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Particle swarm optimization (PSO) is a popular method to solve the optimization problems. However, cal-
culations for each particle will be excessive when the number of particles and complexity of the problem
increases. As a result, the execution speed will be too slow to achieve the optimized solution. Thus, this
paper proposes an automated design and optimization method for rotary MRF brakes and similar multi-
physics problems. A modified PSO algorithm is developed for solving multi-physics engineering opti-
mization problems. The difference between the proposed method and the conventional PSO is to split
up the original single population into several subpopulations according to the division of labor. The dis-
tribution of tasks and the transfer of information to the next party have been inspired by behaviors of a
hunting party. Simulation results show that the proposed modified PSO algorithm can overcome the
problem of heavy computational burden of multi-physics problems while improving the accuracy.
Wire type, MR fluid type, magnetic core material, and ideal current inputs have been determined by
the optimization process. To the best of the authors’ knowledge, this multi-physics approach is novel
for optimizing rotary MRF brakes and the developed PSO algorithm is capable of solving other multi-
physics engineering optimization problems. The proposed method has showed both better performance
compared to the conventional PSO and also has provided small, lightweight, high impedance rotary MRF
brake designs.

� 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Particle swarm optimization (PSO) algorithm has become a
popular tool in the field of engineering optimization in recent years
[1–3]. It was first presented in 1995 by Kennedy and Eberhart [4]
and it has taken its place as a simple and powerful optimal algo-
rithm among other evolutionary algorithms. The ability to inte-
grate it into software, its mathematical simplicity and the ease of
updating the used formulas are among the forefront advantages
of the PSO.

PSO algorithms are population-based metaheuristic algorithms
which are inspired by the nature. PSO has its roots in computer
animation technology and image rendering. The particle system
of Reeves [5] was later improved by Reynolds [6] with the notion
of inter-object communication which rendered individual particles
capable of following some basic flocking rules. Afterwards Kennedy
and Eberhart [4] made optimization capabilities of a flock of birds
utilizable. PSO algorithm is designed to simulate the social behav-
ior of fishes schooling and birds flocking. Algorithm starts with a
randomly distributed set of particles (potential solutions), and then
tries to increase a quality measure (fitness/cost function) by dis-
placing particles. The particle displacement is made possible by
utilizing a set of simple mathematical expressions which model
some interparticle communications.

This study proposes a modified version of PSO algorithm with
multiple subswarms for the multi-physics design optimization of
four rotary Magneto-rheological fluid (MRF) brakes. The multi-
physics design approach was made to aid geometric design, taking
into consideration electromagnetism, non-Newtonian flow behav-
ior of MRF, and heat transfer. The multi-physics model was also
used to predict the steady-state thermal characteristics of coil,
MRF, stator and rotor.

This paper is organized as follows. Section ‘‘The effect of sub-
swarm” reveals the effect of subswarms based on the related
works. Section ‘‘MRF devices” and Section ‘‘Haptic MRF devices”
respectively provide brief introductions to MRF devices and Haptic
MRF devices. Section ‘‘Multi-physics optimization” gives details
about weight optimization, ampacity, ohmic heating, magnetic cir-
cuit, friction torque, and passive resistive torque required for
multi-physics optimization. Section ‘‘Modified PSO algorithm”
explains the proposed modified PSO algorithm for multi-physics
optimization problem. Section ‘‘Multi-objective Multi-physics
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engineering design optimization problem” discusses rotary MRF
Brakes’ base designs with equality and inequality constraints.
Finally Section ‘‘Results” demonstrates the experimental study,
where the performance of the algorithm is compared to a common
PSO.

The effect of subswarm

It is well known that most of the multimodal function optimiza-
tion problems have several variables. Furthermore, multiple global
or/and local optimal solutions, and not a single optimum is com-
mon among such functions. To solve this kind of optimization
problems, approaches based on evolutionary algorithms have been
developed. In the evolutionary algorithms, the concept of subpop-
ulation (or named as subswarm) is utilized especially for solving
multimodal function optimization problems and multiobjective
optimization problems [7].

Some innovative approaches like glowworm swarm optimiza-
tion [8] and gravitational search algorithm [9] were used to find
multiple solutions in multimodal problems by creating subswarms
during optimization process. The two-layer particle swarm opti-
mizations (TLPSO) is a subswarm configuration in which whole
swarm divides into two and switch roles during optimization.
TLPSOs [10,11] were proposed to avoid the disadvantage of trap-
ping at a local optimum by increasing the diversity of particles.
In another study multiple subswarms, which focus on locating
multiple optima, was proposed [12]. In order to find as many local
optima as possible typical niching methods are used. Different
from typical niching methods, Otani et al. [13] made individual
particles capable of leaving their current search spaces. These par-
ticles can be classified as a subswarm which is capable of re-
entering the search space at any coordinates. Re-entering the
search space is known as particle regeneration and it helps the sub-
swarm to escape from local optima [14]. It is also possible to made
subswarms to compete or cooperate to exploit the complementary
diversity preservation mechanisms [15].

In some cases, it is best practice to shrink the population of the
swarm [16]. A smaller swarm will spend less computational power
by simply removing stable particles and storing their best positions
[17]. All removed particles near the same local optima also repre-
sent a subswarm.

MRF devices

MRF devices are known as passive actuators. The formations of
columnar structures of the solid particles in the MRF under a mag-
netic field enhances the viscosity of the fluid. This strong, rapid and
reversible effect was first identified by Rabinow [18] in the late
1940 s. Much of the research on MRF devices uses fluids supplied
by Lord Company. [19]. Devices that operate with MRF are often
classified according to mode of operation [20]. These operating
modes are shear mode, valve or flow mode, squeeze mode, and
magnetic gradient pinch mode. A schematic representation of
these modes is given in Fig. 1. MRF devices are MRF brake, MRF
damper, MRF clutch. MRF devices are used in automotive clutches,
Fig. 1. MRF operating modes (a) shear mode, (b) flow mode, (
brakes for exercise equipment, seat dampeners, knee prosthesis,
actuator systems, and shock absorbers.

The word haptic is derived from haptesthai, a verb belonging to
ancient Greeks. Haptics focuses on simulation of the forces or tor-
ques of virtual or real physical systems. The force value is given as
6 N for the middle finger and 4.5 N for the ring finger [21]. Given
the pressing forces that fingers can generate during grip, it appears
that the forces produced by small MRF devices can be utilized as
haptic interfaces. MRF devices are often assessed in terms of power
consumption, size, and the highest response torques or forces they
can provide [22–24].

Haptic MRF devices

Haptic devices are controlled by impedance and admittance
control methods [25]. In order for these control systems to be suc-
cessful, the actuators that must be present at the haptic interfaces
must be small, lightweight, and high impedance. In order to obtain
the ideal actuator, the weight must be minimized. When the rotary
MRF devices are compared with the operating modes, it is seen
that the dimensional parameters of the device have great influence
on the response torque. On the other hand, if these parameters are
enlarged, heavy devices with high reaction torque, which are not
preferred in haptic systems, will be obtained [26].

As one of the well-known passive actuators, the rotary MRF
brakes have simple designs. Oppositely, optimizing the design for
haptic systems is not a simple process. Transparency can be sum-
marized as the fact that the virtual or distant environment in hap-
tic interface feels indistinguishable from the real environment.
Transparency, in other words, is used to describe small, lightweight
and high impedance haptic systems [27]. The MRF brake as a pas-
sive actuator, which must be present in the haptic interfaces, must
be transparent in order for the device to be successfully controlled.
This paper aims to develop four different rotating MRF brake
designs with lightweight, low power consumption, and high
response torque for haptic applications via an improved PSO
algorithm.

Multi-physics optimization

Weight optimization

In order to obtain the ideal passive actuator, it is necessary to
optimize ampacity, weight, magnetic circuit, and resistive torque
by changing geometric parameters. In addition to the MRF torque
or force optimization, weight optimization is a new issue [24,28–
31]. Lightweight actuators are both needed and essential compo-
nents for many force feedback systems. The following approximate
weight expression is used when calculating the weights of MRF
devices.

m ¼ VpMqpM þ VMRFqMRF þ VStqSt þ Vcqc ð1Þ
In the equation, VpM, VMRF, VSt, and Vc respectively represent vol-

umes of the non-magnetic material, MRF, magnetic core, and wire
winding. The volumes are multiplied by the densities of the
c) squeeze mode, and (d) magnetic gradient pinch mode.
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non-magnetic (paramagnetic) material, MRF, magnetic core (ferro-
magnetic) material and copper (qpM, qMRF, qSt and qc) in order to
calculate the weight of the device.

Ampacity

In addition to weight optimization, magnetic circuit optimiza-
tion must also be performed. Magnetic circuit optimization can
help us obtain the material types (MRF included) to be used in pro-
duction, the reaction torques to be produced and the highest cur-
rent (ampacity) to be given to the magnetic circuit.

The highest current value that the conductor can withstand
instantly or for a long time without causing damage is the permis-
sible current intensity for that conductor. The highest applicable
current value and application period are different from the permit-
ted current magnitude and should be considered separately. Con-
ductive materials such as copper and aluminum can transmit
high currents without being damaged. Generally, the insulation
material is damaged by not being able to withstand high tempera-
tures. When designing an electrical circuit, one should pay atten-
tion to the system components that are affected by temperature
due to current flow and resistive loss [32,33]. The permissible cur-
rent intensity for conductors depends on the temperature that the
insulation material can withstand, the electrical resistance of the
conductor, the frequency of the current in the case of an alternat-
ing current, the conductor geometry, the ability of surrounding ele-
ments to emit heat, and the ambient temperature. If the ambient
temperature is lower than the conductor temperature and the sur-
face area of the conductor is sufficiently large, it may be expected
that the permissible current value is higher than the reference
value.

In short, the maximum permissible continuous current value
for conductors will vary depending on the physical and electrical
properties of the conductor and the type of insulation material,
ambient temperature, and thermal conductivity coefficients.
Depending on the insulation material used in the conductors, the
maximum permissible conductor surface temperatures are typi-
cally 90 �C, 130 �C, 155 �C, 180 �C and 220 �C. When referring to
the permissible current values, the conductive wires are referred
to as a single wire and when the ambient temperature is at room
temperature. If the wires are used in a closed environment and
as part of a winding, the current values to be used as references
will become approximate values.

Furthermore, high temperatures will have negative effects on
the MRF [34]. Existing MRFs have typical operating temperature
ranging from �40 to 150 �C. Increase in temperature of the MRF
will bring about several adverse effects on the breaking torque
[35]. The heat dissipation for MR brakes is a ‘‘hot” problem to be
solved. Weiss et al. [36] and Liao [37] found that performance of
MRF devices are unfavorably affected by the temperature increase.
MRF brakes are generally limited to relatively small-power appli-
cations due to the limited cooling capacity. Hence, the current
must be limited to prevent overheating of the device and the most
efficient wire size must be determined. Sohn et al. [38] concluded
that the steady temperature of the MRF brake should be less than
120 �C. Unlike other MRF devices in which the heat is a result of
slip and friction, the heat is produced as a result of electrical energy
input in MRF brakes used as haptic interface actuators [39].

Ohmic heating

Most of the energy losses in electric motors and electromagnets
are due to resistive losses (ohmic heating) in current carrying con-
ductors. It is important to determine the resistance of the coil (s) in
order for the losses to be detected. The electrical resistance of the
conductive material can be obtained in terms of the cross-sectional
area through which the current flows. Electrical resistance of the
conductive material is given in Eq. (2), where the proportionality
coefficient qref is represented by the electrical resistivity.

Rref ¼ qref
Lref
Aref

� �
ð2Þ

The subscript ‘‘ref” is used to represent the reference tempera-
ture which represents a value due to the electrical resistance tem-
perature of the conductor. If the operating temperatures of motors
and electromagnets do not have a special cooling system in their
bodies, the working temperature of the conductors used in the
windings will be different from the room temperature. In this case
it is necessary to calculate the new value due to the electrical resis-
tance temperature. In conditions where the temperature difference
is not too high, Eq. (3) below can be used to calculate the electrical
resistance value [40].

Rwire ¼ Rref 1þ aref ðTwire � Tref Þ
� � ð3Þ

In Eq. (3), aref represents the resistance temperature coefficient.
Eqs. (2) and (3) can be used to determine resistive losses in the
wire windings after electrical resistances are obtained. Ohmic
heating is defined as the heat dissipation of a conductor when a
current passes through it. It is also referred to as resistive heating
or joule heating.

_Eg ¼ iðVA � VBÞ ¼ i2R ð4Þ
In the equation Joule-Lenz law or Joule’s 1st law, VA - VB repre-

sents the voltage drop across the conductor, R represents the resis-
tance of the conductor and i represents the current.

_q ¼ i2R
V

ð5Þ

If the heat release is uniform within a certain volume (V), the
volume heat production rate ( _q) is expressed by Eq. (5) above
[40,41].

Heat transfer is defined as the thermal energy transfer result-
ing from the spatial temperature difference. Heat transfer takes
place in three forms as transmission, transport and radiation. In
cases where radiation and transport are effective, the equation
expressing heat transfer is derived from the sum of both pro-
cesses [41].

q ¼ qconv þ qrad ð6Þ
Experimental relationships need to be known in solving heat

transfer problems occurring in external natural convection flows.
In many engineering calculations, it is sufficient to express rela-
tions in the following way [41,42].

NuL ¼ hL
k

¼ CRanL ð7Þ

The Rayleigh number used in the Eq. (7) above is defined as
follows.

RaL ¼ GrLPr ¼ gbðTs � T1ÞL3
va ð8Þ

All material properties used in the Eq. (7) and Eq. (8) are deter-
mined using film temperature (Tf).

Tf ¼ Ts þ T1
2

ð9Þ

For vertical plates, similar expressions were used for the Nusselt
number [42–44]. In case of laminar flow, Rayleigh number is
104 6 RaL 6 109, C ¼ 0:59, and n ¼ 1=4. An expression (Eq. (10))
that can be used for all values of the Rayleigh number is also avail-
able in the literature [45].
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NuL ¼ 0:68þ 0:670Ra1=4L

½1þ ð0:492=PrÞ9=16�4=9
RaL 6 109 ð10Þ

Horizontal plates, unlike vertical plates, are evaluated sepa-
rately as upper and lower plates due to the effect of the lift force
created by density difference. In the engineering problems Nusselt
number is obtained in the form of Eq. (11) for the upper surface hot
plate or the lower surface cold plate when the Rayleigh number is
in the range of 104 6 RaL 6 107 [46].

NuL ¼ 0:54Ra1=4L ð11Þ
Similarly, Nusselt number for the lower surface of the hot plate

or the upper surface of the cold plate is obtained in the form of Eq.
(12) [47]. Similar relationships are also available in the literature if
needed [48].

NuL ¼ 0:52Ra1=5L 104 6 RaL 6 109; Pr P 0:7 ð12Þ

Fig. 2. B � H Curves.
Magnetic circuit

The basic equation for obtaining a magnetic field (Eq. (13)) is
defined as the Ampere law [49,50].I

H � dl ¼ Inet ð13Þ

In the above equation, H is the magnetic field density, dl is the
differential element defined along the line through which the inte-
gral is taken, and Inet is the net current that provides the magnetic
field. In order to increase the effect of current on the magnetic field
density, it is necessary to increase the number of conductors carry-
ing the current, or to place it in such a way as to affect the ferro-
magnetic material (magnetic core) several times. If the core used
to obtain the magnetic field is a ferromagnetic material, the mag-
netic flux remains within the core and the average length of the
core of the lc core can be written instead of the integral expression
in Eq. (14).

Hlc ¼ NI ð14Þ
In the above equation, N is the number of turns of wire winding.

The magnetic field density H represents the intensity of the mag-
netic field. The intensity of the magnetic field flux obtained at
the core is influenced by the properties of the core material. The
density of the magnetic field represents the effort spent to obtain
the magnetic flux. The magnetic permeability of the material is a
determining factor in the success of this effort. The magnetic flux
density (B) is defined in Eq. (15) as follows, depending on the
material.

B ¼ lH ð15Þ
In the above equation, l represents the magnetic permeability

of the material. B - H curves are used to determine the magnetic
permeability. B - H curves of the MRFs used in this study are given
in Fig. 2.

For magnetic cores used in magnetic applications, magnetic
materials with relatively high magnetic permeability are preferred.
B - H curves for the magnetic core materials used in this study are
also given in Fig. 2. The magnetic flux density to be formed in the
core is expressed by the following equation.

B ¼ lH ¼ lNi
lc

ð16Þ

The total flux in a given area is defined by the Eq. (17).

U ¼
Z
A
B � dA ð17Þ
If the flux density vector is perpendicular to the area and the
flux density does not change over the entire area, then the above
equation can be written in the simplest form.

U ¼ BA ð18Þ
In cases where the magnetic core geometry allows for regular

flux density, the total flux value at the core can be obtained with
Eq. (18) above. The cross-sectional area of the magnetic core is
expressed by A.

U ¼ BA ¼ lNiA
lc

ð19Þ

Generally, since the area (A) varies along the flux path, it is more
accurate to perform calculations using the Finite element analysis
(FEA) method. The relationship between the magnetomotive force
F , the number of turns N, and the current i is given by F ¼ Ni. In
magnetic circuits, the relationship between magnetomotive force
F , flux U, and magnetic resistance R is expressed as F ¼ UR.
The following equation can be used for the general solution of
the magnetic circuit.

F tot ¼
Xn
i¼1

Bi

li
lci ¼ Ni ð20Þ

In the above equation, F tot is the total magnetomotive force, N
is the winding number of the coil, i is the current passing through
the coil, Bi is the flux density over the resistances in the magnetic
circuit, li is the magnetic permeability, and lci is the average length
of each resistor.

The flux obtained by using the magnetic circuit will always give
an approximate value [51]. For many materials, the magnetic per-
meability is expressed by a nonlinear curve due to the magnetic
field density. In other words, increasing the current constantly
does not mean that the flux will increase. The current given to
the magnetic field generating systems are selected so that the
curve of the magnetic permeability curve does not pass knee
points. When the knee points are passed, a lower performance is
obtained from the system and the excessive current causes more
heat to damage the system. High current causes the insulation
material in conductor wires to become worn out due to excessive
heat generation and the wire winding becomes inoperable [51].

Friction torque

The greatest advantage of MRF devices is that they require very
low power for their control. Haptic interfaces are commonly used
in force-feedback remote control and virtual training systems.
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Especially small, lightweight, low friction and high force capacity
actuators are preferred in these interfaces. Despite the fact that
MRF devices have the potential to meet these expectations, much
of the research has given priority to the investigation of large-
scale MRF brakes and dampers, and the generated response torque.
The Bingham model is sufficient to calculate the response torque
values for MRF brakes operated at low rpms in haptic applications.
The frictional torque is usually determined experimentally under
zero-field conditions.

The scales provided by the manufacturer are usually used to
calculate the friction values due to the use of the O-ring. If the
resulting friction forces are very low compared to the other forces
in the system, these forces are usually either ignored or deter-
mined experimentally. The frictional force acting in the opposite
direction to the movement is influenced by the O-ring’s nest
dimensions, the dimensions of the moving piece, the tightness
gap and the rigidity of the sealing element. The friction force is also
influenced by the pressure changes that occur due to the operation
of the system [52]. The reaction torque due to O-Ring usage can be
calculated approximately as follows.

TO�Ring ¼ ðf cLc þ f hArÞRs ð21Þ
In the Eq. (21), Lc represents the surface length of the seal, f c

represents the friction force per unit length due to the hardness
of the orifice and the amount of compression, f h represents the fric-
tional force due to the fluid pressure, and Ar represents the surface
area applied by the fluid. The second component in the equation
can be ignored for the reason that the angular velocity of the rotor
and the pressure due to the MRF are very low in MRF devices. Since
the MRF in the device does not cause high pressures during oper-
ation or inside the device, the use of the O-rings with low compres-
sion ratios is sufficient [31].

Passive resistive torque

MRF devices work in four different modes namely shear mode,
flow mode, squeeze mode and pinch mode [53]. The reaction tor-
que generated in the shear mode is due to the yield stresses on
the plate surfaces. Brake, clutch and dampers operating in this
mode are usually made up of at least two surfaces that move rela-
tive to each other. They usually have cylindrical or disc geometry.
MRF behaves like a Newtonian fluid when there is no magnetic
field and begins to behave like a Bingham plastic where the yield
strength can be electronically controlled by magnetic field effect.
The resulting response torque depends on dynamic yield strength
and fluid viscosity [54]. At low shear rates, MRF can be modeled
using the simple and effective Bingham plastic model. The equa-
tion for this model is given below.

s ¼ syieldðHÞ þ g rx
h

0

� s > sy
s 6 sy

ð22Þ
Fig. 3. Infinitesimal field elements in devices operating in shear mode.
In the Eq. (22), s represents the shear strength, syieldðHÞ repre-
sents the dynamic yield strength, g is the fluid viscosity, r is the
radial distance, x is the angular velocity, and h is the distance
between the magnetic poles.

The response torque, which is induced in MRF devices operating
in shear mode, originates from yield stresses at the surfaces of the
disc (Fig. 3). The infinitesimal reaction torque due to these yield
stresses, which are the resultant stresses of the MRF flowing
between the surfaces, are expressed as follows.

dT ¼ 2rszrdhdr þ rsrrdhdz ð23Þ
In disc type MRF devices, due to the disc geometry, the reaction

torque in the thin edge of the device is often ignored by the fact
that the edge is thin. For this reason, the reaction torque is given
by integrating the shear stress along the axial surface.

T ¼ 2p
Z ro

ri

2szr2dr ð24Þ

In Eq. (24), T is the response torque, ri, and ro respectively rep-
resent the inner and outer radius values of the axial surface. If the
equation for the Bingham plastic model is written in the above
equation, the response torque takes the following form.

T ¼ 4p
3
syðHÞðr3o � r3i Þ þ

pgx
h

ðr4o � r4i Þ ð25Þ

In Eq. (25), the first expression represents the response under
the influence of the magnetic field, in other words the MR effect.
The second expression represents the reaction torque due to the
viscosity of the fluid. If the MRF device is operating at low angular
velocities, the second statement will be at a level that can be
ignored.

In drum type MRF devices, the first expression in the Eq. (23) is
ignored because of its cylindrical geometry. Therefore, by integrat-
ing the shear resistance along the radial surface, the response tor-
que is obtained as follows.

T ¼ 2p
Z h

0
szr2dz ð26Þ

The Bingham plastic model replaces the equation in the form of
response torque in the following manner. In the Eq. (27) and Eq.
(28) below, r is the average radius.

T ¼ rð2prÞhsyðHÞ þ r
2pr2gx

t
h ð27Þ

Similarly, the effect of the viscous component in the equation
can be ignored if the device is considered to operate at low angular
velocities.

For devices operating in flow mode, the pressure drop consists
of the viscous component DPrheo and the magnetic field dependent
DPmrf components [26,54–58]. The total reaction torque is obtained
by the addition of friction, viscous and magnetic effects. The
approximate expression used to obtain the total reaction torque
is given below.

T ¼ Tfriction þ rADPrheo þ rADPmrf ð28Þ
The viscous component is so small that it can be ignored in cal-

culations. The equations for the pure viscous effect (DPrheo) and the
magnetic field dependent component (DPmrf ) are given below.

DPrheo ¼ 12gQL
th3 ð29Þ

DPmrf ¼ 3syieldðHÞL
h

ð30Þ

A ¼ th ð31Þ



Fig. 4. Pseudocode for the PSO algorithm with a random disturbance.
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In the above equations, g represents the viscosity of the fluid,
Q is the flow through the pressure drop, L represents the length of
the flow channel, t represents the width of the plates, and h rep-
resents the gap between the plates. It is understood from the
related equations that the flow channel area is the product of
the values of t and h, which is defined as A ¼ th. The syieldðHÞ,
which represents the yield strength, depends on the magnetic
field strength. Where the ratio of the radial distance value of
the flow channel measurements of a device operating in flow
mode is small, the expression of a linear device for the device’s
response torque can be used. FEA simulations are used in the
optimization process. This method is one of the preferred
approaches in the design of such devices. Conversely using FEA
requires a lot of computational time and power during optimiza-
tion problems.

Modified PSO algorithm

Millonas stated [59] swarm intelligence must be able to change
behavior mode when it is worth the computational price. A rein-
forced (common) PSO equation with inertia weight by Shi ve Eber-
hart [60] were given as:

vkþ1 ¼ wvk þ c1r1ðxbestk � xkÞ þ c2r2ðxgbestk � xkÞ ð32Þ

xkþ1 ¼ xk þ vkþ1 ð33Þ
where xk, vk are the particle’s kth position and velocity vector; r1 and
r2 are random numbers ranging in (1,0); xbestk and xgbestk are the
kth best positions by the particle and the whole swarm; c1 and c2
are two parameters representing the particle’s confidence as an
individual and as a member of the whole swarm;w is inertia weight
which is used to maintain balance between shrinking of search
space and global search tendency. The parameters c1 and c2 control
the balance between local search and global search and are gener-
ally set to 2 [4].

When particles are created or during the optimization process,
if the best position of a particle is equal to the best position of the
swarm and also if velocity of the particle is zero, that particle will
come to a halt. Randomness will provide the particle, even those
that don’t move, with the capability to search even more [61–63].
After the initialization of the swarm or during optimization pro-
gress such stuck particles may affect the whole swarm undesir-
ably. With the intention of getting over such situations a
random disturbance is added to calculation of the particle’s next
position.

xkþ1 ¼ xk þ vkþ1 þ d ð34Þ
where d is a small random number which pulls or pushes the par-
ticle a little bit to provide a continuous search even after reaching
the best possible position. The PSO algorithm [64] with a random
disturbance is given in Fig. 4.

With the purpose of preventing particles from leaving the
search space Eberhart et al. [65] introduced a maximum velocity
parameter, Vmax. In addition to limitation of velocity, another
approach is used by Nguyen et al. [66]. This approach, known as
gradient-based repair method [67], is summarized below.

Step 1. Calculate the degree of violation of constraints

DV ¼ Minh0;u� gðxÞi þMaxh0; l� gðxÞi
hðxÞ � c

� �
ð35Þ

where gmðxÞ and hnðxÞ respectively refer to inequality and equality
constraints.

Step 2. Calculate rxV
þ and Dx. For the calculation of value

rxV
þ, it is necessary to take the inverse of Moore-Penrose [68]

of the matrix rxV .
DV ¼ rxV � Dx ð36Þ
Dx ¼ rxV
�1 � DV ð37Þ

Step 3. Update the solution vector using the following equation.

xtþ1 ¼ xt þrxV
þ � DV ð38Þ

Step 4. If the solution vector is not in the desired region after
repair, the process can be repeated [67].

Improving the exploration ability of PSO has been a popular
research topic in recent years [69]. In this study, similar to Ken-
nedy and Eberhart’s [4] conversion of the social simulation algo-
rithm into an optimization paradigm by replacing ‘‘roost” by
‘‘food”, a better optimization algorithm is achieved by replacing
‘‘food” by ‘‘prey”.

In the wild, hunters must use their resources in the best possi-
ble way. In other words, proper use of limited resources is a matter
of life and death. The general approach in common PSO is based on
the uncovering of food resources and summoning the swarm to the
current ideal positions. But this approach can have very dangerous
consequences for a swarm with limited resources. PSO performs
best at or near the center of the initialization region [70]. In this
study we tried to mimic an approach which resembles a hunting
swarm. The hunting PSO is summarized below.

- Determine the location of the most ideal food source with a
subswarm, like targeting of the most promising herd

- Initialize another subswarm that can carry out the work that
requires more resources, like leaving the prey vulnerable or
alone

- Initialize the last subswarm to end the hunt.

The hunting capability is simply simulated by using the best
location of previous subswarm for initialization of the next one.
Multi-objective multi-physics engineering design optimization
problem

Distinct from the common PSO, the parameters that do not have
much effect at the beginning of the optimization process are per-
formed by the second subswarm of the hunting PSO. The magnetic
core material, wire type, and the MR fluid type are features that
have very little effect at the beginning of the optimization process.
In this study, only the effect of wire type selection was performed
by the second subswarm of the hunting PSO.



Fig. 5. Pseudocode of the hunting PSO.

Fig. 6. Pseudocode of the common PSO.

Fig. 7. Pseudocode of the heat transfer analysis.

Fig. 8. Hybrid-type (device 0) MRF brake’s dimensional parameters.
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Cost/fitness function

The following multi-objective total cost/fitness function has
been used in order to obtain the design with the highest torque,
lowest electrical power consumption, and lowest mass. The cost
function used for the hunting PSO is given below.

Cost Function ¼ Mass ½g� � Power ½W�
Torque ½mN:m� ð39Þ
Algorithms

Both algorithm for the hunting PSO and algorithm for the com-
mon PSO are given below (Figs. 5, 6 and 7). While general PSO
performs all calculations in one go, hunting PSO solves the calcula-
tions that need to be done with the help of subwarms. The second
and third subswarms of the hunting PSO are re-initialized around
the previous subswarm’s global best.

Three subswarms were created for the Hunting PSO used in this
study. This number can be changed for different problem types.
The first subswarm was created using three times more particles
than the other subswarms. In this way, a more efficient search
could be performed in a larger search space. The second subswarm
calculates the cost function with all the optimization parameters
using only 5 particles. The last subswarm iterates three times more
than the other subswarms. Thus, the last subswarm can detect
optima in a much smaller search space. The algorithm, unlike com-
mon PSO, starts an optimization process in a smaller search space
with each subswarm.

The highest permissible current is obtained by carrying out a
heat transfer analysis. The pseudocode for the heat transfer analy-
sis is given below.

Rotary MRF brakes’ base designs

Hunting PSO and common PSO were compared using four dif-
ferent rotary MRF brake designs. Each brake was optimized using



Fig. 9. Disc type (device 1) MRF brake’s dimensional parameters.

Fig. 10. Rotary flow mode (device 2) MRF brake’s dimensional parameters.

Fig. 11. T-Shape (device 3) MRF brake’s dimensional parameters.

Table 1
Equality and inequality constraints of the MRF brakes.

parameter [mm] Device 0 Device 1 Device 2 Device 3

x1 1–18 1–18 1–18 1–16
x2 2–19 1–18 1–18 1–4
x3 1–8 1–8 1–8 3–8
x4 1–8 1–8 1–8 1–4
x5 – – – 1–4
y1 2–8 2–8 3–8 1–4
y2 1–8 1–8 1–8 2–8
y3 4–24 1–16 1–8 2–4
y4 – – – (y3 + 2) � 24
cx (x2 � 1) 1–18 1–18 1 � x3
cy (y3 � 2) (y3 + 2) 3–24 3 � (y2 � 1)
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three magnetic core materials, three MR fluids, and three wire
types. The dimensional parameters of the MRF brakes are shown
in the following figures. In all the figures, the bearings are shown
with large crossed squares and O-rings are shown as small crossed
squares which are placed upper and lower parts of the shaft. All
designs are confined to a maximum outer radius of 25 mm and
have MRF gaps with a thickness of 1 mm.

Fig. 8 shows the hybrid-type (device 0) MRF brake configuration
where the coil is placed inside the shaft. Fig. 9 shows the disc type
(device 1) MRF brake’s dimensional parameters.

Fig. 10 shows the rotary flow mode (device 2) MRF brake
in which MRF is forced the flow between the poles of the
electromagnet. Details of the working mode and design details
of the rotary flow mode MRF brake are available in the liter-
ature [26].

T-Shape (device 3) MRF brake’s dimensional parameters are
given in Fig. 11. The equality and inequality constraints of the
MRF brakes used in calculations for each type of device are given
in Table 1.
Results

Results of hunting PSO

PSO initiates with random placement of particles. This may
cause the particles to be too close to or too far from the global or
local optima. The results obtained from the first subswarm are
given in Fig. 12. Torque, mass, and power changes due to decreas-
ing cost function values are seen for all four devices. The results
show clearly that the positions on the graph are beginning to
change regularly and that the optimization is in the beginning
phase.

The results obtained from the 2nd subswarm are given in
Fig. 13. Torque, mass, and power changes appear linear for each
device in comparison with decreasing cost values. It seems that
the optimization process continues in a smaller search space as
desired.

The results obtained from the last subswarm are given in
Fig. 14. In Fig. 14, the cost value for each device design is reduced
and the response torque is increased. Mass and power values have
changed in a narrow range. Also for all devices, the parameters cor-
responding to the lowest cost function value that are obtained
from each subswarm are given in Table 2.

Table 3 gives the characteristics of the devices which are
achieved by hunting PSO. Since the shaft diameters of all four
designs are the same, the zero-field torques will be approximately
30 mN.m based on the Eq. (21). Material types used for numerical
calculations are given in the figures of heat transfer analyses.



Fig. 12. Results from 1st subswarm based on cost function value. Fig. 13. Results from 2nd subswarm based on cost function value.
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Figs. 15 and 16 show the magnetic field and heat transfer anal-
ysis of the hybrid-type (device 0) MRF device at a current of 1.3
A. Despite the fact that the hybrid-type favors a cylindrical geom-
etry, it has disc geometry because of the mass factor in the cost
function.

Figs. 17 and 18 show the magnetic field and heat transfer
analyzes of the disc type (device 1) MRF device at a current
of 1.0 A. Due to the coil winding and the maximum radius
limitation, the geometry is thicker than conventional disc
geometry.

Magnetic field analysis and heat transfer analysis of the rotary
flow-type MRF brake at a current of 1.8 A are given respectively
in Fig. 19 in Fig. 20. The brake resembles the hybrid type and disc
type devices. The flow channel of the flow type device is also deep-
ened after optimization. Geometric constraints have forced these
three devices to take a thick disc shape. The magnetic field analysis
and the heat transfer analysis of the T-shape MRF brake at a cur-
rent of 1.0 A are given respectively in Fig. 20 and Fig. 21. The brake
has cylindrical geometry unlike the other three designs. Likewise
this geometry, which is usually seen in drum-type devices, is due
to the outer radius limitation.

The regions used in the torque calculations are marked with
dashed yellow lines in Fig. 16, Fig. 18, Fig. 20, and Fig. 22. The
MR fluid temperatures for device 0, device 1, device 2, and
device 3 were obtained approximately 70 �C, 60 �C, 70 �C, and
75 �C. It is seen that the temperature distribution changes
depending on the external surface area, position of coil winding,
and power input.

Results of common PSO

The cost function dependent torque, mass, and power values
obtained from the common PSO are given in Fig. 23.

In Table 4, the parameters of the designs obtained at the lowest
cost are given.

Table 5 gives the characteristics of the devices which are
achieved by common PSO. It is seen that the hunting PSO, which
has the lowest cost function value of 0.091, is more successful
when Tables 3 and 5 are compared.

1st subswarm’s timing is 28.2 h, 2nd subswarm’s timing is
22.5 h, and 3rd subswarm’s timing is 22.4 h. Total running time
for the hunting PSO and the common PSO is respectively 73.1
and 195.8 h. Device 3 has two additional dimensional parameters,
which have increased the simulation time by 54% compared to
other devices. The hunting PSO required about 1/3 computational
time compared to the common PSO. Furthermore hunting PSO



Fig. 14. Results from 3rd subswarm based on cost function value.

Table 2
Dimensional parameters of the MRF brakes based on hunting PSO with random
disturbance.

parameter
[mm]

Device 0 1st,
2nd, and 3rd

Device 1 1st,
2nd, and 3rd

Device 2 1st,
2nd, and 3rd

Device 3 1st,
2nd, and 3rd

x1 13.1, 12.6,
12.7

10.8, 9.5, 8.9 11.9, 10.5,
10.1

13.2, 12.8,
12.6

x2 5.3, 5.9, 6.5 9.1, 7.0, 6.8 7.6, 6.9, 6.7 2.1, 2.4, 2.8
x3 2.2, 1.5, 1.7 1.7, 1.2, 1.5 1.0, 1.4, 1.6 3.9, 3.7, 3.5
x4 1.3, 1.8, 1.1 1.0, 1.0, 1.0 1.0, 1.2, 1.1 2.2, 2.2, 2.1
x5 – – – 1.0, 1.0, 1.2
y1 3.8, 2.4, 2.2 2.9, 2.0, 2.0 3.8, 3.0, 3.0 2.5, 2.5, 2.7
y2 2.1, 1.0, 1.2 1.3, 1.5, 1.7 3.3, 2.0, 1.8 5.9, 5.7, 7.3
y3 7.9, 7.3, 7.2 4.7, 3.7, 3.8 1.4, 1.1, 1.0 2.7, 2.7, 3.5
y4 – – – 21.2, 21.2,

22.1
cx 3.1, 2.7, 3.8 3.9, 3.7, 3.7 2.2, 2.1, 2.5 3.6, 3.5, 3.5
cy 5.8, 5.3, 4.2 6.7, 5.7, 5.8 3.0, 2.3, 3.3 3.7, 3.7, 4.6

Table 3
Optimization results obtained from hunting PSO.

Results Device 0 Device 1 Device 2 Device 3

Torque [mN.m] 783.7 574.4 1136.8 1711.3
Current [A] 1.3 1.0 1.8 1.0
Power [W] 2.5 2.5 3.0 3.2
Mass [g] 139.1 125.0 104.0 330.7
AWG 26 26 26 26
MRF 140 CG 140 CG 140 CG 140 CG
Steel 1006 1006 1006 1006
Number of turns 90 126 48 88
Cost function 0.178 0.218 0.091 0.193

Fig. 15. Magnetic field strength of hybrid-type (device 0) MRF brake.

Fig. 16. Temperature distribution of hybrid-type (device 0) MRF brake.
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could be accelerated even more by controlling steel and fluid type
selections. In addition to the given results, all steel types and
AWG 26 and AWG 28 wire types were encountered at different
iterations of the optimization process. Although MRF 140 CG is
common in all results, it is not preferred much for the reason
of zero-field high viscous effect. The temperatures obtained are
safe for both MRF and wire use. Higher torques can also be
obtained by applying higher currents with a wire type that is
resistant to higher temperatures. Although the T-shape (device 3)
MRF brake produces very high torques, this device is heavier than
all other devices. According to the cost function, it seems that the
most ideal design for haptic systems is the rotary flow type
(device 2) MRF brake with a height of 12.9 mm, a diameter of
50 mm, and a weight of 104 g.



Fig. 17. Magnetic field strength of disc type (device 1) MRF brake.

Fig. 18. Temperature distribution of disc type (device 1) MRF brake.

Fig. 19. Magnetic field strength of rotary flow type (device 2) MRF brake.

Fig. 20. Temperature distribution of rotary flow type (device 2) MRF brake.

Fig. 21. Magnetic field strength of T-shape type (device 3) MRF brake.

Fig. 22. Temperature distribution of T-shape (device 3) MRF brake.
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Conclusions and future work

In this paper four rotary MRF brake designs are optimized by a
simple cost function which seeks the highest torque, lowest power
consumption, and lightweight designs. The optimization process
was carried out by a modified PSO algorithm which was inspired
by a hunting party with task distribution. This successfully devel-
oped and modified PSO algorithm with multiple subpopulations
has solved a multi-physics optimization problem. The modified
PSO algorithm begins with a relatively large subpopulation with
limited resources. The first large subswarm is expected to uncover
a solution space around the best possible solution. Narrowing of
this search space is carried by a small subswarm with relatively



Fig. 23. Results obtained from common PSO.

Table 4
Dimensional parameters of the MRF brakes based on common PSO with random
disturbance.

parameter [mm] Device 0 Device 1 Device 2 Device 3

x1 11.6 4.3 9.2 12.4
x2 5.2 12.3 7.4 1.9
x3 1.5 2.0 1.2 3.7
x4 3.8 1.2 1.2 1.2
x5 – – – 1.0
y1 3.0 4.3 3.1 1.5
y2 1.4 2.1 2.6 4.8
y3 7.1 5.6 1.0 2.6
y4 – – – 16.2
cx 3.1 2.1 3.2 3.1
cy 5.1 7.2 4.5 3.3

Table 5
Optimization results obtained from common PSO.

Results Device 0 Device 1 Device 2 Device 3

Torque [mN.m] 469.0 700.6 1136.8 1711.3
Current [A] 1.3 1.3 1.3 1.3
Power [W] 2.0 2.6 2.2 2.9
Mass [g] 136.1 193.2 138.1 201.7
AWG 26 26 26 26
MRF 140 CG 140 CG 140 CG 140 CG
Steel 1010 1006 1018 1010
Number of turns 84 85 77 56
Cost function 0.29 0.276 0.156 0.235
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large resources that is fully capable of searching the space. The
locating of optimal positions is carried out by the last subswarm
which has also limited resources but has the knowledge of the
small search space where the best solution resides. Obtained
results sufficiently reveal the applicability of the modified PSO
algorithm in similar multi-physics problems. In future works, the
modified PSO algorithm may be applied to solve the multimodal
multi-objective engineering optimization problems.
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