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Noah D. Kohls , Nicholas Colonnese, Yi Chen Mazumdar , Senior Member, IEEE,
and Priyanshu Agarwal

Abstract—Novel actuators that can provide squeeze, vi-
bration, and localized forces while remaining soft and com-
fortable are essential for next-generation augmented re-
ality applications. Despite this need, there are currently
few soft actuator topologies that can provide high forces
and high bandwidths at low voltages and temperatures. In
this work, we present a new type of soft electromagnetic
actuator architecture for haptics. These low-cost, easy-to-
manufacture, and conformal actuators are composed of a
coil, magnet, thin-film material, and water. Adding a thin
ferromagnetic sheet further enables the creation of a latch-
ing actuator variant, which can improve force output while
reducing power consumption. Each actuator combines low
voltage (up to 2 V), high-bandwidth electromagnetics with
hydraulics to amplify force output. In addition to force
amplification, the hydraulics provide cooling and thermal
mass, which enable the actuator to be used safely in wear-
ables for longer durations. In this work, we characterize the
output forces, frequency response, efficiency, and thermal
profiles of the prototype actuators. Results from tabletop
experiments show that with hydraulic amplification, a non-
latching actuator is able to exert 1.3 N of force at 4 A,
and a latching actuator is able to exert up to 5.2 N when
preloaded with 3.7 N of compression. Furthermore, the pro-
totype actuator has a bandwidth of 30 Hz when operating
in air. After 120 s of continuous operation (1.3 W) in ambi-
ent air (26◦C), the maximum actuator temperature reaches
36◦C, making it safe for haptic applications. Using these
designs, we develop a prototype wearable wristband device
that can render body-grounded squeeze and vibration. By
expanding on the operating principles described in this
work, novel augmented reality applications can potentially
become possible.

Index Terms—Electromagnetic actuator, hydraulic ampli-
fication, soft actuator, squeeze, vibration, water cooling,
wristband.
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Fig. 1. (a) Haptic wrist device concept with several HAPSEAs is
shown. (b) The device is flexible and renders squeeze, vibration, and
local force capabilities. When the electromagnet is energized, the at-
traction force between the magnet and coil is amplified at the output
location.

I. INTRODUCTION

ADVANCES in augmented- and virtual reality (AR/VR)
have led to increased demand for haptic devices to sup-

plement visual and audio elements. Haptic feedback can improve
the user’s ability to manipulate virtual objects [1], enhance re-
alism of virtual environments [2], close the action-confirmation
loop in user interfaces [3], and provide feedback to augment
or substitute sensation [4]. Haptics therefore, reduces cognitive
load, increases reaction speed, and creates a more engaging
experience. Many tactile haptic systems currently use vibra-
tional actuators because vibrations are easy to generate, do not
require body grounding, and are readily recognized by users.
However, prior work has shown that vibrotactile haptic feedback
combined with wrist-based squeeze substantially improves vir-
tual hand-based interactions in AR/VR [5]. Thus, researchers
have developed different servo-based mechanisms that render
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squeeze to grab attention [6] or guide a user’s wrist through
movement tasks [7], [8]. Developing devices that can render
both squeeze and vibration has been an ongoing challenge. One
approach [9] has been to develop a wristband device with two
actuators, a cable tensioning mechanism for squeeze and hard
embedded vibrotactors along the circumference of the wrist
for vibration. While both modes of feedback are achievable,
using two types of actuators adds complexity. In addition, the
mismatch in mechanical impedance between the rigid haptic
device and soft skin leads to comfort and encumbrance issues,
which has led to the use of soft elements and actuators [10], [11].

Using soft components, squeeze actuation has been achieved
through the use of pneumatic bellows [12] and elastic tubes [13].
Pneumatic actuation, however, requires bulky pressure sources
(which hinder portability), employs noisy valves, and has low
mechanical bandwidth. Shape memory alloys have also been
investigated for soft actuators [14] and haptic squeeze [15], but
generate excessive heat for continuous or repeated actuation.
Active cooling has also been employed to improve thermal
performance [16] and develop wearable devices [17], but these
systems remain slow and bulky.

Electromagnetic actuators, on the other hand, are more com-
mon in haptic devices due to their high speeds, large forces,
and excellent efficiencies [18], [19]. Rigid motors, pumps, and
solenoids, however, have higher mechanical impedances than
human skin, requiring soft coupling elements that improve com-
fort but also dampen the actuator output. One alternative solution
has been the development of novel, fully soft electromagnetic
actuators using embroidered coils [20] and liquid metals [21],
[22], [23]. While these actuators are soft and fast, they have high
operating temperatures and low output forces.

One approach to improving output force while maintain-
ing high bandwidths and low operating temperatures is force
amplification. While there are several interesting amplification
techniques, such as pulley systems [20], many do not translate
well to wearable designs. Hydraulic force amplification, on the
other hand, has been successfully demonstrated for haptics with
soft hydraulically amplified self-healing electrostatic (HASEL)
actuators [24]. Using electrostatic attraction, these systems am-
plify forces by pressurizing a fluid to change the actuator’s
shape. While this is beneficial in wearables [25], electrostatic and
dielectric [26], [27] actuators require high voltages (>1000 V),
which can potentially shock users.

In this article, we present Hydraulically AmPlified Soft
Electromagnetic Actuator (HAPSEA), a new type of soft actua-
tor that combines electromagnetic actuation with hydraulic force
amplification. This concept, illustrated in Fig. 1, has several
contributions, given as follows.

1) The first demonstration of a compliant multimodal haptic
actuator using a hydro-electromagnetic actuation con-
cept. Aside from flexible membrane pumps [28], hydro-
electromagnetic actuators have not been previously pro-
posed in the literature for haptic applications.

2) The combined ability to generate high squeeze and local
forces as well as high vibration bandwidths for haptics
using a single compact hydraulically amplified electro-
magnetic actuator. The summary in Table I presents the
approximate bandwidths and output forces for various

TABLE I
COMPARISON OF THE STATE-OF-THE-ART WEARABLE HAPTIC ACTUATORS

actuator designs. This highlights how HAPSEA is able to
produce both high forces and frequencies.

3) The unique use of hydraulics on an electromag-
netic actuator for amplifying force, achieving high
bandwidths, regulating temperature, and improving
comfort.

4) The combination of several HAPSEAs using low-cost
and easy-to-fabricate techniques shows how a novel soft
haptic wristband device can be created.

Here, we first describe models for the electromagnetic force
output and force amplification. Then, the design and manufac-
turing techniques needed to build the system are discussed. This
is followed by the characterization of the mechanical dynamics,
actuator efficiency, and thermal performance. Finally, we con-
clude by demonstrating the application of the actuator in a haptic
wrist device. This article illustrates how the principles discussed
in this work can be further optimized for future AR systems and
wearable technologies.

II. HYDRO-ELECTROMAGNETIC ACTUATOR MODELING

Fig. 1(b) illustrates the basic operation of the soft actuator,
which converts electrical energy into hydraulically amplified
mechanical force using a planar coil configuration. In this
concept, forces are generated by applying current (I) to the
electromagnetic coil, thereby generating an induced magnetic
field. This, in turn, interacts with the field of the permanent
magnet via the Lorentz force, �F0 = I�l × �B. Here, the force
output of the coil (�F0) is proportional to the current and the
cross product between the length vector of the wire �l and the
magnetic field of the permanent magnet �B.

In order to more accurately model the interaction between the
electromagnetic coil and the cylindrical magnet, the filament
method [30] is utilized. In this model, the coil and magnet are
simplified and represented as a collection of individual current-
carrying loops. The total force between the coil and magnet is
calculated as the sum of the forces between each loop. The force
per loop in the axial direction is

Ff (r1, r2, x)=μ0I1I2x

√
m

4r1r2

(
K(m)− m− 2

2(m− 1)
E(m)

)
.

(1)
Here, μ0 is the magnetic permeability of free space and I1 is the
current in the coil. The equivalent current in the magnet is defined
as I2 = Brlm/(Nmμ0) representing the relationship between
the remanence of the permanent magnet (Br), the length of the
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magnet (lm), and the number of turns in the magnet (Nm), which
was selected to be 100 to ensure an even field distribution in the
magnet. Furthermore, r1 represents the radius of the coil, r2 is
the radius of magnet, and x is the axial distance between the
center of the coil and the center of the magnet. Finally, K(m)
and E(m) are the first and second elliptic integrals as a function
of m defined as

m =
4r1r2

(r1 + r2)2 + x2
. (2)

The total axial force between the coil and permanent magnet
can be solved as a function of x by summing the force between
individual current-carrying loops across the number of loops in
the magnet (Nm), radial layers in the coil (Nr), and axial layers
in the coil (Ny) such that

Fin(x) =

Nm∑
nm=1

Nr∑
nr=1

Ny∑
ny=1

Ff (r(nr), Rm, x+ L(nm, ny))

(3)

r(nr) = rc +
nr − 1
Nr − 1

(Rc − rc) (4)

L(nm, ny) =
ny − 1
Ny − 1

lc +
nm − 1
Nm − 1

lm (5)

where Rm is the radius of the magnet, Rc is the outer radius of
the coil, rc is the inner radius of the coil, lm is the length of the
magnet, and lc is the length of the coil. From these equations,
it is clear that the electromagnetic force output of the coil is
nonlinear and that the maximum force is achieved when the coil
and magnet are in contact.

To hydraulically amplify force, incompressible fluid assump-
tions and Pascal’s law are used. Here, the incompressible fluid
(water) directly transfers forces generated by the electromagnet
(Fin) at the input area (Ain) to the output area (Aout). The force
applied to the wearer of the device (Fout) is then proportional to
the ratio of the areas through the pressure

P =
Fout

Aout
=

Fin

Ain
. (6)

Note that the output area is not constant due to the flexibility
of the material and may change depending on loading and
mounting. Furthermore, because the volume of fluid is constant,
a direct tradeoff is made between force and stroke at the input
and output. Thus, force amplification and actuation stroke can
be tuned by altering the area ratio.

Output force can also be increased by increasing the current
supplied to the electromagnetic actuator. This, however, can
result in higher operating temperatures that can potentially harm
the user. Assuming a low Biot number, a lumped capacitance
model can be used to estimate the temperature T as a function
of time using

T (t) =
I2R

hAs

(
1 − e

−hAs
ρV cp

t
)
+ T0. (7)

In this equation, the convection coefficient to the ambient air
is h, the surface area of the composite actuator is As, the
volume is V , the density is ρ, the heat capacity is cp, and

Fig. 2. Manufacturing starts with (a) the electromagnet, which is me-
chanically bonded to a COPP layer by applying heat and pressure.
(b) Next, a precut sheet of COPP is placed between two magnets. The
electromagnet is then attached by applying heat to bond the COPP
together. (c) The actuator is folded to align the permanent magnets with
the electromagnet and heat sealed along the edges. (d) Silicone tubing
is inserted and heat sealed. Finally, water is added to the pouch and the
tubing is sealed to prevent leakage.

ambient temperature is T0. In addition, the heat generated by
the coil is I2R with a temperature-dependent coil resistance
of R = R0(1 + α(T − T0)), where the temperature-dependent
resistivity is α and the room temperature resistance is R0. By
surrounding the electromagnetic actuator with liquid from the
hydraulic amplification system, the surface area of the composite
actuator increases drastically, leading to improved heat transfer
and reduced temperatures. At the same time, a high liquid
conductivity k can lead to a low Biot number Bi ≈ hV/(kAs),
which improves heat removal from the coil and distributes the
heat more evenly across the actuator area. Water, a biocompati-
ble liquid with a high thermal conductivity (0.60W/m ·K) [31],
can be used to achieve reduced actuator temperature as well as
hydraulic force amplification.

III. ACTUATOR DESIGN AND MANUFACTURING

Using these principles, a simple, scalable hybrid hydro-
electromagnetic actuator is designed with an easy-to-
manufacture trapezoidal shape, which was chosen to increase
the output area with respect to the input area. The overall length
of the actuator is 75 mm and the widths are 30 and 45 mm at the
ends closest to the input and output, respectively.

Fig. 2 illustrates the process for fabricating the actuator.
To encapsulate water for the hydraulic amplification system,
a flexible but inextensible thin-film material is chosen. Not only
must this material conform to the human body but it must also
transfer forces to the user without attenuation, require low forces
to change shape, and minimize risk due to rupture. In addition,
the material needs to be watertight and nonporous. Several
heat-sealable films, given in Table II, were considered for the
development of this actuator, including coextruded oriented
polypropylene (COPP), stretchlon, and ripstop nylon, with thin
thermoplastic polyurethane (TPU). The low water permeability
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TABLE II
PROPERTIES OF POTENTIAL ENCAPSULATION MATERIALS

and high tensile strength made COPP the most favorable choice.
In addition, when used at below 30% of the ultimate tensile
strength (75 MPa), the fatigue failure of oriented polypropy-
lene plastics is well beyond 106 cycles [33]. Thus, the COPP
material is not expected to fail under the maximum designed
loading condition of 15 MPa in tension at the magnet and COPP
interface.

To create the actuation system, an off-the-shelf electromag-
netic coil (R = 0.32 Ω, L = 27.1 μH) with an inner radius (rc)
of 2.25 mm, an outer radius (Rc) of 7 mm, and a length (lc)
of 1.7 mm is used. The coil is mechanically bonded to a COPP
bobbin by applying heat and pressure. As the plastic melts, it
conforms to the shape of the electromagnet filling in the core
and gaps between wires, thereby improving heat transfer. Next,
a sheet of 0.02-mm thick COPP is cut on an epilog helix laser
engraver to the shape shown in Fig. 2(b). The electromagnet is
then bonded to it by melting the plastic together. Two NdFeB
magnets with a radius (Rm) of 6.35 mm and thickness (lm)
of 3.175 mm are then attached to the COPP sheet via mutual
magnetic attraction. The location of the bonding points for the
electromagnetic components are chosen to maximize the output
area Aout and maintain close proximity between the coil and
magnets.

Next, the COPP sheet is symmetrically folded to align the
magnet and electromagnet. The sides are then closed with an
impulse sealer. A silicone tube (ID = 0.5 mm, OD = 1 mm) is
inserted into the open end of the pouch and heat sealed, ensuring
that the pouch remains watertight. Finally, a syringe is inserted
into the silicone tube and water is injected into the pouch. The
total actuator mass is 5.0 g and the maximum fill volume is
16.5 mL. A fill volume of 12 mL was selected for the majority
of the characterization measurements due to its ability to provide
a high output force. To enable the addition or removal of water,
a luer lock valve can be added. Alternatively, the silicone tubing
can be sealed and cut after filling.

For sustained force applications, latching designs can be
created by integrating thin ferromagnetic components into the
electromagnetic actuator [18], [19], [34]. Latching designs can
be advantageous for haptics because they only use power during
state changes. Fig. 3 demonstrates a latching-based HAPSEA
concept that uses materials with high magnetic permeability
placed underneath the electromagnetic coil. In this design, the
permanent magnet is attracted toward the electromagnet and
ferromagnetic component (MuMETAL disc, 14.3 mm diameter,
0.25 mm thickness, and 350 000 max permeability) when current
is supplied. However, when current is removed, the force of

Fig. 3. Latching mechanism using ferromagnetic material is illustrated.
When power is supplied to the electromagnet, the permanent magnet
attracts to the coil. When power is removed, the force of attraction
between the permanent magnet and ferromagnetic material remains,
keeping the actuator in the latched state. To detach, the current to the
electromagnet is reversed.

attraction between the permanent magnet and ferromagnetic
material holds the magnet in place, creating a fixed haptic
output force with no input power. Reversing the direction of
current repels the magnet, restoring it to the original state. In
a body-grounded haptic actuator, the internal pressure of the
actuator increases when it is attached firmly to the wrist or arm.
Thus, more force is required to attract the magnet to the coil.
Therefore, the bias force generated by a latching ferromagnetic
actuator can serve to minimize the power necessary to operate
the actuator. By tuning the dimensions and material selection for
the ferromagnetic component, it is possible to maximize force
output and minimize current.

IV. ACTUATOR CHARACTERIZATION

In order to compare the predicted and measured performance
of the actuator prototype, several experiments were conducted
to determine the electromagnetic coil output force, the hy-
draulically amplified actuator output force, actuator efficiency,
actuator bandwidth, and thermal response.

A. Electromagnetic Force Output

To test the output force of the electromagnetic actuator, a
six-axis force/torque sensor (ATI Nano17) and a linear actuator
(SMAC LCS25-050-15V1.0R) were attached to the coil and
permanent magnet. Fig. 4(a) illustrates the force of attraction
between the coil and magnet as a function of the gap distance.
As applied current increases, the force output increases linearly.
As the gap distance increases, the force decreases in a nonlinear
manner. With 4 A of input current, the electromagnet is able to
produce approximately 0.7 N of force. These trends are validated
against the force model in (3), showing a close match. Here, the
mean error between the model and the experimental data is 7.3
± 6.8 mN.

For the latching design in Fig. 4(b), the ferromagnetic material
biases the permanent magnet and increases the force output as
the gap distance decreases. Because magnetic forces in a free
space obey linear superposition, the force with the ferromagnet
at 0 A of current can be added directly to the theory and mea-
surement curves in Fig. 4(a) to achieve the curve in Fig. 4(b). In
this instance, at an input current of 4 A, a maximum output force
of 1.85 N is achieved. The ferromagnetic material contributes
1.15 N of additional attraction force with a gap distance of zero.
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Fig. 4. (a) Force of attraction between the coil and permanent magnet
is modeled and measured experimentally for varying levels of input
current. (b) Force of attraction is also measured and modeled for the
latching design.

Fig. 5. Threshold forces applied to the pouch that are required to
open or close the latching and nonlatching actuators are shown. For the
“unlatch” and “open” curves, the actuator starts in closed state and force
required to open the actuator is recorded. For the “latch” and “close”
curves, the force required to resist the closing motion is shown. A linear
actuator is used to adjust the input force and a six-axis force/torque
sensor is used to measure force as current is supplied to the coil.

Thus, to detach the latched permanent magnet, an impulse of
6.6 A is theoretically required for this configuration.

B. Amplified Actuator Force

The force output, and thus the hydraulic amplification of
the hydro-electromagnetic actuator, is characterized in Fig. 5.
Because it is typically challenging to characterize a device
with a human in the loop, blocked force characterization [35]
was adopted to reliably determine the actuator performance
between two flat surfaces. For each test, a latching or nonlatching
prototype actuator is filled with 12 mL of water and mounted
directly to the force sensor. The electromagnet has supplied a
continuous current as a linear actuator compresses the soft pouch
at a rate of 1 mm/s. When the permanent magnet separates from
the electromagnet moving from the closed to the open state,
the output force is recorded as the open or unlatch force. This
value represents the minimum amount of external force needed
to separate the magnet and coil at a given coil current. Then,

the linear actuator reverses direction to reduce pressure to the
pouch. When the magnet and coil attract moving from the open
to the closed state, the output force is recorded. This attraction
force represents the maximum amount of external force that can
be applied before the actuator is able to close or latch. Hysteresis
caused by shape changes in the pouch contact area can be noted
in the data, but overall, measurements show high repeatability.

The results shown in Fig. 5 show that the current and force
exhibit a linear relationship, which agrees with the analytical
model in Section II. At 4 A, the nonlatching actuator is able to
exert an output force at the pouch that is equal to 1.3 N, which
corresponds to a force amplification of 1.9× when compared
with the force output of the electromagnet without the fluid
pouch. The forces required to close the actuator at different
current levels tends to be larger than the force required to open
the actuator because the magnet and coil are further apart (2 mm
separation) at the start of a close operation.

For the latching actuator at 4 A, the maximum output force
at the pouch during a latching operation is approximately 5.2 N
with a bias force of 3.7 N to separate from the ferromagnetic
plate. The maximum force required to unlatch an actuator at 4 A
is 7 N. For this actuator design, the unlatching force is greater
than the latching force due to the presence of the ferromagnetic
plate. Once preloaded, the actuator can exert an additional 1.5 N
force, which corresponds to a force amplification of 2.1× at the
pouch. For body-grounded applications, the latching actuator
design can be tuned such that the preload force needed to strap
the actuator to the body matches the bias force produced by the
ferromagnetic plate. Thus, the force bias features of the latching
actuator make it more useful than the nonlatching actuator for
haptic applications.

C. Actuator Efficiency

For low-speed force output applications, the energetic effi-
ciency can be calculated using a full-cycle electromechanical
modeling technique commonly used for haptic actuators [24],
[36]. Here, the actuator is cycled both electrically and mechan-
ically by increasing and decreasing both voltage and external
load. Fig. 6(a) illustrates this technique. In state 1, the electro-
magnet is off and a constant load is applied to the output of the
system. In the transition between state 1 and state 2, a voltage
is applied to the electromagnet and is increased linearly. As the
gap between the magnet and electromagnet decreases, the output
displacement (xout) increases at a rate proportional to the area
ratio. Next, the load is removed, transitioning the system from
state 2 to state 3. Then, the voltage applied to the electromagnet
decreases to zero, bringing the system to state 4, which equalizes
the fluid due to hydrostatic pressure. Finally, the load is added
again to bring the system back to state 1 in the cycle.

This model uses the measured electrical characteristics, hy-
draulic amplification, and range-of-motion of the actuator and
assumes a constant area ratio, low damping, and no elastic
effects to estimate the full-cycle electromechanical efficiency.
As the actuator is cycled, the output force and displacement are
recorded, as shown in Fig. 6(b). The mechanical work output
achieved by the actuator is equal to the enclosed area in the
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Fig. 6. (a) Full-cycle electromechanical efficiency is modeled using a
nonlinear electromagnetic force input and Pascal’s law to amplify force
output. The four states of the cycle are shown as voltage and load
are increased and decreased. Efficiency of the hydro-electromagnetic
model is estimated by dividing (b) the mechanical work output by (c) the
electrical work input. For the current design, an efficiency of 0.056% is
estimated.

force–displacement plane, which is the integral of force over a
known displacement. The electrical energy is determined by the
voltage and current (charge is the integral of current) applied to
the electromagnet over time, which is equal to the enclosed area
in the voltage–charge plane in Fig. 6(c).

The total electromechanical efficiency is the ratio of mechan-
ical work output to electrical power consumed and depends
highly on loading and initial conditions. For example, to displace
a 0.1 N load a distance of 1 mm, the estimated efficiency from the
full-cycle electromechanical method is 0.056%. This efficiency
range places HAPSEA above phase changing soft actuators
(0.0008%–0.0018%), but well below polymer fiber (1.32%) and
HASEL (19.4%) actuators [24], [36], [37]. Generally, electro-
magnetic actuators are known to have high energetic efficiencies.
However, efficiencies can be severely reduced when energy
cannot be stored in kinetic or potential forms or in cases with
low speeds and long strokes [38], eccentric rotary loads [39], or
vibrational operating conditions [40]. Improving the efficiency
of HAPSEA may be possible by increasing the strength of the
permanent magnet, increasing the area ratio, or reducing the
stroke length of the actuator.

D. Dynamic Response

To characterize the dynamics of the soft actuator in air and
determine the actuation bandwidth, a laser displacement sensor
(Acuity AR100-50 mm) is used to measure the movement at
the center of the pouch in an unloaded, nonlatching actuator

Fig. 7. Frequency responses of the pouch operating in air with varying
fill volumes are captured using a laser displacement sensor. The transfer
function (mm/A) is estimated at varying frequencies.

with varying levels of fill volume. Because of the nonlinear
nature of the force to displacement relationship in this actuator,
stochastic system identification methods produced noisy and
difficult to interpret results. Thus, the frequency response of the
actuator was characterized by testing each frequency separately.
A square wave with an amplitude of 1 A is supplied at varying
frequencies, and at each test condition, a fast Fourier transform is
used to isolate the amplitude of the input current at the switching
frequency and output displacement at that same frequency. Fig. 7
shows the resulting amplitude response.

From these measurements, it is clear that the dynamics of the
pouch are dependent on fill volume. This indicates that the in-
compressible fluid and film increase the stiffness of the actuator
at higher volumes. Between 10 and 25 Hz, a resonance is noted
in all curves, which is likely caused by fluid oscillations inside
the pouch. Contact with human skin, damping, and preloading
are likely to alter the dynamic response during use. Overall,
however, this soft actuator has a high bandwidth of ≤30 Hz
for volumes of 8 mL and greater and is able to produce 10 μm
vibrations at up to 200 Hz with 1 A of input current.

E. Thermal Response

In addition to hydraulic amplification, the liquid serves as a
thermal reservoir that increases the heat transfer area and reduces
the risk of thermal failure. Fig. 8(a) illustrates the difference
between the maximum actuator temperature with and without
water cooling. Here, the electromagnet is powered in ambient
air at 26◦C and the liquid pouch contains 10 mL of water. Both
actuators are powered continuously with 2 A for 120 s, and the
temperature gradient of the COPP material (emissivity of 0.94
for the bobbin and pouch [41]) is recorded with a FLIR thermal
camera (128 × 96 pixels). The maximum temperature of the
system is recorded and plotted as a function of time. In air,
the electromagnet reaches a temperature of 112◦C at 120 s with
the temperature increasing at a rate of 0.35± 0.08◦C/s. Con-
versely, the electromagnet in water reached a steady peak tem-
perature of 36◦C at 120 s with negligible temperature increase.
This steady-state temperature increase is small (10◦C) and close
to human body temperature, illustrating that it can be safe to
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Fig. 8. (a) Maximum temperature and (b) resistance of an electromag-
net are measured in open air and in water with 2 A of continuously
applied current. (c) Thermal images are illustrated for the two systems at
120 s. The coil in water maintained a much lower temperature, making
it more suitable for haptic applications.

operate for long-term haptics. In addition, to increase comfort
for users, the actuator can be preheated from room temperature
to skin temperature in less than 30 s. Fig. 8(c) shows the contrast
in temperatures at 120 s and highlights the advantages of using
the hydraulic system for reducing temperatures.

One of the reasons for the continuous rise in temperature in
the air cooling system is the temperature-dependent resistivity
of copper (α = 0.4%/◦C). Fig. 8(b) illustrates this effect. As the
temperature of the coil increases, the resistance also increases
further accelerating the temperature rise. In fact, this mechanism
makes the apparent time constant of the air cooling system
estimated in (7) appear significantly longer than the water cool-
ing system. By integrating the temperature-dependent resistance
into (7), the theoretical model shown in Fig. 8(a) is produced.
Here, the geometric properties of the coil and pouch are used to
determine the volume and surface area of the respective systems.
The convection coefficient is estimated to be 40–50 W/m2 K
and the density and specific heat for water and copper are used.

Overall, results show that the resistance of the coil in air
increases by 36% over 120 s, whereas the system with water
only changed by 4%. Since heat generation increases linearly
with power and resistance (P = I2R(T )) and efficiency is a
function of power, a higher operating temperature leads to a less
efficient actuator. Therefore, maintaining low temperatures also
improves actuator efficiency.

V. HAPTIC DEVICE APPLICATION

To demonstrate how the hydraulically amplified system can
be used for a haptic wrist device, five latching HAPSEAs are
assembled together. Fig. 9 shows the design and function of
the device. Here, the actuators are assembled in alternating
orientation to reduce magnetic interference and to maintain the
rectangular profile. At the ends of the device, hook and loop
fabric as well as a thin elastic portion are attached, making it
comfortable, adjustable, and easy to don and doff. By wrapping

Fig. 9. (a) The design for a wearable haptic device is illustrated with
five soft actuators. Several modalities can be achieved with the device
including (b) uniform squeeze by actuating all HAPSEAs at low frequen-
cies, (c) local forces by actuating individual HAPSEAs, and (d) vibrations
by actuating HAPSEAs at high frequencies.

the assembly around the wrist, each actuator is mechanically
grounded to the body and preloaded. To reduce the risk of
electrical shorts, the electromagnets are soldered directly to the
power connections. Furthermore, the voltages supplied through
each actuator are very low (<5 V) and the electrical resistance of
human skin is very high (>1000Ω). Thus, this actuation scheme
is relatively safe to operate around human users [42].

To control the haptic device, each of the five actuators are
connected to a motor controller (Pololu G2 18V17) that is indi-
vidually controlled by a microcontroller (Arduino Uno Rev3).
Various modalities of haptic feedback can be achieved through
this prototype device. Fig. 9(b)–(d) demonstrates a squeeze
mode where all the actuators are simultaneously energized to
apply force directly to the wrist, a local force mode where
individual actuators are addressed, and a vibration mode where
the actuators are oscillated at a frequency up to 200 Hz. Other
unique modes can also be achieved by energizing actuators in
series to create a ripple effect. Results in Video 1 of the Sup-
plementary Material illustrate how the actuator can be used as a
wrist haptic device. With the ability to generate multiple haptic
modes, future iterations of HAPSEA actuators could be used in
AR/VR applications to interact with objects and environments,
receive alerts and notifications, or give the sensation of touch to
improve immersion.

VI. CONCLUSION

In this work, we demonstrate a novel electromagnetic actu-
ator that is hydraulically amplified in order to increase output
force and decrease operating temperatures. The actuator has a

Authorized licensed use limited to: Meta (formerly Facebook). Downloaded on December 13,2023 at 04:05:58 UTC from IEEE Xplore.  Restrictions apply. 



KOHLS et al.: HAPSEA: HYDRAULICALLY AMPLIFIED SOFT ELECTROMAGNETIC ACTUATOR FOR HAPTICS 1955

low-cost and an easy-to-manufacture architecture, using a sim-
ple geometry, heat-sealable materials, and water as the hydraulic
fluid. In order to provide extra biasing forces when worn and
enable higher efficiencies during operation, a latching version is
also implemented. To better understand the design space, simple
electromagnetic force, hydraulic amplification, and temperature
models are developed. These models are then compared with
experimental data, and a prototype haptic wrist device is demon-
strated.

Overall, the soft actuator shows high force, high bandwidth,
and low-temperature operation. Forces of 5.2 N are generated
at the output of the actuator at 4 A with a preload of 3.7 N. In
general, the actuator is able to exert a net force of 1.5 N, which
is a 2× amplification of the electromagnetic input force. In open
air, this prototype actuator achieved a bandwidth of ≥30 Hz
and stroke length of 0.4 mm operating at 1 A and 12 mL of fill
volume. In addition, the actuator is able to generate amplitudes
greater than 10 μm at 200 Hz, which shows potential for use
in wearable devices. With electromagnetic actuators, extended
use often causes overheating or failure. With the addition of
the hydraulic amplification system, the heat transfer surface
area is greatly increased leading to a significant decrease in
temperature. With continuous 2 A operation, the steady-state
temperature was 36◦C.

There are several future alterations that could further improve
the actuator for haptic applications. More complex designs that
restrict the motion of the magnet, reduce the gap between the coil
and magnet, and a ferromagnetic yoke to direct magnetic field
lines can greatly improve the force output of the electromag-
net. More complex pouch designs and heat-sealable geometries
can also improve range-of-motion, amplification, linearity, and
hysteresis.

Finally, as in many other electromechanical systems, higher
efficiencies are achieved as a result of the dynamic transfer
of energy between potential and kinetic elements. Thus, the
efficiency of this soft actuator (and battery life of the haptic
device) can also be further improved by operating at resonant
frequencies.

Overall, this work demonstrates a novel concept for devel-
oping next-generation haptic actuators that are low-cost, easy-
to-manufacture, high force, high bandwidth, and low operating
temperature. When incorporated into haptic devices, the actua-
tors can generate a variety of sensations, including squeeze, local
forces, and vibrations. With further development and miniatur-
ization, future iterations of HAPSEA actuators could eventually
be implemented for everyday human–robot interfaces, wear-
ables, and AR/VR applications.

REFERENCES

[1] P. Richard, G. Birebent, P. Coiffet, G. Burdea, D. Gomez, and N. Langrana,
“Effect of frame rate and force feedback on virtual object manipulation,”
Presence: Teleoperators Virtual Environ., vol. 5, no. 1, pp. 95–108, 1996.

[2] K. J. Kuchenbecker, J. Fiene, and G. Niemeyer, “Improving contact realism
through event-based haptic feedback,” IEEE Trans. Vis. Comput. Graph.,
vol. 12, no. 2, pp. 219–230, Mar./Apr. 2006.

[3] V. Hayward, O. R. Astley, M. Cruz-Hernandez, D. Grant, and G. Robles-
De-La-Torre, “Haptic interfaces and devices,” Sensor Rev., vol. 24,
pp. 16–29, 2004.

[4] Y. Visell, “Tactile sensory substitution: Models for enaction in HCI,”
Interacting Comput., vol. 21, no. 1–2, pp. 38–53, Jan. 2009.

[5] E. Pezent et al., “Explorations of wrist haptic feedback for AR/VR interac-
tions with Tasbi,” in Proc. Adjunct 35th Annu. ACM Symp. User Interface
Softw. Technol., 2022, pp. 1–5.

[6] M. A. Baumann, K. E. MacLean, T. W. Hazelton, and A. McKay, “Emu-
lating human attention-getting practices with wearable haptics,” in Proc.
IEEE Haptics Symp., 2010, pp. 149–156.

[7] A. A. Stanley and K. J. Kuchenbecker, “Design of body-grounded tactile
actuators for playback of human physical contact,” in Proc. IEEE World
Haptics Conf., 2011, pp. 563–568.

[8] A. A. Stanley and K. J. Kuchenbecker, “Evaluation of tactile feedback
methods for wrist rotation guidance,” IEEE Trans. Haptics, vol. 5, no. 3,
pp. 240–251, Jul.–Sep. 2012.

[9] E. Pezent et al., “Tasbi: Multisensory squeeze and vibrotactile wrist haptics
for augmented and virtual reality,” in Proc. IEEE World Haptics Conf.,
2019, pp. 1–6.

[10] K. Chubb, D. Berry, and T. Burke, “Towards an ontology for soft
robots: What is soft?,” Bioinspiration Biomimetics, vol. 14, no. 6, 2019,
Art. no. 063001.

[11] J. Yin, R. Hinchet, H. Shea, and C. Majidi, “Wearable soft technologies
for haptic sensing and feedback,” Adv. Funct. Mater., vol. 31, no. 39, 2021,
Art. no. 2007428.

[12] E. M. Young, A. H. Memar, P. Agarwal, and N. Colonnese, “Bellowband:
A pneumatic wristband for delivering local pressure and vibration,” in
Proc. IEEE World Haptics Conf., 2019, pp. 55–60.

[13] M. Zhu et al., “PneuSleeve: In-fabric multimodal actuation and sensing in
a soft, compact, and expressive haptic sleeve,” in Proc. CHI Conf. Hum.
Factors Comput. Syst., 2020, pp. 1–12.

[14] H. Jin, Y. Ouyang, H. Chen, J. Kong, W. Li, and S. Zhang, “Modeling
and motion control of a soft SMA planar actuator,” IEEE/ASME Trans.
Mechatron., vol. 27, no. 2, pp. 916–927, Apr. 2022.

[15] A. Gupta, A. A. R. Irudayaraj, and R. Balakrishnan, “HapticClench:
Investigating squeeze sensations using memory alloys,” in Proc. 30th
Annu. ACM Symp. User Interface Softw. Technol., 2017, pp. 109–117.

[16] Q. Ding, J. Chen, W. Yan, K. Yan, A. Kyme, and S. S. Cheng, “A
high-performance modular SMA actuator with fast heating and active
cooling for medical robotics,” IEEE/ASME Trans. Mechatron., vol. 27,
no. 6, pp. 5902–5913, Dec. 2022.

[17] J. Jeong et al., “Wrist assisting soft wearable robot with stretchable coolant
vessel integrated SMA muscle,” IEEE/ASME Trans. Mechatron., vol. 27,
no. 2, pp. 1046–1058, Apr. 2022.

[18] V. Vechev, J. Zarate, D. Lindlbauer, R. Hinchet, H. Shea, and
O. Hilliges, “Tactiles: Dual-mode low-power electromagnetic actua-
tors for rendering continuous contact and spatial haptic patterns in
VR,” in Proc. IEEE Conf. Virtual Reality 3D User Interfaces, 2019,
pp. 312–320.

[19] F. Pece et al., “MagTics: Flexible and thin form factor magnetic actuators
for dynamic and wearable haptic feedback,” in Proc. 30th Annu. ACM
Symp. User Interface Softw. Technol., 2017, pp. 143–154.

[20] S. R. Doerger and C. K. Harnett, “Force-amplified soft electromagnetic
actuators,” Actuators, vol. 7, no. 4, 2018, Art. no. 76.

[21] N. Kohls, B. Dias, Y. Mensah, B. P. Ruddy, and Y. C. Mazumdar, “Compli-
ant electromagnetic actuator architecture for soft robotics,” in Proc. IEEE
Int. Conf. Robot. Automat., 2020, pp. 9042–9049.

[22] N. Kohls, I. Abdeally, B. P. Ruddy, and Y. C. Mazumdar, “Design of a Xenia
coral robot using a high-stroke compliant linear electromagnetic actuator,”
ASME Lett. Dyn. Syst. Control, vol. 1, no. 3, 2021, Art. no. 0 31011.

[23] N. D. Kohls, R. Balak, B. P. Ruddy, and Y. C. Mazumdar, “Soft electro-
magnetic motor and soft magnetic sensors for synchronous rotary motion,”
Soft Robot., 2023, doi: 10.1089/soro.2022.0075.

[24] S. K. Mitchell et al., “An easy-to-implement toolkit to create versatile and
high-performance HASEL actuators for untethered soft robots,” Adv. Sci.,
vol. 6, no. 14, 2019, Art. no. 1900178.

[25] E. Leroy, R. Hinchet, and H. Shea, “Multimode hydraulically amplified
electrostatic actuators for wearable haptics,” Adv. Mater., vol. 32, no. 36,
2020, Art. no. 2002564.

[26] H. Phung, P. T. Hoang, H. Jung, T. D. Nguyen, C. T. Nguyen, and H. R.
Choi, “Haptic display responsive to touch driven by soft actuator and soft
sensor,” IEEE/ASME Trans. Mechatron., vol. 26, no. 5, pp. 2495–2505,
Oct. 2021.

[27] F. Chen, K. Liu, Q. Pan, S. Chen, and X. Zhu, “An integrated de-
sign and fabrication strategy for planar soft dielectric elastomer actu-
ators,” IEEE/ASME Trans. Mechatron., vol. 26, no. 5, pp. 2629–2640,
Oct. 2021.

Authorized licensed use limited to: Meta (formerly Facebook). Downloaded on December 13,2023 at 04:05:58 UTC from IEEE Xplore.  Restrictions apply. 

https://dx.doi.org/10.1089/soro.2022.0075


1956 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 28, NO. 4, AUGUST 2023

[28] J. W. Park, J.-H. Yang, and H. Kim, “A large-deflection high-force micro
electromagnetic hydraulic latex membrane actuator for fluid manipulation
in micro channels,” in Proc. IEEE 24th Int. Conf. Micro Electro Mech.
Syst., 2011, pp. 1209–1212.

[29] H. Culbertson, C. M. Nunez, A. Israr, F. Lau, F. Abnousi, and A. M.
Okamura, “A social haptic device to create continuous lateral motion
using sequential normal indentation,” in Proc. IEEE Haptics Symp., 2018,
pp. 32–39.

[30] W. Robertson, B. Cazzolato, and A. Zander, “Axial force between a
thick coil and a cylindrical permanent magnet: Optimizing the geome-
try of an electromagnetic actuator,” IEEE Trans. Magn., vol. 48, no. 9,
pp. 2479–2487, Sep. 2012.

[31] D. Ibrahim and C. Zamfirescu, Drying Phenomena: Theory and Applica-
tions. Hoboken, NJ, USA: Wiley, 2016.

[32] S. Jiang, G. Duan, H. Hou, A. Greiner, and S. Agarwal, “Novel layer-by-
layer procedure for making nylon-6 nanofiber reinforced high strength,
tough, and transparent thermoplastic polyurethane composites,” ACS Appl.
Mater. Interfaces, vol. 4, no. 8, pp. 4366–4372, 2012.

[33] N.-M. Barkoula, B. Alcock, N. Cabrera, and T. Peijs, “Fatigue properties of
highly oriented polypropylene tapes and all-polypropylene composites,”
Polym. Polym. Composites, vol. 16, pp. 101–113, 2008.

[34] R. Balak and Y. C. Mazumdar, “Bistable valves for magnetorheological
fluid-based soft robotic actuation systems,” Robot. Autom. Lett., vol. 6,
no. 4, pp. 8285–8292, 2021.

[35] S. Taccola, F. Greco, E. Sinibaldi, A. Mondini, B. Mazzolai, and V. Mattoli,
“Toward a new generation of electrically controllable hygromorphic soft
actuators,” Adv. Mater., vol. 27, no. 10, pp. 1668–1675, 2015.

[36] J. Li, M. Sun, and Z. Wu, “Design and fabrication of a low-cost silicone and
water-based soft actuator with a high load-to-weight ratio,” Soft Robot.,
vol. 8, no. 4, pp. 448–461, 2021.

[37] C. S. Haines et al., “Artificial muscles from fishing line and sewing thread,”
Science, vol. 343, no. 6173, pp. 868–872, 2014.

[38] J. McBean and C. Breazeal, “Voice coil actuators for human-robot inter-
action,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2004, vol. 1,
pp. 852–858.

[39] M. Rigacci, R. Sato, and K. Shirase, “Evaluating the influence of mechan-
ical system vibration characteristics on servo motor efficiency,” Precis.
Eng., vol. 72, pp. 680–689, 2021.

[40] H. Yaguchi and Y. Itoh, “Vibration actuator system with small-scale size
capable of visual inspection of large complex iron structures,” Appl. Sci.,
vol. 11, no. 16, 2021, Art. no. 7467.

[41] A.-L. Davesne et al., “Low-emissivity metal/dielectric coatings as radiative
barriers for the fire protection of raw and formulated polymers,” ACS Appl.
Polym. Mater., vol. 2, no. 7, pp. 2880–2889, 2020.

[42] R. M. Fish and L. A. Geddes, “Conduction of electrical current to and
through the human body: A review,” Eplasty, vol. 9, 2009, Art. no. e44.

Noah D. Kohls received the B.S. degree in
mechanical engineering from the University of
Cincinnati, Cincinnati, OH, USA, in 2019, and
the M.S. degree in mechanical engineering in
2022 from the Georgia Institute of Technology,
Atlanta, GA, USA, where he is currently working
toward the Ph.D. degree in robotics.

His research interests include the design and
control of soft robotic systems that use soft elec-
tromagnetic actuators and sensor topologies,
and the development of novel soft systems for
haptic feedback.

Nicholas Colonnese received the B.S. degree
in mechanical engineering from the University
of Washington, Seattle, WA, USA, in 2009, and
the M.S. and Ph.D. degrees in mechanical engi-
neering from Stanford University, Stanford, CA,
USA, in 2012 and 2015, respectively.

He is currently the Research Science Director
with Meta Reality Labs Research, Redmond,
WA, USA. He leads a multidisciplinary haptic
displays program, which includes researchers
with expertise in materials, actuation, rendering

algorithms, perception, interaction design, and haptic value evaluation.
His research focuses on novel interfaces for augmented and virtual
reality.

Yi Chen Mazumdar (Senior Member, IEEE) re-
ceived the B.S., M.S., and Ph.D. degrees in me-
chanical engineering from the Massachusetts
Institute of Technology, Cambridge, MA, USA,
in 2008, 2010, and 2015, respectively.

She was a Postdoctoral Appointee with San-
dia National Laboratories, Albuquerque, NM,
USA. Since 2019, she has been an Assistant
Professor with the School of Mechanical En-
gineering with a courtesy appointment in the
School of Aerospace Engineering, Georgia In-

stitute of Technology, Atlanta, GA, USA. Her research interests include
the development of soft robots, magnetic measurement techniques,
optical diagnostics, and new sensor materials for the study of complex
physical phenomena.

Priyanshu Agarwal received the B.Tech. de-
gree from the Motilal Nehru National Institute
of Technology Allahabad, Prayagraj, India, in
2007, the M.S. degree from the State University
of New York at Buffalo, Buffalo, NY, USA, in
2012, and the Ph.D. degree from the University
of Texas at Austin, Austin, TX, USA, in 2017, all
in mechanical engineering.

He is currently a Research Scientist with Meta
Reality Labs Research, Redmond, WA, USA.
His research focuses on novel haptic interfaces

for virtual and augmented reality applications.

Authorized licensed use limited to: Meta (formerly Facebook). Downloaded on December 13,2023 at 04:05:58 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


