

  sensors-22-06779




sensors-22-06779







Sensors 2022, 22(18), 6779; doi:10.3390/s22186779




Communication



Static Tactile Sensing Based on Electrospun Piezoelectric Nanofiber Membrane



Hyunjung Cho and Taejoon Kouh *[image: Orcid]





Department of Physics, Kookmin University, Seoul 136-702, Korea









*



Correspondence: tkouh@kookmin.ac.kr







Academic Editors: Nemai Chandra Karmakar and Jhantu Kumar Saha



Received: 9 August 2022 / Accepted: 7 September 2022 / Published: 8 September 2022



Abstract

:

Here, a static tactile sensing scheme based on a piezoelectric nanofiber membrane, prepared via the electrospinning method, is presented. When the nanofiber membrane is kept under a constant vibration, an external contact onto the membrane will attenuate its vibration. By monitoring this change in the oscillation amplitude due to the physical contact via the piezoelectrically coupled voltage from the nanofiber membrane, the strength and duration of the static contact can be determined. The proof-of-concept experiment demonstrated here shows that the realization of a static tactile sensor is possible by implementing the piezoelectric nanofiber membrane as an effective sensing element.
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1. Introduction


A tactile sensor is a device or system that can convert an external stimulus—especially in the form of physical contact or pressure—into an electrical output signal [1,2,3]. This has been utilized in many industrial applications, and further uses can be expected in the emerging technological fields such as artificial skin, robotic arms, or minimally invasive surgery [4,5,6,7,8,9,10,11,12,13,14,15,16,17]. Various types of tactile sensors have been developed so far based on capacitive, piezoelectric, piezoresistive, or optical sensing techniques [18,19,20,21,22,23,24,25].



Some of the key factors to be considered in the development of a tactile sensor are flexibility, durability—often associated with the flexibility—and its sensitivity. Considering these, piezoelectric polymers such as polyvinylidene fluoride (PVDF) are found to be excellent candidate materials for the development of a tactile sensor [26,27,28,29,30]. These are highly flexible and strong against physical impact. Moreover, studies show that they can offer high piezoelectricity, which can effectively transduce the mechanical load to the electric signal [31,32,33,34,35].



The piezoelectric effect in these sensors arises from the instantaneous polarization of the polymer chains due to mechanical deformation such as stretching or bending. It is coupled to strain velocity; therefore, when the deformation remains constant, the polymer chains can no longer maintain their piezoelectricity [36,37,38]. The presence of the polarized charges can be continuously stimulated by time-varying repeated deformation, which makes the development of dynamic tactile sensor feasible, but, for the case of the static deformation—where the external load remains constant over a long period of time—the rapid disappearance of the polarization cannot guarantee the piezoelectric effect long enough to detect any static deformation. This intrinsic limit prevents the application of the piezoelectric polymer as a static tactile sensor element. Hence, many of the development strategies for static tactile sensors based on PVDF are limited to the quasi-static sensing, or are required to incorporate other mechanisms such as capacitive and piezoresistive effects, using various PVDF-based composites or complex sensing structures.



In this paper, we demonstrate a static tactile sensing technique solely based on the piezoelectric polymer membrane, made from electrospun nanofibers. The key concept in this method is that the polymer membrane is intentionally set to vibrate with a predetermined vibration amplitude and frequency by an external source, and its vibration amplitude is measured continuously via the piezoelectric effect. Since the mechanical load brought into the close proximity of the oscillating membrane is expected to suppress its oscillation amplitude—and, correspondingly, the piezoelectric signal from the membrane—as long as the load remains on the membrane, this sensing scheme will allow the identification of the presence of the steady physical contact, as well as its duration (Figure 1). The proposed static sensing method, as presented here, can offer a simple means of developing a static tactile sensor using a flexible piezoelectric polymer material, without the need of composite polymer materials or additional design considerations in the sensor element.




2. Materials and Methods


Regarding the piezoelectric polymer, a thin PVDF nanofiber membrane was fabricated via an electrospinning process. Prior to the electrospinning process, a sol–gel mixture was prepared by adding N,N-Dimethylformamide (DMF, Sigma Aldrich, St. Louis, MI, USA) and Acetone (Duksan General Science, Seoul, Korea), mixed in a volume ratio of 2:1 with PVDF (molar mass of 275,000 g/mol, Sigma-Aldrich) as a solute. Finally, 25 wt.% PVDF solution was stirred at 70     ∘  C   for 4 h to produce a homogeneous solution for bead-free PVDF nanofibers.



The prepared mixture solution was electrospun using a single-nozzle electrospinning machine (Inovenso NE200). PVDF solution was loaded into a 10-mL plastic syringe and a 22-gauge needle was connected to its end. A thin layer of nanofibers was produced at 16 kV with a tip-to-collector distance of 15 cm, with the syringe pump pushing the solution at a constant rate of 2 mL/h. The high electric field during the electrospinning process can induce a high content of  β  phase, responsible for its piezoelectric property, in a PVDF nanofiber structure through the local poling effect [39]. Moreover, since high humidity is important to obtain a  β -rich phase in PVDF nanofibers [40], the humidity level was kept around 60% during the process. To ensure that the fabricated PVDF nanofibers were bead-free, the morphology of the electrospun fibers was also examined with a field-emission scanning electron microscope (Jeol JSM-7401F). The scanning electron micrograph of the fabricated nanofibers showed that they were free of beads, with a mean diameter of ∼450 nm. (Figure 2a) As a last step, the nanofiber membrane collected on an Al foil was peeled off and placed between two Al electrodes.



To experimentally observe the piezoelectric response of the PVDF nanofiber membrane upon mechanical contact, the sensing element is formed by encapsulating the membrane with two Al electrodes, as well as protective insulating polyimide films both on top and bottom. The total thickness of this sensing element is around 330 μm, with the thickness of the membrane around 20 μm. It is clamped at one end, and the other end is fixed onto a mechanical shaker (Segye SG-YS5426), as illustrated in Figure 2b. The piezoelectric voltage across the electrodes is measured with an oscilloscope (Tektronix TDS3032), while driving the membrane into vibration with the mechanical shaker. The vibration amplitude and the frequency are controlled by a function generator (Tektronix AFG3021B), connected to the shaker.



For the further demonstration of the static sensing based on the PVDF polymer, the physical load is simulated by bringing in a small piece of glass plate, attached to a linear translator, onto a vibrating membrane, while the piezoelectric voltage is continuously monitored and compared to the output signal during the contact-free oscillation of the membrane. In our proof-of-concept experiment, the level of the mechanical contact is given by the separation between the membrane and the glass plate, and the separation between them is varied by the motion of the linear translator, controlled by a motion controller (Micronix MMC-100).




3. Results and Discussion


The piezoelectric voltage response of the PVDF nanofiber membrane is displayed in Figure 3a, while being driven by a mechanical shaker at the driving frequency of 25 Hz. When there is no physical contact made onto the membrane, the measured piezoelectric voltage   V  P i e z o   n o n − c o n t a c t    across the pair of Al electrodes shows a large piezoelectric response due to the continuous mechanical deformation of the PVDF membrane, clearly matching the driving frequency of 25 Hz. This confirms the expected piezoelectric characteristics of the prepared nanofiber membrane.



Later, a glass plate is brought onto the membrane surface to obtain tight contact between them. Since this suppresses the oscillatory motion of the membrane without any room for vibration, the piezoelectric response is no longer present in the measured output voltage curve of   V  P i e z o   c o n t a c t   , as shown in Figure 3a. This clearly indicates that the proposed tactile sensing scheme based on the piezoelectric polymer membrane can be used to detect the presence of external contact.



To achieve true static sensing, the sensing element must be able to generate and maintain the output signal for a long period of time, regardless of the presence of the contact. To demonstrate this, the peak-to-peak value of the output voltage is measured continuously while the glass plate is firmly pushed onto or pulled away from the membrane surface repeatedly using the linear translator. The contact is made and maintained for 120 s, and the contact is removed from the surface for the following 120 s. Figure 3b shows the repeated measurements performed for total of 26 min. When the contact is made, the sensor returns a small voltage value of ∼5 mV, the value corresponding to the electrical noise as seen in Figure 3a, but when the contact is removed and the membrane oscillates freely, it generates the peak-to-peak output value of ∼25 mV. For each attempt, the sensing element is able to maintain the output signal and this allows the detection of the presence and duration of the static contact for a long period of time, as expected. When the same measurement is attempted for a smaller drive voltage, the response of the PVDF membrane is identical, but with a smaller piezoelectric voltage output.



The response from the vibrating piezoelectric PVDF membrane is also investigated as a function of the level of the contact by varying the separation between the membrane and the glass plate attached on the linear translator. This can provide an insight into the sensitivity of the static sensing scheme in terms of the proximity of the contact (Figure 4). The glass plate is initially pressed onto the membrane surface tightly, resulting in no piezoelectric voltage signal. As the glass plate is pulled away, one can observe a slow increase in the output signal. Once the glass plate is fully separated from the membrane, around the separation distance near 8 mm, the output signal due to the contact-free oscillatory motion reaches its maximum value. If the motion of the linear translator is reversed and the glass plate is moved toward the sensing element, the voltage signal slowly decreases from its maximum value and drops back to the minimum value because of the full physical contact.



When repeated, the sensing element can generate a reliable and steady response depending on how close the contact to the membrane. The incremental increase and decrease in the output signal show a linear change with the contact separation. The change in the piezoelectric output signal is least squared fitted to a straight line, with a goodness-of-fit, given by the adjusted R-squared, of 0.98685. From the slope of this fitted linear curve, we can estimate the sensitivity of this proof-of concept experiment with respect to the contact separation, which is approximately 4.9 mV/mm. Moreover, by considering the uncertainty in voltage measurement, which is around a peak-to-peak value of 1 mV, the minimum detectable contact separation would be approximately 200 μm, even in this simple proof-of-concept experiment. We have also measured the time-transient curves when the contact is removed or when the contact is made, as shown in the two insets in Figure 4. These curves show that the response time upon the contact, in which the output signal changes from maximum to minimum or from minimum to maximum, is estimated to be around ∼100 ms on average, ensuring a fast response to capture the mechanical deformation caused by the physical contact.




4. Conclusions


The proof-of-concept experiment presented here illustrates that static tactile sensing is feasible based on the driven oscillation of the piezoelectric membrane, while the typical implementation of the piezoelectric polymer has been limited to the dynamic-only detection. Our work clearly opens up new opportunities in the further integration of the piezoelectric polymer in tactile sensor applications.



However, there is also room for improvement beyond the experiment demonstrated here. The effectiveness of the sensing scheme can benefit from flexible polymer materials with higher piezoelectric properties, which will generate a higher response to the external stimulus. Moreover, additional careful design considerations would be desirable. For instance, one can notice the consistent appearance of small bumps in the contact separation-versus-piezoelectric voltage curve in Figure 4, when the contact is initialized or breaks at close proximity to the membrane. Thus far, it is not clear why these small deviations from the expected linear sensor response occur. It might be due to the surface interaction between the contact glass and the polyimide insulating film, such as an adhesion effect; the issue of the rigidity of the sensing element as it is strongly pulled or pushed—especially when close physical contact is established—or simply insufficient clamping of both ends of the membrane. Fine and detailed optimization of the sensor parameters will certainly lead to the more reliable operation of the static tactile sensing scheme presented.
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Figure 1. Proposed static tactile sensing method. (a) When no external contact is made, the piezoelectric membrane, driven oscillating with constant amplitude, generates the voltage signal. (b) When external contact is made, this will suppress the vibration amplitude of the membrane, resulting in a smaller piezoelectric voltage signal compared to the value at contact-free oscillation. By monitoring this change in the piezoelectric output signal, the presence of the external contact can be detected. 
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Figure 2. (a) Scanning electron micrograph of the electrospun PVDF nanofibers. (The scale bar on the top left corner is 10 μm.) The lower inset shows the histogram of the nanofiber diameter distribution with a mean value around 450 nm. (b) Illustration of the experimental setup. The sensing element is composed of the piezoelectric PVDF membrane, sandwiched between Al electrodes and protective insulating films. One end of the sensing element is fixed on a support structure and the other end is connected to a mechanical shaker. While the membrane is driven to oscillation, the resulting piezoelectric voltage is monitored with an oscilloscope. To observe the piezoelectric response of the membrane under the static external load, the mechanical contact is established by approaching the glass plate, attached to a linear translator, onto the PVDF membrane. 
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Figure 3. (a) When no external contact is made, the freely oscillating PVDF membrane, driven with constant amplitude, generates a significant piezoelectric voltage signal   V  P i e z o   n o n − c o n t a c t    at the frequency of the driving signal   V  D r i v e   . However, once the contact is established and prevents the membrane from the continuous vibration, no periodic piezoelectric signal   V  P i e z o   c o n t a c t    is detected. For comparison with the piezoelectric signal, the driving voltage is divided by a factor of 200. (b) Peak–to–peak piezoelectric voltage signal   V  p e a k − p e a k    at 25 Hz, measured under the repeated application of the mechanical contact, for two different drive voltages of 5 and 10 V. Without contact for a period of 120 s, the large constant piezoelectric signal can be measured. However, for the contact duration of 120 s, only the voltage at the level of the electrical noise is detected. When this measurement is performed over 26 min, the output signal curve shows constant switching between the contact and non-contact at each repeated cycle. 
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Figure 4. Tactile sensing response as a function of the contact separation. The piezoelectric peak–to–peak voltage   V  p e a k − p e a k    is monitored while the contact distance x between the sensing element and the glass plate is varied. Between the loading (  x = 0   mm) and unloading (  x = 8   mm) of the physical contact, a linear increase and decrease in the sensing signal can be observed. When repeated, the sensing element shows a steady response. The red dotted line is a linear fit with a slope of 4.9 mV/mm. In addition, a pair of gray dotted lines in the middle indicates the measurement uncertainty (∼1 mV) in this experiment, which results in the minimum detectable contact separation around 200 μm. The insets show the time-transient curves when the contact is removed (inset on left) and when the contact is made (inset on right) under two different drive voltages of 5 and 10 V. 
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