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Haptic enhancement of touchscreens usually involves vibrating motors producing limited sensations or custom mechanical actuators that are difficult to disseminate. In this paper, we propose an alternative approach called "Touchy," where a symbolic cursor is introduced under the user's finger, to evoke various haptic properties through changes in its shape and motion. This novel metaphor enables to address four different perceptual dimensions, namely: hardness, friction, fine roughness, and macro roughness. Our metaphor comes with a set of seven visual effects that we compared with real texture samples within a user study conducted with 14 participants. Taken together our results show that Touchy is able to elicit clear and distinct haptic properties: stiffness, roughness, reliefs, stickiness, and slipperiness.

INTRODUCTION

Enriching touchscreens with haptic content has become an active field called "surface haptics" [START_REF] Chubb | Shiverpad: a glass haptic surface that produces shear force on a bare finger[END_REF]. A large variety of approaches have been proposed to instrument tactile screens with dedicated actuators providing various haptic feedbacks. They stimulate mechanical receptors in the hand to provide compelling haptic sensations like variable friction [START_REF] Levesque | Enhancing physicality in touch interaction with programmable friction[END_REF][START_REF] Mullenbach | Activepad surface haptic device[END_REF], relief patterns [START_REF] Winfield | T-pad: tactile pattern display through variable friction reduction[END_REF][START_REF] Kim | Tactile rendering of 3d features on touch surfaces[END_REF][START_REF] Saga | Simultaneous geometry and texture display based on lateral force for touchscreen[END_REF], or shape rendering [START_REF] Jansen | Mudpad: fluid haptics for multitouch surfaces[END_REF][START_REF] Kim | Haptic interaction with virtual geometry on robotic touch surface[END_REF][START_REF] Sinclair | Touchmover 2.0-3d touchscreen with force feedback and haptic texture[END_REF][START_REF] Hausberger | Surfticskinesthetic and tactile feedback on a touchscreen device[END_REF]. However, the custom hardware they involve make them difficult to distribute. Pseudo-haptic feedback is an alternative approach based on the fact that haptic perception can be distorted or even overcome by another modality like vision, and thus not not absolutely depending on a physical actuator [START_REF] Lecuyer | Pseudo-haptic feedback: can isometric input devices simulate force feedback?[END_REF]. Most contributions in this field rely on displaying a cursor with an alteration of one of its spatial property, that expresses the simulated haptic feature [START_REF] Lécuyer | Simulating haptic feedback using vision: a survey of research and applications of pseudo-haptic feedback[END_REF]. For instance, stiffness, friction and mass, and surface curvature features can be evoked respectively by changes in shape, speed, and trajectory. Pseudo-haptic principles have been used for various purposes like industrial and medical virtual training [START_REF] Crison | Virtual technical trainer: learning how to use milling machines with multi-sensory feedback in virtual reality[END_REF][START_REF] Bibin | Sailor: a 3-d medical simulator of loco-regional anaesthesia based on desktop virtual reality and pseudo-haptic feedback[END_REF][START_REF] Li | Pseudo-haptics for rigid tool/soft surface interaction feedback in virtual environments[END_REF], improving GUI performance (Baudisch et al., 2005;[START_REF] Mandryk | Sticky widgets: pseudohaptic widget enhancements for multi-monitor displays[END_REF], or compelling perceptual experiences [START_REF] Ujitoko | Yubi-toko: finger walking in snowy scene using pseudo-haptic technique on touchpad[END_REF].

Pseudo-haptic feedback for touchscreens has also been explored by several authors (see section 2.2), but never in a co-localized manner. [START_REF] Ujitoko | Yubi-toko: finger walking in snowy scene using pseudo-haptic technique on touchpad[END_REF] underlined two challenges in applying pseudo-haptic principles to touch interactions: occlusion (the finger touching the screen hides the cursor) and decoupling (altering cursor speed breaks at some point the co-localization, and thus the illusion). Interestingly, most authors kept a cursor similar to the one of a computer mouse, without really discussing its aspect.

In this paper, we introduce "Touchy, " a novel interaction metaphor that expresses a variety of haptic features through the alteration of the motion or the shape of a cursor co-localized with the user's finger. Touchy is able to elicit various texture properties of the underlying content through seven pseudohaptic effects. Each effect is inspired from physical models that evoke haptic properties like roughness, stiffness, or friction through the vibrations, stretches, dilatations, and compressions of the cursor. As it is purely visual and software-based, Touchy does not require any mechanical actuator, which makes it trivial to integrate on any device with a tactile screen, and especially relevant for handheld devices.

In the remainder of this paper, we present related work on texture perception and pseudo-haptic touchscreen enhancement. Then, the Touchy concept is introduced and the seven pseudo-haptic effects are detailed. Two psychophysical experiments evaluating the ability of our effects to induce specific sensations are presented and discussed. Finally, the paper ends with a general discussion and the concluding remarks.

RELATED WORK

Theoretical Background of Texture Perception

Manifold studies investigated the dimensionality of real and artificial textures perception (for a review, see [START_REF] Okamoto | Psychophysical dimensions of tactile perception of textures[END_REF]. If they are generally consistent about the two main features being roughness and stiffness (which definitions are variable though), the rest of their results is quite diversified, without strong contradictions. This can be explained by the fact that these studies vary a lot in terms of stimuli choice, psychological methods, and mathematical methods [START_REF] Wu | Experimental study on the perception characteristics of haptic texture by multidimensional scaling[END_REF]. Bergmann [START_REF] Bergmann Tiest | Analysis of haptic perception of materials by multidimensional scaling and physical measurements of roughness and compressibility[END_REF] demonstrated that if many studies concluded in a 2-or 3-dimensions model, they were valid only for a quite limited range of materials and that more dimensions were required to describe the diversity of real-world textures. [START_REF] Kajimoto | Smarttouch: electric skin to touch the untouchable[END_REF] proposed a taxonomy based on the four types of mechanoreceptors located in the hand: high frequency vibrations for fine roughness, low frequency vibrations for macro roughness, overall pressure for hardness, and lateral forces for friction. They called them "tactile primary colors" to underline the similarity with the 3-dimensional decomposition of color. This 4-dimensional model was confirmed, with an additional thermal dimension, by the remarkable review of [START_REF] Okamoto | Psychophysical dimensions of tactile perception of textures[END_REF] who synthesized more than 40 years of research. These four different mechanical stimuli contribute to tactile perception in a complementary manner, but they are extremely challenging to render artificially altogether.

Most of applied research in haptics thus focused on producing one or two of them thanks to large variety of dedicated actuators (for a review in surface haptics, see [START_REF] Chouvardas | Tactile displays: a short overview and recent developments[END_REF]. However, orthogonal approaches could be considered: what if we can generate rich haptic sensations just through visual effects? As such, pseudo-haptic feedback [START_REF] Lecuyer | Pseudo-haptic feedback: can isometric input devices simulate force feedback?[END_REF] is a good candidate for such endeavor.

Previous Work in Pseudo-Haptics

Pseudo-haptic feedback was first developed to replace expensive haptic devices with passive ones [START_REF] Lecuyer | Pseudo-haptic feedback: can isometric input devices simulate force feedback?[END_REF]. The first contributions mostly relied on modifying the Control / Display ratio of the mouse cursor in order to generate the feeling going through a bump or a hole. Additional works explored other haptic properties such as shape for stiffness, speed for friction or mass, trajectory for slope (for a review, see [START_REF] Lécuyer | Simulating haptic feedback using vision: a survey of research and applications of pseudo-haptic feedback[END_REF]. For instance, [START_REF] Lécuyer | A study of the modification of the speed and size of the cursor for simulating pseudo-haptic bumps and holes[END_REF] compared the choice of modifying the size or the speed of a mouse cursor in order to simulate the reliefs of a texture.

About a decade later, alternative approaches were explored, like simulating stiffness by locally deforming an image being clicked [START_REF] Argelaguet Sanz | Elastic images: perceiving local elasticity of images through a novel pseudo-haptic deformation effect[END_REF] or pressed [START_REF] Punpongsanon | Softar: visually manipulating haptic softness perception in spatial augmented reality[END_REF]. [START_REF] Fleureau | Texture rendering on a tactile surface using extended elastic images and example-based audio cues[END_REF] applied this technique to a digital tablet, with an additional audio feedback to simulate roughness. [START_REF] Nakakoji | Tciex: an environment for designing and experiencing a variety of visuo-haptic sensory conflicts[END_REF] proposed a variety of remote tactile interactions built on pseudo-haptic principles. Their interface was split in two parts: one for control (mostly lateral stroke), one for content display. [START_REF] Kokubun | Representing normal and shearing forces on the mobile device with visuohaptic interaction and a rear touch interface[END_REF] also addressed the problem of occlusion with a separate rear touch interface. [START_REF] Ujitoko | Yubi-toko: finger walking in snowy scene using pseudo-haptic technique on touchpad[END_REF] proposed to scroll a background image with various C/D ratio to induce various sliding sensations. Most existing approaches are based on non-colocated interaction (e.g., the user actuates the cursor through a mouse). The only exception is the work of [START_REF] Ujitoko | Yubi-toko: finger walking in snowy scene using pseudo-haptic technique on touchpad[END_REF] but only the friction dimension was explored.

The goal of the present work is to provide a unified metaphor able to generate a wide variety of pseudo-haptic effects in a co-located setup (i.e., touch interactions).

THE TOUCHY METAPHOR

Touchy enhances touchscreen interactions without the need of any mechanical actuator, through a variety of pseudo-haptics effects (see Figure 1). When the user touches the screen, a cursor appears under the finger and follows it as it strokes the screen, before disappearing on release. The cursor is a white circle about two times larger than a finger. As the finger hovers an area with haptic content, the cursor's motion and shape are altered in order to express the relevant haptic properties. For instance, the cursor might vibrate according to roughness, or deform according to stickiness (see Figure 2A).

We showcase seven different pseudo-haptic effects that address five haptic properties: stiffness, (fine) roughness, reliefs, slipperiness, and stickiness.

These five haptic properties are related to the four "tactile primary colors" [START_REF] Kajimoto | Smarttouch: electric skin to touch the untouchable[END_REF] and can be organized along the corresponding perceptual dimensions: hardness, fine roughness, macro roughness, and friction. For more details about these perceptual dimensions, we refer the reader to [START_REF] Okamoto | Psychophysical dimensions of tactile perception of textures[END_REF].

In the following section, we describe the design of our effects according to the perceptual dimension it aims to stimulate. 

Hardness/Softness Dimension

This dimension relates to elasticity, stiffness, softness; that is, the relationship between pressure and deformation. Most touchscreens do not provide a pressure input, however Argelaguet Sanz et al. ( 2013) suggested to use a simple timedependent profile as an acceptable approximation. The simulated pressure grows with time until a limit value, and decrease in the same way on release.

Compress Effect

The Compress effect (see Figure 2B) relies on this substitution of pressure profile by a time profile. On touch, the cursor appears and immediately shrinks progressively to the target value. On release, the cursor comes back to its initial size before vanishing. The stiffness is represented by the ratio between target and initial cursor sizes.

Friction Dimension

The Friction dimension proposed by [START_REF] Okamoto | Psychophysical dimensions of tactile perception of textures[END_REF] relates mainly to stickiness/slipperiness, and dryness/wetness, although being also correlated with fine roughness. Understanding the physics of friction phenomenons is still an active research topic, as their important number of parameters and non-linearities make them tricky to model in an accurate way. However, some simplistic models like the Coulomb's law have been useful in mechanical engineering for centuries.

Stick Effect

The Stick effect (see Figure 2C) simulate dry friction according the Coulomb's law. It reproduces the two regimes of the wellknown stick-slip phenomenon. In the sticking regime, the cursor stretch as if one of its extremity was fixed to the start position, while the other one follows the finger. When a given amount of deformation is reached, the effect enters to the sliding regime where the cursor just follows the finger without any alteration. The effect switches back to the sticking regime when the finger velocity drop below a given threshold. The stickiness is represented by the deformation limit between the sticking regime and the sliding regime.

Slide Effect

The Slide effect (see Figure 2D) simulate fluid friction and induces a difference between the finger and the cursor speed.

The cursor is accelerated proportionally to finger's speed, as long as they are in contact. It is also decelerated by a viscosity force opposed and proportional to its speed. The slipperiness is represented by the C/D ratio between finger speed and cursor acceleration.

In order to handle decoupling issues, the cursor is accelerated by the finger only if they are in contact, which is not intended to last long. Once they are separated, the finger does not act anymore on the cursor. However, as soon as the user releases and touches the screen again, the cursor is back under them finger. Thus, the decoupling sensation remains limited.

Fine Roughness Dimension

Fine roughness is about high frequency geometrical features of a surface, that are too small to be perceived with static contact. When stroking a surface, the vibrations occurring under the finger are the most salient and effective information to evaluate its fine roughness. These vibrations are known to be correlated to user's finger pressure and speed, however only speed responsiveness was found to be necessary for perceptual realism [START_REF] Culbertson | Should haptic texture vibrations respond to user force and speed?[END_REF]. If the stroked material features a spatial period, it clearly dominates the vibratory spectrum, although the involved physics are still far from being understood in details [START_REF] Janko | On frictional forces between the finger and a textured surface during active touch[END_REF].

These vibrations can thus be represented, as a first approximation, by a single-frequency vibration with a modulation of amplitude and/or frequency according to finger speed. For sake of simplicity, we chose to use finger displacement as phase, multiplied by the wavenumber corresponding to the simulated roughness.

Dilate and Displace Effects

The Dilate effect (see Figure 2F) applies this oscillation to the size of the cursor. When the user strokes the screen, the cursor oscillates in size.

The Displace effect (see Figure 2E), in contrast, applies roughness vibration to position. An 2D oscillatory offset is added to the cursor position to create a visual vibration under the finger. It was given by: f : x → [sin(ωx), sin(0.8ωx)] where x ∈ R is finger displacement and ω ∈ R is the wavenumber (see Figure 2I). 

Macro Roughness Dimension

Macro roughness relates to low frequency reliefs. We used relief maps to store the macro roughness information (see Figure 3). A relief map is a monochrome image that gives, for any relative position on the haptic texture, the corresponding relief height.

Size and Encase Effects

The Size effect (see Figure 2G) simulates a simple perspective effect by magnifying and diminishing cursor size proportionally to relief height on contact point.

The Encase effect (see Figure 2H), in contrast, takes the area covered by the cursor, reads the values corresponding this whole area in the relief map, and changes the 3D shape of the cursor in order to to reproduce the reliefs around the finger position.

USER STUDY

In order to evaluate the ability of our pseudo-haptic effects to induce clear and specific haptic sensations, we designed two user studies.

The first one was intended to validate that our effects were suited for psychophysical evaluation, that is, that a variation of the given haptic property would be perceived as a comparable variation in terms of "overall intensity." The second one investigated in details the qualitative sensations induced by each effect, by comparison with real material samples organized in a reproducible tactile chart.

Fouteen unpaid volunteers (4 females, age 28-55, mean: 41) took part in the two studies that were performed in a single session of about 45 min. All of them but one reported to be right-handed. Before participating, subjects were given an informed consent form explaining the procedure, detailing confidentiality procedures and stating their right to withdraw at any time without prejudice, in accordance with the Declaration of Helsinki. They were free to ask any questions and get answers before signing and enter into the first study. Since the studies were non invasive, a formal approval from an ethical committee was not required by national guidelines.

Stimulus

Visual content has a significant impact on haptic evaluation. In order to study the ability of Touchy to convey haptic information independently of any visual content, we used a uniform gray image for our virtual samples.

The Touchy effects are inspired from physical models that take one specific haptic property as an input: stiffness, fine roughness, reliefs, stickiness, or slipperiness. Three "levels" (L1, L2, L3 conditions) were defined for each of the seven effects, featuring different values of the simulated property (L1 for low value, L3 for high value). These values were subjectively chosen so that the three levels would be easy to distinguish. The 21 virtual samples were displayed on a digital tablet at the same size than the real samples on the tactile chart (about 5 × 5 cm). For the Size and Encase effects, three different relief maps with 2D sinusoidal profiles, shown in Figure 3. The L1, L2, and L3 conditions corresponded to the respective spatial periods of 2.5, 1.7, and 1.25 cm.

First Study: Sorting Task

Hypotheses and Objectives

This study aimed to ensure that the perceived intensity of each effect was positively correlated to the three levels we designed, by testing hypothesis H1: the perceived intensity of an effect is stronger for L2 than for L1 and stronger for L3 than for L2.

Procedure

We grouped our virtual samples by effect to constitute seven trials composed of the three levels of an effect arranged in a random order. During a trial, the three samples were presented simultaneously on a digital tablet. The subject was invited to explore them, then they had to sort them according to their intensity (see Figure 4). The subject was invited to perform a simple movement (touch, stroke, and release over about 2 s) to explore the virtual samples, but was left free otherwise. They were not explicitly informed about the number of effects and presentation logic.

We also expected a learning effect with degraded performances for the first encounters with the effects. In order to take this into account, the whole set of seven trials was performed two times in a row, the first time being considered as a blank test to get familiar with the effects. There was no other repetition.

Results

Table 1 shows the confusion percentage per effect across participants for the sorting task. For all effects except Size, the order was correctly identified in above 70% of the trials, which supports H1.

For all effects, there was little confusion (14% or less) between L1 and L3. Summing these conditions together, the correct answer rate were of 64.3% for Size, 78.6% for Encase, and above 85% for the five other effects.

Discussion

Our results support H1 for all effects except Size, which means that the subjects were able to perceive the three levels as three psychophysical intensities, as they were designed to be. Although subjects were let free to decide which stimulus was the "strongest" and which one was "weakest, " they spontaneously chose the expected order in more than seven times over ten. The worse performances were the ones of the Size and the Encase effect, which might be related to the fact that in contrast with other effects, their haptic property was stored in a map. It is likely that the exploratory movement was too quick or not controlled enough for them, as they were less salient than the five other effects that did not rely on a map but on an homogeneous property.

Second Study: Multi-Dimensional Rating

Hypotheses and Objectives

In this second experiment, we wanted to investigate which precise sensations were evoked by each effect. We hypothesized (H2) that each effect would elicit one specific kind of tactile percepts, and therefore that its intensity variations (N, L1-L3) would induce perceptual differences along one dimension only. For example, an increased intensity for the Compress effect will mainly result of an increased haptic sensation of softness, but similar sensations of friction, fine roughness, and macro roughness.

The qualitative evaluation of a haptic effect can be tricky to design. Spontaneous vocabulary is often poor to describe tactile sensations, and the same word can be used to describe features that are perfectly distinguishable (for instance smooth). Moreover, the direct comparison between two pseudo-haptic effects is delicate: the ability to discriminate two visual cues might not be very informative about the actual sensations provided by the two effects. Therefore, we decided to evaluate our effect in comparison with real materials rather than any other virtual stimulus. By doing so, our study focused on the ability for Touchy to provide sensible information about a virtual texture that is comparable to real texture sensations.

Tactile Chart

The 21 virtual samples described in the first evaluation were used, as well as a "neutral" sample with no effect (N condition): the cursor is displayed and follows the finger without any particular deformation or additional motion.

Besides, we conceived a tactile chart (see Figure 5) adapted from the TouchFeel Box1 , which offers a variety of material samples organized by tactile descriptors. The chart was composed of four descriptors:

• Friction: from slippery (1) to sticky (5) • Hardness: from soft (1) to hard (5) • Fine roughness: from smooth (1) to rough (5) • Macro roughness: from flat (1) to densely bumpy (5). The friction and hardness descriptors were directly taken from the Box (Slippery and Hardness descriptors), as they matched pretty well the considered perceptual dimensions.

The fine and macro roughness descriptors, however, were customized as the closest descriptors in the Box (Roughness and Depth) were found to be non homogeneous and too far from the usual definitions in the literature. Our fine roughness descriptor was composed of five sandpaper pieces with variable grit (80,180,255,360,800). Our macro roughness descriptor was composed of four 3D-printed 2D-sinusoidal profiles with variable spatial period (5, 2.5, 1.7, 1.25 cm) and an equal maximum slope (that is, the amplitude was inversely proportional to the spatial period). In addition, one flat sample was taken from another descriptor (Braking 0) of the Box in order to get five samples going from flat to densely bumped.

Procedure

The exploration of the virtual samples was similar to the first evaluation, except that only one virtual sample was presented at a time. Twenty-two different virtual samples were used: the three levels for each of the seven effects, plus the control condition N where the cursor is displayed without any pseudo-haptic modification. The experiment consisted in two randomized blocks of the twenty-two samples: one training block and one performing block. The training block allowed the subject to get familiar with the procedure; only the answer to the performing block were considered.

The subject indicated, for each descriptor of the tactile chart, which descriptor sample was the closest to the effect. The answer was forced, so that the subject had to give the four answers (going from 1 to 5) before passing to the next trial (see Figure 6). 

Results

The answer distributions are shown on Figures 7,8. Each plot represents the answers given for a particular effect, along the four perceptual dimensions (from 1 to 5). On each plot, the responses given for the control condition N along the four perceptual dimension were added, in order to ease comparison. It is noteworthy that the control condition is the same for all effects.

Statistical analyses were conducted separately for each one of the seven effects and each one of the four perceptual dimensions, that is, 28 analyses were led independently to evaluate the outcomes of each effect on each dimension. In each of those, a non-parametric Friedman ANOVA was performed considering the intensity of the effect as factor (four levels: N, L1, L2, L3). If significant differences between levels were found, a set of pairwise Wilcoxon tests with Holm-Bonferroni correction were performed between the L1, L2, and L3 conditions, as well as between N and the 3 other conditions. The results are summarized in Table 2.

For the Compress, Slide and Size effects, significant differences were found at least between L1 and L3, regarding the perceptual dimension they addressed, and only this one. These results support H2. For the Stick, Slide, and Size effects, significant differences were found between the N condition and at least one other condition, regarding the perceptual dimension they addressed only. These results also support H2, as the effect elicits the right kind of sensations, but they reflect that the intensity range of the effect didn't match well the chart descriptor range.

It is noteworthy that for the Compress and the Slide effects, the average value decreases from L1 to L3. This was expected as the Compress effect simulates softness (as opposed to hardness) and the Slide effect simulates slipperiness (as opposed to stickiness).

The Displace and Dilate effects were found to present significant differences between N and at least two other conditions, but regarding the macro roughness dimension, instead of fine roughness. These results support H2 and show that these two effects were indeed able to evoke relief sensations, but with a perceived frequency lower than expected, resulting in a swap in qualitative judgment.

Finally, the Encase effect did not show any significant difference between condition, although the p-values were very high in all conditions except L1-L3 for macro roughness, which was the expected most favorable comparison. These results do not support H2 for the Encase effect.

Discussion

Our results suggest that Touchy, through its various effects, is able to efficiently elicit different haptic sensations. The Compress, Stick, Slide, and Size effects were found to address their target perceptual dimension in a significant manner, while they had no effect along the other dimensions. The frame indicates the perceptual dimension on which significant differences were found between conditions. The dotted frame indicates a perceptual dimension which was expected to be addressed, but did not yield to significant differences. FIGURE 8 | Evaluation distributions according to intensity conditions for the Dilate (A), Size (B), and Encase (C) effect. The frame indicates the perceptual dimension on which significant differences were found between conditions. The dotted frame indicates a perceptual dimension which was expected to be addressed, but did not yield to significant differences.

Regarding the Slide effect, the average stickiness is higher than the control condition under L1, but lower under L2 and L3. This was expected, as the C/D ratio used to accelerate the cursor was below 1 for L1, and above 1 for L2 and L3. Thus, the cursor was slowed down compared to the finger under L1, and it makes sense that it was rated as "more sticky" than the control condition. On the other hand, the cursor's motion was accelerated under L2 and L3, and it makes sense that is was rated as "less sticky." These results show that our Slide effect is able to simulate a full range between stickiness and slipperiness.

The Displace and Dilate effects were expected to produce fine roughness sensations, but they were perceived as macro roughness effects instead. This can be explained by the fact that for the low level of the effect, the oscillation frequency was very low for slow movements. Also, the oscillation frequency was directly proportional to stroking speed, which was not realistic for low speed. Instead of the frequency, the amplitude could have been modulated by finger speed to give better results while keeping the simplicity of the model. We believe that in this case, we would have obtained significant results on the fine roughness dimension for the Displace and Dilate effect.

The Encase effect was not found to induce significant sensations. This might be explained by the relief maps used as stimuli, which do not represent realistic textures. Additional studies using more realistic maps (representing metallic meshes for instance) should be carried.

FUTURE WORK

Quantitative Evaluation

In addition to the qualitative evaluation that was conducted in our user study, our effects could be examined quantitatively. The role of each parameter could be studied more in depth, in order to identify its exact impact on haptic sensations. In particular, threshold and just-noticeable-differences could be investigated for every parameter of each effect. Given that each effect is able to simulate one particular haptic property, what range does it cover ? How many different values can be distinctly perceived ? We plan to address these issues in future studies.

Fine Roughness Modeling

Fine roughness is usually defined as what is perceived through the vibrations occurring during a stroke. When the stroked material features a predominant spatial frequency, the vibratory spectrum seems concentrated around a sort of fundamental frequency correlated to both the spatial predominant frequency and the stroking speed. The power spectral density is also correlated to stroking speed. Therefore, this phenomenon can be approximated with a mono-frequency oscillation with only two degrees of freedom: frequency and amplitude. The Displace and Dilate effects are based on this simplified model. We intend to explore the use of more sophisticated models, which might improve effect's quality and specifically elicit fine roughness sensations. Only p-values for pairwise Wilcoxon tests are presented (in green if p < 0.05). "ns" mean that the Friedman ANOVA did not show any significant differences (p > 0.05).

Combining Dimensions

A next step in the exploration of Touchy would be to associate different effects, for instance one affecting the motion and one affecting the shape. Would it be possible to address two different dimensions at the same time independently ? If two different effects addressing the same property are used simultaneously, what is the perceptual result ? These exciting leads are to be investigated in further studies.

Use of Haptic Databases

Several haptic databases have been made available [START_REF] Culbertson | The Penn Haptic Texture Toolkit for Modeling, Rendering, and Evaluating Haptic Virtual Textures[END_REF][START_REF] Strese | A haptic texture database for tool-mediated texture recognition and classification[END_REF] with vibration recordings of a large variety of textures. This data could be used for more sophisticated fine roughness effects. The visual provided in the databases could also be used to study the interaction between visual and pseudo-haptic content and the result of sensory conflicts.

CONCLUSION

In this paper, we have presented Touchy: a novel interaction metaphor for pseudo-haptics on touchscreens, which addresses the challenges previously identified in the literature. We proposed and implemented a set of seven pseudo-haptic effects, and conducted a user study to investigate the ability or our effects to evoke specific haptic features. All effects but one were found to elicit one particular perceptual dimension: hardness, friction, or macro roughness. Unexpectedly, the two effects addressing fine roughness evoked macro roughness instead. The combination of several effects and the interaction with visual content should be investigated in future work.

ETHICS STATEMENT

Our research center does not have an ethical committee yet, thus we made our best to follow ethical principles and used a preliminary form to ensure free and informed consent from participants. In the two studies we present, participants were first given an informed consent form (provided here as Supplementary Materials), explaining the principles and protocols of the experiment, stating clearly that their participation was entirely voluntary and that they could withdraw at any time without justification, with no prejudice. They had the time to ask whatever questions they had before signing the form and starting the experiment. The two studies consisted in manipulating tactile tablets and did not present particular health risk. Sensitive data (age and gender) were collected on separate, anonymous files. The collected results of the tasks were stored anonymously.

FIGURE 1 |

 1 FIGURE 1 | Touchy is a co-localized cursor for tactile displays that deforms and/or moves to evoke a variety of haptic properties, covering four different perceptual dimensions: fine roughness, macro roughness, hardness, and friction.

FIGURE 2 |

 2 FIGURE 2 | The seven visual effects evaluated in the study. (A) A virtual sample with the Stick effect. (B) The Compress effect evokes softness by shrinking over time. (C) The Stick effect evokes stickiness by deforming on small movements. (D) The Slide effect evokes slipperiness through velocity decoupling. (E) The Displace effect evokes fine roughness through motion vibrations. (F) The Dilate effect evokes fine roughness through size vibrations. (G) The Size effect evokes macro roughness through size changes. (H) The Encase effect evokes macro roughness through 3D shape changes. (I) The vibration pattern used for the Displace Effect.

FIGURE 3 |

 3 FIGURE 3 | Relief maps used for the Size and the Encase effects. (A) Map for the L1 condition. (B) Map for the L2 condition. (C) Map for the L3 condition.

FIGURE 4 |

 4 FIGURE 4 | Sorting task between the three levels of each effect. (A) The three levels are explored. (B) The subject sorts them by intensity.

FIGURE 5 |

 5 FIGURE 5 | The tactile chart used in the experiment (A) was adapted from The TouchFeel Box (B). Sandpaper pieces and 3D printed relief profiles were used for the fine and macro roughness descriptors (C) .

FIGURE 6 |

 6 FIGURE 6 | Evaluation of a virtual sample with the tactile chart: The subject explores the sample (A), then situate it on the chart with four answers from 1 to 5 (B).

FIGURE 7 |

 7 FIGURE 7 | Evaluation distributions according to intensity conditions for the Compress (A), Stick (B), Slide (C), and Displace (D) effects. The frame indicates the perceptual dimension on which significant differences were found between conditions. The dotted frame indicates a perceptual dimension which was expected to be addressed, but did not yield to significant differences.

  

TABLE 1 |

 1 Results for the sorting task: percentages of permutation between effects' levels.

	Effect

TABLE 2 |

 2 Summary of the statistical analysis for the second experiment for each effect and perceptual dimension.

	Perceptual dimension	Intensity	Compress	Stick	Slide	Displace	Dilate	Size	Encase
	Hardness	N-L1	0.78	ns	ns	ns	ns	ns	ns
		N-L2	0.56	ns	ns	ns	ns	ns	ns
		N-L3	0.26	ns	ns	ns	ns	ns	ns
		L1-L2	0.152	ns	ns	ns	ns	ns	ns
		L2-L3	0.037	ns	ns	ns	ns	ns	ns
		L1-L3	0.018	ns	ns	ns	ns	ns	ns
	Friction	N-L1	ns	0.035	0.043	ns	ns	ns	ns
		N-L2	ns	0.035	0.533	ns	ns	ns	ns
		N-L3	ns	0.032	0.083	ns	ns	ns	ns
		L1-L2	ns	ns	0.014	ns	ns	ns	ns
		L2-L3	ns	ns	0.054	ns	ns	ns	ns
		L1-L3	ns	ns	0.004	ns	ns	ns	ns
	Fine roughness	N-L1	ns	ns	0.69	ns	ns	0.29	ns
		N-L2	ns	ns	0.27	ns	ns	1	ns
		N-L3	ns	ns	0.19	ns	ns	0.6	ns
		L1-L2	ns	ns		ns	0.11	ns	ns
		L2-L3	ns	ns	1	ns	0.67	ns	ns
		L1-L3	ns	ns	0.27	ns	0.12	ns	ns
	Macro roughness	N-L1	ns	ns	ns	0.039	0.020	0.044	1
		N-L2	ns	ns	ns	0.056	0.025	0.032	0.32
		N-L3	ns	ns	ns	0.028	0.025	0.035	0.32
		L1-L2	ns	ns	ns	0.17	0.33	0.229	0.116
		L2-L3	ns	ns	ns	0.17	0.33	0.229	0.572
		L1-L3	ns	ns	ns	0.17	0.33	0.006	0.071
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