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We explored the potential of haptics for improving science communication, and recognized that mid-air haptic interaction supports public engagement with science in three relevant themes. While science instruction often focuses on the cognitive domain of acquiring new knowledge, in science communication the primary goal is to produce personal responses, such as awareness, enjoyment, or interest in science. Science communicators seek novel ways of communicating with the public, often using new technologies to produce personal responses. Thus, we explored how mid-air haptics technology could play a role in communicating scientific concepts. We prototyped six mid-air haptic probes for three thematic areas: particle physics, quantum mechanics, cell biology; and conducted three qualitative focus group sessions with domain expert science communicators. Participants highlighted values of the dynamic features of mid-air haptics, its ability to produce shared experiences, and its flexibility in communicating scientific concepts through metaphors and stories. We discuss how mid-air haptics can complement existing approaches of science communication, for example multimedia experiences or live exhibits by helping to create enjoyment or interest, generalized to any fields of science.
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1. INTRODUCTION

Without appropriate science communication, science and technological advances may be feared and opposed by the public. In 2008, protests broke out against the launch of the Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN) (Courvoisier et al., 2013) in fear of destruction of Earth. Another example of societal fear and the impact of science communication on public health is the “Chernobyl syndrome” and its debated effects on induced abortions (Auvinen et al., 2001). A further conflict between religion and science on the matter of creation, caused the ban of teaching evolution until 1968 in the USA, with the Scopes (monkey) trial exemplifying the impact of science communication on education (Holloway, 2016).


1.1. Technology Enhanced Science Communication

New multimodal technologies developed within the Human-Computer Interaction (HCI) community may facilitate the dialog between science communicators and the public, by supporting positive personal responses to science. While science instruction often focuses on the cognitive domain of acquiring new knowledge (Bloom et al., 1956), in science communication the primary goal is to produce “one or more of the following personal responses to science: Awareness, Enjoyment, Interest, Opinion forming, and Understanding” (Burns et al., 2003), also known as the AEIOU model. Science communication is not an offshoot of general communication or media theory (Burns et al., 2003), nor is is just dissemination of scientific results for the peer community or teaching scientific skills and concepts to children. Even so, science communication is thought to be a broader spectrum, ranging from the more informal style of public engagement to the more formal science education (Burns et al., 2003).

However, producing personal responses is a challenge when communicating phenomena that are imperceptible to humans, such as atomic structure, or the electromagnetic nature of sunlight. Multimodal interfaces are often used to convey these complex and often invisible scientific concepts (Furió et al., 2017). The sense of touch could add to these, helping people perceive and interact in ways other senses cannot (Lederman and Klatzky, 2009). Touch feedback has been shown to influence our behavior (Gueguen, 2004), and emotions (Obrist et al., 2015).

Physical models are often used to enable people to touch static representations of otherwise untouchable things, such as galaxies. For example, Clements et al. (2017) published the “Cosmic Sculpture” which transforms the map of the cosmic microwave background radiation into a scaled 3D model. The “Tactile Universe” (Bonne et al., 2018) creates 3D models of galaxies, used to engage visually impaired children in astronomy. Both of these projects were developed for public engagement, with the aim to engage interested publics of science festivals in conversations, or to engage underserved audiences, such as visually impaired students. Physical models, using commercially available 3D printers, have the advantage of high resolution (0.2–0.025 mm), allowing a detailed exploration of fine features. However, they are limited in presenting dynamic concepts or internal structure of variable density.

More recently, Augmented Reality (AR) has been used to address the limitations of static tactile probes. For example, “HOBIT” (Furió et al., 2017) was built and evaluated in the context of light interferometry. Here, physical (3D printed) equivalents of the optical apparatus have been augmented with digital content, e.g., equations or animations of wave properties. The studies on HOBIT highlight benefits of augmented reality, such as affordability, lower time consumption, or safety compared to live demos; while the augmented information can also enhance learner performance (Furió et al., 2017). The multisensory nature of augmented reality has benefits compared to stand alone 3D printed probes, but it does not provide dynamic physical effects.

While haptic technology, to the best of our knowledge, has not been used to support science communication, haptics has been used in science instruction (see Zacharia, 2015, for a review). Researchers have proposed using force feedback “Phantom” devices, which use a stylus to provide force feedback across six degrees of freedom (Jones et al., 2006a). Jones et al. (2003, 2006b) demonstrated the positive impact of the Phantom on students' understanding of viruses at the nanoscale, as well as how scientific apparatus, e.g., Atomic Force Microscopes function. On the other hand, the “Novint Falcon” force feedback system showed little evidence of positive impact on learners' understanding, when learning about concepts of sinking and floating (Chen et al., 2014). Force feedback seems to be better suited than static tactile probes for representing elastic, or magnetic forces, as well as conveying structural properties, such as density or stiffness. However, just like with 3D probes, communication of dynamic processes remains a limitation.

In addition, users interact through a probe, and do not gain direct tactile experiences. Haptics has also shown promise in instruction for younger children. There is evidence that tactile feedback on a table can improve reading outcomes (Yannier et al., 2015), and that 3D physical mixed-reality interfaces can improve interest and learning (Yannier et al., 2016). Researchers have also developed a set of lower cost “DIY” force-feedback devices for extending science instruction from university education to high school. Force-feedback “paddle” devices were initially developed as low-cost options to teach dynamics and controls (Richard et al., 1997; Rose et al., 2014). The Hapkit (Richard et al., 1997) has since evolved into a lower-cost, 3D-printable, composable platform for instruction in other domains (Orta Martinez et al., 2016). When a sandbox-style software was added, the Hapkit was shown to render haptics adequately for education with an impact on student problem-solving strategies and curiosity (Minaker et al., 2016), and scaffold sense-making with high-school students learning mathematical concepts (Davis et al., 2017). The Haply (Gallacher et al., 2016) is another DIY platform, primarily a 2-DoF one, used for VR and haptic prototyping, and adapted for education and hobbyists.



1.2. Opportunity for Mid-Air Haptics Technology in Science Communication

In this paper, we explored the potential of haptics for improving informal science communication, challenging the suitability of ultrasonic mid-air haptic technology. Mid-air haptics describes the technological solution of generating tactile sensations on a user's skin, in mid-air, without any attachment on the user's body. One way to achieve this is through the application of focused ultrasound, as first described by Iwamoto et al. (2008), and commercialized by Ultraleap Limited in 2013 (formerly known as Ultrahaptics). A phased array of ultrasonic transducers is used to focus acoustic radiation pressure onto the user's palms and fingertips (see Figure 1, left). Modulating the focus points, such that it matches the resonant frequency of the cutaneous mechanoreceptors found in humans (~5–400 Hz) (Mahns et al., 2006), causes a localized tactile sensation to be perceived by the user.
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FIGURE 1. Ultrasonic mid-air haptic technology (left) enables the creation of tactile sensations without attachments to the hand. We developed six mid-air haptic probes (right) of science concepts from particle physics, quantum mechanics, and cell biology; and then run workshops with science communicators from each of those three scientific fields (middle).


Spatial and temporal discrimination studies were one of the early mainstream focus of researching perception of mid-air haptic sensations. Alexander et al. (2011) showed that users were able to discriminate the number of sensations between 0 and 4 focal points to an average accuracy of 87.3%, in context of a mobile TV device, augmented with mid-air haptics. Alongside the system description of the Ultraleap mid-air haptic display, Carter et al. (2013) also performed experiments on spatial resolution of perceived focal points. Results showed a minimum required separation distance of 5 cm between two focal points of identical modulation frequency, and 3 cm if the modulation frequency differed. Although these values are relatively high compared to vibro-tactile stimuli, results also showed improvements in discriminating focal points with training. Indeed, Wilson et al. (2014) further studied the localization of static tactile points in mid-air and found an average of 8.5 mm error in locating targets, where the localization errors were typically 3 mm larger in the longitudinal axis of the hand. Although spatial resolution is not as detailed as for digitally fabricated probes, a <1 cm resolution of tactile features in mid-air is a promising property of the technology in context of science communication.

With regards to temporal resolution, Wilson et al. (2014) also studied the perception of apparent movement (Geldard and Sherrick, 1972) of mid-air haptic stimulation, by investigating correlations between number of points, point duration, point separation, and directionality. Results showed that higher number of points, and longer point duration improved the reported quality of movement, which generally scored higher in the transverse direction, than the longitudinal axis. Pittera et al. (2019a) also studied the illusion of movement using mid-air touch, stimulating both hands synchronously, such that the simulated movement is located in the intermediate space, unlike Wilson et al. (2014), where tactile movement was simulated on the body.

With the use of multipoint and spatiotemporal modulation techniques, it is possible to create more advanced tactile sensations, such as lines, circles, animations, and even 3D geometric shapes (Carter et al., 2013; Long et al., 2014). Hence, ultrasonic mid-air haptic technology is explored in more and more application areas, such as art (Vi et al., 2017), multimedia (Ablart et al., 2017), or virtual reality (Georgiou et al., 2018; Pittera et al., 2019b). For example, Ablart et al. (2017) showed the positive effect of mid-air haptics augmented movie experiences on user experience and engagement in context of human-media interaction. However, we are unaware of any empirical research on the potentials of mid-air haptics in science communication, neither in scientific public engagement, nor in science education.

For this reason, we created six prototypes, demonstrating science concepts using ultrasonic mid-air haptic sensations (see Figure 1), an emerging type of haptic technology (Carter et al., 2013). We took these prototypes to 11 science communicators for feedback during three qualitative focus group sessions, themed around particle physics, quantum physics, and cell biology. The science communicators could experience mid-air haptic sensations of selected scientific phenomena from their respective field (two per field). The discussion during the workshops were transcribed and analyzed following an open coding approach. In contrast to six hypothesized advantages of the technology, we identified three main themes which were valuable as expressed by the focus group participants. Science communicators highlighted the value of tangible and dynamic sensations combined. Moreover, participants implied that the ability to easily share the tactile experience between users was important to science communicators, alongside the potential to flexibly create a story around the sensation by the communicator. In other words, a single sensation can be described as an atomic nucleus, a brain cell, or as a distant star, which helps science communicators to intertwine the technology with the use of metaphors and other tools of storytelling. Overall, our qualitative analysis suggests that mid-air haptics may have the greatest impact on the hedonic dimensions of the AEIOU framework—enjoyment and interest.

In summary, the key contributions of this paper are: (1) a characterization of mid-air haptic technology as a novel tool for science communication; (2) a design-driven exploration of the properties of mid-air haptic sensations and interaction techniques, explored in three scientific disciplines with six mid-air haptic experience prototypes; and (3) a discussion on opportunities and challenges for mid-air haptic technology within the AEIOU framework of science communication.




2. MATERIALS AND METHODS

To guide the design process for mid-air haptic probes (see Figure 2) we considered different features of other tangible modalities and discuss them in relation to mid-air haptic properties.
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FIGURE 2. Design of the six mid-air haptic probes used in the three workshops. In W1, we presented two designs representing concepts in particle physics: particle collision and electromagnetic radiation. In W2, we presented two designs representing concepts in quantum mechanics: the Schrödinger Atom and Heisenberg Uncertainty. In W3, we presented two designs representing concepts in Cell Biology: Meiosis and a Cell Nucleus.



2.1. Hypotheses: Relevant Design Properties of Mid-Air Haptics

As with augmented reality, interactive-3D graphics, physical models, and force feedback controllers, emerging haptic technologies should be able to accommodate a combination of design features, relevant in science communication. Our hypothesis is that mid-air haptics could serve as a new technological solution within this design space, with six specific properties of haptic interaction being valuable to different extent: In this section, we start introducing the haptic probes by specifying our hypotheses, then describing these with their associated rationales.

H.1 (3D): ultrasonic mid-air haptic interfaces can display volumetric sensations in 3D space (Long et al., 2014) and the movement of focal points remains stable during user interaction, unlike levitated tangible pixels.

H.2 (stability): Location and apparent movement of focal points are programmable and undisturbed (Wilson et al., 2014).

H.3 (dinamicity): The force exerted by the touch of the user is not restricting any moving components of the haptic system.

H.4–H.5 (interactivity and structure): Integrated hand tracking also allows interactive and structural haptic sensations.

H.6 (augmentation): Covering the haptic display with an acoustically transparent projection screen (Carter et al., 2013), it is also possible to augment the tactile sensations with visualizations.

We further hypothesize that dynamic, interactive, and structural design features of mid-air haptics are the most characteristic of this technology, since three-dimensional and augmented tangible probes have already been addressed. Below, we further rationalize this hypothesis, in a heuristic presentation of the set of six features. This approach motivated the choice of concepts and implementation of mid-air haptic probes, as described in the following sections.


2.1.1. Feature 1: 3-Dimensionality

Visualizations, augmented or physical representations are primarily depicted as 3D objects, the natural appearance for many phenomena. Interactive, 3D graphics, such as found on the PHET simulations website (PHET, 2018), are a good example of this feature. In contrast, tangible UIs can only display pseudo 3D shapes, such as the “inFORM” shape changing display (Follmer et al., 2013).


2.1.1.1. Design rationale

Although mid-air haptics is capable of producing volumetric sensations, and it is a relevant feature, we decided to develop only 2D haptic probes for our exploratory study. We expected 3D sensations would create additional confusion when participants interact with the device. Therefore, we did not specifically address hypothesis H.1.




2.1.2. Feature 2: Stability

Another design feature is to create tactile representations, which do not collapse as a result of tactile exploration. Whilst a 3D printed galaxy (Bonne et al., 2018) remains stable during tactile interaction, acoustic levitation of floating tangible bits are fragile to touch (Seah et al., 2014). These can only act as visual displays, despite the use of tangible pixels.


2.1.2.1. Design rationale

Mid-air haptic sensations are stable by nature, and tactile interaction does not influence the properties of the haptic feedback. Hence, stability is a constant variable in our haptic probe designs and we did not evaluate its explicit value in science communication, leaving hypothesis H.2 unaddressed.




2.1.3. Feature 3: Augmentation

With the development of technologies like augmented reality, visually and physically augmented science representations are explored in conjunction with tangible or tactile information. For example, in the case of “HOBIT” (Furió et al., 2017), visual depictions of light rays are augmented with animations of the underlying wave phenomena, text, and equations. In another project, tangible probes equipped with RFI tags are also able to layer information, for example associate vibrations to a map displaying pollution in countries of the world (Stusak and Aslan, 2014).


2.1.3.1. Design rationale

We were interested in exploring the potential of unimodal mid-air haptics, hence we decided not to augment the haptic probes with other sensory information, leaving hypothesis H.6 untested.




2.1.4. Feature 4: Dynamicity

Most implementations of communicating scientific phenomena require representation of movement. Such dynamic systems can be easily visualized through animations. However, during tactile interaction it is a key requirement to maintain an undisturbed movement, even after the user touched the probe. Dynamic physical bar charts (Taher et al., 2015) may support movement during interaction, given the actuators exert greater forces than the user. But, tactile probes, such as an elastic spring (often used at schools to illustrate transverse wave propagation) will be disturbed when people touch these.


2.1.4.1. Design rationale

We focused on designing dynamic haptic probes, used during the particle physics workshop (W1). We implemented electromagnetic radiation with the representation of a swirling haptic particle (see Figure 2, W1). The radius of the orbit grew over time from 1 to 4 cm, in 8 s, while the angular velocity of the haptic particle increased (from 2π to 4π rad s-1). The acceleration of the haptic particle (associated with electric charge) was noticeable, and the radial expansion (associated with radiation) correlated to the acceleration. The focal point was created using amplitude modulation (AM) of ultrasound (Carter et al., 2013), at 200 Hz.

The particle collision (see Figure 2, W1) involved two ultrasound emitters, one for each hand. A haptic impulse was displayed from one board to the other with a delay of 200 ms to create an illusion of movement (Pittera et al., 2019a). The representation involved a movement from left to right and back with a delay of 1 s (representing, respectively the clockwise and anticlockwise particle streams). After three cycles, we simulated particle collision with a “sparkly” sensation under both palms. The moving points were displayed using AM at 200 Hz and the sparkling feeling was created using spatiotemporal modulation (STM) of ultrasound at 30 Hz. Both of these two probes were addressing hypothesis H.3 on dynamic haptic sensations and its value in science communication.




2.1.5. Feature 5: Interactivity

Interaction is key to communicate causal relations between input and output. Movement of the pointer on a graphical representation can change colors, or induce dynamic animations. We see many examples of this on PHET simulations (PHET, 2018). Shape changing displays can produce variable stiffness based on user input (Follmer et al., 2013) and thus enable interactive experiences. However, physical representations, such as the “Cosmic Sculpture” (Clements et al., 2017), do not change upon interaction.


2.1.5.1. Design rationale

We focused on interactivity of haptic probes in the quantum mechanics workshop (see Figure 2, W2). For this, the hand tracking capability of mid-air haptics was crucial. Using algorithms described by Long et al. (2014), runtime modifications of the ultrasound stimulus are computed based on hand location to simulate the intended surface between the hand and the virtual object. This is true for both 2D and 3D objects. While a user is unable to enclose a 3D shape in a traditional sense, a 3D object, such as a sphere or pyramid can be explored from all sides using the palm and fingertips.

To convey the concept of Heisenberg uncertainty, we used two states: (1) a fixed point representing the position of the particle; or (2) an orbiting point representing the momentum of the particle. When a user moved their hand over the interface, they were randomly assigned to one of the two conditions). To signify the momentum condition, the direction (clockwise vs. anti-clockwise) and speed (ranging from slow to fast) of the orbiting point was randomized.

We chose this design in order to emphasize the importance of changing direction and speed, every-time the participant interacts with the probe, avoiding semi-conclusive statements (e.g., it's moving). The changing properties of movement were highlighting the relevant quantities in identifying velocity and momentum. We used AM at 200 Hz and full intensity. The circles size ranged from 1π to 4π cm and the speed ranged −10 to 10 rad s-1 at a frequency of 200 Hz. For triggering the random display of either cases, we used the Leap Motion sensor to track the users' hand. The haptic probe for representing an atom (see Figure 2, W2) was similarly interactive. When the participant touched the arc, representing the electron cloud, the frequency of the haptic feedback changed from 100 to 30 Hz. These probes were designed to aid the focus group evaluation of hypothesis H.4 on interactivity.




2.1.6. Feature 6: Structure

Encoding structural information, such as density, is often desirable. Natural phenomena frequently impose boundary conditions, which highlight structural differences in objects. For example, the crust of a planet is distinguished from its core; or the cell membrane from its nucleus. Digital fabrication techniques allow representation of structural information, through distinct internal and external material properties (Torres et al., 2015). However, 3D printed probes allow only surface exploration or deformation. Users are unable to push their fingers through a solid spherical membrane, to find fluid state materials in the interior, without damaging the representation. Force feedback controllers on the other hand have the potential to provide structural information (Minogue et al., 2016).


2.1.6.1. Design rationale

We focused on conveying structural information in the cell biology workshop (W3). In our example, we associated chromosome number with the frequency (perceived texture) of the haptic feedback. The cell was depicted as a circle displayed above the transducer at 20 Hz frequency. Over 2 s, the shape increased in radius from 2.5 to 5 cm, eventually splitting into two independent smaller shapes (see Figure 2, W3). During the process, we also increased the frequency of the haptic feedback from 20 to 80 Hz, simulating the change in chromosome number (through change in perceived texture) and therefore implying meiosis and not mitosis.

The second concept of cell biology highlighted the structure of a cell in a simplified form. Concentrating on two aspects, cell membrane and cell nucleus. We represented the cell as a disc, where the users' hand was tracked with the Leap Motion. On the edges of the disc, the haptic feedback of 80 Hz frequency would create a more solid sensation (hard), than the interior of the disc (see Figure 2, W3). Reducing the frequency of the haptic feedback to 10 Hz in the middle of the shape, a distinct nucleus (soft) could be felt. These probes depicted structural information, addressing the claims of hypothesis H.5 on the value of representing structure through the haptic sense.

As highlighted through these rationales in this heuristic approach of designing haptic probes for science communication, we believe that dynamic, interactive, and structural design features are the most characteristic of this technology. In the following section, we describe how these haptic probes were used to collect qualitative data during three focus groups of science communicators at the research workshops organized.




2.2. Materials: Mid-Air Haptics Probes for Three Fields of Science

Considering the rationale presented in the previous section, we designed and implemented six mid-air haptic probes (i.e., demonstrations of using mid-air haptics for conveying specific scientific concepts). These haptic probes were used to facilitate a dialog between science communicators, who are also domain experts in three different fields of science: particle physics, quantum mechanics, and cell biology. For every discipline we organized a workshop, where two concepts were represented (see an overview in Figure 2). A video of the demonstrations can be viewed on this link: https://youtu.be/QOnOWobSoBI.

We used a haptic device manufactured by Ultraleap Limited, which generates the tactile sensations using ultrasound (Carter et al., 2013) (see Figure 1, left). The integrated hand tracking system enables the design of interactive and structural haptic probes, while the high refresh rate of the device enables dynamic haptics. Haptic probes were created during a rapid prototyping design process, with multiple iterations, involving two co-authors. Their combined expertise is in theoretical physics and HCI (mid-air haptics experience design). The sensations were rendered with both amplitude modulation (AM) (Carter et al., 2013) and spatiotemporal modulation (STM) (Frier et al., 2018), as outlined in the previous section (see Design Rationales).

We chose three scientific fields based on two criteria. First, we wanted concepts discussed by disciplines that are invisible to the unaided human eye; second, disciplines that are likely to have a societal impact. We decided on particle and nuclear physics, which can cause fear in the public, as cited in the introduction (Perucchi and Domenighetti, 1991; SwissInfo, 2008), quantum technology, which is believed to be living its second revolution and playing an essential role in future technologies (High-Level Steering Committee, 2017), and cell biology, which is the basis of talking about cancer research.



2.3. Participants: Science Communicators

Four overlapping groups are identified in the research field and practice of science communication. These are: (1) scientists in academia, industry, or government; (2) mediators, such as journalists, science communicators or teachers; (3) policy or decision makers in government or research councils; and (4) the lay public (Burns et al., 2003). We deliberately chose to run this exploratory, qualitative study with science communicators who are also active researchers, forming an overlap between scientists and mediators. Participant groups, such as teachers, the lay public, or policy makers are valuable in evaluating the user experience of the technology, or its benefits in learning, but are not aware of the objectives of science communication. We recruited eleven participants of this description to carry out three consecutive workshops (Ws). W1 had five participants, W2 had two, and W3 had four. W1 took place at the end of an outreach event at a school; W2 and W3 were held at our research laboratory. Participants were novice to mid-air haptic technology.



2.4. Procedure: Collecting Data in Three Workshops

Each of the three workshops lasted for 2 h and consisted of four main phases described below. Ethics approval was obtained and consent forms were collected.


2.4.1. Phase 1 (15 min)

After welcoming participants, we asked each of them to experience three to four sample mid-air haptic sensations. These were displayed using the “Ultrahaptics Sensation Editor” and the device described above. Sample sensations included a static focal point, an orbiting focal point, a circle growing and shrinking in size, and a vertical sheet.




2.4.2. Phase 2 (45 min)

Following the familiarization phase, we showed two haptic probes to participants. They were instructed to feel the tactile feedback, describe the sensation and make associations to a scientific concept. Participants were encouraged to have dialogs among themselves and the researchers. While researcher 1 controlled the device, researcher 2 instructed, guided, and observed the participants. If participants could not describe what they felt, hints and guiding questions were given by the researchers.



2.4.3. Phase 3 (30 min)

Once the haptic probes were explored, we asked participants to describe their ideas on new implementations, based on their interaction with mid-air haptics, and its characteristic properties that may differ from technologies they had experiences with, such as 3D printing, physical toys, or virtual reality.



2.4.4. Phase 4 (30 min)

We concluded with a guided discussion. The participants were asked thematic questions in a semi-structured group interview. They were prompted to respond to three key questions facilitated by a moderator to ensure that each participant was able to express their opinion: Q1: How well did the demos resemble the scientific concept conveyed, and how difficult was it to interpret the haptic sensations? Q2: What are the benefits of mid-air haptics (if any), and considering its properties what does it offer in contrast to other technological solutions they use in science communication? Q3: What new ideas of demos do participants have based on the features of the technology, and what are their challenges in communicating science?

The same researchers, who designed the prototypes, were leading the workshops. While one researcher controlled the apparatus, the other researcher facilitated the discussion and exploration of the mid-air haptic probes, following the procedure described above. All four phases of the workshops were audio recorded, resulting in 6 h audio material. We transcribed the data and extracted relevant feedback following an open coding approach (Braun and Clarke, 2006). The transcripts were coded by three of the co-authors independently, then synthesized, resulting in three themes.





3. RESULTS

Qualitative analysis of the transcripts revealed three significant themes. The first of these themes suggests the validity of hypothesis H.3 on the value of dynamic haptics in science communication. However, we did not find any qualitative evidence for verifying hypotheses H.4 and H.5 on the value of interactivity and structural information. Instead, the value of sharing experiences, and creating stories with the haptic sensations was suggested. Results are discussed below and exemplified through participant quotes.


3.1. Theme 1: “I can feel it moving”: Mid-Air Haptics Support Dynamic Tactile Experiences With Low Level-of-Detail

Across all three workshops (W1, W2, W3), the biggest “wow” factor and uniquely quoted feature of mid-air haptic sensations was its dynamicity. One participant, P2 in W2, explained how this dynamic feature of mid-air haptics could really make a difference in communicating science:

P2:W2: “One of the things that we struggle to communicate [in quantum mechanics] is that you can have the probability oscillating backwards and forwards. I think this [mid-air haptics] has a really cool potential to show that because, sort of, whilst you can't see it, you're feeling the evolution of probability. you're feeling that probability before you've actually measured it.”

Participants were generally fascinated by the dynamicity of mid-air haptics and described this technology's ability to represent sensations that are moving and changing (e.g., P1:W1: “acceleration and creating waves,” P2:W2: “opening and closing 'till you have an oscillation,” P3:W3: “it is going really fast and then it slows down”). Participants volunteered various scenarios to apply the newly discovered dynamic features of mid-air haptics, such as for representing DNA models, hydrogen molecules, or the Higgs boson.

Participants in the particle physics workshop (W1) appreciated the temporal variations the dynamic representation mid-air haptics affords in comparison to 3D-printed objects: P1:W1: “something that could demonstrate waves in a tactile way is very good”; P5:W1: “it's the dynamics of the haptics.3D printing is too static, and in physics almost everything is time variant.” Variations over time were also discussed in the cell biology workshop, and described with the example of cell forming and firing: P1:W3: “Try to imagine you're a cell and you get a noisy signal. [Mid-air haptics] is actually a really good sort of depiction of a noisy signal because it's, I guess, harder to distinguish compared to, for example, a sound.”

This quote highlights that the unique characteristic of mid-air—being an invisible non-contact tactile sensation—can be an advantage in science communication. The ability to represent dynamic depictions comes with the tradeoff of a lower “level-of-detail.” This design consideration was further discussed by participants in the quantum mechanics workshop (W2) when they compared mid-air haptic sensations to 3D printed models, praising its dynamic characteristics but noting that mid-air haptics does not have the level of details that 3D printed objects have.

P1:W2: “We've got some 3D printed models, really nice proteins that we printed. I mean, the advantage of those is the level of detail.you know, you're turning them around in your hands and looking at them is as close to what these proteins look like in our bodies. But obviously they don't move. [With mid-air haptics] we can show that dynamics much better. That's the big advantage.”

While the low level-of-detail was a disadvantage for some concepts, it could be an advantage for others as exemplified by the cell forming example above (P1:W3). Throughout the initial explorations (phase 1 and 2) in the workshops, various participants also suggested adding visual (W2, W3) and/or sound (W1, W3) features to strengthen the tactile sensation. However, in the following discussion (phase 3 and 4), participants increasingly decided against adding graphics and sound. Participants appreciated the fact that a user needs to focus and thus learn to listen to their hand (i.e., P2:W1: “I was listening. it's like tracing your hand to kind of get into the right kind of sensitivity”). This new sensation created excitement, and was considered a unique feature to engage people and boost interest, two main aims of science communication.

P1:W2: “With outreach stuff, it's always great to have a tool that is portraying something simple and fundamental. For example, our microscope, when we've got a camera looking at some leaf cells, there's so much we can say about it, as little or as much as we want. Where's with VR, you put it on and they're watching this video, and like there's only so much really, you can say with it. I find it much more limiting.”

Because mid-air haptics is more abstract and suggestive than 3D models and images, it requires participants to be more focused and listen to their hand. Mid-air haptics has a lower level-of-detail and might require additional feedback to handle complex scenarios. However, we found this combination of dynamic and abstract characteristics encouraged discussion and supported flexible narratives of core concepts, leading to Themes 2 and 3.



3.2. Theme 2: “Hazard a Guess”: Shared Experiences Led to Divergent Interpretations and Discussion

In all three workshops, mid-air haptics acted as a catalyst for co-discovery. Participants instinctively took turns exploring each tactile sensation, starting by describing the sensation (during phase 1) and then guessing the scientific concept we tried to convey (in phase 2, facilitated by the researcher who led all three workshops). The ability to just move the hand above the ultrasound array, then quickly withdraw when someone else wanted to feel the sensation, was considered a useful feature to engage audiences at science fairs and public engagement events. P1:W2: “People can just rotate around quickly and have a feel.”

Mid-air haptics supports easy turn-taking between participants, like 3D printed objects but unlike VR headsets. While VR headsets support dynamic phenomena and have a high level-of-detail, they lead to much more individual experiences. In two of the three workshops, participants compared mid-air haptics to VR technology, a recent addition to their science communication tools. One participant, P1 in W2, described his experience with VR as follows, indicating the benefit of mid-air haptics for having a shared experience:

P1:W2: “VR was cool but it feels limited, because it's one person at a time. This is still one person at a time, but they can be shared quite easily. With VR, someone's got the headset on and they have to kind of describe what they're looking at. If you've got a group, it doesn't work as well.”

When participants felt the same haptic effect, they would often talk about it and interpret it differently. For example, in W3, P2 felt one sensation like it was “growing,” while P4 described it like a “flower opening”; in W2, P1 felt a “wave from bottom left to top right,” while P2 talked about “dragging the ball around.” These divergent interpretations were due to the low level-of-fidelity: P2:W1: “That's kind of like random almost tickling sensation.” And yet, in the end, diverging interpretations resulted in a resolution. Guessing what the scientific representation was became a guessing game, a riddle, directed by the facilitator. The following exchange between participants in W3 demonstrates the process of co-discovering meiosis (a type of cell division) shown in Figure 2.

P2:W3: “Does someone else want to have a go?”

P3:W3: “You don't want to hazard a guess?” (laugh)

P2:W3: “Well, is there something growing?”

Facilitator Yes

P4:W3: “What's growing?”

Facilitator Can you notice something after it's growing maybe?

P2:W3: “It's not like a flower opening or something” (pause)

P3:W3: “ (jumps in and says) Cell division or something.”

During these exchanges, the facilitator was able to maneuver the discussion using comments and questions. Participants were visibly excited about and engaged with the scientific concept illustrated by quick exchanges between participants, laughter, as well as thinking pauses. This flexible discussion, involving multiple participants guessing and interpreting the mid-air haptic effects, meant the facilitator could really guide the exploration and tell a story.



3.3. Theme 3: “Take them on a Journey”: Many Stories With One Mid-Air Haptic Sensation

Science communicators come to realize that they are able to tell multiple stories using these dynamic, abstract tactile sensations. A single mid-air haptic focal point could form a representation for an atomic nucleus, a brain cell, or a distant star. It is in the hands of the science communicators to tell and vary the story depending on the audience as the following quote exemplifies: P1:W1: “You got so much control over the sensation, you can really take them on a journey.”

The discussion across all workshops (Phase 3 and 4) highlighted the science-agnostic potentials of mid-air haptics. In other words, due to its dynamic features and lower level-of-detail than for example 3D models, this tool leaves more freedom to the facilitator to guide the stories to be told about scientific phenomenon.

P3:W3: “Sciences shouldn't be thought as independent but using each other's toys. This technology is a very nice way to unite sciences.”

All participants, especially in W3, mentioned the potentials of different narratives for different contexts. Science fairs demonstrations need to be fast, intuitive, and engaging (P3:W3: “you're trying to get through a lot of people very quickly”). For a school setting it can be more complex, as it can be slower paced and allows the teacher or science communicator to tell a story to engage and draw in the students.

P4:W3: “You need to keep it simple [at fairs].”

P3:W3: “Anything that we spent ages with, like the cell division, is a really cool idea, but it's probably going to be better for smaller groups in schools. There, you've got the time to process it and tell them to really think about what they're feeling.”

P2:W3: “Yes, tie it into a bigger lesson.”

P4:W3: “Yes. Tie it in with the concept, maybe some other props, and then have this tech, and turn it into a big session rather than a science fair stand.”

In both contexts, at science fairs and in schools, the unique tactile characteristics of mid-air can engage users and create interest, two key objectives of science communication. Moreover, mid-air has the potential to turn this interest into understanding in smaller group settings where a facilitator can go from simple to complex concepts. In such contexts, more details can be added, both with respect to the story the facilitator tells, and the experiences they provide. For example, mid-air sensations can be complemented with visual animations and sounds, and other props.

Finally, participants in the cell biology workshop commented that this novel, tactile experience could also engage less-interested groups, such as older children (e.g., P3:W3: “We do activities where we look at viruses using balloon models, but it is mainly for young children and their parents. For the odd older child, [mid-air haptics] might be a nice way of engaging them”). P2 in W3 also mentioned the opportunity to attract new audiences, such as technology savvy adults, who otherwise would just walk by. P2:W3: “They might not normally be interested in biology, but they've come to look at the tech. But then, you're telling them more about the science.” Again, participants emphasized the relevance of being able to frame a story for different audiences, even if it starts with the tool that conveys the concept. Through new tools, such as mid-air technology, they can achieve their science communication objectives, most notably create interest and engage, maybe increase awareness, and possibly understanding in specific contexts can be achieved.




4. DISCUSSION

We explored the possible use of mid-air haptic technology in science communication for the first time. Our findings highlight the opportunity of taking advantage of dynamic haptics and shareable experiences mid-air haptics affords. This novel tool also allows for flexible approaches of storytelling, taking into account the interaction setting, such as who is involved, and where science communication takes place. Here, we discuss the possible implications, opportunities and limitations, and future research directions.


4.1. Talking About Science Through Mid-Air Haptics

In our workshops, participants described mid-air haptic sensations with words, such as P1:W3: “pulsing” and P3:W3: “rain” and emphasized the sensation of movement and change. While those descriptions are in line with prior work on how people talk about tactile experiences (Obrist et al., 2013), in our exploration people were able to connect those descriptors to a specific scientific concept. The fact that people deconstructed the sensation is part of what led to engaging discussions. Our findings highlight that the dialog around the haptic probes naturally resulted in a co-discovery process. This shared exploration of a scientific phenomena contributed to the enjoyment of mid-air haptics technology for public engagement.



4.2. Mid-Air Haptics Produces Enjoyment and Interest

From the findings of Themes 2 and 3, we believe mid-air haptics may contribute the most to enjoyment and interest, the two hedonic dimensions of the five objectives of science communication described in the AEIOU framework (e.g., P1:W2: “it is really fun to play with”). Mid-air haptics might engage new, wider audiences, who otherwise would not be interested in science. Participants said that the technology could engage older children and parents, as well as tech savvy people. The ability to create shared experiences and motivate co-discovery promote an environment for interpretation, which may contribute to greater enjoyment and engagement of the public. Previously it has been shown that augmenting abstract art (Vi et al., 2017) and multimedia content (Ablart et al., 2017) with mid-air haptic sensations can indeed increase levels of enjoyment, which are measurable through physiological markers. However, the terms enjoyment and interest are notably used as umbrella terms in science communication, with many granular dimensions, characteristics of each of these experiences. Therefore in a research study to follow, we are examining target and perceived affective descriptors elicited by this technology in contrast to other communication modalities.



4.3. Story-Like and Metaphor-Based Haptic Design Tools for Science Communication

One of the branches of science communication research argues about the role of metaphors, rhetorical tools, humor, and storytelling in engaging with the public. Metaphor is a vital tool of science communicators. As Kendall-Taylor and Haydon put it “An Explanatory Metaphor helps people organize information into a clearer picture in their minds? making them more productive and thoughtful consumers of scientific information” (Kendall-Taylor and Haydon, 2016). Another contemporary approach to humanizing science is through storytelling (Joubert et al., 2019). Through stories, students can relate more to either the concept, or the scientist. Even though recall might not be improved, humorous stories provide a hook, grab attention, and create excitement, and enjoyment amongst the audience (Frisch and Saunders, 2010). Using narratives allows for “emotification,” “personification,” and “fictionification,” which in turn contributes to mental processes at multiple levels, such as motivation, or transfer to long term memory (Dahlstrom, 2014).

With the aid of sensory technologies, communicators may be able to expand explanatory metaphors with sensory metaphors and augment their narrative. To this end, a major challenge is the complexity of content creation with mid-air haptics. Currently, the complexity of development means that science communicators are likely to outsource development to hapticians. One possible way to overcome this challenge is to create toolkits and user interfaces, which make the content creation effortless. Toolkits are very important in order to reduce the complexity of a specific application area, addressed by an emerging technology, opening it up for new content creators (Ledo et al., 2018). Research and development of mid-air touch specific toolkits may follow a similar trend to that of the development of computer aided design toolkits for digital fabrication by non-experts. However, from our findings we can see that any toolkit development in the context of science communication should take a “metaphor-based” approach (Seifi et al., 2015), so that science communicators can easily design new probes, ideally in real-time.



4.4. Generalizability of the Technology

Our work has explored three different fields of science, which are example demonstrations of the potential generalization of mid-air haptics for science communication. This included particle physics, quantum mechanics, and cell biology; however, the field of interest could easily be expanded to astronomy or environmental sciences, as well as many more. The analysis of qualitative data indicates further transferability of the technology and mid-air haptic sensations to other disciplines. Theme 1 described in section 3.1 highlights the dynamic features of mid-air haptics and its generalizability to other scientific concepts: P1:W1: “something that could demonstrate waves in a tactile way is very good,” where we note that waves are a universal phenomena describing acoustics, optics, ocean waves, and much more. The trade-off of a “lower level-of-detail” allows mid-air haptic sensations to be applied and explored in different disciplines, especially through different science stories described in Theme 3. The haptic probe illustrating a cell structure could be used to tell the story of galaxy formations, with galaxy nucleus playing the role of a cell nucleus and the cell membrane playing the role of stars toward the edge of the galaxy. Hence a story of “scales” from microscopic to cosmic may be recited with the aid of mid-air haptics.

Two recently published case studies illustrate the generalizability of the technology in science communication through metaphorical experiences. Trotta et al. (2020) exhibited a multisensory installation of dark matter, where the interested public was able to perceive cosmological particles in an inflatable planetarium. The exhibit was hosted on multiple occasions, where visitors' sense of touch was stimulated using mid-air haptics, integrated with other sensory stimuli and a 2 min long narrative. O'Conaill et al. (2020) integrated mid-air haptics with cinema experiences on the topic of oceanography, renewable energy, and environmental science. In this case study, the aim was to create more immersive experiences for sensory impaired audiences, by associating haptic sensations with either visual or auditory content from the short documentary. This work also outlines research questions, such as whether haptics should be associated with visual information or auditory stimuli when engaging sensory impaired audiences. Both the dark matter and oceanography projects, where the corresponding author of this work has also contributed, show a potential to generalize the technology in science communication beyond the currently presented haptic probes.

With regards to informal vs. formal learning environments, mid-air haptic sensations have opportunities both in the classroom and in museums. In informal learning environments, a platform for co-discovery may be an attractive communication tool, where families and small groups can collectively interpret the exhibit. To set the narrative where facilitation is missing, multisensory integration may provide the missing context. However, this may prove counterproductive, since the low-level-detail of unimodal haptic sensation creates the utility of ambiguous representations. Ambiguity could be an advantage when facilitating engagement in more formal environments, such as a school lesson. As we saw in Theme 2, a small group of students may start guessing the intended interpretation, if that is guided by a teacher or other facilitator. In formal learning environments, there is typically more time to also combine various teaching probes, such as 3D printed models for higher details and mid-air haptic technology for more immersive learning experiences. Mid-air haptics offers a tool to create dynamic and complementary experiences, in addition to static digital fabrication (Bonne et al., 2018) and the isolating side-effect of VR (Furió et al., 2017).



4.5. Concluding Remarks

We synthesized three commonly reoccurring themes based on the focus groups, consisting of science communicators discussing opportunities and challenges of mid-air haptics in public engagement. These themes give a broad response to the direction in which further research should explore the value of mid-air haptics in science communication. We have not carried out a direct comparison of mid-air haptics, 3D printed probes, or VR tools, therefore we can not state with certainty how these communication tools would perform in competing conditions. However, we worked with expert participants, who were familiar with using VR and tangible probes during their science communication activities. Thus participants were able to evaluate mid-air haptics in context of their experiences of these alternative technologies, despite the lack of direct comparison. Regardless, further research validating these assumptions by comparison studies would be necessary to draw any explicit conclusions.

Counter to expectations set out in the hypotheses, analysis of the qualitative results suggested three opportunistic themes. First, the ability to create dynamic tactile sensations was highlighted as an outstandingly relevant property of mid-air haptic sensations, in contrast to five other hypothesized significant properties. Second, it was implied that the shared experiences which the technology affords, by allowing multiple users to engage almost simultaneously, is a relevant opportunity at fast paced public engagement events. This theme signifies a contrast to more isolating experiences, such as VR (Furió et al., 2017), or in the words of a participant: P1:W2: “VR was cool but it feels limited, because it's one person at a time. This is still one person at a time, but they can be shared quite easily. With VR, someone's got the headset on and they have to kind of describe what they're looking at. If you've got a group, it doesn't work as well.” Third, the characteristic sensation of mid-air touch, in contrast to physical touch may pose an opportunity in storytelling and adapting the same probes to the expectations of various audiences.

We found one of the greatest challenges noted by science communicators to be the level of concentration and potentially long exploration time required to make sense of the haptic sensation. This challenge initiated conversations on whether mid-air haptics is better suited for informal learning environments, or in a formal setting. In either case, the emphasis shifted toward the hedonic, or affective domains of the learning process, that is the enjoyment and interest dimensions within the AEIOU framework of science communication.
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