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Wearable piezoelectric sensors, as an emerging tool for blood pressure measurement, have attracted much attention at the forefront of medical physics and have broad application prospects due to their portability, real-time monitoring and low interference with human activities. However, the development of piezoelectric materials is currently a key factor restricting the development of wearable piezoelectric sensors. In order to continuously improve the accuracy and speed of blood pressure measurements by wearable piezoelectric sensors, new measurement methods need to be designed in addition to the development of high-performance piezoelectric materials. We present the advantages and disadvantages of different types of piezoelectric materials for wearable piezoelectric sensors, illustrate their future development directions, and discuss the current new strategies and the latest applied research of piezoelectric sensors applied to blood pressure measurement. In addition, the challenges and future prospects of wearable piezoelectric sensors for blood pressure measurement are revealed, providing new ideas for future applications of high-performance wearable piezoelectric sensors for health monitoring.
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1 INTRODUCTION
In traditional medical physics and imaging applications, commonly used imaging modalities for physiologic indicators of the human body include X-radiation(X-ray) imaging [1], Computed Tomography(CT) [2], ultrasound imaging [3], and Magnetic Resonance Imaging(MRI) [4]. X-rays and CTs are radioactive and prolonged and frequent measurements increase the risk of cancer. Ultrasound imaging relies too much on manual manipulation by healthcare professionals, which is inflexible, does not allow for long-term monitoring and leads to a poor patient experience. MRI is costly, time-consuming to detect, and is not indicated for patients with metal implants. Wearable piezoelectric sensors can noninvasively monitor the structure and function of deep tissues [5], obtain more comprehensive information about human physiology, and more accurately monitor early lesions, especially blood pressure (BP), a physiological indicator that requires long-term monitoring, which can help to achieve early observation and intervention of hypertension.
Hypertension is a common chronic disease worldwide, and accurate BP measurement is essential for the diagnosis, treatment and management of the disease. The traditional BP measurement tools of auscultation and oscillometric methods have certain limitations, such as not being able to provide continuous and dynamic BP information and requiring specific measurement environments and equipment [6]. Ordinary wearable sensors detect physical quantities (e.g., strain, pressure, temperature, etc.) on the surface of the body based on changes in resistance, capacitance, or inductance, thereby detecting physiological signals from the human epidermis, but do not include imaging technology [7]. Wearable piezoelectric sensors have noninvasive imaging capabilities that allow rapid acquisition of high-resolution images of internal tissue structure and morphology for fast and accurate diagnosis [8]. Wearable piezoelectric sensors, based on the versatility of piezoelectric materials, are capable of deep tissue imaging, blood flow measurements, and BP high and low measurements, which provide a better option for carrying out routine BP measurement imaging. Therefore, it is crucial to investigate high-performance wearable piezoelectric sensors. In this paper, we introduce the structure and working principle of wearable piezoelectric sensors, classify their piezoelectric materials, and discuss the research on the application of wearable piezoelectric sensors in BP measurement. Finally, we look at the prospects and challenges of wearable piezoelectric sensors for BP measurement.
2 PRINCIPLES OF OPERATION
As shown in Figure 1A, wearable piezoelectric sensors measure BP based on the piezoelectric effect. The basic principle is that when the arterial BP of the human body changes, it creates strain on the skin’s surface. The piezoelectric material within the piezoelectric sensor that is right next to the skin generates electrical signals related to pressure when pressurized. These electrical signals, along with a clinically calibrated model or algorithm for converting them into BP as shown in Figure 1A(i), enable the calculation and display of BP values like systolic and diastolic BP [9]. The overall measurement process is illustrated in Figure 1B. The basic structure of the wearable piezoelectric sensor is an encapsulation layer composed of polydimethylsiloxane, a piezoelectric sandwich layer of lead zirconate titanate fork finger electrodes, a substrate layer composed of polyethylene terephthalate, and some adhesive materials, as shown in Figure 1A(ii). Min et al. designed a wearable piezoelectric BP sensor (WPBPS) based on this principle, achieving a high normalized sensitivity (0.062 kPa-1) and a fast response (23 m) for Continuous Non-invasive Arterial Pressure (CNAP) monitoring [9]. They screened 35 subjects aged 20–80 years for a clinical trial and found mean differences in systolic (SBP) and diastolic (DBP) BP of only −0.89 ± 6.19 and −0.32 ± 5.28 mmHg.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the working principle of wearable piezoelectric sensor BP measurement. (i) Clinical proof-of-concept diagram for comparison with standard sphygmomanometers. (ii) Schematic structure of wearable piezoelectric sensor [9] (B) Overall Flowchart for BP Measurement with Wearable Piezoelectric Sensors [9]. Reprinted (adapted) with permission from [9]. Copyright 2024 John Wiley and Sons.
For now, wearable piezoelectric sensors for BP measurement also suffer from the lack of a unified conversion model, uncertainty in arterial pressure transfer, and coupling of multiple physical fields (e.g., the effect of temperature fields, interference from noise fields). The key to solving these problems needs to start with the sensor itself, whose performance is directly determined by the piezoelectric material. This is because the piezoelectric effect of piezoelectric materials is itself a complex physical phenomenon, the charge generated by the piezoelectric material and the applied pressure is not exactly linear, and there are differences in the correspondence between different materials. Furthermore, in addition to the positive piezoelectric effect, piezoelectric materials also have an inverse piezoelectric effect, which causes the crystal of the piezoelectric material to be mechanically deformed by the alternating electric field, thus affecting the results of BP measurements [10]. Therefore, optimising the properties of piezoelectric materials is one of the popular research directions for the future of wearable piezoelectric sensors in the future.
3 CLASSIFICATION OF PIEZOELECTRIC MATERIALS
Piezoelectric materials are the core of piezoelectric transducers, and their performance directly determines the sensitivity and accuracy of the transducers. Categorizing piezoelectric materials can show the advantages and disadvantages of various sensors more clearly and point out the direction for the future development of wearable piezoelectric sensors.
3.1 Inorganic piezoelectric materials
Common inorganic piezoelectric materials include quartz crystals [11], lead zirconate titanate piezoelectric ceramics [12], zinc oxide [13], aluminum nitride [14], and barium titanate [15].Most inorganic piezoelectric materials can accurately convert small mechanical vibrations into electrical signals [16], which makes piezoelectric sensors excellent in measuring small displacement and pressure changes and more adaptable to BP measurements. Inorganic piezoelectric materials with relatively large electromechanical coupling coefficients can efficiently convert mechanical energy into electrical energy or electrical energy into mechanical energy [17], which is important for both signal transmission and reception of piezoelectric sensors. In applications such as ultrasonic detection and imaging, high electromechanical coupling coefficients can improve the energy conversion efficiency of the transducer and enhance the signal emission strength and reception sensitivity, resulting in clearer and more accurate detection results. In addition, piezoelectric sensors based on inorganic materials have the advantages of good temperature stability, high chemical stability, and high mechanical strength [18].
The disadvantages of inorganic piezoelectric materials are also more obvious. First, its molding process is complicated, such as the preparation of piezoelectric ceramics requires precise control of the ratio of raw materials, sintering temperature, holding time and other parameters [19], and the high requirements for equipment and process conditions bring about high production costs and low production efficiency, which is not conducive to the promotion of the sensor. Second, inorganic piezoelectric materials are usually hard and lack flexibility, making them difficult to fabricate into complex shapes [20], which makes it difficult to adapt to application scenarios of bending or deformation in BP measurements. Finally, some piezoelectric materials contain toxic components, such as lead zirconate titanate, which contains lead and other toxic elements [21], and cannot meet the requirements for long-term human wear and subsequent environmental treatment. In the current development of inorganic piezoelectric materials, doping with rare earth elements is one of the effective means. Shi et al. proposed a new Li+-Sm3+ co-doped acceptor-donor method in order to improve the piezoelectric properties of PbZr0.52Ti0.48O3 (PZT) ceramics [22]. They showed that Li+-Sm 3+ (1.5 mol%) increased the d33 of PZT from 150 to 405 pC/N with a strain field over 0.16%. Meanwhile, they showed that the doped PZT ceramics had more uniform grain size, clearer grain boundaries and reduced internal defects by SEM observation. In view of the enhanced piezoelectric properties and optimised microstructure of the doped PZT ceramics, this makes them promising for applications in many fields, such as BP measurement sensors, ultrasonic transducers, and microelectromechanical systems (MEMS).
3.2 Organic piezoelectric materials
Organic piezoelectric material molecules tend to be more specific, and can deform under the action of an electric field to generate an electric charge or be excited by an electric charge, and common organic piezoelectric materials include polyvinylidene fluoride [23], polyvinyl chloride [24], and nylon [25]. First, organic piezoelectric materials have good flexibility and bendability [26], which can better fit the human skin and ensure that the sensors measure BP in different postures and states of the human body. Second, organic piezoelectric materials are biocompatible with human tissues and do not produce allergies or other adverse reactions [27], which is very beneficial for BP measurement sensors that need to be worn for a long period of time. Third, the acoustic impedance of many organic piezoelectric materials (e.g., polyvinylidene fluoride) is closer to the acoustic impedance of human tissues [28], which is very favorable for ultrasonic-based piezoelectric sensors. In addition, organic piezoelectric materials are inexpensive to produce, easy to process, can be made into shapes such as films and fibers, and can be miniaturized by integrating electronic components, making wearable BP measurement sensor devices more convenient and practical.
Organic piezoelectric materials also have some disadvantages. Piezoelectric coefficients are typically lower than those of inorganic piezoelectric materials [29], which makes the corresponding sensors require more complex signal processing and amplification circuits in order to obtain accurate BP measurement images. Organic piezoelectric materials are susceptible to temperature, and their piezoelectric properties may change in different temperature environments [30], thus affecting the accuracy of BP measurements, which can vary from morning to evening and from season to season. Organic piezoelectric materials are more flexible, and their corresponding sensors also need to be subjected to long-term stretching, folding, bending and other operations, which to a certain extent will reduce the service life and accuracy of the sensor [31]. Currently, the development of biodegradable organic piezoelectric materials is a hotspot and frontier of research in related fields. Zhang et al. developed an organic ferroelectric crystal 2,2,3,3,4,4 - hexafluoro-1,5 - pentanediol (HFPD) and prepared HFPD - polyvinyl alcohol (PVA) flexible piezoelectric composite films by solution evaporation method [32]. The d₃₃ of the piezoelectric response of this material reaches 138 pC/N, which is similar to the piezoelectric performance of the inorganic ceramic barium titanate, and overcomes the disadvantage of the latter’s inability to be naturally degraded in living organisms. It also opens up the possibility of wearable piezoelectric sensors implanted in the body to measure BP.
3.3 Composite piezoelectric materials
Piezoelectric composites have high voltage electrical response and electromechanical coupling coefficients, and have higher thermal stability and mechanical properties than single piezoelectric materials [33]. Common piezoelectric composites include polyvinylidene fluoride (PVDF)-based composite piezoelectric materials, such as PVDF/piezoelectric ceramic composite [34], PVDF/carbon nanotube composite [35]; lead zirconate titanate (PZT)/polymer composite piezoelectric materials, such as PZT/epoxy resin composite [36], PZT/silicone rubber composite [37] and so on. There are some other types of piezoelectric composites, such as polyurethane (PU)/polylactic acid (PLA) composite piezoelectric materials [38], piezoelectric ceramic/cement/polymer composite [39], graphite/polymer composite [40], and quantum dot/polymer composite [41]. Currently, there are more researches on piezoelectric composites, which are updated rapidly and have different advantages and disadvantages. For example, PVDF/piezoelectric ceramic composites combine the higher piezoelectric constant of piezoelectric ceramics and the processing advantages of PVDF, with better flexibility and piezoelectric properties, but the polarization characteristics of PVDF and piezoelectric ceramics are different, and special polarization treatment is required during the composite process, which is more difficult, and increases the difficulty of the material’s preparation and the complexity of the process, which affects the stability and consistency of the material’s performance [42]. Epoxy resin/piezoelectric ceramic composites have the advantages of high mechanical strength, easy molding, good electrical insulation, etc. However, the density of the epoxy resin is relatively large, and the overall density of the material after the composite is completed is large, corresponding to a poor wearing experience of the sensors, and the epoxy resin has a large damping [43], which affects the response speed and frequency characteristics of the composite material, and the corresponding sensors can not respond in time in some special scenarios. Silicone rubber/piezo-ceramic composites have the advantages of good flexibility, corrosion resistance, and biocompatibility, but silicone rubber may deteriorate during long-term use and the piezoelectric properties of silicone rubber/piezo-ceramic composites are relatively low [44], which corresponds to a low sensitivity of the sensors to the outside world. Currently, programmed electrostatic spinning combined with hot pressing is a cutting-edge process for developing high-performance composite piezoelectric materials.Tian et al. constructed a multilevel hierarchically assembled flexible piezoelectric composite of MXene/BN/P (VDF-TrFE) by using programmed electrostatic spinning coupled with thermo-compression [45]. The piezoelectric charge coefficient of the piezoelectric material is as high as 41.67 pC/N, the piezoelectric voltage constant is 342.9 mV/mN, and the pressure response sensitivity of the developed device reaches 39.3 mV/kPa. They also explored the all-day monitoring of haemodynamic state of the device, and combined with machine learning algorithms to classify and judge the monitoring data, and the results showed that the device can provide a powerful basis for daily BP detection and early diagnosis of cardiovascular diseases. The results show that the device provides a strong basis for daily BP detection and early diagnosis of cardiovascular diseases, and is an excellent option for BP measurement with wearable sensors.
In recent years, the development of piezoelectric materials has given birth to a series of biological piezoelectric materials, which have the prospect of producing good implantable devices, and bring more possibilities for piezoelectric sensors to measure BP. Romanyuk et al. proposed a new method for preparing piezoelectric diphenylalanine (FF) films by dissolving FF powder in hexafluoroisopropyl alcohol solution, spinning and coating FF powder with solid phase crystallization method to achieve the transformation of amorphous to crystalline phase [46]. The FF film has a transverse piezoelectric response of about 30 p.m./V, has good piezoelectric properties and biocompatibility, and can be used in implantable and wearable devices. However, the main problem with FF is the inability to control the self-assembly process, which makes it difficult to produce dense films with controllable orientation and thickness. Zhang et al. prepared β-glycine nanocrystalline films with good output performance, natural biocompatibility and biodegradability by using collaborative nanorestriction technology and in-situ polarization technology, providing a new strategy for constructing wearable piezoelectric biosensor interface materials [47].
4 APPLICATIONS
At present, the application of wearable piezoelectric sensors to measure BP has made some progress. In terms of technical performance, some sensors have achieved high sensitivity and rapid response, and clinical verification shows that their measurement results are similar to those of traditional BP monitors. The relationship between the sensor and BP based on the arterial pulse piezoelectric dynamics characterization can be explained by the arterial pulse piezoelectric dynamics equation, [image: image] ([image: image]: blood pressure value; [image: image]: parameters related to arterial wall characteristics; [image: image]: the flow rate of blood through the arteries; [image: image]: t = 0 basal blood pressure value). The pressure wave generated by the arterial pulse is sensed by the piezoelectric sensor near the skin surface. The piezoelectric material releases different electrical signals depending on the amount of pressure, which are amplified and converted to show different blood pressure values. Yi et al. proposed a new method for analyzing human arterial pulse piezoelectric dynamics from the basis of human hemodynamics and flexible piezoelectric dynamics, revealing a well-established mapping correlation between piezoelectric pulse waves and human BP waves, and also developed a piezoelectric sensor for continuous BP monitoring in a wireless wearable, with a measurement schematic shown in Figure 2A [48]. However, piezoelectric sensors based on arterial pulse piezoelectric dynamics are susceptible to interference from muscle movement, skin displacement, and other factors that produce motion artefacts and lead to inaccurate BP measurements, and no study has yet emerged that completely eliminates this effect.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of piezoelectric sensor BP measurement based on arterial pulse piezoelectric dynamics characterization [48] Reprinted (adapted) with permission from [48]. Copyright 2024 John Wiley and Sons. (B) Connection diagram of dual mode piezoelectric sensor and intelligent device [50]. Reprinted (adapted) with permission from [50]. Copyright 2024 Royal Society of Chemistry.
Wearable multi-sensor BP monitoring system integrates a variety of sensors, such as electrocardiogram (ECG) sensor, photoelectric volume pulse wave (PPG) sensor, accelerometer, etc. The use of multi-parameter fusion data can be obtained, which can more accurately monitor BP. For example, Yan et al. developed an information acquisition platform containing ECG, PPG and pressure pulse sensors for non-invasive blood pressure prediction, designed an algorithm for sample data processing, and constructed a BP prediction model using feature selection and feature fusion techniques of random forest regression (RFR) [49]. Finally, the RFR-based blood pressure prediction results were compared with those of other machine learning algorithms. The results show that the average absolute error of systolic blood pressure and diastolic blood pressure can reach 0.90 mmHg and 2.47 mmHg respectively. The results of BP prediction model based on multi-sensor information fusion meet the AAMI and BHS standards. Although multiple sensors can obtain rich data, the data of different sensors are different in time scale, data format, signal strength and other aspects, so it is a major challenge for current research to effectively fuse the data of different dimensions with appropriate fusion algorithms.
Piezoelectric sensors based on pulse wave conduction time (PTT) detection have the advantages of good measurement stability and high accuracy, but usually require two discrete sensors to acquire pulse and ECG waves, resulting in poor wearing experience, circuit design and signal processing complex, dual-mode sensors for blood pressure monitoring can solve this problem. Jiang et al. designed a dual-mode piezoelectric sensor consisting of an ionic gel membrane and an embedded liquid metal (LM) circuit. Ionic gel can be applied to skin to collect ECG signal and used as encapsulation material of LM circuit [50]. The LM circuit can respond to pressure changes, and its resistance changes with pressure changes, so as to detect pulse waves. By analyzing the time difference between ECG and pulse signals, PTT is obtained to predict blood pressure. They have also integrated a dual-mode sensor into a printed circuit board, worn on the wrist, and a Bluetooth-based wireless signal transmission that can simultaneously capture electrocardiograms and arterial pulses (Figure 2B). This design not only reduces the number of wearable piezoelectric sensors, but also realizes its connection with smart phones, which is a mainstream direction for the future development of wearable piezoelectric sensors.
Piezoelectric ultrasound sensors can generate and receive ultrasound waves using the piezoelectric effect of piezoelectric materials, and then detect parameters such as arterial dilatation and Young’s modulus by measuring the propagation time of the ultrasound waves and the properties of the reflecting material, as well as performing BP estimation [51]. These piezoelectric sensors based on acoustic principles are biologically safe, non-invasive and capable of deep tissue BP observation. The limitations of existing noninvasive BP monitoring methods (e.g., photoelectric volumetric tracing and ocular tonometry, etc., which can only detect superficial peripheral vasculature) can be overcome [52, 53]. Li et al. produced a fabric-based ultrasound transducer for continuous noninvasive monitoring of BP waveforms by combining “S”-shaped stretchable island-bridge electrodes with a fabric substrate using thermocompression transfer printing. The results showed that the 4 × 5 array ultrasound transducer could localize arterioles deep in the tissue with an axial resolution of up to 330 μm, and the “S”-shaped electrodes had an elongation at break of up to 35.6% [54]. However, the biggest problem of piezoelectric ultrasonic sensors at present is that their measurement process involves multiple links such as filtering, amplifying and feature extraction of ultrasonic signals, which has high requirements on data processing algorithms and hardware equipment, and individual signal characteristics may also be different, so it is necessary to further optimize and adjust data processing methods to meet the measurement needs of different populations.
5 CONCLUSION AND OUTLOOK
This paper introduces the structure and working principle of wearable piezoelectric sensors, summarizes the advantages and disadvantages of inorganic piezoelectric materials, organic piezoelectric materials and composite piezoelectric materials for blood pressure measurement, and discusses the unique characteristics and limitations of wearable piezoelectric sensors in practical cases of blood pressure measurement. (1) In the face of problems such as susceptibility to interference, wearable piezoelectric sensors can be developed by cooperating with material scientists to develop high-performance materials and optimize the material preparation process to meet the high-performance requirements of wearable medical devices for sensor materials. It can also be combined with electronic information engineering and artificial intelligence technology to realize the intellectualization and networking of piezoelectric sensors, and improve the data processing capacity and transmission speed. In cooperation with medical researchers, wearable piezoelectric sensors for physiological signal monitoring are developed to achieve long-term, real-time and accurate monitoring of human physiological parameters, providing a basis for early diagnosis and treatment of diseases. (2) Wearable devices usually need a long-term stable energy supply, and the traditional battery-powered way has problems such as large volume, heavy weight, and short battery life, which limits the convenience and flexibility of wearable piezoelectric sensors. The development of self-powered wearable piezoelectric sensors, which can be converted into electrical energy by collecting human movement and mechanical energy in the environment, is a promising direction in future research. (3) The current research on piezoelectric sensor BP measurement is mostly in the laboratory stage, and cannot be put into production on a large scale, but in the future, the data collected by the sensor can be combined with algorithms, and at the same time, fused with big data to carry out statistical analysis, to achieve intelligent detection, which is expected to accelerate the marketization of piezoelectric sensors. In the future, with the continuous development of materials science, medical physics, artificial intelligence and other multidisciplinary development, piezoelectric sensors are expected to achieve multifunctional integration, personalized customization, and intelligent automation in BP measurement, to better meet people’s needs for daily health monitoring.
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