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1. INTRODUCTION

Soft robotics is a branch of robotics that utilizes highly flexible materials to achieve
locomotion and actuation control where rigid bodies are unable. Soft materials such as
silicon rubber (15261 pDMS [24303547] and PEGDA [22482] will make up most of the
device as to maximize its potential in soft applications. These applications are most
prevalent in the biomedical field [>10.18.27.70] with further research in the design of
these devices to improve locomotion using biomimicry 1718251 The biomedical field
includes drug delivery (21, peristaltic pump control (2211 and endoscopy [*1°],
Biomimicry includes land based [*1% and water based [>18! locomotion. Elastomers
for biomimicry will include PEGDA and PLGA since they are photocurable, for use in
3D printing for fast manufacturing of designs to test. The field of magnetics is crucial
to the advancement of modern soft robotics to provide control to these devices as they
scale to microscopic proportions. External magnetic fields can be used to actuate the
soft robot. Thus, no hardware needs to be included in the robot allowing for it to be

miniaturized.
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2. MATERIAL PHYSICS

This section will cover the materials that are most used in soft robotic applications,
while describing the physical and magnetic properties. Advantages and disadvantages
of these materials are evaluated based on previous design approaches. Equations used

to derive the fundamental forces at work to create locomotion have also been included.
2.1 Magnetic Materials

Three basic properties of magnetic materials are paramagnetic, diamagnetic, and
ferromagnetic or ferrimagnetic materials. Of these basic properties, the primary type
used for soft robotics are ferromagnetic or ferrimagnetic materials due to their ability
to retain magnetization even after an external magnetic field is removed. This gives the
ability to implant a permanent magnet capable of supplying a localized field embedded
in the elastomer. When embedding certain magnetic materials into elastomers, they are
fabricated using melt spinning process development among other tools to create small
particles. These particles can be uniformly distributed to make a flexible magnetic

responsive material.

The main difference between these materials is ferrimagnetic materials can produce a
field similar or weaker to that of ferromagnetic materials. This is because the
magnetization of one magnetic dipole moment is antiparallel to that of neighboring
magnetic dipole moments. Because the two magnetizations are of unequal strength,
there is a net spontaneous magnetization 71!, Another distinction that can be made from

these ferrimagnetic/ferromagnetic materials is their ability to resist a change in
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magnetization. This resistance is defined as the coercivity of a material. Materials that
have a small coercivity (Hc < 1,000 A/m) are denoted as soft magnetic materials, where
large coercivity (Hc > 100,000 A/m) is denoted as a hard magnetic material. Different
magnetic materials used in applications reported in research papers are discussed

below.
2.1.1 Hard Magnetic Materials

Hard ferromagnetic materials will produce large magnetic fields with minimal material
mass. Since hard magnetic materials have high coercive fields that prevent
demagnetization, they will perform well in environments with background magnetic
interference or high temperatures. The main goal is to produce a constant magnetic
field for use in high repulsion or attraction to other magnetic fields. Such materials are
typically compounds of rare earth metals including neodymium (Nd-Fe-B) [47:825.34]
praseodymium-iron-boron (Pr-Fe-B) Y, and samarium-cobalt (Sa-Co). Before the

development of rare earth metals, iron alloys like alnico (Al-Ni-Co) were used.

Continuing the analysis on hard magnetic materials, a large magnetic field is not always
desirable. These demagnetization resistant fields can be manipulated by only allowing
a certain percentage of the magnetic dipole moments in a material to align, which
produce ferrimagnetic properties. The ferrimagnetic components to these hard
magnetic materials will include various iron oxides (yFe,03), strontium hexaferrite

(SrFe;,045), and barium ferrite (BaFe;,044) 1.
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2.1.2 Soft Magnetic Materials

Soft ferromagnetic materials are nanocrystalline and amorphous alloys with lower
coercive fields due to the weaker alignment of magnetic dipole moments created by the
electrons orbiting the atoms of a material. Since coercive fields are smaller than that of
hard magnetic materials, the magnetization from this material can be reversed if
exposed to an external field greater than that of its own. This property allows for
switching of the magnetization of the soft materials while nearby hard magnetic
materials will retain their magnetization orientation. Applications in gripping/drug
delivery are explored in Section 4 using this technique. These materials include iron
(Fe), iron cobalt alloys (Fe-Co), and nickel-iron alloys (Ni-Fe) that will have high
specific saturation magnetization and curie temperatures resulting in the ability to use

higher magnetic fields in the applications previously described [17].

These materials will be implemented in microscale devices where the external fields
needed for control are very small. This allows for increased range of use since the
magnetic fields produced by external devices will exponentially decrease as distance
increases. Such applications are in the medical industry where these devices will go in-
vivo environments used as payload delivery tools [%10:18.27.70] These materials are soft
ferrimagnetic ferrites are comprised of materials like iron (11,111) oxide (Fe;0,) %3],
manganese-zinc (Mn-Zn), and nickel-zinc (Ni-Zn). Benefits also include low cost and

stability [76] of the magnetic field that is caused by unintentional magnetic interference.
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Table 1: Magnetic Materials Classification

Hard Magnetic Materials | Soft Magnetic Materials
Neodymium,
Praseodymium,
Samarium-Cobalt,
Alnico
Iron Oxides, Strontium
Ferrimagnetic Hexaferrite, Barium
Ferrite

Iron, Iron-Cobalt
Alloys, Nickel-1Iron
Alloys

Ferromagnetic

Magnetite, Nickel-Zinc,
Manganese-Zinc

Of these materials, three specific alloys present key properties needed in soft robotics.
Manufacturing companies and product numbers are provided for further information
on these materials and how the mixtures of elements can change the magnetic

properties of the materials.

2.2 Physical and Magnetic Properties

The physical characteristics of materials include the mass/volume concentration, mean
particle size if in particulate form, and vendor names to verify the elemental

composition.

Magnetic characteristics include the demagnetization field required to flip the magnetic
dipole moments in the material, saturation magnetization to find the highest possible
dipole moment orientation of such magnetic material, and energy product to compare

the strength of each magnetic material against one another.
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2.2.1 Rare Earth Compounds

Neodymium is a rare-earth metal that can produce hard ferromagnetic properties if
combined with compounds like iron and boron (Nd-Fe-B) to stabilize the magnetization
of the material in room temperature applications exposed to oxidation. Among all other
rare-earth metals, neodymium has the highest power density capable of supplying the
highest magnetic field given a set mass. The specific neodymium compound used in
research projects by Diller et al. was manufactured using micromoulding techniques to
be integrated into a micro gripper arm in combination with soft magnetic materials to
form a payload delivery system. Application in gripping/drug delivery are explored in
Section 4. The material was purchased from Magnequench product number MQP-15—

7.

Praseodymium (Pr-Fe-B) is a second rare-earth metal that provides small scale
integration into elastomers to create flexible magnetic field responsive material.
Examples produced from Venkiteswaran et al. use isotropic powder with a mean
particle size of 5-10um. While the elastomer is curing, the particles can be oriented in
a specific direction to allow different magnetic domains within the same elastomer.
Applications in locomotion are explored in Section 4. The material was also purchased

from Magnequench product number MQFP-16-7-11277.

Permanent magnet applications for these alloys are the most common with varying

power densities in larger scale devices (sub millimeter) [+7:82534]
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2.2.2 Iron (11, 111) oxide

Iron (11, I1l) oxide (also known as magnetite) is a soft magnetic material with an
elemental compound of Fe;0,. This material exhibits paramagnetic properties unlike
the previously mentioned compounds. Paramagnetism means the iron (11, 111) oxide is
attracted to externally applied magnetic fields, but is unable to produce a magnetic field

of its own.

The specific material used in research projects by Li et al. was manufactured by Sigma-
Aldrich product number 637106. This project implemented the iron oxide within
biodegradable and bio-compatible hydrogels for simple attraction to a magnetic field
to create locomotion in aqueous environments. This effect combined with other
materials that exhibit non-magnetic stimulus events allowed for a novel method of drug

delivery. The iron oxide particles used had a diameter of 200nm.
2.2.3 Ferrites

Ferrites are ceramic compounds consisting of iron oxide and elements like barium,
cobalt, nickel, or silicon. Ferrites magnetization can be switched at moderate fields of
about 120-477kA/m [+8¢] at room temperature allowing for dynamic remagnetization

of this single material.

The range of coercive fields corresponds to different materials mixed in with the iron
oxides. An example of this classification would be BaFe,,0,4 with a coercive field of
400ka/m [#!, This material has been used in prior research projects [*I purchased from

Hoosier Magnetics, particle size ranges from 5-10 um. Higher resistance to
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demagnetization creates the possibility for low frequency switching applications to

perform best.
2.3 Applications in Soft Robotics

Soft robotics will utilize a variety of magnetic materials depending on application
conditions. Some conditions may include biocompatibility of these devices to be used
in-vivo experiments, structural integrity for long lasting devices, and low-cost for large
scale applications. In the section below, the different variety of magnetic materials is

discussed.
2.3.1 Flexible

Flexible field of soft robotics uses hard magnetic materials such as neodymium (Nd-
Fe-B) [47:82534] praseodymium-iron-boron (Pr-Fe-B) [, and iron oxide (Fe;0,) [*3]
that are integrated into flexible elastomers. During manufacturing, these elastomers are
in a liquid form allowing the magnetic powder to be uniformly distributed along the
device. When an external magnetic field is applied, the particles will physically move
their magnetic moments in the direction of the field which is then cured in place to
align in a single direction. Combining different domains of cured elastomer together
will result in a device with multiple domain orientations of magnetization. These
directions of each domain influence the interactions between the elastomer and the

external field to produce a desired magnetic response.



21

2.3.2 Ferrofluid

Ferrofluids groups need liquid metals (LM) in microfluidic systems for mechanical
actuation. These materials are gallium based [*¢1%33] compounds for low melting
temperatures typically below room temperature. These liquid metals can achieve
beneficial properties from both magnetics and fluid mechanics fields. Mixing these LM
materials with other alloys will influence the properties to provide longer lifetime of
the material, resistance to oxidation, or viscosity of the metals in liquid form for
improving microfluidic techniques [*¢1%33], Since the metals are liquid, they are not
bound by a specific structure. The fluid metal can merge into different orientations as

needed from application specific tasks.
2.3.3 Rigid

Rigid design approaches have a hybrid integration of hard and soft magnetic materials
that are micromoulded into place [!. Micromoulding is a manufacturing technique to
create a miniature mold of a device that will be filled with magnetic material in liquid
form. This material will harden to form some desired shape. Shaping the orientation of
the mold will determine the shape of such device to match the mechanical properties
needed to function as a switch for payload delivery applications (4. Different
orientations of the magnetization of these metals are applied after the micromoulding

process has occurred.
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2.3.4 Novel Use

These basic magnetic materials can be mixed with other elements to make them
responsive to pH 249 light [35631 or other stimulus events [¢¢]. Multiple layers of

different material will allow actuation and locomotion techniques to be utilized.

Examples include pH responsive material to expand/contract when the pH level of the
surrounding fluid changes. This effect combined with the layers of magnetic material
allows for interactions with the surrounding environment. Light is a second stimulus
event that can be used to heat the materials. This temperature change will also influence
the magnetization of specific materials to respond when they are exposed to this

event [3563],
2.4 Materials Advantage

Power density, torque, and mean particle size are specific metrics tracked to provide
advantages from one magnetic material to the next. This section will cover the basis of
locomotion and the forces involved that can change depending on different magnetic

materials embedded into the elastomer.

The magnetization of a material can be found from the magnetic moment produced by

the material integrated over the volume of that material as shown in equation 1.

B dm 1)
M= dv
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This quantity can also be obtained by measuring the magnetic flux density (B-field)
that the material will produce given a known external magnetic field (H-field) to the

material where y, is the magnetic permeability of free space shown in equation 2.

< Magnetization

B 2
M=—"_H (2)
Ho
E i é Magnetic Material : ;
: Magnetization v .
I Profile : [] Elastomer b
l D . (L E Heavy Anchor =
: é’t: _*_“‘_' ‘\4‘«‘:?/‘ ¢: 1 I :
i ) : Light Anchor L
I i E :

Figure 1. Magnetization profile of the device is shown in four different orientations for
simplification. The magnetic material represents one domain for the ferromagnetic
particles embedded in the elastomer.

Applying these concepts to soft robotics, the basis of movement is defined by a
magnetic materials orientation in each elastomer design. With magnetic materials
spread through the device as shown in Figure 1, each dipole moment in the magnetic
material will exhibit torque while under an external magnetic field. The applied
magnetic field (Figure 2) is applied at some angle 6 to the device. This will cause the

surrounding elastomer to twist (deformation) that will create strain.

T,,= mXB 3)
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T,, = m * Bcos6 4

With the proper elastomer design, this strain can be utilized for propulsion. Examples

of this device in action include an "inch-worm" design shown in Figures 1-5.

[0 Elastomer

Heavy Anchor

' [ Light Anchor :

< Magnetization

< Applied Magnetic Field
BCos®

Figure 2: An external magnetic field is applied to the device. Ideal conditions have a
uniform field created by a Helmholtz coil or electromagnetic actuator (EMA).

O Resulting Magnetic Pole

[] Elastomer

+ E2 Heavy Anchor b

Light Anchor

< Applied Magnetic Field
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e eI

Figure 3: Simplification of the magnetization is shown with north and south poles for
both the device and external magnetic field.



[] Elastomer

| M‘ E Heavy Anchor o
E \ —= ' [ Light Anchor : E

Force from Magnetic
Dipole-Dipole Interaction

Figure 4: With the external magnetic field replaced with a north and south magnetic
pole, an electromagnetic force due to oppositely charged particles will deform the
device in the resulting figure.
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Figure 5: Changing the orientation of the external magnetic field will create a force that
will push the device forward to create locomotion.
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3. MANUFACTURING CONDITIONS

The following section will cover manufacturing considerations for embedding
magnetic materials into elastomers for use in soft robotics. Elastomers are also explored
for important characteristics as well as what physical properties make them necessary
for soft robotics. One important property of the elastomer is flexibility, while having

no interference with the magnetic properties of the material encased.

3.1 Materials Consideration

Elastomers are made from a base polymer mixed with a curing agent to produce
different physical properties of the material like heat and chemical resistance,
temperature performance, and elastic modulus. As the base polymer mixes with the
curing agent, the elastomer can be poured across some molding that allows magnetic
materials to be embedded within the structure. After the elastomer is in the desired
shape and orientation, the curing agent will solidify the material in place. This can be

done through liquid curing agents, high temperatures, or photolithographic techniques.

Important characteristics include the density of the material, magnetic permeability,
biocompatibility, and melting point. These characteristics will impact the performance
of the magnetic material’s response to external fields. Considerations of these materials
will also vary with different molecular weights. Longer polymer chains will have

higher molecular weights yielding different properties of elastic modulus.
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3.1.1 Curing Agents

Polydimethylsiloxane (PDMS) is one type of elastomer that will use a curing agent
mixed with the base elastomer to harden. Mixing different ratios of base elastomer and
curing agent will change the elasticity of the material. This is also known as the
Young’s modulus of the material. Traditional applications involve IC packaging and
medical applications. Ecoflex ™ 00-10 will be used in place of PDMS for applications

requiring higher tolerance for deformation at a low elastic modulus (111,
3.1.2 Photocurable

Poly(ethylene glycol) diacrylate (PEGDA) is another type of photocurable resin that
allow embedded (ferro)magnetic particles in the elastomer to be used in lithography for
shaping the device with a uniform layer of the particles. This photocuring technique is
widely used for 3D printing complex designs to optimize the actuation techniques to

improve speed and reliability of motion.

PEGDA was used as crosslinking agent for the photopolymerization of poly 2-
hydroxyethyl methacrylate (PHEMA) in order to obtain PHEMA/PEGDA-based
hydrogels 821, The first layer of PHEMA will expand in low pH environments and
contract in high pH environments. With some mechanical engineering of the structure,
the soft robot will actuate based on strains that this expansion/contraction creates. The
other layer of PEGDA has Fe;0, iron oxide particles embedded within it. With the use

of an external field, locomotion of the soft micro robot is possible. This locomotion
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will transport the micro-robot from a high pH area (normal body pH) to a low pH

environment (associated with tumor cells).

Polylactic-co-glycolic acid (PLGA) is the most desirable elastomer for biocompatible
applications (FDA approved [83]) from biodegradable properties. Mixed with magnetic
materials like Iron (11, I11) oxide particles, the manufactured device can be left in-vivo

environments without causing harmful effects.
3.2 Properties of Specific Materials

Elastomers are chosen based on the mechanical property called elastic modulus that
represents the amount the material is able to flex under load. This load can be measured

from the stress ¢ and strain & that is put on the elastomer to cause deformation.

Materials with high elastic modulus are rigid in nature. This is because they require
higher force defined as stress to generate the same amount of strain or deformation.

Rigid bodies have infinite Young’s modulus (84,

In soft robotic applications, higher torque from the magnetic material in an external

field will cause the strain of the elastomer to propel the device forward.

g0 (5)
I

4. APPLICATIONS

Some example applications are summarized in this section. One process worth

mentioning is the creation of the uniform magnetic field through a device called a
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Helmholtz coil. This coil will envelop the device under test to provide a uniaxial
orientation of the magnetic field for applications in locomotion where the magnetic
materials will be forced to move in a single direction [251. Multiple Helmholtz coils can
be constructed with a 90° rotation about the center axis to provide x/y control in 3d

space.

_ HoNIR? : 1 1 (6)

Equation 6 (871 represents the flux density that will be applied to the magnetic
materials. This field will change depending on the current I, number of turns per loop
N, radius of each coil R, distance from one coil to another I, and distance from the

center point z.

Figure 6: Helmholtz coil for producing magnetic flux density for locomotion of the
device under test. Flux density is determined by Equation 6 [871.
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The second device used to produce an external magnetic field is an electromagnetic
actuator (EMA). This EMA can provide a uniaxial magnetic field near the origin of the
EMA. The benefit over its counterpart is the ability to create this field without requiring
a structure to be surrounding the device. This EMA will be used for triggering events
that can cause the magnetic field of one material to reverse. This is used in drug

control/release applications [¢22],
4.1 Biomimicry

Soft robotics uses the design mechanisms found in nature to produce an elastomer
embedded with magnetics that allows for optimized locomotion techniques. These
techniques involve producing some stress on the surrounding elastomer from an
electromagnetic force applied on the magnetic material that is embedded within the
elastomer. This stress will cause parts of the elastomer to contract. Once the
electromagnetic force is taken away, the contraction will correct itself to form the
original elastomer shape. Depending on the design of the elastomer, this event can

cause forward motion in the elastomer.

Some key designs worth mentioning are mimicked from inchworms %171 turtles [,
fish [25] and electric eels ['8]. The reason for different designs is based on the
environment the device is placed in. Friction can be used in combination with
contraction to launch the device forward like that of an inchworm. Somersaults can be
ideal for harsh terrain on land, and swimming techniques are explored from eels to

move these devices around in liquid environments.
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Performance metrics from Venkiteswaran et al. Y include the specimens average
speeds to vary between 0.15-0.37 mm/s. This was under a 60mT field in any specific
direction with a bandwidth of 40hz. The mass of these specimens are calculated based
on the area times density of elastomer with magnetic particles embedded. The millipede
specimen was the smallest area at 1000 mm3 with the largest speed of 0.37mm/s while
the quadruped was 1400 mm3 at a speed of 0.15mm/s. Density of silicon rubber is
2.3*10712 grams per cubic millimeter. This results in a mass of 2.3*10~° grams for

the millipede and 3.22*10~° grams for the quadruped.

All these designs utilize an externally generated magnetic field. Helmholtz coils
perform well to move the magnetic material from one location to the next in one
direction (somersault techniques). EMAs will be used to control specific portions of

the device like the legs of a centipede.
4.2 Biomedical Targeted Drug Control

The biomedical field has generated new methods for targeted drug delivery using
magnetics. Selective drug delivery is important for drugs that can produce harmful side-
effects when mixed with healthy tissues in the body. Using actuation techniques to only
release the payload of drugs when the device is in the correct position will allow a

higher concentration of the drug to work in a smaller area.

One method of targeted drug release is proposed with artificial nano-eels [*8]. These
nano-eels have a flexible tail made from polyvinylidene fluoride (PVDF)-based

copolymer linked to a polypyrrole (PPY) nanowire head. This device contains nickel
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rings that are attracted to external magnetic fields. This attraction will pull the device
from one location in space to another through a series of “tumbling, wobbling, and
cork-screwing” movements in an aqueous environment as described by Mushtaq et
al. 18] After the device is in the proper area to release its payload, a second rotating
magnetic field will cause the nickel rings to oscillate causing deformation in the tail.
This deformation is a piezoelectric strain of the PVDF material which will cause the
repulsion of oppositely charged RhB drugs stored in the device allowing targeted drug
release. Fabrication techniques allow for a large quantity of these devices to be
produced at an average device size of 15um 18] making applications in the biomedical

field possible.

Another type of device will physically attach itself to the drug from a mechanical stress.
Multiple layers of different material will allow actuation and locomotion techniques to
be utilized. The first layer consists of Poly [2-hydroxyethyl methacrylate] or PHEMA
for short that can expand in low pH environments and contract in high pH
environments. With some mechanical engineering of the structure, the soft robot will
actuate based on strains that this expansion/contraction creates to release the drug
stored inside. These types of structures will move when a uniform field is applied

around the device from a Helmholtz coil.
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4.3 Technology Gaps
4.3.1 Scaling

Research groups for soft robotics will manufacture devices at large scales (millimeter
level) [+291025] to make proof of concept models. With these models, devices for
endoscopy (19 and targeted drug release 2! should be minimized to allow less
discomfort when used in a medical scenario. Hao Li et al [?! states the goal for mobility
in these settings is to reduce the size from sub millimeter to less than 8um to match the
diameter of the capillaries located in the body, which are the smallest blood vessels in

the circulatory system.
4.3.2 Durability

Hard robotics has advantages from the rigidity of materials used for common
applications to maintain composure under harsh working environments. Elastomers on
the other hand will break down over time if exposed to extreme temperatures and
sporadic motion. This has benefits when used in parallel with humans since soft
robotics cannot harm the user compared to that of hard components. Durability may be
factored in the design if the device is biocompatible, such that it will break down over
time so that it may naturally leave the body. Another branch would be liquid metal
systems. Since the metals are in a liquid state at room temperature, they can conduct
current without potential for disconnections like physical metal wires where the
connections can be broken from too much deformation. Microfluidic channels still rely

on elastomers that are subject to breakdown as they contain the liquid metals.
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4.3.3 Performance

Metrics in speed and power stroke are constantly evolving to maximize the power
delivery from external fields to the magnetic materials embedded in devices. Materials
with higher saturation magnetization can improve the range of speeds used in torque
control for locomotion while different variations of electromagnetic actuators can be

implemented closer to the device for low power requirements.
5. CONCLUSION

Magnetics applications in soft robotics combines aspects of biology and mechanics to
create a structure capable of complex movement. This movement is possible with the
use of magnetics embedded within different materials such that the material will exhibit
magnetic properties. Utilizing the biomedical devices such as drug delivery [2,
peristaltic pump control 1221 and endoscopy [>19] that can be placed in vivo
environments will allow medical professionals to control stimulus events for minimal
harm done. Locomotion techniques shown in the application section 4 will help these
delivery devices to reach their destination, ideally utilizing micro scale devices so that
transportation through capillaries are possible. Most areas of research are exploring the
locomotive side of magnetics to control the direction of the devices embedded within
the body. There are very few cases that will use magnetics for both locomotion and
actuation techniques, which has the most potential for automated uses of treatment
where a Helmholtz coil can generate magnetic fields at different axis programmed by

a computer to navigate a prior mapped environment. Large scale devices [1:%91025] g5
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mentioned in section 4.3.1 have been shown to work, but fabrication techniques are not

yet perfected to create small and reliable devices.
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