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Development of a Linearly Responsive
Electromagnetic Actuator

Chih-Hung G. Li, and Hiep Phuong Nguyen

Abstract—A novel electromagnetic actuator is reported in this
paper. The device can be used as a precision position provider, as the
movement of the free solenoid responds linearly to the input electric
current. Such a linear relationship can make it very easy to control the
device, with a simple open-loop control scheme. The novel actuator
comprises of two solenoids and an elastomeric cone, sandwiched in
between the solenoids. The elastomeric cone provides non-linear
reaction force in resistance to the electromagnetic force, and as a
result, force equilibrium can be achieved at the desired working points
to form a straight line of position response versus input current. Finite
element analysis was used for accurate calculation of the highly
non-linear spring characteristics of the elastomeric cone. Among the
geometries studied, it was found that a cone shape of 6mm in height,
7mm in diameter, and an aperture of 57° produces a
force-displacement curve that best suits the need for the spring
performance. A prototype of the actuator, along with the elastomeric
cone was made and tested. The results showed that the movement of
the actuator responds to the input current quite linearly, with an R? of
0.983.
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. INTRODUCTION

LECTROMAGNETIC solenoid is a common type

of electromagnet for the purpose of generating a controlled

magnetic field. It is widely applied in industry as, for
example, a solenoid switch, which is a specific type
of relay that operates an electrical switch. The operating
principle is quite simple. As the electric current flows through
the solenoid, a magnetic force is generated, and the movable
iron armature is attracted by the electromagnet to switch on an
electric circuit. When the electric current ceases to flow
through the solenoid, the magnetic force disappears, the
armature bounces back with the help of a spring, and the
electric circuit can be switched off [1]. By adapting this simple
principle, Lu and others demonstrated a design of inchworm
mobile robot using the electromagnetic linear actuator [1]. A
gripping device with compliant mechanism and planar moving
coil actuator was also created [2]. As electromagnetic actuator
features moderate output force, large displacement, and can be
driven by common low cost, low voltage controller, it has good
potential of being a precision motion or position provider
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[3]-[4], in which the force equilibrium is involved between the
electromagnetic force and an elastic load. However, one major
difficulty with the solenoid is the highly non-linear nature of
the electromagnetic force with respect to the air gap and the
electric current. Since the electromagnetic force of a solenoid is
approximately proportional to the square of the current and
inversely proportional to the square of the distance of the air
gap, the force increases dramatically when the air gap is closing
up. In other words, when the armature moves toward the
solenoid, the attractive force increases non-linearly, and soon it
becomes extremely difficult to achieve force equilibrium. From
a force equilibrium point of view, when the electric current is
increased working against a linear elastic load, the working
point responds to the electric current non-linearly, making it
extremely difficult to control the position precisely [5]. Similar
difficulty is also seen in electrostatic actuators, where the
well-known pull-in effect can cause an electrostatically
actuated beam or diaphragm to collapse on the ground plane if
the drive voltage exceeds certain limit [6]-[8]. Thus, for precise
position control of the solenoid actuator, sophisticated control
algorithm needs be developed. For example, an extended state
observer-based time-optimal control is proposed for fast and
precise point-to-point motions driven by a novel
electromagnetic linear actuator [9]. In an application for precise
valve position control, a direct adaptive non-linear control
framework is presented [10]. However, for many applications,
the control scheme can be much easier, if the actuator is
designed in a way that the movement of the moving armature
responds proportionally to the input voltage or current in a
linear fashion. However, as the working point is determined by
the force equilibrium between the electromagnetic force and
the elastic load, a conventional linearly responsive spring will
not be able to accomplish this task [5]. Therefore, we propose
here to develop a new type of electromagnet actuator
incorporating a non-linear elastic component in order to
provide the linearly proportional position response mentioned
above. To do this, an elastomeric cone is proposed for the
non-linear elastic component. The elastomeric cone will
provide non-linear reaction force in resistance to the
electromagnetic force, and as a result, force equilibrium can be
achieved at the desired working points to form a straight line of
position response versus input current.

In general, the new electromagnetic actuator proposed here is
expected to have the following advantages:

i. Low noise: As automated equipment often uses step
motors as the motion provider, the noise associated
with it is often annoying. The concept proposed here
can be much quieter, since no metal contact exists in
the proposed design.


http://en.wikipedia.org/wiki/Electromagnet
http://en.wikipedia.org/wiki/Relay
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Easy control: Since the movement of the actuator
responds to the input current linearly, the control
scheme for a complex motion sequence can be easily
formulated with a simple open-loop controller.

Slender form: Multiple units of the proposed actuator
can be connected in series to form a slender motion
provider for greater movement. It will be particularly
suitable for applications in a limited narrow space.
Low vibration: The elastomeric spring between the
solenoids can serve as a damper to absorb vibration.
And unlike a step motor relying on pulse inputs, the
continuous input greatly reduces the possibility of
vibration.

Ease of extension to applications of multi-degrees of
freedom: As the structure of the actuator is very simple,
it is easy to combine units of actuators in different
directions to provide motions of multi-degrees of
freedom.

In this paper, the process of creating a linearly responsive
electromagnetic actuator is reported. The process is illustrated
in Fig. 1. To begin the design process, the ideal linear
relationship between the input current and the motion provided
must be decided. The nonlinear electromagnetic force as a
function of input current and air gap must be determined first.
By mapping the electric current-motion relationship on the
force-air gap diagram and working out the force equilibrium,
the ideal force-displacement relationship for the elastic
component can be obtained. To acquire an elastic component
with the ideal non-linear force-displacement characteristics, an
elastomeric cone is devised; the spring characteristics are
calculated using nonlinear finite element analysis. When the
shape, the dimensions, and the elastic properties of the
elastomeric cone are confirmed in the FEA to provide the
desired performance, a prototype of the actuator with the
elastomeric cone can be made. The performance of the
proposed actuator is then measured to check with the
previously defined linear current-motion requirement.

Derive the function:
Electromagnetic
motion relation force(current, air gap)

l l

Obtain the requirement of the
nonlinear elastic component

l

Design elastomeric cone for

Determine ideal
linear current —

|

the elastic component

|

Prototyping of elastomeric
Finite element calculation for

cone
force-displacement of cone - - -
‘ Experimental confirmation of

linear current-motion relation

Fig. 1 Schematic of the development process of the linearly
responsive electromagnetic actuator
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1. DESIGN OF THE LINEARLY RESPONSIVE ELECTROMAGNETIC
ACTUATOR

The proposed design consists of two electromagnets and an
elastomeric spring as shown in Fig. 2(a) [11]. The
electromagnet includes a cylindrical steel core and a copper
wire rounding the steel core as depicted in Fig. 2(b). The
elastomeric spring is proposed to be cone-shaped, so the
reaction force it generates will increase non-linearly while
being compressed by the electromagnets. When the electric
current of the same direction is supplied to both electromagnets,
the electromagnets will generate an attractive force to attract
one another. The attractive force compresses the elastomeric
spring until force equilibrium between the electromagnetic
attraction and the elastomeric resistance has been achieved.
Since the air gap between the two electromagnets is determined
by the force equilibrium between the electromagnetic force and
the spring resistance, by increasing the input current, the air gap
can be reduced, and the free electromagnet will move
accordingly. By connecting multiple units in series as shown in
Fig. 3, greater movement can be achieved, and the actuators can
perform like an artificial muscle.

®

®

@)

@

® ®
(a) (b)

Fig. 2 The proposed linearly responsive actuator: (a) A single unit of
the actuator with a cone-shaped elastomeric spring; (i) and (iii) are two
electromagnets; (ii) is the elastomeric spring, (b) The electromagnet;
(iv) and (vi)represent the copper wire; (v) is the steel core.

Fig. 3 A schematic of series of linearly responsive actuators for greater
movement; (i) the guide rail, (ii) units of the actuator.

The advantage of using a nonlinear spring as shown in Fig.
4(b) in replacement of a conventional linear spring as shown in
Fig. 4(a) is explained by Fig. 5, where the force-displacement
relationships of the electromagnetic forces and the force
characteristics of springs are displayed together. The multiple
solid lines represent the electromagnetic forces associated with
various levels of electric current and air gap. For a conventional
linear spring, the force-displacement relationship is the
bi-linear line as shown in Fig. 5(a). When the linear spring is
functioning within the normal range, the force-displacement
relation is a straight line with a desired constant slope, which is
the spring stiffness. When the spring is compressed to a point
that contact between the coils has happened, the spring will
become extremely stiff and the system can no longer properly
function. The nearly vertical section of the bi-linear lines
demonstrates such a scenario. However, for the elastomeric
cone, the hyperelastic behavior of the material along with a
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proper shape makes it possible to generate a reaction force that
increases highly nonlinearly as shown in Fig. 5(b) [12].

(a) (b)

a
Fig. 4 Comparison of linear and non-linear springs: (a) A conventional
coil spring, (b) An elastomeric cone.
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Fig. 5 Diagrams of spring force and electromagnetic force: (a) Bilinear
force-displacement relationship of a conventional linear spring, (b)
Nonlinear force-displacement relationship of the desired spring
characteristics.

In Fig. 5, the intersection point between the electromagnetic
force and the spring force represents the force equilibrium
associated with every electric current input. The corresponding
air gap between the two electromagnets also represents the
position of the free electromagnet, revealing the distance it
moves before equilibrium is achieved. If one plots all of these
intersection points in a diagram of displacement vs. current, the
performance characteristics of the two systems can be
compared, as shown in Fig. 6. For an example of the linearly
responsive spring as shown in Fig. 6(a), the relationship
between actuator displacement and input current is clearly not
linear. For electric current inputs between 1.5 A and 2.2 A, the
displacement increases acceleratingly with input current. For
electric currents above 2.2 A, the device does not function
anymore, as the motion has reached its limit. In contrast, for a
desired nonlinearly responsive spring as shown in Fig. 6(b), the
actuator displacement appears quite linear with respect to the
input current. Not only the operable range is greatly extended,
but also the motion control can be much easier.
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Fig. 6 Diagrams of actuator displacement vs. electric current input:
(a) Using a conventional linearly responsive spring; (b) Using an ideal
nonlinearly responsive spring.

To obtain the electromagnetic force as a function of electric
current and air gap, measurement was performed. An apparatus
was designed to measure the electromagnetic forces associated
with various air gaps and electric currents (see Fig. 7).
Electromagnets are prepared with an iron core of a radius R=
7mm, a core length L= 30mm, and 480 turns of copper wire
around the core. One of the electromagnets is fixed directly to
the apparatus, and the other one is connected to a force gauge
fixed on the apparatus, with a prescribed air gap between the
two electromagnets. A power supply is used to provide the
same electric current to the electromagnets; an attractive force
is generated and measured by the force gauge. By adjusting the
position of the fixed electromagnet, the air gap can be adjusted.
The attractive force between the electromagnets is measured as
a function of gap distance and electric current. The results are
shown in Fig. 8.

Power Supply

L—2 O/? ° o °
LT O VAV Ak =00
™ 7]
Force gauge |:| O
— — Exectromagnet Electrorriagn t
) O (@S

Air gap

Fig. 7 Schematic of the apparatus for measurement of the
electromagnetic force
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Fig. 8 The electromagnetic attraction between solenoids as a function
of air gap for various input currents.

As discussed in Section 2, in order to create a linearly
responsive actuator as shown in Fig. 6(b), the elastomeric
spring must possess highly nonlinear spring characteristics
providing a rapidly increasing spring rate to balance the rapidly
increasing electromagnetic force. To achieve this, we propose a
conical shape for the elastomeric spring as shown in Fig. 9. The
cone has two end areas, one relatively larger than the other.
When the cone is barely compressed, the initial stiffness is
low since the cross-sectional area of the small end is small,
and the compressive displacement associated with the smaller
end is greater. When compression progresses, side areas of the
cone near the small end will gradually move into contact with
the compressing component; so the true contact area of the
small end becomes significantly larger. As a result, the small
end actually becomes a much larger end, and the stiffness of
the cone can become effectively higher. The material
non-linearity also progresses in a similar fashion, as the elastic
modulus becomes higher at higher strains [13]. From Fig 5(b),
we have derived the requirement on the force-displacement
relationship of the desired elastomeric spring, whose spring
characteristics strongly depend on its own geometry [14]. In
general, a cone can be defined by a base diameter D, and an
aperture 0. For stability, we devise a small area on the top of the
cone, instead of a point. In general, the diameter of the top area
is less than 1/10 of the base diameter. Hence, the height h is
slightly smaller than that of a perfect cone as shown in Fig. 9.

FINITE ELEMENT ANALYSIS

Fig. 9 Proposed conical shape of the elastomeric spring.

The geometric parameters of the elastomeric cone in Fig. 9
must be judiciously determined in order to obtain the required
non-linear spring characteristics shown in Fig. 6(b). To
calculate the force-compression relationship of the cone, we
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use finite element analysis to perform a series of structural
analyses. In each analysis, the force-displacement curve is
obtained for a given set of geometric parameters. The set of
geometric parameters associated with the best curve fitting is to
be found. The finite element models involve a Hyper-Elastic
material model, large strain, and contact. Finite element
software ANSY'S 10.0 was used for the calculation with the
non-linear solution procedure activated [15]. In ANSYS,
many Hyper-Elastic material models are available including
Mooney-Rivlin, Polynomial, Yeoh, Neo-Hookean, Ogden,
Arruda-Boyce, Gent, Blatz-Ko, and Ogden Hyper-Foam. In the
current study, the Neo-Hookean material law is used for its
simplicity and ease to be directly linked to the Young’s
Modulus. The strain energy function of the Neo-Hookean
model is:
W=C (I, —3)+d(J - 1)? €8]
where W is the strain energy function, C, equals to a half of
the initial shear modulus of elasticity. And d = 2/K, where K is
the initial bulk modulus. I;represents the first invariant of the
deformation tensor as,
=X+ +1 @
where A,denotes the principal stretch ratio in each direction.
In addition,
] =M (3)
The Neo-Hookean model in ANSYS permits to specify
absolute incompressibility for the material. Hence, d is set to be
zero, and C; is set at 0.4167 MPa based on an initial Young’s
Modulus of 2.5 MPa. Since the shape of the cone and the
compressive loading are axi-symmetric, the three-dimensional
problem can be simplified to be an axi-symmetric finite
element model with plane elements as shown in Fig. 10.

AN

Fig. 10 The axi-symmetric finite element model of the conical
elastomeric spring

The elastomer domain of the finite element model is meshed
with an 8-noded element type PLANE183. The contact
interaction is modeled with the contact element type
TARGE169 and CONTAL72 as shown in Fig. 11, in which the
boundary of the cone is meshed with soft contact element
CONTAL72 (deformable), and a straight line on top of the
small end representing the rigid compressive component is
meshed  with  rigid contact element TARGE169
(non-deformable). As the compressive component moves
downward relatively, compression is imposed on the elastomer.
The side areas of the cone gradually move into contact with the
rigid component on the top. Since the entire side areas of the
cone are meshed with contact elements, it is guaranteed that the
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contact interaction between the compressive component and
the cone is properly simulated.

Rigid contact elements

Deformable
contact elements

Fig. 11 Contact elements of the finite element model

To simulate the compression process, the rigid line at the
top is fully constrained; the bottom line of the elastomeric
cone is specified to be rigid and move upward by a maximum
displacement of 3.4 mm, which matches a compression ratio
of 57%. Since the element deformation is high and the contact
elements are used in the model, the large deformation option
in the ANSYS solution procedure is activated. The entire
loading process is divided into 13 load steps, and each load
step is divided into 5,000 sub-steps for solution accuracy. The
option of automatic step size is also activated with the
minimum step number set at 100, and the maximum step
number set at 20,000. Some typical calculation results of the
deformed plots are shown in Fig. 12.

3

- -~

Y

(a) (b)
Fig. 12 FEA results at various compression ratios: (a) 10%, (b) 25%,
and (c) 38%

Among the geometries analyzed in ANSYS (see Fig. 13), it
is found that in model | with h = 6mm, D = 7mm, and 0 = 57°,
the solution reveals the best fit for Fig. 5(b). The calculated
force-displacement relationship is shown in Fig. 14(a) in
comparison with the theoretical requirements.
Non-dimensionalized forces with respect to the Young’s
modulus and the base area are also shown in Fig. 14(b) as a
function of compression ratio. By plotting the above results on
the diagram of the electromagnetic forces (see Fig. 8) and
working out the intersections at each electric current like Fig.
5(b), the movement vs. current of the actuator can be predicted
as shown in Fig. 15. It is found that the relationship is quite
linear with a R? = 0.992.

Model | Model Il Model 11!

Model IV

Fig. 13 Geometries tested in ANSYS for spring performance

Model V Model vi
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Fig. 14 The calculated spring characteristics for h = 6mm,
D = 7mm, and © = 57° in comparison with the theoretical requirements:
(a) Force vs. compression, (b) Non-dimensional results.
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Fig. 15 Predicted performance of the linearly responsive actuator

IV. PROTOTYPE AND MEASUREMENT

A prototype of the proposed electromagnetic actuator was
built and tested. The actuator includes two major parts, an
elastomeric spring and a pair of electromagnetic solenoids. The
elastomeric spring was made according to the previous
geometric parameters calculated in FEA and found to best fit
the requirement for its non-linear requirement. To fabricate the
elastomeric spring, the compression molding method was used,
and a steel mold was made. An industrial grade NBR
compound with a hardness of Shore A 50 degrees was chosen
as the material [16]. NBR is a widely used compound, known
for its low cost, high rebound capability, and high tear strength.
Its excellent resistance to compression set is particularly
suitable for our need, as the elastomeric cone is expected to be
frequently under compression. The initial Young’s modulus of
the elastomer was measured to be 2.5 MPa, based on a simple
extension test with a long rectangular specimen. A hydraulic
press was used to compress the mold with a pressure of 80
kg/cm? and a curing temperature set at 170°C. The cured
elastomeric spring was then glued to one of the electromagnet
as shown in Fig. 16(b).
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Fig. 16 The prototype of the actuator: (a) The elastomeric cone, (b)
The solenoid with the elastomeric cone.

A testing apparatus was then built, and the prototype of the
proposed actuator was assembled as shown in Fig. 17. One
electromagnet is fixed to the apparatus, and the other one is
mounted on a linear slider, which is guided to move freely
along the axial direction with minimal friction. The elastomeric
spring glued to one of the electromagnets is placed in between
them. A position sensor (LVDT) is used to detect the position
of the free electromagnet; the measurement can also indicate
the compression distance of the elastomeric spring. A power
supply is used to input electric current to the solenoids in series.
Five different levels of electric current were input for the test
(see Table I). For each level of the input electric current, the
free solenoid would be attracted by the other solenoid, and
move to compress the elastomeric spring until force
equilibrium was achieved. At least 3 seconds was waited,
before every measurement of displacement was recorded. The
recorded displacements of the free solenoid with respect to the
input electric currents are shown in Table I.

Indicator Power Supply

0E7e — 1
O O
O oooo —r 1 2 2
= o

VDT 1

_ Sliderf—o
e ,__.:3 Linear guide |

Fig. 17 The testing of the linearly responsive actuator; (i) the power
supply, (ii) the fixture, (iii)the actuator being tested, (iv) the indicator
of LVDT, and (v) the LVDT.

In Table I, | denotes the electric current input by the power
supply, dmeasurea 1S the measured movement of the free
electromagnet, dyrediciea iS the predicted movement, and Ad is the
discrepancy between the two values. In general, the
discrepancy is less than 5%, with a greatest of 10.8% at | = 1A.
It is probably due to the fact that the Coulomb friction of the
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linear slider becomes relatively more important, when the
electromagnetic force is low. Photographs of the actuator under
various input currents are shown in Fig. 18. In Fig. 19 where
both the measured and predicted displacements are plotted, it
can be seen that the measured movement of the actuator also
responds to the input current quite linearly. By fitting the
measured data with a straight line, R? is found to be 0.983.

TABLE |
COMPARISON OF MEASURED AND PREDICTED DISPLACEMENTS VERSUS
INPUT ELECTRIC CURRENTS

| (A) drmessured (MM) pregicted (MM) Ad (mm) %Ad (%)

0 0 0 0 0

1 0.58 0.65 0.07 10.8
15 1.05 1.10 0.05 4.55
2 1.52 1.56 0.04 2.56
25 2.01 2.01 0.00 0.00
3 2.44 242 -0.02 -0.80
[ Wb a0

(@ 1=1A  (b)I=15A () 1=2A

@) 1=25A () 1=3A
Fig. 18 Photographs of the actuator under various input currents.

R?=0.9831 »

Adm

X dp

Movement (mm)

) 1(A) )
Fig. 19 Comparison of measured and predicted displacements
versus electric current, dm: measurements;
dp: predictions.

V. DISCUSSION

The results shown in Fig. 19 confirm the design concept
proposed in this paper for creating a linearly responsive
actuator. Although the R? of the measured data fitted to a
straight line is found to be 0.983, discrepancies do exist
compared with a perfect straight line. To further improve the
linearity of the actuator performance, it is suggested that the
shape of the conical elastomeric spring can be further
fine-tuned. For example, by dividing the cone into certain
sections, each with a prescribed cross-sectional diameter, the
spring characteristics of the cone may be tweaked to better fit a
straight line [14]. With the help of finite element analysis,
models of various geometries can be swiftly examined to find a
better shape of cone. For the prototype demonstrated in the
current study, the largest displacement of the actuator ever
reached is 2.42mm. The total length of the proposed actuator is:
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L=2L electromagnets +L spring — 66 mm.

(4)

Hence, the contraction ratio of the proposed actuator, defined
as the largest displacement divided by the total length of the
device is computed to be 2.44/66 = 3.70%. The contraction
ratio can be further improved, if the attractive force per length
of the electromagnet is reduced. As the attractive force depends
on the permeability and the diameter of the core, the ratio of
force per volume can be greatly enhanced by using a material
with a higher permeability. The electromagnetic cores used in
the current study are made of steel, which has a permeability u
around 3x10™(H/m). Materials with higher permeability such
as Permalloy can be one good choice. Commercial Permalloy
alloys typically have relative permeability of around 100,000,
compared to several thousand for ordinary steel [17]. Thus, by
using Permalloy, it is expected to shorten the electromagnets of
the actuator by at least 10 times, making a contraction ratio of
approximately 20%. For an application resembling an artificial
muscle combining multiple units of the actuators in series, the
contraction ratio can be further increased. For example, a
device with 10 solenoids and 9 elastomeric cones will present a
contraction ratio of 26%. Such a contraction ratio makes it
comparable to many of the existing artificial muscles, and
superior to many others. For example, shape memory alloys
SMAs reportedly generate a contraction of 3% [18].
Piezoelectric materials PZTs offer low strains (~0.06%) with
significant hysteresis (~15-20%), where as electrostrictive
PMN materials exhibit higher strains (~0.1%) with lower
hysteresis (~1-4%) [19]. Pneumatic muscle actuator (PMA), in
general, exhibits a contraction ratio of 25% [20]. Dielectric
elastomers are reported to associate a maximum contraction
ratio of 32 %; however, the high voltage needed for operation
presents a main disadvantage [21].

VI.

We have proposed a novel design of electromagnetic
actuator, whose displacement responds linearly to the input
electric current. The proposed design contains two
electromagnetic  solenoids and an elastomeric cone,
sandwiched in between the solenoids. The nonlinear spring
force of the elastomeric cone is customized to accurately
balance the nonlinear electromagnetic force at each desired
input level of the electric current. To design the ideal
elastomeric cone, a few geometries were tested. Finite element
analysis was wused for accurate calculation of the
force-displacement relationship of the cone. The nonlinear
finite element models involved Neo-Hookean material law and
contact elements. Among the geometries studied, it was found
that a cone shape of 6mm in height, 7mmin diameter, and an
aperture of 57° generates a spring curve that best suits the
need. A prototype of the actuator was made, with the
elastomeric cone made of an industrial grade NBR. The
performance of the actuator was tested by measuring the
motion response at every input current. The results showed
that the movement of the actuator responds to the input
current quite linearly, with an R? of 0.983.

CONCLUSION
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