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Abstract

:

In this paper, we propose a novel tactile display that can present vibration patterns and thermal stimuli simultaneously. The vibration actuator employs a shape memory alloy (SMA) wire to generate micro-vibration with a frequency control of up to 300 Hz. The micro-vibration is conducted to a tactile pin for amplifying the vibration, to be sufficiently recognized by a user. A thermal stimulation unit, on the other hand, consists of four Peltier elements with heatsinks for heat radiation. Four vibration actuators and a thermal unit are arranged in a flat plane with a size of 20 mm × 20 mm, on which a user places the tip of an index finger to feel the presented vibratory stimuli under different temperature conditions. We conducted an experiment by employing nine subjects to evaluate the performance of the proposed tactile display and also to investigate the effects of temperature on recognizing tactile sensation. The results demonstrated that the proposed device was feasible for the quantitative diagnosis of tactile sensation. In addition, we verified that the sensitivity of tactile sensation decreased with colder stimuli.
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1. Introduction


Tactile interaction devices that artificially stimulate the human skin are rapidly growing thanks to recent technological advancements [1]. So far, various tactile displays have been proposed mainly to enhance immersion into virtual reality (VR) and augmented reality (AR) systems. For instance, tactile displays for interaction with balls [2] and presenting textures [3] and edge inclination [4] of virtual objects have been introduced. In addition to the applications for VR/AR systems, tactile displays can also be applied in evaluations of human tactile sensations [5,6] and assistance for visually impaired people [7,8,9].



In the medical field, some anti-cancer drugs exert neurotoxic effects, which result in distortions of thermal sensation, nerve damage, and so on [10]. Moreover, tumor-bearing patients suffer from several symptoms, including cold sensations [11]. Therefore, the knowledge of distorted tactile sensation, thermal effects on sensitivity, and their interaction are also important in medical development.



Mechanoreceptors and thermoreceptors are distributed throughout the skin, playing roles in perceiving external stimuli. Recently, multisensory temperature and vibration display devices have attracted attention, and several challenges, such as large power consumption and limited variation of stimulations, remain in this research field.



In this study, to address these challenges, we employ shape memory alloy (SMA) wire-based vibration actuators and Peltier elements for temperature control. SMAs are notable materials that exhibit unique physical properties [12] and have been applied in various ways, such as tactile feedback [13,14], transducers [15], vibrators [16], tendons of robotic fingers [17], and actuators of soft robots [18]. SMA wire-based actuators enabled us to achieve a tactile feedback system that can be driven with low voltage and controlled independently and quantitively.



This paper proposes a novel tactile display for the simultaneous presentation of vibratory and temperature stimuli to diagnose tactile sensation. The development of a tactile display that can control vibration and thermal stimulus quantitively with easy operations will be described, together with the performance evaluation of the device through a user experiment. The results also provide data on sensitivity under different temperature conditions, which will be effectively employed in the medical field.



The article is organized as follows. Firstly, the related works are described in Section 2. Section 3 presents the hardware and software design of the novel tactile display. The parameter selection and determination for tactile assessments are described in Section 4, and then a user experiment is presented in Section 5. In Section 6, the experimental results are discussed, and the study is summarized in the conclusion chapter.




2. Related Works


Human skin is an excellent medium for perceiving and interacting with the surrounding environment [19]. It covers the entire body and enables perceptions of external stimuli like touching [20].



Human skin has four types of mechanical receptor units: RA I (Rapidly Adapting type one), RA II (Rapidly Adapting type two), SA I (Slowly Adapting type one), and SA II (Slowly Adapting type two) [21]. Each unit responds differently to the motion and deformation of the skin [22]. By perceiving the properties of objects with these receptors, we can grasp them with proper force [23]. Among the four types of units, RA I and RA II present high sensitivity between 5–50 Hz and 30–500 Hz, respectively [24], with the lowest thresholds at approximately 20–40 Hz and 200–250 Hz, respectively [25].



In addition to the four mechanical receptor units, there are thermal receptors in the skin, and it is known that vibration and temperature interact with each other. Green et al. observed that for vibration with a frequency between 150 and 250 Hz, the perception threshold became greater when the skin was cooled and concluded that the sensitivity of RA II decreased by cooling [26]. Zhang et al. reported that raising the skin’s temperature enhanced the ability to perceive vibration stimuli [27].



In recent years, multisensory vibration and temperature display devices have been developed. Yang et al. proposed a device composed of Peltier elements and a pin array of piezoelectric morphs [28]. The pins with a diameter of 0.7 mm were arranged in a 5 × 6 array with a spatial interval of 1.8 mm. The maximum deformation was over 700 µm, requiring a large voltage of 150 V. Singhal et al. built a device comprising a vibration motor and an annular Peltier device [29]. The maximum amplitude of the motor reached 1.48 m/s2, with a frequency of 100 Hz. However, the number of the motor was only one, which made it challenging to form several vibration patterns compared to array-type vibration actuators. Singhal et al. achieved non-contact thermo-tactile feedback using an ultrasound display and ceramic heating elements [30]. Mid-air haptic, non-invasive feedback was realized, but the heating elements required a relatively long time to achieve the target temperature. Gallo et al. developed a multimodal tactile display using a Peltier element and a hybrid pneumatic and electromagnetic actuation [31]. The tactile cells were formed in a 2 × 2 array, with a spatial interval of 12 mm. Their patterns could be preserved without energy consumption but not driven at high frequencies due to their relatively long response time. Gharat et al. realized a haptic display consisting of eccentric rotating mass vibration motors and Peltier units [32]. The motors and Peltier units were arranged in 3 × 3 arrays, respectively. However, existing actuators are relatively large, making it hard to present multisensory stimulation to narrow regions of fingertips.



In the medical field, some instruments for tactile sensation evaluation have been proposed so far. For instance, measurements of pressure pain sensitivity were conducted using armature and coils [33]. In addition, the effect of texture shape on tactile sensation was investigated with plastic molds [34], and the gradual tactile sensory deficit was diagnosed by gratings [35]. In the diagnosis, some tools such as needles and test tubes have been used for inspection; however, there are several challenges to shortening the inspection time and the quantitative diagnosis using numerical scores [33].



In this study, we developed a novel multimodal display using SMA-driven vibration actuators and a Peltier elements-based thermal stimulator. This device is driven by a single power supply with 5 V. Various vibration patterns are presented because each actuator can be driven independently with a wide frequency range and different intensity. These patterns can be easily adjusted by controlling the driving parameters. This device is also able to present thermal stimuli, both heating and cooling. In addition, the quantitative assessment of sensations is executed by employing the proposed device.




3. Novel Tactile Display Presenting Vibratory Stimuli and Controlled Temperature


We introduce the tactile display by combining SMA-based vibration actuators and a thermal stimulation unit for temperature presentation. Here, we describe the working principles, the structures, and the control methods of the actuators employed in the novel tactile display. Then, the assembling process to construct the whole system is presented.



3.1. SMA Actuator for Vibration Generation


In this work, we utilized SMA wires to provide precisely controlled vibrations. SMAs can be activated at low voltage, around 3 to 5 volts, with less energy consumption, allowing the thermal stimulation unit to be driven simultaneously with a single power supply. SMAs also enable us to fabricate vibration actuators with simple structures.



An SMA has two unique physical properties: shape memory effect and superelasticity. In this work, the former property was utilized for vibration presentation. The atomic structure at a lower temperature is called the Martensite phase, which is less symmetrical. On the other hand, the structure at a higher temperature is called the Austenite phase, which is highly symmetrical [36]. The structure transits between the two phases by the application or the removal of heat [37].



We employ Bio Metal Fiber 75 (Toki Corporation, Tokyo, Japan), with a length of 5 mm, to generate micro-vibrations. It is a filiform wire of NiTiCu-composite SMA that exhibits a one-way shape memory effect with a transition temperature of about 70 degrees Celsius. A filiform SMA wire shrinks up to 5% in the length direction when transformed to the Austenite phase from the Martensite phase (Figure 1). We fabricated the actuators, as shown in Figure 2a, using an SMA wire and a metal pin. The diameter of the pin is 0.76 mm, and a tiny hole is made at one end of the pin, through which the wire is passed so that the wire and the pin make contact with each other. Both ends of the wire are pinched using a copper plate, which is soldered on the circuit board to apply electric current for generating Joule’s heat in the SMA body, resulting in an immediate temperature rise and wire shrinkage in the length direction. When the current stops, the heat in the body is immediately radiated, causing the wire to return to its original length in accordance with the temperature drop. By repeating the on–off of electric current, micro-vibration is generated in accordance with the wire deformation. The micro-vibration is effectively conducted to the metal pin to be mechanically amplified to large vibration, so that the user sufficiently perceives the vibratory stimuli by touching the other end of the pin, as shown in Figure 2b.



The actuator is controlled by an electric current with pulse width modulation (PWM) using a Raspberry Pi microcomputer. Figure 3 shows an example of a pulse wave current. The pulses with W [s] width are given with L [s] time intervals. These values can be adjusted by controlling the frequency f [Hz] and the duty ratio d [%]. The width   W   and the time interval   L   are represented with the frequency   f   and the duty ratio   d   as   L = 1 / f   and   W = L ×   d / 100   = d / 100 f  , respectively. The frequency means how many times pulses appear in a second, and we have confirmed that the actuator responds up to 300 Hz [38]. Vibrations with this frequency range are recognized as different tactile sensations by stimulating the RA I and/or RA II mechanoreceptors situated under the skin surface. The frequencies up to 50 Hz are recognized by the RA I receptors, and on the other hand, the frequencies greater than 30 Hz are perceived by the RA II receptors. The greater duty ratio supplies greater energy, which causes greater vibration as stronger vibratory stimuli. By controlling the frequencies and the duty ratios, the system is able to present various tactile stimuli to human tactile receptors.




3.2. Thermal Stimulation Unit for Temperature Control


A thermal stimulation unit based on the Peltier elements was fabricated to provide thermal stimuli from the display surface.



A Peltier element consists of P-type semiconductors and N-type semiconductors. When a direct current is provided to the junction of two types of semiconductors, heat transfer occurs according to the direction of the current, resulting in a temperature difference between the upper surface and the bottom one [39]. We employed TEC1-00703T125 (Kaito Denshi), which has a size of 10 mm × 10 mm. The thermal stimulation unit comprises four Peltier elements, four heatsinks, and a copper plate (Figure 4b,c). The heatsinks are settled in the bottom side of the display for heat radiation. The Peltier elements are arranged in a 2 × 2 array, and the copper plate is attached to the Peltier elements using conductive silicone. A thermistor (SEMITEC Corporation) is attached to the copper plate (Figure 4c) for measuring the temperature.



Like the SMA actuators, the thermal stimulation unit is also controlled by PWM. The duty ratio is controlled by a PID controller according to the surface temperature of the copper plate measured by the thermistor. The obtained temperature values are inputted into a Raspberry Pi in real time through an analog–digital converter. Large duty ratios increase the amount of heat transfer, resulting in a large change in temperature.




3.3. Design and Fabrication of the Tactile Display


The tactile display is fabricated by combining the SMA actuators and the thermal stimulation unit on a circuit board, as shown in Figure 4, which is integrated with a touch interface panel for user operations. First, as shown in Figure 4a, four holes with a size of 8 mm × 8 mm are cut out in the circuit board for effective heat dissipation. Four SMA wires are soldered at the four positions shown from 1 to 4. The distance between each SMA actuator is set at 7 mm, as shown in Figure 4b, which is approximately 3 times greater than the spatial resolution of the human fingertip as 2–3 mm [40], allowing users to discriminate the physical vibratory stimuli presented by the pins. Four Peltier elements on heatsinks are also placed on the 4 holes. The surface of the constructed display is covered with a copper plate, allowing each SMA actuator to be stably situated at the designed location with its height properly adjusted, as shown in Figure 4c. The height was adjusted by cutting the pin to a specific length of 19.2 mm. A user places the index finger on the copper plate, as shown in Figure 4d, and perceives the stimulus of vibration and temperature. While the thermal stimulation unit is driven, a fan situated below the circuit board is operated to generate an airflow to release the heat from the heatsinks.



The SMA actuators and thermal stimulation unit are driven by a specially designed current controller to provide sufficient electric current, by amplifying the control signal generated by the Raspberry Pi microcomputer. The motor driver also controls the current to flow bi-directionally, allowing the thermal unit to work for both cooling and heating. These controlling circuits are implemented on the backside of the touch panel, making the whole system compact, as shown in Figure 5. An operator is able to simply generate the desired stimuli by setting the three control parameters presented on the interface panel, which are temperature, vibrating frequency, and duty ratio.




3.4. Control Software and User Interface


We designed two different dialog boxes to provide user interfaces for controlling the tactile display, as shown in Figure 6, which are (a) a dialog box for custom parameter settings with a virtual keyboard and (b) a dialog box with preliminary defined parameter values. An operator selects one of the dialogues based on the preference. By using the interface (a), an operator is able to customize the driving conditions of the actuators for examining detailed tactile sensations. On the other hand, by using the interface (b), an operator is able to check the necessary tactile sensitivity by using the preliminary-selected parameter values for driving the device. In both the interfaces, the temperature of the display is presented at the top of the display and updated every 0.5 s.





4. Preliminary Experiment for Selecting Driving Parameters for Tactile Assessment


A preliminary experiment was conducted by employing one subject (a 24-year-old male) to determine the effective parameters for the assessment of cutaneous sensation. Various conditioned vibrations are generated by changing the pulse frequencies and the duty ratios, and in this experiment, we tested the frequencies of 5, 10, 50, 80, 100, and 150 Hz under the room temperature at 25 degrees, by considering the tactile perceptions related with the human mechanoreceptors RA I and RA II.



The qualitative results recognized by the subject were obtained as follows. At 5 and 10 Hz, he reported the sensations like being finely tapped. On the other hand, vibrations of other frequencies were perceived as small vibratory sensations with different tactile feelings. The temporal resolution of the human skin is reported to be approximately 30 to 80 ms [41]. By adopting the temporal resolution value of 30 ms, which presented the most sensitive sensation in the reference [41], the condition of the pulse current to provide vibratory sensation whose time interval is longer than the temporal resolution can be given by the following inequality.


     100 − d   100 f    > 30 ×   10   − 3    



(1)







By deforming this equation, we obtain


  f <    100 − d   3    .  



(2)







Here, if we adopt the temporal resolution as 80 ms, the condition of pulse current is calculated as follows.


  f <    100 − d   8    .  



(3)







The frequencies below 10 Hz satisfy these conditions; therefore, the vibrations below 10 Hz are perceived as discrete tapping stimuli, while the vibrations with frequencies above 50 Hz are recognized as continuous vibratory sensations, inducing different tactile feelings in accordance with vibration frequencies as illustrated in Figure 7.



In addition, the subject reported the influence of the duty ratio. At 5 Hz, the vibrations were clearly recognized even when the duty ratio was considerably low. This implies that the frequency of 5 Hz is not appropriate for the assessment. At 10 Hz, the change in intensity was clearly recognized with the different duty ratios. In accordance with the increase in the duty ratio, the perceived sensation became greater. On the other hand, the difference in intensity was not distinct at 50 and 80 Hz within the duty ratio range of between 1.0 and 2.0%. At 100 and 150 Hz, like at 10 Hz, the perceived tactile sensation became greater at greater duty ratios. Vibrations at 150 Hz were not clearly recognized with the different duty ratios in comparison with the vibration of 100 Hz.



Based on the above experimental results, we decided to employ two frequencies, 10 and 100 Hz, for the cutaneous sensation assessment. The other conditions, including duty ratios and temperatures, will be described in the next chapter.




5. Experiment for the Assessment of the Cutaneous Sensations


We conducted a user experiment to investigate the temperature effects on tactile sensitivities related to the RA I and RA II receptors by presenting vibratory stimuli with different intensity levels by employing the novel tactile display.



Here, we selected six different vibrations in two temperature conditions, as shown in Table 1. The two temperatures were set at 20 and 30 degrees Celsius in the experiment. Thirty degrees Celsius is nearly the same as the average human fingertip temperature [42], while 20 degrees Celsius is in the response range of the cold receptors [43]. By considering the perception range against vibratory stimuli, the duty ratios were set to 0.5, 1.0, and 2.0% at 10 Hz. On the other hand, 1.5, 2.0, and 2.5% were employed at 100 Hz, in which the small duty ratio generates smaller vibration, and on the other hand, the great ratio presents greater physical stimuli. The displacement of the SMA actuators is the same under the same driving parameters.



Nine subjects (7 males and 2 females, all right-handed) participated in the experiment. The number of subjects was determined by referring to the related works [5,6]. All subjects signed an informed consent after the experimental procedure was explained to them. A subject sat on a chair in front of the tactile display and was commonly instructed to place the tip of an index finger on the copper plate of the display to perceive the physical stimuli given by the tactile pins and the thermal unit. The same conditioned stimuli were presented to all the subjects, and we assessed the recognized sensations by the subjects. When the surface of the display reaches the target temperature within approximately 15 s, one of the SMA actuators is chosen randomly to present a vibratory stimulus. After 5 s from the beginning of touching, the subject answers which pin is vibrating through the interface dialog shown in Figure 6. Here, it is noted that the skin temperature was not measured in this experiment. Instead, we observed the display surface temperature and confirmed the temperature was kept stable while presenting the stimuli. At each condition, the stimulus presentation is repeated four times, which is equal to the number of pins in the display, and the number of correct answers is recorded as a score. This process is repeated for 12 conditions, and a quantitative assessment given by the scores ranging from 0 to 4 points is conducted.




6. Results and Discussion


The experimental results are summarized in Figure 8. The scores decreased at 20 degrees Celsius compared to 30 degrees Celsius. The tendency of lower sensitivity at a lower temperature is remarkable at 100 Hz. This is consistent with the previous reports, which reveal that cold stimulus worsens the sensitivity at higher frequencies. For a better understanding of the thermo-tactile interactions, the temperature dependence at higher frequencies and the influences of warmer stimuli will be further investigated by including detailed parameter conditions in our next work.



Regarding the duty ratios, the greater duty ratios resulted in higher scores, as we expected. At 10 Hz vibration, the average score at 2.0% duty ratio obtained 3.9 points, while the score at 0.5% was only 0.94 points. On the other hand, at 100 Hz vibration, the stimuli of all the duty ratios were well recognized, and there was a tendency for the greater duty ratios to obtain better recognition results. These results indicate that the greater duty ratios provide vibrations that are easier to perceive. We verify that the proposed tactile device is able to present different physical stimuli by controlling the pulse frequencies and the duty ratios. On the other hand, at 100 Hz, the variation in the scores is comparatively greater than in the cases of 10 Hz presentations. The results suggest the difference in sensitivities among subjects against the stimuli with higher frequencies. Further considerations are left to our future work.



Figure 9 shows the change in recognition response by trial times at each condition. The blue markers represent the number of subjects who correctly recognized the vibration. The red markers show the number of subjects who answered a certain number but did not correctly identify the vibrating pin, while the green markers indicate the number of those who did not feel vibrations. The trial times did not have any particular effects on the response types. Therefore, it is estimated that adaptations, fatigue, and accustom by repeated trials did not occur in the use of our tactile device.



Figure 10 presents the confusion matrices between the correct answers and the subject’s answers in each condition. The vibrations at 10 Hz with a 0.5% duty ratio tended to be reported with no sensation. The vibrations at 100 Hz at 20 degrees Celsius were confused with other pins situated in adjacent locations, though the physical stimuli were recognized. The ratios of correctly identifying the vibrating pin tended to increase in accordance with the increase in the duty ratio at 10 Hz, while it was nearly stable at 100 Hz.



By using the proposed method, even if a subject does not identify a vibrating pin, he/she is able to give an answer randomly with a ratio of 25%. These problems would also be caused in the case of commonly used vision acuity tests using E chart [44]. In the next study, we will increase the number of patterns for the selection to decrease the chance of random selection.




7. Conclusions


This paper introduced a novel tactile display for presenting vibrations and thermal stimuli simultaneously. The system consists of vibration actuators using SMA wires and a thermal stimulation unit based on Peltier elements. Various tactile patterns were generated by controlling three parameters, which are the frequency, duty ratio of vibration, and temperature. The user experiments were conducted to verify the performance of the developed device and also to investigate the thermal-tactile interaction. The results revealed that the different intensity levels of physical stimuli were successfully generated by controlling parameters, which suggested a possible employment for tactile diagnosis in the medical field.



In the future, we will further explore the tactile sensation in relation to the vibrotactile stimuli and the thermal stimuli by presenting much various and detailed tactile patterns, such as higher or lower frequency vibrations and different temperatures. Since our device installs four vibration pins and a thermal unit, which are independently driven and controlled, plural pins can be driven simultaneously or with time delays. This characteristic will introduce a novel user experiment to ask users to answer the vibrating patterns of pins or the vibrating order of pins, which will be used for the precise diagnosis of tactile sensation. In the next study, we will test our device for the diagnosis of subjects who have abnormal tactile sensation and lower tactile sensitivity. The system will introduce a new quantitative diagnosis of tactile sensation in the medical field.
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Figure 1. Illustration of shape memory effect. 
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Figure 2. SMA actuator for vibration presentation: (a) Entire structure presenting stimuli to a fingertip; (b) Schematic illustration of the behavior. 
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Figure 3. Pulse wave current. 
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Figure 4. Structure of the tactile display: (a) Circuit board with four holes and the positions of SMA actuators; (b) Schematic illustration of the arrangement of actuators; (c) Top view of the tactile display with four SMA actuators covered by copper plate; (d) A finger placed on the display. 
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Figure 5. Overview of the total system. 
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Figure 6. Two different user interfaces. (a) A dialog box with custom parameter settings and a virtual keyboard. (b) A dialog box with pre-defined parameter values. 
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Figure 7. Relationship between the frequency and time resolution. 
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Figure 8. Boxplots of the scores under different conditions. 
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Figure 9. Change in recognition response by trial times. 
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Figure 10. Confusion matrices between the correct answers and the subject’s answers. 
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Table 1. Three different duty ratios against two frequencies and two temperature conditions.
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Frequency [Hz]

	
10

	
100




	
Temperature [°C]

	






	
20

	
0.5%

1.0%

2.0%

	
(Minimum)

(Medium)

(Maximum)

	
1.5%

2.0%

2.5%

	
(Minimum)

(Medium)

(Maximum)




	
30
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