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Micro-vibration signals in bioassays under controlled environmental conditions in biotremology re-
quire a device that can generate a similar level of vibration response as caused by the insect. Since 
bioassays often need to be run in environmental cabinets, the space available is limited, and structures 
to be excited should not be mass loaded. Considering the properties of piezo actuators in generating 
very short strokes with high frequency and fast response times, stacked arrangements were found 
suitable for micro-excitation based on a given approximation of a Dirac delta impulse, approximating 
in the first instance the impact signal of a walking insect. However, at below the current limit of 
miniaturised force and displacement actuators, it is essential to characterise and calibrate the piezo 
actuators to ensure they are producing the desired signal at the point of contact on a given structure. 
Here we established a methodology for driving piezo actuators at the order of μm/s to generate low-
amplitude impulsive excitations. The methodology includes finding the transfer function of the piezo 
actuator and an aluminum and a wood beam (Pinus radiata) of 20x10mm2 cross section and 200mm 
length. The reaction force from the piezo actuator was measured from about 40mN down to 2mΝ for 
travel ranges between 1.2μm and 11μm. The results showed that the force varies linearly from 5-
19μm for the ceramic, and 0.6μm to 1.4μm for the PI and the MTK actuators with an input voltage 
ranging from 2-10V. The measurement setup improved using an anechoic chamber to reduce the 
noise level by one order of magnitude, compared to reported results in literature, and ensure excitation 
amplitudes as low as ±10nm/s can be measured. The presented methodology allows developing af-
fordable micro-excitors in the future for playback bioassays in confined spaces which cause minimal 
mass loading on the test specimen. 
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1. Introduction 
Vibrational communication (biotremology), as an ancient mode of communication, is widespread in 

arthropods, yet has rarely been studied in detail [1-3]. Among other modes of communication, such as 
chemical, tactile, and visual, many arthropods also rely on efficient and sophisticated information ex-
change via vibro-acoustics [4, 5].  Biotremology is used for foraging (food characterisation), the indica-
tion of threats, in eavesdropping in predator-prey, heterogenic (competing) or inquiline-host interactions, 
mating rituals, and directional sensing (vibro-klinotaxis) and localisation (vibro-phonotaxis), including 
Hymenoptera (ants, wasps, bees) and Isoptera (termites) [6-9]. Some insects, such as certain ants (Acro-
myrmex lundi) or termites have emerged to rely on vibro-acoustic communication, able to transmit and 
sense signals through complex substrate matter, with superb mechano-receptors for detection of minus-
cule vibration amplitudes in a noisy environment [10]. However, about the generation of microvibrations, 
especially as originated as a substrate response to a certain footstep pattern and its actuation is little 
understood [11].  

 Applications such as biomedical, aerospace, micro-optical and microfluidics systems, require a con-
cise dealing with design, manufacturing, and packaging of micro systems [12-14] of high accuracy and 
precision. For all these applications, precision and positioning are the utmost important among research-
ers and manufacturing industries. The precise functionality of such systems requires fast response with 
stable motions and capability to offer a wide range of speed and load capacity [13, 14]. Wide range of 
actuators are used to achieve the required precision in actuation and position. Stepper motors along with 
gear drives and sliders are among the most favourable conventional methods of micro actuation and 
positioning systems [14-18].  

In this study we aim to make the first step in developing a micro-actuating device to mimic the im-
pulses of footsteps. To this end three actuators are purchased and validated for their ability to excite 
vibrations at the lower end of the scale of what is possible with standard miniature impact hammers, and 
vibration testing equipment. The actuators are tested for their linearity and robustness and compared in 
quality using experimental modal analysis. While much focus is set on eliminating noise and getting the 
boundary conditions right, the actual actuating kinematics and micro-mechanics as found in insect legs 
has been neglected. 

2. Materials and methods 
To achieve the desired precision and accuracy in design and manufacturing of the micro-actuator, a 

benchmark performance is required. To this end, a simple piezoelectric sensor/actuator, AB3342, along 
with two stacked micro actuators, PI841.10 from PhysikInstrumente [19] and MTK12S18f25000 from 
mechano-transformer [20], are tested and the performance are compared in terms of displacement, ve-
locity, and force in vibration testing. An excitation signal is generated on a Raspberry PI 4 and translated 
into voltage using a 10 bit Digital to Analog converter. This signal runs through a simple amplifying 
circuit and then triggers the actuators. This inexpensive structure, as shown in Fig. 1(a), offers enough 

Figure 1: Setup of testing and characterisation of micro actuators, (a) diagram of the excitation system and the 
electronic parts; (b) the image of the experiment setup in the Anechoic room. A Laser Doppler Vibrometer  
(LDV) of type MSA050 is mounted on a stand; (c) Displacement and (d) velocity background noise levels. 
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flexibility to generate any desired signal, such as impulse (Dirac-delta), single triangle, sinusoidal, ran-
dom, and artificial ant walking pattern [11], [21-23] as excitation signal [24]. 

All tests were conducted in an anechoic room to reduce the surrounding noise to the minimum possible 
level. For displacement and velocity measurements, Polytech MSA050 along with Polytec NLV-2500 
with a vibration-isolation table is used. Considering the requirements of the experiments and as an extra 
layer of noise control, the setup is fixed on top of the layers of damping foams. Fig. 1(b) shows the setup 
in the anechoic room. Deployed experimental setup demonstrated promising noise control. Fig. 1(c) 
shows the recorded noise for the displacement signal with a maximum background noise measurement 
level of 0.4 μm using the MSA050. The noise level hence includes the channel noise (including electronic 
noise and signal distortion) but also measurement noise through the laser as well as environmental noise 
coming as residual contamination through the flooring and as airborne sound. Fig. 1(d) represents the 
maximum background noise level of 0.01 μm/s for a velocity measurement. Anechoic room temperature 
and humidity is monitored during the experiments. The temperature of the room was between 26 to 27 
ºC, and the relative humidity level was around 40%. 

3. Results 

3.1 Characterisation of Piezoelectric Actuators 
Experiments were initially started with a single impulse every four seconds to test the displacement 

of each actuator. The four second delay was applied to ensure that the whole system is in rest position 
when triggering the actuation. The maximum input voltage (as an impulse signal) was 10 V, and the 
minimum voltage was decided based on the displacement less than noise range (1.9 V). Fig. 2 illustrates 
the measurement results for all three actuators. As it can be seen the performance of all actuators are 
almost identical and linear. However, considering the noise level of 0.4 μm and very small travel range 
of actuators at 1.9 V, the linearity may not be seen clearly. 

It is worthwhile to mention that response time of the actuators are also important in replicating the 
desired signal. Here, the response time refers to travel of an actuator head from the rest to the position 
corresponding to the input voltage, which can be measured from the rising edge of the peak in the velocity 
signal. During the tests, P-841.10 showed the fastest response time (1 ms) and the ceramic unit showed 
the slowest response time (3 ms). However, all actuators are reasonably fast in responding to the input 
signals for the micro-vibration applications.   

3.2 Minimum measurable range of displacement  
As discussed above, characterising the response of the actuators using displacement signal in lower 

voltage range (< 2 V) was nearly impossible due to the low signal-to-noise-ratio. Change to measuring 
the actuation velocity signal was the way to improve the SNR, which enabled us to investigate the re-
sponse of actuators for input signals of below 2 V. The goal was to determine the smallest response that 
these actuators can produce. Fig. 3 represents such measurements of velocity for the three actuators. In 

Figure 2: Displacement for three actuators (a) P-841.10; (b) MTK12S18f25000; and (c) AB3342. 
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this set of tests, the voltage range of 0.3 V to 4.6 V that is lower than the previous 1.9 V to 10V was 
applied on the actuators. Actuator P-841.10 shows the best results on the noise level which enables de-
tecting actuation at 0.3 V with the velocity of (0.06 μm/s). The ceramic piezoelectric is the noisiest one 
which makes the minimum voltage of 0.8 V with the velocity of (4 μm/s). The double oscillation that 
can be seen on the measurements are due to the collision of the micro-impact hammer with the actuator. 

Fig. 4 indicates the statistical results of 10 actuation response in terms of velocity for the three devices. 
These were obtained by using the input signal with 10 impulses, like Fig. 3a, ranging from 0.3 V to 4.6 
V. In terms of the peak velocities, it was found that all transducers exhibit an S-shaped response for the 
given voltage range. However, its deviation from the linear regression of the mean values is negligible. 
The measured SD values are indicators of the response reliability, which can be used as a quantity of 
actuation performance. Considering the SD range, P-8421.10 is the most reliable (Fig. 4a) in terms of 
producing the same response to a fixed input voltage, while the least reliable is the ceramic actuator (Fig. 
4b). Repeating these experiments, provides the chance of studying the linearity of the actuation velocity 
in all three actuators. 

3.3 Force Measurements for the Piezoelectric Actuators 
Force measurements are one of the critical parts of designing the micro-actuation device as it aims to 

reproduce the walking pattern of an insect. In this series of experiments, a B&K 8203 micro-impact 
hammer with sensitivity of 0.5 mN was used in sensing mode. In this approach the tip of the hammer 
touches the tip of the actuator so the actuator can easily trigger the force sensor with very small move-
ment, as shown in Fig. 5. Although the noise level for various actuators can be different, the average of 
the noise level of 0.4 mN for force measurements were recorded. The actuation force according to the 
input voltage is measured to understand the possibility of force control in replicating the desired signals. 
As it is shown, the best possible minimum measurement was recorded as 0.5 mN. However, detecting 
the signal is quite challenging and can be mistaken for noise especially if the excitation signal is not 
available. 

Figure 4: Linearity tests for the three actuators using the measured peak velocities for the voltage range of 0.3-
4.6V for (a) P-841.10 (b); MTK12S18f25000; and (c) AB3342. 

Figure 3: Velocity measurements (a) Input signal; (b) P-841.10; (c) MTK12S18f25000; and (d) AB3342. 
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Fig. 6 indicates the results of actuation force response for the three actuators. These were obtained by 
using the input signal with 10 impulses, like Fig. 3a, ranging from 0.3 to 4.6V. In terms of the peak force, 
it was found that all transducers exhibit an S-shaped response for the given voltage range. However, its 
deviation from the linear regression of the mean values is negligible. As mentioned, the measured SD 
values are indicators of the response reliability, which can be used as a quantity of actuation performance. 
Considering the SD range, P-8421.10 is the most reliable (Fig. 6a) in terms of producing the same re-
sponse to a fixed input voltage, while the least reliable is the ceramic actuator (Fig. 6b). Repeating these 
experiments, provides the chance of studying the linearity of the actuation force in all three actuators. 

3.4 Transfer function of Piezo actuators 
Biotremology requires a device that can generate a similar level of vibration response as caused by 

the insect. However, the only controllable factor in this process is the input signal of an actuator. So, the 
transfer function of each actuator needs to be extracted to ensure accurate vibration response. To this 
end, the coherence of the response with respect to the input voltage is investigated. Fig. 9 shows the 
coherence of the response with respect to the input voltage in each of the actuators.  

Figure 7 shows the frequency response functions of the three transducers for an impulse driving signal. 
The coherence results show a high fidelity between the response and the input signal for all the transduc-
ers in the range of 1 kHz to 10 kHz. Below 1 kHz, P-841 and MTK transducers are more reliable than 
the ceramic transducer AB3342. These frequency response functions, both magnitude and phase data, 
can be used to adjust the voltage signal according to a given arbitrary signal such as the ant-walking 
pattern signal. 
Figures 8 and 9 show the frequency response functions of the aluminium and wood beam specimens that 
are excited by the three transducers. The input voltage signal is a single impulse in a 2 s time span with 
the magnitude of 8V. These measurements are conducted for three points and the results are shown for 
the point that is furthest in length from the point of excitation. The sampling frequency for the FFT was 
25.6 kHz, which led to 1 Hz frequency resolution. For the aluminium beam, a strong coherence can be 

Figure 5: Force measurements (a) P-841.10; (b) MTK12S18f25000; and (c) AB3342. 

Figure 6: Linearity tests for the three actuators using the measured peak force for the voltage range of 0.3-4.6V 
for (a) P-841.10; (b) MTK12S18f25000; and (c) AB3342. 
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seen for the case of P-841 transducer in the entire frequency range, except for 2.5 kHz, 5-6 kHz, 7-8 kHz, 
and 8.5 to 10 kHz. The worst performance in terms of signal coherence was from the MTK transducer, 
with coherence value of above 0.65 threshold for most of the frequency range, except the 5-6 kHz range. 
The best performance was from the ceramic transducer with strong coherence of above 0.8 for almost all 
the studied frequency range. The difference between the magnitude results of the frequency response 
functions is due to the efficiency of the transducer design in converting electrical signals to mechanical 
motion, within their transduction range. This can be seen that ceramic transducers show lower magnitude 

Figure 8: Coherence and frequency response function of Aluminium beam for the three actuators using the 
measured acceleration vs. voltage (a) P-841.10; (b) MTK12S18f25000; and (c) AB3342. 

Figure 7: Coherence and frequency response function of the three actuators using the measured acceleration vs. 
voltage (a) P-841.10; (b) MTK12S18f25000; and (c) AB3342. 
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as compared to P-841 and MTK which both have similar range in their magnitudes of the frequency re-
sponse function. For the wood beam, similar coherence results were observed for P-841 and MTK trans-
ducers, considering the 0.65 threshold. For the ceramic transducer, a strong coherence was obtained 
across the frequency range, except for 2 kHz to 4 kHz range. As expected, the measured response of the 
aluminium beam was much stronger than the wood beam by 10 dB at the largest peak. The differences 
in the frequency response functions of the two beam specimens includes the transducers response func-
tions and the condition of contact and friction between the moving tip of the transducers and the point of 
impact. 

4. Conclusions 
We presented the characterisation of three different piezoelectric actuators for micro-vibration testing. 

A setup was designed and placed in an anechoic room for the tests, and significantly low noise levels of 
0.6 𝜇m displacement and 0.01 𝜇m/s velocity were achieved. The linearity of the transducers’ responses 
within their working range of voltage was measured and compared against each other. It was found that 
the ceramic transducer which is simpler in design and a cheaper alternative can be used for actuation as 
small as 2 𝜇m. Frequency response functions of the transducers were obtained for adjusting the voltage 
signal according to a given actuation signal such as ant-walking pattern. All the transducers showed a 
strong and coherent response in their range of operation. Finally, the transducers were used to obtain the 
frequency response function of two beam specimens. This approach of rigorous characterisation allows 
these transducers to be used for micro-vibration testing beyond the current capacity of impact hammers, 
for a long period of time, and minimising human errors in generating robust and high-fidelity excitation 
signals with simple electronic equipment. 
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