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During interaction with objects in Virtual Reality haptic feedback plays a crucial role for creating convincing immersive experiences. Recent work building upon passive haptic feedback has looked towards fabrication processes for designing and creating proxy objects able to communicate objects’ properties and characteristics. However, such approaches remain limited in terms of scalability as for each material a corresponding object needs to be fabricated. To create more flexible 3D-printed proxies, we explore the potential of metamaterials. To this aim, we designed metamaterial structures able to alter their tactile surface properties, e.g., their hardness and roughness, upon lateral compression. In this work, we designed five different metamaterial patterns based on features that are known to affect tactile properties. We evaluated whether our samples were able to successfully convey different levels of roughness and hardness sensations at varying levels of compression. While we found that roughness was significantly affected by compression state, hardness did not seem to follow the same pattern. In a second study, we focused on two metamaterial patterns showing promise for roughness perception and investigated their visuo-haptic perception in Virtual Reality. Here, eight different compression states of our two selected metamaterials were overlaid with six visual material textures. Our results suggest that, especially at low compression states, our metamaterials were the most promising ones to match the textures displayed to the participants. Additionally, when asked which material participants perceived, adjectives, such as “broken” and “damaged” were used. This indicates that metamaterial surface textures could be able to simulate different object states. Our results underline that metamaterial design is able to extend the gamut of tactile experiences of 3D-printed surfaces structures, as a single sample is able to reconfigure its haptic sensation through compression.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | The six visual material textures: concrete, wood, plastic, fabric, glass and metal used in the main experiment. In addition, an example how participants interacted with the samples.
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1 INTRODUCTION
Virtual Reality (VR) allows users to immerse themselves in artificially generated worlds. Today’s VR experiences are already compelling in terms of their visual and auditory aspects. However, technology for providing haptic feedback still remains in its infancy. As touch sensations are essential in understanding the physical world around us (Robles-De-La-Torre, 2006), haptic feedback remains crucial in creating realistic and plausible virtual experiences wherein users can feel present and act accordingly (Slater, 2009).
A variety of methods has been illustrated for simulating touch experiences in immersive virtual environments (IVEs). One common approach for generating detailed tactile sensations is called passive haptic feedback (PHF). Here, tangible objects serve as passive proxies for virtual representations, which has been shown to greatly benefit the user’s sense of presence (Insko, 2001). While this technique can provide highly realistic haptic details, it remains bound by several limitations (Nilsson et al., 2021). To successfully render haptic properties, proxies need to provide the user with physical sensations that are co-located with their virtual counterpart, and at the same time provide a sufficiently similar feeling in terms of its material, e.g., texture, and geometrical properties, e.g., shape. This results in scaling issues, as the number of proxies required to represent large amounts of virtual objects, each with varying haptic properties, rapidly increases.
Our work looks towards the field of fabrication to create more scalable and flexible proxy objects. As recent advancements of fabrication technologies support the manufacturing of highly detailed physical artifacts, they have been used to construct artifacts with varying haptic properties. Examples include methods for designing objects with desired mechanical behavior, such as elasticity or deformation through varying internal microstructures (Bickel et al., 2010; Schumacher et al., 2015), or for fabricating perceptually-varying surface texture qualities (Piovarči et al., 2016; Degraen et al., 2021b; Gedsun et al., 2022). Moreover, these approaches have been used in virtual settings to create tactile experiences through passive haptic proxies. For example, Degraen et al. (2019) utilized 3D-printed hair-like structures to serve highly detailed tactile sensations for virtual textures. Through variations of each structure’s hair length, their tactile perception in terms of hardness and roughness could reliably be influenced. While such abstract structures are able to support the visuo-haptic perception of different virtual materials, still a large enough set of objects needs to be produced.
In this work, we focus on fabricating proxy objects that are able to change their tactile properties. Firstly, we present an investigation into the perceptual gamut of 5 metamaterial patterns by changing their compliance and surface features through lateral compression (see Figure 1). We outline our designs and the implemented fabrication process. Our results show that compressing our metamaterials elicit different tactile perceptions in terms of hardness and roughness. However, the changes were not found to be consistent across all metamaterial patterns. Based on these insights, we narrowed our set of samples down to 2 patterns that provided a wide range of tactile impressions. We examine the use of these patterns as passive haptic proxies for simulating visuo-haptic material experiences in VR. From our results, we see that metamaterial patterns are able to support tactile material perception through visuo-haptic stimuli. However, we also note that high levels of metamaterial compression created discrepancies between the physical features and their visual overlays. This caused haptic dominance during exploration, as participants mostly relied on their tactile impressions for highly compressed scenarios. Specifically, we contribute the following.
1. A novel concept for simulating tactile experiences in VR based on 3D-printed metamaterial actuation;
2. The design of five metamaterials, including their fabrication process and open-sourced designs;
3. An initial investigation into the effectiveness of actuated metamaterials for simulating roughness and hardness, and their application for simulating texture and material experiences in VR.
[image: Figure 1]FIGURE 1 | Metamaterial designs 1 to 5, each in three different actuation states 0 mm, 2 mm, and 6 mm.
2 RELATED WORK
In the following section, we provide an overview of the relevant literature.
2.1 Haptic feedback for Virtual Reality
Providing haptic feedback when touching or interacting with virtual objects remains a challenge in VR. To address this, researchers have divided approaches into three basic classes: active, passive and mixed haptic feedback. Active approaches use computer-generated actuation to provide force feedback for interactions with what otherwise would remain purely virtual content (Insko, 2001). For instance, the TextureTouch haptic controller (Benko et al., 2016), renders textures at the tip of a user’s index finger by utilizing an actuated pin-array. However, such devices are often challenging to design and develop due to their high computational and mechanical complexity.
On the other hand, there exist passive approaches, often called proxies (Insko, 2001; Nilsson et al., 2021)—physical “stand-ins” for virtual objects. Ideally, a single proxy object can be used for various virtual models, reassembling their relevant physical properties such as shape and size (Feick et al., 2020a) or weight (Zenner and Krüger, 2017). Especially interesting in the context of our work, are proxies for material texture perception. Here, most notably is the work by Degraen et al. (2019) on 3D-printed hairs. The authors were able to influence the feeling of roughness and hardness by changing the length of the printed hairs, and by overlaying visual textures, they effectively increased the resolution. Yet, the downside of purely passive approaches is their inflexibility, i.e., proxies cannot change themselves to extend their haptic rendering capabilities.
It is this gap that mixed approaches fit in. Here, a well-known concept is Dynamic Passive Haptic Feedback (DHPF) (Zenner and Krüger, 2017), describing passive proxies that have actuating parts in order to change their own properties, e.g., weight distribution. For example, the Haptic Revolver (Whitmire et al., 2018) which can dynamically change the haptically perceived material when touching virtual objects’ surfaces. HairTouch (Lee et al., 2021) dynamically renders stiffness, roughness and surface height differences realistically using reconfigurable brush hairs as a proxy. Finally, Snaker Charmer (Araujo et al., 2016) is an encounter-type haptic device consisting of a robotic arm with a box as an end-effector. The box is augmented with different textures on each square face and depending on which virtual surface a user touches, it quickly rotates the box to the face with the corresponding physical texture.
2.2 Mixed texture perception
Through multisensory integration, our brain combines signals from different sensory channels in order to create a coherent perception. It is commonly understood that different stimuli are weighted according to their reliability (Ernst, 2012). This results in scenarios where one sense can show dominance over another upon receiving mismatching information. In visuo-haptic environments, this effect has been explored for simulating different perceptions. For example, methods relying on visual dominance have been shown to be able to provide pseudo-haptic feedback for virtual UI elements (Speicher et al., 2019), while visual distortion approaches are able to influence the perception of an object’s weight (Samad et al., 2019), size (Bergström et al., 2019) or function (Feick et al., 2021).
In order to simulate tactile experiences, previous work has combined visual textures with influencing different tactile dimensions of texture perception (Okamoto et al., 2013). For example, Lécuyer (2009) utilized a pseudo-haptic approach to influence the perception of stiffness of a virtual spring. Other methods investigated the perception of textures in mixed reality (MR) environments using techniques that exploit visual dominance (Iesaki et al., 2008; Punpongsanon et al., 2015; Strohmeier et al., 2018; Sato et al., 2020). Here, Punpongsanon et al. (2015) influence the perception of softness by augmenting surfaces using different projection-based visual effects. More recently, Sato et al. (2020) proposed different visual hand augmentations to modify the user’s perception of surface textures in terms of unevenness, slipperiness, and softness.
Our work builds upon fabrication methods to influence tactile perception. During the exploration of textures and materials using one’s fingers, abstract fabricated structures have been used in combination with visually overlaid textures to simulate material experiences (Degraen et al., 2019). Here, hair-like structures were proposed to influence the perception of roughness and hardness. In combination with visual texture overlays, participants indicated a wide gamut of material impressions. Hair-like designs were further studied by Takahashi and Kim (2022) to create haptic displays using perforated plates to alter the length and behaviour of the available set of hairs.
2.3 Fabricated metamaterials
Metamaterials can be defined as: “…a novel class of complex composite materials [with the] ability to exhibit any desirable electromagnetic, acoustic, or mechanical property such as negative mass, stiffness, or Poisson’s ratio…” (Valipour et al., 2022). There exist many categories of metamaterials; however, we are most interested in the ones, allowing us to change the surface structure. Generally, metamaterials are composed of unique cells on a regular grid. Varying cell designs are used to achieve the desired behaviour (Gangwar and Gangwar, 2014; Valipour et al., 2022). An interesting class of metamaterials, are so-called auxetic materials. In contrast to regular materials, they can enlarge their surface area (negative Poisson ratio) when being stretched. An approach to reproduce surface structures using auxetic materials was presented by Steed et al. (2021). Their prototype consisted of a deformable auxetic material placed on mechanical pistons that can vary the curvature of the surface, resulting in different terrains, while remaining its local stiffness.
To design and manufacture metamaterial textures using FDM 3D-printing, Ion et al. (2018) developed a publicly available editor. The shape and structure of the metamaterial are inspired by Origami and surface wrinkling techniques. Using the different created surfaces, each metamaterial can be compressed, forcing certain cells to deform. For example, a bicycle handle with an adjustable grip, i.e., more or less friction caused by a compressed and uncompressed metamaterial, respectively. Their follow-up work presented an approach to enable reconfiguration of their designs without the need for reprinting (Yang et al., 2022). To enable compression of metamaterial designs, Neville et al. (2016) present actuated metamaterials inspired by Kirigami, i.e., the art of cutting and folding paper to get 3D shapes. They ran multiple strings through their metamaterial designs to achieve deformations that go beyond single axis compression. In fact, this opens-up an interesting design space for metamaterial actuation.
Our work aims to support the design and fabrication of novel proxy objects that can dynamically change their tactile properties upon actuation. We take inspiration from the most recent work in the fabrication space on 3D-printed metamaterials, studying their potential to enhance tactile experiences in VR.
3 METAMATERIALS FOR TACTILE TEXTURE PERCEPTION
In this section, we outline the design, implementation and fabrication of our actuated 3D-printed metamaterial prototypes. We provide valuable insights and lessons learned to ensure that our approach is reproducible. Our central interest lies in changing roughness and hardness properties of a metamaterial by actuating (compressing) it, allowing it to act as a proxy for several virtual material textures.
3.1 Design
In total, we designed five different metamaterial patterns that can be actuated. To influence their tactile perception, we focus on the properties of hardness and roughness, which have been found to be the main contributors of texture and material perception (Okamoto et al., 2013). Below, we discuss the design choices for our two perceptional dimensions of interest, hardness and roughness.
3.1.1 Hardness
To change the hardness of the metamaterial, we utilize the concept of porous materials—solids that contain (penetrating) pores. A measurement for how porous a material is, is called porosity, which is defined by the fraction of pore volume to the total volume of a material. If a material has a porosity level of 0.2–0.95, it counts as porous according to the definition of Ishizaki et al. (2013). This criterion is fulfilled for our designed metamaterial patterns. Lu et al. (1999) investigated strength, the elastic modulus and the hardness of porous materials. They found that all of these material properties substantially decrease, when porosity increases. We build on their results by using porosity as our core design variable to change the hardness within the same metamaterial. To summarize, when we decrease the porosity within 3D-printed metamaterials, we increase their hardness. In Figure 2, we illustrate a compressed cell of our metamaterial 3D-prints, leading to a reduced fraction of the pores. Thus, the porosity decreases, and therefore we would expect an increase in the perceived hardness of the metamaterial.
[image: Figure 2]FIGURE 2 | Metamaterial deformation simulation. (A) Fixating metamaterial arches creates a uniform periodic deformation. (B) By not fixating uneven arches, the metamaterial deforms upwards.
Please note that compressing the metamaterial will ultimately lead to emerging features such as bumps (see Figure 1). In fact, this adds a second “haptic” layer, potentially affecting hardness sensations. To investigate this potential issue, we ran a preliminary experiment.
3.1.2 Roughness
To achieve changing roughness sensations within one metamaterial, we based our designs on two core principles. First, the emerging features from our metamaterials should be in the range of 2 mm–3.5 mm, because Klatzky et al. (2013) found that the perceived roughness increases consistently with inter-element spacing up to approximately 3.5 mm. Second, the features should still be perceived as one surface. Therefore, we incorporate findings from two-point discrimination experiments. Dellon (1978) describe this as the distance between two perceivable points can be distinguished from one another. Depending on age, this distance usually varies between 2 and 3 mm. Hence, we use a feature distance of maximum 3 mm, ensuring that our metamaterials are perceived as one surface.
3.1.3 Metamaterial patterns
Finally, we present our resulting metamaterial patterns based on the previously outlined design principles and many iterations. MAT1 and MAT2 are closest to the proposed feature spacing range of 2 mm–3.5 mm when they are compressed (see Figure 1). They contain the smallest bumps and spikes emerging that we were able to produce with our fabrication technique described below. Furthermore, their patterns aim to achieve the smallest feature size achievable with the way our metamaterials are structured—without the features being spaced too far apart. The main difference between MAT1 and MAT2 is the design of the spike shape emerging. MAT2 has more rounded edges. We include this slight variation, as it reassembles a worn off version of MAT1, because Myers (1962) found that worn off materials can result in different roughness sensations. Adding a worn off state of MAT1, enables us to collect insights, helping us to better understand longevity and potential perceptual drifts caused by material deterioration.
We included MAT3 design as a pattern that does not use “spiky” features. This comes with the sacrifice of the metamaterial features becoming larger—exceeding the 3.5 mm discrimination threshold. Hence, this design does not meet the criteria to achieve the feeling of one surface, as the features become clearly distinguishable. Yet, exploring a non-spiky pattern was an interesting design variation. MAT4 is the spiky counterpart to MAT3, allowing us to investigate how much the “spikiness” plays a role with larger surface features.
Finally, metamaterial MAT5 was specifically designed for simulating hardness. This material has the greatest change in porosity upon all metamaterials presented. With this, we aim to study whether the change in hardness found by Lu et al. (1999) also holds true for our metamaterial patterns. When looking at the structure of this material, the emerging features appear to be straight bumps and thus, will most likely not be associated with roughness.
3.2 Actuating 3D-printed metamaterials
In this section, we describe our actuation approach. Our ultimate goal was to implement a prototype that allows compressing metamaterials linearly, resulting in various different states. As a result, we can control surface changes as shown before.
3.2.1 Initial prototyping and design requirements
Ion et al. (2018) demonstrate how 3D-printed metamaterials behave when being compressed. An example for a non-actuated as well as an actuated metamaterial can be seen in Figure 3. In order to actuate our metamaterials, resulting in the desired equal deformation, every second pillar inside the metamaterials must freely move vertically upwards upon compression. For instance, in Figure 2 these are the uneven pillars 1, 3, 5 and 7; even pillars, i.e., 0, 2, 4, 6, and 8 are prevented from going upwards. The triangular shapes in the segments between the pillars encourage the behaviour of moving only every second pillar upwards.
[image: Figure 3]FIGURE 3 | Actuation Setup. (left) A stepper motor and two cranks are used to compress the metamaterial. (center) Detailed view of a compressed metamaterial showing periodic deformation. (right) Embedded tubes guide metal support pipes to ensure equal distribution of applied force creating a uniform compression across the surface.
However, one key limitation is the flexibility of the metamaterials which causes the mechanism to not work properly, when metamaterial structures become larger. For instance, for two rows of cells, triangular shapes work properly, but once we added a third or more rows to the metamaterials, the deformation behaviour changes. Figure 2B illustrates the effect when compressing a larger metamaterial, only relying on the deformation mechanism 3D-printed directly into them. The metamaterial starts not deforming row by row, but instead deforms in total, and escapes as an arch unevenly upwards. Based on our initial experiments and several prototyping iterations, we formulated the following requirements for the actuation mechanism:
R1: Our actuation approach should force the metamaterials to move vertically upwards row by row, instead of the whole metamaterial arching as one unit.
R2: Our actuation approach should only allow every second pillar within the metamaterials to freely move vertically upwards and downwards.
R3: Our actuation approach should result in uniform distribution of emerging features throughout the entire actuation spectrum.
3.2.2 Actuation approach
Based on the requirements stated above, we developed an actuation approach inspired by Neville et al. (2016). In their work, authors fed strings through their metamaterials and used a pulling force on the strings to achieve the deformation. Applying this to our designs comes with the need to further modify the 3D-prints with holes running through the materials and cut-outs in the inner metamaterial pillars. We started testing with one hole through each metamaterial cell, which we directly 3D-printed into them.
Initially, we used standard fishing line fed through the metamaterials, allowing us to compress the material by pulling on the strings. However, the metamaterials unevenly deform, as illustrated in Figure 2B. This is caused by the strings, because they do not restrict the metamaterial to a single plane of motion. Therefore, we replaced the fishing line with small metal pipes that can be seen in Figure 3. The stiff metal pipes restrain the metamaterials to stay in one plane—solving the problem of the non-uniform deformation (R1). To achieve the desired deformation state, we switched to a pushing/pulling approach and added two fixation blocks, where either end of the metal pipes can be inserted. The cranks are moved by a Nema 17 stepper motor and controlled using an Arduino Uno and a DRV8825 driver. The setup can be seen in Figure 3.
As defined above, every second pillar within the metamaterial must be allowed to move vertically upwards and downwards (R2). With only the holes for the pipes inside the materials, pillars inside are now restricted to move because of the metal pipes. As a result, we changed the holes in every second pillar into full openings. For the material next to the holes to not rub at the stiff metal pipes, we also cut out the bottom layer of the metamaterial cells, which can be seen in Figure 3 (right).
In the last step, we specifically looked at (R3), because we observed differences in how the features emerged due to the way we achieved the material compression, i.e., the metamaterial cell row nearest to the crank will compress more than the second one and so on. This was unproblematic for achieving binary actuation states, compressed and uncompressed; however, it does not support consistent “infinite” states in-between. Hence, we attempted to create a more uniform force distribution while actuating. To do so, we first embedded small metal springs around the metal pipes. If metal springs are sufficiently stiff, they will transfer the applied pressure to the neighbouring cell, before they fully compress. Nevertheless, we were unable to find metal springs that had the correct stiffness given our form factor; most of them were not stiff enough or too large. Instead of springs, we then 3D-printed small tubes out of flexible filament that we fitted around the metal pipes shown in Figure 3. They offer suitable stiffness which can be adjust by changing their wall thickness. For our 3 × 3 metamaterial designs, we used tubes with a wall thickness of 2 mm and a length of cell space minus 1 mm. This allowed us to reach 4 visibility distinct actuation states, with 2 mm steps of compression added for each new state.
Currently, our metamaterial patterns have to be manually post-processed in CAD software after they have been procedurally generated. In addition, they require additional hardware embedding, e.g., metal pipes to serve as support structures. More advanced multimaterial 3D-printing may reduce the need for such additional support, as this would be able to embed internal structures directly into the design using rigid filaments such as PLA or carbon compounds. Additionally, the currently embedded metal pipes influence hardness. To address this, we experimented with different designs and found that up to a metamaterial size of 3 × 3 or 4 × 4 cells at a cell sizes of 15 mm, designers can rely on only two metal pipes in the outermost cell rows. This creates an area in the centre of the metamaterials that can be explored without the influence of the support structures.
3.3 Fabrication process
Our objective was to create a 40 mm × 40 mm intractable surface area that can be explored with a user’s index finger (Degraen et al., 2019). Similar to Ion et al. (2018), we aimed to fabricate our metamaterials with a low-cost off-the-shelf FDM printer. According to the authors, they used filament with a shore hardness rating of 85A. The lower the shore hardness rating (A-value), the softer the material. However, since our use case differs from their application, we 3D-printed metamaterial samples with multiple filaments: Prusa PLA (95A), Recreus FilaFlex (90A), Recreus FilaFlex (82A) and Recreus FilaFlex (60A). We used the most basic cell shape available in the editor and set the cell size to 15 mm.
All samples were 3D-printed on a Prusa i3 MK3S using the recommended settings from the corresponding filament providers. We investigated two properties: (1) how easy the metamaterial can be deformed, and (2) how well the prints return into their original shape after deformation. Both, the 82A and the 60A shore hardness filaments showed promising results, satisfying the two criteria. In next step, we 3D-printed varying cell sizes: 15 mm, 12 mm and 9 mm. The latter being the smallest cell size we could reliably print with the Prusa i3 MK3s. When testing the deformation of these prints, we found that the smaller the movable features of the metamaterial, the softer the filament needs to be. This appears to be an interesting trade-off between cell size and filament hardness, and an important aspect when fabricating metamaterial structures.
While experimenting with the printing settings, we observed that many variables such as slight variations in nozzle temperature or tightness of the printer screw significantly affect the hardness and quality of the resulting metamaterial prints. Therefore, we provide our final 3D-printing settings below. This should be a solid starting point for anyone who wants to fabricate and experiment with their own 3D-printed metamaterials.
• Basic settings: the basic profile and settings should be taken from the manufacture’s website.
• Print quality: 0.15 mm.
• Infill: 10%. May be increased for larger metamaterial prints.
• Printing speed settings: we set printing speeds settings to 20 mm/s.
• Nozzle temperature: 212°C.
• Printer screw position: unscrew 2–3 rotations.
• Extruder: set to zero in the slicer software.
Finally, our final prototypes use a 3 × 3 grid, with 15 mm cell sizes. This results in a 4.5 cm × 4.5 cm surface in the uncompressed state. The average minimal actuation of the metamaterials for the first features to emerge lies around 2 mm. Further actuation states are visibly distinguishable when actuating linearly in 2 mm steps. With each metamaterial design (MAT1–MAT5) we achieved four distinct actuation states, where the maximum compression will be reached at 6 mm. As a result, even maximal compression still results in a large enough surface of 4.5 cm × 3.9 cm to be explored.
4 EXPERIMENT 1: TACTILE METAMATERIAL PERCEPTION
To understand the tactile perception of our metamaterials, we conducted a preliminary experiment.
4.1 Design
The goal of this preliminary experiment was to gather first insights into how our actuated 3D-printed metamaterial patters are haptically perceived in terms of roughness and hardness. Additionally, we wanted to understand whether certain metamaterial patterns are more suitable for simulating roughness and hardness. To investigate this, we used a within-subjects design consisting of a baseline and similarity assessment phase.
4.1.1 Baseline assessment
In the baseline condition, we presented each of the 20 material states once to the participant. They were asked to explore them with the index finger of their dominant hand. Then, they rated each material in terms of roughness and hardness on a 9-point Likert scale. The order in which the metamaterials were presented to the participants was counterbalanced using Latin square. We asked the following questions:
Q1.1: How hard would you rate the inspected material? (1 = extremely soft; 9 = extremely hard).
Q1.2: How rough would you rate the inspected material? (1 = extremely smooth; 9 = extremely rough).
4.1.2 Similarity assessment
To directly compare the different 3D-printed metamaterial patterns and their actuation states to each other, we included a second condition. This resulted in [image: image] material combinations participants had to assess. Here, we presented two different metamaterial patterns simultaneously to participants. We asked them to explore both samples and consequently rate them on a 9-point Likert scale with respect to their similarity in terms of roughness and hardness:
Q2.1: How similar does this material feel in terms of hardness? (1 = extremely different; 9 = extremely similar).
Q2.2: How similar does this material feel in terms of roughness? (1 = extremely different; 9 = extremely similar).
4.2 Hypothesis
We formulated the following two hypotheses:
H1.1: Increasing the compression of our 3D-printed metamaterial patterns leads to an increase in their perceived roughness.
H1.2: Increasing the compression of our 3D-printed metamaterial patterns leads to an increase in their perceived hardness.
4.3 Participants
We recruited six participants (two female and four male), aged between 23 and 59 (M = 25.5, SD = 15.2) with backgrounds in law, engineering, accounting, computer sciences and the medical domain. Regarding hand dominance, most participants indicated to be right-handed, while one participant noted they were ambidextrous with a preference for left-handed interaction. Participants stated they did not have any impairments that could influence both their visual or tactile perception. All participants indicated on a 5-point Likert scale they never worked with textiles (M = 2.0, SD = 1.0), and noted they did not often perform precise handwork (M = 1.1, SD = 0.3). Participants received candy for taking part in the experiment. The study was approved by the University’s Ethical Review board.
4.4 Apparatus
The experiment took place in a quiet room. Our set of metamaterials consisted of a total of 20 surfaces, i.e., 5 specific metamaterial patterns with each having 4 fixed compression states, see Figure 1. To avoid visual bias, participants were not allowed to see the surfaces during exploration. To this aim, they were seated in front of a table with a cardboard screen. The opening at the bottom of this screen ensured enough room for the hand of the participants to reach through. Behind the screen, the metamaterial patterns were manually placed by the experimenter in a fixed location in a laser-cut hold out of wood. A digital rendering of the setup is depicted in Figure 4.
[image: Figure 4]FIGURE 4 | Digital rendering of the experimental setup. The experimenter prepared the samples for exploration, while the participant rated the tactile perception of the samples hidden behind the screen.
4.5 Procedure
Before starting the experiment, participants provided signed consent and were briefed regarding the upcoming course of events. We showed them the setup and explained the experiment’s purpose. Participants were asked to complete a questionnaire to collect their demographic information.
During the experiment, participants were instructed to explore the physical samples using only the index finger of their dominant hand. For each task, we demonstrated how to explore the materials to ensure consistency between samples. Specifically, participants were allowed to use circular lateral exploration to assess each structure’s surface information and could lightly press or tap each structure to assess hardness properties. Participants first completed the baseline task, before continuing with the comparison task. The observer noted the responses for each trial and activated the next sample.
Short breaks were scheduled between tasks and when the participant noted a feeling of numbness in their finger. Per participant, the total experiment took about 60 min.
4.6 Data collection and analysis
We collected data from four sources, i.e., demographic information for the pre-study questionnaire, and hardness, roughness and similarity ratings for each trial on a 9-point Likert scale. Statistical tests were chosen based on whether the data satisfied parametric test assumptions at α = .05 using Shapiro–Wilk test and QQ-plots. Reported p-values are corrected using Greenhouse-Geisser when the sphericity assumption was violated. For outlier removal, we initially applied the box plot method. Post-hoc pairwise comparisons were corrected using Bonferroni-Holm adjustments.
4.7 Results
In this section, we present the results of our preliminary experiment. The analysis is split into two parts corresponding to our study conditions. First, we report the roughness and hardness assessments of the metamaterials by our participants.
4.7.1 Baseline assessment
Here, we consider average ratings for roughness and hardness for each metamaterial and its compression states. We only ran our statistical analysis on each metamaterial, as we were primarily interested in the change of roughness and/or hardness within the same material.
4.7.1.1 Roughness
All metamaterials MAT1 (F(3,15) = 69.0, p < .0001, η2 = .828), MAT2 (F(3,15) = 97.8, p < .0001, η2 = .828), MAT3 (F(3,15) = 31.7, p < .0001, η2 = .725) and MAT4 (F(3,15) = 36.8, p < .0001, η2 = .763), except MAT5 (F(3,15) = 1.80, p < .0001, η2 = .121) showed a main effect when analysing their roughness scores. As stated above it is not surprising that MAT5’s actuation states did not show a main effect, because its features are well above the 3 mm threshold (Dellon, 1978). We ran post-hoc analysis on MAT1, MAT2, MAT3 and MAT4 using Bonferroni-Holm adjustments. The results are depicted in Figure 5 (top). All significant differences are in line with our H1.1, i.e., showing an increase in perceived roughness with increased compression of the metamaterial.
[image: Figure 5]FIGURE 5 | Participants separate assessments for haptic roughness and hardness for the different metamaterial actuation states 0, 2, 4 and 6 mm (left to right).
4.7.1.2 Hardness
MAT2 (F(3,15) = 20.1, p < .0001, η2 = .760), MAT3 (F(3,15) = 16.9, p < .0001, η2 = .578), MAT4 (F(3,15) = 6.82, p = .004, η2 = .491), and to our surprise even MAT5 (F(3,15) = 14.2, p = .002, η2 = .515) showed a main effect, when analysing their hardness scores. Only MAT1 (F(3,15) = 2.0, p = .157, η2 = .233) did not reveal a main effect. We ran post-hoc analysis on MAT4 using Bonferroni-Holm adjustments. The results are depicted in Figure 5 (bottom). For hardness, our results are mixed. Even though we found significant differences between the actuation states, they do not seem to follow a clear trend, an exception being MAT4 which follows our H1.2. For all other metamaterials our preliminary study fails to provide evidence.
4.7.2 Similarity assessment
Here, we consider the similarity ratings obtained through paired comparisons of our metamaterials.
4.7.2.1 Analysis of similarities
To analyse the ratings of similarity, we combined the similarity ratings of roughness and hardness for each metamaterial pair by averaging them. To determine consistency of the obtained data, we used Spearman’s rank correlation tests on the averaged similarity assessments. Here, we found the averaged similarity ratings for each participant to be correlated with those of every other participant (Mr = 0.52, p < .001). Given this result, we note that averaged similarity assessments remain consistent across participants.
For further analysis, the similarity assessments (1—9) were converted to normalized dissimilarity ratings (0—1). With these ratings, we created a symmetric dissimilarity matrix containing the perceptual distances between all metamaterials and compression states. Using an analysis of similarities, we compared different groupings within our distance matrix. We found a significant difference when comparing groups of different compression levels (R = 0.4762, p < .001). However, we did not find a significant difference when comparing groups of different metamaterials (R = 0.1569, p = .076).
4.7.2.2 Perceptual space
Analogous to literature (Vardar et al., 2019; Degraen et al., 2021b), we used the obtained symmetric dissimilarity matrix to perform a non-Metric Multi-Dimensional Scaling (NMDS) analysis. NMDS is an indirect gradient analysis approach which produces an ordination based on a distance or dissimilarity matrix. When dealing with human similarity data, such an approach is common for calculating and visualizing perceptual spaces of the distances (Cooke et al., 2006; Culbertson et al., 2013; Vardar et al., 2019; Degraen et al., 2021b). To understand how many axes are sufficient to visualize the perceptual space, we calculated the stress values for the first 6 dimensions. Here, the stress value of 0.09 for 3 dimensions approaches a faithful representation, similar to other methods dealing with tactile similarity metrics (Clarke, 1993).
Using Kruskal’s non-metric multidimensional scaling approach, we generated the perceptual space for our recorded assessments. Furthermore, we performed a k-means clustering analysis on the similarity data. The optimal amount of clusters was determined to be 5 (Charrad et al., 2014). Figure 6 illustrates the 3-dimensional perceptual space through visualizing the contrasting axis in different plots, with colouring representing the cluster membership.
[image: Figure 6]FIGURE 6 | Perceptual space. Here, the distances between the named metamaterials (MAT1 through MAT5) in varying compression states (0, 2, 4, and 6 mm) are plotted in 3 views on the 3-dimensional space. Shapes are used to indicate the metamaterial type, while coloring indicates cluster membership (total k-means clusters = 5).
4.7.2.3 Insights
From the results of the analysis of similarities, we see that the driving force behind different assessments was the compression state of the materials, rather than the materials themselves. The perceptual space further shows that for all metamaterials excluding MAT5, the compression state drove the perception along the NMDS1 axis. Specifically for MAT5, the separate clustering of this metamaterial indicates its sensation to be distinct from other samples.
4.7.3 Summary and metamaterial selection
The main goal of the experiment was to collect early feedback on the prototypes and select the most promising metamaterials for our main study. Our preliminary findings suggest that MAT1, MAT2, MAT3 and MAT4 appear to be promising candidates for increasing the perceived roughness upon actuation. In contrast, for hardness only MAT4 followed our hypothesis, showing an upwards trend in hardness upon compression. Consequently, we decided to include MAT4. In addition, we also used MAT1 in the main experiment as it created the most distinct levels of roughness accordingly to participants assessments.
5 EXPERIMENT 2: VISUO-HAPTIC METAMATERIAL PERCEPTION
Using our selected metamaterials, we conducted a user study in VR to investigate how our designs were able to simulate visuo-haptic materials.
5.1 Design
The goal of experiment 2 was to study how adding visual material textures atop of our 3D-printed metamaterials affect their perception. Therefore, we combined our metamaterial patterns with virtual material textures in VR, and asked users to rate how well they match. Moreover, we were interested in the range of possible material textures that a single actuated metamaterial can simulate. We again used a within-subjects study design.
We focused on the two most promising metamaterial patterns from our preliminary experiment, MAT1 and MAT4 at the compression rates of 0, 2, 4 and 6 mm. This makes a total of eight metamaterial patterns participants ought to explore. Due to concerns regarding longevity of the metamaterials, we again fixated the different compression states by screwing our actuation mechanism with the metamaterials onto small wooden plates (see Figure 1).
The virtual material textures were chosen based on previous research by Degraen et al. (2019). We added two additional virtual materials, resulting in the following selection: metal, wood, glass, plastic, concrete and fabric, depicted in the Graphical Abstract. We believe that our selection covers a wide range of every day materials and therefore, provides a solid starting point.
Below, we describe the three conditions in the order participants completed them.
5.1.1 Haptic baseline
The participants were asked to explore all eight metamaterial patterns once, and rate them regrading their perceptual dimensions, roughness and hardness on a 9-point Likert scale. Additionally, we asked: “Which material do you think this is?” to better understand whether participants associate the 3D-printed metamaterials with known textures or objects from their every day environments. To ensure that the participants only relied on their haptic senses, the VR headset was turned off during this condition, only showing a dark screen. The order in which the participants explored the eight metamaterial patterns was counterbalanced using Latin square.
5.1.2 Visual baseline
Next, participants rated all visual material textures regarding their roughness and hardness, i.e., they rated how they would expect the materials that they saw to feel on a 9-point Likert scale. We also used the question “Which material do you think this is?”, to make sure all materials were properly recognizable by the participants. The order in which the virtual material textures were presented was again counterbalanced using a Latin square.
5.1.3 Visuo-haptic combination
Finally, we looked at the combination of visual material textures and haptic exploration of the metamaterial patterns. Each metamaterial pattern was paired with all six virtual material textures, resulting in 48 pairs. These pairs were presented to the participants in a randomized order. Repeatedly, one of the material spots in the VR environment was highlighted, indicating which material textures should be explored next. The participants then proceeded and explored the highlighted material both visually and haptically at the same time. Afterwards they gave a separate rating for roughness, hardness and similarity (between the visual and haptic material texture) on a 9-point Likert scale, and answered to the “Which material do you think this is?” question.
Q1.1: How hard would you rate the inspected material? (1 = extremely soft; 9 = extremely hard).
Q1.2: How rough would you rate the inspected material? (1 = extremely smooth; 9 = extremely rough).
Q1.3: How does the visual and the haptic perception match? (1 = not at all; 9 = extremely similar).
5.2 Hypothesis
Besides confirming our preliminary findings from experiment one, we formulated two additional hypotheses for our main experiment:
H2.1: Combining our 3D-printed metamaterials with visual material overlays leads to a shift in perception.
H2.2: Our 3D-printed metamaterial patterns provide matching haptic sensations for visual material textures.
5.3 Participants
We recruited 16 participants (six female and ten male), aged between 22 and 59 (M = 25.5, SD = 11.1) with various backgrounds including computer sciences, education, economics, biology, law, electrical and mechanical engineering. Twelve participants stated that they are right-handed and three left-handed. All participants confirmed that they have no impairment in their index finger which may affect their perception. Addtionally, we asked how often participants perform precise handwork, e.g., sewing or stitching on a 5-point Likert scale. Four participants rated themselves with a four or five, all others were three or below (M = 2, SD = 1.3). Participants answers about how often they work with textiles, e.g., clothing, design or tailoring on a 5-point Likert scale showed that only two answered with a higher value then four. All others being around one and two (M = 1, SD = 1.1). Out of the 16 participants, only three had prior experience with VR. Therefore, we highlighted very carefully to all participants that they can pause or stop the experiment at any time, e.g., in case they feel uncomfortable. Participants received unlimited candy as compensation for taking part in the experiment. The study was approved by the University’s Ethics and Hygiene Board.
5.4 Apparatus
Our apparatus consisted of an HTC VIVE Pro tracking system with SteamVR (v.1.22) and OpenVR SDK (v.1.16.8). The simple virtual scene was developed in Unity3D (v.2021.1.0). We used a Raubtier NBB01471 offering an Intel® Core i7 9700kf CPU, 32 GB RAM and an Nvidia® GeForce RTX 2080Ti for running the experiment. We included an androgynous hand representation without noticeable characteristics.
To enable hand tracking, a HTC Vive tracker was attached to the back of the participant’s hand. We used the calibration method from Zenner and Krüger (2017) asking participants to touch the touch-sensitive trackpad of a HTC Vive controller with the tip of their index finger. This was used to properly align the virtual hand model with the real hand. We rendered either a right or a left virtual hand, corresponding to a participant’s handedness.
To present the eight different metamaterial patterns to the user, we laser-cut a mount where the prepared metamaterial plates fit in. The mount was placed on a table in front of the user, allowing participants to explore the metamaterials while, at the same time, enabling the experimenter to quickly rearrange the metamaterial patterns throughout the study.
5.5 Procedure
First, participants received a general introduction to the study. Next, we gathered their consent and asked them to fill in a demographics questionnaire. Afterwards, we explained the task, including a demonstration of how to explore the metamaterial patterns with the index finger of their dominant hand. Then, we attached the Vive tracker to the participant’s hand; they entered the virtual environment, and we performed the hand calibration. Participants were guided through a practice round, showing them how to respond to the questions displayed in VR. Finally, they went through our three study conditions described above. Participants were prevented from seeing the metamaterial patterns before and during the study to avoid biases. Overall, the experiment took about 70–80 min.
5.6 Data collection and analysis
We collected data from four sources: a pre-study questionnaire for demographic information; hardness, roughness and similarity ratings on a 9-point Likert scale, participants material assessments, and a semi-structured interview to better understand participants’ experiences with our prototypes. Questionnaire responses were collected inside the virtual environment using the Virtual Reality Questionnaire Toolkit by Feick et al. (2020b). Interview responses and participants’ comments were coded for analysis. Analog to experiment one, we chose statistical tests based on parametric test assumptions at α = .05, and we used outlier removal with the box plot method. Post-hoc pairwise comparisons were corrected using Bonferroni-Holm adjustments.
5.7 Results
In this section, we present the results from our main experiment. The analysis is split into two parts corresponding to our study conditions. We start by reporting our results from the haptic and visual baseline conditions. Finally, we present the results from the visuo-haptic combination.
5.7.1 Baseline results
5.7.1.1 Haptic baseline
Participants rated the different actuation states of MAT1 and MAT4 significantly different from each other, in terms of roughness MAT1 (F(3,15) = 2.025, p = .023, η2 = .578) MAT4 (F(3,15) = 2.025, p = .023, η2 = .164) and hardness MAT1 (F(1.92,28.7) = 72.1, p < .0001, η2 = .774) MAT4 (F(1.9,28.6) = 182.0, p < .0001, η2 = .853), across various metamaterial actuation states (see Figure 7). This confirms the results from our preliminary experiment, and thus provides evidence for H1.1 and H1.2. One exception being that MAT1 in its maximum actuation state (6 mm), was rated significantly softer that its predecessor 4 mm, which contradicts with our hypothesis that increasing actuation leads to a perceived increase in hardness. This might be caused by the fully emerging features, adding up to 2 mm in height. This feature layer has fewer support structure; thus, causing the material to deform until the “base” layer by acting like a cushion. Considering that all other actuation states worked as expected, we believe that there is an interesting trade-off between feature design and compression rate that requires further exploration.
[image: Figure 7]FIGURE 7 | Haptic baseline. Participants separate assessments for roughness (left) and hardness (right) for the different metamaterial actuation states.
Participants’ responses when being asked to identify the material without visual information. 64% of the collected answers were rubber or plastic variations for MAT1. Interestingly, we mostly observed other answers such as fish scales, tar, grass, tree branching or fine stone, in the actuation states and not in the non-actuated state. This suggests that there exist materials that are closely reassembled by the actuated metamaterials. For MAT4 however, substantially fewer alternatives to rubber and plastic (only 15%) were given. For example, tree bark, sandstone or metal. While the non-actuated metamaterials, MAT1 and MAT4, were mostly associated with rubber or plastic, the higher compression rates are potentially capable of providing more complex material sensations. Moreover, participants often used adjectives such as “rough” and “damaged” to describe metamaterials with greater actuated states.
5.7.1.2 Visual baseline
The results confirm our selection of visual material textures vary in expected roughness (F(6,30) = 4.025, p = .003, η2 = .653) and hardness (F(6,30) = 2.025, p = .023, η2 = .853) (see Figure 8). For example, glass and concrete have significantly (p < .0001) different roughness ratings, comparable to fabric and metal for hardness (p < .0001). Participants were able to identify all textures without prior information, purely upon visual inspection. We only observed three mismatches, metal and concrete were perceived as marble twice, and glass was perceived as ice once. Please note, the fabric material was described as “jeans” in 81% of answers, which was not concerning to us. This is a confirmation that our visual materials were accurately represented in VR.
[image: Figure 8]FIGURE 8 | Visual baseline. Participants separate assessments for roughness (left) and hardness (right) for the different visual material textures.
5.7.2 Mixed perception results
5.7.2.1 Visuo-haptic perception
First, we analyse how adding visual material overlays affected the perceived roughness and hardness of our metamaterials. To do so, we compared participants’ roughness and hardness assessments from the haptic baseline to the visuo-haptic condition using multiple pairwise t-tests (Bonferroni-Holm adjusted) at each actuation state. The results are depicted in Figures 9, 10, suggesting that displaying a visual material texture on top of our metamaterials significantly affects the perception.
[image: Figure 9]FIGURE 9 | Haptic baseline vs. visuo-haptic comparison. Combined assessments for roughness (top) and hardness (bottom).
[image: Figure 10]FIGURE 10 | Similarity ratings in the visuo-haptic combination for MAT1 and MAT4 at each actuation state.
For hardness, MAT1, three out of four actuation states are perceived as significantly harder when a visual material was added. For MAT4, only zero actuation shows a significant increase in reported hardness (p < .05). When comparing the visual baseline to the visuo-haptic condition, we found similar effects. Expected hardness based on vision was significantly different to the visuo-haptic hardness score for four out of six visual material textures: concrete (p < .0001), fabric (p < .0001), glass (p < .0001) and metal (p < .0001). Fabric was predicted to be softer, but felt harder in contrast to concrete, glass and metal which were softer than anticipated.
For roughness, only MAT4 at the two actuation states 2 and 6 mm were perceived significantly less rough when a visual material was added compared to the haptic baseline. However, visual baseline and visuo-haptic condition, significantly differed for three out of six visual material textures: glass (p < .0001), metal (p < .0001), plastic (p < .01). Here, adding a metamaterial significantly increased roughness for the three materials.
Together with the findings above, we conclude that participants mostly relied on their haptic sense to assess roughness and hardness of a metamaterial, and that adding visual information can lead to a perceptual shift.
5.7.2.2 Perception of similarity
For each visuo-haptic combination, we recorded the similarity rating of participants’ visual and haptic sensations. The average matching rate for each combination is shown in Table 1.
TABLE 1 | Average similarity ratings for each visuo-haptic combination per metamaterial.
[image: Table 1]For both metamaterials, we compared the ratings between the 4 compression levels using Friedman tests (α = .05) with post-hoc analysis using Wilcoxon signed ranks tests and Bonferroni-Holm correction. Overall, the similarity ratings were found to significantly differ depending on the level of compression the material was in (MAT1: χ2(3) = 55.590, p < .001, W = .191; MAT4: χ2(3) = 48.791, p < .001, W = .169). Pairwise comparisons found significant differences between all compression states excluding 2 mm and 4 mm for MAT1, and 0 mm and 2 mm, and 4 mm and 6 mm for MAT4 (see Figure 11). Furthermore, Kendall’s tau-b correlation tests indicated a medium, negative correlation between the rating of visuo-haptic similarity and the compression state of a metamaterial (τ = −0.273, p < .001, N = 768). These results indicate that as the metamaterial was compressed, the visual and haptic impressions deviated from each other, showing an increase in mismatching perception.
[image: Figure 11]FIGURE 11 | Similarity ratings in the visuo-haptic combination for MAT1 and MAT4 at each actuation state.
For each metamaterial, we additionally compared the similarity ratings between the 6 virtual textures using Friedman tests (α = .05) with post-hoc analysis using Wilcoxon signed ranks tests and Bonferroni-Holm correction. Overall, the similarity ratings were found to significantly differ depending on the visual material overlaid (MAT1: χ2(5) = 28.614, p < .001, W = .089; MAT4: χ2(5) = 25.844, p < .001, W = .081). Pairwise comparisons indicated significant differences between the pairs of glass-concrete, glass-metal, glass-wood, and wood-fabric for MAT1, and between the pairs of glass-concrete, glass-fabric, glass-plastic, and glass-wood for MAT4 (see Figure 12). From these results, we see that the similarity ratings were significantly lower for virtual glass, indicating that visuo-haptic mismatches were easily perceived for this texture.
[image: Figure 12]FIGURE 12 | Similarity ratings in the visuo-haptic combination for MAT1 (left) and MAT4 (right) for each visual material overlay.
5.7.2.3 Subjective material perception
The anecdotal data of the perceived materials was further analysed by manually extracting the materials and objects participants identified. We characterized both abstract and concrete depictions into a set of 28 distinct perceptions. Here, we found 8 recurring categories, namely, stone-like (stone, tile, concrete, rock, marble, pebbles), wood-like (wood, bark), glass-like (glass), fabric-like (fabric, cotton, silk, wool, jeans, pad, car seat fabric), plastic-like (plastic, laminate, epoxy, plastic doormat, toy), metal-like (metal, sheet, splinter, tank armour), rubber-like (rubber, tire), and other (water). From this, we note that our set of metamaterials combined with visual textures was able to elicit a wider range of material perceptions.
To explain their perception, participants used adjectives to detail on the materials and objects in 28.52% of all indications. We further analysed adjectives by grouping them into 4 categories, i.e., tactile, visual, material, and geometric. In most cases where adjectives were used (66.52% of all adjectives), tactile properties indicated sensations such as roughness, smoothness, or the presence of a texture. Material properties (32.16%) were used to indicate the state of a perceived object, e.g., damaged, broken, or worn. Furthermore, a small amount of adjectives referred to either visual properties (0.88%), e.g., shiny, or geometric properties (0.44%), e.g., small. From this, we see that adjectives were mostly referring to users’ tactile perception.
We further investigated the relationship between the rating of visuo-haptic similarity, the compression state of the metamaterials, and the subjectively perceived materials. Kendall’s tau-b correlation tests indicated a small but significant positive correlation between the use of an adjective and the compression state of a metamaterial (τ = .110, p < .001, N = 768). However, there was no correlation found between the visuo-haptic similarity rating and the compression state of a metamaterial (τ = .038, p = .226, N = 768). From this, we see that adjectives were likely not used to explain mismatches between users’ visual and haptic perception, but more likely to elaborate on the increased amount of surface features upon compression of the metamaterials.
5.7.3 Summary
Our main study supports the findings and hypothesis H1.1 and H1.2 from our first preliminary experiment. Hence, we conclude that metamaterial patterns MAT1 and MAT4 can create distinct levels of roughness, and especially MAT4, also for hardness. When combining our metamaterials with visual material textures, we often observed a drift in perception H2.1. For example, glass was rated with the lowest roughness score; however, when combined with our metamaterials received significantly higher scores. Thus, participants relied more on their haptic sense in case of increasingly conflicting sensory (haptic and visual) information. Our analysis on the similarity ratings suggest that as the metamaterial was compressed, the visual and haptic impressions deviated from each other, showing an increase in mismatching perception—most likely caused by the lack of adaption of the virtual materials. This was supported by the high similarity ratings for the 0 and 2 mm actuation states, contrary to the significant decline at 4 and 6 mm H2.2.
6 DISCUSSION
Motivated by recent advancements in the field of fabrication, we investigated the use of metamaterial textures for influencing tactile perception.
6.1 Metamaterials for touch experiences
Our work started out with the design and fabrication of 5 different metamaterials. Through lateral compression, the surfaces were able to dynamically change their physical configuration, which influenced their compliance and surface texture. From the results of our preliminary perceptual user study, we show these different physical configurations of our metamaterials translate to variations in their perceived tactile hardness and roughness. While we found a clear relationship between the compression state of a metamaterial and its tactile perception, not all designs consistently influenced perception in the same manner.
Our results contribute to the field of fabrication and underline that metamaterials are able to extend existing methods for fabricating feel aesthetics (Torres et al., 2015). The careful construction of metamaterials allows for the design of different tactile states that are able to communicate different sensations. Our psychophysical investigation bridges the gap between fabrication of metamaterial textures (Ion et al., 2018) and their perception. In a further step, a perceptual modelling approach would enable procedural design of different tactile states in single fabricated samples (Piovarči et al., 2016).
6.2 Metamaterials for passive haptic feedback
In a second study, we evaluated the use of a subset of our metamaterials in a virtual setting. The baseline analysis shows that the visual properties of our set of virtual textures clearly communicated different impressions. For our physical metamaterials, the haptic baseline indicated significant differences of roughness perception between compression states, with limited differences for hardness perception. Through combining visual and haptic stimuli, we see that our metamaterials were able to serve as passive haptic proxies for virtual textures.
Depending on the virtual texture and the metamaterial used, visuo-haptic integration was able to serve a consistent tactile experience. This is underlined by the similarity ratings of the visual and haptic stimuli. However, discrepancies between visual and tactile features drove perception to align with the haptic stimuli, causing haptic dominance. A similar effect shown by Iesaki et al. (2008), stated that although tactile impressions can be intentionally changed by providing appropriate visual stimulation, the coarseness of the visual and tactile textures has to be close to each other. This is further illustrated by the indicated material perceptions. As highly matching sensations were able to elicit clear material perceptions, discrepancies were explained through the use of adjectives.
Our work builds upon previous work in combining visual and haptic impressions to influence material perception (Kitahara et al., 2010; Degraen et al., 2019), and fabrication technologies for designing varying psychophysical impressions (Piovarči et al., 2016; Groeger et al., 2019; Degraen et al., 2021b). From our results, we see that haptically-varying metamaterial surfaces enable material perception in combination with visual textures. As users actively try to make sense of sensory input, further work investigating the thresholds of visuo-haptic discrepancies is needed to understand how consistent material perceptions can be simulated.
As underlined by the field of haptic design, there is a pressing need for intuitive and comprehensive approaches to enable designers to create and share convincing and immersive experiences (Schneider et al., 2017; 2022; Degraen et al., 2020). Rather than taking an active feedback approach (Degraen et al., 2021a; Wittchen et al., 2022), we envision the use of fabrication technologies for designing haptic experiences. Specifically in virtual environments, the visuo-haptic perception of fabricated artefacts is able to drive on-demand creation of haptic experiences.
7 LIMITATIONS AND FUTURE WORK
Our work presents an initial investigation into the use of metamaterials for tactile experiences through passive haptic feedback in VR. Our results are bound by several limitations that should be improved.
7.1 Study limitations
In this first investigation, we asked participants to explore our metamaterials through circular lateral movement using their index finger, which was monitored by the experimenter. Since the perception of textures is highly motion depended (Sato et al., 2020), the lack of rigid control might have influenced our results. This needs to be addressed in future psychological experiments by, e.g., only allowing passive exploration through a robotic device, controlling for various interaction parameters such as velocity, pressure and trajectory. Future work also needs to improve the understanding of how the compression rate of metamaterials affect the magnitude of, e.g., perceived roughness. For example, by determining the just-noticeable-difference (JND) between actuation states to more deeply investigate their relationship.
7.2 Visuo-haptic matching
A main limitation illustrated by our results is the lack of appropriate adaptation of the used virtual models. In our naive approach, we did not alter the virtual model overlaid onto the fabricated samples. As the lateral compression of our samples influenced their physical configuration, participants clearly noted discrepancies between their tactile and visual perception. For high levels of compression, this visuo-haptic mismatch led to haptic dominance, i.e., the scenario where participants relied on their haptic sense to guide their entire perception. Future iterations need to ensure that the physical metamaterials are correctly aligned with the virtual object they are paired with (Nilsson et al., 2021).
To adapt virtual models appropriately, an accurate approach is needed to record the state of the metamaterial in question while tracking the user’s interaction with the sample. Recent advancements in multi-material fabrication have allowed for the integration of conductive materials that can be used for capacitive sensing. This would allow tracking a user’s finger during interaction. Recent work has shown that sensing mechanisms can be directly embedded into the fabrication process to track the state of the metamaterial (Gong et al., 2021). Through such sensing approaches, the virtual representation can be adapted to emphasize the presence of more features.
7.3 Actuating metamaterials
Our metamaterials changed their physical configuration through lateral compression. For this, we designed and create a setup that included an electromotor for actuating linear gears, controller by a microcontroller. Internal support for the surfaces was provided through embedded metal pipes that controlled unwanted deformations by stabilizing the samples. During our perceptual studies, we used pre-compressed samples to ensure consistency across trials and to reduce the study duration. As our current setup remains bulky and lacks precision, there is certainly room for improvement. For example, by embedding the actuating elements directly in the metamaterial design (Xiao et al., 2020).
7.4 Fabrication of perceptual features
One of the key limitations that we encountered while prototyping was the metamaterial’s feature size that we could reliably print with an off-the-shelf FDM 3D-printer. We believe that there is still potential to improve upon our results and create other metamaterials with different surface texture information. Perhaps other fabrication methods such as stereolithography (SLA) 3D-printing, can be used to fabricate metamaterials, including smaller features, which may benefit the haptic resolution. In addition, approaches such as Taclets by Groeger et al. (2019) which enable rich electro-tactile feedback on various 3D-printed geometries, may help to overcome such limitations. To further increase the resolution, our approach can be combined with methods that capture real world surface information (Degraen et al., 2021b). Finally, this can be used in a perceptual modeling to ensure the user’s perception aligns with the designer’s intention (Piovarči et al., 2016).
At this early stage, we did not conduct a technical evaluation investigating longevity and potential issues caused by material deterioration. We observed that our actuation approach suffers from inaccuracies that need be overcome in future iterations, and therefore decided to use fixed samples in our experiments.
7.5 Visuo-haptic integration
Our method builds upon passive haptic feedback approaches that pair physical objects with virtual representations to create visuo-haptic experiences in VR. As pointed out by related work, such an approach has the potential to improve the user’s sense of presence, positively impacting their experience (Insko, 2001). The idea of metamaterials builds upon the concept of fabricating abstract objects that influence tactile dimensions in order to build texture or material impressions in combination with visual information (Degraen et al., 2019). By capturing the baseline assessments, we were able to receive an initial impression of what users might expect for both modalities. For example, when visually assessing a texture, some users might interpret the texture completely different, leading to different tactile expectations. This might have cause a bias that influenced their further assessments.
Through the visuo-haptic combinations, we aimed to understand how different combinations matched and how they were able to build consistent material impressions. Future work would need to explore how the presence of roughness and hardness guides material perception in a more general manner, and how immersive environments benefit from these combinations in terms of realism and presence.
7.6 Beyond touch
Expanding our approach to real-world use cases may create the demand for local and global controllability, rather than uniform compression as designers will need to integrate local textures variations. We believe that more advanced metamaterials can fulfill these requirements, because they can actuate themselves in a cell-by-cell fashion (Xiao et al., 2020). We are also interested in taking this approach beyond one finger touch interactions. For example, Ion et al. (2018) presented a bike handle, differing in friction, depending on the compression of the metamaterial. Similarly, we could envision metamaterials that augment controller-based interfaces (Zenner and Krüger, 2017; Whitmire et al., 2018). Here, auxetics metamaterial designs might be worth investigating in this context, because their from factor remain unaffected upon actuation (Steed et al., 2021); instead, our current metamaterial designs become smaller, reducing the interaction area.
8 CONCLUSION
In this work, we presented a novel concept for simulating tactile experiences in VR using 3D-printed metamaterial actuation. We described the fabrication process of five metamaterials which we evaluated in two experiments. As a first proof of concept, we investigated how participants perceive the metamaterials and their actuation states across the perceptual dimensions roughness and hardness. In summary, MAT1–MAT4 showed promising results for roughness, but only MAT4 for hardness. Based on these insights, we selected two metamaterial patterns that provide the widest range of tactile impressions (MAT1 and MAT4). Next, we conducted our main experiment, exploring the use of these metamaterial patterns as passive haptic proxies for simulating visuo-haptic material experiences in VR. Our results suggest, that metamaterials are able to support tactile material perception through visuo-haptic stimuli. Considering the room for improvement beyond this first investigation, we believe that proxy design can truly benefit from applying metamaterial structures, and that our work only marks a first step in this direction.
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