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Abstract

:

Water is an essential substance for humans in their daily lives. There are many opportunities for us to come in contact with water, such as cooking, bathing, and swimming. However, few studies have reproduced the sensation of water touching the skin. This study aims to propose a novel midair haptic device, named FlowHaptics, that reproduces the feeling of the force of flowing water over human fingers using multiple air jets. We first estimated the temporal pressure distribution change of water in two-dimensional space using machine-learning-accelerated fluid simulation. We controlled the airflow based on the pressure distribution change obtained from the fluid simulation to reproduce the feeling of flowing water over the fingers using our proposed device, which can control multiple air jets in real time. We performed a psycho-physical evaluation of different flow velocities and a subjective evaluation of different velocity profiles. We found that FlowHaptics reliably created the illusion of the pressure distribution of flowing water on the fingers where the flow velocity could be distinguished within the range of 8.42% to 13.05%, and our estimated flow velocity profile with the configuration of three air jets felt more similar to flowing water when compared to a constant velocity profile according to the users.
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1. Introduction


Water is one of the most common substances on the Earth [1], and we regularly interact with it in our daily lives. Besides consuming it as a beverage, there are several other opportunities for us to interact with water, such as cleaning, cooking, swimming, bathing, and showering. Despite the rapid development of realistic water graphics [2,3,4] used in Virtual Reality (VR), animation, and the entertainment industry, research that reproduces the force and tactile sensation of water flowing over the skin has not been conducted so far. If we can reproduce the tactile sensation of flowing water, we expect a better immersive experience for the user.



In order to reproduce the sensation of flowing water, using actual water is one option. However, this has several drawbacks such as wetting of the skin and the risk of an electronic device coming in contact with the water and becoming damaged. For flexibility and for safety reasons, it is preferable to use a different substance to reproduce the sensation of flowing water. It is difficult to reproduce the sensation of flowing water with existing conventional nonfluid haptic methods such as ultrasonic [5] or vibratory [6] stimuli. However, the flow of water can be replicated with another fluid. Therefore, we could reproduce the sensation of flowing water using multiple air jets.



In this paper, we introduce FlowHaptics, a haptic device aimed at reproducing the sensation of flowing water over the fingers by using multiple air jets, presented in Figure 1. In order to estimate the force acting on each finger, the simulation was performed in 2D space using fluid simulation with machine learning to accelerate the simulation so that the flow of the fluid could be adapted in real time. To verify the concept, we considered a situation in which the water flows from above the finger. The velocity profile, obtained from the fluid simulation, was used as the input to control the flow rate of the haptic device in real time. Our FlowHaptics was designed so that it can control the velocity of the airflow from three air jets, which can accentuate the frictional flow on the sides of the fingers.




2. Related Works


Although there is existing previous research on noncontact approaches to recreating tactile sensations such as the laser-induced evocation of tactile feedback [7] or using acoustic waves [5] and airflow [8,9,10,11] to deliver tactile feedback to the skin, there is not much research exploring the haptic representation of fluid flow. Saito et al. [12] conducted a sensory evaluation of the frictional force generated in the direction parallel to the skin surface when the skin touches water. As a result, it was shown that the frictional force generated in the direction parallel to the skin surface was characteristic of the feeling of water. In this research, we used this finding to not only produce the force in the vertical direction, but also the force parallel to the finger on both sides of the finger.



Iwata et al. [13] proposed the general concept of the haptic representation of the scalar, vector, and tensor fields. Baxter et al. [14] proposed a haptic feedback system with the fluid flow field generated by simulation.Forces can be generated with haptic devices, such as through a stylus, e.g., the PHANToM [15], which can generate forces of multiple degrees of freedom on the stylus tip. This successfully reproduces the reaction force of the fluid in real time, but the presentation of the reaction force is transmitted to the user through a graspable device. Furthermore, since the reaction force is presented only at one point of the device, it is difficult to experience fine reaction forces. We believe that users can directly experience the reaction force through the skin and that the reactive force should be presented in a distributed manner in order to have a better immersive experience. Yano et al. [16] created a glove-type device that can locally present vibrations induced by 17 motors to the fingers, palms, and back of the hand to simulate the perception of the flow of the wind. They performed a test on the ability to discriminate the wind direction by changing the amplitude and frequency of the vibration of each motor. The wind direction could be distinguished if there was a difference of more than eight degrees. Barreiro et al. [17] demonstrated an ultrasound rendering of a hand interacting with fluids. The system simulated an air-like flow and produced a pressure distribution that was suitable for an ultrasound haptic display.



Instead of just producing tactile feedback on the skin, this research is focused on reproducing the sensation of rapidly falling water on the fingers without the user grasping or wearing a device. The sensation of flowing water is defined as a complex feeling composed of the sensation of force, which is the magnitude of the water’s force on the skin, and the tactile sensation, which is the skin friction that occurs when flowing water passes over the fingers. In this paper, the pressure sensation of falling water hitting the fingers was produced using multiple air jets.




3. Methodology


3.1. Concept


When any fluid acts on any object, as presented in Figure 2, the drag force and skin friction act in opposition to the relative motion of the object with respect to the surrounding fluid flow [18]. When humans touch a fluid, we also expect the sensation of the fluid flow to involve both the drag force and skin friction at the same time. The skin friction especially, i.e., the shear force, arises from the friction of the fluid against the “skin” of the object while the fluid passes, and we believe this should play an important role in the sensation of fluid flow. According to the above hypothesis, we utilized wind flow to represent flowing water, as both air and water are fluids; however, air has less mass than water. Therefore, we added an additional air jet to emphasize the skin friction acting on both sides of the fingers to produce a more realistic sensation of flowing water.




3.2. Theory


The value of the magnitude of the force applied to the skin by the air jets using the device should be accurate. The magnitude F of the force that the surface receives from the fluid when the fluid collides with the surface is described as:


  F = ρ Q V  



(1)




where  ρ  is the density of the fluid, Q is the flow rate, and V is the flow velocity. The flow rate Q is calculated by using the flow velocity V if the flow cross-section S is assumed to be constant such that   Q = S V  , then:


  F = ρ S  V 2   



(2)







In order to express the magnitude of the force applied by another fluid on the surface by using the air jet, the density and velocity of the fluid are replaced by those of the air jet. This results in:


      ρ f  S    V f   2     =     ρ a  S    V a   2      



(3)






     V a    =     V f     ρ f   ρ a        



(4)




where the density and velocity of the fluid are described as   ρ f   and   V f  , respectively, while those of the air jet are expressed as   ρ a   and   V a  , respectively. Since   ρ f   and   ρ a   are constants, if it is possible to estimate the velocity of the fluid, then the same force can be produced by multiplying the wind speed by the proportionality constant.




3.3. Fluid Flow Simulation


The magnitude of the force that the skin receives from flowing water is proportional to the square of the velocity. Moreover, since the pressure distribution and force change with time, we should be able to change the value for the velocity of the flowing water in real time.



The methods to describe the motion of a fluid can be divided into the Euler method [19] and the Lagrange method [20]. The Euler method is a method in which a space is divided into regular grids, and the physical quantity of the fluid is updated every time step, while each regular grid has its own physical quantity such as the flow velocity. In the Lagrange method, a fluid is expressed as a set of particles or moving grids, and the position of each particle/grid is tracked every time step. Since we would like to estimate the velocity in real time, we selected the Euler method approach. Though there are several Computational Fluid Dynamics (CFD) simulation software based on the Euler method and the Navier–Stokes equation, such as OpenFOAM [21] or ANSYSCFX [22], this method is computationally expensive and cannot be performed in real time for velocity estimation.



In this research, we used FluidNet [4], which is a machine-learning-accelerated fluid simulation software using the Euler method to estimate the flow velocity of a fluid at the antinode and both sides of the finger.



The input data were derived using a 2D finger cross-section model to generate the training fluid data for the simulation. The output data were the real-time estimated fluid data. In this research, in order to generalize the prediction of the airflow in any environment, we used a pretrained model from FluidNet, which was derived from 50 standard models from the NTU 3D Model Database [23] using random scaling, rotation, and translation of the patterns in the simulation. As a result, the pretrained model can perform the general prediction of the fluid flow for any model. The fluid simulation with one finger and with three fingers is presented in Figure 3a and Figure 4a, respectively.



Since we expected our application to be able to estimate the flow in real time based on different finger configurations, we utilized a machine-learning-based approach over the traditional physics simulation approach. The outcome from the simulation was not perfectly symmetric because the flow from FluidNet is an estimated version of the flow from the physics simulation approach. This was a tradeoff between the speed and accuracy of the machine-learning-based flow estimation approach. Furthermore, the FluidNet model we used also included wavelet turbulence when predicting the flow so that the flow result was similar to the outdoor environment where air disturbance is expected to occur. As a result, we could obtain the maximum and minimum values of the velocity of the flow on the left, right, and center parts of each finger. Based on the normalized value of the estimated flow velocity, the air jet flow was produced.



In FluidNet’s 2D simulation, the virtual space is pixelized, and information on the flow velocity, volume, and pressure of the fluid is held for each pixel. The simulation was performed on a PC with Ubuntu 16.04 LTS with a GTX 1080 Nvidia Graphic Card. After training, the fluid simulation could be adapted based on the participants’ interaction in real time.




3.4. Device Configuration


The system configuration diagram is shown in Figure 5. A Takanei EARTH MAN air compressor was used to store compressed air at 0.88 MPa in a maximum volume of 39 L. The output pressure could be freely adjusted by the dial attached to the compressor. The air compressor was connected to the air separator by air tubes. Each tube was connected to an ASCO proportional control solenoid valve so that the flow rate was controlled by applying a voltage of 0–24 V to the proportional control valve. Then, the compressed air was ejected via the air nozzle over the fingers.




3.5. Flow Control System


A flow control valve was used to produce the airflow based on the estimated flow velocity obtained from the fluid simulation. The flow control valve was operated by applying a direct current voltage. On the PC, eleven control signals are transmitted to the Arduino microcontroller using serial communication. Specifically, the high-order bit was used as a control section for stopping and starting the operation. The central nine bits were divided into three signals. Each of the three signals represents PWM values from 0 to 255, which are the minimum and maximum flow velocity values. The signal is sent directly to the right, center, and left air control valves. The low-order bit is a terminating character. The result of the velocity control of the airflow is presented in Figure 6.



To validate the output airflow, we used a pressure sensor to measure the output from each tube. The output pressure was converted to the output flow velocity using Equation (2). The flow velocity for each pattern for the one-finger condition and three-finger condition is shown in Figure 7 and Figure 8, respectively.





4. Experiment 1: Flow Sensation with Velocity Change


4.1. Experimental Conditions and Settings


To investigate the performance of the pressure representation of FlowHaptics, we conducted psycho-physical evaluations of the flow sensation. The experimental setup is presented in Figure 9a. As presented in Figure 9b, the device has 3 air nozzles with 1 cm between each nozzle, and the distance from each nozzle to the human finger is 2 cm. During the experiment, we adjusted the output value of the pressure from the compressor from 0.48 MPa to 0.64 MPa. We controlled the auditory and visual input to the subject by having them wear headphones while a monitor presented a visualization of flowing water, thereby reducing the influence of other auditory and visual stimuli. Furthermore, the video on the front monitor presented the same image as the airflow that was produced so that there was no influence from the visual stimulus. We had 10 participants in total. The experiment conditions were conducted as follows:




	
1F: the condition in which only the middle finger was presented to the device;



	
3F: the condition in which the index finger, middle finger, and ring finger were presented to the device.








The shapes of the fingers in 1F and 3F during the experiment are shown in Figure 9c,d, respectively. Furthermore, there were two conditions for the air ejection method as follows:




	
1T: the condition in which FlowHaptics the air was ejected only from the center nozzle;



	
3T: the condition in which FlowHaptics the air was ejected from all 3 nozzles.








Hence, we had four conditions, which were   1 F / 1 T  ,   1 F / 3 T  ,   3 F / 1 T  , and   3 F / 3 T  , for each participant. We analyzed the discrimination performance realized by the proposed device with a constant method. The standard stimulus was set to 95.58 m/s, and we had five comparison stimuli with estimated wind speed values of 54.3, 74.94, 95.58, 114.92, and 136.86 m/s. In each condition, a pair of standard stimuli and one comparison stimulus were presented in a random order, and the participants reported whether the former or latter stimulus felt stronger. A total of 15 comparisons, that is 3 times for the 5 compared stimuli, were made for each condition. In total, 1 participant performed 60 trials of the discrimination sensitivity experiment, that is 15 comparisons for the 4 conditions, i.e.,   1 F / 1 T  ,   1 F / 3 T  ,   3 F / 1 T  , and   3 F / 3 T  .




4.2. Results and Discussions


Figure 10 shows the result of fitting the psychometric curves to the probabilities using a normalized cumulative distribution function. To evaluate the discrimination performance quantitatively, we calculated the Just-Noticeable Difference (JND) as half of the difference threshold levels between the inverse of the curves at 0.25 and 0.75.



From the fitted curves, we could divide the subjects into two groups, which were those who successfully discriminated the output pressure (solid lines) and those who guessed the majority of the stimuli (dashed lines). More than 80% and 70% of the participants were able to successfully discriminate the output pressure using our novel device with one tube and three tubes, respectively. This result is in agreement with other types of haptic devices [24,25], for which a small number of participants were not able to discriminate the sensation.



From those who successfully discriminated the output pressure, we found that the JNDs were 8.88%, 10.80%, 8.42%, and 13.05% for 1F/1T, 1F/3T, 3F/1T, and 3F/3T, respectively. The box plot of the JND for each case is shown on the right side of Figure 10a–d. Based on the JND results for 1F/3T and 3F/3T compared to the JND results for 1F/1T and 3F/1T, it seemed that it was more difficult for the subjects to discriminate the output of the three-tube condition (3T) compared to the one-tube condition (1T). However, the JND results for 3F/1T were about the same as for 1F/1T, and the JND results for 3F/3T were higher than for 1F/3T. Compared with the one-finger condition (1F), the greater sensing area in the three-finger condition (3F) did not strongly affect the discrimination, as the greater sensing area in 3T significantly resulted in participants feeling confused about the difference in flow velocity when compared to 1T.



From this analysis, we can confirm that our developed controlled air jet device is able to sufficiently reproduce the feeling of fluid flow such that a human can classify the different flow velocities.





5. Experiment 2: Different Velocity Profiles


5.1. Experimental Conditions and Settings


In order to investigate how closely the proposed system can emulate the sensation of flowing water that matches human perception, we performed a subjective evaluation based on 3 velocity profiles, which were:




	
Constant: the velocity profile of controlling the air jet at a constant velocity (95.58 m/s) for a certain time. The conditions 1F and 3F are presented in Figure 7a and Figure 8a, respectively;



	
FlowEst1: the velocity profile of controlling the air jet of each control valve using the estimated flow velocity transitions with FluidNet. The velocity profiles of the conditions 1F and 3F are presented in Figure 7b and Figure 8b, respectively;



	
FlowEst2: the velocity profile of the air jets only presenting a flow velocity that exceeded the threshold value (54.3 m/s) among the estimated flow velocity changes by FluidNet. The velocity profiles of 1F and 3F are presented in Figure 7c and Figure 8c, respectively.








Similar to Experiment 1, we applied 3 velocity profiles with 4 conditions; 1F/1T, 1F/3T, 3F/1T, and 3F/3T, respectively. Each trial was repeated 3 times. Therefore, we had   3 × 4 × 3 = 36   trials for each participant. After each trial, we asked the subjects to respond to the question, “How closely did the haptic rendering match your sensation of the flowing water?” using a 7-point Likert scale (1—not at all realistic, 7—highly realistic). We had 8 participants in total.



Note that we had an additional condition, FlowEst2, because we hypothesized that the participant would feel the difference between the exact estimation (from low to high velocity) in FlowEst1 and when the participant experienced only a high velocity (more than 54.3 m/s) in FlowEst2.




5.2. Results and Discussions


We present our results in terms of the box plots shown in Figure 11. We used a one-way repeated-measures analysis of variance (ANOVA) to analyze the data, followed by a paired t-test with Bonferroni correction to find any significant differences.



In the case of 1F, presented in Figure 11a, the paired t-test showed a significant difference between the constant velocity profile and the FlowEst2 profile in the 1F/3T condition with the rate (  t = 2.39  ,   p < 0.05  ). In the case of 3F, presented in Figure 11b, we did not find strong support between each condition as no significant difference was observed. However, by breaking down the analysis, we looked at the highest score among each velocity profile, presented in Figure 12, and we found that the participant preferred the FlowEst1 and FlowEst2 rendering techniques over the constant velocity profile by over 50% in all conditions. FlowEst1 and FlowEst2 with the dynamic change of the flow velocity were considered realistic for some participants, but were considered too complex for some participants. As shown in 1F1T, 3F1T, and 3F3T, some participants preferred the Constant condition over FlowEst1 and FlowEst2 because of its simplicity. Especially in 3F3T, FlowEst1 was considered to be the most difficult to interpret for a number of participants; therefore, it was significantly lower than in the other three conditions. As a result, in 3F3T, subjects who preferred a realistic rendering would choose FlowEst2 over FlowEst1, and subjects who preferred a simple rendering would choose the Constant condition. We also did not find a statistical difference between the other conditions, but we did receive positive feedback from the participants. Example comments from the participants were “Though there is no wetness, I feel flow similar to when water comes out of the tap” and “Compared to three-finger, I felt more realistic flow sensation during an experiment with one finger”, while another participant reported, “The presented flow at the fastest speed was very strong that I feel the heaviness of water”.





6. Conclusions


In this study, we proposed FlowHaptics, a midair haptic representation of flowing water using an air jet system. We developed the prototype system and focused on generating a pressure distribution on the fingers based on the velocity profile obtained from machine-learning-accelerated fluid simulation. We first evaluated the performance of FlowHaptics using a psycho-physical discrimination experiment on the flow velocity. We found that the users were capable of perceiving the different flow velocities with the JND ranging from 8.42% to 13.05%. Furthermore, we conducted a subjective evaluation experiment based on the different flow velocity profiles. We found that using our estimated flow velocity profile from the fluid simulation with our proposed configuration of three air jets, the users felt that the sensation was more similar to flowing water when compared to the constant velocity profile.




7. Limitations and Future Works


The FlowHaptics enables the design of new interactions and the midair sensation of flowing water. However, there are still limitations to our current device. Firstly, though the feeling of flowing water is composed of sensations resulting from temperature, viscosity, and pressure, including the drag force and skin friction, the current version of the proposed device tries to represent the pressure distribution via airflow velocity, so that the friction force applied when the airflow passes over the finger surface imitates flowing water. Secondly, this current study solely focused on the sensation of flowing water, not water in a static condition. Thirdly, in terms of usability, the current device is still limited to sensation at the finger. In order to produce flow sensation on another large part of the human body such as the hand, it is expected that the number of air jet tubes would need to be increased.



In the future, we would like to further develop the device so that it can represent water at different temperatures and in other forms such as static water. By integrating a water spray mechanism and temperature control device, we expect that the other components of the sensation of water such as wetness or temperature can also be realized. If we can represent these additional sensations, it will become possible to achieve a richer virtual experience.
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Figure 1. Our prototype FlowHaptics, which produces midair haptic feedback to replicate the sensation of flowing water. Although the feeling of flowing water is composed of multiple sensations, such as viscosity and temperature, we focused on pressure, including the drag over the fingers and skin friction. 






Figure 1. Our prototype FlowHaptics, which produces midair haptic feedback to replicate the sensation of flowing water. Although the feeling of flowing water is composed of multiple sensations, such as viscosity and temperature, we focused on pressure, including the drag over the fingers and skin friction.



[image: Applsci 11 08447 g001]







[image: Applsci 11 08447 g002 550] 





Figure 2. The sensation of fluid flow is a combination of the drag force and skin friction. We added additional air tubes on the left and right to emphasize skin friction on both sides of the finger. 
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Figure 3. (a) Fluid simulation for 1 finger and (b) the velocity measured in the fluid simulation on the left, center, and right parts of the middle finger. 
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Figure 4. (a) Fluid simulation for 3 fingers and (b) the velocity measured in the fluid simulation on the left, center, and right parts of the middle finger. 
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Figure 5. System configuration. 
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Figure 6. Velocity control of the airflow from the air control value. 
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Figure 7. Flow velocity output value for the one-finger condition. (a) Constant; (b) FlowEst1; (c) FlowEst2. 
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Figure 8. Flow velocity output value for the three-finger condition. (a) Constant. (b) FlowEst1. (c) FlowEst2. 






Figure 8. Flow velocity output value for the three-finger condition. (a) Constant. (b) FlowEst1. (c) FlowEst2.



[image: Applsci 11 08447 g008]







[image: Applsci 11 08447 g009 550] 





Figure 9. (a) Experimental setup; (b) front view of the device; (c) one finger; (d) three fingers. 
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Figure 10. The probability of the subjects responding that the “comparison is stronger” with respect to the standard stimuli from the psycho-physical evaluation results (CS = comparison stimuli, SS = standard stimuli). (a) 1F/1T (b) 1F/3T (c) 3F/1T (d) 3F/3T. 
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Figure 11. Box plot of the result for (a) one finger and (b) three fingers. 
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Figure 12. Bar graph showing the highest scores for each condition. 
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