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Abstract 

e designed and constructed an electrorheological (ER) and a magnetorheological (MR) 

damper to reduce the oscillations of the rotor of a stepper motor after positioning. The 

effectiveness of the MR and ER dampers were measured with an electronic unit – designed 

for this work –attached on one end of the shaft of the (double-shaft) rotor. The unit contained a digital 

accelerometer, some data acquisition and signal condition circuits, a battery for power supply, and a 

radio frequency module for transmitting the measured data to a processing software implemented in 

LabVIEW. Settling times of the oscillations at different applied field strengths were recorded and 

compared to results of simulations performed in Simulink. 

 
Keywords: stepper motor, electrorheological fluid, magnetorheological fluid, electrorheological 

damper, magnetorheological damper 
 

1. Introduction 
Electrorheological (ER) and magnetorheological (MR) fluids are special colloidal suspensions 

whose viscosity can be varied to a great extent by externally applied electric and magnetic fields, 
respectively. In ER fluids, dielectric particles of permittivity εp and a diameter of typically 0.1-100 µm 
are dispersed in a liquid of permittivity εf, where εf < εp. If such a fluid is placed in an external electric 
field, the particles obtain induced dipole moments in the direction of the field [1], which leads to the 
formation of particle chains resulting in an increase of the fluid’s viscosity when subjected to 
shearing perpendicular to the field direction [2]. The viscosity increase can reach several orders of 
magnitude, depending on the field strength. In MR fluids, ferromagnetic particles of magnetic 
permeability µp and a typical diameter of 0.1-50 µm are dispersed in a Ferro fluid of permeability µf, 
where µf < µp [3]. (Ferro fluids are stabilized colloids of very small (10-50 nm) permanently 
magnetized particles [4], which themselves have various applications [5,6].) In an MR fluid exposed 
to magnetic field the dispersed particles gain induced magnetic dipole moments [7] and (similarly to 
ER fluids) chain formation occurs, accompanied by a great increase in viscosity. If the external field is 
turned off, both ER and MR fluids lose their increased viscosity very quickly. Due to their controllable 
nature, ER and MR fluids (also called “smart fluids”) have been increasingly used in mechatronic 
applications since the 1990’s. Beside vibration control, which is the main field of their application, 
they are also utilised in measurement technology and controllable brakes, clutches and other torque 
transmission systems [8, 9]. In the field of vibration control, they are mainly used in seismic 
protection of bridges and buildings [10, 11], in automotive suspensions [12] and in rotating 
machinery [13, 14]. It is well known that the rotor of a stepper motor oscillates after every step. In 
case of continuous stepping these oscillations are not much of a concern (provided the stepping rate 
is chosen correctly). In case of positioning, however, especially in the last few steps, the settling time 
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of these oscillations is a crucial parameter of stepper motor operation. Some manufacturers suggest 
a disk filled with viscous liquid or gel for damping the oscillations of the rotor. This solution does not 
allow controlling the damping: the rotor is equally damped during the continuous motion and in the 
last crucial steps of the positioning. In this paper, we present an experimental setup comprising a 
measuring system that records the oscillations after every individual step of a stepper motor and 
suitable MR/ER fluid dampers to shorten the settling times of the oscillations. The experimental data 
are compared to results of model calculations. 

 

2. Materials and methods 
The key point of our method is that we measure the tangential acceleration due to the oscillations 

instead of the angular position of the rotor. An electronic unit which contains the accelerometer and 
some data acquisition and signal condition circuits is fixed on one end of the shaft of the (double-
shaft) rotor. For the power supply of the electronic unit we apply a battery on the rotor instead of 
slip-ring contacts to decrease the friction effects which could modify the damping. The rotary unit 
transmits the measured data by a radio frequency (RF) module. The oscillations after stepping are 
registered by an ADXL345 accelerometer. The sampling frequency is 3 kHz. The data acquisition is 
done by an ATmega1284p microcontroller, which stores the data temporarily and also controls the 
RF module (see Fig. 1). 

 
Figure 1: Schematic of the measuring and communicating unit. 

 
The control and drive circuitry of the stepper motor is based on a pair of L297 and L298 type 

integrated circuits. Communication between this circuit and a desktop PC is carried out via the RS-
232 standard. The PC is running the software responsible for the high-level control and data 
processing, which is implemented in the LabVIEW graphical development environment. The XBee 
module – communicating with another XBee module on the rotary unit – also connects to the PC by 
means of the RS-232 standard. 

Fig. 2 shows a schematic drawing of the MR and ER dampers built by us. The dampers can be 
connected to the other end of the rotor shaft by a rigid clutch. The MR damper was built inside a 
solenoid of N = 1500 turns with a diameter of 46 mm. A clutch couples the motor shaft to a disk 
made of soft iron. Opposite of the disk, there is a soft iron cylinder which is secured to the stator part 
of the setup. The cylinder also serves to guide the magnetic flux through the MR fluid, which is 
located in a 3.2 mm thick gap between the disk and the cylinder. The flux density B is measured in 
this gap by a Hall sensor. Leakage of the MR fluid is inhibited by a plastic case. The ER damper 
consists of a cylinder (31 mm in height and 38 mm in diameter) and a pot, both of them made of 
aluminium. Between the outer surface of the cylinder and the inner surface of the pot, there is a 1 
mm gap which contains the ER fluid. The cup is connected to the negative (ground) terminal of a 
high-voltage power supply (Stanford Research PS350), and the cylinder is connected to the positive 
terminal. The clutch for the ER damper is made of an electrically insulating material. 
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Figure 2: Schematic of the measuring system and the MR/ER fluid dampers. 

 
Measurements were conducted at 20 °C temperature. We used the carbonyl iron-based 

magnetorheological fluid of type MRF-122EG from Lord Corporation in our MR damper. For the ER 
damper, an electrorheological fluid based on silicone oil and BaTiO3 granules with a mass percent of 
60% was prepared in our laboratory. The used silicone oil had a dynamic viscosity η = 0.97 Pa·s, while 
the BaTiO3 granules had a diameter of approximately 50 nm. 

The dampers were tested with a stepper motor of type PH2610-E2.9 manufactured by Vexta. This 
is a double-shaft, 8-wire hybrid stepper motor with a full step angle of 1.8° and a maximum current 
of 2.9 A per phase. The moment of inertia of the rotor is 320 g·cm2. A mechanical load (a disk made 
of brass) was secured on one end of the motor shaft, the moment of inertia of which is 
approximately 2700 g·cm2. 

Fig. 3 shows a photo of the artificial load and the measuring/communicating unit, which can be 
fixed to the one shaft of a stepper motor. The deviation momentum from the asymmetry of the 
accessories is negligible. The accelerometer is positioned far from the rotation axis to improve the 
accuracy of the measurement. 

 
Figure 3: The measuring unit and the artificial load. 
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3. Results 
3.1. Experimental results 

Our experimental results have been evaluated on the basis of the decrease in the settling times of 
the oscillations. By “settling time” we mean the time taken from the start of an oscillation until the 
magnitude of the acceleration amplitudes falls under 10% of the maximum acceleration of the 
undamped oscillation and remains below it. (Note that the definition usually refers to amplitudes of 
position; we are using acceleration amplitudes because those are the quantities directly measured.) 
There are three possible drive sequences for a two phase bipolar stepper motor: wave drive (one-
phase-on), two-phase-on drive, and half step drive. Each drive sequence has a typical acceleration 
diagram. The settling rates of the above curves are dominantly determined by the number of active 
phases after-step. As it is well known [15], the oscillations corresponding to the two-phase-on 
stepping modes settle much more quickly since both phases are allowed to dissipate energy. Of 
course, for half-steps there are two cases: stepping from a state with two active phases to a state 
with one active phase and vice versa. As can be seen in Fig. 4, the settling times for these cases don’t 
differ significantly from the corresponding full step curves. In the following, we restrict to the 
examination of full steps. 

 

  

 
Figure 4: Typical oscillations of a two phase stepper motor for different drive sequences. One active phase after 

the step (a); two active phases after the step (b). 

 
Applying the external magnetic or electric fields to the dampers we can control their damping. The 
corresponding measurement results are summarised in this paragraph. Figs. 5 and 6 show the time 
dependence of the tangential acceleration (in g units) for different values of the magnetic flux 
density. Full steps are shown. With increasing flux density the settling time is decreasing. It is seen, 
furthermore, that the settling time is a nonlinear function of the flux density. With one phase on the 
measured acceleration of the inactive MR damper falls below the required value after t = 0.27 
second. If the damper is activated at maximum flux density (190 mT) the settling time drops to less 
than one third of its original value (t = 0.07 s) as shown in Fig. 5. In the case of two active phases (see 
Fig. 6) the settling times are t = 0.07 s and t = 0.04 s with inactive and active MR damper, 
respectively. 
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Figure 5: Oscillations of stepper motor rotor damped by MR fluid (one phase on). 

 

 
Figure 6: Oscillations of stepper motor rotor damped by MR fluid (two phase on). 

 

Figs. 7 and 8 show the time dependence of the tangential acceleration (in g units) for different 
values of the electric field. Full step drive is shown. If the ER damper is not energized the settling 
time of the rotor oscillation – with one active phase – is t = 0.15 s (see Fig. 7). Applying the 
maximum electric field (E = 5 MV/m) the measured settling time is t = 0.06 s. If the stepper motor 
has two active phases, the settling times are the following: t = 0.05 s when the electric field 
strength is zero and t = 0.03 s when a E = 5 MV/m field is switched on (see Fig. 8). The settling 
times in the case of the MR damper are larger than the corresponding times measured with the 
ER damper because of the difference in damper geometry. The ER damper has larger effective 
surface where the damping force is acting. Furthermore, the base viscosity (in the absence of 
external field) of the ER fluid is higher than the base viscosity of the MR fluid. Of course, the field 
dependence of the viscosities are also decisive, therefore, quantitative comparison between MR 
and ER dampers is not obvious. All figures show that the external field changes not only the 
amplitude but the phase of the oscillation. 
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Figure 7: Oscillations of stepper motor rotor damped by ER fluid (one phase on). 

 

 
Figure 8: Oscillations of stepper motor rotor damped by ER fluid (two phase on). 

 
3.2. Simulation model 

In order to gain a better understanding of the damping characteristics of the system, we modelled 
and simulated it in Simulink. Only a brief summary of these efforts is given here. The model used for 
the stepper motor is a widely used (see e.g. Eq. (15) of [16]), simplified model in which the detent 
torque, the mutual inductance between the motor phases, and the variation of the self-inductances 
of the phases with rotor angle are neglected. The motor parameters required for this model and 
their values used in our simulations are summarized in Table 1. 

 
Table 1: Parameters of the motor, used in the simulation model. 

Self-inductance of the motor phases L 7 mH 

Resistance of the motor phases R 2 Ω 

Number of pole pairs of the rotor p 50 

Maximum magnetic flux from the rotor through a phase winding max  8 mWb 

Moment of inertia of the rotor + load J 2870 g·cm2 

Viscous damping coefficient D 38000 g·cm2·s-1 
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The parameter values were chosen so that the simulated settling times for the system without 
the MR/ER damper reproduced their measured values for all applied phase currents in our 
experiments (0.5 A, 1 A, 1.5 A). These values are not necessarily the best we could use, but our 
mere purpose was to qualitatively reproduce the settling dynamics. Phase excitations during 
stepping were simulated as appropriate step functions in the phase voltages. Again, this is not a 
realistic representation of the switching process, but a detailed simulation of the applied H-bridge 
integrated circuit (L298) was not our intention. In this paper, we present results for the one-
phase-on stepping mode (since this is more important to be damped due to the much larger 
settling times in this mode) and the MR damper only. A more detailed study with properly 
validated model parameters is planned. 

The torque affected by the damper was taken into account as 
 


A

ArT ddamper   ,             (1) 

 
Where A is the surface of contact between the MR fluid and the rotating part of the damper, τ is 
the shear stress of the fluid at this surface, and r is the radial distance from the rotor axis [9]. 
Here, the shear stress of the fluid is modelled by the Bingham-Papanastasiou model of viscoplastic 
media [17, 18] as 

 

   |))|exp(1)(sgn()( Y m   ,                 (2) 

 
Where τY and µ are yield stress and viscosity parameters depending on the applied 
electric/magnetic field, and   is the shear rate. The model differs from the Bingham model in the 

inclusion of the exponential term |)|exp( m , which ensures that for small shear rates the shear 

stress goes to zero and does not have a discontinuity when   switches sign. This is necessary in 

order to carry out dynamical simulations of the oscillations without running into serious numerical 
difficulties. The values of τY, µ, and m for the used MR fluid (Lord MRF-122EG) were fitted to 
viscometric measurements conducted in our laboratory with an Anton Paar MCR 301 rheometer 
for several flux density values (all below 220 mT) and for shear rates between 1 s-1 and 100 s-1. 
Based on our experimental data, the dependence of the parameters on the applied field was 
approximated by the following (fitted) functions: 

 
627.1

Y 93500)( BB    ,          (3) 

1775.0337)( 472.3  BBm ,             (4) 
087.18.149)( BB  ,        (5) 

Where the exponents are dimensionless, B is the value of the flux density in Teslas, and the other 
constants are measured in their respective SI units. For our system, the equation 

 

d

r
                 (6) 

 
Was assumed to be true, where d is the (small) thickness of the gap between the rotating and 
fixed parts of the damper filled by the MR fluid and ω is the angular velocity of the rotor. 
Substituting this into Eq. (2) and integrating (as in Eq. (1)) for the endplates, one gets the plate-
plate contribution of the damper torque: 
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Where R is the radius of the disk of the damper rotor and dmR /||  is a dimensionless 

parameter proportional to the angular velocity. Eq. (7) gives the total torque of our MR damper. 
Since ρ is zero for ω = 0, a naive evaluation of the above expression causes numerical problems 

during simulation because of the ρ3 term in the denominator. Fortunately, this can be remedied 
by substituting the ρ-dependent expression in the inner parentheses by its series expansion for 
small ρ: 
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3.3. Comparison of experimental and simulated settling times 

Fig. 9 shows the measured and simulated values of the settling times for one-phase-on drive 
mode and 1 A phase current as a function of the applied flux density for the MR damper. Good 
qualitative agreement is obtained. However, the simulation slightly overestimates the settling times 
for weak applied fields while underestimate them for stronger fields. In particular, while the 
experiments show that no further shortening of the oscillations can be expected above ~100 mT, the 
simulations give slightly decreasing settling times even at these field strengths. 

 

 
Figure 9: Settling times for 1 A phase current and one phase on drive mode. (The spline fits through the 

points only to guide the eye.) 

 
Conclusion 

We have built an accelerometer-based experimental setup to measure and characterize the 
oscillations of the rotor of a stepper motor after stepping. Tangential acceleration data measured on 
the rotor are delivered to the receiving desktop unit by RF communication. Suitable ER and MR 
dampers were also built for the stepper motor. Damped oscillations of the acceleration were 
measured for one-step operation of the motor in the cases of one and two active motor phases 
applying both dampers at different field strengths. Experimental results were evaluated on the basis 
of the settling times of the accelerations. A simulation model was also developed for the system, 
qualitatively reproducing the decrease in the settling times with increasing applied field. 
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