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Abstract

A composite bionic soft gripper integrated with electromagnets and magneto-active elastomers is designed by
combining the structure of the human hand and the snake’s behavior of enhancing friction by actively adjusting
the scales. A silicon-based polymer containing magnetized hard magnetic particles is proposed as a soft finger,
and it can be reversibly bent by adjusting the magnetic field. Experiments show that the length, width, and
height of rectangular soft fingers and the volume ratio of neodymium—iron—boron have different effects on
bending angle. The flexible fingers with 20 vol% are the most efficient, which can bend to 90° when the
magnetic field is 22 mT. The flexible gripper with four fingers can pick up 10.51 g of objects at the magnetic
field of 105 mT. In addition, this composite bionic soft gripper has excellent magnetron performance, and it
can change surface like snakes and operate like human hands. This research may help develop soft devices for
magnetic field control and try to provide new solutions for soft grasping.
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1. Introduction

With the continuous development of technology, robots have been widely applied in various industries
[1-4]. Traditional robots often have typical devices for holding, moving, and manipulating objects.
However, these rigid devices are usually restricted in narrow fields. For example, the transportation of
objects with smooth surfaces, fresh food, and fragile and deformable objects need to ensure that objects
are not damaged while not leaving a mark. For these fields, traditional rigid devices are difficult to meet
the requirements. Therefore, a device that can be changed according to the grasped object without leaving
a mark is an urgent problem to be solved.

Soft grabbing has become a hot research direction. Generally, soft grippers can be divided into three
categories: actuation type, stiffness adjustment type, and surface adhesion capacity adjustment type.
Although these soft grippers have their own advantages, some shortcomings still remain. For example,
the electroactive polymer clamps have a fast response speed [5], but they generally require more than a
kilovolt voltage to generate sufficient stress. Soft grippers based on memory alloy can be controlled

remotely [6], but they need a long time to adjust the temperature.
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From the above discussion, smart materials are often used to make soft grippers. Among the intelligent
materials, the magneto-active elastomer (MAE) is an ideal intelligent optional material for making soft
grippers because of its fast response, magnetic actuation, and magnetically controlled variable stiffness
damping. However, these fixtures can only grasp extremely light objects. The main reason is that
traditional MAE is filled with low residual magnetic particles, such as carbonyl iron powder [7]. Thus,
by replacing traditional low remanence filled particles with high magnetization saturation strength,
flexible MAEs have a large deformation under the changing external magnetic fields [8]. Moreover, its
performance can be further improved when the MAEs are fabricated in an external magnetic field [9,10].
When the MAE is made into a thin film, the magnetic particles will be magnetized, which can produce
strong deformation ability under a small magnetic field [11]. Therefore, the optimized MAE is an ideal
multifunctional actuator in complex environments [12,13].

However, the magnetic field of the current magnetic control fixtures is distributed outside of the
structure; hence, the objects inside the magnetic field should be ensured not to be interfered by the
external magnetic field, thereby limiting its application. More importantly, the magnetic field also affects
the friction performance [14], which has not been considered in the current magnetic control fixture.
Therefore, improving the grasping behavior by changing the surface friction performance is an important
research direction.

To widen the application scenes of bionic soft grab and investigate the influence of magnetic field on
friction performance, a composite bionic soft grab structure that integrates electromagnet and MAE was
proposed by imitating the structure of hand and snake's behavior of adjusting scales. To optimize grip
performance, the effect of the size ratio of the electromagnet on the magnetic field and the size of the soft
finger on the bending angle were studied by simulation. The experiments verified that the soft gripper
could be used to grasp different objects. This composite bionic soft gripper could provide a new approach

and some inspiration for the integrated optimization of soft gripping.

2. Structure

2.1 Conceptual Design

On the basis of the industrial demand for soft grips, a composite bionic soft gripper is designed, as
shown in Fig. 1. The soft gripper mainly includes two parts: electromagnet and soft fingers. As a control
mechanism, electromagnet plays the role of supporting and transmitting control signals, similar to a palm.
The soft fingers not only imitate the structure of human fingers but also imitate the snake’s behavior of
adjusting scales [15]. Under the control of the magnetic field, all flexible fingers bend toward the center
of an electromagnet and increase the surface roughness.

2.2 Electromagnet Design

Generally, the electromagnet uses a closed structure to make the air gap in the magnetic circuit as small
as possible to produce a larger magnetic field there. However, the closed structure is not conducive to
grasping. Thus, in the soft gripper, one end of the electromagnet is designed to be unclosed, and the

magnetic field is transmitted to the soft finger through the air, as shown in Fig. 2(a).
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Fig. 1. Schematic of a composite bionic flexible gripper in (a) nonworking state with a smooth surface
and (b) working state with a rough surface.
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Fig. 2. The 2D models of the soft gripper: (a) magnetic circuit model and (b) bending model.

However, this design also makes the magnetic field decay rapidly in the air. Thus, the parameter
optimization of the electromagnet is extremely important. Hence, the magnetic field simulation must be
performed to optimize the dimensions of the electromagnet to meet the minimum driving magnetic field
of the soft finger. Before the simulation, the magnetic field of some important points in the structure must
be estimated. In Fig. 2(a), Acyiinger and 7eore are the height and radius of the iron core, respectively;
Ryottom 1 the thickness of the upper disk-shaped steel shell; 7 is the outer diameter of the coil; 7y, osition
is the distance between the center point of the fixed end of the soft finger and the axis of the electro-
magnet; Tioq is the radius of the entire electromagnet; liengn is the length from the fixed end to the free
end of the soft finger; O, is the center point of the surface of the iron core; 0, is the center point of the
upper surface of the free end of the finger; and O, is the point on the axis of the electromagnet and is 2
m away from the bottom of the electromagnet. The magnetic flux densities generated by the electro-
magnets at three points O,, O,, and O, are B,, B,, and B,, respectively.

According to Biot—Savart’s law, B, can be expressed as

UironIN heylind heyling
B‘r — Eiron (\/Z"' cylinder cylinder , (1)

2 2 2 2 2
Jhcylinder"'rcoil \/hcylinder+TCGTE

where ;.o 1S the magnetic permeability of iron, I represents the current in the electromagnet, and N is

the number of turns of the coil. B, can be expressed as follows [16]:
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_ B, / hcylinder + llength _ hcylinder \

B, =~ .
2 h2 1inder T Teoi
(hcylinde‘r + llength) + Teoil cylinder coil

2

To simplify the model, the magnetic flux on the plane parallel to the surface of the electromagnet and
that perpendicular to the axis of the electromagnet is considered the same; thus, B; = B,. This simplified
model can be used to calculate the magnetic field produced by the electromagnet, and the simulation of
the magnetic circuit can be preliminarily assisted.

2.3 Modeling the MAE Deformation and Surface Roughness

The characteristics of MAE change under influence of the magnetic field. As shown in Fig. 2(b),
bending deformation is one of the phenomena, and it is also the most important behavior in grasping. The
force bending soft fingers comes from the interaction between the hard magnetic particles and the
electrified coil. The magnetic particles in the MAE can be considered as dipoles. The magnetization of

magnetic particles can be obtained using the Frohlich—-Kennely formula, as shown as follows:

_ MsH(pr-1)

T (ue-DH+M 3)
where
By
H=2 4)

where M, and p, represent the magnetic saturation and relative permeability of the neodymium—iron—
boron (NdFeB) particles, respectively. The variation of the shear modulus of the MAE can be calculated
by the dipole model, as shown as follows:

AG = 4.808p,0M? (5)3 ()

where R, ¢, and d are the average radius, volume fraction, and distance of particles, respectively. Then,
the variation of Young’s modulus can be expressed as

AE = 2AG(1 +v) ~ 3AG, (6)

where v is the Poisson’s ratio of the MAE. The equivalent magnetic force applied to a unit area of the
MAE can be expressed as

m(#m—1) Lthickness 2 Lthickness 2
= o[ (g - [ (- 9 0
where
_ 3p(4+9)
H = 142252, (8)

where i, is the relative permeability of the MAE; and H{, (lth‘c%) and Hy, (— lth‘c%) are the

normal components of the magnetic field intensity on the upper and lower surfaces, respectively. The
deformation of the MAE can be obtained by Euler—Bernoulli beam theory as follows:

Fmlwidth! N
— m‘width‘length . (9)
8EI
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where E is the Young’s modulus of the MAE under the magnetic field, and I is the moment of inertia of
the beam. Thus, the bending displacement of soft fingers can be calculated by using an iterative algorithm
based on Eq. (9). When the direction of the applied magnetic field is the same as the direction of the
magnetic dipole moment, the interaction force between the magnetized NdFeB particles can be expressed
as follows:

_ 3po[3(myme)(mjme)—mymj] (10)
amd* ?

Fij =

where m; and m; are the magnetic dipole moment of and particles i and j in the magnetic field,
respectively; and 1y is the direction vector of the magnetic moment. Assuming that all magnetic dipole
moments are equal, Eq. (10) can be reduced to

Fy; = — 3™ (1 _ 300520), (1n

4Amtd*

where 6 is the angle between the line connecting the central point of the ith and jth magnetic dipole and
the direction of the applied magnetic field. The magnetically induced stress generated by the NdFeB
particles under the interaction of the magnetic force F;; can be expressed as

o-ij =E'€, (12)

where ¢ is the small strain of the MAE. The small deformation of the MAE is caused by these

magnetically induced stresses.

3. Prototype and Experimental Setup

3.1 Magnetic Field Simulation

The magnetic field produced by the electromagnet determines the magnetic force of flexible fingers,
and the magnetic force can indirectly affect the grasping force. Therefore, to optimize the grasping ability,
Multiphysics software (COMSOL Inc., Palo Alto, CA, USA) must be used to design and optimize the
dimensional parameters of the electromagnet to make the magnetic field as large as possible.

Given that the magnetic field produced by the electromagnet is proportional to its size, ;4 and
Peylinder + Poottom are set as the fixed value in the simulation. Then, the influence of the proportion of
iron core, coil, and magnetic conducting shell in the electromagnet on the magnetic field is evaluated. At
the same time, Tpqsition also affects the magnitude of the magnetic field. Thus, the average value of the
magnetic flux on the four-line segments is used as an evaluation index during the simulation to evaluate
the magnitude of the magnetic field of different size parameters without considering 7, 4sition- The four

line segments take the central axis of the electromagnet as the vertical line and have a length equal to

. l L
27Tota1 [16]- The distances between them and the uncovered surface of the electromagnet are %, %

>

M, and liengen - If the length of soft fingers is extremely long, then the magnetic field cannot

effectively reach the free end of the soft fingers; thus, the maximum length of the soft fingers must be

limited. To ensure that the fingers will not overlap when the bending angle reaches 45°, the maximum

value of the length lieng, of the soft fingers is limited to V2iota1. On the basis of the above conditions,
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the simulation results are shown in Fig. 3.

In Fig. 3, 7011 — Teore 18 half of the difference between the outer and inner diameters of the coil, k;, =
heytinder/ (Reytinder + Mbottom)s Kr1 = Teore: (Teoil = Teore)» and Kyp = Teoi1/Tiorar- The values of k;, and
k., cannot be equal to 0 and 1 due to the physical relationship. When kj, is 0.025 and 0.975, the height
of the core and coil is minimum and maximum, respectively; and the same is true for k,,. As shown in
Fig. 3, the magnetic field increases with k;,. For each ky,, the magnetic field increases with k..,. Thus, the
magnetic field increases with the volume ratio of the core and the coil. Moreover, for any ky,, when k., >
1, the magnetic field decreases with the increase of k.;. When k., < 1, there exist two cases based on
the value of k;,. One is that when k;, < 0.1, the magnetic field decreases slightly as k., increases. The
other is that when k;, > 0.1, the magnetic field increases with k.. In addition, the growth rate of the
magnetic field increases with kj,. Moreover, when the value of k., ranges from 1:5 to 1:1, the magnetic
field has a maximum value. In other words, when the size of the core and the coil occupy a relatively
large portion of the electromagnet, half of the difference between the inner and outer diameters of the

coil is slightly larger than the radius of the core to generate a larger magnetic field.

(@ (b)
2.0 7
6
1.6
5
~ -
= =
g 12 E 4
2 2
E s 3
5 08 &
] < 2
= =
.4
0 1
0.0 0
1:25 1:10 1:5 1:1 5:1 10:1 25:1 1:25 1:10 1:5 1:1 5:1 10:1 25:1
k. ke
(© @
13 —=—,,=0.975
16 —o— k,,=0.9
14 A = 30
c k,=0.7 c
= 12 —v—k,=0.5 =}
;= ;=
g 10 ——k,=0.3 2 20
T 4 b4
5 k,=0.1 5
=] 6 =]
= = 10
4
2
0 0
1:25 1:10 1:5 1:1 5:1 10:1 25:1 1:25 1:10 1:5 1:1 5:1 10:1 25:1
krl krl
(e) ®
50 ——k ,=0.975 50 —— ,=0.975
——k,=0.9
40 e )= 40
- k,=0.7 —~
= =
E 3 E 5
2 2
£ £
g g
g 20 g 20
< <
= =
10 10
0 0
1:25 1:10 1:5 1:1 5:1 10:1 25:1 1:25 1:10 1:5 1:1 5:1 10:1 25:1
L kq

Fig. 3. Mean value of the magnetic field generated by different-sized electromagnets on four-line
segments: (a) k;, = 0.025, (b) k;, = 0.1, (¢) ky, = 0.3, (d) ky, = 0.3, (e) ky, = 0.6, and (f) k;, = 0.975.
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3.2 Finger Simulation

In addition to electromagnets, soft fingers also need to be studied. The bending range of soft fingers
affects the shape and size of the items it can grasp. The larger bending range can make flexible grippers
cope with the more diversified objects, which means improving the adaptability of the gripper. According
to the Euler—Bernoulli beam theory [17], the size of the soft fingers will affect the bending range.
Therefore, the size of the soft fingers must be simulated, and the influence of their length, width, and
height on bending should be investigated. The effect of the position 74gition Of soft fingers on the
electromagnet on the bending angle is also studied in this paper.

Given that the structure of the gripper is symmetrical, only one finger is modeled and simulated in
Multiphysics software. The control variable method is used in the simulation. Under the same magnetic
field, one of liength, Lwidths Lhickness> @Nd Tposition 1S changed, and the remaining three is fixed to study
their effects on the bending range. The angle between the connection between the fixed and unfixed ends
of the soft finger and the original position is used as the evaluation index.

Fig. 4 shows the effects of different parameters on the bending angle, and each parameter is normalized
by dispersion within its variation range. The range of each parameter is 0 < ligpgin < V2Totar, 0 <
Lwidth < 2Total > 0 =< linickness < Trotal » @0d Teore < Thosition = Ttotal - Fig. 4 shows that Lengy and
linickness have greater effects on bending deformation, whereas ly;qeh and Tpesition have smaller effects
on it. AS liengin and Tpesition increase, the bending angle also gradually increases. When ligpg, and
Tposition ZFOW 10 a certain size, the bending angle no longer increases, whereas the opposite is true for
Linickness- The bending angle decreases slightly with the increase of [,;4.,. Combined with the simulation
results, the size of the soft fingers can be selected according to the characteristics of objects. Moreover,

the influence of the magnetic field direction on the bending deformation fingers is investigated.
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Fig. 4. Effects of normalized 7ositions liengths Lwidths and linickness 0N the bending angle of soft fingers.

In Fig. 5, the magnetization direction of soft fingers is along the negative direction of the y-axis, the
arrow indicates the magnitude and direction of the magnetic flux, and the color indicates stress. When
the direction of the magnetic field changes, the bending direction of the soft fingers also changes. Thus,
even if the free end of flexible grippers is smaller than the dimension of objects, it can adjust the direction
of the magnetic field to make the flexible fingers open and then close, which can further enhance the

gripping adaptability of flexible grippers.
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Fig. 5. Schematic of the stress distribution of a soft gripper under (a) positive and (b) negative magnetic
fields.

3.3 Prototype Construction

On the basis of the simulation results in Sections 3.1 and 3.2, a set of dimensional parameters with
better results are selected to verify the performance of the soft grippers. The prototype device is a
preliminary experiment. It is verified without a magnetically permeable shell but with a coil core and soft
fingers. Table 1 shows the main structural dimensions in Figs. 2 and 3. The size of other parts used for
assembly is determined by the assembly relationship. On this basis, a prototype of a soft gripper with
magnetic field control is manufactured and assembled. The installation of the soft gripper is completed
by fixing one end of the soft fingers to the uncovered end of the electromagnet. This prototype has a

height of about 90 mm and a diameter of about 80 mm.

Table 1. Main dimensions of the prototype soft gripper

Sub-unit Symbol Dimension (mm)
Electromagnet Teore 11
Teoil 40
hcylinder 40
Soft finger Dength 50
lthickness 2
Lwidth 10
rposition 31
n 4

3.4 Experimental Setup

Factors that affect the bending angle of soft fingers are not only the size but also the content of hard
magnetic particles. Therefore, soft fingers with different volume fractions of hard magnetic particles
should be prepared to study their influence on the bending angle. The soft fingers containing different
volume fractions (5, 10, and 20 vol%) of NdFeB are prepared according to the method of Fig. 6(a). Then,
the device shown in Fig. 6(b) is used to measure the relationship between its magnetic field and
deformation. One end of the soft finger is fixed on a connecting member, and the connecting member is

connected to a lead screw (direction of a plumb) coaxial with the motor. The soft finger is driven by the
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motor controlled by the host computer and moves vertically toward the NdFeB magnet at a certain speed.
Every time a certain distance is moved, the position of the free end of the soft finger relative to the fixed
end and the magnetic flux density experienced by the free end are measured. The experiment also includes
the use of the mechanical properties of the testing machine to test the stress—strain relationship of samples,
as well as the demonstration of a soft gripper to grab objects. Finally, the surface roughness of the samples
under different magnetic fields is also tested. Five points are taken on each sample, and each point is

tested 10 times, and the average of all data is taken as the roughness of the sample.
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Fig. 6. Schematic of (a) soft finger preparation and (b) bending angle testing device.

4. Performance Analysis

4.1 Results and Discussion

This section shows various test results for a soft finger. Fig. 7(a) shows the relationship between the
bending angle and magnetic flux of a soft finger with different volume fractions of NdFeB. As shown in
Fig. 7(a), the magnetic field driving the soft finger to bend to 90° decreases with the increase in the
volume ratio of NdFeB in the soft finger. The 5 vol% soft finger requires a magnetic field of at least 46.4
mT to drive the soft finger to 90°; the 10 vol% soft finger requires 39.9 mT, and the 20 vol% soft finger
requires only 22 mT. The smaller the magnetic field required to drive to 90° is, the greater the bending
angle under the same external magnetic field will be, the easier it will be for soft grippers to deal with
different objects, and the more energy-efficient it will be. In addition, the bending repeatability of the
soft finger is excellent, and the original state can be restored after the magnetic field is removed.
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Fig. 7. Relationship between the magnetic flux and (a) bending angle and (b) surface roughness.
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Fig. 8. White light interferometer test results of a typical MAE with 20 vol%: (a) without a magnetic field
and (b) with magnetic field (200 mT).

Fig. 7(b) shows that the surface roughness of the soft finger increases with the magnetic field. The
growth rate of surface roughness increases with the volume ratio of NdFeB. Thus, a soft finger can act
like a snake, using magnetic fields to enhance surface friction. The comparison of Fig. 8(a) and 8(b)
shows that the surface of the soft finger after applying the magnetic field has more convex peaks. Thus,
the surface becomes rough, which can increase friction when gripping the item.

4.2 Grab Demo

This section shows the process of grabbing items with an integrated magnetron soft gripper. First, the
object is placed directly under the flexible gripper. As the electromagnet is energized, all the flexible
fingers bend toward the center. Then, the soft gripper is artificially lifted, and it picks up the object.

Fig. 9 briefly illustrates the process of grabbing two items by a magnetron soft gripper. Each row
represents an entire process (initial, gripping, and lifting) of attempting to manipulate an object from
bottom to top. The white dotted line is the sign of the bending direction of soft fingers, and the orange
dotted line is the sign of the object to be grabbed. The object in Fig. 9(a) is a cylindrical hard rubber with
a diameter of 28 mm, a height of 9 mm, and a weight of 10.51 g. The maximum value of a magnetic field
on the surface of the electromagnet is 105 mT. The weight of an object that can be grasped per 1 mT is
represented as the grasping ability value of a soft gripper controlled by a magnetic field. The gripping
capacity value of this bionic soft gripper with four fingers is about 0.1 g/mT, and the value of the
magnetron clamp using an external magnetic field method in [18] is 0.051 g/mT. This enhancement is
due to the integrated structure of composite bionics. The integrated structure of coil and magnetic
sensitive rubber designed by imitating human hand makes the flexible gripper more efficient. Imitating
the behavior of snakes to adjust surface roughness also enhances the grasping ability of the soft gripper.
Fig. 9(b) shows the process of grasping the cylindrical foam. The cylindrical foam has not been damaged
in the process of grasping; thus, grasping objects with the soft gripper is safe. This integrated magnetically
controlled soft gripper has broad application prospects in industrial production and other fields.

5 . 0 C
g ~ i N
(s) (I

Fig. 9. Demonstration of grasping objects with soft gripper: (a) hard rubber with a smooth surface and
(b) softer foam.
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5. Conclusion

In this work, an integrated soft gripper structure with an electromagnet and a soft finger is proposed,
which imitates the structure of human hands and the behavior of snakes adjusting the surface. The effect
of the ratio between the electromagnet components on the magnetic flux generated by the electromagnet
is simulated. When the ratio of the core radius to the coil wall thickness is between 1:5 and 1:1, the
electromagnet can generate the largest magnetic field. Moreover, the magnetic bending angle of the soft
finger is highly sensitive to the length and thickness of the soft finger and the volume fraction of the hard
magnetic particles, and it is not sensitive to the thickness and position of the soft finger. The flexible
fingers with 20 vol% are bent to 90° at the magnetic field of 22 mT. The experiment also proves that the
soft finger increases the surface roughness under the action of magnetic fields, which indirectly enhances
the grasping behavior. Finally, the soft gripper without a steel shell can grab different objects. Its grasping
capacity is at least 0.1 g/mT. On the basis of the characteristics demonstrated in this work, the integrated
magnetron soft gripper improves the performance and provides new methods for magnetron device

integration. The magnetron soft gripper also has broad application prospects in many fields.
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