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Abstract

:

Throat sensing has received increasing demands in recent years, especially for oropharyngeal treatment applications. The conventional videofluoroscopy (VFS) approach is limited by either exposing the patient to radiation or incurring expensive costs on sophisticated equipment as well as well-trained speech-language pathologists. Here, we propose a smart and non-invasive throat sensor that can be fabricated using an ionic polymer–metal composite (IPMC) material. Through the cation’s movement inside the IPMC material, the sensor can detect muscle movement at the throat using a self-generated signal. We have further improved the output responses of the sensor by coating it with a corrosive-resistant gold material. A support vector machine algorithm is used to train the sensor in recognizing the pattern of the throat movements, with a high accuracy of 95%. Our proposed throat sensor has revealed its potential to be used as a promising solution for smart healthcare devices, which can benefit many practical applications such as human–machine interactions, sports training, and rehabilitation.
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1. Introduction


Oropharyngeal dysphagia is a swallowing disorder that is commonly caused by a number of neurological impairments (such as Parkinson’s disease and stroke), respiratory disorders, head and neck cancers, and genetic syndromes [1]. Without appropriate medication, it not only interferes with a patient’s quality of life but also leads to devastating effects such as dehydration, malnutrition, pneumonia, respiratory complication, or even more severe cases such as death [2]. As the current monitoring method for dysphagia patients, videofluoroscopy (VFS) can be efficient, but it requires highly trained speech-language pathologists (SLPs) to analyze the swallowing function through high-density x-ray images [3,4]. In addition, the VFS protocol requires the patient to swallow different volumes of barium bolus to enable visualization under the VFS, thereby exposing the patient to radiation [5]. Furthermore, it is not economically viable for patients with limited mobility or those who simply reside in rural areas without good resources. Therefore, developing a safe, portable, and non-invasive method to monitor the swallowing process is imperative.



One of the approaches is to attach a wearable sensor [6] somewhere around the throat to measure the bioelectrical signals emitted from the muscle during the swallowing process. Nonetheless, the current established sensor, which is usually fabricated on a rigid platform, is not suitable for the wavy surface of human skin, and it often causes low-quality signals and creates discomfort for the users. Recent advances in flexible technology can possibly alleviate this constraint by fabricating the sensor in a thin form factor [7,8,9] or using soft elastomer [10,11,12,13,14,15] as the constructive material to promote conformal contact between the sensor and the skin. For instance, a skin patch sensor is fabricated by integrating a strain gauge with a soft elastomer to provide a piezoresistive and capacitive output against laryngeal movement during swallowing [16]. The mentioned transduction principles, however, are constrained by challenges posed by the sensor’s power consumption and self-heating behavior, which may require the use of complicated power management circuitries. A self-powered piezoelectric [1,17,18] transduction mechanism that can respond well to muscle stimuli will make an excellent long-term and sustainable sensory system as it can generate an electrical output without any biasing circuit. Nonetheless, this sensing principle is only sensitive to the transient response, i.e., the earliest spike of laryngeal acceleration [19,20]. The output signal will eventually drop to zero if the muscle moves at a constant speed due to the absence of polarization in the crystal lattice of the piezoelectric material [21,22].



Noticeably, the ionic polymer–metal composite (IPMC) material is more promising for the construction of a self-powered sensor. The IPMC is an electroactive polymer that has been studied over the past few years for its outstanding sensing [23,24] and actuating performances [9,25,26,27]. The IPMC can be constructed by sandwiching a Nafion membrane (consisting of fixed anions, mobile cations, and water molecules) between two layers of metal electrodes. The pressure applied onto the IPMC material induces the mobile cations and water molecules to move from a high-stress region to a lower stress region. This ionic movement causes an imbalanced charge distribution across the membrane and forms a dielectric potential layer. The mobile cations remain in the lower-stress region until the stress is removed, thereby creating a steady-state detection. To further broaden the potential of this facile, designed material, artificial intelligence (AI) can be integrated with the sensor for advanced data interpretation.



The advancement of fifth-generation (5G) technology has propelled sensor development from a component level to a system level, where massive, real-time sensory data can be collected for more diversified applications. This new era paves the way for advanced data analytics where AI-assisted sensor technology provides the capability of decision making with respect to complex and dynamic stimuli. Machine learning (ML) is a subset of AI that enables the system to learn from the extracted data for decision making. A support vector machine (SVM), a form of supervised machine learning, has been widely applied for predicting creep behavior [28], moisture [29], etc. For instance, a 3-stage GA–SA–SVM has been used in dissolved gas analysis, with 90.36% accuracy [30]. Despite SVM involvement in numerous applications, the use of SVMs on a self-powered IPMC sensor is yet to be explored for healthcare applications.



Hence, an AI-assisted, self-powered, and flexible throat sensor is proposed herein, which has been designed and fabricated using the IPMC material for monitoring laryngeal movement. To the best of our knowledge, this is the first ever reported self-powered IPMC sensor that incorporates AI features for healthcare applications. Traditional, wearable IPMC sensors can also be applied for sitting posture monitoring [31], where good or bad sitting postures are identified based on the threshold limit. However, this straightforward recognition method may fail in a dynamic environment, where multiple muscle movements might crosstalk with the measured signal. As compared with the traditional approach, our AI-featured sensor can be used for more complex perception functions and can be operated in a dynamic environment. By attaching the IPMC sensor to the throat, the movement of the muscle can be captured by the electrical voltage output associated with the pressure exerted by the skin. To ensure good signal acquisition, we have examined the effects of using silver (a metal that is less corrosive-resistant but has higher conductivity) and gold (one that is corrosive-resistant but has lower conductivity) as materials for the electrode. The AI-assisted IPMC is able to recognize vital signals based on the vibration of the throat cords caused by activities such as swallowing, humming, nodding, and coughing actions, with an accuracy of 95%. In particular, the proposed sensing system has demonstrated a promising potential to be used for the enhancement of the intelligence and efficiency of smart healthcare systems.



This article is organized as follows. Section 2 discusses the materials and fabrication steps in the development of the IPMC sensor. Section 3 characterizes the IPMC sensor, including its temporal response, sensitivity, and machine learning recognition of swallowing, humming, nodding, and coughing actions. Section 4 concludes the overall work.




2. Materials and Fabrication Methods


2.1. Chemicals and Materials


Nafion-117 (Dupont, Wilmington, DE, USA), D+-Glucose, sodium hydroxide, silver nitrate, ammonium hydroxide, isopropanol, sodium carbonate, gold (III) chloride solution, 1, 10–phenanthroline monohydrate (Phen), and sodium sulfite were purchased from Sigma Aldrich (St. Louis, MO, USA).




2.2. Fabrication of Sponge-like IPMC Sensor


A sponge-like structure was formed by hot pressing sandpaper onto a Nafion-117 membrane using a hot-molding press machine (Lotus Scientific LS-22025, Shah Alam, Malaysia) under a temperature of 190 °C and a pressure of 50 kg/cm2 for 15 min. Then, the sandpaper was gently removed from the Nafion-117 membrane, aided by an isopropanol–water solution, produced at a mixing ratio of 1:3. Next, the Nafion-117 membrane was soaked in a 10 mM [Au(Phen)Cl2]Cl solution, which was synthesized according to the protocol mentioned in the literature [32], for 24 h in order to initiate Au(Phen)Cl2+ ion impregnation. The impregnated Nafion-117 membrane was then immersed in a 5 mM Na2SO3 solution for 6 h for the reduction process [31]. In the reduction process, the Au(Phen)Cl2+ ion on the surface of the Nafion-117 membrane was reduced to metallic gold, Au. The impregnation/reduction process was repeated several times until the gold electrodes were formed. The gold electroless plating was performed using the following equation in the literature [33]:


  [ Au ( Phen )  Cl 2   ] +    +    Na 2   SO 3    +   2  OH −    →   Au   +   Phen   +    Cl 2    +    Na 2   SO 4    +    H 2  O  











In order to compare the performance of the gold-coated electrode, a silver-coated electrode was fabricated according to the protocol mentioned in [23]. The silver IPMC sensor was fabricated using the silver mirror method. A Nafion-117 film with sponge-like structure was dipped into a complex [Ag(NH3)2]OH solution for the impregnation process. Next, the silver complex compound on the surface of the Nafion-117 film was reduced to metallic silver after being transferred to a D-Glucose solution for another 5 min. The silver was subsequently formed on the Nafion surface using the equation below, as found in the literature [25]. Further details on the silver mirror method can be found in our previous work [25,26,27].


    CH  2  OH    (  CHOH  )   4  CHO + 2  [  Ag    (    NH  3   )   2   ]  OH → 2 Ag +   CH  2  OH    (  CHOH  )   4    COONH  4  + 3   NH  3  + 3  H 2  O  












2.3. Characterization


The surface morphology and chemical composition of the gold-coated IPMC structure were captured and analyzed using a scanning electron microscope (SEM Hitachi, Tokyo, Japan) equipped with energy-dispersive X-ray spectroscopy (EDX). The NI ELVIS board (NI ELVIS II+, National Instrument, Austin, TX, USA) was used to capture the electrical signal from the IPMC sensor.





3. Results and Discussion


3.1. Design of the Self-Powered IPMC Sensor


Figure 1a shows the conceptual idea of mounting the IPMC sensor onto the skin for laryngeal movement monitoring. Incorporating a machine learning technique into the data analysis process enables the sensing system to recognize the pattern of throat movements, thereby offering clues for decoding the complex signals. Besides the swallowing function, the system can recognize humming, nodding, and coughing patterns. We designed our IPMC sensor with dimensions of 1 cm × 4 cm, and a thickness of 0.15 mm. This design is based on the literature finding, which investigates the effects of geometrical properties (such as thickness, shape, etc.) on sensing performance [34]. The Nafion membrane was imprinted with a sponge-like microstructure, as shown in Figure 1b(i), to improve its conformality and sensitivity. The scale bar in Figure 1b shows the dimension of the fabricated prototype. The Nafion membrane was coated with a gold (Au) material to form electrodes for data acquisition. The gold synthesis protocol was adopted from [32,35], which is a proven method for producing gold nanoparticles. The cross-sectional view of the IPMC sensor shown in Figure 1b(ii) demonstrates that the gold nanoparticles successfully covered the entire surface of the IPMC sensor, including the pores. The gold nanoparticles layer has a thickness of 2 μm. The schematic figure illustrates the three layers of the IPMC sensor. It consists of the layer of a gold electrode, an intermediate layer, and the Nafion membrane. The EDX result in Figure 1b(iii) confirms the gold formation on the sensor surface without any impurities.




3.2. Effect of Synthesis Conditions on the Properties of the Self-Powered IPMC Sensor


We conducted a study to examine the gold formation in different synthesis conditions. The formation of the gold electrode on the Nafion surface is elucidated in Figure 2a, with the reducing agent, Na2SO3 solution, heated at 40 °C and 90 °C. It can be observed that the Nafion membrane changes from a yellowish color to a dark golden color faster if a higher synthesis temperature of 90 °C is set. This can be related to the high collision rate of the molecules in the Na2SO3 solution, which stimulates a higher reaction rate [36]. The collision rate can also be enhanced by increasing the concentration [37] of the Na2SO3 solution from 0.25 mmol L−1 to 5 mmol L−1 (Figure 2b). The dark golden color on the Nafion surface turned into shinny goldish when a higher concentration of 5 mM was used. After successfully forming the gold electrode, we further quantified the IPMC sensor output by stepping up the gold complex solution, [Au(Phen)Cl2]Cl, from 5 mM to 20 mM. Figure 2c(i),(ii) show the temporal and steady-state responses of the IPMC sensor, respectively, when it is loaded at 30 N. It was found that the IPMC sensor fabricated with the 5 mM gold complex solution produces a considerably low voltage level. This may be caused by the high surface resistance of the sensor due to the formation of a low amount of gold nanoparticles. The sensor’s performance saturates when the concentration is increased to 10 mM, at which a further increase in concentration has no noticeable impact on the sensor’s output.




3.3. Characterization of the Self-Powered IPMC Sensor


One essential path to minimize electrical noise and crosstalk contamination in the signal acquisition is to use a more corrosive-resistant metal to form the electrode. A high-conductivity metal such as silver (6.21 × 107 S/m) has been reported by the literature [23] for bend-sensing and actuating [38,39] applications. Although silver has high conductivity, it is prone to corrosion. Tamagawa et al. [39] reported that silver with low corrosive-resistance could improve IPMC performance by forming a thicker electrode layer. This finding might contradict the research that has applied a corrosive-resistant metal, such as gold, to construct the electrode. Moreover, there is no comparative work on the study of the output performance of the sensor when both materials are used as the electrode. To fill this research gap, this work investigates the effects of using a metal that is more prone to corrosion but has higher conductivity, and another metal which is corrosive-resistant but has lower conductivity to form the electrode. Two IPMC sensors, one with the silver-coated sensor and the other with the gold-coated sensor (4.42 × 107 S/m), were examined for their output voltages under three consecutive compression cycles. Both of the IPMC samples in Figure 3a exhibited an almost identical transient response at the same applied pressure. This result significantly proves that the IPMC material can be used as a self-powering pressure sensor. The gold-plated sensor showed a notably higher output, which is 1.5 times higher than the silver-coated electrode. This outcome proves that the corrosive-resistant property has a more dominant impact than its conductivity for sensor fabrication.



Next, Figure 3b illustrates the dynamic cyclic pressure that was performed to characterize the IPMC sensor, with a constant pressure of 160 kPa from 0.25 Hz to 1.25 Hz. At these frequencies, the outputs of the IPMC sensor remained at a constant peak-to-peak voltage (Vpp = 0.1803 mV). This behavior proves that the IPMC sensor is independent of the applied frequency. Figure 3c(i) shows the measured correlation between the output voltage and the pressure from 40 kPa to 160 kPa. Eight continuous compression cycles were acquired at the frequency of 0.5 Hz. The repetitive output patterns from the IPMC sensor for each of the pressure values demonstrated a stable and repeatable output response. It is worth noting that we did not observe any significant deterioration due to dehydration in the sensor response throughout the experiment. Nevertheless, encapsulation of an acrylic elastomer (VHB, 3M), as reported in the literature [31], was proven to be an effective way to mitigate any dehydration phenomenon. Figure 3c(ii) summarizes the output voltage of the IPMC sensor, which increases linearly (R2 = 0.9658) with the applied pressure at the sensitivity of 1.503 × 10−6 mV/kPa. This linear increment can be attributed to a higher stress gradient induced by the elevated pressure and initiates increased transportation of the mobile cations across the Nafion membrane.




3.4. Application of the IPMC Sensor for Various Throat Movement Sensing


The IPMC sensor was then attached to the throat (Figure 4a) and tested for its responses upon detection of the vital signals. We first tested the sensor responses for normal and deep breathing (Figure 4b). Each action was taken for five consecutive cycles. Inhalation and exhalation in deep breathing take in a greater volume of air and causes the throat to expand more significantly than normal breathing. As a result, the deep breathing values seen in Figure 4b demonstrated more significant amplitude changes. To show the IPMC sensor performance in detecting changes in the amplitude, we further tested the IPMC sensor for more complex operations, including the following: Figure 5a coughing, Figure 5b humming, Figure 5c nodding, Figure 5d swallowing. These actions generated different waveforms such as variations in amplitudes and speed. The coughing and nodding in Figure 5a,c pose higher amplitudes than humming and swallowing in Figure 5b,d as they involved more significant muscle movement. Compared to the temporal response in coughing (0.27 s−1), nodding exhibits a higher speed response (1.75 s−1) due to the fast movement of lowering and raising the chin [40]. However, in Figure 5d, two spikes can be observed for each swallowing cycle. The first peak (yellow highlighted section in Figure 5d) with a lower amplitude is caused by the micromotion of the hyoid before the swallowing process. After the swallowing process, the hyoid moves upwards and induces a higher amplitude spike (green highlighted section in Figure 5d) [41]. Later, the hyoid descends back to its original position and causes a decrease in IPMC voltage.




3.5. Data Processing via Machine Learning Technique


The above results reveal that the proposed IPMC sensor is capable of perceiving complex throat movements. Machine learning is an efficient approach for handling classification automatically, where the features can be extracted from the data sets for further throat movement recognition. As compared with the conventional neural network that may require a large sample size [42], we developed an analytical algorithm (shown in Figure 6) using the support vector machine (SVM). This SVM algorithm can produce a higher accuracy even with a small sample size [42]. First, the raw voltage data in the time domain were recorded as sample features. Each action was repeated 180 times to ensure the reliability of the data set (4 actions × 180 times = 720 samples). These data were divided into 75% training datasets (540 samples) and 25% testing datasets (180 samples). The training datasets were used to train the SVM model, and the testing datasets were fed into the trained SVM model to examine the accuracy of the identification. To separate the training-set data accordingly, the kernel function was applied. Two parameters were considered in optimizing the SVM model, namely the penalty parameter, C, and the gamma parameter, γ, which were used to examine the probability of misclassification. In this work, we compared the accuracy of the recognition based on the linear kernel and radial basis function kernel, as shown in Figure 7a(i) and (ii), respectively. The optimization trials were conducted three times for each set of the parameters, and the averaged value was plotted.



The linear kernel in Figure 7a(i) achieved a higher accuracy of 95.56%, with the penalty parameter, C = 1000, and the gamma parameter, γ = 1000. A higher value for the penalty parameter, C, led to a smaller margin, allowing the model to classify more data correctly. The gamma parameter, γ, on the other hand, determines the radius of influence of a single training sample. A higher value of the gamma parameter, γ, allowed the hyperplane to become non-linear and achieved greater accuracy in the SVM model. We further investigated the other two parameters, Coef0 and tolerance, and their effects on the accuracy of the linear kernel. Figure 7a(iii) shows the changing trend of Coef0 as a function of accuracy. As can be seen in the figure, accuracy is independent of Coef0. Tolerance, on the other hand, resulted in a decrease in the accuracy when a higher value was used (Figure 7a(iv)). Based on the findings, we set Coef0 = 0 and tolerance = 0.001.



The optimized SVM model was then used to generate a confusion matrix, as shown in Figure 7b, from 540 training datasets. The confusion matrix provides a clearer view of the prediction performance of the SVM model. The black diagonal blocks indicate the correctly predicted actions, while the white blocks represent the incorrect predictions. The confusion matrix shows that the SVM model can assist the system in achieving a 95% accuracy of action recognition. Each action was accurately classified. For example, the swallowing action had a very high precision and recall rate of 95.65% and 97.78%, respectively. This is due to the significant double spikes feature, as seen in Figure 5d. Nevertheless, a few groups of data demonstrated a relatively lower accuracy, such as in the case of coughing. There were three outputs of coughing that were misclassified as humming. Based on Figure 5a,b, the main variation was in the amplitude, and there was a false judgement when the cough was not severe or strong enough to achieve a higher amplitude in the measured signal. Nevertheless, the confusion matrix shows that the waveforms produced by the sensor can be differentiated easily, in which each class of action has an accuracy of greater than 90%. The overall accuracy of the SVM model can be further improved by tuning the hyperparameters, for instance, C and γ. Movie S1 demonstrates the pattern recognition of the throat movement using the optimized SVM model.





4. Conclusions


In summary, for the first time, a self-powered IPMC sensor that can be used for throat sensing is proposed and studied. From this study, we have found that the corrosive-resistant behavior in forming the electrode has a more dominant impact than its conductivity. This hypothesis was proven when the output of the gold-coated sensor was found to be 1.5 times higher than the silver-coated sensor, although the silver material has a higher conductivity value. We have also observed that the output of the gold-coated IPMC sensor increased with the concentration of the complex solution before reaching an optimum concentration of 10 mM. Beyond the optimum concentration, the IPMC sensor did not show any noticeable improvement. The IPMC sensor was able to detect pressure and produce an output voltage of 0.09 mV to 0.27 mV with respect to the pressure range of 40 kPa to 160 kPa. It showed a high linearity output (R2 = 0.9658), with a sensitivity of 1.503 × 10−6 mV/kPa. Utilizing this feature, we further expanded the capability of the IPMC sensor for realizing advanced throat movement recognition. The self-powered IPMC sensor was able to distinguish different pressures exerted by throat movements. Based on the amplitude and speed of the throat movement, the optimized SVM model was able to recognize coughing, humming, swallowing, and nodding actions at a high accuracy of 95%. The enhanced intelligence of the IPMC sensor can be further applied to the internet of things (IoT) in a human–machine interaction platform for an improved human lifestyle.
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Figure 1. (a) A schematic drawing shows how the pattern recognition of the system is performed based on the input from a self-powered sensor that is attached to the throat. (b) Photograph of the gold-coated IPMC sensor. (i) SEM images examine the sponge-like surface morphology. (ii) SEM image and schematic illustration of the cross-sectional view of the IPMC sensor. (iii) EDX scanning confirms the formation of the metallic gold electrode. 
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Figure 2. Photographs and illustrations of the (a) temperature and (b) concentration of the reducing agent, Na2SO3 solution, on the gold electrode formation. (c)(i) Temporal response of the IPMC sensor for 5 repeated cycles with different concentrations of the [Au(Phen)Cl2]Cl solution. (c)(ii) The steady-state output voltage behavior as a function of the concentration of the [Au(Phen)Cl2]Cl solution. 
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Figure 3. (a) Comparison of output voltages between the gold-coated and silver-coated IPMC sensors under three consecutive compress-and-release cycles. (b) Temporal response of the gold-coated IPMC sensor with 160 kPa compression pressure under different frequencies. (c)(i) Temporal response of the IPMC sensor with increased compression pressure at a constant speed of 0.5 Hz. (c)(ii) The output voltage behavior as a function of the applied pressure. 
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Figure 4. (a) Photograph and illustration of how the throat sensor is attached to the throat. (b) Output voltages from the IPMC sensor for normal breathing and deep breathing. 
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Figure 5. Measured output voltages from the IPMC sensor for (a) coughing, (b) humming, (c) nodding, and (d) swallowing actions. 
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Figure 6. Flowchart of the SVM algorithm. 
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Figure 7. (a) Accuracies of the SVM models with different values of C and γ using (i) linear kernel and (ii) radial basis function kernel. (iii) Coef0 as a function of accuracy and (iv) tolerance as a function of accuracy. (b) Confusion matrix of the optimized SVM model. 
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