
 

 
Abstract— The development of an automotive semi-active 

differential is described. The device is based on the use of a 
magnetorheological fluid and allows to control the locking 
torque and, consequently, to improve the vehicle handling. In 
order to evaluate the effectiveness of the proposed device, a 
physical prototype was realized and the first experimental tests 
were carried out. 

 
Index Terms — Magnetorheological fluid, automotive 

differential, vehicle dynamics 
 

I. INTRODUCTION 

EVERAL developments concerned the free differential 
with the aim of solving its limit: if one driving wheel 

travels on a low friction surface, the tyre- road interaction 
force is minimized and a limited torque is transmitted to the 
other one, with the consequence that the vehicle loses the 
driving stability. Suitable passive devices [1, 2] (so called 
limited slip differential) were realized in order to transmit 
torque to a wheel, even if the other one is on a slippery 
surface. The limited slip differentials are based on a mating 
between the two side gears with the effect of generating 
different driving torques. This differential locking effect 
makes the vehicle capable to move itself also in presence of 
a wheel characterized by low traction. The locking torque 
that characterizes the limited slip differentials is typically 
depending on the wheel relative speed or on the torque 
acting on the differential case and generates its effects 
independently from the vehicle handling, e.g. 
understeering/oversteering. Consequently, in some dynamic 
conditions, the locking torque can also determine an 
undesired vehicle behaviour. Thanks to the development of 
the electronic control, semi-active and active [3] 
differentials were realized: these devices are characterized 
by a controllable locking torque and typically employ 
hydraulic or electrical actuation systems to engage a clutch 
[4 - 6] which determines issues in terms of wear and NVH 
(noise, vibration and harshness) due to the sliding between 
the parts that are in contact.  

This paper focuses on a controllable limited slip 
differential which advantage consists of the employment of 
a contactless clutch that is activated by means of the 
magnetisation of a magnetorheological (MR) fluid and, 
consequently, no hydraulic pump or electric motor are 
requested. MR fluid are extensively employed in brake, 
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clutch and damper [7 - 9], but no examples concerning the 
design and the development of MR fluid based automotive 
differential are available in the scientific literature.  

A physical prototype was realized and tested in order to 
verify its locking effect. The experimental results highlight 
the functionality of the proposed magnetorheological fluid 
limited slip differential (MRF LSD). 

II. THE MAGNETORHEOLOGICAL FLUID LIMITED SLIP 

DIFFERENTIAL 

Magnetorheological fluids are suspensions of micron-
sized and magnetisable particles in a carrier fluid. Normally, 
MR fluids are free-flowing liquids, having a consistency 
similar to that of lubricant oil. However, when a magnetic 
field is applied, their rehology changes to more a solid-like 
gel. MR fluid rehology is modelled in pre-yield and post-
yield regimes. In the pre-yield regime, MR fluids 
demonstrate a visco-elastic behaviour. For visco-elastic 
materials, while some of the applied energy is recovered 
(elastic behaviour), some is dissipated in the form of heat. 
The visco-elastic behaviour of the MR fluids in the pre-
yield regime is analyzed by linear visco-elastic theories. On 
the other hand, the MR fluid post-yield behaviour, in 
presence of a magnetic field, is approximated by the 
Bingham plastic model [10]:  

 

dt

d
Hyd

  )(                                                          (1) 

 
where, τ is the shear stress, τyd is the dynamic yield stress 

due to applied magnetic field (H),  is the no- field fluid 
viscosity, and dγ/dt is the shear rate. When the magnetic 
field intensity rises, the ferromagnetic particles find an 
orientation and the yield stress increases. This property 
makes the MR fluids functional for the employment in 
controllable devices [11 – 14]. 

Fig. 1 illustrates the MRF LSD logical scheme. It consists 
of a conventional part and an unconventional one. The side 
gears (A and B), the planetary gears (G), the differential 
case (P) and the differential gear (R) characterize the 
conventional part of the MRF LSD. The unconventional 
part is constituted by a disk housing (C) and a coil (S). The 
disk housing engages the side gear A and the differential 
case P, and contains facing plates, alternately integral with 
the side gear and the differential case P, that perform the 
friction surfaces. Suitable spacer elements create a gap in 
which the MR fluid is contained.  
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Fig. 1. Logical scheme of the MRF LSD 

 
The device is able to transfer the power on the driving 

wheels and, changing the coil current, it is possible to bias 
the torque with different ratio. While in a passive limited 
slip differential the locking torque depends on relative 
sliding or on the torque acting on differential case, in the 
MRF LSD it depends on the magnetic field essentially. 

Taking the Willis ratio 0  into account, it can be written: 
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where A  and B   are rotational speed of the side gear A 

and B respectively, and P  is the rotational speed of the 

differential case. 
From (2) it can be observed that the rotational speed of 

the differential case is the average of the speed of the side 
gears: 
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By means of the rotational equilibrium equation, energy 

balance and (3), the expression of the output torque TA and 
TB can be determined. In steady-state conditions, being TP 
the torque acting on the differential case and Wl the power 
due to the locking torque Tl acting between the differential 
case P and the side gear A, it can be written: 
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The torque TA and TB can be expressed as: 
 
















BA

lP
B

BA

lP
A

WT
T

WT
T





2

2
                                                     (5) 

The power Wl , adopting the convention of positive Tl , is 
given by: 

 

PAll TW                                                              (6) 

 
Consequently: 
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By means of a suitable control system, the locking torque 

Tl can be adjusted in order to enhance the vehicle dynamic 
behaviour [15]. The device is a semi-active one since it is 
able to regulate the locking torque value while the torque 
flux direction is only established by the wheel kinematics: 
the supplied energy determines a controllable torque flux 
from the fastest side gear to the slowest one in order to lock 
the differential in a wide range of operating conditions. 

The differential locking torque is given by the following 
contributions: the torque due to friction (Tf), e.g. of the seals 
and gear, the torque due to the magnetic field (TM) and the 
torque due to the fluid viscosity (TV). Therefore, it follows: 

 

VMfl TTTT                                                            (9) 

 
Taking into account (1), the magnetic and the viscous 

contributions are given by: 
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in which n is the number of friction surfaces, ri and ro are, 

respectively, the inner and the outer radius of the friction 
surface and r the generic radius. Consequently: 
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where d is the gap between the several disks.  
The no-field viscosity of the MR fluid typically allows to 

consider the viscous contribution negligible respect to the 
magnetic one. This characteristic makes the MRF LSD with 
non-magnetized fluid very close to a free differential, with 
the relevant advantage of reducing the energy loss and the 
undesired torque apportionment. Consequently, the driving 
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torque can be split in a controlled manner only when it 
generates a vehicle dynamics improvement. 

The virtual prototype of the MRF LSD cross section is 
illustrated in Fig. 2 and the several components are listed in 
Table 1. Among the listed components, the coil and its 
housing only are motionless respect to the gear box in order 
to avoid travelling electrical contacts. 

The differential gear was designed (n° 5 in Fig. 2) in 
order to contain the unconventional part, constituted by the 
disk housing and the coil. 

As regards the conventional part of the MRF LSD, it is 
based on the morphology and dimensions of the common 
open differential that equipped a middle class vehicle.  

 

 
Fig. 2. MRF LSD cross section 

 
TABLE I 

COMPONENTS OF THE MRF LSD 
No Description Material 
1 Side gear A Standard steel 
2 Side gear B Standard steel 
3 Planetary gear Standard steel 
4 Differential case P Low carbon steel (AISI 1008) 
5 Differential gear Low carbon steel (AISI 1008) 
6 Inner disk Low carbon steel (AISI 1008) 
7 Outer disk Low carbon steel (AISI 1008) 
8 Spacer elements Austenitic stainless steel (AISI 304) 
9 Disk shaft Austenitic stainless steel (AISI 304) 
10 Disk housing Austenitic stainless steel (AISI 304) 
11 Coil outer housing Low carbon steel (AISI 1008) 
12 Coil inner housing Austenitic stainless steel (AISI 304) 
13 Coil Copper 
14 Sealing Steel 
15 Sealing Steel 

 
As an example, Fig. 4 shows a first physical prototype of 

the MRF LSD. The differential gear was not completely 
refined since this feature was not necessary for the testing 
procedure that will be described after.  

 
Fig. 3. Physical prototype of the MRF LSD 

III. EXPERIMENTAL EVALUATION 

A test rig (Fig. 4) was set up in order to carry out the 
experimental investigations. 

It includes the MRF LSD, an inverter driven AC motor 
and a reduction unit. Suitable couplings were adopted to 
link the several components. 

The measured quantities are: 
- rotational speed of the AC motor by phonic wheel and 

proximity pick up  
- input current to the MRF LSD by Hall effect closed 

loop current sensor  
- transmitted torque by high stiffness strain gauge load 

cell.  
 

 
Fig. 4. MRF LSD cross section 

 
Current input was provided by an adjustable 3kW DC 

power supply. All measured quantities were acquired and 
stored by National Instruments Corporation board and 
software (LabVIEW ©). 

The experimental test rig allows to measure the locking 
torque Tl : with reference to Fig. 5, suitable bearings (A) 
sustain the differential case that was made integral with the 
load cell by means of the shaft (B) and the lever arm 
indicated in Fig. 4. In this way, the locking torque is 
transmitted to the differential case, by means of the 
magnetic and the viscous effects, and its value is measured 
by the load cell. The coil housing (C) was made fixed on a 
frame. 
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Fig. 5. Test rig details 

 
In order to evaluate the effectiveness of the manufactured 

MRF LSD, first results concerning static and dynamic 
properties are presented. The tests were conducted at a 
relative rotational velocity A  of 25 rpm. This constitutes a 

high value reachable in handling manoeuvres and 
consequently was functional to evaluate the viscous 
contribution on the locking torque. Fig. 6 illustrates the 
static torque-current curve. It can be observed that the MRF 
LSD is characterized by a limited zero current torque 
( Vf TT  ) that makes the device similar to a common free 

differential. This allows to avoid not requested locking 
effects and undesirable vehicle dynamic behaviours [15]. At 
the same time, the MRF LSD exhibits a significant locking 
torque in presence of a reduced supply current and shows a 
substantially linear tendency that allows an easier feedback 
controller design procedure. 

The magnetic torque can be obtained subtracting the zero 
current torque from the total one: in this way a TM/i gain of 
6.8 Nm/A was estimated. 

 

 
Fig. 6. Locking torque vs supply current 

 
The transient response of the device was obtained 

adopting as input an up-step down-step sequence in terms of 
supply current with an amplitude of 7 A. In any case, the 
linear behaviour allows to consider the dynamic properties 
of the MRF LSD independent from the current input. Fig. 7 
shows the output torque of the MRF LSD normalized by the 
respective maximum value. The input-output relationship 
can be well approximated by a first order linear time-
invariant system and consequently a time constant of 0.03 s 
was determined, satisfying the typical dynamic requirements 
of the vehicle handling control systems. 

A complete demagnetization is obtained after the down-
step, allowing to prevent a residual activation of the device 
and, furthermore, the requested electrical power is fully 

compatible with the peak values of the modern automotive 
alternators [16]. 

 

 
Fig. 7. Step response of the MRF LSD 

IV. CONCLUSION 

A magnetorheological semi-active differential was 
described and a first physical prototype was illustrated and 
tested. The experimental results highlight the static and the 
dynamic performances of the MRF LSD, showing its 
inclination to be a useful tool to control yaw moment and, 
consequently, to improve vehicle handling. 
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