
IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 27, NO. 6, DECEMBER 2022 4863

Development and Evaluation of a Backdrivable
Vane-Type Rotary Actuator Using

Magnetorheological Fluids
Peizhi Zhang , Student Member, IEEE, Mitsuhiro Kamezaki , Member, IEEE, Kenshiro Otsuki, Shan He,
Zhuoyi He , Gonzalo Aguirre Dominguez , Student Member, IEEE, and Shigeki Sugano , Fellow, IEEE

Abstract—Robot systems with both “intrinsic safety”
and “high output” are expected to be implemented in
heavy-duty industries such as construction and manufac-
turing. But there are currently no effective solutions. In
our previous work, a backdrivable piston using magne-
torheological fluid (MRF) whose viscosity can vary with
the applied magnetic field was developed. However, it was
a passive device, and its active control scheme was not
proposed. The design was complex enough to hinder its
implementation to robot arms. In this article, we develop an
easily implementable rotary actuator using MRF and pro-
pose a basic controller. The actuator was designed based
on a vane motor and was driven by hydraulic oil (i.e., MRF),
so it can generate high torque. It also has a built-in MRF
valve in the vane which can change the output torque and
backdrivability with the magnetic field controlled by coil
current. Each component was designed to maximize the dy-
namic range of output torque and backdrivability based on
a multiphysics coupling model of electromagnetics, MRF
magnetization, and fluid dynamics. Moreover, three basic
control modes including backdrivable, high-response, and
power-efficiency modes were designed and tested. The ex-
perimental results showed that the proposed MRF actuator
had both high output and intrinsic backdrivability, and con-
trol modes could show the advantages of the MRF actuator.
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I. INTRODUCTION

NOWADAYS, robots that can work safely and effectively
in human environments are expected to be implemented

in the fields as welfare and live support. These needs accelerate
the research on physical human–robot interaction [1], [2]. Such
robots must guarantee the safety of surrounding humans or
environments and generate a large enough force for the task.
For improving safety of robot, many types of compliant actuation
systems have been developed to provide backdrivability [3]–[7].
Intrinsic backdrivability is the ability to express the easiness of
force transmission from the output axis to the input axis driven
by an external force. For humans, when the muscle is relaxed,
the limbs can be moved easily by others, which exhibits high
intrinsic backdrivability. This flexibility can mitigate possible
damage for humans and facilitate interacting objects. For the
same reason, human-like high intrinsic backdrivable robots are
required for human-centered robots.

Currently, servo systems with electric motors [8] are one of
the most widely used compliant actuation systems. They are
often applied to lightweight collaborative robots. However, for
human-collaborative heavy-duty tasks, such as those in con-
struction and manufacturing, the servo systems are no longer
suitable. Actuation systems that can generate a higher force and
adaptability to unstructured environments are required. Never-
theless, it is hard to create high backdrivability for contraction
and heavy-duty machines, since these machines are often actu-
ated by hydraulic actuator systems and these actuators often
own rigid hardware and a narrow bandwidths controller [9].
Many studies attempt rapid control of servo-valves [10] to create
compliance. However, it is still hard to fully deal with sudden
impacts and collisions [1]. Especially when the controller is
not in operation, the hydraulic actuator system without intrinsic
backdrivability still causes damage to the surroundings. Thus,
it is necessary to develop a hydraulic actuator system with both
“intrinsic backdrivability” and “high output” that does not rely
on the complex controller.

We thus consider the approach of building intrinsic backdriv-
ability into the hardware and focus on using functional materials,
i.e., magnetorheological fluid (MRF) [11]. MRF is an oil that can
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TABLE I
COMPARISON OF HUMAN-COOPERATIVE ACTUATORS (∗EXPECTED VALUES FOR MRF ACTUATOR)

operate under high pressure, making it appropriate to be used as
a working fluid in traditional hydraulic actuation systems. MRFs
consist of iron particles in an oil suspension. The fluid can trans-
form into a pseudosolid solution with a magnetic field applied,
leading to viscosity change. The property of oil and controllable
viscosity makes the material suitable for applying in hydraulic
systems to achieve high output and intrinsic backdrivability.

Conventionally, devices using MRF are passively driven by
the actuator, such as the MRF clutch [12], [13] and MRF damper
[14]. The potential of MRFs’ oil property, i.e., uncompressible,
has not been thoroughly considered, so the devices cannot gener-
ate both high output and backdrivability. In response to this, we
developed an MRF piston damper that can change the damping
force by adjusting the MRF viscosity with a magnetic field [15]
and confirmed that it had both high output and backdrivability.
However, this is also a passive-driven device, so active-driven
devices by MRF are still blank. Thus, with the help of oil
property, applying MRF into the hydraulic system to develop
an active-driven device that obtained high output and intrinsic
backdrivability is our research goal.

In this article, we develop a backdrivable MRF “actuator.” We
first create a multiphysics coupling model of electromagnetics,
MRF magnetization, and fluid dynamics for the MRF actuator
to maximize the dynamic range of output torque and backdriv-
ability. Then, we design the built-in MRF valve making the
actuator highly integrated to ease manufacturing, assembling,
and installation in robot systems. Finally, we design a multi-
variable controller based on active-drive modeling considering
characteristics of flowrate and magnetic field control. In sum-
mary, we propose a backdrivable MRF rotary actuator with an
easily implementable structure, high output torque, and high
backdrivability. As a prototype, we chose a single-vane motor
and modified it as an MRF actuator.

II. COMPARISON AMONG ACTUATION SYSTEMS

To clarify features of the MRF actuator, we compare it with
existing actuation systems including harmonic drive, series elas-
tic actuator , series clutch actuator (SCA), and hydraulic motor,
as listed in Table I. Hydraulic motors possess high power density,
harmonic drive contributes high responsiveness, and SCAs hold
adjustable torque and backdrivability. As stated above, the MRF
actuator uses hydraulic actuation power, so it will have high
output, power density [18], and durability. The MRF actuator has

Fig. 1. Schematic diagrams of vane actuators. (a) Normal single vane
motor. (b) MRF vane actuator.

the built-in MRF valve, so it also has intrinsic backdrivability and
faster responsiveness [20] than those of hydraulic motors [17].
The built-in MRF valve can produce adjustable backdrivability
by changing the MRF viscosity, and it is superior to SEAs
that cannot change elasticity [7]. The MRF actuator has two
manipulated variables, i.e., pump flowrate and magnetic field,
so it will provide a wider dynamic range of output torque
and backdrivability than those of electric servo systems and
hydraulic motors. This multi-input system could offer a variety
of control modes. A fluid-based power transmission system may
be space-consuming, but it enables more flexible system ar-
rangement, compared with electric motor systems whose power
transmission systems are connected by rigid gears and links
[4]. However, the built-in MRF valve, nonlinear behaviors of
MRF, and multi-input system would cause pressure loss and
complicate precise torque control.

In summary, the vane-type MRF actuator with a built-in MRF
valve has the potential to provide novel features, including high
output torque, intrinsic backdrivability, and faster responsive-
ness, which can satisfy the requirements of this study. To achieve
this, as stated in Section I, we need to design MRF actuator
based on a multiphysics coupling model of electromagnetics,
MRF magnetization, and fluid dynamics.

III. WORKING PRINCIPLE OF MRF ACTUATOR

1) Working principle: As stated in Section I, the MRF ac-
tuator is based on a single vane motor due to its simple
structure and operation. In the original single vane motor
[see Fig. 1(a)], the working fluid flows into the vane motor
to generate the pressure difference between the two sides
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TABLE II
BASIC SPECIFICATION OF VANE MOTOR

of the vane. The shaft with the vane rotates to produce
a torque. In the MRF actuator [see Fig. 1(b)], the vane
has a built-in MRF valve with a narrow passage to allow
the MRF to flow between two chambers. By controlling
the magnetic field applied to the passage, it can change
the MRF viscosity, and then it can change the output
torque and backdrivability. As stated in Section II, MRF
actuator is a multi-input (pump flowrate and magnetic
field) multi-output (torque, speed, and backdrivability)
system.

2) Selection of MRF: The viscosity of MRF is higher than
that of traditional working fluids, i.e., hydraulic oil,
which enables the MRF actuator to generate a higher
torque. However, backdrivability prefers low-viscosity
fluids. Thus, we selected the MRF 122EG from Lord
Corporation [21], due to its relatively low initial viscosity.

3) Target specification: Table II lists the specifications of
the vane motor to be modified. In this preliminary study,
we targeted an actuator that could generate more than 15
N�m and has a size of about φ100 x 100 mm, which is a
specification similar to a human elbow joint.

IV. MECHANICAL DESIGN

We here designed an MRF actuator that could achieve high
output torque and high backdrivability.

A. Built-in MRF Valve

Conventional MRF valves do not consider the system size,
so they are independently designed and located outside the
devices (an MRF valve in [22] is around φ100 x 50 mm). MRF
actuators will be implemented in robotic systems, e.g., arms and
hands, so the MRF valve should be inside the actuator to save
space as well as provide rapid and efficient power transmission.
Thus, we design a new built-in MRF valve that consolidates
the magnetic generator, MRF valve passage, and magnetic flux
conductors. The whole structure of MRF vane-type actuator is
shown in Fig. 2. Here, we mainly designed the structure of shaft
and vane by considering magnetic circuit performance, torque
transmission, and ease of assembly.

We designed the magnetic field generator to create magnetic
flux in the shaft to save space [see Fig. 3(c)]. The coil was
wounded on the shaft core and was covered by the coil cover to
prevent both MRF leaking into the shaft and the magnetic field
leaking from the core to chambers. The magnetic circuit was
formed by the core, magnetic flux conductor, vane, and MRF.
For easy assembly and durability, the MRF valve passage was
made by the gap between two parts. The gap was stably ensured

Fig. 2. Structure of MRF vane-type rotary actuator and its surface
treatment.

Fig. 3. Designed shaft of MRF actuator including all the reverent
parts. (a) Shaft assembly. (b) Components of shaft. (c) Magnetic field
generator.

by the spacer [see Fig. 3(b)]. Both vane cover and coil cover
were completely seamless to avoid any leakage [see Fig. 3(a)].
We also applied a mortise and tenon structure to simplify the
structure, in the connection with the core–shaft, vane–coil cover,
and conductor–coil cover.

B. Bi-metal Magnetic Field Generator

Magnetic flux always follows the path of least reluctance, so
we adopted a bi-metal structure to effectively make a path (from
shaft to vane) for the magnetic flux [23] with a magnetic material
(K-M31) and nonmagnetic material (aluminum), as shown in
Fig. 4. K-M31 has 2500 μ0 of the maximum magnetic perme-
ability, 1.25 T of the magnetic saturation, and low hysteresis,
which is suitable for the magnetic field generator and conductor.
Contrary to this, the permeability of aluminum is the same as that
of air, so it can block the leakage of the magnetic field. The red
line in Fig. 4 shows the path of the magnetic flux from the core
to MRF valve passage. Aluminum to cover the magnetic field
generator and conductors will concentrate the magnetic field
more on the MRF valve passage. The steel housing was also
redesigned using aluminum to avoid magnetic field leakage,
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Fig. 4. Bi-metal magnetic field generator.

Fig. 5. MRF valve passage configuration. (a) hgap>lgap. (b) hgap<lgap.

as shown in Fig. 2. Two additional housing plates were also
designed to isolate the chamber from the steel caps.

To determine the parameters of the built-in MRF valve, we
here describe the design approach for the built-in MRF valve.
All the design parameters should be determined by analyzing
their complex relationship. As Table II lists, the base motor was
fixed, so the height hgap and width lgap of the passage are the
main design parameters. Higher output torque requires a smaller
passage area, but this simultaneously degrades backdrivability.
Note that different combinations of hgap and lgap that produce the
same area can offer different output performance. In hgap>lgap

[see Fig. 5(a)], the magnetic flux density in the passage largely
decreases due to the long magnetic passage, so the MRF viscos-
ity will not change obviously and the dynamic ranges of torque
and backdrivability become smaller. In contrast, in hgap<lgap

[see Fig. 5(b)], the magnetic flux density is more concentrated, so
the dynamic ranges of output torque and backdrivability become
larger.

As we will explain later, hgap affects the output torque and its
dynamic range (see Section V) and the passing area affects the
minimum pressure for backdrivable force (see Section VI). We
thus decide hgap from output torque requirement and lgap from
backdrivability requirement. To achieve this, we iteratively de-
termined them based on a multiphysics modeling and simulation
(electromagnetic circuit in Section V) and (MRF magnetization
and fluid dynamics in Section VI).

C. Friction Reduction While Maximizing Output Torque

The design of the MRF valve passage could ensure the
backdrivability of the MRF actuator. Sealing can mitigate the

Fig. 6. Schematic diagram of the magnetic circuit.

leakage of fluid to avoid pressure loss but will bring undesired
friction force to degrade backdrivability and low-speed control-
lability. The aim of this study is to achieve both high output
torque and backdrivability, so we adopted pseudosealing with
precision machining instead of using the sealing rubber. The
gap between the vane and housing was redesigned to only 80μm
and the surface on the housing and vane was machined to Ra =
0.4 (see Fig. 2). Ra refers to the average of a set of individual
measurements of a surface’s peaks and valleys. Smaller Ra

represents the smother surface. The thin gap and surface treat-
ment ensured both the minimum leakage (high output-torque)
and low initial friction (high backdrivability). We evaluated the
effectiveness of this approach using the experimental results.

V. ELECTROMAGNETIC CIRCUIT DESIGN

We modeled the bimetal magnetic field generator (see Fig. 6)
to verify the mechanical design of the built-in MRF valve for
magnetic flux conduction. The magnetic flux inside the MRF
valve passage can be formulated as follows:

F = NI = ΦR, (1)

Bgap = Φ/Agap (2)

where F is the magnetomotive force in ampere-turns, and R is
the reluctance. The reluctance of a uniform magnetic circuit can
be represented by resistance-reluctance model as follows:

R = L/ (KA) (3)

where L is the length of the circuit, K is the permeability of the
material, and A is the cross-sectional area of the circuit normal
to the magnetic flux. The total reluctance R of the whole circuit
is given by the following:

R = Rcore + 2Rcover1,2 + 2Rvanex1,2

+ 2Rvane1,2 +Rgap +Rair. (4)

Since the air gaps exist between each segment, we used Rair

to present the reluctance from these air gaps. The reluctance
for each segment of the vane are presented by (5)–(9), and the
corresponding parts are shown in Fig. 6

Rcore =
hcore

Kkm31Score
(5)

Rcover1,2 =

∫ rcover

0

dr

Kkm312πrhcover
(6)
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TABLE III
DESIGNED PARAMETERS FOR BUILT-IN MRF VALVE

Fig. 7. Simulated results of magnetic flux density in MRF valve pas-
sage. (a) Simulation results by formulation. (b) FEM results by ANSYS.

Rvanex1,2 =
lvanes

2KSvanex
=

lvanex

2Kkm31hcoverwgap
(7)

Rvane1,2 =
hvanes

KSvane
=

hvane

Kkm31Lvanexwgap
(8)

Rgap =
hgap

KSgap
=

hgap

2KMRFLgapwgap
. (9)

The magnetic permeability in air K0 is 4π × 10−7 H/m, the
magnetic permeability of K-M31 Kkm31 is 3.14 × 10−4 H/m,
and the magnetic permeability of MRF KMRF can be calculated
by the following equation from datasheet [21]:

Kkm31 = 0.0002 ·H−0.37 (10)

where H is the magnetic strength and it can be conducted by the
following:

H =
F

Lsum
= NI/ (hcore + 2rcover + 2lvanes + 2hvane + hgap)

(11)
where Lsum is the total length of elective circuit.

By combining (1) and (4), the magnetic flux density at the
gap can be calculated as follows:

Bgap = NI/RSgap. (12)

With (12) and parameters in Table III, the magnetic flux in the
MRF valve passage was calculated. As shown in Fig. 7(a), we
simulated situations in MRF and vacuum, respectively. Since the
permeability of vacuum is a constant, the magnetic flux density
is proportional to the current. The permeability of MRF KMRF

nonlinearly varies with magnetic strength, i.e., current. Thus,
the magnetic flux density grows fast and then becomes stable.
The maximum magnetic flux density in 2 A reaches 704 mT.
as shown in Fig. 7(b), the finite element method (FEM) results
using ANSYS Maxwell showed that the magnetic flux in the

MRF valve passage was 675 mT at an applied current of 2 A,
which consists of our simulation.

VI. TORQUE MODELING

A. Multiphysics Coupling Model

From the electromagnetic circuit modeling, the relationship
between the magnetic flux and current was established. We
can then use the results for torque modeling and active-drive
control design. Since the flow inside the MRF valve satisfy the
Poiseuille’s law, based on the Hagen–Poiseuille equation, the
pressure difference ΔP between the two chambers is given by
the following:

ΔP =
128 · μMRFlvalveQA

πd4
(13)

where μMRF is the viscosity of the MRF, lvalve is the length of
the MRF valve, QA is the flowrate inside the valve, and d is the
diameter of the valve. The viscosity of MRF μMRF is controlled
by the magnetic field, and the relationship can be described by
Bigham model [22] as follows:

μMRF = μ∞ + (μ0 − μ∞) · 2 · (e−αSμB − 0.5e−2αSμB
)
(14)

where μ0= 0.166 Pa·s, μ∞= 3.8 Pa·s, and αSμ = 4.5T−1.
Since the entrance of the MRF valve is a rectangular shape

instead of a circular shape, we converted the rectangular to a
circular shape with the following formula and calculated the
diameter d:

d = 1.3 ·
(

(Lgap ·Hgap)
5

(Lgap +Hgap)
2

)0.125

(15)

where Lgap and Hgap can be found in Fig. 6 and Table III. The
result of d is 2.4 mm.

To calculate flowrate QA , the volumetric efficiency of the
pump and actuator needs to be taken into consideration. As we
mentioned in Section IV, an 80 μm gap between the vane and
housing exists, which will cause the flow leakage between the
two chambers. Thus, the effective flowrate QA is given by the
following:

QA = Qp · ηv−p · ηv−a · Svane

Schamber
(16)

where Qp is the flowrate generated by the pump, ηv−p and ηv−a

are the volumetric efficiency of the pump and MRF actuator,
respectively. From the product datasheets, we found that the
volumetric efficiency for both pump and the vane motor are
around 40%. We here set the volumetric efficiency of the MRF
actuator 40%, which is the same as the vane motor. Moreover,
Svane is the cross-sectional area of the vane and Schamber is the
cross-sectional area of the actuator chamber. By this equation,
the flowrate that acts on the vane can be calculated. With (14)–
(16), the pressure difference ΔP in (13) can be calculated.

Since the pressure receiving area of the vane A is constant,
the torque τa is proportional to the pressure difference, and τa
can be presented as follows:

τa = ΔP ·A · r (17)
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Fig. 8. Simulation results for torque by MATLAB with multi-input.

where r is the radius of the vane. For the output torque τout, the
mechanical efficiency needs to be considered, and the mechan-
ical loss is mainly from friction between the sealing and shaft.
By comparing calculation results and datasheet, we found that
the relationship between pressure difference and output torque
for this vane motor can be obtained by the following:

f = 3.27 ·ΔP + 9.8. (18)

Thus, the output torque τout can be calculated as follows:

τout = τa · ηm−a = τa − f (19)

where ηm−a is the mechanical efficiency and f is the friction,
which can be presented as (16).

By introducing the coupling model of magnetic electromag-
netics (12), MRF magnetization (14), and fluid dynamics (13)
into (19), the simulated torque can be calculated as shown in
Figs. 8 and 9.

B. Torque Control Strategies (Multivariable Control)

As we expected, the dynamic range can be represented by
a multi-input single-output system (2 inputs, 1 output) while
conventional hydraulic motors only have a single-input single-
output system (1 input, 1 output). Fig. 8 shows that the same
torque output can be made by various combinations of the speed
and current. For example, if the desired torque is around 3 N�m,
we can choose the combination of a medium speed and high
current (Point A) or a high speed and medium current (Point B).
This is one of the most important features of the MRF actuator.
Based on this feature, we can define several control modes. In
Fig. 8, the yellow and orange lines represent two torque control
strategies. The yellow line shows the backdrive control. The
orange line shows power-efficiency control since the torque is
controlled by less flowrate of the pump. Details about control
modes will be introduced in Section VIII.

Fig. 9. Simulation results for torque by MATLAB. (a) Simulated rela-
tionship between torque and current. (b) Simulated relationship between
torque and motor speed.

Fig. 9(a) and (b) show that the torque was proportional to
the rotational speed and grew gradually with an increase in the
current. The maximum torque for a current of up to 2 A and
rotational speed of 1600 r/min was around 6.2 N�m. Evaluation
experiments in Section VII will verify our model. In summary,
the multiphysics coupling model we proposed could be used
as a guideline for designing the structure of MRF actuator by
optimizing parameters including the size of vane, MRF valve
passage, and magnetic flux conductor.

VII. EVALUATION OF MRF ACTUATOR

A. Experiment Setup

We developed a test bench to compare fundamental perfor-
mance of a conventional vane motor and the proposed MRF ac-
tuator (see Fig. 10). In the test bench, dc motors (FBLM86-660)
drove gear pumps (Eaton MA3) to pressurize both actuators.
We used rotary encoders (JT-30-340-500) and 100 N�m torque
sensors (UTMI1-100Nm) to measure the speed and torque. We
used pressure sensors (Parker PTDVB0251B1C2) to record the
pressure. Switch power supplies of 48, 24, and 5 V were used for
driving the pump, torque sensor, and encoder, respectively. An
adjustable power supply was used for the built-in MRF valve to
provide a variable magnetic field. To compare the conventional
vane motor (in the red box of Fig. 10) and MRF actuator (in
the purple box of Fig. 10), two setups were prepared. For the
passive evaluation, a motor was placed after the torque sensor
(red box). For the active evaluation, an arm was placed after the
torque sensor (purple box).
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Fig. 10. Experimental setup. Left setup is for original vane motor, and right setup is for MRF actuator. The actuators can be controlled manually
by control box, or control automatically with computer.

Fig. 11. Results of friction and backdrivability test.

B. Friction and Backdrivability Test

For the passive experiment, the shaft of the MRF actuator
is connected with the backdrivability test motor (BLM460S -
GFV2 with gear head GFV4G50). Here, the motor rotated at
a constant speed of 30 r/min, and the pump was kept without
operation, and we recorded the torque value. For testing friction,
no working fluid was filled into the original vane motor. The
result is shown in Fig. 11. With no fluid, the initial friction of
the vane motor was 3.9 N�m due to the sealing rubber.

Next, we filled both actuators with MRF 122EG. For the
original vane motor, it is not backdrivable. For the MRF ac-
tuator, due to its built-in MRF valve, the fluid can freely flow
from one chamber to another. Thus, it obtained good intrinsic
backdrivability. When no current was applied, the initial friction
of the MRF actuator was 2.6 N�m, even with the hinder of the
fluid viscosity. Then, we set the current for the magnetic flux of
the MRF valve passage from 0.5 to 2 A at intervals of 0.2 A.
As observed in Fig. 11, with the current increase, MRF passing
through the MRF valve passage solidified, so the torque required
to backdrive the shaft increased up to 12.5 N�m, which was
small. Compared to 8.3 N�m of the bearable startup torque of
a harmonic drive gear [25], 2.6 N�m of the startup torque of

Fig. 12. Results of speed test.

the MRF actuator was much smaller. The experimental results
showed that the proposed MRF actuator had low initial friction
and adjustable high intrinsic backdrivability.

C. Actuator Speed Test

In this experiment, the arm is free. By operating the motor,
the pump generates various flowrates to drive actuators. We
measured the speed of the arm during a motion from 0° to 90°
and the results are shown in Fig. 12. The speed for both the
original vane motor and MRF actuator increased linearly along
with the increment of flowrate. For the MRF actuator, the speeds
increased proportionally without the effect of current change.
This means that the speed was dominantly determined by the
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Fig. 13. Results of torque test. (a) Torque versus current. (b) Torque
versus pump speed.

pump flowrate. From Fig. 11, their relationship in our setup can
be represented by data fitting as follows:

v = 27000 · u+ 0.110 · I − 0.3 (20)

where v is the arm speed (rad/s), u is the flowrate (m3/s), and I
is the current (A). The coefficient of determination R2 is around
0.8 (at 0.5 A) to 0.94 (at 0.8–2.0 A). For this equation, we can
also see that the flowrate dominates the rotational speed of the
actuator. Moreover, the MRF actuator had a larger speed range
as compared to the original vane motor, owing to utilizing the
MRF valve passage. This means that the MRF actuator could
lower the drivable minimum speed, i.e., improve the low-speed
controllability. The maximum speed of the MRF actuator was
about 3.1 rad/s, which was close to the maximum speed of the
original vane motor of 3.36 rad/s.

D. Actuator Torque Test

The output torque was tested with the arm fixed. The current
was varied between 0 and 2 A at intervals of 0.2 A and the rota-
tional speed of the pump was varied between 200 and 1600 r/min
at intervals of 200 r/min. The torque–current and torque–pump
speed relationships are shown in Fig. 13(a) and (b), respectively.
The simulation results are consistent with experimental results.
The maximum torque for both simulation and experimental
results is 6.2 N�m when the pump speed is 1600 r/min and
the coil is applied with 2 A. We can also draw the following
conclusions.

1) Output torque could be controlled by both flowrate and
current (magnetic field).

2) When the current increases, the increase rate of the torque
was reduced.

Fig. 14. Comparison between original vane motor and MRF actuator.

3) The increase in torque showed quasi-linearity when it was
controlled by using the pump flowrate.

E. Comparison Between Vane Motor and MRF Actuator

Torque comparison between the original vane motor and MRF
actuator is shown in Fig. 14. The torques for both actuators
were measured under the same pressure difference. Just same
as the vane motor, the MRF actuator showed good linearity,
which led to the ease of control. As the current increased, the
growth of torque became larger. From 0.6 to 2 A, the torque
increased at almost the same rate. The pressure receiving area
of the vane was constant and the torque was the product of the
pressure difference, area, and operation radius, so the torque
was the same under the same pressure, as expected in the torque
simulation section. The maximum pressure and torque generated
by the MRF actuator was about 1.5 MPa and about 6.2 N�m,
respectively. Compared to the vane motor, the output was about
half. According to (13) and (15), minimizing the height of MRF
valve passage and maximizing the length of passage are expected
to be an effective way to increase the output torque. In addition,
applying a polytetrafluoroethylene sealing, which can help to
decrease the MRF leakage with the minimum friction, would
be another solution. Overall, comparing with the original vane
motor, our MRF actuator had low initial friction force, high
backdrivability, and better low-speed controllability. Although
the torque is decreased due to sealing lack, with the method
mentioned above to increase the maximum pressure, the MRF
actuator is promising to generate higher output.

VIII. CONTROL SYSTEM APPLICATION

Here, we developed a multivariable active-drive controller
that utilizes the features of MRF actuator. There were two manip-
ulated variables including the pump voltage PV for the flowrate
and coil current MA for the magnetic field. As a preliminary
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Fig. 15. Diagram of control-mode. (a) Backdrive mode (MF-save
mode). (b) Power-efficient mode (pump-save mode).

evaluation, we developed several control modes using torque,
speed, and backdrivability based on a state machine.

A. Control Modes

By applying the state machine and torque modeling (see
Fig. 8), the system switches between the operating modes in-
cluding the backdrive, power-efficiency modes. From the tar-
get speed St and current speed Sc , the speed error Se in
the pump control is given by Se = St − Sc. In addition, the
velocity error Se under the magnetic field control is Se =
(St − Sc)sin(Sc · PV ). The above modes can be realized by
controlling the pump flowrate (i.e., pump voltage) and magnetic
field (i.e., coil current), and an initial state different from each
control mode.

1) Backdrive mode: The control diagram is shown in
Fig. 15(a). Backdrivability largely depends on the vis-
cosity of the MRF in the MRF valve passage. Thus, high
backdrivability will be achieved by keeping the maximum
flowrate with pump voltage, PV ( = 0.4 V), where the
actuator does not start to rotate at MA= 0 and changing
the coil current MA.

2) Power-efficiency mode: The control diagram is shown in
Fig. 15(b). Compared with the electric power required to
generate the magnetic field, the operating power of the
pump is higher. Thus, contrary to the backdrive mode,
this mode uses a large magnetic field applied MA ( = 2.0
A) and the required minimum pump voltage PV .

B. Control Modes Experiments and Results

1) Backdrive mode: Fig. 16(a) shows the torque at dif-
ferent pump flowrates, in which the horizontal axis is
the arm speed. We observed that with the rotational
speed increased, the torque in the power-efficiency mode
increased rapidly and then became steady. While, in
the backdrive mode, the torque increased slowly and
then rapidly. At the same arm speed, the torque for the

Fig. 16. Results of control experiments. (a) Backdrivability test. (b)
Power-efficiency test. (c) Responsiveness evaluation.

backdrivable mode was lower than that for the power-
efficiency mode, which made the robot arm easy to
backdrive. The results show that this mode offered high
backdrivability, which would be suitable for human-robot
cooperation applications.

2) Power-efficiency mode: The definition of power efficiency
is the ratio between output power and input power. We
calculated the output power Po by the following:

Po = τarm · ωarm (21)

where τarm and ωarm are the torque and angular speed by
the MRF actuator, respectively. The input power Pi can be
calculated as follows:

Pi = Vmotor · Imotor + Vcoil · Icoil (22)

where Vmotor and Imotor are the voltage and current applied in
motor, respectively, and Vcoil and Icoil are the voltage and current
consumed by coil for magnetic field, respectively. Thus, the
power efficiency can be presented as follows:

PE =
Po

Pi
. (23)
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Different power efficiency was presented in different pump
speeds, as shown in Fig. 16(b). From the figure, we found that
the power efficiency in this mode was better under the same
pump speed and confirmed that this mode could be achieved.
This mode can be applied to long-term tasks.

3) Responsiveness evaluation: The responsiveness of the
pump is 400 ms, while the responsiveness of the magnetic
field is 20 ms. Thus, we investigated the responsiveness
that is dominated by the pump or magnetic field. In the
pump-dominated test, the control logic was the same as
the power-efficiency mode. The coil current MA was
set to 2.0 A in advance, then we recorded the torque
change while using a 0.4 V voltage step for the pump.
In the magnetic field-dominated test, after pump voltage
PV set to 0.4 V, a 2 A coil current step was applied.
The response time was recorded as a required time to
obtain 80% of torque to the target torque ( = 5.0 N�m).
Results are shown in Fig. 16(c). The upper figure shows
the pump-dominated responsiveness, and the lower fig-
ure shows the magnetic field-dominated responsiveness.
From the figures, it is obvious that the response rates
dominated by the magnetic field is different from that of
the pump. In the pump-dominated situation, the actuation
speed is mainly controlled by flowrate, which is limited
by pump performance. In the magnetic field-dominated
situation, the actuator is in a “pre-charged” state due to
the continuous flow from the pump, after operating the
built-in MRF valve with current, the actuator can exhibit
faster responsiveness. Thus, different responsiveness per-
formance appeared in the evaluation.

IX. CONCLUSION

In this article, we proposed a simple structure vane-type
MRF rotary actuator with high output torque and controllable
backdrivability and verified the feasibility of the active-drive
controller. Specifically, we designed a new built-in MRF valve
in the actuator and simulated output torque based on the multi-
physics coupling model including electromagnetics, MRF mag-
netization, and fluid dynamics. The manipulated variables of
the MRF actuator are pump flowrate and magnetic field, which
could provide a wider dynamic range of output torque and
backdrivability. We designed several control modes. From the
fundamental experiments, we confirmed that the MRF actuator
had low initial friction force, high backdrivability, and better
low-speed controllability, compared with the original vane mo-
tor. Control modes well demonstrated the advantages of MRF
actuator. We confirmed from the experiments that the proposed
multiphysics modeling worked adequately and the MRF actuator
possessed high output and intrinsic backdrivability. This study
can contribute to creating guidelines for design and control of
the MRF actuators.

Still, there are limitations to be addressed in the future. The
mathematical model is required to optimize design parameters.
Specifically, the built-in MRF valve needs to be optimized to
increase torque output (e.g., by increasing a passage length
and decreasing its area). Also, the optimization of MRF [9]

can also be applied. For example, high output can be given
by MRF with higher magnetic saturation, fast responsiveness
can be provided by MRF containing iron particles fabricated
with strong ferromagnetic materials, and good backdrivability
can be provided by MRF with a low viscosity oil medium.
Moreover, for cooperative applications, an intelligent controller
can be developed by introducing the machine learning scheme to
understand environmental situations and select a suitable control
mode.
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