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Abstract

:

Near-field passive wireless sensors can realize non-contact strain measurement, so these sensors have extensive applications in structural health monitoring. However, these sensors suffer from low stability and short wireless sensing distance. This paper presents a bulk acoustic wave (BAW) passive wireless strain sensor, which consists of two coils and a BAW sensor. The force-sensitive element is a quartz wafer with a high quality factor, which is embedded into the sensor housing, so the sensor can convert the strain of the measured surface into the shift of resonant frequency. A double-mass-spring-damper model is developed to analyze the interaction between the quartz and the sensor housing. A lumped parameter model is established to investigate the influence of the contact force on the sensor signal. Experiments show that a prototype BAW passive wireless sensor has a sensitivity of 4 Hz/με when the wireless sensing distance is 10 cm. The resonant frequency of the sensor is almost independent of the coupling coefficient, which indicates that the sensor can reduce the measurement error caused by misalignment or relative movement between coils. Thanks to the high stability and modest sensing distance, this sensor may be compatible with a UAV-based monitoring platform for the strain monitoring of large buildings.
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1. Introduction


In structural health monitoring (SHM), strain sensors are widely used to inspect local stresses in large structures. However, conventional strain gauges suffer from wire redundancy. Although active wireless strain sensors composed of strain gauges and wireless nodes solve the problem of wiring, these wireless sensors need to replace batteries periodically. As an alternative solution, passive wireless strain sensors, which are resonator-based, battery-free, and non-tether electronic devices, can perform non-contact strain measurements. Researchers have investigated several types of passive wireless sensors, which can be classified as near-field and far-field passive wireless sensors based on their wireless power transfer method [1]. Far-field passive wireless sensors use dipole or patch antennas to receive and reflect electromagnetic waves in the ultrahigh frequency band; the sensing distance of these sensors is usually greater than 0.5 m [2,3,4,5,6,7,8]. However, their operating frequency overlaps with that of wireless communications, such as TVs, FM radios, and mobile phones, so the signal of sensors could be affected by these interfering sources, which brings difficulties to signal processing [9]. In contrast, near-field passive wireless sensors operate in the middle or high-frequency band, using two coils to transmit energy at a short distance. The most common near-field passive wireless sensor is based on the inductor-capacitor (LC) circuit, including a capacitive sensor and an inductive coil [10,11,12]. Unfortunately, their wireless sensing distance is relatively low, due to the low quality factor and the low transmitter gain. Therefore, this problem limits the application of near-field passive wireless sensors.



In this paper, we present a novel near-field passive wireless strain sensor based on a bulk acoustic wave (BAW) device. Its sensing element is a quartz resonator sandwiched in the sensor housing. The high quality factor of the resonator improves the efficiency of the wireless power transmission and the signal-to-noise ratio. Current BAW sensors, such as quartz crystal microbalances (QCMs), have been widely used in chemical and biological analytics [13], temperature and humidity monitoring [14], and pressure detection [15]. Previous efforts have confirmed that a quartz wafer can be simplified as a mass-spring-damper model [16,17]. For biochemical sensors, when liquid or gas flows through the wafer, the mass of the coating on the wafer surface will increase in response to the analyte in the flow, so the “added mass” will reduce its resonant frequency [18,19]. For pressure sensors, when a fluid passes through the wafer, the wafer is subjected to pressure from the fluid flow, so the equivalent “added stiffness” will increase its resonant frequency [15]. To the best of our knowledge, no bulk acoustic wave force/strain sensor has been proposed in the literature, but previous efforts have investigated the contact mechanism between a quartz wafer and a contact element [20,21]. The principle is similar to BAW pressure sensors. The contact forces can be considered as an “added stiffness” of the resonator, so the resonant frequency increases with normal force.



In this paper, we present a BAW passive wireless strain sensor. In Section 2, we develop an analytical model to investigate the principle of a BAW strain sensor. Then, we briefly describe the analytical model of a BAW passive wireless sensing sensor. In Section 3, we characterize the relationship between the normal force and the resonance shift of the quartz. A numerical model illustrates the availability of the sensor design. Finally, we use experimental demonstrations to study the performance of a prototype sensor, such as sensitivity and sensing distance.




2. Materials and Methods


In this paper, a BAW strain sensor makes use of four rules. The schematic is shown in Figure 1.



First, a BAW passive wireless strain sensor consists of two subsystems: a transmitter and a receiver. The receiver has two components: an inductive coil and a BAW strain sensor. As a force-sensitive element, a quartz wafer is embedded in the sensor housing. When the excitation frequency is equal to the resonant frequency of the receiver, the impedance of the receiver reaches a global minimum value, whereas that of the transmitter reaches a local maximum value. Therefore, we can detect the peak signal of the transmitter to analyze the deformation of the substrate of the BAW sensor.



Second, the BAW strain sensor has a sandwich-like structure, which converts the deformation of the measured structure into the resonance shift of a quartz resonator. A quartz wafer with a thickness shear vibration mode generates bulk transverse waves that travel normally to the plate surface, so the wafer surface moves parallel to the surface. If an object contacts the surface of the wafer, the wafer is subjected to compression and friction from the object. If we consider the quartz wafer as a mass-spring-damper resonator, these external forces can be considered as an “added stiffness”. Previous literature has reported that the resonance shift is proportional to the contact radius between the quartz plate and the contact unit [20]. Based on the contact mechanism of piezoelectric materials, we designed a sensor housing, which converts the stress of the substrate into the contact forces applied to the upper surface of the wafer. The bottom of the sensor housing is in contact with two boundaries of the wafer’s lower surface, so the air gap allows the wafer to vibrate.



Third, we chose a thin ceramic sheet as the contact unit to improve the sensitivity of the sensor. The objective of the sensor design was to continuously change the contact area between the contact unit and the quartz wafer, so the contact unit should have a high stiffness. Otherwise, a soft contact unit, such as silicon rubber, would fully adhere to the wafer even if the contact force is very low, so the resonance will not change with the contact force. Furthermore, we chose a flat contact surface, instead of a spherical surface, to enhance the sensitivity of the sensor. The experimental studies in previous work have shown that the resonance shift was below 200 Hz when a spherical ball made of ceramic contacts a quartz wafer with a resonance of 10–12 MHz [21]. The low sensitivity is due to a nonlinear relationship between the contact radius and normal force. If the contact surface is flat, the contact area will linearly increase with the normal force due to the non-uniform contact pressure.



Fourth, the contact unit was connected with the sensor housing via a deformable force buffering structure, which protects the vulnerable quartz wafer from the damage of overlarge contact pressure. In this paper, a soft cushion made of rubber was used to demonstrate the feasibility of the sensor, but the buffering structure can be a spring or a thin-walled deformable structure.



The primary design parameter of a BAW passive wireless sensor is the resonant frequency of the quartz wafer. A thinner quartz wafer has a higher resonant frequency and a lower resistance. To decrease the resistance of the receiver, we prefer to choose a wafer with a higher resonance frequency. However, the strength of a quartz wafer decreases with its thickness so that a thin wafer is unable to withstand the applied normal force. Due to the restricted manufacturing conditions, we composed the parts of the sensor manually, so the highest resonant frequency of the sensor we could fabricate was 10 MHz; the thickness of the quartz wafer was approximately 0.16 mm, and the equivalent resistance was near 37 Ohms. Secondary design parameters include the impedance of the inductive coil and the gain of the transmitter. This paper does not consider the coil optimization, but we use an RLC circuit to compensate for the impedance of the transmitter.



In this section, we establish an analytical model to investigate the properties of a quartz resonator in contact with an object. The governing equations of a quartz wafer are represented by the following equations [22]:


   T  i j   =  C  i j k l    E  k l   +  η  i j k l     E ˙   k l   +  e  p i j    ϕ  , p    



(1)






   D i  =  e  i q    E q  +  ε  i k    ϕ  , k    



(2)




where T is stress, D is electrical displacement, E is strain, ϕ is electrical potential; C, η, e, and ε are the coefficient of stiffness, damping, piezoelectric, and dielectric, respectively. The resonant frequency of a piezoelectric plate with infinite length can be written as [20]:


   f s  =  1  2 t        c  66    ρ     



(3)




where t is thickness, ρ is density, and    c  66     is a coefficient in the stiffness matrix. The equation suggests that the resonance of a thickness shear mode piezoelectric plate mainly depends on its shear stiffness, so we ignore the normal contact stiffness kn in this paper.



We establish a dual mass-spring-damper system to analyze the influence of the contact unit on the wafer (see Figure 2a).



Assuming each object is a square plate, the effective mass can be written as [15]:


   m i  =  ρ i   h i   L i 2   



(4)




where L and h are the length and height of the object, respectively; subscripts 1 and 2 represent the quartz resonator and the contact unit, respectively. The resonant frequency of a single mass-spring-damper model can be represented as:


   f  s , i   =  1  2 π        k i     m i       



(5)




where k is the effective stiffness. According to Equations (3)–(5), we can find the effective stiffness of a quartz oscillator as follows:


   k i  =    π 2   G i   L i 2     h i     



(6)




where G1 is the coefficient c66 of the quartz wafer; G2 is the shear modulus of the contact unit.



The two objects are coupled by a spring kc and a damper bc. The equations of motion of the system can be written as:


         m 1     0     0     m 2                x ¨  1          x ¨  2        +        b 1  +  b c      −  b c        −  b c       b 2  +  b c                x ˙  1          x ˙  2        +        k 1  +  k c      −  k c        −  k c       k 2  +  k c               x 1         x 2        =      0     0       



(7)






   m 1    x ¨  1  +  b 1    x ˙  1  +  k 1   x 1  = −  k c  (  x 1  −  x 2  ) −  b c  (   x ˙  1  −   x ˙  2  )  



(8)




where the first term on the right side of Equation (8) depends on the contact forces, and the second term depends on the energy loss of the wafer, including acoustic wave emissions and heat loss. To study the influence of contact forces on the resonance shift of the quartz, we ignore the damping coefficients, so Equation (7) can be written as follows:


   m 1    x ¨  1  + (  k 1  +  k c  )  x 1  −  k c   x 2  = 0  



(9)






   m 2    x ¨  2  + (  k c  +  k 2  )  x 2  −  k c   x 1  = 0  



(10)







The eigenfunction and eigenvalues of Equations (9) and (10) are determined by the following equations:


   m 1   m 2   λ 2  −    m 1     k 2  +  k c    +  m 2     k 1  +  k c      λ +    k 1   k 2  +    k 1  +  k 2     k c    = 0  



(11)






   λ  1 , 2   =  1  2  m 1   m 2       m 1     k 2  +  k c    +  m 2     k 1  +  k c    ±    m 1 2       k 2  +  k c     2  +  m 1 2       k 1  +  k c     2  − 2  m 1   m 2     k 1   k 2  +    k 1  +  k 2     k c         



(12)







If the contact surface is flat and parallel to the quartz wafer, the contact stiffness in the tangential direction can be represented as the following equations [21]:


   k  c , max   =  k t  = 2  G *  a  



(13)






   1   G *    =   2 −  ν 1    4  G 1    +   2 −  ν 2    4  G 2     



(14)




where G* is the effective shear modulus. Due to the non-uniform pressure distribution on the contact surface, the contact stiffness will increase with the contact forces, so the tangential contact stiffness kt is the maximum value of contact stiffness. For the real sensor, the parallelism error between the wafer and the ceramic sheet will affect the sensitivity of the sensor as well.



In Case A, we substitute each coefficient in the BAW sensor into Equation (12), see Table 1. The relationship between kc and λ1 is shown in Figure 2b. According to Equation (13), the maximum contact stiffness kc,max is 5.52 × 108 N/m. The expression of eigenvalues is highly non-linear, so the resonant frequency increases nonlinearly with the contact stiffness. If the contact stiffness could reach its maximum value, the resonance shift is 13.2 kHz, and the eigenvalue is u1 = [−1.08, 0.0028]T. The result suggests that the contact has little influence on the thickness-shear vibration mode of the oscillator.



In Case B, the mass and stiffness of a soft contact unit have little influence on the resonance when the contact stiffness is the same. However, the maximum contact stiffness is limited by the stiffness and dimensions of the contact unit, so the resonance will be constant after the soft material fully adheres to the wafer.




3. Results


3.1. Experimental Characterization of Quartz Resonator with Contact Force


In order to prove the validity of the contact model, we use an experimental method to characterize the relationship between the resonant frequency of a quartz wafer and a payload applied on its top surface. Due to the lack of a wafer probe station, we built a simple loading platform to apply weights to the wafer in the vertical direction. We removed the shell of commercial crystal oscillators to obtain quartz wafers with a resonance of 10 MHz. Then we applied different weights on the top of the loading cell, including 2 g, 5 g, 10 g, 20 g, and 50 g. When the contact unit is made of ceramic and rubber, the variation of the conductance of the quartz resonator is shown in Figure 3a,b.



The first contact unit is a ceramic sheet with a dimension of 2 mm × 2 mm × 0.2 mm. Figure 3a shows that the resonant frequency of the quartz wafer increases nonlinearly with the payload due to the nonlinear relationship between the contact stiffness and the resonance shift. Furthermore, the magnitude of conductance decreases with the payload due to the energy loss. When the payload is 50 g, the resonance shift is 6.08 kHz, which is in the same magnitude as the analytical solutions. By comparing with the theoretical maximum resonance shift, 13.2 kHz, we can calculate that the actual contact radius is 46% of the maximum contact radius. When the payload is over 100 g, the contact unit would break the wafer. The second contact unit is a rubber block with a dimension of 5 mm × 5 mm × 2 mm. The resonance is approximately constant because of its low stiffness. These results are consistent with the results in the contact model.



In the next step, we extract the effective contact spring kc and the damping coefficient bc in the analytical model from the experimental results. In the analytical model, we input a unit step displacement to Object 1 (the quartz) and calculate the displacement of each object by Equation (7). First, we determine the contact spring coefficient. We set all damping coefficients to 0 and adjust the value of kc until the resonance shift matches the corresponding experimental results. Second, we determine the contact damping coefficient. We assume that the damping coefficient does not affect the resonant frequency because the damping coefficient is relatively low. In the frequency domain, we can calculate a quality factor according to the bandwidth of measured conductance. In the time domain, we optimize the damping coefficient in the analytical model until the amplitude decay in the analytical model matches the quality factor in the experiment. Figure 3c shows that both kc and bc increase nonlinearly with the payloads. In order to validate the contact stiffness, we substitute kc into Equation (12), using the contact stiffness to calculate the resonance shift and comparing it with that in the experiment. The results in Figure 3d show that the analytical solutions match the experimental data.



To create a numerical model of the BAW sensor, we start with the model of the force-sensing element. According to the geometric symmetry, we simplify the model into a two-dimensional model to speed up the calculation. The model includes two steps: a static analysis and a harmonic analysis. In the first step, we calculate the stress distribution of the wafer when a payload is applied to the contact unit. In the second step, we use the solution in the first step as initial conditions to calculate the frequency response of the wafer. More details of the model are shown in Appendix A. Figure 4a shows the boundary conditions of the model and the vibration of the wafer at the resonant frequency. A force is applied to the center of the contact unit in the direction of -y. Figure 4b shows the influence of contact forces on the conductance of a wafer when different payloads were applied to the contact unit. As a validation, we compare the resonance of the wafer in the numerical model with that in the experiment. The numerical results basically match the experimental results, whereas the sensitivity in the experiment is slightly lower than that in the simulation. It may be due to the error of material parameters, such as damping coefficient and stiffness. In addition, when the contact force is the same, the simplification of the model increases the changes in the contact area.




3.2. Design of a BAW Strain Sensor


In this subsection, we present the design of a prototype BAW strain sensor (see Figure 5a). The substrate is made of 3003 aluminum alloy foil with a thickness of 0.2 mm. A quartz oscillator with a thickness of 0.16 mm is supported by two rectangular blocks made of Alumina ceramic, called left and right supports. We used adhesive (LOCTITE 403) to fix one wire lead of the resonator to the left support. This quartz wafer is too vulnerable to withstand the pressure from a deformed rigid structure, so we use a soft spacer made of silicon rubber to decrease the force applied to its upper surface. To improve the compliance of the sensing housing, we use a bridge-shaped aluminum sheet to connect the left and right support. When the bridge is fixed to the two supports, the contact unit can apply a preload to the upper surface of the wafer. This sensor can detect the bending of the attached structure. When the measured structure is bent into an upper convex shape, the angle between the two supports will change. Thus, the bridge and soft spacer will move downward and compress the wafer.



To verify the feasibility of the design, we establish a numerical model of the sensor in COMSOL 5.5; more details about the model are shown in Appendix A. We apply a downward force to the free end of a cantilever beam, so the strain of the substrate increases with the payload. Figure 5b shows the deformation of the sensor housing when the beam is bent to different curvatures. The ratio of the maximum stress on the wafer to the maximum stress on the surface of the beam is approximately 13%, which confirms that the sensor housing decreases the pressure applied to the wafer. Figure 5c shows that the contact force increases linearly with the strain; when the strain of the measured surface is approximately 800 με, the contact force is 0.63 N, which is lower than the maximum allowed payloads. As shown in Figure 5d, the distribution of stress on the contact surface also suggests that the contact radius increases with the measured strain.



The performance of the sensor can be affected by manufacturing errors. The preload applied to the wafer is one of the most influencing factors. In the case study, we fabricated two sensors with different preloads (see Figure 6). When we glued the bridge on two supports, we applied a lower pressure to the bridge of Sensor A, compared to Sensor B. As a result, Sensor A has a lower sensitivity and a higher measurement range than Sensor B, and they have different response curves. In Figure 6a, the calibration curve includes three stages: the initial stage, the operation stage, and the final stage. In the initial stage, the contact unit slightly touches the wafer. Due to the nonlinear relationship between contact stiffness and resonance shift, the sensitivity in this stage is much lower than that in the next stage. In the operation stage, both sensitivity and linearity are improved because the contact force increases. In the final stage, the sensitivity is reduced due to the contact area approaching its maximum. In Figure 6b, the calibration curve skipped the initial stage due to a higher initial contact force. Therefore, the maximum strain that the sensor can measure decreases with increasing preloads. Besides the preload applied to the wafer, the position error and parallelism errors between the contact unit and the wafer affect the sensor performance as well. For example, the maximum resonance shift of Sensor A is lower than that of Sensor B; this may be due to the position error or parallelism errors between the contact unit and the wafer. The bulk transverse waves only generate in electrodes; if there is an offset between the contact area and the center of the electrode, the sensitivity will be reduced. Similarly, the parallelism error decreases the contact area, which will reduce the maximum resonance shift.




3.3. Characterization of a BAW Passive Wireless Sensor


In this subsection, we establish a lumped circuit model to study how the contact force affects the signal of the passive wireless sensor. The equivalent electrical circuits are shown in Figure 7a. The circuit model of a quartz oscillator is determined by four lumped parameters. Its impedance can be represented as:


   Z  P Z T   =      R   1 ,  p z t   + j ω  L   1 ,  p z t   +     j ω  C   1 ,  p z t       − 1     ⋅     j ω  C   0 ,  p z t       − 1      R   1 ,  p z t   + j ω  L   1 ,  p z t   +     j ω  C   1 ,  p z t       − 1   +     j ω  C   0 ,  p z t       − 1      



(15)




where C0,pzt is the capacitance of electrodes; L1,pzt, and C1,pzt are determined by the resonant frequency of the wafer; R1,pzt is determined by its energy loss. We measure the impedance of a quartz wafer and extract these four parameters. Table 2 shows the effect of the payload on the effective lumped parameters.



The effect of the contact force on each circuit element can be considered as an added element, which is connected in series with the original element (see Figure 7b). The parameters R1 and L1 increase linearly with the payload because the energy loss and contact force of the wafer are linearly related to the payload. The capacitance parameters C1,c and C0,c decrease nonlinearly with the payload, which is determined by the variation of the resonant and anti-resonant frequencies. Each capacitance parameter can be approximately fitted to a power function y = kx−1.



The impedance of the receiver and the transmitter can be written as:


   Z r  =  Z  L , r   +  Z  P Z T    



(16)






   Z t  =  Z  L , t   +  Z  C , t   +     ( ω M )  2     Z r     



(17)






   S  11      ( dB ) = 20 log    10          Z  o u t   −  Z  i n      Z  o u t   +  Z  i n          



(18)




where the impedance of the coil can be written as ZL,x =Rx + jωLx, the impedance of tuning capacitor can be written as ZC,t = (jωCt)−1, and the mutual inductance can be written as M = κ(LrLt)1/2.



In the analytical model, all lumped parameters are determined by the measurement results, see Table 3. We use two commercial inductive coils to test the prototype passive wireless sensor. Due to the parasite capacitance of coils, the capacitance of the tuning capacitor Ct in the model is determined by the equation fs = (2π)−1(CtLt)−1/2, where fs is the resonance of the receiver.



First of all, let us assume that no force is applied to the resonator. The analytical results of the signals are shown in Figure 8. When two subsystems are decoupled, the reflection of the transmitter is an individual peak signal with a wide bandwidth and a low quality factor of 12. As shown in Figure 8a, when κ increases from 0 to 0.2, the reflection becomes an overlapping peak signal at the resonant frequency of the receiver, which includes two individual peak signals of the transmitter and the receiver; the bandwidth of the latter is much lower than that of the former. When κ increases from 0 to 0.05, the resonance of the transmitter decreases, whereas the resonance of the receiver is almost constant. Previous efforts illustrate that the resonance shift of a coupled system depends on both its energy loss rate and coupling coefficient [22,23]. In our methods, the quality factor of the receiver is much higher than that of the transmitter. Thus, if κ is relatively low, the variation of κ has little influence on the resonant frequency. Therefore, when demodulating signals, we extract only the resonant frequency of the receiver’s peak signal to calculate the strain without using the magnitude of the reflection at this frequency. This is because the resonant frequency is only determined by the contact forces on the resonator, whereas the magnitude of the reflection at this frequency is determined by both the strain and the coupling coefficient. If the gap between coils has a small offset, the magnitude of the reflection will change significantly, thus causing inconvenience to the signal processing. Although we do not use the magnitude of the reflection to calculate the strain, a sharp reflection curve can improve the resolution of the sensor. When κ increased from 0 to 0.038, the resistance of the transmitter increased from 33.5 Ohms to approximately 50 Ohms, so the reflection reaches a maximum value; this gap between coils can be considered as an optimal position.



Then, we study the effect of payloads on the signal. Assuming that κ is 0.05, we substitute the effective lumped parameters in Table 2 into Equations (16)–(18). Figure 8b shows that the frequency of the receiver’s peak signal increases with the payloads. When the force increases to 0.02 N, the magnitude of the peak signal is significantly improved because the impedance of the transmitter decreases to approximately 50 Ohms. The results suggest that the optimal position of the passive wireless sensor is tunable via tuning Rt.



Based on the above analytical results, we investigate the influence of Rt on the signal. Assuming that no force is applied to the wafer when Rt is 50 Ohms, the optimal position is at infinity (κ = 0) (see Figure 8c). If the gap between coils decreases (e.g., κ = 0.01), the intensity of the receiver’s signal will be significantly greater than that when Rt is 33.5 Ohms. Due to the errors of resistance and capacitors, it is difficult to perfectly realize the above results in experiments, whereas the results suggest two conclusions. First, we can adjust the resistor of the transmitter Rt to enhance the resolution of the sensor. Second, the optimal position between coils increases with increasing Rt, so we can adjust the optimal position of the sensor. Like the impedance matching of the antenna, this method maximizes the output power of the transmitter; more importantly, this method increases the magnitude and sharpness of the receiver’s signal such that we can find the resonant frequency more accurately. This method may be useful for specific applications where the gap between coils is constant, such as a receiver coil embedded in a composite material.



A simple demonstration is shown in Figure 8d. We compensated the imaginary part of the transmitter by tuning the capacitors. In the next step, we connected a few of the resistors in series with tuning capacitors to increase the real part of the transmitter to approximately 50 Ohms. In the demonstration, the gap between coils was 10 cm. Due to the resistance of wirings, the magnitude of the reflection of the transmitter was lower than what we expected, but the magnitude of the receiver was improved from 0.023 to 0.1. In conclusion, the compensation of the real part of the transmitter can improve the magnitude of the receiver’s signal, thus improving the resolution of the passive wireless sensor.




3.4. Experimental Demonstration of a BAW Passive Wireless Sensor


In this section, we demonstrate the performance of a prototype BAW passive wireless strain sensor. Due to the restrictions of experimental conditions, we only verified the sensor in the laboratory. The reflection of the transmitter was measured by a Keysight E5061b ENA vector network analyzer. The room temperature and humidity were approximately 22 °C and 33%, respectively. A prototype BAW strain sensor was attached to a cantilever beam (see Figure 9a); each kilogram of weight applies a deformation of 100 με to the beam. The tuning circuits consist of two capacitors connected in parallel. We tuned the value of each capacitor so that the resonance of the transmitter was approximately equal to that of the receiver. The receiver coil and the transmitter coil (6.3 μH and 43 mm in diameter) are connected to the sensor and the tuning circuit, respectively. To adjust the gap between the two coils, we attached each coil to the side of an individual test rig. As shown in Figure A2 in Appendix B, we used a numerical method to determine the relationship between the coupling coefficient and the separation distance between coils. According to this relationship, we can compare the experimental results with the analytical results to verify the analytical model of the BAW passive wireless sensor. Figure A3 in Appendix B shows that the experimental results match the analytical results when the gap is different.



The first experiment proves that the passive wireless sensor has an optimal position, where the resolution is maximized. The analytical results in Figure 8a suggest that the corresponding coupling coefficient of this optimal position is approximately equal to 0.038 (or a gap of 5 cm). To investigate the maximum resolution of the sensor, we adjusted the gap between two coils to nearly 4 cm and applied light weights to the free end of the cantilever beam; each weight can apply a strain of 0.6 με to the surface of the cantilever beam. As shown in Figure 9b, the reflection of the transmitter reached a maximum value of −69 dB when the strain is equal to 1.2 με. Due to the high sharpness of the signal, we can identify the resonant frequency shift of the signal at each loading step; this illustrates that the maximum resolution is better than 1 με.



The second experiment investigates the resolution of the sensor when the gap between coils was relatively large. The resolution is determined by the sensitivity, the quality factor, and the data noise of the sensor. Unlike conventional antennas, we prefer to improve the quality factor of the signal so that sharp peaks can indicate precise resonant frequencies. Besides the optimal position, the quality factor is almost constant for different wireless sensing distances (see Figure A5). Due to the interference of data noise, the resolution will decrease with the increase in the gap. When the gap increased from 5 cm to 10 cm, the resolution of the sensor was approximately 10–20 με (see Figure A6 in Appendix C). To enhance the resolution of the sensor, we increased the transmitter’s resistance Rt to approximately 50 Ohms via connecting resistors in series with tuning capacitors. Figure 9d shows that the reflection increased to −31 dB (or 47.5 Ohms) when the gap was approximately 8 cm. The resolution was approximately 10 με, which was slightly higher than the resolution when no compensating resistor was used.



The third experiment shows that the passive wireless sensor can detect the variation of strain when the coupling coefficient is extremely low (see Figure 9c). We increased the separation distance up to 10 cm; the coupling coefficient κ is 0.0067. In each load step, we applied a weight of 1 kg to the cantilever beam, which is equivalent to a strain of 100 με. Although the magnitude of the receiver’s peak signal reduced significantly with the increase in wireless sensing distance, we can recognize the resonance shift with the strain variation. The wide peak signal reduced the resolution of the passive wireless sensor, so it can only be used to detect the change of large strains. The sensitivity is approximately 4 Hz/με. The resonant frequency increased non-linearly with the strain, due to the nonlinear relationship between the resonant frequency and the contact force.



The fourth experiment shows the influence of wireless sensing distance on the sensitivity of a BAW passive wireless sensor. When the separation distance was 5 cm, 7 cm, and 9 cm, the effect of different payloads on the signal were shown in Figure 10a–c, respectively; the signal-to-noise ratios were approximately 48 dB, 28 dB, and 15 dB, respectively. To process the peak signal with a low signal-to-noise ratio, we used curve fitting techniques with rational functions to filter the data noise and detect the frequency at the tip; both degrees of the numerator and denominator were five. Figure 10d,e shows the results of curve fitting when the separation distance was 5 cm and 9 cm, respectively; the former has a much higher signal-to-noise ratio than the latter. The resonance of the peak signal is the frequency at which the derivative of the reflection curve is approximately equal to 0. Thanks to the signal processing method, the longest sensing distance of the sensor was up to 12 cm (see Appendix C). We used this method to extract the resonant frequency of each dataset and calculate the resonance shift when the distances between coils were different (see Figure 10f). The results show that the resonance shift of the sensor was nearly constant if the sensing distance was longer than 5 cm. In this demonstration, we replaced the BAW strain sensor, so the sensitivity is approximately equal to 5.6 Hz/με, which is slightly higher than the sensitivity in Figure 9d. The difference in the sensitivity is due to the low repeatability of our manual assembly, which could result in the parallelism error between the Bridge and substrate of the BAW strain sensor.



The last experiment investigated the time response of the passive wireless sensor. As a reference, we glued a strain gauge on the other side of the cantilever beam (see Figure 11a). The strain gauge was connected with a strain gauge measurement module BF350-6AA and the output voltage was measured by an analog input of an Arduino Uno. We calibrated the strain gauge before the experiment. The gap between coils was 5.5 cm (κ = 0.04). To analyze the signals in real time, we used a portable vector network analyzer Mini-VNA PRO to collect the data and processed the raw data through our signal processing algorithm as described above (see Figure 11b). During the experiment, we applied multiple weights to the free end of the beam; each weight is 1 kg. As shown in Figure 11a, the time response of a BAW passive wireless sensor can basically match that of a commercial strain gauge, but we can see a few problems. First, the sensor has a slow refresh rate, approximately 2 Hz. The average time consumptions of the data measurement and the curve fitting were 0.28 s and 0.19 s, respectively. Second, the sensor shows that the resonant frequency of the sensor increased with time when the payloads were applied. This is due to the viscoelasticity of the rubber spacer. A steel spring may overcome this issue, but it could have a buckling issue.





4. Discussion


A comparison between this work and previous relevant work is shown in Table 4. The wireless sensing distance depends on the size of the coil, so we define a normalized distance to evaluate the relative wireless sensing distance of near-field passive wireless sensors, which is the spacing between coils divided by the coil diameter. Although our sensor has a modest sensitivity, our sensor has two advantages.



First, the sensor can detect the resonance of receiver when the coupling coefficient is extremely low. Due to the high quality factor of the quartz, the current in the transmitter has a recognizable change in a narrow frequency band when κ is low. In addition, the tuning capacitor in the transmitter increases the output power of the transmitter coil.



Second, the resonant frequency of the sensor is nearly independent of the wireless sensing distance if the coupling coefficient κ is low enough. One reason is that the difference in quality factors between the transmitter and the receiver is relatively higher than conventional inductor-capacitor (LC) based passive wireless sensors. Another reason is that the long sensing distance allows the sensor to measure the peak signal when κ is relatively low. In this case, the separation of eigenvalues caused by the variation of the coupling coefficient can be neglected. This property suggests that the sensor has a high stability when there is a misalignment or relative motion between coils.



The BAW passive wireless sensor may be compatible with a UAV-based monitoring platform for strain measurement of large buildings. The high stability of the sensor can reduce the measurement error due to the non-stationary motion or position error of the UAV. Thanks to the long wireless sensing distance, the UAV can collect the sensor signal at a safe distance. The operating frequency of the sensor is much lower than the communication bands of the UAV, so the signal interference to the sensor can be minimized. To mount the sensors, we propose a non-contact sensor-mounting method based on magnetic suction and pressure-curing adhesives. We will embed permanent magnets into the left and right supports of a sensor and spray pressure-cured adhesives on its substrate. The UAV will carry a sensor mounting module and approach the steel surface of the measured structure. The module includes a magazine-like structure that releases the sensor when the door is opened. The sensor will be attached to the measured surface by magnetic suction. The adhesive will cure under the pressure. This concept is shown in Figure 12.



Finally, we point out the problems of the prototype, which should be considered in future work. The first issue is the repeatability of the sensor. The manufacturing processing error, such as the parallelism errors between the contact unit and the wafer, will lead to a difference in sensitivity. The second issue is that the BAW sensor in this article is designed to measure the surface curvature of the measured material, so it is not sensitive to the tensile strain (see Figure A1b in Appendix A). The bridge-like structure converts the rotation between two supports into the normal force applied to the wafer surface. To measure the tensile strain, we can rotate the current structure by 90 degrees. In this case, the wafer is vertical to the measured material and sandwiched between two supports on the left and right sides. The tensile strain will separate two supports so that the contact pressure decreases.



The third issue is the influence of environmental conditions on BAW strain sensors, such as humidity and temperature. As shown in Figure 13a, the resonant frequency increases with increasing temperature. The thermal expansion of the sensor housing applied an added force to the wafer, which is superimposed on the force due to the deformation of the measured material. Therefore, the sensor requires temperature compensation to reduce the thermal effect on real applications. Figure 13b shows the compensated results when the room temperature was inconstant. According to the relationship between the force applied to the wafer and the resonance shift, we can calculate the force due to thermal expansion Ftemp and the total force applied to the wafer Ftotal. Thus, the force due to strain follows Fstrain = Ftotal − Ftemp. However, this method is unable to compensate for the effect of humidity. When water droplets are attached to the wafer surface, the droplets increase the mass of the wafer, so the resonant frequency decreases with increasing humidity (see Figure 13c,d). Unlike temperature, the added mass due to humidity and the added stiffness due to strain are not superimposable, so the calibration of humidity is beyond the scope of this paper. As an alternative solution, a sealed sensor package can separate the wafer from the moisture.




5. Conclusions


In this paper, we present the principle and design of a bulk acoustic wave strain sensor for passive wireless sensing. To the best of our knowledge, this is the first BAW sensor that can be used for strain measurement. The BAW sensor has a higher quality factor than a conventional LC-based strain sensor, so the resonant frequency of a BAW passive wireless sensor can be recognized when the coupling coefficient is relatively low. We established analytical and numerical models to investigate the contact mechanisms between the quartz wafer and the sensor housing. In addition, we used a prototype BAW passive wireless strain sensor to evaluate the sensor performance. The maximum resolution is 0.6 με, the sensitivity is constantly 5.6 Hz/με, and the maximum sensing distance is up to 10 cm.
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Appendix A


The numerical model consists of two sections. In Section 1, we only model the wafer and the contact unit. In Section 2, we create the sensor housing around the wafer to study the influence of the structure on the contact unit of the wafer. We use a two-dimensional model to speed up the calculation and ensure the convergence of results.



In Section 1, the model includes two components: a quartz wafer and a contact unit above the plate. The coating layers are not modeled for simplifying the model. As a result, we multiply a scale factor of 1.031 by the dimensions of the wafer for matching the resonant frequency of the wafer in the numerical model with that measured by the experiment. Due to the manufacturing error, the change rate of contact area in the numerical model could be higher than that in the experiment so the sensitivity of the simulated wafer is higher than the wafer in our experiments. To match the numerical solution with the experiments, we rotate the contact unit 0.5 degrees. The geometric parameters and material properties of each component are listed in the following Table A1.
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Table A1. Parameters and material properties of the model.
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	Component
	Quartz Wafer
	Contact Unit





	Length (mm)
	8.26
	2.0



	Height (mm)
	0.166
	0.2



	Width (mm)
	8.0
	8.0



	Elastic Modulus (GPa)
	See reference [20]
	370



	Poisson’s ratio
	/
	0.22



	Damping coefficient
	2 × 10−5
	1 × 10−3








The boundary conditions are shown in Figure 4a. The lower left corner of the plate is fixed, whereas the lower right corner has a zero-displacement condition in the y direction. The center of the contact element has a zero-displacement condition in the x direction for maintaining the position of the contact element. A contact pair is added to the contact interface between the contact element and the wafer; the gap between them is 0.01 mm. The excitation signal with a voltage of 10 V is applied to the orange dash line on the top surface; the ground is applied to the blue dash line on the bottom. To calculate the conductance of the wafer, we connect a capacitor with a capacitance of 0.1 pF to the wafer for building a voltage divider. The first step of the solution is a static analysis. We apply a force in the y direction to the contact element to calculate the influence of a compression force on the distribution of stress, displacement, and electrical potential of the wafer. The second step is a harmonic analysis, which uses the results in the first step as the initial conditions.



In Section 2, we use the model in Section 1 to verify the feasibility of the sensor housing. This model includes two contact pairs (see Figure A1a). The first contact pair is the contact between the wafer and the contact element, which is similar to the previous section. The second contact pair simulates the contact between the wire lead of the wafer and the sensor housing. We fix the left wire lead on the left support and cut a small gap with a height of 10 μm to the bottom of the right support. In the static analysis, we apply a preload to the bridge, so that the contact element contacts the wafer while the right wire lead contacts the right support. Besides the preload, we apply a force at the free end to bend the cantilever beam, so the substrate of the sensor deforms and compresses the wafer.



As an application of the numerical model, we use the model to verify the sensitivity of the sensor to strains in different directions. Figure A1b shows that the structure is sensitive to bending strain, whereas it is insensitive to tensile strain.
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Figure A1. The finite element analysis of a BAW strain sensor. (a) Meshes and boundary conditions. (b) Comparison between tensile strain and bending strain. 
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Appendix B
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Figure A2. The numerical simulation of inductive coils. The software for FEM is ANSYS 2022. (a) A two-dimensional numerical model of two inductively coupled coils. The dimension of each coil is similar to the coil in the experiment. The colored arrows show the direction and strength of magnetic field intensity. The inductance of a simulated coil is 6.4 μH, which matches the measured inductance of coils. (b) The relationship between the coupling coefficient and the separation distance. 
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Figure A3. The comparison between experimental results and analytical solutions for different gaps. After we find the relationship between the coupling coefficient and the separation distance, we can compare the experimental result with the corresponding analytical results. (a) 5 cm. (b) 10 cm. 
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Appendix C


The appendix describes the method of data processing (see Figure A4). The original dataset of the measure reflection is defined as A(xi, yi), where xi is the frequency and yi is the reflection. As an optional preprocessing, we calculate the average of several repeated measurements and smooth the averaged signal, thus having   A ¯  (xi, yi) and   A ˜  (xi, yi), respectively. First, we use a rational function to fit the dataset A(xi, yi) or   A ˜  (xi, yi), which is defined as:


   y i  =     ∑  i = 1  5    a i   x i        ∑  j = 1  5    b j   x j       



(A1)




where ai and bi are the coefficients of curve fitting. Now we have a new dataset B(xi, yi).



Second, we search for two feature points in B(xi, yi) to calculate the magnitude of the receiver’s signal, which is defined as the difference between these two points. The first point is the first local maximum point M1(xmax, ymax). The second point is the resonance point M2(xmin, ymin), which can be defined as the first local minimum point where the frequency is higher than the previous point. If both feature points can be found, we find the resonance of the receiver, xmin; or if Δy = ymax − ymin is smaller than a tolerance ε, we believe that no signal is found.
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Figure A4. The signal processing for different gaps. Each curve is the average of five repeated measurements. (a) d = 8 cm. (b) d = 10 cm. (c) d = 12 cm. (d) d = 15 cm. The magnitude of the signal is 0 because both feature points are absent. 
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The quality factor of the receiver’s peak signal is defined as the following equation:


  Q =    f  p e a k      B  − 3 dB      



(A2)




where fpeak is the frequency of the peak value; B−3dB is the bandwidth at the −3 dB point, which can be represented by the equation:


   B  − 3 dB   =  f  H , − 3 dB   −  f  L , − 3 dB    



(A3)







In this equation, fH,−3dB and fL,−3dB are the high and low frequencies when the magnitude of the reflection is 0.707 times the receiver’s peak ΔS11 (see Figure A5a). Thus, we can calculate the quality factor of the receiver when the gap was different (see Figure A5b). At the optimal position, the sensor has an extremely high quality factor, which is more than 140,000. If there is a small offset, the quality factor will drop sharply. When the gap changed between 5 cm and 9 cm, the quality factor was approximately 13,000–15,000.
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Figure A5. The quality factor of the passive wireless sensor. (a) The definition of the quality factor for a BAW passive wireless sensor. (b) The quality factor as a function of the gap between coils. 
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During the experiment, we used the signal processing method to extract the resonant frequency to find the resolution of the sensor when the gap was different. We added three types of weights to the cantilever beam. The results are shown as follows.
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Figure A6. The resolution of the passive wireless sensor. 
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Figure 1. Schematic of a BAW passive wireless strain sensor. 
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Figure 2. The effective model of a BAW strain sensor. (a) A dual mass-spring-damper model. (b) The influence of the effective contact stiffness on the resonance of the quartz. 
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Figure 3. Experimental characterization of quartz wafers in contact with different contact units. (a,b) Conductance vs. resonance for a contact unit made of ceramic and rubber, respectively. (c) The effective contact spring and damping coefficient as a function of payloads. (d) Payloads vs. resonance shift in experimental and analytical results. 
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Figure 4. The numerical model of contact between a quartz wafer and a ceramic sheet. (a) The boundary conditions and model. (b) The conductance of wafer when different payloads are applied to the contact unit. 
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Figure 5. The numerical model of the sensing housing. (a) The design of the sensor. (b) The deformation and stress distribution of the sensor when the beam is bent into different shapes. The strain of the measured surface is 163 με and 484 με in the upper and lower case, respectively. (c) The total contact force as a function of the strain. (d) The von Mises stress distribution along the contact unit. 
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Figure 6. The calibration curves of two BAW sensors with different preloads. Each experiment is repeated five times. (a) The calibration curve of a sensor with a lower preload. (b) The calibration curve of a sensor with a higher preload. The average sensitivities of Sensor A and B are 1.4 Hz/με and 4.1 Hz/με, respectively. The maximum resonant frequency shifts are 1452 Hz and 2451 Hz, respectively. The maximum strain that these two sensors can measure is approximately 1000 με and 600 με. 






Figure 6. The calibration curves of two BAW sensors with different preloads. Each experiment is repeated five times. (a) The calibration curve of a sensor with a lower preload. (b) The calibration curve of a sensor with a higher preload. The average sensitivities of Sensor A and B are 1.4 Hz/με and 4.1 Hz/με, respectively. The maximum resonant frequency shifts are 1452 Hz and 2451 Hz, respectively. The maximum strain that these two sensors can measure is approximately 1000 με and 600 με.



[image: Sensors 23 03904 g006]







[image: Sensors 23 03904 g007 550] 





Figure 7. The electrical properties of a BAW passive wireless sensing system. (a) The circuit diagram of the system with lumped parameters. R1,c, L1,c, C1,c, and C0,c are the added lumped parameters because of the contact. (b) The influence of compression on the four added terms. 
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Figure 8. Characterization of the signal of BAW passive wireless sensors. (a) Coupling coefficient κ vs. reflection S11. No force is applied to the wafer. (b) Contact force vs. reflection S11. κ is 0.05. (c) Tunable optimal positions. The black solid curve is the optimal position for κ = 0, whereas the red solid curve is the optimal position for κ = 0.038. (d) Experimental verification of the compensation of the real part of the transmitter. According to the experimental measurement, we adjusted the coefficients of the model. The experiment result was the average of five repeated measurements. 
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Figure 9. The design and demonstration of a prototype BAW passive wireless strain sensor. All signals are the average of five repeated measurements. (a) Experimental setup. (b) Sensor signals vs. strain at the optimal position. (c) Sensor signal vs. strain when gap was 8 cm. (d) The effect of strain on the sensor signal when the gap between coils was 10 cm. 
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Figure 10. The effect of the wireless sensing distance on the sensitivity of a BAW passive wireless strain sensor. Resistance compensation was not used. All signals are the original data. (a–c) The effect of payloads on the signal when the distance was 5 cm, 7 cm, and 9 cm, respectively. (d,e) The curve fitting of the signal when the distance was 5 cm and 9 cm, respectively. (f) The resonance shift as a function of strain when the distance was different. 
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Figure 11. The time response of a BAW passive wireless sensor. (a) The signals of a BAW passive wireless sensor and a strain gauge as a function of time. (b) A screenshot of the real-time strain monitoring and signal processing interface. We measured 101 data points in 49 s. 
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Figure 12. The concepts of non-contact sensor mounting and data acquisition. The strain measurement device is connected to a robotic arm integrated into a UAV. The module includes two modules: sensor mounting module and data acquisition module. 
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Figure 13. The effect of environmental conditions on a BAW passive wireless strain sensor. (a) Temperature vs. resonance shift. (b) The calibration of strain with temperature compensation. In (a,b), all experiments were repeated five times. (c) Humidity vs. conductance. (d) Humidity vs. resonance shift. 
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Table 1. The coefficients of an effective model for a BAW strain sensor.
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	Object
	Dimensions (mm)
	Shear Modulus (GPa)
	Density (kg/m3)
	Effective Mass mi (g)
	Effective Spring Coefficient ki (N/m)
	Contact Stiffness

(N/m)





	1 (Quartz)
	5 × 5 × 0.161
	27.4
	2651
	0.0106
	4.21 × 1010
	/



	2A (Ceramic)
	2 × 2 × 0.5
	149
	2300
	0.0046
	3.92 × 109
	1.51 × 108



	2B (Rubber)
	5 × 5 × 2
	0.018
	1100
	0.055
	8.22 × 106
	2.06 × 105
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Table 2. The coefficients of an equivalent model for a BAW strain sensor.






Table 2. The coefficients of an equivalent model for a BAW strain sensor.





	Mass (g)
	0
	2
	5
	10
	20
	50





	R1 (Ohm)
	37.12
	49.08
	68.41
	79.62
	110.76
	252.16



	L1 (H)
	0.0094
	0.012
	0.017
	0.020
	0.028
	0.064



	C1 (pF)
	0.027
	0.020
	0.014
	0.013
	0.009
	0.004



	C0 (pF)
	27.5
	20.9
	14.9
	12.7
	9.07
	3.47
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Table 3. The lumped parameters of a BAW passive wireless sensor.
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Subsystem

	
Lumped Parameters

	
Value






	
Receiver

	
Rr

	
10.2 Ω




	
Lr

	
6.3 μH




	
BAW sensor

	
See Table 2




	
Transmitter

	
Rt

	
33.5 Ω




	
Lt

	
6.3 μH




	
Ct

	
40.28 pF
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Table 4. The comparison between this work and previous work.






Table 4. The comparison between this work and previous work.





	Reference
	Year
	Sensitivity

(Hz/με)
	Test Distance

d (mm)
	Coil Diameter

Φ (mm)
	Normalized Distance

d/Φ





	[10]
	2006
	11
	120
	90
	1.3



	[23]
	2014
	4
	5
	45
	0.1



	[24]
	2017
	1.3
	20
	40
	0.5



	[25]
	2021
	100
	2
	15
	0.1



	[26]
	2022
	100
	7
	26
	0.3



	This work
	2023
	4
	100
	43
	2.3
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
6301

3 20] ——
8 10 /
Y. 1 =

0 ~

34567 8 91011
Gap (cm)





media/file4.png
// /’/#-__.,___
A T
[ ]/

.._.._\_‘\\

TIPOPe LT T Y NS
Van”. SN\ NN

[ —

Coupling coefficient x

10()_

0 10 20 30 40 50 60 70 80 90 100110
Separation distance (mm)

(b)





media/file30.png
)

Reflection S, (dB

Reflection S;; (dB)

—10 -
—204
—30- x=0.005
k=0.01
x=0.038
40 | - k=0.05
9985 9.990 9.995 k=02
_50 T !
9.5 10.0 10.5
Frequency (MHz)
(a)
—204

- - -x=0, RE=500
£=0.01, R=5002
x=0.01, R=33.50)
x=0.038, R,=33.50

9.980

9985 9990 9.995 10.000

Frequency (MHz)

(c)

(dB)
|

Reflection S,
N
(&)

15- v
—20-
EGD. :EZEOZN
5 551 - F=005N
850
_anl——F=0.02N ® 401
20 ——F=01N E:z
I F=02N 9990 9.995
—-35{—— F=05N Frequency (MHz)
9985 9990 9995 10.000 10.b05
Frequency (MHz)
(b)
—13.6-

Reflection S,, (dB)

—— Exp., without R comp.

=-2884 N\, - Model, without R comp.

—29.01 — Exp., with R comp.

2924 N - Model, with R comp.

—29.4 1

—29.6

-2984 T >N_ .-

-3004 = TSN

—30.2 1

-30.4 . . .

9.98 9.99 10.00 10.01

Frequency (MHz)

(d)





media/file8.jpg
Freaye) &

(d)






media/file39.jpg
mounting
module

acquisition
module

Non-contact strain
measurement device

ital signal

Magazine-

like:

Door

Transmitter
col

1) Sensor mounting

l=>
o>
Magneti

suction

2) Data acquisit

Cured adhes

ion

|





media/file18.png
—=— Ceramic
—&— Rubber

—
©
o
=~
1

10.00015

10.034 ho.00010

Resonant frequency (MHz)

10.021 }o.00005. -
_ 10" 10*> 10° 10* 10° 10°
_____ —_——— - — — — — — — ¢ Max
10.01 Max. resonance | contact
] " shift : Stiffness
10.00 p—s—s =1 o —w—=" | Kma

10" 102 10° 10* 10° 10° 107 10% 10°
Contact stiffness (N/m)

(b)





media/file35.jpg
9% 9%  9%m 9%
Froquency (MHz)

@

[T RRET TR TR )
Froquency (Hz)

(b)

228!
Y55 o506 097 69% 958 10000
Frency (i Frequery )
N @
£
Stoc0
s 510 § s
. § o
s ss oS 9% 99w o0 & 0O ] 7
Frecuency (i) Stain )
(e) (6]





media/file21.jpg
Contactsoment |
- 0.10
O 201
Tyj = &ijss o
w=0 § Foce
éoos
H
oco
Vo tobew  tooes  1odo

Frequency (MHz)

(a) (b)





media/file26.png
—
n
]

-
o

Resonance shift (kHz)
o o
o w

Initial Operation : Final
» stage 1 stage ' stage

0 200 400 600 800 1000

Strain (ue)

(a)

— — N N
(@] (6)] (@] (6)]
L L 1 ]

Resonance shift (kHz)
©
(&)}

o
o
1

200 400
Strain (ue)

(b)

600





media/file27.jpg
oo crcut wih contct frce

Rie Ripe Cic g bnc L

Receiver = Transmitter

(a)

=l 0%
—FaR,,| [l
: o

Fuo o

- W
e ==
&

g

p

66761 02 53 64 65
6661 07 03 04 05 o
o o

(b)





media/file3.jpg
(yEy avip- neannunnl
imvay g ss AeaEanns|
s

Zaeacanmasey)

07107230 40 % 60 70 8 90 160110
‘Separaton ssance ()

(b)





media/file9.png
1346

-13.48

-13.5

-13.52

-13.54

-13.56

-13.58

Reflection

-136

-13.62

13.64

-131.66

SNR=33dB _—

+  Dats

— LY

e fit, d=8 cm |

A511 - 0.13

990 99951 9992 9993 HOd4 5905 95996 95997 9998 9999 10

Frequency(Hz) « 108

(a)

Reflection

13477

-13.475

13487

-13485

— Curveﬁt d=10

‘ J SNR =19dB

=1349 | !

-13495

-1357T

=13.505 T

-1351 |

ﬂ.Su = 0.027

-13.515

599 9991 95992 9953 9994 9.995 9.096 9.097 9.908 9999 10

Frequency(Hz) 108

(b)





media/file22.png
10.006

Payload 10.004 —— Simulation
| Contact element | : ’ﬁ‘m.ooz- T
T 10.002;
\r—" ¢ = U =
- | —~010 »10.000/
. D) -
~ 9.9984,
— — B
Tij - Eij,ss ¢ =0 / O . : : .
@ 00 01 02 03 04 05
u; = 0 ‘ Quartz ‘ U = 0 % Force (N)
S 0.05- —F=0
'g —F=0.1N
8 —F=02N
Omax,cont = 0.47 MPa ———F=0.35N
—F=05N
 E— 0.00 -

| F=02N | O maxpzt = 4 MPa

Frequency (MHz)

(a) (b)





media/file19.jpg
il 003
G002 Gooz
b H
3 H
Zoor Som
2 oo
foa
000 000
990 9595 10000 10005 10010 9990 9995 10000 10005 10010
Freauency () Frequency (MHz)
®)
T 6000 == Exporimenta e
S0 2 anaytntmode
F4000;
g
B £ 2000
5200
5% g e
8000 0 10 2 30 40 50
o T % 3 & % Payloads
Payloads (g) o )
© (d)





media/file7.jpg
SR=1948

25, = 0027

Pl = P w

(@) (b)





media/file28.png
Effective circuit with contact force 200
Ric Ripzt Cie Crpze L Lipze E
l o 100
| | (1
i i 0
00 01 02 03 04 05 00 01 02 03 04 05
P 100 S 0.08 Cie
il }: 80 . 0¢ ——FitC
—{W_j! I’ 1 - Fit CO,C EU-DE- 1Ic'
U u';ﬁo' £0.04-
~ 40+ 0
o 0.02-
20-
0.00
0- S
3 - : : . 00 01 02 03 04 05
. = _ 00 01 02 03 04 05 F (N)
Receiver Transmitter F (N)

(a) (b)





media/file10.png
-1347

Data
m— Curve fit, d=12 cm

SNR = 6.4 dB

=13.475

-13.48

Reflection

-13.485

-13.49

ASy, = 0.0063

-13.495
999 9951 9902 9993 9954 9905 9996 9907 9998 9950 10

Frequency(Hz) 108

(c)

Reflection

-13478

1348 7T

=13.482

~13.484

=13.488

-13.488

-13.49

-13.492

— . Data
SNR ~ D Curve fit, d=15 cm |

L L L

i i i i i

-13.494

999 9991 99952 9993 99%4 09995 0996 0097 9998 9999

Frequency(Hz) 108

(d)





media/file40.png
Robotic
arm

module

Data
acquisition
module

Non-contact strain
measurement device

|
o

{ Magazine-
like structure

" Transmitter
coil

_ Adhesiveq
~ | layer

1) Sensor mounting

Magnetic
suction

2 Data acquisition

Peak shift

Cured adhesive





media/file14.png
3 40-

_5 30+

(—33 201 ./—-—-
g .
0_

345678 91011
Gap (cm)





media/file11.jpg
—Rawasa,g=oem |
—Fieue 4= 0em

30,
D995 9996 0997 99% 999 10000
Frequency (MHz)

@





media/file6.png
L L\
o A~ W

_16-

LN
o0

Reflection S,, (dB)
|
S

_19-
-20

1
I
AL
|

!
|
!
[

1
|

'J Experiment, gap = 5 cm
- Model, k=0.0469

9.990

9.995  10.000
Frequency (MHz)

(a)

10.005

—-13.4-
135 — e
-13.6
—13.7 -
E iment, d=10
—13.8- - —M);ZZT, k=0.006 o
-1394+ ~ = =---~ N mmm———==—-
\;/
—-14.0 ‘
9.990 9.995 10.000 10.005
Frequency (MHz)

(b)





media/file36.png
o —12.25 —~—12.301
) 3
=—12.50- ——12.35
0 9}
5 12751 £ ~12.40;
E —13.00+ — d=5cm,oc=0ps :G_; 12 .45 (= d=Tcm, o=0ue
T —13.25. —— d=5cm,a=100us = : —— d=7cm, o=100pe
o ’ —d=5cm, a=200us g 12 50 (= d=Tcm, =200
9.996 9.997 9.998 9.999 ' 9.996 9.997 9.998 9.999
Frequency (MHz) Frequency (MHz)
(a) (b)
5-—12-26 o —12.26
o o
~-12.27 =
%) 0
c —12.28 c -12.28 !
I _ — d=9cm, o=0pe ‘3 | |[——Rawdata, d=9 - AS,, -0
% 12.29 —df9cm. o—lQOu§ % —H?\:ur:end=9c:1n | .
© _12.30— . — == @ 1230 . . : .
9.996 9.997 9.998 9.999 9995 9996 9.997 9998 9.999 10.000
Frequency (MHz) Frequency (MHz)
(c) (d)
— N
8 L
- £ 1000
) 7
§ 8 500
S —Rawdata,d=9cm - = AS;; -0 &
-E ———Fit curve, d = 9 cm ! S
o —12.30 . . '. . . @ 04 : :
9995 9996 9997 9998 9.999 10.000 o 0 100 200
Frequency (MHz) Strain (ue)

(e) (f)






media/file15.jpg
Measured structure

BAW strain sensor

r= ¥ 5 1 il

| Transmitter coi Tuning || |

| / captor | | Sensor housing !

! 1! )

: (! Al | Soft cushion |

| ! ! (Rubber) |

Il 1 I
I

| i |
I

|2 < | fresonato ntact unit]

| Transmitter ___YNA |(Quartz (Ceramic) |

o /g

)

I

i —

%

I

I

I

&

|
|
i
|
|
i
1
)
|
|
]






media/file41.jpg
Conductance ()

Resonant frequency shif (Hz)
8

004

o1

g

H

0

~

Resonant requency shit (Hz)
g

|

EEENE RS
Temperature ('C)

95078 99980 95982 99084
Frequency (MHz)

(c)

09082

9081

Resonant frequency (MHz)

99980,

0 10 20 3 4 5
Strain (ue)
(b)

ERE ]
Humidity RH (%)

(d)

el





media/file32.jpg
Reflection S, (dB)

L
i

3191

959

oo
Froquency (Mia)

()

5d08

9ges  osw
Frequency (MHz)

(d)

950





media/file37.jpg
¥






nav.xhtml


  sensors-23-03904


  
    		
      sensors-23-03904
    


  




  





media/file16.png
Ty
:_Transmltter

y
S”

|
|
| Soft cushion
| (Rubber)
|
|

|Resonato :
'(Quartz) ntact unit
| (Ceramic)






media/file2.png
w
o

N
o

Bending around -z axis

Contact pair 2 Tension along +x axis

JEEY
o

Contact Pressure (MPa)

o

0 200 400 600 800
Strain (ue)

(b)

VAN FaY, ,5'4!)
1.\‘& A'J'J\Vn AT ‘;‘;Av AVAY,
A T AVAVAVAV I VAV AYE e v (O A

Vio.. & “
;" AVATAVAVAVANLY "A
-






media/file20.png
0.03 1

0.02 1

0.01 1

Conductance G (S)

0.00 1

ceramic, m=0
ceramic, m=2 g
ceramic, m=10 g
ceramic, m=20 g
ceramic, m=50 g

10.004
¥ 10.002
E; 10.000

—
u—

9998

9.996

00 01 02 03 04 05

Force (N)

9.990

Effective
contact stiffness

Effective
contact damping

)

—

b, (N/(m/s

9.995

x

Kk, (N/m)

OC-2MNWh,OO

10.000

10.010

10.005

Frequency (MHz)

(a)

107

0.15 0

0.10 ;
0.05 ;

0.00 1

0 10

20

30 40 50

Payloads (g)

(c)

0.03 -
rubber, m=0
rubber, m=2 g
—— rubber, m=10g
2 rubber, m=20 g
O 0.02- — rubber, m=50 g
o
c
©
n
S 0.01-
© A
0.00- . e —
9.990 9.995 10.000 10.005 10.010
Frequency (MHz)
(b)

2_"16000- —=— Experimental results

+ —&— Analytical model

=

n

& 4000+

c

o

>

o

&= 2000-

c

©

c

?

o) O-I

nd . . r . ' '

10 20 30 40 50

Payloads (Q)

(d)





media/file23.jpg
[Bridge (Auminum)

Spacer
L tsseon rber

Contact unit
(Akomina Caramic)|

Water
Q)

s 5 |

Substrate [ suppon
] Lot
s10m

@
oo =
804
H
oz
0

= 108

von Mises strss (MPa)

W 40 w0 80
Stain (1)

()

00 05 1o 15 20
Positon in x dirction (mm)

(d)





media/file5.jpg
Reflecton'S., (48)
s &

—t39F -
3 140
Gee0  odes 10000 10005 9990 995 10000 10005
Frequency (MHz) Frequency (MHz)
(@) (b)





media/file24.png
Contact unit
(Alumina Ceramic) |\

| Bridge (Aluminum) |

Wafer
(Quartz) \

Substrate Support
(Aluminum) (

Measured material

Alumina Ceramic)
27 mm

o o o
N ELN »
L L

Contact force (N)

o
o
1

(a)

—Bl— Total force [ |

//

v

0 200 400 600 800
Strain (ue)

(c)

o
()
1

von Mises stress (MPa)

o
o
1

\
Omax = 4.8 MPa

/ \
‘ i [ Omax = 14.2 MPa

e 7 = 110.8M Pa

(b)

0.0

05 10 15 20
Position in x direction (mm)

(d)





media/file33.png
Tuning circuit I

Transmitter coil I

Receiver coll I

Reflection S,, (dB)
y oL
S

I
2]
o

— g=l)

——— o=l).6 ne
— o=1.2 ne
—— o=1.8 ne
- o=2.4 ue
- o=3.0 ne

o=3.6 ue
o=4.2 ue
- o=4.8 ne

——— o=5.4 ne
——— o=0.0 ne
——— o=0.6 L&
———o=7.2 ne
——— o=T7.8 ne

o=8.4 s
o=9.0 ue

9.99415

9.99420
Frequency (MHz)

(b)

9.99425





media/file29.jpg
Reflection S, (d8)

Reflection S, (dB)

Reflection S, (dB)

-35

5

100
Frequency (MHz)

105

2,985

9990 9995 10.000 10005

Frequency (MHz)
(b)

9980

9885 099% 9995
Frequency (MHz)

(c)

10500

o8 1000
Frequency (MHz)

(d)

1001





media/file1.jpg
Contact Pressure (MPa)
3 8 8

T 20 a0 e o
Stain ()

(b)






media/file31.jpg
BAW strain sensor

Reflecton S, (4B)
8 8

i
3

098415

998420
Frequency (Miz)

(b)





media/file25.jpg
Resonance shift (kHz)

25.
g20
1
810
H
gos
T @
sage oge | tage .
T 20 40 6k 80 1000 G F T TR
Stain 1) Stein 1)
(a)

(b)





media/file12.png
-12.26 1

-12.28 1

Reflection S,, (dB)

—— Raw data, d = 9 cm
~——Fit curve, d = 9 cm

-12.30

9995 9996 9997 9998 9.999

Frequency (MHz)

(a)

10.000

150,000 1

100,000 -

Quality factor

50,000+

5 6
Gap (cm)

(b)





media/file42.png
N
I 600 1
=
w
> 400 A
(&]
3]
=
@ 200
<
@
5 0
w
[0}
m T T T T
24 26 28 30 32
Temperature (°C)
(a)
0.04 1 /
/
/4
—~—— ///
¢ 0.034 ,/,4,/?
@®
&
cC
I
S 0.02- ——RH=10%
g ——RH =27%
) - — RH=41%
O — RH = 55%
—— RH=68%
0.01- ——RH =76%
—— RH =84%
—— RH =90%
—— RH = 96%
0.00

9.0976 9.9978 9.9980 9.9982 0.9984

Frequency (MHz)

(c)

200 -

Resonant frequency shift (Hz)
—
o
o

MHz)

e

9.9982 4

9.9981

Resonant frequency

o

9.9980

0 10 20 30 40 50 60
Strain (ue)

(b)

20 40 60 80 100
Humidity RH (%)

(d)





media/file38.png
Resonant frequency (MHz)

9-999 A L) A ¥ A T Al T A -1 1-5
' ' i }300
|7~7 BAW wireless, d=55 cm | 12t
—— Stran gauge | —
9.998 - ' | ) —_125F -
| | 3 )
| |
. | 1200 € i A 1
9.997 - . 8 =
Okg) 1kg | Okg 1kg lkg | Okg n -135 . A . . . . k
| o 8,992 9,993 9994 9,095 8,996 9,097 8.998 9,999 10
[
9.996 - 100 §
o
3
9.995 -

Time (s)

(a) (b)





media/file34.png
~—31.901 ——o=0 ~13.30-
(a8) —0c=5pe 7 |
:9/ P_G=7p£ /" .-—-.—1 3+31 ]

= g =10 pe f, % 1
(7)) ~———c=15 ue :;—1 3.32-

8 —31.91- et 04 UC) _13‘33_. o0 100 200 300 400 500
.8 .% | =100 ue Strain (us)
2 8 —13.341 —-200 e
by — Q 1 ——0o=300 pe
cdr) : X _13.35- o=400 ps

—31.92- el 13 36- —— =500 pe
. . , ; ; 9980 9985 9990  9.995
9.996 9.997 9.998

Frequency (MHz)
Frequency (MHz)

(c) (d)





media/file17.jpg
|~ Contact unit
n

|

Q:;A, m
|

|k

Resonant requency (4z)
g ¢ 88 %

| e

107 107 10° 10° 10° 10° 107 10° 10°
Contact stifness (N/m)

(b)





