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Abstract 

It has been shown previously that “slip-slip” operation of piezoelectric inertia motors allows higher velocities and smoother 

movements than classic “stick-slip” operation. One very promising driving option is to use a superposition of multiple sinus-

oidal signals. In this contribution, previous theoretical results are validated experimentally. The results confirm the theoretical 

result that for a given maximum frequency, usually defined by the actuator characteristics, a signal with high fundamental 

frequency and consisting of two superposed sine waves leads to the highest velocity and the smoothest motion. This result is 

of fundamental importance for the further development of high-velocity piezoelectric inertia motors. 
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Drive Signals for High-Velocity Inertia Motors 

Piezoelectric inertia motors, also known as “stick-slip-

drives”, use the inertia of a body to drive it by means of a 

friction contact in a series of small steps. These steps are 

often assumed to involve stiction and sliding, but inertia 

motors can also operate without phases of stiction. Differ-

ent researchers have presented inertia motors using such a 

“slip-slip” mode of operation in the last years, e. g. in [1–

3]. But the principal advantages, disadvantages and limita-

tions of these two modes of operation have only recently 

been investigated by the authors of this contribution using 

a theoretical model [4, 5]. One result of the investigation 

was that “slip-slip” operation allows higher velocities and 

smoother movements than classic “stick-slip” operation.  

Both “stick-slip” and “slip-slip” operation can be realised 

with a variety of drive signals. For high velocity, the 

displacement profile of the stator of an inertia motor 

would ideally follow a parabolic sawtooth signal [4]. But 

such signals are hard to obtain, especially at high excita-

tion frequencies. One very promising drive signal for high-

velocity inertia motors is the superposition of multiple 

sinusoidal signals, i. e. harmonics. Such signals contain 

only a few frequencies and thus do not require high-

bandwidth actuators. Phase and amplitude of the harmon-

ics can be determined from the ideal signals [4]. With an 

appropriately designed transducer, actuation with such 

signals can also make use of resonant effects, as shown for 

example in [3, 6, 7]. With a transducer of limited band-

width, a trade-off between a high drive frequency and a 

large number of harmonics has to be made. A systematic 

theoretical investigation of inertia motors driven with such 

signals has been performed recently and it has been found 

that for a given maximum frequency, a signal consisting of 

two superposed sine waves leads to the highest velocity 

and the smoothest motion [5]. In this contribution, these 

results are validated experimentally. 

Model 

For the calculations, the same simple model of an inertia 

motor as in earlier publications [4, 5] is used. It assumes a 

rigid driving rod and uses a kinetic friction model, i. e. the 

coefficient of friction depends only on the relative velocity 

between rod and slider. The parameters of the friction 

model have been obtained experimentally. 

Experimental Setup 

For the experimental investigation, a simple inertia motor 

has been built up: Its stator consists of a piezoelectric 

multilayer actuator with a rod made of carbon fibre rein-

forced plastic glued to one of its ends. The other end of the 

actuator is glued to a massive steel block. The cylindrical 

brass slider moving along the rod is cut into two halves 

which are held together by rubber bands providing the 

normal force in the friction contact. Figure 2 shows photo-

graphs of the motor. It has a total length of about 52 mm, 

the slider has a mass of 6.9 g. The movements of rod and 

slider are measured using laser vibrometers. 

 
 

a) top view b) front view 

Fig. 2: Investigated inertia motor 

The signals used in the experiments have 2, 3, or 4 har-

monics with frequencies between 578 Hz and 9250 Hz. 

The excitation voltage is chosen so that the rod has a 

stroke of 15 µm, see fig. 3. Figure 4 shows a frequency 

sweep of the mechanical admittance     of the stator, 

where      is the velocity of the rod and      is the exci-

tation voltage. The desired stator displacement signals can 

be obtained only if the electric driving signal accounts for 

the stator dynamics. This is achieved in two steps: First, 

the desired signal is passed through an inverse linear 

model of the stator dynamics derived from the frequency 

response shown in fig. 4, as described in [8]. The stator is 

then excited using the obtained electrical signal. Due to 

the nonlinearities of the system such as hysteresis and 

amplitude dependence, the desired displacement profile is 
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typically reached only roughly with this signal. Thus, in a 

second step, amplitudes and phases of the harmonics of 

the measured rod displacement       are determined and 

the electrical signal is adjusted accordingly. If necessary, 

this step is repeated. Typically, amplitude and phase errors 

are below 1 %, respectively 1°, after one iteration cycle. 

 

 

a) 

 

 

b) 

 

Fig. 3: Example excitation signals with a different number 

of harmonics   and a) the same fundamental frequency 

    1156 Hz, b) the same maximum frequency 

           4625 Hz 

 

 

Fig. 4: Mechanical admittance     of the investigated 

inertia motor 

Results  

For three of the investigated maximum frequencies, fig. 5 

shows the measured and the calculated steady state mean 

velocity of the slider and the smoothness of its movement 

as defined in [4]: The larger the smoothness indicator   , 

the smaller the fluctuation of the slider velocity around its 

mean value  ̅   .  

For each parameter set, about 8 measurements were car-

ried out. The results generally lie close together, indicating 

a good reproducibility. There is a good fit between the 

experimental results and the simulation. At high funda-

mental frequencies   , i. e. high maximum frequencies 

     and low  , the measured velocities are very noisy, 

probably due to parasitic vibrations of the slider. This 

effect results in a larger variation of the data points and is 

possibly also the reason for the less good fit between 

measurement and model for these data sets.  

  

 

Fig. 5: Measured and calculated steady state mean veloci-

ty  ̅    and smoothness of the slider motion    at different 

maximum frequencies and different numbers of harmonics 

Conclusion 

The experiments confirm the theoretical result [5] that at a 

given maximum frequency, a signal with high fundamen-

tal frequency and consisting of two superposed sine 

waves, as already realised in some resonant motors in 

literature [3, 6, 7], leads to the highest velocity and the 

smoothest motion. This result is of fundamental im-

portance for the further development of high-velocity 

piezoelectric inertia motors. 

In the full paper, the parameter identification for the fric-

tion models and the experimental procedure are explained 

in detail. Additional motor characteristics like the force 

generation potential, the efficiency, and the start-up time 

are also investigated. These characteristics also show a 

good agreement between measurement and model. 
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