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In order to improve the transmission torque caused by the electrorheological effect, a
corrugated disk is proposed to replace traditional flat disk by changing the electrode surface
shape. The new mechanism puts the device in a shear-squeeze mode of operation. Based
on the constitutive equation of electrorheological fluids, the shear motion characteristics of
the ER fluids between the flat disk and the corrugated disk are analyzed, including the
pressure distribution, torque equations, and the comparison with double-flat-disk
mechanism. The analysis shows that compared with the double-flat-disk structure, the
flat-disk-corrugated-disk structure can enhance the transmitted torque over 2.6 times under
the same operating parameters. The magnification of the torque is not related with the curve
number of the corrugated disc, but mainly depends on the structural parameters of the
device and corrugations, and the characteristic parameters of electrorheological fluid. It is
proved that the mechanism can provide new ideas and new methods for the engineering
application of electrorheological transmission technology.
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INTRODUCTION

Electrorheological (ER) fluids are one kind of smart materials, which are mainly composed of
polarizable particles uniformly dispersed in the insulating oil body to form a type of two-phase fluid
(Stangroom, 1983). The rheological properties of such fluids can undergo instantaneous and
reversible changes under the action of an electric field. Under the electric field, the polarizable
particles inside the ER fluids will attract each other to form a chain structure arranged along the
direction of the electric field. These chain structures enable the fluids to resist shear (Klingenberg,
1996). Since the ER fluids with good performance can respond quickly and reversibly, they have a
wide range of applications in mechanical engineering, automotive engineering and other fields (Lei,
2008; Chen, 2017; Kolekar and Choi, 2019).

The technology has significant advantages such as: simpler structure, quicker response, better
controllability and intellectual technology (Kesy et al., 2022a). As being developed greatly these years,
ER technology has attracted more and more attention from scientists and engineers in the world. But
research mainly focuses on how to improve the shear performance of the material itself. For instance,
Titanium silicalite-1 (Liu, et al., 2020), porous chitosan particles (Kuznetsov, 2021), deagglomerated nano-
diamond particles (Nikita, 2021) are used to enhance the characteristics of the ER fluids. Aluminum-doped
and TiO2 cerium-doped TiO2 are utilized to synthesize giant ER fluids in order to obtain large interfacial
polarization (Tang, et al., 2010; Yin and Zhao, 2004). The above methods have been confirmed by
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experiments, and the performance of ER fluids can be greatly
improved. Still, many researchers focus on the model and analysis
of the ER fluids, including the viscoelastic behavior, the problems
under steady flow, et al. (Ginder, 1995; Sin, 2019; Seo and Seo, 2022).
The research results provide a valuable theoretical basis for a better
understanding of the rheological effects and the engineering
applications of ER fluids.

Due to high sensitivity (millisecond response), low energy
consumption, simple structure, and low price of ER fluids, ER
devices can facilitate the realization of mechanical-electrical
conversion, such as the performance optimization of shock
absorbers, clutches, and dampers (Kamelreiter et al., 2012;
Kesy, et al., 2022b). Papadopoulos designed and manufactured
multi-disc ER brakes or clutches. By applying an electric field
between the input and output components to change the viscosity
of the ER fluids, the output torque of the brake or the angular
velocity of the clutch can be adjusted (Papadopoulos, 1987); Tan
et al. used an ER clutch to control the robot arm, which improved
the positioning accuracy and increased the flexibility and load
capacity of the robot (Tan et al., 2002; Tan, et al., 2005). Zhao et al.
first developed an adaptive damper combined with ER fluids and
piezoelectric ceramics. Under the action of external force,
piezoelectric ceramics can generate high voltage and output
different voltages in response to external force, which can
achieve the purpose of closed-loop control (Zhao, et al., 2006).
Liu et al. proposed an ER fluids cylindrical clutch, which can keep
the shear stress stable at high shear rates, and exhibits excellent
performance compared with traditional electrorheological
clutches (Liu, et al., 2005). Experiments show that ER devices
have great advantages in replacing traditional related devices.

The purpose of this paper is to study the enhancement of
transmission torque caused by the ER effect in the ER actuator
(hereinafter referred to as ER torque) from the perspective of
mechanism optimization. Then, a corrugated disc is proposed to
replace the traditional flat disk, changing the device into a shear-
squeeze working mode. Compared with the double flat plate ER
actuator in the shearing mode, it is expected that the shearing
torque can be greatly improved under such a design.

THE WORKING MODE OF
ELECTRORHEOLOGICAL FLUIDS

The mechanical properties of ER fluids are complex: without
electric field, ER fluids render a Newtonian fluid; when applied
with an electric field, they behave as a Bingham fluid, as shown in

Figure 1; Under low strain rate, ER fluids have viscoelastic
properties; Under high electric field, ER fluids are a
viscoplastic body with high yield stress. This phenomenon is
called the ER effect (Ginder, 1995).

According to the characteristics of ER fluids, ER mechanism
can be divided into three types, namely: flow mode, shear mode
and extrusion mode (Conrad and Sprecher, 1991), among which
the shear mode is the most widely used. Taking the disk as an
example, the transmission mechanism is shown in Figure 2. It
has two parallel disks, A and B. Disk A is sleeved on the rotating
shaft of the disk B. The inner diameter of the diskA is r2, the outer
diameter of the disks A and B are both r, and the distance between
the two disks is h. Disk A is the drive disk and disk B is the driven
disk. When an electric field is applied between the two disks
where filled with ER fluids, the moment T generated by the
electro-yield stress and viscous shear stress of the ER fluids drives
the disk B to rotate, and the right end of disk B shaft thereby
drives the load end. The magnitude of the torque is controlled by
the applied voltage according to the specific situation.

Assume that the angular velocities of the drive and driven
disks areΩ and ϖ, respectively. ηα is the viscosity of the ER fluids.
ΔΩ = Ω-ϖ, is the angular velocity difference of the drive-driven
disc, and ΔΩ is assumed to be distributed linearly along the axis,
and according Bingham constitutive equation:

τ＝τ0 + ηa _γ (1)
where τ0 denotes the yield stress caused by the applied electric
field; ηα denotes the plastic viscosity, which is the ratio of
shear stress to shear strain rate; _γ represents shear rate. The
moment transmitted by the two discs can be described as
(Huang, 2001):

FIGURE 1 | Er effects of ERF (A) without electric field; (B) under electric field.

FIGURE 2 | Diagram of disc type ER transmission device.
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T � ∫r2

r1

τ · 2πr2dr � 2πτ
3

[r31-r32] + πηaΔΩ

2h
[r41-r42] (2)

It can be seen from Eq. 2 that the torque T increases with the
decrease of the inner diameter r2 and the increase of the outer
diameter r1, which is due to the increase of the effective area of the
ER effect. Therefore, in order to increase the effective area, this
paper proposes the design concept of the flat disk-corrugated disk
transmission mechanism.

PROPOSAL AND MODELING OF THE FLAT
DISK-CORRUGATED DISK STRUCTURE
Structural Characteristics of Flat
Disk-Corrugated Disk
As shown in Figure 3A, one end (or both ends) of the two
counter-rotating discs is corrugated, and the two discs are filled
with ER fluids. Figure 3B is a wireframe diagram of the
corrugated disc, and Figure 3C is a plan view of the
unfolding corrugation. Many recent experimental studies
have shown that the yield stress under squeeze flow can be
several times larger than that under shear flow, and the electric
field and bulk density increase with increasing strain (Sproston,
et al., 1999).

Constitutive Equation of Transmission
Mechanism
Unlike parallel shear flow including Poiseuille flow and Coutette
flow, squeeze flow problems have their own special complexities
(Hoppe and Litvinov, 2011). For example, when studying the

Poiseuille flow of a yield stress fluid between parallel plates, the
location of the yield surface in the flow field can be determined
based on the common Binghammodel. Taking the yield surface as
the boundary, the two sides are the yield area and the unyielding
area, and the fluid moves like a solid in the unyielding area. In the
squeeze flow problem, if the Binghammodel is adopted, it will lead
to non-physical result of no relative motion between the two discs,
so-called yield surface paradox (Gartling and Phan-Thien, 1984).
The appearance of the paradox indicates that the Binghammodel is
too ideal and cannot correctly describe the physical nature of the
problem. Therefore, a generalized bi-viscosity model is used and
described as follows (Zhu, 1999):

⎧⎪⎪⎪⎨⎪⎪⎪⎩
τr � ηr

zVt

zz
, |τr|< τl

τr � sgn[zVt

zz
]τ0 + η

zVt

zz
, |τr|≥ τl

(3)

where τr is the dynamic stress, which is a function of the electric
field strength, expressed as (Conrad and Sprecher, 1991)

τr(E) � cEn (4)
where c, n are constants related to the properties of the ER fluids,
and their values are determined by the experiments. Under the
cylindrical coordinate system, the projection of the momentum
equation of the squeeze flow in the slit on the r direction is
approximately

zτr
zz

− dp

dr
� 0

The ER fluids’ Motion analysis between the flat-
corrugated disks.

First, the shear motion between the flat -corrugated-disk is
discussed. Figure 4 is a partial cross-sectional view of the
combined structure along the circumferential direction, the
upper plate is a corrugated disk, the lower plate is a flat disk,
and the moving speeds of the upper and lower disks are ub and ua
respectively. The working surface of the corrugated disk is processed
with corrugations radiating outward from the center. The shape and
number of corrugations can be changed. Takes sinusoidal
corrugations as an example for analysis and experiments. In
order to prevent the unbalance during the rotation, the number
N of corrugated heads is designed to be an odd number. The
corrugation amplitude is hm, the distance from the corrugation
center to the flat disk, i.e. the average gap is hc, and λ = hm/hc < 1.

FIGURE 3 | Characteristics of the corrugated disc. (A) Flat-Corrugated transmission pair; (B) Wireframe of a corrugated disc; (C) Unfolding surface.

FIGURE 4 | The shearing movement between Flat and
Corrugated discs.
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Assuming that the corrugated disk is fixed, the flat disk is taken as the
active disk, and its rotational angular velocity is Ω. The following
assumptions are applied to the motion is:

l) The flow state is laminar flow without eddy current and
turbulent flow;

2) Mass force (such as gravity) can be ignored;
3) Inertial force can be neglected compared with viscous force

and electric force, therefore

zux

zt
� zuy

zt
� zuz

zt
� 0

4) The pressure, density and viscosity are constant along the y
direction, namely

zp

zy
� zρ

zy
� zμ

zy
� 0

5) The inelastic sliding of ER fluids between the plates means
that the fluid does not slide along the interface and the disk

surface; the velocity of the fluid is the same as that of the disk
surface;

6) In ER fluids, the x-direction velocity ux is much larger than
the z-direction velocity uz and the y-direction velocity uy, and
y is much smaller than the dimensions of x and z, therefore
compared with the velocity gradient zux

zy , any other velocity
gradients can be ignored;

7) The boundary condition of ER fluids motion is that when y =
0, ux � ua, when y = h(a), ux � ub, because the flat disk is
active motion, so ua > ub. So take the micro-body in ER fluids,
and the equation of motion can be established as:

pdy − (p + zp

zx
dx)dy + τdx − (τ + zτ

zy
dy)dx � 0 (5)

where p denotes the pressure, τ denotes the shear stress, and
τ � −ηadudy. Combined with the boundary conditions, through
integral operation, the flow velocity u and the flow rate per
unit width Q of the ER fluids between the two plates can be
obtained as:

u � − 1
2ηa

dp

dx
(hy + y2) + ua

h
(h − y) + ub

y

h
(6)

Q � ∫h

0
udy � uah

2
+ ubh

2
− h3

12ηa

dp

dx
(7)

Therefore, the pressure distribution law of the fluid during the
shearing motion of the ER fluids between the flat and corrugated
disks is:

p � 9r2Ωηaλ
5Nh2c(1 + 3λ2) sin a(9λ2 − 7λ cos a + 10) (8)

It can be seen from Eq. 7 that the pressure between the flat
and the corrugated disk the pressure increases with the
increase of the rotation speed of the active disk, and/or the
decrease of the average gap hc; it is related to the phase of the
corrugation.

Analysis of moment between plane and corrugated disk.
The moment between the flat and corrugated disks includes the

moment caused by the squeezing force and the moment caused by
the shearing motion. By derivation, the moment produced by the
squeezing force can be expressed by the following formula

FIGURE 5 | Experimental setup diagram and its photo. (A) is the test principle diagram (B) is the photo of the test platform.

FIGURE 6 | Dynamic shear stress of HITL2.
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Mp � Nhcλ∫
r2

r1

∫
π

0

p(r, a)r sin a dadr

� 9ηaΩπλ2(9λ2 + 10)
40hc(1 + 3λ2) (rn+32 − rn+11 ) (9)

Likewise, the viscous shear moment between the flat and
corrugated disks can be described as

Mτ � Nhcλ∫r2

r1

∫π
N

−π
N

τ(r, a)r2drdθ

� πηαΩn

hnc(n + 3)[2 +
(n + 6)(n + 1)

2
λ2](rn+32 − rn+11 ) (10)

From Equations 9, 10, it can be found that the squeeze moment
and the shear moment are independent of the number of
corrugated heads N, and are proportional to liquid viscosity; the
moment increases with the ratio λ of corrugation amplitude hm to
hc. The larger the effective area of the disk, the greater the torque.

TEST BENCH AND EXPERIMENT
PRINCIPLE

Experimental Test Platform
In order to test the torque transmission performance of the flat
disk and the corrugated disk, a test platform is designed as shown
in Figure 5. The measurement and control system of the ER
transmission mechanism, are realized through three boards from
NI Company in the United States: Arbitrary Waveform
Generator (PCI-5411), Action Control Card (PCI-FlexMotion-
6C) and Data Acquisition Card (PCI-MIO-16E-1).

Selection of ER Materials
During the experiments, the HITL2 ER fluids developed by the
Institute of Composite Materials of Harbin Institute of
Technology are selected as the working medium. Its main
ingredients are nano-silica (particle material, mass ratio 13%),
mechanical oil (dispersion medium, mass ratio 77%) and oleic
acid (additive, mass ratio about 10%). The dynamic shear stress of
the HITL2 is shown in Figure 6. It can be seen that shear stress
increases with shear rate _γ and the applied voltage, and its main
characteristics are depicted in Table 1.

Design of Experimental Parameters
Since temperature has a great influence on the strength and yield
stress of ER fluids (Chen et al., 1991; Conrad and Sprecher, 1991),
at the same time, it has a certain influence on the apparent

TABLE 1 | Characteristics of HITL2 ER fluids.

Density 1.49 kg/mm3 Yield stress (3.0 kV/mm) 4.2 kPa

Zero Electric Field Viscosity (25°C) 570 mPa s Breakdown voltage 5.5 kV/mm
Range of working temperature 10~120°C Current density <18 μA/cm2

Solidifying point −50°C Flash point 300°C
Toxicity non-toxic Exterior Brown

FIGURE 7 | The corrugated discs.

FIGURE 8 | The output torque curves of ERF transmission with flat discs. (A)Output torque under DC (B)Output torque under AC (C) the comparison of DC&AC.
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viscosity, dielectric constant and electrical loss of ER fluids. In
order to reduce the influence of temperature, the experimental
ambient temperature was set to 21°C.

The inner and outer diameters of the corrugated disk are 62 and
130 mm, respectively; the number of corrugated heads on the left
and right discs is N = 9, N = 17, as shown in Figure 7. Inter-disc
clearance: double flat disc clearance h = l mm, flat-corrugated disc
average clearance hc = l mm (λ = 0.5). The high voltages power
applied between the working gap are set as: AC/DC: 1~4 kV.

EXPERIMENTS AND ANALYSIS

Double Flat Disc Transmission Experiment
When all the disks are set as flat disks in the ER fluids
transmission, as shown in Figure 2 and Figure 5, and the
experimental voltages were taken under DC/AC 2.4 kV,
2.8 kV, 3.3 kV, 3.7 kV respectively. The rotation rates of the
left and right disks are set 60 rpm. The output torque curves
of the mechanism are shown in Figure 8. It can be seen that with
increase in voltage, the output torque increases; under the same
experimental conditions, an AC voltage provides a higher output
torque of the mechanism than a DC voltage.

Flat-Corrugated-Disk Transmission
Experiments
When the driving disk is a flat disk and the driven disk is a corrugated
disk (N = 9) in the ERF transmission shown in Figure 2 and Figure 5,
and the experimental voltages were taken as DC/AC 2.4 kV, 2.8 kV,
3.3 kV, 3.7 kV respectively. The torque curve is shown in Figure 9.
The experimental results show the same law as the double-flat
mechanism. Compared with Figure 8, it can be found that under
the same experimental conditions, the output torque of the flat-
corrugated disk mechanism is significantly larger than that of the
double-flat disk structure.

The torque output results obtained under two experimental
conditions described in Section 4.1, 4.2, are compared in Table 2.
It can be found that the output torque of the flat disc-corrugated
disc is about 2.5 times larger than that of the double flat disc.
Although the application of voltage category has an impact on the
output torque, from the analysis of the average value of the

FIGURE 9 | The output torque curves of ERF transmission with the flat-corrugated disk. (A) Output torque under DC (B) Output torque under AC (C) the
comparison of DC&AC.

TABLE 2 | Comparison of the average output torque of the flat disk and the corrugated disk under different high pressures (ζdenotes the ratio of the output torque of the flat-
cross disk and the double-plane disk).

Voltage/kV Flat-Flat (DC)/N·m Flat-C (DC)/N·m) Time ζ Flat-Flat (AC)/N·m Flat-C (AC)/N·m Time ζ

2.4 0.0206 0.0543 2.6335 0.0221 0.0528 2.3897
2.8 0.0259 0.0636 2.4592 0.0296 0.0751 2.5422
3.0 0.0313 0.0782 2.4965 0.0332 0.0846 2.5473
3.3 0.0377 0.0956 2.5395 0.0450 0.1106 2.4452
3.5 0.0458 0.1166 2.5461 0.0508 0.1269 2.4983
3.7 0.0521 0.1278 2.4490 0.0537 0.1359 2.5324

FIGURE 10 | Influence of the corrugated disk heads number N on the
torque.
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torque, the magnification is around 1.1 times, which can also be
verified from Figure 7C and Figure 8C.

Comparison Experiment of Different
Corrugated Disks
The experimental conditions are described in 4.2.When changing
different corrugated discs, the output value of the moment can be
obtained. Here, only the influence of the number of corrugated
heads on the moment is analyzed. The experimental results are
shown in Figure 10. It can be seen from the figure that the
number of heads of the corrugated disc has almost no effect on
the output torque of the mechanism, which is also consistent with
the conclusion of the theoretical modeling.

CONCLUSION

1) Compared with the double-flat structure, the flat-corrugated-disk
structure can double the torque transmitted by the ER effect under
the same conditions of geometric parameters, rheological fluid
material, applied electric field strength and operating parameters.

2) The magnification of torque is not determined by the number
N of corrugated disks, but mainly depends on the structural
parameters of the device and the corrugation and the
characteristic parameters of the ER fluids.

3) Because the characteristic viscosity parameter of ER fluids
is related to the electric field intensity and the rotation
speed difference of the active and passive discs, the torque
magnification of the ER effect will fluctuate under
different electric field intensity and rotation speed
difference.
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