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ABSTRACT 

 
     Numerous studies have shown the great interest of using magnetorheological fluids (MRF) in 
many applications such as shock absorbers, vibration dampers and clutches. For industrial 
applications, the potential of MRF in clutch technology is however limited by the relatively low 
maximum static shear stress of the fluid causing a low torque capacity. To enhance the torque 
capacity, some studies proposed the application of a compression load to the MRF while 
maintaining the magnetic field. This phenomenon is commonly called Squeeze-Strengthen Effect 
(SSE) and, according to the literature, could increase the nominal MRF static shear stress by a 
factor of 25. The SSE has been reported for the first time in 2000. However, its application and 
origin still remains misunderstood. 
 
     In this paper, an experimental clutch-like setup has been designed to verify if the SSE origins 
from force or displacement and if the phenomenon exists for thin layer of MRF like the one used in 
MRF clutches. The behaviour of the MRF under compression is studied for two situations: when 
the MRF is confined and when the MRF is not-confined. Tests showed that SSE phenomenon 
originates from a displacement and occur only when the MRF is not-confined. For a MRF layer 2 
mm thick, it is shown that the maximum static shear stress of MRF after compression is about 4 
times greater than its nominal value.  
 
Keywords: Magnetorheological fluids, squeeze-strengthen effect, shear mode, clutch 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
14

70



 
2011 CANSMART CINDE IZFP 

 
MAGNETORHEOLOGICAL FLUIDS AND SSE PRINCIPLES 

 
     Magnetorheological fluids (MRF) consist of non-Newtonians fluids. To obtain an MRF, micron 
size ferromagnetic particles are added to oil or water. Under the application of a magnetic field, the 
particles restrict the fluid flow by forming chain structures aligned with the magnetic field line. 
Before breaking the chains, the MRF behaviour is similar to the behaviour of a solid. If the shear 
stress reaches the maximal static shear stress τs, the MRF behave like a liquid. 
 
     Because of its effect on the apparent viscosity and on the rheological properties, the fractional 
volume of particles in the fluid depends on the application. For example, the MRF normally used in 
clutches have a relatively low fractional volume of particles to minimize the off-state apparent 
viscosity. A high off-state apparent viscosity is unwanted since it contributes to decrease the 
efficiency of the system when disengaged. However, the use of a low fractional volume of particles 
lead unfortunately to a smaller maximal static shear stress, often insufficient for most industrial 
applications. Therefore, there is an interest for increasing the maximal static shear stress τs while 
keeping the off-state viscosity small. 
 
     In the literature, some studies have proposed to apply a compressive load to the MRF, parallel to 
the magnetic field line to buckle the initial thin chain structure of particles into stronger thick 
column [1]. This phenomenon is commonly called the Squeeze-Strengthen Effect (SSE). Scanning 
electron microscopy images have been taken and demonstrated that the buckling occurs near the 
wall and reinforces the weak link of the chains [2]. Moreover, the thick column configuration 
decreases the mean distance between adjacent particles which leads to stronger magnetic 
interaction [3]. According to X. Z. Zhang et al.[3], the SSE could increase τs by a factor of 25 for 
specific magnetic field, compressive load and wall material. 
 
     All the previous studies on SSE [1, 2, 3] were made using an open bath of MRF in which a 
metal plate was submerged. The maximum static shear stress was measured by the force needed to 
extract the plate from the fluid bath after the application of a compression on the MRF. These 
experimental setups do not allow observing the SSE behaviour at magnetic saturation for MRF 
layers having thickness typical of the one used in MRF clutches. 
 
     The objective of this paper is to verify experimentally if the SSE exists for thin MRF layer like 
the ones used in MRF clutches for which magnetic saturation can be reached. 
 

EXPERIMENTAL SETUP 
 

     Figure 1a shows a picture of the setup used for the experimental investigation. The MR fluid 
(not visible in the picture) is located between two circular rings C1, C2 located in the magnetic 
casing as depicted in the section view presented in Figure 1b. C1 rotates with the instrumented 
aluminum shaft while C2 is fixed to the magnetic casing. A torque can be applied manually at the 
top end of the instrumented shaft and a compressive load can be applied to the MR fluid by 
adjusting the preload of the spring using the nut located on the top of the setup. A tensile stress is 
then applied to the shaft resulting in a compression of the MRF layer. 
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Fig. 1: a) Picture of the clutch-like experimental setup, b) simplified geometry and section view of 
the c) confined and d) not-confined configurations. 
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     By using standard seals, it is possible to obtain a configuration where the fluid is confined as 
illustrated in Figure 1c. Obviously, the use of seals adds friction that will affect the measurement 
but they are necessary to obtain a confined configuration. For that configuration, the fluid cannot 
escape from the gap. 
 
     By removing all seals, we obtain a configuration where the fluid is not confined as shown in 
Figure 1d. For that configuration, the fluid can leave the gap, thanks to an empty chamber all 
around the gap. 
 
     The applied torque and compression force are measured by two complete Wheastone bridges of 
strain gages placed on the shaft. Without any compressive load, the fluid gap is 2 mm. This gap 
will vary with the application of a compressive load, particularly for the not confined 
configuration. 
 
     A magnetic coil installed in the magnetic casing has been designed and optimized using 
Maxwell SV software to obtain a uniform magnetic field in the MRF layer. Numerical simulations 
showed that the coil can produce 1.3 Tesla in the MRF layer using a current of 3 A which is 
sufficient to ensure the magnetic saturation of the fluid. Aluminum has been chosen for the shaft 
material in order to force the magnetic field to pass through the MRF layer. 
 
 
     A trust bearing has been installed between the bottom of the spring and the magnetic casing. By 
installing the strain gages on the shaft, the mechanical friction of that trust bearing can be 
eliminated from the measurement. Numerical simulations have been performed using Nx-Nastran 
to ensure that the deformation field is uniform at the strain gage location. 
 

EXPERIMENTS AND DATA ANALYSIS 
 

     For the experiments, the torque was applied manually at the top end of the shaft using a tap 
wrench. The idea is to apply the torque very slowly in order to obtain a static load case until 
slippage occurs and then to release the torque. By repeating this loading/unloading cycle numerous 
times, the static shear stress τs needed to produce slippage can be found as a function of the number 
of cycle under different compression and magnetic condition. 
 
     Figure 2 shows a typical measurement sequence where the applied torque (strain gage amplifier 
output in volts) is presented as a function of time. This result is typical of the not-confined 
configuration. A zoomed view of ten loading/unloading cycles is also shown in the figure where 
the second peak of step 3 can be observed to be higher than all others. This is caused by the SSE 
and it will be discussed in details later.  
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Fig. 2: Typical measurement sequence   
 
The overall measurement sequence is divided in 5 steps as described below: 
 
Step 1. With magnetic field and no compression 
For step 1, no compression was applied to the MRF layer and the magnetic coil was driven by a 
current of 3 A. The resulting magnetic field was not measured but according to simulation its value 
is of the order of 1 Tesla. 
 
The loading/unloading cycle was first repeated about  25 times clockwise, then 25 times counter 
clockwise as shown in the figure.  
 
Step 2. No magnetic field and no compression 
For step 2, the magnetic field was removed and the loading/unloading cycle was repeated 25 times 
clockwise and 25 times counter clockwise. 
 
Step 1 and 2 was essentially performed to verify that the filling procedure did not damage the setup 
and to confirm that the setup is operational for the test. It allowed also verifying that the 
measurement was repeatable through all tests we have performed. For these two steps the MRF 
layer was 2mm thick.  
 
Step 3. With magnetic field and compression 
Step 3 was performed to observe the SSE. A current of 3A was first applied to the magnetic coil 
and held. Then, the spring was preloaded to apply a tensile strength on the aluminum shaft. This 
leads to a compressive stress of 6.75 MPa in the MRF layer. The loading/unloading cycle was 
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again repeated numerous times for clockwise, counterclockwise, clockwise and counterclockwise 
rotation.  
 
For the confined configuration, the gap remains about the same. However, for the not-confined 
configuration, the gap is reduced changing the off-state behaviour of the fluid and requiring to 
perform step 4 and 5. 
 
Step 4. No magnetic field and no compression 
For step 4, the compressive load was first released and then the coil current reduced to zero. The 
measurement performed at this step gives the off-state behaviour of the fluid and the mechanical 
friction of the setup for the final gap distance. 
 
Step 5. With magnetic field and no compression 
A DC current of 3 A was again applied to the magnetic coil in order to measure the nominal MR 
effect (without SSE) for the final gap distance. 
 
With this measurement sequence, some observations can be done: 
 

- By comparing step 2 and step 4, one observes that the off-state behaviour of the fluid and/or 
the mechanical friction of the setup have increased. This increase is mainly caused by the 
smaller fluid gap obtained in step 4 resulting from the application of the compressive load 
in step 3.  The same behaviour is observed by comparing step 1 and step 5. 
 

- In step 3, the highest peak is the second one and this was observed in all tests we have 
performed with the setup in the not-confined configuration. The torque required to create 
slippage in the MRF layer after that second loading/unloading cycle then reduces and 
stabilizes to a value that is much greater than the values observed in step 1 and 5 for which 
a magnetic field is applied without compressive load. 
 

- Figure 3 presents a closer view of a) the second and b) the third peaks of section 3. One can 
observe that the slippage behaviour is not the same. For a) the second peak, the slippage 
occurs sharply while for b) the third peak, the slippage occurs smoothly. The sharp slippage 
observed for the second peak is typical of the slippage that occurs for the first and second 
loading/unloading cycle performed in Step 3 for all tests we have performed using the not-
confined configuration. The smooth slippage observed for the third peak is typical of all 
others loading/unloading cycle of the experiments (steps 1 to 5). That means that something 
different happens for the first two peaks of Step 3 and according to us, this is likely the SSE 
that disappears after the second loading/unloading cycle. One can then assume that the 
higher torque level observed in general for step 3 (for the third and next loading/unloading 
cycles) comparing to the torque level observed in step 5 is caused by an increase of the 
mechanical friction of the setup when the compressive load is applied to the MRF layer. 
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Fig. 3: Behaviour of the slippage for a) the second and b) the third peak of Step 3. 
 

     To evaluate the increase of the torque capacity associated to the squeeze-strengthen effect, the 
mechanical friction of the setup must be removed from the measurements.  The procedure is 
detailed below. 
 
Let define the following torque values (see fig. 4 for detailed): 
 

- τ3, τ4, τ5: The value of each peak in steps 3 to 5 respectively. 
- τf: The mean value of the peaks value in step four (τ4). This corresponds to the mechanical 

friction torque without compression. 
- τ5m: The mean peaks value in step five (τ5). 
- τ3m: The mean peaks value of the third and next loading/unloading cycles (i.e. without the 

first two peaks which are assumed to be caused by SSE). This corresponds to the sum of the 
nominal MR effect and the mechanical friction with compression. 
 

a) b) 
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Fig. 4: Torque value definition for the steps 3, 4 and 5. 
 
One can define the torque corresponding to the nominal MR effect τs,nom which corresponds to the 
MR effect without compression. i.e.: 
 

                                                                                                                         (1) 
 
The increase of friction ∆τf, which is caused by the application of a compressive load to the MRF 
layer, can be defined as: 
 

                                                                                                                           (2) 
 
Finally, the maximal static shear stress of the MRF under compression (τs) in step 3 can be defined 
as: 
 

                                                                                                                        (3) 
 
     By comparing τs and τs,nom, the increase of torque capacity caused by SSE can be analyzed. 
Figure 5 presents the ratio τs/τs,nom as a function of the number of loading/unloading cycle for a) the 
not confined configuration and b) the confined configuration. In a), three different sequences of 
measurement are presented (□, *, ∆) to show the repeatability of the measuring procedure. All 
sequences were performed in the same condition (compressive stress of 6.75 MPa in the MRF layer 
and magnetic coil current of 3 A). One observes that, values of torque ratio τs/τs,nom for the second 

∆τf 
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τf 

τ5m 

τ3m 
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loading/unloading cycle is quite similar for each sequence and indicate that the compressive load 
increases the torque capacity by a factor of 4 in comparison to the nominal MR effect. Moreover, 
this increase does not exist anymore after the slippage of the second loading/unloading cycle. 

 
 

Fig. 5: Ratio of static shear stress in a) the not-confined configuration (three measurement 
sequence) and b) the confined configuration. 

 
 

DISCUSSION 
 

In Figure 5a, it is interesting to observe that the SSE does not occur for the first loading/unloading 
cycle, hence for the first slippage. This could be caused by the small thickness of the MRF layer. It 
is likely that a purely axial force is then not sufficient to buckle the particles chains to cause a 
rearrangement of the particles structure.  
 
     For the confined configuration, no clear effect of the compression load on the torque capacity 
can be observed (Fig. 5b) with our measurement. However, because of the mechanical friction 
(caused mainly by the hydraulics seals), we cannot confirm that SSE does not exist for the confined 
configuration. However, the smooth behaviour observed for the slippage in the confined 
configuration (not shown in this paper) suggests that the particular structure of SSE does not exist 
in that case.  
 
     According to our measurements and the behaviour of the slippage, SSE could effectively 
originates from a particular restructuration caused by a sufficiently high displacement, as suggested 
by X. Tang et al. [1], apparently unreachable in a confined configuration.  
 
 

 
 
 

a) b) 
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CONCLUSION 

 
     Our research clearly demonstrated that the Squeeze-strengthen effect can be observed in a 
clutch-like setup for a not-confined configuration, i.e. if the fluid can freely evacuate the 
compression zone. By removing the friction effects from the data, we have shown that it is possible 
to increase the maximal shear stress by a factor of 4 with the application of a compressive load on 
the MRF layer. 
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