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Abstract: Piezoelectric actuators have achieved remarkable progress in many fields, being able to 

generate forces or displacements to perform scanning, tuning, manipulating, tactile sensing or 

delivering functions. In this work, two piezoelectric PZT (lead zirconate titanate) bimorph actuators, 

with different tip contact materials, were applied as tactile sensors to estimate the modulus of 

elasticity, or Young´s modulus, of low-stiffness materials. The actuators were chosen to work in 

resonance, taking advantage of a relatively low resonant frequency of the out-of-plane vibrational 

modes, associated with a convenient compliance, proven by optical and electrical characterization. 

Optical measurements performed with a scanning laser vibrometer confirmed that the displacement 

per applied voltage was around 437 nm/V for the resonator with the lower mass tip. In order to 

determine the modulus of elasticity of the sensed materials, the stiffness coefficient of the resonator 

was first calibrated against a force sensor, obtaining a value of 1565 ± 138 N/m. The actuators were 

mounted in a positioning stage to allow approximation and contact of the sensor tip with a set of 

target materials. Electrical measurements were performed using the resonator as part of an oscillator 

circuit, and the modulus of elasticity of the sample was derived from the contact resonant frequency 

curve of the cantilever–sample system. The resulting sensor is an effective, low-cost and non-

destructive solution compared to atomic force microscopy (AFM) techniques. Materials with 

different modulus of elasticity were tested and the results compared to values reported in the 

literature. 

Keywords: piezoelectric; PZT; actuator; out-of-plane; low-cost; tactile; modulus of elasticity; sensing 

 

1. Introduction 

Creating devices able to operate at the micrometre scale has been part of the scope of the 

vanguard of science and technology for many years. Using the same technology that has allowed the 

miniaturization of electronic circuits, it is possible to fabricate miniaturized systems composed of 

mechanical structures and electronic components, the so-called microelectromechanical systems 

(MEMS).  

In recent years, sensors and actuators have been usually driven by electrostatic [1], 

electromagnetic [2], thermal [3], piezoelectric [4] and Lorentz forces [5,6]. The use of piezoelectric 

excitation is challenging, since a considerable voltage is needed to achieve practical forces or 

displacements. Nevertheless, in-plane piezoelectric actuators, using PZT (lead zirconate titanate) as 

a piezoelectric layer, have recently shown promising results: laser-machined [7] and thick-film PZT-

based actuators [8] in the millimetre size range demonstrated displacements of 60 and 12 nm/V, while 

sub-millimetre-sized thin-film PZT-based actuators reached in-plane displacements as high as 300 

nm/V [9–11].  

Actuators, in general, have achieved remarkable progress in many fields [12,13], being able to 

generate forces or displacements to perform scanning, tuning, manipulating, tactile sensing or 

delivering functions [14,15]. Tactile sensing might be one of the most complex sensing modalities 
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compared to sight, hearing, smell, and taste, as it is not a simple transduction of one physical property 

into a bioelectric signal [16]. In this field, contact resonance is a well-established technique, which 

allows for the determination of sample mechanical properties by tracking the resonance frequency of 

a structure modal vibration while interacting with the sample. The background of this technique was 

established by Kleesattel and Gladwell in 1968 [17–20]. Afterwards, Omata et al. used it at the 

micrometre level [21,22]; and Rabe deepened the understanding of the technique for atomic 

microscopy systems with publications that are a reference in the field [23,24]. In this case, a micro 

cantilever with a tip is used to sense information about the sample, including the force, roughness, 

and modulus of elasticity [25,26]. Nevertheless, in atomic force microscopy (AFM), the interaction 

force between the tip and the sample is obtained by detecting the deformation of the cantilever using 

a laser diode [27,28].  

Over the last years, several works have been published related to this topic. For example, Fu et 

al. described a method for determining the modulus of elasticity using a sensor made of a 

piezoelectric bimorph cantilever, with a strain gauge for tactile sensing [29]. More recently, Bertke et 

al. described a piezo-resistive silicon cantilever, with a phase-locked loop (PLL) system, for controlled 

micro-tactile measurements based on contact resonance spectroscopy [30]. 

In this work, a piezoelectric PZT-based beam actuator was used as a tactile sensor in order to 

determine the modulus of elasticity of different materials with the help of low-cost driving electronic 

circuits. In this case, the actuator was first calibrated against a force sensor and mounted in a 

positioning stage to allow the approximation and the contact of the sensor tip with a set of target 

materials. Simultaneously, electrical measurements were performed using the resonator as part of a 

low-cost oscillator circuit, and the modulus of elasticity of the sample was derived from the contact 

resonant frequency curve of the cantilever–sample system. This method offers an effective, non-

destructive and low-cost solution for tactile sensing compared to atomic force microscopy (AFM) 

techniques. 

2. Materials and Methods 

In this section, the bimorph actuators and their out-of-plane vibration modes, measurement 

setups and electronic circuits are described. 

2.1. Lead Zirconate Titanate (PZT) Actuator 

The PZT bimorph actuator used in this work is a low-cost and commercially available device of 15 

× 1.5 × 0.6 mm3 (see Figure 1) [31]. It was initially characterized with an impedance analyzer and a 

scanning laser vibrometer (Polytec MSV400) to detect the different out-of-plane vibration modes and to 

obtain the main resonance parameters, resonant frequency (fr) and quality factor (Q) of each vibration 

mode. Following Leissa´s nomenclature, the vibration modes were designated as 10-mode and 20-mode 

according to the number of nodal lines in each direction [32].  

 

Figure 1. (a) Micrograph of the (lead zirconate titanate) PZT actuator, (b) optically measured modal 

shape (20-mode) with a laser Doppler vibrometer. 

The results from impedance measurements are shown in Table 1. As it can be observed, the 

measured quality factor in air is in the range of 15 to 20 for these vibration modes, this being a 

relatively low value compared to other state-of-the-art resonators [33]. Nevertheless, the high 

conductance peak value (ΔG) along with the low resonant frequency of the 20-mode makes it suitable 

for the inclusion of the piezoelectric resonator in an oscillator circuit for a number of applications. 
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Table 1. Measurement of the resonant frequency, quality factor and conductance of the free-clamped 

bimorph actuator for different vibration modes with an impedance analyzer. 

Vibration mode fr [Hz] Q ΔG [µS] 

10-mode 1191 15.85 0.954 

20-mode 7190 20.27 20.2 

Once the 20 mode was selected as the appropriate vibration mode, it was analyzed with a 

scanning laser vibrometer for different excitation voltages in order to measure the maximum 

displacement of the actuator versus applied voltage (see Table 2). As it can be observed, a linear 

relationship between the voltage and the displacement was obtained. As expected, the maximum 

displacement was measured in the resonator tip, which was used to contact the target material 

samples in our experiments. In order to check the influence of the tip on the modulus-of-elasticity 

sensing, two PZT actuators with different tips were employed in the measurements. In the named 

PZT-1 actuator, an aluminum tip was glued to the beam, while in the PZT-2 actuator a tungsten tip 

was used (see Figure 2).  

Table 2. Measured resonant frequency (fr) and displacement for actuators with different tips. 

Device 
Vibration 

Mode 
fr  [kHz] Voltage [V] Displacement [nm] 

PZT-1 20-mode 11 

0.1 38.6 

0.5 180 

1 350 

PZT-2 20-mode 11.5 

0.1 40.8 

0.5 221 

1 437 

 

Figure 2. Picture of the different tips fixed to the PZT actuator. (a) PZT-1 actuator: aluminium tip; (b) 

PZT-2 actuator: tungsten tip. 

In the results presented in Table 1, the beam boundary condition was clamped-free. Besides, in 

order to perform the elastic constant measurements, it was necessary to design a framework that 

implemented the clamped condition of the cantilever at one end. This framework, in which the 

beam’s end was introduced and glued with epoxy, was fabricated with a FDM (Fused Deposition 

Modeling) 3D printer to minimize possible vibrations. Once the bimorph actuator and tip were glued, 

an increase of the resonant frequency was observed as it can be seen in Table 2, compared to Table 1 

for the 20-mode. This occurs because the effective length of the cantilever is reduced when introduced 

and bonded inside the 3D-printed frame. As it can be observed, the PZT-2 actuator presents a higher 

displacement per voltage applied compared to the PZT-1 actuator, as expected when the size and 

mass of the tip are lower in the former. 
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2.2. Measurement Setup  

In order to perform the modulus of elasticity measurements and allow the approximation and 

contact of the cantilever tip, a positioning stage was implemented as displayed in Figure 3. In this 

setup, the 3D-printed framework was attached to a platform controlled by six stepping motors that 

allow movement in any direction: three high-precision piezoelectric motors with a maximum 

displacement of 20 µm and three stepper motors that allow a coarse displacement of 5 mm. The 

approximation of the PZT actuator to the sample was performed with the help of the stepper motors, 

while the piezoelectric motors’ high-precision positioning feedback was used for the determination of 

the modulus of elasticity. In order to control the motors at the positioning stage and simultaneously 

obtain the resonance parameters, a virtual instrument (VI) was designed in LabView from National 

Instruments [34]. 

 

Figure 3. Schematic of the setup for the modulus of elasticity measurements. 

2.3. Low-Cost Electronic Circuits  

In this section, the designed driving interface and oscillator circuits, for the open and closed-

loop measurements described in Section 3, are introduced. 

2.3.1. Interface Circuit  

Firstly, the behaviour of the resonator was tested by making open-loop measurements. These 

were performed using a lock-in amplifier to excite and collect the signal from the actuator within an 

interface circuit (see Figure 4) [35]. The main objective of the interface circuit is to reduce the parasitic 

effects of the resonator and to obtain an appropriate resonance curve for the later closed-loop 

measurements. Both, the PZT actuator and a parasitic compensating device (PZT compensation) were 

used simultaneously for actuation and sensing [36]. 

 

Figure 4. Schematic of the interface circuit designed for the open-loop measurements. 
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The designed interface circuit uses an instrumentation amplifier (AD8428) to subtract the 

compensating device dielectric current (id) from that of the actuator (ipiezo + id), obtaining a voltage 

proportional to the piezoelectric current (ipiezo), which is proportional to the vibration amplitude, at 

the output of the instrumentation amplifier (Vout).  

As it can be observed in Figure 4, the compensation can be accurately tuned by implementing 

variable resistance (Rs) at the input of the instrumentation amplifier. The compensating device (PZT 

compensation) is nominally identical to the PZT actuator, but clamped all along its length, to prevent 

vibrations. Since the materials and dimensions in the compensating and actuator devices are 

nominally the same, they are expected to show similar electrical behavior with respect to their 

parasitic effects.  

2.3.2. Oscillator Circuit 

Once the parasitic effects of the resonator were minimized with the previous interface circuit, 

we included the actuator in an oscillator circuit scheme. The possibility of reducing the total size, cost 

and power consumption of the system makes the oscillator circuit a very interesting solution for any 

potential application scenario [37,38]. In addition, the reasonably good value of the admittance peak 

amplitude, along with the low natural frequency of the actuator, allowed for a great flexibility and 

simplicity in the design of the oscillator circuit.  

In this case, the interface circuit was modified to meet the Barkhausen criterion when closing the 

loop between Vout and Vin, and the lock-in amplifier was removed. In order to achieve this, a higher 

gain in the instrumentation amplifier was applied, replacing the resistance that controls the gain 

amplifier by a capacitor (Cf) (see Figure 4). This component acts as a low-pass filter and introduces 

the gain necessary to meet the Barkhausen criterion. Furthermore, the phase shift when closing the 

loop is 0°, since the instrumentation amplifier does not introduce any phase shift. This means that the 

oscillation frequency and the real resonance frequency of the actuator are equal.  

Finally, when a stable oscillation is attained at the output (Vout), the frequency value can be easily 

tracked by a frequency counter (Agilent 53220a). This is controlled by the same virtual instrument 

that drives the positioning platform. In this case, 1000 samples were obtained in the 20 µm range of 

the piezoelectric motors, with a sample rate of 0.8 s. 

3. Measurements and Results 

3.1. Actuator Measurements 

The analysis of the different samples was performed with the previously described low-cost 

electronic circuits in open and closed-loop schemes. 

3.1.1. Open-Loop Measurements 

Firstly, the behavior of the interface circuit (see Figure 4) was tested in an open-loop 

configuration with the PZT-1 actuator. In order to perform these measurements, the platform and 

actuator were moved with the virtual instrument to approach the tip and identify the contact on a 

sample of polylactic acid material, commonly known as PLA (see Table 3), frequently used in 3D 

printing. In this case, the lock-in amplifier performed the frequency sweep measurement during the 

contact approaching process. Once the actuator was brought into contact with the PLA sample, three 

open-loop measurements were completed by moving the platform between the positions 7.15 and 

7.75 µm in the z-axis direction. 
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Table 3. Modulus of elasticity reference values of the different materials analyzed. 

Material E [GPa] 

PDMS (Polydimethylsiloxane) 0.0005–0.0037 [39] 

Rubber 0.001–0.1 [40] 

ABS (Acrylonitrile Butadiene Styrene) 

1.4–3.1 [40] 

1.79–3.2 [41] 

2.1 [42] 

Nylon (Synthetic polymers based on polyamides) 2–4 [40] 

PLA (Polylactic acid) 
2.02–3.55 [43–45] 

3.5 [42] 

Aluminum 69 [40,46] 

As it can be seen in Figure 5, a higher force or displacement leads to an increase of the resonant 

frequency, indicating that the procedure is valid for the elastic-constant-sensing application. 

Although these open-loop measurements were only used as a validation step, it was also checked 

that the phase curve met the Barkhausen criterion for the oscillation of the resonator to start, a 

necessary requirement for the later implementation of the oscillator circuit. 

 

Figure 5. Open-loop measurements of the PZT-1 actuator in contact with PLA sample with a 

displacement of 0.3 µm between measurements. 

3.1.2. Closed-Loop Measurements 

Once the behavior of the actuator and the measurement setup was verified, different closed-loop 

measurements were performed using the previously described oscillator circuit (see Section 2.3.2). In 

Table 3, the different materials are shown from lowest to highest modulus of elasticity and their 

reference values: PDMS, rubber, ABS, nylon, PLA and aluminum. As it can be seen, the PDMS and 

the rubber present a similar elastic constant. The same occurs for the ABS, Nylon and PLA samples. 

Nevertheless, it is possible to observe differences in the resonant frequency values for both resonators 

(see Figures 6 and 7). 

As it can be seen in Figures 6 and 7, a higher force or displacement increases the resonant 

frequency, as was also verified with the open-loop measurements. In addition, the resonant 

frequency changes accordingly with the modulus of elasticity of the sample, indicating that the 

resonant frequency could be used as a valid parameter for the determination of the modulus of 

elasticity. As the results suggest, it would be necessary to implement a force control capable of 

monitoring the applied force on the sample surface. Nevertheless, in this work, an alternative solution 

was tested by taking as a reference the point where the tip makes contact with the target sample, and 
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therefore the resonant frequency increases. This allowed us to compare the frequency measurements 

of different materials and also to estimate the applied force through the actuator calibration process 

described in Section 3.2. 

 

Figure 6. Closed-loop frequency measurements for the PZT-1 actuator. 

 

Figure 7. Closed-loop frequency measurements for the PZT-2 actuator. 

The procedure performed to obtain the modulus of elasticity of the samples can be summarized 

as follows. Firstly, the resonator is excited and brought into contact with the sample with a tip-target 

approaching process. After that, the resonator tip contacts the sample, the applied force is obtained 

from the position of the platform (see Section 3.2) and the resonant frequency is tracked with the 

oscillator circuit and the frequency counter.  

As it can be observed in the closed-loop measurements performed with the PZT-2 actuator, 

almost no difference in the resonant frequency value, during the initial displacement of 

approximately 4 µm of the positioning stage, is detected (see Figure 7). This is due to the fact that the 

frequency shift observed during this displacement, which is similar for the different materials, may 

be attributed to the elasticity of the epoxy glue used to attach the tungsten tip to the actuator. Once 

the initial range is exceeded, the tip remains fixed to the actuator, being able to detect differences in 
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its resonant frequency as the modulus of elasticity of the tungsten tip (450 GPa) is much greater than 

the modulus of elasticity of the actuator (33.3 GPa). 

As it can be seen in Figures 6 and 7, a higher resonant frequency was obtained for PLA, due to 

its higher elastic constant compared to ABS and nylon. In contrast, almost no differences were 

observed for PDMS and rubber, due to the low modulus of elasticity of these materials compared 

with the actuators and the tips. These results confirm the results of previous studies on AFM, where 

a high detection sensitivity, or stiffer or flexible cantilevers, are required for testing on samples with 

high or low modulus of elasticity, respectively [47]. 

3.2. Actuator and Force Sensor Calibration 

The main objective of this work was to demonstrate a simple method to obtain the modulus of 

elasticity of different materials, applying it to those typically used in 3D printing technology. For this 

reason, it is necessary to perform two different approaches in order to correlate the contact resonant 

frequency of the actuator with the applied force on the surface material, and its elastic properties.  

Firstly, the stiffness constant (K) of the PZT-2 actuator was measured, since this parameter is 

required for the determination of the modulus of elasticity (see Section 3.3). In this case, a commercial 

force sensor (see Figure 8) [48] allowed us to obtain a linear relationship between its output voltage 

and the force applied by the piezoelectric beam when the positioning stage was shifted (see Figure 

9). According to the datasheet of the force sensor, this presents a sensitivity of 7.2 mV/V/N; since the 

force sensor is biased with a voltage of 10 V, we obtain a conversion factor of 72 mV/N. With this 

conversion factor we can finally obtain the stiffness constant (K) of the actuator. An average value of 

K, and the deviation obtained with five different measurements, leads to 1565 ± 138 N/m, similar to 

the value of 1520 N/m reported in the datasheet. 

 

Figure 8. Calibration of the PZT-2 actuator with a force sensor. 
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Figure 9. Calibration of the stiffness constant for the PZT-2 actuator with the force sensor. 

Once the stiffness contact is known, it is necessary to obtain the force applied by the actuator 

when the tip makes contact with the material to be analyzed. To do this, the actuator is excited with 

the electronics and brought into contact with the force sensor. In this case, when the resonance curve 

changes, indicating that the actuator has made contact with the sample, the position of the platform 

is taken as a reference. This approach allows us to estimate the force applied by the actuator over the 

sample just by sampling the position of the platform. 

3.3. Modulus of Elasticity Sensing 

In this section, the performance of the tactile sensor for the determination of the modulus of 

elasticity is carefully examined. Once the calibration of the PZT-2 actuator was performed, the 

modulus of elasticity of the different materials were obtained using the Hertz contact theory [49,50], 

following a procedure previously reported [29].  

In a first step, the modulus of elasticity of the PZT-2 actuator (E) and the moment of inertia (I) 

were calculated through Equations (1) and (2). 

� =
4���

���
 (1)

� =
���

12
 (2)

where K is the stiffness constant previously obtained, with a value of 1565 N/m. In this case, the 

length of the cantilever beam is shorter due to the anchoring to the 3D-printed framework, being now 

of length (l) 12 mm, width (w) 1.5 mm and thickness (t) 0.6 mm. Using this data, we could obtain a 

modulus of elasticity (E) for the PZT actuator of 33.3 GPa. 

In order to estimate the modulus of elasticity of the samples (Es  in Equation (5)), it is necessary 

to first calculate the constants Cc and kt defined in Equations (3) and (4). Once the modulus of elasticity 

of the actuator was known, and taking into account that the density of the PZT actuator (�) is 7500 

kg/m3, it was possible to estimate the constant Cc, obtaining a value of 0.0498 s1/2 (see Equation (3)). 

The value of the constant Cc presents different error sources, such as the dimensions and 

properties of the cantilever. In order to reduce the final error, the constant Cc was calibrated through 

the following process. In this case, four different positions of the platform (7, 11, 15 and 18 µm) and 

the corresponding values of resonant frequency, force and modulus of elasticity for the ABS, nylon 

and PLA, were taken references in Equations (4) and (5) (see Table 4). 
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Table 4. Materials analysed with the PZT-2 actuator and their reference values published in the 

literature. 

Material 
Position 

[µm] 

Force 

[mN] 

Frequency 

[Hz] 

Es-estimated 

[GPa] 

Es-reference 

[GPa] 

ABS 

7 10 12465 

2.73 ± 0.129 

1.4–3.1 [40] 

11 17.5 13038 1.79–3.2 [41] 

15 24 13302 2.1 [42] 

18 30 13430 
2.03 [51] 

1.15–1.96 [52] 

Nylon 

7 10 12474 

2.79 ± 0.077 2–4 [40] 
11 17.5 13040 

15 24 13364 

18 30 13528 

PLA 

7 10 12828 

3.5 ± 0.022 

2.02–3.55 [43–45] 
11 17.5 13381 

15 24 13778 
3.5 [42] 

18 30 14034 

In Equations (4) and (5), Et represents the modulus of elasticity of the tungsten tip with a value 

of 450 GPa, Es is the modulus of elasticity of the measured sample, R is the radius of the tip with a 

value of 10 µm, υs is the Poisson’s coefficient with a value of 0.35, kt is the tip stiffness constant, K is 

the cantilever stiffness constant, fr is the contact measured resonant frequency and F is the applied 

force. With all these data, and using Equations (4) and (5), it was possible to calibrate the constant Cc 

obtaining a new value of 0.0458 s1/2. Once this constant Cc is known, the PZT actuator can be used to 

estimate the modulus of elasticity of different materials. Table 4 displays a summary with the 

estimated and reference values for the modulus of elasticity.   

4. Discussion 

In this work, the modulus of elasticity, or Young´s modulus, of different materials was derived 

using a PZT actuator, a low-cost oscillator circuit and a positioning stage. Other previous publications 

suggest it is necessary to implement a force control or gauge deformation capable of monitoring the 

applied force and deformation of the actuator [27,29]. Nevertheless, in this work, an alternative 

solution was tested, by taking the point where the PZT actuator tip makes contact with the sample, 

and therefore the resonant frequency increases, as a reference, allowing us to compare the frequency 

measurements of different materials and also to estimate the applied force.  

Another advantage of this work is that the designed setup, positioning stage and electronics 

could be easily applied to different actuators with out-of-plane vibration modes. In this case it would 

only be necessary to design a new 3D-printed framework to fix the actuator and to calibrate the 

actuator against the force sensor to obtain its stiffness constant. This approach would also make it 

possible to extend the application to different actuators, in order to analyze materials with different 

modulus of elasticity. Also noteworthy is the novelty of the electronics circuits implemented in this 
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work, making it possible to reduce parasitic effects and to obtain an appropriate resonance curve for 

the oscillation of the piezoelectric actuator.  

The procedure implemented to obtain the modulus of elasticity of the samples can be 

summarized as follows. First, the actuator, with a tip attached to its end, is excited near resonance 

and brought into contact with the sample while the resonance is assessed. Once the resonance curve 

indicates that the tip contacts the sample, the position of the platform is taken, and the resonant 

frequency is tracked with the oscillator circuit and the frequency counter.  

As indicated in previous studies on AFM, to get a high detection sensitivity, stiff or flexible 

actuators are required for testing on samples with a high or low modulus of elasticity, respectively 

[47]. This fact was also observed in our results. For example, a higher resonant frequency was 

obtained for the PLA due to its higher elastic constant. On the contrary, almost no differences were 

observed for the PDMS and rubber due to the low modulus of elasticity of these materials compared 

with the PZT actuator. 

In this work, the modulus of elasticity was obtained through the Hertz contact theory, obtaining 

a resolution, through the measured frequency values for different positions of the platform, of 0.129 

GPa in the worst case. As it can be observed in Table 4, the estimated modulus of elasticity is in the 

range of the reference values published in previous work [40–45,51,52]. Nevertheless, the deviation 

of the modulus of elasticity for the ABS may be higher if compared with the average of published 

reference values. There are several reasons that could explain this behavior. The reference values 

cannot be fairly compared with our estimated values since the method developed in our work is 

based on a dynamic procedure limited to a reduced area and deformation, and not to the whole 

sample [53]. This conclusion has also been observed in other works where large deviations were 

obtained in the estimation of the modulus of elasticity between the ABS filament itself and the 3D-

printed sample [42], where the data obtained from tensile tests of the filaments were also only 

qualitatively consistent with those provided by the manufacturer. Another reason behind the 

deviations with the reference values is the lack of standard test methods for the determination of the 

mechanical properties of parts manufactured using FDM. For example, the standards ASTM D638 

[54] and D790 [53] may be applied for testing tensile and flexural specimens, respectively [43]. 

Although one of the goals of this work was to estimate the Young´s modulus of the different 

samples, further investigation could be necessary to check the deviation with different measurement 

methods, and the viability of the piezoelectric actuator with different materials and setup. 

5. Conclusions 

In conclusion, a PZT bimorph actuator was tested for the determination of the modulus of 

elasticity, using low-cost electronic circuits based on an interface and oscillator circuit, and obtaining 

an accurate performance. For this reason, the PZT actuator along with the positioning stage can be 

considered an effective and non-destructive solution for the determination of the modulus of 

elasticity and sample characterization. In this case, the estimates of the modulus of elasticity of ABS, 

nylon and PLA were in the range of the reference values published in previous works, and a 

resolution of 0.129 GPa was obtained in the worst case. Furthermore, sample information such as the 

position, orientation, and surface topography could also be obtained by adding scanning 

functionality to the testing platform.  
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