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Abstract

Robust haptic devices that can convey the entire spectrum of human touch perception are
necessary to afford realistic haptic experiences. For vivid and immersive interaction, a
combination of both tactile and kinesthetic information must be presented to users. While
vibrotactile feedback has become ubiquitous in today’s handheld devices, traditional kinesthetic
actuators present signiﬁcant challenges to miniaturization. Moreover, only limited success has
been achieved in developing haptic actuators capable of conveying both tactile and kinesthetic
sensations for small consumer electronics. Therefore, this study presents a compact actuator
based on electrorheological (ER) ﬂuid for generating a wide range of concurrent kinesthetic and
tactile feedback. The design focus for the proposed actuator is to activate multiple operating
modes of ER ﬂuid to maximize the force generated by the actuator within a given small size
constraint. To this end, the design incorporated two ground electrodes (a stationary ring electrode
and a movable electrode attached to a spring element) for tuning the ﬂuid’s yield stress in both
ﬂow and squeeze modes. After fabricating a prototype actuator, testing was performed with a
dynamic mechanical analyzer (DMA) and an accelerometer to evaluate its ability to produce a
wide range of kinesthetic feedback, as well as distinct vibrotactile feedback up to the limit of
human perception. The results of kinesthetic testing indicate that the actuator can generate large
forces (6.2 N maximum at 4 kV) at rates greater than the just-noticeable difference, indicating
that the actuator can convey a wide range of kinesthetic sensations. Tactile evaluation using
DMA and the processed acceleration response demonstrated that the actuator can generate both
low and high frequency (up to 300 Hz) vibrotactile sensations at perceivably high intensity.
Keywords: haptic actuator, electrorheological ﬂuid, kinesthetic feedback, tactile feedback,
multimodal feedback
(Some ﬁgures may appear in colour only in the online journal)

1. Introduction

between operators and environments. When paired with
visual and audio feedback, the haptics of being able to feel
and manipulate objects in an environment offers users a
rich, immersive experience [1]. Thus, the beneﬁts of haptic
feedback have been realized in a wide range of applications,
including teleoperation, simulators, gaming and entertainment [2–5].

In the ﬁeld of human–computer interaction, haptic devices
are becoming increasingly important for their ability to
transmit meaningful information through touch sensation
3
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be better suited for small-scale applications. While ER ﬂuid
offers fast response times, low power consumption and stability on the order of MR ﬂuid, ER ﬂuid relies on simpler
electrical control; only two electrodes spaced on the order of
1 mm apart are required, lending itself to smaller, more
mobile designs [27–29]. Past works have investigated ER
ﬂuid for its ability to convey haptic feedback [30–33].
However, previous studies have not focused on device miniaturization or providing combined tactile and kinesthetic
feedback. To demonstrate feasibility, Mazursky et al [34]
experimentally tested a small button-type actuator based on
ER ﬂuid in ﬂow mode. In a subsequent study, Mazursky et al
[35] reduced the actuator’s thickness to 5.4 mm and validated
the actuator’s ability to generate kinesthetic and tactile sensations through experimentation and analytical modeling.
Though, for the haptic device developed in this study to be
implemented as a robust kinesthetic actuator, it is desirable to
widen the range of output forces as much as possible without
greatly increasing the size or complexity of the design.
Beyond producing a wide range of force outputs for a
variety of kinesthetic sensations, a comprehensive haptic device
must be able to produce vibrations in a wide frequency range
for delivering a variety of vibrotactile sensations. There are four
mechanoreceptors in human skin responsible for detecting
tactile sensations: Meissner corpuscle, Pacinian corpuscle,
Merkel disk and Rufﬁni endings. Together, these receptors
account for sensing low to high frequency vibrations (reliably
up to 300 Hz), as well as static pressures [36]. By utilizing
frequencies across the range of human perception, meaningful
and familiar sensations can be communicated to users and
greatly enhance device immersion [37, 38]. Traditional tactile
actuators, such as linear resonant actuators, are designed to
operate within a narrow resonant range and therefore cannot
stimulate across the entire human tactile spectrum. Thus, the
dynamic and tunable behavior of ER ﬂuid may afford a wider
vibration range and vivid sensations.
To overcome the outlined limitations of conventional
haptic actuators, this study presents the design of an ER
actuator capable of producing a sufﬁciently wide range of
forces for kinesthetic feedback and variable vibrotactile
feedback up to 300 Hz. Moreover, the device’s form is
compact (6 mm thickness), lending itself to mobile applications. To increase the force production, this study introduces a
design modiﬁcation to the ‘ﬂow-mode’ device that yields a
region of squeeze mode operation in addition to ﬂow mode,
thus enabling a multiple or mixed-mode activation of ER
ﬂuids. A prototype was designed, fabricated and tested using
a dynamic mechanical analyzer (DMA) ﬁtted with an accelerometer with a goal of characterizing the device’s ability to
convey kinesthetic and vibrotactile feedbacks produced by
varying the applied voltage magnitude and frequency. In the
following section, the design and fabrication of the mixedmode prototype actuator is described. Next, a mathematical
model of the actuator’s performance is derived and used to
simulate the actuator’s behavior. The experiments to measure
the actuator’s force along its stroke as well as high frequency
vibration is then presented, followed by a discussion of the
results.

In commercial touchscreen devices, haptic technology is
used to provide touch feedback through vibrations, or vibrotactile
feedback. While vibrotactile feedback can provide primitive
sensations, vibration alone is insufﬁcient for conveying comprehensive haptic feedback. For haptic feedback to be completely
immersive, a combination of two feedbacks is necessary: (1)
tactile and (2) kinesthetic [6]. Tactile feedback is sensed by
mechanoreceptors in the skin and provides information pertaining
to surface roughness and textures. Kinesthetic feedback is perceived as forces and torques by muscles, tendons, and joints and
affords information about position and movement. Thus, when
designing interfaces based on touch, both modes of haptic feedback (multimodal) should be present to convey realistic haptic
sensations by taking full advantage of human sensing capability.
Despite much research on the development of new haptic
devices in recent years, most studies present methods for conveying kinesthetic or tactile sensations independently [7, 8].
Furthermore, while tactile actuators have been extensively
implemented into consumer devices, the development of
kinesthetic actuators has been comparatively slow. Many of the
kinesthetic devices proposed in current research are based upon
alternating current/direct current (AC/DC) motors [9–11].
However, kinesthetic motors are restricted to immobile applications due to their size and power requirements. Moreover,
using high-torque motors for feedback requires additional
attention toward control stability and operator safety [12, 13].
Many researchers have concluded that to avoid the shortcomings of traditional actuation, advanced materials and new
methods must be engineered to make valuable devices with
simultaneous kinesthetic and tactile feedback [14, 15]. For
example, smart materials and their adaptable properties offer a
mechanically simpler solution. Piezoelectric beams have become
popular for generating tactile feedback, but provide insufﬁcient
forces for kinesthetic feedback [16, 17]. Contrarily, shape
memory alloys can provide variable kinesthetic feedbacks in
bending and pulling, but do not respond quickly enough to
trigger tactile sensations [18, 19]. Between these two smart
materials, a gap emerges; to attain concurrent tactile and kinesthetic sensations, the ideal material must be capable of generating
large forces at fast rates. To this end, smart ﬂuids pose an
attractive candidate for their rapid and stable response and ability
to generate high yield stresses through their tunable viscosity.
Magnetorheological (MR) ﬂuid has been the basis for
numerous haptic devices [20–23]. Most of these MR-based
devices were designed as feasibility studies and would be challenging to scale down for personal electronics due to the size
required of the solenoid coils. Yang et al [24] investigated the
feasibility of miniaturizing an MR ﬂuid-based device for combined kinesthetic and tactile feedback. In following parametric
studies, this button-type device was reduced into a module that is
small enough for mobile devices while maintaining the resolution
and range of haptic feedback [25, 26]. Despite optimization,
designing MR actuators still requires precise manufacturing to
produce the miniature coil. Ultimately, the size of the solenoid
has been the biggest roadblock for miniaturizing MR devices.
Analogous to MR ﬂuid, electrorheological (ER) ﬂuid’s
viscosity is dependent upon the magnitude of applied electric
ﬁeld. Through this principle, ER ﬂuid may be demonstrated to
2
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Figure 1. Cross-section view of the working principle of the cylindrical haptic actuator operating in mixed modes (a) pre-press and (b) mid-

press.

2. Design and fabrication

principle as in the previous design, which can be found in
[35]. However, in contrast with previous design, the newly
proposed, mixed-mode actuator contains an additional
grounded ‘spring’ electrode below the contact surface and a
larger, disk-shaped charged electrode surface in order to
activate an additional operating mode of ER ﬂuid (i.e. squeeze
mode, shown in red in ﬁgure 1), and therefore produce a
wider range of force outputs. When a user presses upon the
membrane contact surface, the grounded spring electrode is
displaced vertically, squeezing the ﬂuid between the spring
electrode and high voltage (HV) electrode. Due to the pressure gradient during interaction, ﬂuid ﬂows radially outward
through parallel ﬁxed electrodes (i.e. ﬂow mode, shown in
blue in ﬁgure 1). Hence, the actuator operates in both squeeze
and ﬂow modes. To account for the volume change due to
indentation, the device features radial slots allowing the
membrane between the slots to deform elastically, forming a
reservoir (see ﬁgure 1(b)). Upon relieving pressure at the
contact surface, the reservoir depresses, and the actuator
returns to its pre-pressed state through the elastic nature of the
electrode spring and membrane. When voltage is supplied to
the electrodes, the ER ﬂuid in the squeeze and ﬂow mode
regions form ﬁbrous networks parallel to the ﬁeld lines. This
microstructural transformation results in a yield stress with
magnitude corresponding to the applied ﬁeld strength.
Therefore, the force experienced by the user’s ﬁnger during
interaction is a direct consequence of the applied voltage. As

The design of the haptic actuator is motivated by maintaining
a thin form for embedding in mobile applications, while
increasing the range of force outputs from the previous design
iteration (described in [35]). To do so, a region of squeeze
mode is introduced. This section ﬁrst details the working
principles behind using ER ﬂuid in mixed ﬂow and squeeze
modes to produce haptic feedback. It then proposes the
structural design of the actuator. Finally, this section presents
the fabricated prototype.
2.1. Working principles

The design focus of the current study is to greatly increase the
haptic actuator’s range of force outputs while constraining the
device’s thickness. In comparison with the previous design,
this study implements a region of ER ﬂuid in squeeze mode,
in addition to the preceding ﬂow mode, to produce large
forces in a small gap. It is well established that squeeze mode
is the most effective method of yielding high actuation forces
across a small displacement [39]. Introducing squeeze mode
to the actuator’s design may therefore increase the range of
forces produced by the actuator.
Figure 1 illustrates the cross-section and working principle of the proposed, cylindrical mixed-mode haptic actuator.
The mixed-mode design features the same ﬂow mode
3
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Figure 2. Exploded view drawing of the mixed-mode haptic actuator.

the magnitude of the voltage increases, the force required to
cause the ﬂuid to ﬂow increases, indicating a range of
kinesthetic feedbacks. By introducing a frequency to the
applied voltage, the resistive force may oscillate, resulting in
various tactile feedbacks. Thus, the user may feel a dynamic
range of simultaneous kinesthetic and tactile sensations.

with electrical inputs. The assembled device has a diameter of
42 mm and a thickness of 6.0 mm.
2.3. Fabrication of prototype

Figure 3 presents the device’s fabricated individual components and assembled prototype actuator. The device functions
as a button-type actuator and is composed of two electrode
PCBs, a plastic spacer and O-ring, a thin-ﬁlm silicone and
acrylic tape membrane, and a plastic cover. The HV electrode
radius measures 11 mm.
Additionally, a compliant spring electrode is placed
inside the device. Figure 4 shows the fabricated spring electrode. As shown, three thin beams arranged in a spiral pattern
allow for small displacements (into the page) at the electrode’s center. The radius of the spring electrode measures
4.7 mm. The thickness of the spring electrode was determined
through prototyping and experimentation. A 0.2 mm and a
0.3 mm thick electrode adhered together was determined to
offer sufﬁcient returning force without overpowering the
resistive force produced by the ER effect.
The maximum indentation depth of the actuator is 1 mm.
The device was designed and manufactured with a goal of
minimizing thickness to convey a wide range of kinesthetic
and tactile sensations in a compact form. Introducing a
squeeze mode to the actuator comes at little sacriﬁce to device
thickness while adding functionality through a wider range of
meaningful sensations.

2.2. Structural design

Figure 2 shows an exploded view drawing of the proposed
haptic actuator’s components and assembly. As shown, the
main structure of the device is composed of printed circuit
boards (PCBs). By integrating the device’s structure with the
electrical components, the design remains mechanically simple and compact. The device’s internal volume is ﬁlled with
giant ER (GER) ﬂuid. The bottom PCB has a large diskshaped electrode and is rated for HVs. A plastic ring ﬁts
between the HV PCB and the spring electrode, acting as a
spacer for maintaining the electrode gap distance and providing structure to an O-ring seal. A spring steel electrode
(SUS 304) that can deform elastically for small displacements
is used to introduce a region of squeeze mode. To prevent
binding between the spring electrode and HV PCB due to
electrostatic forces, a small (1 mm diameter, 0.35 mm thick)
silicone ﬁlm is adhered to the spring electrode. A small plastic
knob is attached to the top of the spring electrode and contact
membrane to couple their displacements, as well as pre-strain
the membrane to reduce its nonlinearity. The top PCB has an
annulus-type electrode and shares a common ground with the
spring electrode (GND PCB). A ﬂexible silicone membrane
(PDMS) is bonded to the top of the GND PCB by a thin ﬁlm
of acrylic tape (3MTM VHB 4910). Nylon nuts and bolts
fasten the device and compress the O-ring and membrane to
seal the ER ﬂuid inside. Thus, the membrane doubles as a seal
and the device’s contact surface. Tabs on the PCBs and spring
electrode allow for HV and GND leads to supply the device

3. Mathematical modeling and simulation
To understand the mixed-mode actuator’s behavior from a
generalizable standpoint, a mathematical model was developed based on the device’s fundamental behavior. Three
factors contribute to the forces presented by the actuator:
4
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Figure 3. Fabricated components and mixed mode actuator assembly.

A comprehensive model for the force felt by the user is
developed by analyzing the individual forces, and may be
described as
Ftotal = Fsqueeze + Fflow + csqueeze z
+ cflow z + kz z + Fmembrane,

(1 )

where Fsqueeze and Fﬂow are the controllable, ﬁeld-dependent
forces associated with each yielding in each mode, z denotes
vertical displacement, csqueeze z and cflow z are the viscous
damping forces, kzz is the vertical spring force of the elastic
spring electrode, and Fmembrane is the force due to the membrane’s deformation due to volume compensation. The following subsections describe the mechanics behind these
forces in depth.

Figure 4. Fabricated elastic spring electrode.

(1) the yielding behavior of ER ﬂuid in mixed-modes, and the
deformation of the (2) electrode spring and (3) membrane due
to volume compensation. Thus, the ﬁrst subsection presents
the literature’s established ﬂow and squeeze mode models for
relating input voltage to output force. The following subsection presents a numerical approach to determining the spring
electrode’s stiffness coefﬁcient in the vertical direction. Then,
the force due to the membrane’s deformation is derived.
Finally, a comprehensive model of the actuator’s force output
is implemented into a numerical framework and used to
simulate the actuator’s behavior.
Figure 5 presents an axisymmetric schematic of the
actuator’s mechanics. As shown, there are two distinct
regions deﬁned by electrode conﬁguration: a region of
squeeze mode (red annotations) where the grounded spring
electrode moves relative to the ﬁxed HV electrode and a
region of ﬂow mode (blue annotations) where both the
grounded and charged electrodes remain stationary. When the
user presses upon the actuator, ﬂuid ﬂows between the electrodes when the pressure gradient exceeds the ﬂuid’s yield
stress. Thus, the total force due to ﬂuid ﬂow may be expressed
by the sum of the forces associated with each mode and is felt
at the user’s ﬁngertip. In addition to the ﬂuid forces, the
electrode spring and elastic membrane contribute to the
actuator’s total resistive force.

3.1. Analytical model of ER fluid in mixed-mode

Over the years, many models have been proposed to describe
ER ﬂuid’s behavior [40–45]. Of these models, the earliest
conceived and most prevalent in application has been the
Bingham plastic model [41]. In the Bingham plastic model,
the ﬂuid’s base viscosity is taken to be constant. For the ﬂuid
to ﬂow, the ﬁeld-dependent yield stress must be overcome.
Upon stressing ER ﬂuid past its yield point, it begins to ﬂow
like a Newtonian ﬂuid with a constant viscosity. The Bingham plastic model is a steady state model that takes the ﬂuid
to be in the post-yield state and ﬂowing at a constant shear
rate [40, 41, 46]. Thus, the Bingham model does not account
for pre-yield behavior or the shear thickening/thinning effects
observed at high shear rates, on which succeeding models
have focused [42–45]. However, for the device proposed in
this study which operates in post-yield and a relatively low,
constant shear rate, the Bingham plastic model is sufﬁcient at
capturing the actuator’s behavior. Hence, this study applies
squeeze and ﬂow mode models based upon the Bingham
plastic model.
The total force produced in the squeeze mode region is
represented as [47, 48]
Ftotal _ squeeze (t ) = Fsqueeze (t ) + csqueeze (t ) z (t ) ,
5
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Figure 5. Axisymmetric view of the mixed-mode mechanism and geometric parameters.

Figure 6. Steps in the ﬁnite element analysis process for characterizing the electrode spring: (a) ﬁxed constraints set at the perimeter and

through-holes, (b) loading assigned at the electrode’s center, and (c) solving for the displacement result in the y-direction.

where
4 pR 3
ty (E ) sgn (z (t ))
3 z 0 - z (t )
pmR 4
3
.
csqueeze (t ) =
2 (z 0 - z (t ))3

In the above, L is the electrode length for an equivalent
rectangular duct, or the difference between the outer radius r1
and inner radius r0, b is the equivalent electrode width, or the
average circumference of the annular electrode, and d is the
ﬁxed electrode gap.

Fsqueeze (t ) =

(3 )

3.2. Numerical model of electrode spring constant

In this formulation, csqueeze(t) is the damping coefﬁcient
of ER ﬂuid due to viscous ﬂow in the off-state, μ is the ﬂuid’s
dynamic viscosity, z(t) is the current displacement of the
user’s ﬁnger, z0 is the initial squeeze electrode gap, and R is
the radius of the spring electrode (and the radius of the piston
that drives the ﬂow). Fsqueeze(t) is the force associated with the
ﬂuid’s active response and τy(E) is the ﬂuid’s yield stress and
depends upon the applied voltage V(t).
Similarly, the total force generated in the ﬂow region is
approximated by a parallel plate approximation by taking the
annular electrodes to behave as a rectangular duct. While
previous work applies the parallel plate approximation to a
cylindrical conﬁguration [49], this study applies the approximation to a disk conﬁguration to mitigate nonlinearities
associated with radial ﬂow. By taking the average radius to be
the duct width, an approximation of equivalent rectangular
duct ﬂow may be made due to the small relative difference
between the inner and outer radii, r0 and r1. Thus the total
force produced in the ﬂow region is represented as
Ftotal _ flow (t ) = Fflow (t ) + cflow (t ) z (t ) ,

A ﬁnite element method (FEM) model was developed to determine the force produced by the electrode spring with respect to
its displacement. Figure 6 shows the modeling process. First, the
geometry was drawn in Autodesk InventorTM software. The ﬁxed
ends and compressed section of the electrode spring were prescribed ﬁxed boundary conditions. An applied force was
assigned perpendicular to the center of the spring electrode.
Table 1 provides mechanical properties of SUS 304.
These material parameters were assigned to the modeled
electrode to match the fabricated electrode.
To determine the force–displacement relation for the
spring electrode, a range of applied forces were prescribed,
and the resultant displacement was found. This was performed for spring electrode thicknesses of both 0.2 and
0.3 mm and the data points were ﬁt with linear curves, as
shown in ﬁgure 7. To estimate the force produced by the
fabricated electrode spring (0.2 and 0.3 mm thick electrodes
adhered together), the individual 0.2 and 0.3 mm thick curves
are added together. Therefore, the spring constant kz is
determined by the slope of the total response. For the total
spring, the spring constant is predicted to be 1160 N m−1.

(4 )

where
pR 2L
ty (E ) sgn (z)
d
12mp 2R 4L
cflow (t ) =
.
bd 3

Fflow (t ) = 2

3.3. Analytical modeling of membrane mechanics

Having determined force–displacement models for the ER
ﬂuid and electrode spring, this subsection presents an

(5 )
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Table 2. Parameters of the membrane model.

Parameter

Symbol

Value (PDMS)

Value (VHB)

Width
Thickness
Pre-stress
Elastic modulus
Poisson’s ratio

x
h
σ0
E
ν

2.3 mm
0.43 mm
0 kPa
250 kPa
0.50

2.3 mm
0.08 mm
180 kPa
60 kPa
0.49

Table 3. Parameters of the mixed-mode haptic actuator.

Figure 7. Force produced by displacing the spring electrode

generated by FEM.

Parameter

Symbol

Static electrode gap
Inner electrode radius
Outer electrode radius
Initial electrode gap
Spring electrode radius
Viscosity of GER ﬂuid
Velocity of indentation
Final indentation depth

d
r0
r1
z0
R
μ
Vp
δf

Value
1.8 mm
7.5 mm
11 mm
1.3 mm
4.7 mm
0.060 Pa s
1 mm s−1
1 mm

Table 1. Mechanical properties of Type 304 stainless steel (SUS
304) used in the FEM simulation.

Parameter

The total force posed by the membrane is found by
relating pressure to force by the area of the volume compensation region. Table 2 shows parameters for computing
the force produced by membrane mechanics. The forces
predicted by the membrane model were ﬁrst validated by
comparing to experiments performed without ﬂuid inside the
actuator (see [35] for in-depth analysis).

Value

Behavior
Young’s modulus
Poisson’s ratio
Density

Isentropic
193 GPa
0.29
8000 kg m−3

3.4. Numerical simulation of actuator performance

analytical model of the elastic forces due to membrane’s
deformation due to volume compensation. As described in
section 2.2, the membrane is comprised of two layers: contact
and adhesive. The silicone contact layer is taken to behave as
a nonlinear ﬁlm without pre-strain, whereas the adhesive
acrylic tape layer is taken to behave linearly due to pre-strain.
The total analytical result is found by superposing the forcedisplacement curves produced by each layer.
The volume compensation membrane’s radial slot geometry is approximated as three rectangular ﬁlms with high
aspect ratios. The load-deﬂection relation for the nonlinear
PDMS layer without pre-strain is represented as [50]
q=

4Eh
w 3,
- n 2)

3 x 4 (1

To simulate the actuator’s performance, a MATLAB® script
was written based on the modeling illustrated in the previous
subsections. The model calculates the forces generated by the
actuator over the duration of a 1 mm indentation, as described
by equation (1). A GER scaling function was used to couple
the applied electric ﬁeld and the GER ﬂuid’s yield stress using
properties provided by the manufacturer (Smart Materials
Laboratory Ltd), such as a maximum yield stress of 80 kPa at
5 kV mm−1 [51]. The yield stress due to the applied ﬁeld is
used as an input to determine the force due to the ER effect.
The parameters for simulating the ER effect are given in
table 3. The values used are representative of the fabricated
actuator and experimental test setup.
The computational model is supplied with voltage and
frequency inputs and produces plots of the force generated by
the actuator along its stroke. Figure 8(a) shows the force
curves produced by the model when subjected to DC voltage
inputs of 0, 1, 2, 3, and 4 kV. As shown, when no voltage is
supplied to the simulated actuator, the greatest force produced
is about 2.6 N at maximum indentation. When the maximum
voltage is applied (4 kV DC), the output force at 1 mm depth
increases to nearly 6.5 N. Figure 8(b) shows the predicted
force proﬁles when the model is supplied with the same
voltage range, pulsated at a sinusoidal frequency of 5 Hz.
As shown, as the magnitude of the voltage increases, the

(6 )

where q is the pressure exerted on the membrane surface, E is
the elastic modulus, h is the membrane thickness, x is the
membrane width, ν is Poisson’s ratio, and w is the deﬂection
at the membrane’s midpoint. The compensating membrane’s
deﬂection is related to the indentation depth by conservation
of volume. Similarly, the load deﬂection for a pre-stressed
rectangular membrane is given as [50]
q=2

s0 h
4Eh
w +
w 3,
2
4
x
3 x (1 - n 2 )

(7 )

where σ0 is the pre-stress.
7
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Figure 8. Results of the simulated actuator: force (N) versus depth (mm) along its stroke when subjected to (a) DC voltages and (b) 5 Hz sine

functions.

Figure 9. Experimental setup for evaluating the mixed mode device’s kinesthetic and vibrotactile feedback.

Model 609E-6, 1000 V/V) control the applied electric ﬁeld,
as shown in ﬁgure 9. This setup allowed for accurate force
versus depth plots in a low frequency range (up to 10 Hz). As
mentioned in the introduction section, the Pacinian corpuscles
are sensitive to vibrations up to 300 Hz [36, 52]. However, the
DMA is insufﬁcient for measuring high frequency variations
in force due to its rate of data collection. Thus, this study
modiﬁed the experimental setup to measure the actuator’s
performance at higher frequencies within the limits of human
perception (up to 300 Hz). To this end, an accelerometer
(PCB Piezotronics 356A22) and a vibration isolating rubber
were ﬁtted between the DMA indenter and the contact surface
of the device (see ﬁgure 9). With the addition of the accelerometer, the setup can accurately characterize the high frequency vibration response of the actuator. A data acquisition
board (NI cDAQ9172) connected to a host computer is used
to collect and process the data from the accelerometer. A
5 kHz sampling frequency was used, which is sufﬁciently
greater than the frequencies rendered by the device to avoid
aliasing. The performance was evaluated under different input
voltage and frequency conditions using an indenter similar in
size to a human ﬁnger. An indentation rate of 1 mm s−1 was
used for all testing.

amplitude of vibration increases as well. The vibrotactile
proﬁles are bounded by the off-state and corresponding
applied voltage curves shown in the kinesthetic result. The
simulation results imply that the actuator can provide both
kinesthetic and vibrotactile feedback.

4. Experimental evaluation
This section details the experimental methods used to evaluate the fabricated mixed-mode haptic actuator. The goal of
these experimental studies is to characterize the device’s
ability to produce a wide range of kinesthetic and vibrotactile
feedbacks. Experimental methods include compression testing with a DMA and vibration testing using an accelerometer.
This section concludes by comparing the actuator’s experimental and simulated performances.
4.1. Experimental setup

Compression testing was performed using a DMA (RSA3,
TA Instruments) to evaluate the haptic actuator’s performance. A function generator and voltage ampliﬁer (Trek
8
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Figure 10. Comparison between the electrode spring’s experimental

Figure 12. Measured mixed mode kinesthetic results: force rate (%)

response from dry testing and the FEM simulation response for the
superposed 0.2 and 0.3 mm spring responses.

versus indentation depth (mm).

4.3. Evaluation of kinesthetic response

To test the device’s ability to generate a wide range of stiffness, a kinesthetic testing protocol was developed and performed. First, the actuator’s passive force was measured
without applied voltage. The actuator was then subjected to
high frequency (100 Hz) square waves to emulate a pulsating
DC signal. The actuator’s active response was measured for
applied voltages between 0 V and peak amplitudes of 1, 2, 3
and 4 kV. These results are presented below in ﬁgure 11. As
shown, the resistive force produced increases with the applied
voltage and pressed depth. The passive resistive force was
measured to be about 2.7 N at maximum depth. The maximum force produced was about 6.2 N under 4 kV load.
Compared to higher voltages, the effect of applying 1 kV on
the force proﬁle is minimal.
Of additional note, within the ﬁrst 0.1 mm of the stroke,
the proﬁles follow a similar curve independent of applied
voltage. This is due to a thin gap where ﬂuid ﬁlled between
the contact membrane and the spring electrode’s spacer. To
eliminate this lag, attention may be given during assembly to
ensure a secure bond between the plastic spacer and acrylic
tape. This prevents ﬂuid from causing separation and ensures
a coupled response. Thus, the ER effect is not realized until
0.1 mm into the stroke. However, it should be noted that this
does not interfere with the quality of kinesthetic interaction.
Prior psychophysical research suggests that the average differential threshold for the human ﬁnger to detect a difference
in compliance (change in displacement per applied force) is
22% [53]. For a constant applied force and a 1 mm stroke, the
minimum displacement change that a human may distinguish
is about 0.22 mm. Thus, the transient 0.1 mm region at the
start of the haptic actuator’s stroke falls within this threshold.
Therefore, the kinesthetic interaction is not diminished by this
property of the device.
To further analyze the kinesthetic results from a haptic
standpoint, the measured force rates are calculated as the
metric for the just-noticeable difference (JND). The JND is a

Figure 11. Experimental mixed mode kinesthetic results: force (N)

versus depth (mm).

4.2. Electrode spring response

Dry testing was ﬁrst performed with an actuator assembled
without ﬂuid inside the device to experimentally obtain the
force-depth response of the electrode spring and contact
membrane and compare the result with that of simulation.
Figure 10 plots the FEM simulation and experimental electrode spring responses. The nearly linear experimental
response indicates that the actuator’s dry response is mostly
dependent upon the electrode spring’s linear elastic behavior.
The FEM electrode spring model is demonstrated to be sufﬁciently accurate when plotted against the experimental
response. The spring constant is experimentally found to be
1240 N m−1 (compared to the modeled constant of
1160 N m−1).
9
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Figure 13. Experimental tactile results: force rate versus indentation depth (mm).

measure of the degree that the kinesthetic force must change
for a difference to be perceived by a human. Force rate (Qv) at
a given depth is deﬁned as the ratio of the difference between
the maximum and minimum force (Pv) to the maximum force
(Lv) at said depth
Qv =

Pv
.
Lv

4.4. Evaluation of tactile response

To measure the actuator’s vibrotactile response, sinusoidal
voltage inputs were applied between 0 V and peak amplitudes
of 1, 2, 3, and 4 kV. The vibrational response is evaluated
using two techniques: (1) the force-depth data from the DMA
is analyzed for low frequency responses and (2) the accelerometer data is processed for high frequency responses.

(8 )

Figure 12 is produced by applying the force rate equation
across all depths in the actuator’s stroke. Beyond a depth of
0.1 mm, the force rates stabilize and follow a similar ﬂat
proﬁle. The greatest force rate is produced by the 4 kV curve,
which averages about 57%. The lowest force rate is generated
by the 1 kV signal, which fell below the off-state curve for the
ﬁrst 0.35 mm of the stroke, resulting in a negative force rate.
The threshold for which humans can consistently detect
changes in force is about 7%–10% for forces between 0.5 and
200 N [54]. As indicated by the plot in ﬁgure 12, the proposed
actuator can convey distinct and consistent kinesthetic feedback above the threshold for supplied voltages greater
than 1 kV.

4.4.1. Low frequency.

To measure the actuator’s low
frequency vibrotactile response, sinusoidal waveforms at
frequencies of 1, 3, 5, and 10 Hz are supplied. Figure 13
presents the resultant force proﬁles for each set of frequencies
and voltages. As seen in the ﬁgure, the force feedback
responds harmonically when subjected to sinusoidal voltages.
As the magnitude of the applied voltage increases, the
amplitude of vibration increases as well. These results show
that the actuator can convey controllable resistive forces over
a range of low frequencies. Therefore, the actuator can
communicate low-frequency vibrotactile feedback.
To further demonstrate the mixed-mode actuator’s
vibrotactile performance, its response may be compared to
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Figure 14. Comparison of vibrotactile feedback strictly due to the ER effect at 3 Hz excitation between the previous ﬂow mode actuator [35]
and the proposed mixed-mode actuator.

that of the previous, ﬂow mode-based actuator [35]. To best
compare the devices’ fundamental principles (ﬂow mode
versus a mixed squeeze and ﬂow mode), the force due to the
ﬂuid is isolated from the total force by removing the modeled
forces associated with the membrane (for the ﬂow mode
design) and both the membrane and spring (for the mixedmode design). Figure 14 compares the forces due to the ER
ﬂuid for the ﬂow mode and mixed-mode actuator designs
under a 3 Hz sine wave. As shown in the ﬁgure, the mixedmode actuator produces greater amplitudes of vibration for a
given voltage. Additionally, the mixed-mode actuator
responds with vibration output earlier in the actuator’s stroke
than that of the ﬂow mode design. Therefore, the introduction
of squeeze mode within the mixed-mode design leads to a
more dynamic haptic device.

subsection examines performance at high frequencies up to
300 Hz, corresponding to the sensitivity of the Pacinian
corpuscle. To measure the actuator’s high frequency
vibrotactile response, 4 kV square waveforms at frequencies
of 50, 100, 200, and 300 Hz are supplied, and data is collected
from the accelerometer at 2 kHz sampling rate. Data analysis
is performed in both the time and frequency domains via fast
Fourier transform (FFT).
Figure 15 presents the measured acceleration response
for the tested frequencies (50, 100, 200, and 300 Hz). As
shown in the time domain plots, prior to pressing, the
magnitude of acceleration is close to 0 g. During the 1 mm
press, the magnitude of acceleration increases. At 1 mm
depth, the indenter reverses its direction and ﬂuid ﬂow pauses,
indicated in the plot by a moment of 0 g acceleration. When
the indenter reverses its direction, ﬂuid ﬂow resumes and the
amplitude of vibration increases until the indenter stops at its
initial position of 0 mm. As shown, the maximum vibration
intensity generated by the actuator is 1.3 g. As the applied
frequency increases, the maximum intensity decreases. At

4.4.2. High frequency. As previously discussed, humans are

capable of sensing tactile signals at much higher frequencies
than just the set tested in the previous subsection. For a
complete evaluation of the device’s tactile performance, this
11
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Figure 15. Measured acceleration signals and fast Fourier transformation (FFT) results for a wide range of input frequencies.

time domain data. It should be noted that the fundamental
frequency found by the FFT analysis is twice that of the
applied square wave frequency. As shown, for 50 Hz square
wave input, the fundamental frequency is 100 Hz. This trend
holds for the trials at other frequencies and may be attributed
to the absolute nature of the resistive force posed by the ﬂuid.
Harmonics, integer multiples of the fundamental frequency,
are seen in the FFT spectrums, as well. The FFT results
validate that the actuator can accurately return vibrotactile
feedbacks at the assigned frequency of the voltage input.

300 Hz, the maximum intensity is found to be 0.7 g.
Psychophysical studies reveal that the human acceleration
detection threshold is 0.01 g (0.1 m s−2) for frequencies
between 0 and 500 Hz [55]. As evidenced by the acceleration-time plots, the device can generate vibration intensities
signiﬁcantly greater than the 0.01 g threshold. Therefore, the
actuator can convey distinct tactile sensations at high
frequencies.
Figure 15 also presents the single-sided amplitude
spectrum |P1( f )| produced by FFT of the corresponding
12
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maximized relative to the ﬁeld-independent viscous and
elastic forces, which provide the baseline force output.
Additionally, the viscous forces can be shown to be dominated by the other forces present [56]; computing the sum of
the squeeze and ﬂow viscous forces from the analytical model
and simulation input parameters results in 0.015 N at maximum depth, a relatively small contribution. The design
choice of a spring electrode with a low spring constant and a
soft elastomer membrane provide a low force output in the
off-state, thus enabling high force rates when voltage is
applied.

5. Conclusion
This study has presented the design, modeling and testing of a
compact ER actuator for haptic feedback. The actuator built
upon previous studies with modiﬁcations to incorporate a
region of squeeze mode operation with a goal of (1) producing a wide range of forces and (2) vibrotactile feedback at
frequencies up to 300 Hz. Implementing a squeeze mode via a
thin, spring electrode came at little cost to the device’s
mechanical complexity and form factor. Experimental testing
was performed using DMA ﬁtted with an accelerometer and
data acquisition system for high frequency analysis. The
resistive force produced by the device along its stroke was
measured for both kinesthetic (DC) and vibrotactile (AC sine
waveform) input voltage signals. The results demonstrated
that the mixed-mode actuator can provide up to 6.2 N of
kinesthetic force at rates greater than the JND. Furthermore,
the actuator can generate distinguishable vibrotactile feedback
up to the perceivable limit of 300 Hz. Additionally, a mathematical model for the actuator’s force output was described
and developed into a computational model. Agreement
between the experimental and computational results validated
the model as a useful design tool.
The mixed-mode device can generate a wider range of
sensations at ﬁner resolution than the previous pure ﬂow
mode design. In fact, squeeze mode was found to be the
dominant mode of producing force. Future design may center
around squeeze mode because it can produce consistent forces
even at low displacement. Removal of ﬂow mode regions
may also reduce the device’s circumference, leading to better
miniaturization. Furthermore, adopting an inclined plungerbased squeeze mode may allow for thickness reduction while
maximizing force output.
The outcomes of this study demonstrate that the ER ﬂuidbased device can provide wide-ranging haptic feedback to
users. By delivering concurrent kinesthetic and tactile sensations across a wide spectrum, our sense of immersion when
interacting with technology may be improved. The device
may be used as a button in interactive systems such as telerobotics, gaming or automotive controls. To demonstrate
more robust feedbacks, the actuator may be used as a haptic
interface by embedding a pressure sensor and feedback

Figure 16. Comparison of kinesthetic feedback between the

measured and simulated force for the mixed mode haptic actuator.

To summarize the high frequency analysis, the measured
results demonstrate that the ERF haptic actuator can trigger
the Pacinian corpuscle. The actuator is capable of conveying
vibrotactile sensations to users in a wide frequency range,
taking advantage of the full spectrum of human tactile
perception.
4.5. Numerical versus experimental performance

The results predicted by the simulation (transparent, dashed
lines) are compared to the results obtained experimentally
(solid, opaque lines) in ﬁgure 16. As shown, the two methods
agree to an acceptable extent. The model predicts non-zero
starting force, which is not physically realizable in experiments; however, the experimental results do rise close to the
modeled forces at about 0.1 mm. After 0.1 mm, the curves are
closely aligned with little variance. In the case of 4 kV
applied, the model slightly overestimates the force output.
Similarly, the modeled vibrotactile response may be
compared to the experimental vibrotactile results. Figure 17
shows the measured and simulated results under application
of a 3 Hz sine wave. As shown, the curves show reasonable
correspondence for 1, 2, 3 and 4 kV.
Furthermore, the analytical model can be leveraged to
gain insight into the actuator’s experimental and simulated
performance. Equation (1) presented a formulation for the
force generated by the actuator, this study’s primary performance metric. As shown analytically, the total force produced
by the actuator can be attributed to the individual forces due
to ﬁeld-dependent yielding, viscous ﬂow, and the elastic
deformation of the spring and membrane. The forces due to
yielding contribute the most to the actuator’s ability to provide a wide range of forces, as the viscous and elastic components remain constant across all applied voltages. To create
distinct forces (or maximization of the JND), the ﬁelddependent forces associated with yielding should be
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Figure 17. Comparison of vibrotactile feedback between the measured and simulated force for the mixed mode haptic actuator.
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