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Abstract

Braille learning is essential to communicate and work for visually impaired people (VI). However, a convenient and portable Braille learning device has not been investigated. Herein, a convenient and high-accuracy Braille learning-enabled tactile sensing system is developed to help VI learning Braille themselves. The tactile sensing system based on tailored micropatterned tactile sensor through sliding mode on Braille, which is bio-inspired by human touching sensation. It achieved a high recognition accuracy of 98.96% for 26 English letters for Braille. The tactile sensor with a tiny size (3 mm×3 mm×2 mm) exhibited a high sensitivity of 0.11 kPa−1, which is based on two micro-dome structures with the same dimension as the dot on Braille. The tactile sensing device is fabricated by the tailored sensor, process circuit and microprogrammed control unit to recognize Braille; the sensing device can help VI learning and writing Braille. This work presents a practical theory for VI learning Braille themselves.
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INTRODUCTION
Braille is an essential way for the visually impaired people (VI), such as the blind people, to perceive and communicate with the world [1,2]. Braille is a kind of six-dot system that consists of three rows and two columns of raised dots, and different combinations of raised dots are used to represent different characters [3–5]. People read and learn Braille through touching. However, learning Braille is always from teachers, which is still a challenge for most VI because of its high cost, time-consuming and laborious [6,7]. In recent years, wearable Braille recognition devices have been developed to assist the VI in reading and communicating. Therefore, developing a high-accuracy and portable Braille recognition system is important for the VI.
Advances in flexible electronic devices and artificial intelligence (AI) have enabled new directions to realize efficient and real-time Braille recognition [8–10]. There are some works reporting the AI-based Braille recognition with flexible tactile sensors [1,3]. For example, Qiao et al. [11] combined a nanomesh-reinforced graphene pressure sensor with a convolutional neural network (CNN), which can distinguish convex Braille numbers with an accuracy of 88%. High-performance flexible tactile sensor is one crucial component for collecting accurate Braille touching signals in the Braille recognition system. The ideal flexible tactile sensors require high sensitivity, fast response time, low hysteresis, excellent stability and long-term cycle durability [12–14]. Endowing microstructure such as micro-porous [15,16], micro-pyramid [17,18], micro-pillar [19,20] and micro-dome [21,22] to flexible materials is of great significance for the development of flexible tactile sensors. Also, the micropatterned polymer integrated with sensing active layer (such as graphene, MXene and multi-walled carbon nanotubes) can be widely used in four transduction mechanisms including piezoelectric [23], triboelectric [24], piezoresistive [25,26], and capacitive [27,28] flexible tactile sensors. Flexible micropatterned piezoresistive tactile sensors have been widely used because of high sensing performance, simple device configuration and fabrication process [25,26,29,30]. Besides, advanced neural network technology of AI is the other important role of the Braille recognition; machine learning algorithms such as support vector machine [31], CNN [32], and rapid situation learning [33] have been utilized to boost data identification, which can recognize Braille through receiving and learning digital sensing signals of the tactile sensors. However, most Braille recognition systems are still complex, non-portable and with a low accuracy.
In this paper, we develop a Braille recognition system based on a tailored piezoresistive flexible micro-dome sensor and a high-efficient AI method. The proposed micro-dome sensor exhibited an efficient and stable sensing performance, and output accurate sensing signals when touching Braille, which could enhance the Braille recognition accuracy through the arithmetic process of a one-dimensional (1D) CNN. Therefore, the micro-dome tactile sensor combined with a process circuit and microprogrammed control unit obtains sensing signals regarding finger touch, achieving Braille recognition of twenty-six letters, with a maximum recognition accuracy of 98.96%. The proposed Braille recognition system will be favorable for the visually impaired people learning, reading and writing Braille by themselves.
RESULTS AND DISCUSSION
Overall design and working mechanism of the tactile sensor
People recognize Braille mainly through touching. To help the VI learning Braille, many pressure sensors were developed for transmitting the touching signals to electrical signals. Traditional tactile sensors recognized Braille through pressing on the Braille such as one-channel flexible sensors and six-channel sensors. As shown in Figure 1, the one-channel flexible sensors output confused sensing signals and recognize Braille through a complex machine learning method. Then the six-channel sensor is hard for both normal people and VI to press on the Braille point by point correctly. Therefore, we designed a two-channel tactile sensor bio-inspired by human touch sensation, which recognizes Braille through sliding and touching. The two-channel sensor can be used more easily than the other two kinds of tactile sensors, and generates clear sensing signals to improve recognition accuracy.	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 Comparison of one-channel, six-channel and two-channel flexible tactile sensors.




We developed a tailored tactile finger-tip sensor for the VI learning Braille, which is bio-inspired by human touching and moving on Braille, as shown in Figure 2a. The developed tactile sensor can touch the Braille through the fingertip, moving on the dots on Braille easily, which can also generate both stable and clear sensing signals. The sensing paths of the tactile sensor based on the two electrodes (2B-sensor) on the bottom layer are shown in Figure 2b, leading to sensing signals from the 2B-sensor when moving on the dots of Braille. The dots of Braille turn into pressure to the 2B-sensor; therefore, the 2B-sensor generated two paths of resistance variations in the process of recognizing Braille. Then, the sensing signal qualities are evaluated by a machine learning method shown in Figure 2c. The Braille sensing signals of 2B-sensor exhibited a higher recognition accuracy of 98.96% than flexible one-channel sensors [11,34,35], and image recognition [36] to recognize Braille in Figure 2d.	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Demonstration of tailored micro-dome tactile sensors for recognizing Braille. (a) Schematic of the visually impaired person touching and learning Braille with a tactile sensor inspired by human finger moving on the dots of the Braille. (b) Schematics showing the resistance composition of the tactile sensor before and after pressure. (c) Schematic of Braille recognition process through a machine learning method. (d) Comparison of the Braille recognition accuracy through a machine learning method based on this work and previous report works.




Microstructures can be utilized for increasing the sensing performance of pressure sensor, which has been proven in many previous works. The tailored tactile sensor we designed for Braille recognition was based on two microstructures with the same dimension as the dot on Braille (diameter is 1 mm) as shown in Figure 3a, the detail size for designing the sensor was shown in the side-view of the sensor on the Braille. Then in order to better understand the sensing mechanism of the designed tactile sensor, we theoretically explained the rationality regarding superior performance for the fabricated 2B-sensor as shown in the right side of Figure 3a, the microscopic view, finite element molding, equivalent-circuit diagram based on the contact area changing between the top and bottom’ layer under different pressures. The 2B-sensors we developed generate deformation and resistance variation based on increased contact area between the top and bottom electronic layer under pressure, at the initial state, the top and bottom layer did not contact, the initial resistance of two sensing channels were R1 and R2 as shown in the schematic and equivalent-circuit diagram of the 2B-sensor; after one channel of 2B-senor under pressure, one side of the micro-dome contact with the bottom electrode and generates deformation and resistance variation, the generated contact resistance in series with R2 leading an increasing resistance in the R2-channel; and when two channel of 2B-sensor under pressure, two side of the micro-dome contact with the bottom electrodes and generate deformation and resistance variation, the generated contact resistance in series with R1 and R2 leading an increasing resistance in both the R1-channel and R2-channel. The tailored 2B-sensor is specialized used to recognizing Braille, there are only the above three kinds of stress situations.	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Structure design and analysis of tactile sensor. (a) Illustration of the dimensions of the tactile sensor and scanned Braille, and finite-element calculations show the deformation and the local stress distribution of tactile sensor when without dot on Braille, with one-side dot, and with two-side dots on Braille. (b) Finite-element calculations show the deformation and the local stress distribution of tactile sensor with no microstructure, micro-column, micro-pyramid, and micro-sphere. (c) Finite-element calculations show the deformation and the local stress distribution of micro-sphere tactile sensor with different distances.




In Figure 3b, we analyzed the deformation and the local stress distribution of different microstructures through ANSYS, including no microstructure, micro-column, micro-pyramid and micro-dome. The substrate is polydimethylsiloxane (PDMS) film, the distance from the bottom layer to the top layer of four kinds of sensors are all 0.2 mm, three kinds of microstructures have the same length (1 mm) and height (0.5 mm). After pressing 0.35 mm on three kinds of sensors, the stress distribution of the sensor without microstructure concentrate on the outside, which will lead to the confused sensing signals of sensing dots on Braille; the stress distribution area of micro-column sensor concentrate on the bottom layer are bigger than the other two sensors, the extra stress distribution will also lead to the confused sensing signals because two dots on Braille are close in distance. Therefore, the micro-pyramid sensor and micro-dome sensor are more suitable for sensing Braille, and the deformation of micro-dome sensor is larger than the micro-pyramid sensor, larger deformation will occur at the contact spots, which leading the larger resistance variation of piezoresistive sensor under pressure. In conclusion, micro-dome structure was chosen to form tactile sensor for sensing Braille accurately.
At last, the height of dots on Braille is 0.35 mm, the distance from the bottom layer and top layer is another factor which influence the sensing performance of tactile sensor, as shown in Figure 3c, we analyzed the deformation and the local stress distribution of micro-dome sensor with the distance of 0.1, 0.2, 0.3 and 0.4 mm (from top of micro-dome to bottom layer) at a 0.35 mm distance pressure through ANSYS, the shorter distance lead to the stress distribution concentrate on the bottom layer, which lead to the confused sensing signals because two dots on Braille are close in distance; the longer distance lead to a small or little deformation which exhibited poor sensing performance; therefore, the micro-dome sensor with 0.2 mm distance we choose for sensing Braille, which exhibited both proper stress distribution concentrate on the bottom layer than sensor with 0.1 mm, and exhibited larger deformation than sensor with the distance of 0.3 and 0.4 mm.
Fabrication and morphology of tactile sensor
The two-channel micro-dome tactile sensor (2B-sensor) is composed of two layers including the micro-dome top layer and the flat bottom layer, shown in Figure 4a, b. The top layer is composed of micro-dome PDMS film, waterborne polyurethane (WPU) film and Ag layer; the bottom layer is composed of flat PDMS film, a WPU film and Ag electrodes. The distribution of Ag layer on the micro-dome and flat PDMS film could be observed, then the surface morphology of the bottom layer was observed by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) mapping, in which Ag layer is overlaid on the PU layer adhered on the PDMS film, which clearly revealed the distribution of Si (from PDMS), C (from WPU) and Ag elements, respectively. The top-view SEM images of the top and bottom 2B-sensor were shown in Figure 4b. Figure 4c, d illustrated the fabrication process of the 2B-sensor, the top micro-dome PDMS film was peeling off from a two-photon laser writing micro-dome mold, and then WPU solution was sprayed on the top micro-dome PDMS film after plasma treatment in N2, followed by Ag layer coating on both sides of PDMS/WPU film to form top conductive micro-patterned PDMS/WPU/Ag substrate; the bottom flat PDMS/WPU/Ag film was first etched by laser to form two area, then plasma treated in N2, spraying WPU solution, after curing in oven, at last the Ag layer was coated on the PDMS/WPU film to obtain two conductive electrodes (Detailed description is in the MATERIALS AND METHODS). Finally, the top and bottom films were assembled into the tactile sensor by top-bottom structure as shown in Figure S1. The WPU layer distributed and adhered to the PDMS stably because there is a local change in the material properties at the plasma-treated surface of PDMS film. The Fourier transform infrared (FTIR) spectra of PDMS film and PDMS film after N2-plasma treatment with WPU layer are shown in Figure 4e, indicating that there is a local change in the material properties at the plasma-treated surface. Compared with un-treated PDMS, the stretching of OH give rise to a broad peak from 3500 to 3000 cm−1, for the N 1s spectra of an N2 plasma treatment PDMS in the X-ray photoelectron spectroscopy (Figure 4f, g), two peaks with binding energies 399.6 and 401.2 eV corresponding to amine group (–NH–) and amide group (–NH2), which indicated the hydroxyl and amide group producing by N2-Plasma treatment, thus, the treated PDMS can provide active sites for WPU layer [37]. Also, the hydroxy, amine group and amide group enhance the stability of the Ag layer adhering on the WPU/PDMS surface, which has been proven in our previous work [21].	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Characterization of the tactile sensor. (a) Explosive view of the micro-sphere tactile sensor (scale bar is 5 μm). (b) Scanning electron microscopy (SEM) images of the top and bottom layers of the 2B-sensor in top view, with right side showing the schematic of the top and bottom layers 2B-sensor. (c, d) Fabrication procedures of the top and bottom layers of the sensor. (e) FTIR spectra of the PDMS film before and after N2-plasma treatment. (f, g) XPS survey spectra of spectrum N 1s region of N2 plasma-treated PDMS film.




Sensing performance of tactile sensor
The tailored micro-dome 2B-sensor we developed for Braille recognition was tiny, with a high and stable sensing performance. The tiny 2B-sensor on the finger-tip was shown in Figure 5a. Two micro-domes sensors with one electrode (1B-senor) and two electrodes (2B-sensor) were proposed and fabricated as shown in Figure 5b and Figure S2, then the sensitivities of 1B-sensor and 2B-sensor were measured by pressing one side micro-dome of the sensor, the sensitivity of 1B-sensor was a little higher than 2B-sensor in the 0–3 kPa pressure. Hysteresis is the relative difference in the area underneath the ΔR/R0 versus pressure curves under loading and unloading, which can be defined as the degree of hysteresis (DH). The equation for DH is as follows:	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Pressure-sensing performance of micro-dome sensor. (a) Photograph of 2B-sensor on the fingertip. (b) Schematic of one-channel (1B-sensor) and two-channel tactile sensor (2B-sensor), and the relative resistance variations of 1B-sensor and 2B-sensor under different pressures. (c) Relative resistance variation of the 2B-sensor during a 2 kPa pressure loading-releasing cycle. (d) Relative resistance variation of 2B-sensor with increasing pressure (1, 2 and 3 kPa). (e) Relative resistance variation of 2B-sensor with increasing subtle pressure (5, 10 and 15 Pa). (f) Relative resistance variation under different loads. (g) Response time of 2B-sensor under pressure 2 kPa. (h) Piezoresistive repeatability of the 2B-sensor under repeated loading/unloading at a pressure of 2 kPa for 5000 cycles. (i) Tactile sensing process of 2B-sensor moving and recognizing Braille “Q”, and tactile signals detected by the 2B-sensor when compressing the convex Braille letters Q, A, B and C.




[image: Mathematical equation](1)
where ALoading and AReleasing are the areas of the curves under loading and releasing, respectively. The 2B-sensor exhibited a low hysteresis. Figure 5c depicts the resistance variation of a 2 kPa loading-releasing cycle with a margin hysteresis of 14%. And to evaluate the stable sensing performance of 2B-sensor, a real-time pressure response of sensors with quickly loading low pressures (5, 10 and 15 Pa) and high pressures (1, 2 and 3 kPa) was investigated (Figure 5d, e). The results show that the 2B-sensor presented stable sensing performance with high sensitivity and range detection. Figure 5f shows the real-time response of the 2B-sensor for escalating loading/unloading pressure of 1, 2, 3 and 5 kPa with five cycles at each pressure. Then during the process of loading 2 kPa on 2B-sensor, the corresponding response time and recovery time was 0.2 and 0.13 s, respectively (Figure 5g). Under the load of 2 kPa of externally applied pressure, the relative resistance of sensor signals did not deteriorate significantly after 5000 pressure loading/releasing cycles in 8000 s in Figure 5h. The sensor exhibited a good sensitivity, response time, stability and durability, which is proper for Braille recognition. Then the tester compressed convex Braille letters Q, A, B and C using the 2B-sensor, the typical tactile signals were illustrated in Figure 5i. The sensing meachism of 2B-sensor was the generated compression while moving on the Braille, the sensor transformed the compression into resistance variation, therefore, the different Braille can be distinguished by the digital sensing signals from wave forms. Also, the 2B-sensor exhibited a good sensing performance when undera high  pressure and in water environment in Figure S3, indicating good durability and waterproof performance.
Application of tactile sensor recognizing and learning Braille
The Braille can help the VI reading, learning, writing and communicating with the world (Figure 6a); therefore, it is essential and meaningful for the VI learning Braille. A tailored Braille board for tactile sensor was designed as shown in Figure 6b. Then, tactile sensing signals of 2B-sensor and 1B-sensor touching on 26 English letters are shown in Figure 6c and Figure S4. We collected the data of tactile sensor sensing signals on Braille (26 English letters) through sequential touching Braille, and used algorithms to classify Braille. Here, we compared six kinds of machine learning methods as shown in Figure 6d. The CNN algorithm realizes the recognition accuracy with 98.96%, which is higher than the other algorithms. The AI method of CNN was utilized to boost Braille sensing data identification in Figure 6e. CNN is an efficient algorithm to realize the information mining and automatic classification when combined with a developed tactile sensor, which contains three 1D convolutional layers and three fully connected layers, and 1D CNN has a smaller network size and computational load. The databases for training and testing CNN are generated through sequential touching Braille, and the data in the databases is the resistance variation of tactile sensor during the sequential touching process. It was observed that the precise recognition of 2B-sensor is 98.96%, which is higher than 1B-sensor (75.66%) (Figure 6f, Figures S5 and S6). Also, the recognition accuracy of 2B-sensor is higher than most proposed tactile sensors for recognizing Braille.	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Braille recognizing methods of tactile sensor. (a) Schematic illustration of the Braille learning is crucial for the VI reading, learning and communicating with the world. (b) Photograph of the tailored Braille board for learning Braille by the developed sensors. (c) Digital photo showing a Braille board with twenty-six English letters and relative resistance change response curves when sliding the sensor unit across the Braille board one by one through the 2B-sensor. (d) Evaluation results of Braille recognition based on six kinds of machine learning methods. (e) Processing methods of machine learning. (f) Confusion matrix of twenty-six letters with a two-channel 2B-sensor.




In the process of learning and writing Braille, the tactile side of the Braille is the opposite side of writing Braille, shown in Figure 7a. It is hard for the VI learning to recognize and write Braille themselves. Therefore, we developed a Braille recognition system, which consists of a glove based on 2B-sensor, a tailored Braille board and a microprogrammed control unit (MCU) processing unit connected to the computer for receiving and analyzing data (Figure 7a, b). The Braille recognition system transmits the Braille touching signals to acoustic signals through a process circuit and a MCU. As shown in Figure 7c and Movie S1, during the Braille learning process, the VI touch and learn the Braille at first, then write the Braille. The Braille recognition system can be used to check the written Braille through transforming the tactile signals to acoustic signals high-efficiently. Therefore, the developed Braille recognition system based on high-accuracy 2B-sensor will be helpful for the VI learning Braille, then reading, writing and communicating with the outside.	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Intelligent interaction application scenario. (a) Schematic illustration of writing and touching Braille “Q”, and the photograph of the Braille recognition system including 2B-sensor, Braille board, process circuit and MCU. (b) The working process of the Braille recognition system. (c) Applications of the two-channel 2B-glove for learning, writing and recognizing Braille.




CONCLUSIONS
In summary, a Braille recognizing system was fabricated utilizing a tailored micro-dome sensor with a high-efficient AI method. The Braille recognizing system possesses a continuous, stable durable and cost-efficient method for AI learning and recognizing Braille. The developed micro-dome tactile sensor interacting with machine learning method, producing stable and accurate sensing signals by sliding over Braille. Then the sensing signals enhances the recognition system’s accuracy and also simplifies data processing, making it highly computationally efficient. Currently, the system supports 26 English letters, with a maximum recognition accuracy of 98.96%, which surpasses most of the other intelligent Braille recognition systems. The proposed fabrication strategy will be highly applicable to help the VI perceive and communicate with the world.
MATERIALS AND METHODS
Fabrication of tailored micro-dome tactile sensor
At first, a micro-patterned mold was printed via a two-photon laser direct writing process (Nanoscribe, Germany). Then PDMS prepolymer (Dow Corning, Sylgard 184) was poured into the printing mold, then get rid of gas bubbles in vacuum for 20 min at room temperature, and completely cured at 75 °C for 2 h in the oven. Finally, the micropatterned PDMS film was obtained. The PDMS film was sliced by a laser direct writing machine (Spirit SI-60TI, GCC LaserPro, China). Then, the conductive PDMS films were obtained by nitrogen gas plasma treatment, spraying WPU solution (5%) and magnetron sputtering Ag layer.
Materials characterization
The morphology of the micropatterned sensor was observed via SEM (JEOL JSM-840, Japan). All of the sensing performances of the flexible micro-patterned sensors were evaluated using a System Source Meter (Model 2601B, Keithley). The spectra were measured using a Nicolet 5700 FTIR spectrometer (Thermo Nicolet Corp, USA). The contact angles of the water droplets were tested by a Contact Angle Analyzer (JY-PHb, China). Droplets of distilled water, with a volume of 3 μL, were placed gently onto the surface at room temperature and pressure.
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	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Demonstration of tailored micro-dome tactile sensors for recognizing Braille. (a) Schematic of the visually impaired person touching and learning Braille with a tactile sensor inspired by human finger moving on the dots of the Braille. (b) Schematics showing the resistance composition of the tactile sensor before and after pressure. (c) Schematic of Braille recognition process through a machine learning method. (d) Comparison of the Braille recognition accuracy through a machine learning method based on this work and previous report works.
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	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Structure design and analysis of tactile sensor. (a) Illustration of the dimensions of the tactile sensor and scanned Braille, and finite-element calculations show the deformation and the local stress distribution of tactile sensor when without dot on Braille, with one-side dot, and with two-side dots on Braille. (b) Finite-element calculations show the deformation and the local stress distribution of tactile sensor with no microstructure, micro-column, micro-pyramid, and micro-sphere. (c) Finite-element calculations show the deformation and the local stress distribution of micro-sphere tactile sensor with different distances.
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	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Characterization of the tactile sensor. (a) Explosive view of the micro-sphere tactile sensor (scale bar is 5 μm). (b) Scanning electron microscopy (SEM) images of the top and bottom layers of the 2B-sensor in top view, with right side showing the schematic of the top and bottom layers 2B-sensor. (c, d) Fabrication procedures of the top and bottom layers of the sensor. (e) FTIR spectra of the PDMS film before and after N2-plasma treatment. (f, g) XPS survey spectra of spectrum N 1s region of N2 plasma-treated PDMS film.
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	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Pressure-sensing performance of micro-dome sensor. (a) Photograph of 2B-sensor on the fingertip. (b) Schematic of one-channel (1B-sensor) and two-channel tactile sensor (2B-sensor), and the relative resistance variations of 1B-sensor and 2B-sensor under different pressures. (c) Relative resistance variation of the 2B-sensor during a 2 kPa pressure loading-releasing cycle. (d) Relative resistance variation of 2B-sensor with increasing pressure (1, 2 and 3 kPa). (e) Relative resistance variation of 2B-sensor with increasing subtle pressure (5, 10 and 15 Pa). (f) Relative resistance variation under different loads. (g) Response time of 2B-sensor under pressure 2 kPa. (h) Piezoresistive repeatability of the 2B-sensor under repeated loading/unloading at a pressure of 2 kPa for 5000 cycles. (i) Tactile sensing process of 2B-sensor moving and recognizing Braille “Q”, and tactile signals detected by the 2B-sensor when compressing the convex Braille letters Q, A, B and C.
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	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Braille recognizing methods of tactile sensor. (a) Schematic illustration of the Braille learning is crucial for the VI reading, learning and communicating with the world. (b) Photograph of the tailored Braille board for learning Braille by the developed sensors. (c) Digital photo showing a Braille board with twenty-six English letters and relative resistance change response curves when sliding the sensor unit across the Braille board one by one through the 2B-sensor. (d) Evaluation results of Braille recognition based on six kinds of machine learning methods. (e) Processing methods of machine learning. (f) Confusion matrix of twenty-six letters with a two-channel 2B-sensor.
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	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Intelligent interaction application scenario. (a) Schematic illustration of writing and touching Braille “Q”, and the photograph of the Braille recognition system including 2B-sensor, Braille board, process circuit and MCU. (b) The working process of the Braille recognition system. (c) Applications of the two-channel 2B-glove for learning, writing and recognizing Braille.
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        Demonstration of tailored micro-dome tactile sensors for recognizing Braille. (a) Schematic of the visually impaired person touching and learning Braille with a tactile sensor inspired by human finger moving on the dots of the Braille. (b) Schematics showing the resistance composition of the tactile sensor before and after pressure. (c) Schematic of Braille recognition process through a machine learning method. (d) Comparison of the Braille recognition accuracy through a machine learning method based on this work and previous report works.
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        Structure design and analysis of tactile sensor. (a) Illustration of the dimensions of the tactile sensor and scanned Braille, and finite-element calculations show the deformation and the local stress distribution of tactile sensor when without dot on Braille, with one-side dot, and with two-side dots on Braille. (b) Finite-element calculations show the deformation and the local stress distribution of tactile sensor with no microstructure, micro-column, micro-pyramid, and micro-sphere. (c) Finite-element calculations show the deformation and the local stress distribution of micro-sphere tactile sensor with different distances.
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        Characterization of the tactile sensor. (a) Explosive view of the micro-sphere tactile sensor (scale bar is 5 μm). (b) Scanning electron microscopy (SEM) images of the top and bottom layers of the 2B-sensor in top view, with right side showing the schematic of the top and bottom layers 2B-sensor. (c, d) Fabrication procedures of the top and bottom layers of the sensor. (e) FTIR spectra of the PDMS film before and after N2-plasma treatment. (f, g) XPS survey spectra of spectrum N 1s region of N2 plasma-treated PDMS film.
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        Pressure-sensing performance of micro-dome sensor. (a) Photograph of 2B-sensor on the fingertip. (b) Schematic of one-channel (1B-sensor) and two-channel tactile sensor (2B-sensor), and the relative resistance variations of 1B-sensor and 2B-sensor under different pressures. (c) Relative resistance variation of the 2B-sensor during a 2 kPa pressure loading-releasing cycle. (d) Relative resistance variation of 2B-sensor with increasing pressure (1, 2 and 3 kPa). (e) Relative resistance variation of 2B-sensor with increasing subtle pressure (5, 10 and 15 Pa). (f) Relative resistance variation under different loads. (g) Response time of 2B-sensor under pressure 2 kPa. (h) Piezoresistive repeatability of the 2B-sensor under repeated loading/unloading at a pressure of 2 kPa for 5000 cycles. (i) Tactile sensing process of 2B-sensor moving and recognizing Braille “Q”, and tactile signals detected by the 2B-sensor when compressing the convex Braille letters Q, A, B and C.
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        Braille recognizing methods of tactile sensor. (a) Schematic illustration of the Braille learning is crucial for the VI reading, learning and communicating with the world. (b) Photograph of the tailored Braille board for learning Braille by the developed sensors. (c) Digital photo showing a Braille board with twenty-six English letters and relative resistance change response curves when sliding the sensor unit across the Braille board one by one through the 2B-sensor. (d) Evaluation results of Braille recognition based on six kinds of machine learning methods. (e) Processing methods of machine learning. (f) Confusion matrix of twenty-six letters with a two-channel 2B-sensor.
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        Intelligent interaction application scenario. (a) Schematic illustration of writing and touching Braille “Q”, and the photograph of the Braille recognition system including 2B-sensor, Braille board, process circuit and MCU. (b) The working process of the Braille recognition system. (c) Applications of the two-channel 2B-glove for learning, writing and recognizing Braille.
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