcare industry, but the required technologies, 
and methods for fabricating them, are still developing. Here, 
we present a miniature soft SEMG that can flexibly grasp, hold, 
and release a specified object or tissue. The gripper is fabricated 
with the newly developed soft 3D helical coil (Section 2) and 

soft magnets, which are briefly described here (see Figure 6). 
First, a permanent magnet (NdFeB, grade N52, K&J Magnetics, 
USA) is broken down into small magnetic particles using a 
hammer or planetary ball milling machine. Second, a liquid 
silicone (recommended by ratio 1:10 between the curing agent 
and elastomer, Sylgard 184 Silicone Elastomer, Dow Corning, 
USA) is homogenously mixed with the magnetic powder at a 
weight ratio of 1:9. After mixing, the solution is poured into 
a 3D printed mold, and aligned with an external permanent 
magnet. The orientation of the magnetic polarization of the 
arms of the gripper (angle α = 25°) is specified by curing in 
an external magnetic field imposed by a high strength perma-
nent magnet (Figure 6D,E). Curing is performed in an oven at 
60 °C for 3 h. The magnetic arms are then mounted on a flex-
ible beam (Ecoflex 0030, Smooth-On, Inc, Easton, PA, USA) 
(Figure 6F). After curing, the assembly is coupled to a pair of 
soft 3D helical coils, and the assembly is sealed via uncured 
Ecoflex 0030. Upon excitation of the coils, the arms of gripper 
may be independently controlled, opened, and closed by  
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Figure 6. The fabrication process and working principle of the miniature soft electromagnetic gripper: A) Crush a permanent magnet (type N52) into 
B) microparticles, which are then C) mixed with liquid silicone polymer using a mixing machine. D) Pour the suspension of magnetic particles and 
polymer into a 3D printed mold. E) Align the mold above a permanent magnet to elicit a specified magnetization orientation. F) Side view and top 
view the finished device where the magnetic arms are then mounted on a flexible beam. G) Soft gripper in the absence of magnetic field generated by 
the soft 3D coils. H) Soft gripper under the presence of applied magnetic field generated by the soft 3D coils.
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magnetic fields produced by supplying current to the coils 
(Figure 6G,H).

To control the orientation or bending angle γ of the soft 
magnet of each arm, a magnetic field of magnitude Bc is 
imposed by applying the requisite current I to the soft 3D 
coil. We evaluated the resulting expression numerically and 
compared the predictions with the parameters that matched 
our gripper. The results are shown in Figure 7B and illus-
trate good agreement between the experiment and the model 
(Equation (S20), Supporting Information), for angles up  
to 40°.

To illustrate the utility of the SEMG, we demonstrate 
its ability to pick up a small foam, a PDMS cube, and a pre-
served carpenter ant (Camponotus sp., Figure 8). The weights 
for soft foam, ant, and PDMS cube are 2.89, 3.61, and 13 mg, 
respectively. In addition, the distance between the two tips of 
the opened and closed gripper is ≈3.88 mm and all objects are 
≈2 mm wide (see Figure S6, Supporting Information). The soft 
gripper descends to the target object, and current is supplied to 
the coils, closing the grips.

The strength of the magnetic field, and force, depend on 
the driving current. Using the thermally efficient polymer 
filaments (Section 2.2) facilitated the use of higher cur-
rents and forces. The current is switched on, reversed, or 
switched off in the experiment to open and close the grip. 
In the validation, we used 14 turns of 3D soft coil in order 

to generate a high magnetic field to the soft gripper. The 
amount of electrical power dissipated via Joule heating Pgrip 
of a coil is around 1.296 W, corresponding to an applied  
current of 1.2 A. The work density (Wgrip =  Tγ/Vact) 
or 0.25 Jm−3. The energy conversion ratio between the 
power supply and the mechanical work (Tγ)/(tmovePgrip) 
or 0.0049% where the torque T ≈ 0.18 µN m is estimated 
from Equation (S18) of the Supporting Information,  
γ = 38°, and tmove ≈ 0.024 s. The soft gripper is intrinsically 
fast, operating at time scales of tens of milliseconds, cor-
responding to a frequency bandwidth of 100 Hz or more. 
Comparison between the proposed soft gripper and others is 
presented in Table S1 of the Supporting Information. Further 
details are shown in Videos of the Supporting Information.

4. Conclusion

We developed and fabricated SEMAs, which are actuated based 
on the Lorentz force principle, via electrical current. The cen-
tral innovation of our devices is a soft electromagnetic inductor 
made from 3D helical coils formed from fine, stretchable hollow 
filaments that are filled with a LM alloy conductor. By fabri-
cating these filaments from a colloid of silicone polymer and 
EGaIn microdroplets, we enable them to achieve high thermal 
conductivity, facilitating greatly increased current handling,  

Adv. Funct. Mater. 2018, 28, 1800244

Figure 7. Validation experiments for miniature soft magnetic gripper. A) Schematic of bending angle γ for a single arm with attached soft magnets. 
B) Real-time measurement of applied magnetic fields versus bending angles for a single arm. The device parameters are t1 =  0.9 mm,  t2 =  1 mm,  
t3 =  0.6 mm,  t4 =  1.9 mm,  t5 =  0.7 mm,  t6 =  0.23 mm, E  =  125 kPa, α = 25°. The magnetization value M  = Br/µ0  =  137 kAm−1 (see Figure S3 and 
Equation (S22), Supporting Information). Scale bar: 2 mm.
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and commensurately higher magnetic fields, and forces. Using 
these technologies, we demonstrate small scale cylindrical 
actuators capable of linear high-frequency motion. The perfor-
mance of these devices exhibits close quantitative agreement 
with predictions of a mathematical model based on the Lorentz 
force principle. They prove capable of operating over a scal-
able range of voltages or currents, here ranging from 50 mA to 
>1 A, or 50 mV to 1 V, yielding displacements of up to 1 mm, 
and retained most of their performance when stretched up to 
100%, or bent to angles of 38°. We apply these actuators in 
multipoint arrays, which are suited to providing tactile feedback 
in wearable devices, even as they stretch to conform to the skin. 
We also demonstrate multi degree-of-freedom devices that are 
capable of articulated motion and demonstrate their applica-
tion in a unique miniature soft robotic gripper, which proved 
capable of manipulating (grasping, lifting, and releasing)  
miniature loads.

The proposed SEMAs have several key advantages: (i) They 
are fast, capable of operating at high frequencies. (ii) They can 
operate at low voltages. (iii) They are thermally efficient, ena-
bling them to achieve high transient or sustained displace-
ments. (iv) They operate even when bent or stretched. (v) They 
offer theoretically predictable performance that is scalable in 
size and force. (vi) They are polymodal, suited to integration in 
simple arrays or articulated structures. These actuators share a 
disadvantage that is common to other electromagnetic actua-
tors, which is that higher forces require proportionally higher 
currents, with the feasible current limited by heating. As intro-
duced here, these devices mitigate this through the use of ther-
mally conductive polymers that greatly reduced heating. They 
also have the disadvantage of relatively small displacements, 
although this can be improved through mechanical design. In 
a broader context, owing to their attractive properties (including 
stretchability, speed, ease of driving, and scalability), these 

Figure 8. Manipulation process steps and experimental validation for the miniature gripper with a soft foam cube, an ant, and a PDMS cube. A) Initial 
position of the gripper. B) The gripper approaches vertically from the top to the payload. C) The gripper holds and lifts the payload. D) The gripper 
moves back to its original position. The objects are ≈2 mm wide. Videos for real-time experiments are presented in the Supporting Information. Scale 
bar: 2 mm.
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actuators could prove useful in applications benefitting from 
integration in wearable electronics,[61] microsurgical robotic 
instruments,[64] soft MEMS,[65] acoustic actuators,[66] microflu-
idics,[67] and autonomous soft robotics.[14] They are more com-
plex to fabricate than simpler pneumatic soft actuators, but are 
faster, simpler to drive with microelectronics, and easily adapt-
able to proportional control over a wide dynamic range. The 
systems illustrated in Figure 4, for example, may have the right 
characteristics to operate as a tactile display for human–com-
puter interaction, or, in another embodiment, as a microfluidic 
pump. These systems have the advantage of being amenable to 
reconfiguration in a variety of formats.

5. Experimental Section
Fabrication for Soft 3D Helical Coil: The soft 3D helical coil is 

fabricated using roller coating and stencil printing process with a 
fine carbon rod (CST, The Composites Store, Inc., CA, USA). Details 
are shown in Section S1 of the Supporting Information. Ecoflex 0030 
(Smooth-On, Inc, Easton, PA, USA) which is mixed at a weight ratio of 
1:1 (part A:part B) was selected due to its high elongation, short curing 
time, and ease of molding. EGaIn (Sigma-Aldrich Co. LLC, USA) is used 
as the conductive component due to its high electrical conductivity and 
ease of use.

Thermal Composite Fabrication: The highly thermal conductivity 
composite was developed from liquid metal EGaIn and Ecoflex 0030 
elastomer (Smooth-On, Inc, Easton, PA, USA). To obtain this solution, 
liquid Ecoflex 0030 (mixing part A with part B at weight ratio of 1:1) 
is mixed with EGaIn alloy (Sigma-Aldrich Co. LLC., USA) at a desired 
weight ratio using a Planetary Centrifugal Mixer (Model Thinky, ARE-
310, USA) for 5 min. The thermal composite is subsequently used to 
fabricate the 3D helical coils where similar steps in previous parts are 
repeated.

Fabrication Process for the SVAs: The soft VAs, comprised of flexible 
membranes, 3D helical coils, magnetic shield covers, and silicone 
substrates, were fabricated using combined techniques of soft 
lithography, 3D printing, and laser cutting. The permanent magnet was 
NdFeB, N52 grade from K&J Magnetics, USA. Ecoflex 0030 (Smooth-On, 
Inc, Easton, PA, USA), which is mixed at a weight ratio of 1:1 (part A:part 
B) was selected for the soft components due to its high elongation at 
break. This silicone was mixed with fine iron powder particle (>97.7%, 
325 Mesh, ChemicalStore, Inc., USA) with a volume ratio of 3:2 to make 
the magnetic shield cover. Further details are given in Section S2 of the 
Supporting Information.

Fabrication Process for Miniature SEMG: The gripper was fabricated 
using the micromolding process detailed in Section S3 of the 
Supporting Information. Liquid silicone (Sylgard 184 Silicone Elastomer, 
Dow Corning, USA) was chosen for the soft magnet due to its ease of 
molding and slow curing time. The silicone was mixed with magnetic 
powders, poured onto the printed mold, and aligned under the influence 
of an external magnetic field. The magnetic powders (≈5 µm diameter) 
were obtained by crushing NdFeB permanent magnet, (N52 grade, K&J 
Magnetics, USA), via impact hammer. Ecoflex 0030 (Smooth-On, Inc, 
Easton, PA, USA), which is mixed at a weight ratio of 1:1 (part A:part B), 
is used for the bending arms.

Thermal Display and Other Measurements: The thermal characterization 
is shown in Section S4 of the Supporting Information. Thermal images 
were recorded via thermal imaging camera (FLIR A35 Series, FLIR 
Systems, Inc., USA). To measure the magnetic field generated from 
the 3D helical coil, a magnetic Gauss meter (5180 Handheld Portable 
Gauss meter, F.W. Bell, USA) was used. To detect the displacement of 
the flexible membrane and magnetic arm, a laser sensor (Model IL-065, 
Keyence, USA) was used. For force characterization, a FUTEK load cell 
LSB200 (FUTEK Advanced Sensor Technology, Inc., USA) connected to 
a real-time controller (QPIDe Data Acquisition Device, Quanser Inc., 

USA) was used, which decoded the signals. Stretching and bending 
tests for the coil were carried out using a Mark-10 test stand system 
(Mark-10 Corporation, USA). A laser Doppler vibrometer (PDV-100, 
Polytec GmbH, USA) was used to characterize the frequency response of 
the VA. The response time for the vibrotactile actuator and soft gripper 
were measured using a laser position sensor (Model IL-065, Keyence, 
USA). All recorded data were processed in the MATLAB environment 
(MathWorks, Inc., USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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S1. Fabrication process for the soft 3D helical coil 

First, liquid Ecoflex-0030 (Smooth-On, Inc, Easton, PA, USA) is prepared by mixing part A and 

part B with a weight ratio of 1:1. The mixing process is carried out in a planetary centrifugal 

mixer (Model Thinky ARE-310, USA) for one minute. Next, the liquid silicone solution is 

spread onto a glass surface using customized film applicator. The height of the cast silicone layer 

is controlled to approximately 150 µm by a precision ball screw. A fine carbon fiber rod with a 

diameter of 200 µm (CST, The Composites Store, Inc., CA, USA) is mounted onto a DC motor 

(Maxon motor, model DC-MAX26S EB KL 24V, USA) via micro pin vice (162A, L.S. Starrett 

Company, USA), which subsequently is used to roll the carbon fiber rod onto the laminated 

silicone layer. The rod and laminated layer are immediately heated using a hotplate (Model 

HP88854100, The Lab Depot, Inc., USA) at 1500 C for a few seconds to cure the silicone layer. 

Next, a hollow tube is obtained by directly peeling off the Ecoflex layer from the fiber carbon 

rod. After that, eutectic gallium indium alloy (EGaIn, Sigma-Aldrich Co. LLC., USA) is injected 

into the hollow tube via micro needle and syringe. Electric cables are inserted into the two ends 

of the soft channel for the power supply connection. The resulting soft conductive filament is 

wrapped around a plastic cylinder with desired inner diameter, turns, and height to form a 3D 

helical structure. To maintain the 3D shape, a few drops of uncured liquid Ecoflex are applied to 

the coil, and after 10 minutes are heated at 600 C for 30 minutes to cure the silicone.  

S2. Fabrication process for the soft vibrotactile actuators  

To create the soft vibrotactile actuator using the designed soft 3D helical coil, the following 

processes, which are shown in Figure S2, are used: (i) fabricate a silicone ring to support the 

flexible membrane, (ii) fabricate the flexible membrane, (iii-iv) fabricate the magnetic shield 

cover and connected to the permanent magnet. First, a liquid silicone of Ecoflex-0030, Smooth-
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On Inc. (Weight ratio 1:1 for Part A:Part B) is deposited onto a silicon wafer via spin coater 

machine (Model EDC-650-8B from Laurell technologies Corporation, Inc., CA, USA). The 

obtained layer is then heated in an oven (Model VD 23, BINDER, Germany) for ten minutes at 

600 C. To obtain a flexible membrane of the desired size and shape, the curing silicon layer is cut 

using a laser cutting machine (Rayjet 300, Trotec Laser, Inc., MI, USA). A similar process is 

carried out for the membrane support where a solution between PDMS (Sylgard 184 Silicone 

Elastomer - Dow Corning, USA) and Ecoflex-0030 (Smooth-On Inc.) with mixing weight ratio 

(3:7) are used. The mixing solution are deposited onto a 3D printed mold produced via polymer 

jet deposition printing (Objet 30 Pro, Stratasys Ltd., USA), subsequently cured at 600 C for three 

hours, and cut into desired shape using the Rayjet 300 Laser machine. The permanent magnet is 

a NdFeB magnet (N52 grade from K&J Magnetics, USA). To cover the magnet with a magnetic 

shield material, we used a suspension of fine iron powder particle (>97.7%, 325 Mesh, 

ChemicalStore, Inc., USA) in Ecoflex-0030 with a volume ratio of 3:2. The mixing silicone-

powder is obtained using a planetary centrifugal mixer (Model Thinky ARE-310, USA). To 

make the magnetic shield cover, the mixing solution is poured onto a 3D printed mold and cured 

it at 700 C for two hours. Subsequently, the permanent magnet is inserted into shield cover shell. 

To obtain the silicone layer as soft subtract for the actuator, the uncured liquid Ecoflex-0030 is 

laminated onto a flat surface at a desired thickness and cured in an oven at 600 C for one hour. 

All the obtained components are connected together using uncured Ecoflex-0030, Smooth-On 

Inc. (Weight ratio 1:1 for Part A : Part B) and cured in an oven for one hour. 

S3. Fabrication process for miniature soft robotic gripper 

First, a permanent cylinder magnet (NdFeB, Grade N52, K&J Magnetics, Inc., USA) is broken 

down to small magnetic particles using a hammer. The process is repeated for ten to twenty 
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times to obtain fine micro magnetic particles (approximate diameter 5 µm). Second, a liquid 

silicone (Sylgard184 Silicone Elastomer - Dow Corning, USA) is homogenously mixed with the 

magnetic micro particles at a weight ratio of 1:9. The next step is to program the micro magnetic 

particles in the polymer matrix. The obtained solution is directly poured onto a 3D printed mold 

and subsequently place above a large permanent magnet (NdFeB, Grade N52, K&J Magnetics, 

Inc., USA) in a desired orientation. Next, the components are cured in an oven at 600 C for three 

hours. After curing, the aligned soft magnet is manually cut into desired size and shape for soft 

magnetic arms. To make the soft beam for the magnetic arms, a thin layer of Ecoflex-0030 which 

is spin-coated onto a silicon wafer and cured at room temperature for two hours is cut into 

desired shape of the beam using a laser cutting machine. The soft magnet is connected to the soft 

silicone beam via uncured Ecoflex solution. To make the nail for the arms, a portion of thin 

yellow Scotch tape (3M, USA) is carefully cut into a triangle shape and attached to the soft 

magnets by an adhesive glue (Loctite, USA). The flexible beam is obtained from a laser machine 

with designed shape of silicone thin layer (Ecoflex-0030, Smooth-On, Inc., USA). Once the 

connectors have fully cured, micro grippers with their attached nails are connected to two soft 

3D coils via a liquid Ecoflex-0030 layer. 

S4. Thermal characterization 

Four different samples of 3D helical coils are fabricated using different thermal composite 

solutions (weight ratios between liquid metal EGaIn and Ecoflex-0030 are 0%, 30%, 60%, 90%). 

A thermal camera (FLIR A35 Series, FLIR Systems, Inc., USA) is used to capture the thermal 

effects on the 3D helical coils. A high current of 2 Amperes from a DC power supply is directly 

applied to the four helical coils in a period of time ranging from 0 s to 29 s and this current is 
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removed from the rest of experimental process. Real-time thermal displays are captured for every 

6s during the testing.  

S5. Magnetic field and magnetic force for the soft 3D coil interacting with the permanent 

magnet 

Consider a flux loop located at distance z’ with thickness dz’. The current I passing through the 

section of this loop (as shown in Figure S1) is given by: 

    (    )    
 
             (S1) 

where    
 
 is the number of turns per unit length. The magnetic field    at distance z from the 

coil center is: 

        

 [(    )    ]
 
 
       

 [(    )    ]
 
 

  
 
          (S2) 

with R the radius of the coil.  

Integrating Equation S2 over the entire length, we obtain an expression for the magnetic field   :  

  ( )    
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√(   
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√(   
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]       (S3) 

where         is the nearly uniform magnetic field inside the coil, N is the number of turns, I 

is the applied current, and            JA-2m-1 is the magnetic permeability of the core 

region. [1, 2]   

The amount of electrical power dissipated via Joule heating can be calculated directly from the 

electrical resistance of the coil: 
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          (S4) 

where                are the electrical conductivity, total length, and cross-sectional area of the 

conductor. At high powers, heating causes an increase of resistance, which can be accounted for 

via a thermal factor: [1, 2]  

    (     )           (S5) 

where    is the increase in coil temperature and   is the linear temperature coefficient of 

electrical resistivity for the conductive channel. 

The magnetic force between a coil and a permanent magnet is given by: [3] 

  ∫(    )               (S6) 

Where F is the force,    is the volume of the magnet,    is its magnetization and   is the 

gradient operator defined by    [  
  

  
  

  
  
] 

Assuming that the field and gradient components are uniform over the magnet, the force 

interaction can be written as: 

    (    )             (S7) 

and 

(    )  (  
  )  [  

 
  

   
 
  

   
 
  
]        (S8) 

The permanent magnet is magnetized along the z axis, the above equation can be simplified to: 
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Or  
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)       (S9) 

S6. Membrane deflection  

The force-displacement relation may be obtained by considering the effect of a shear force P per 

unit length, uniformly distributed over the inner radius b, corresponding to net force       . 

The governing equation for a circular plate under axisymmetric loading reads: 

   ( )    
 
            (S10) 

where  ( ) is the normal displacement,      

  (    )
 is the flexural rigidity of the flexible 

membrane, E is the elastic modulus, h is thickness of the circular membrane, and   is the Poisson 

ratio. [4, 5]  Since the load is axisymmetric and the applied radial force is zero, one obtains for the 

vertical shear response to load   [6] 

 
  

[ 
 

 
  

(   
  

)]    
 

           (S11) 

If Q is applied at an inner radius b with force P per unit length, then      
 

. Letting     
  

, 

one can integrate Equation S11 to obtain 

 ( )     (   ( )   )      

 
      ( )           (S12) 

The solution for  ( ) is obtained by applying the boundary conditions and solving for the 

unknown constants   ,   , and   .   
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At the outer edge, r = a, one has  ( )    and   ( )    where      (   
     

 
  
  

) is the 

bending moment. 

 ( )     (    ( )   )      

 
      ( )           (S13) 

  ( )    ( )   (      ( )   )     
 

   
 

        (S14) 

At r = b, one has the boundary condition   ( )     

  ( )    ( )   (      ( )   )     
 

   
 

        (S15) 

Upon substituting into the general solution given by Equation S12, one obtains 

 ( )      
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)       (S16) 

The maximum deflection in response to applied force F is given by: 

        

   
((    
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)     (S17) 

S7. Magnetic torque calculation for miniature gripper  

The magnetic particles in each arm experience a torque         due to the applied field    

generated by the coil, where m is the magnetic moment. The net torque actuated on an arm is 

given by 

     (    )  | ||  |             (S18) 

where M and          are the magnetization and volume of the soft magnet, and    
 
   

  where     is the relative magnet polarization (Figure 6E) and   is the bending angle of the 
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flexible arm joint, a beam of cast polymer (Ecoflex-0030). Accounting for the joint stiffness, in 

equilibrium, for small deformations, one has 

        
 
  

            (S19) 

where E,         

  
   , and    are Young modulus, second moment of area, bending angle, and 

length of polymer beam, respectively.        are the width and height of the polymer beam cross 

section (See Figure 6).  

The applied magnetic field    and bending angle   are related by 

  ( )      
| |           (   )

         (S20) 

S8. Magnetic field calculation for the soft permanent magnet 

The magnetic field Bm at a distance y from a cylinder magnet with length Dm, radius Rm (Figure 

S3) is given by: 

  ( )    
 
[     

√(    )    
 
  

√     
 
]       (S21) 

where    is the remanence field and independent of the magnet geometry, y is the distance from 

the pole face on the symmetrical axis,    is thickness (height) of the cylinder magnet, and    is 

the radius of the magnet. 

We measure the magnetic field to the surface (   ) of a permanent, elastic magnet (the 

fabrication was carried out at a predetermined ratio 1:9 of PDMS and magnetic powder. The 

ratio of reagents in the PDMS mixture was 1:10 (ratio of curing agent to elastomer)). The 
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diameter for the magnet is as follow:                     . The magnetic field 

obtained at the surface is 0.07T. Using the above equation, we can obtain           

The magnetization M of this magnet can be calculated using: 

    
  

      
                          (S22) 

Where                    is the magnetic vacuum permeability. 

S9. Numerical identification of the relation between magnetic field and bending angle  

The nonlinear relation between magnetic field and the bending angle of the gripper arm not 

admit any simple analytical solution for the angle. To compare with experimental measurements, 

we used a simple numerical solution technique based on Newton’s method. 

Recalling the relation between applied magnetic field and bending angle from Equation S20, we 
have: 

  ( )      
| |           (   )

         (S23) 

or  

   (   )
 

    
| |          ( )

         (S24) 

Define a function  ( )     
| |          ( )

      (   ). The derivative of this function is: 

  ( )     
| |          ( )

    (   )          (S25) 

This implies that, within a suitable domain, the function  ( ) always has a unique solution for    

Note that (   )      , then    (   )    
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Applying Newton’s method with a starting guess   , one can obtain the solution of   from 

Equation S25: 

         (  )
  (  )

           (S26) 

With parameters            ,        mm,      mm,        mm,        mm, 

       mm,         mm,       kPa,            . For all cases, the values of   

converge with n=10,     . 
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Figure S1. Cross-sectional view of a finite solenoid with length l, inner radius R, and number of 
turns N. 
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Figure S2. Fabrication process for a soft vibrotactile actuator and the magnetic shield cover. Note 
that the cover is used to minimize interaction forces between electromagnets in an array. 
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Figure S3. The magnetic field Bm at a distance y from a cylinder magnet with length Dm and 

radius Rm  
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Figure S4. Bending angle calculation for the coil (       (    )) where d is vertical 

displacement obtained from laser sensor. The coil is fixed onto a frame. A bar mounted onto a 

linear slider (Mark-10 test stand system, Mark-10 Corporation, USA) is gradually moved from 

the top to the bottom (travel distance d) to provide the bending angle for the soft coil. 

 

 

 

 



 

16 
 

 

Figure S5. Resistance characterization for the soft 3D coil. (Left panel) Resistance versus 

stretchability, (Right panel). Cross-sectional SEM image for the cross section of the hollow 

filament. 
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Figure S6. Experimental objects for soft magnetic gripper. (From left to right): Soft foam (weight 

2.89 mg), an ant (weight: 3.61 mg), and PDMS cube (weight: 13 mg). Scale bar: 5mm 
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Figure S7: Characterization for soft electromagnetic vibrotactile actuators. A) Non-stretchable 

configuration. B) Under 75% of strain C) Under bending. D) Array of soft vibrotactile actuators. 

Scale bar: 5 mm 
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Table S1. Comparison between proposed soft actuators with other available actuators 

 Work density (kJm-3) Bandwidth (Hz) Driving voltage 

Dielectric elastomers [7, 8] 10 typical 1400 at -3 dB, 

maximum observed 

> 50 kHz (requires 

costly driving 

electronics) 

> 1 kV 

Pneumatic actuator [9-11] 100 200 1 10 1   10 V (for 

valve control) 

Ionic Polymer Metal 

Composites (IPMC) [9, 12] 

5.5 < 1  5 7 V 

Soft vibrotactile actuator 

presented here 

0.0053 > 500 0.5   V 

Soft magnetic gripper 

presented here 

0.25      > 45  0.5  1 V 

Carbon nanotube actuator [7] 2 typical, 40 max <1  2 V 
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List of Supporting videos 

Video 1. Soft vibrotactile actuator at 5 Hz 

Video 2. Soft vibrotactile actuator at 10 Hz 

Video 3. Soft vibrotactile actuator at 20 Hz 

Video 4. Soft vibrotactile actuator at 40 Hz 

Video 5. Soft vibrotactile actuator being bent 

Video 6. Soft vibrotactile actuator being stretched 

Video 7. Soft vibrotactile actuator with tactile display 

Video 8. Micro gripper at 1 Hz 

Video 9. Micro gripper at 5 Hz 

Video 10. Micro gripper at 15 Hz 

Video 11. Micro gripper at 25 Hz 

Video 12. Micro gripper at 45 Hz 

Video 13. Micro gripper with foam 

Video 14. Micro gripper with ant 

Video 15. Micro gripper with PDMS 

 


