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An evaluation under turbulent conditions and varying cognitive load

Apport de la physicalité et du changement de forme pour pallier les faiblesses de l'interaction tactile dans les cockpits d'avions

INTRODUCTION

In airliner cockpits, the pilot crew activity is divided into four hierarchical tasks: piloting (controlling the aircraft's attitude), navigating (following a flight plan), communicating (maintaining communication with the ground) and managing systems (supervising the operation of aircraft systems) [START_REF] Paul | Flight crew task management in non-normal situations[END_REF]. To conduct these complex activities, pilots interact with aircraft systems via specialized interfaces, grouped into functional units and displayed on different screens dedicated to each of the crew's main activities. They operate these systems with physical controllers: buttons, switches, pulls, sidestick etc. [START_REF] Vinot | Could tangibility improve the safety of touch-based interaction?[END_REF]. During the flight, pilots are responsible for monitoring, extracting, analyzing, and processing a lot of information. They carry out a multitude of operations and coordinate all activities within the crew, but also with external entities working on the flight [START_REF] Loukia D Loukopoulos | Cockpit interruptions and distractions: A line observation study[END_REF]. To ensure their task management in the cockpit [START_REF] Funk | Cockpit task management: Preliminary definitions, normative theory, error taxonomy, and design recommendations[END_REF], pilots must divide their attention to numerous channels of information and develop skills resulting from constantly repeating procedures, postures and gestures. Many external factors constantly interrupt pilots and exacerbate the complexity of performing these multiple tasks, making pilot crews particularly vulnerable to errors [START_REF] Loukia D Loukopoulos | Cockpit interruptions and distractions: A line observation study[END_REF].

Recently, many aircraft manufacturers and suppliers have proposed innovative cockpit concepts based on the use of touchscreens [START_REF] Alapetite | Direct tactile manipulation of the flight plan in a modern aircraft cockpit[END_REF]. The challenge for industry is to respond to the increasing complexity of systems with greater flexibility and lower costs. The touch cockpit concept allows manufacturers to offer high-performance, adaptive, and generic product lines to address civil or military avionics needs. It also brings important benefits for pilots, such as direct information manipulation [START_REF] Avsar | Designing touch screen user interfaces for future flight deck operations[END_REF][START_REF] Barstow | The aviation iPad revolution[END_REF], visualization of aggregate data on large display surfaces [START_REF] Miguel | Cases on Usability Engineering: Design and Development of Digital Products: Design and Development of Digital Products[END_REF], and improvement of cognitive resource management [START_REF] Hourlier | Testing Touch Screens in Realistic Aeronautic Turbulent Conditions (Light to Severe)[END_REF]. To date, only a few manufacturers offer operational touch solutions, such as Rockwell Collins' Pro Line Fusion product line or avionics systems for Honeywell's Gulfstream G500 and G600 models. This rather slow deployment of touchscreens in modern cockpits is partly due to their severe limitations in operational settings. Contrary to current physical interactors, whose perception and manipulation are also promoted via the sense of touch and proprioception, they place a high demand on the visual channel to adjust the gesture, thus eyes-free interaction is difficult [START_REF] Voelker | Knobology revisited: A comparison of user performance between tangible and virtual rotary knobs[END_REF]. They are also extremely complex to use during turbulent conditions [START_REF] Cockburn | Turbulent Touch: Touchscreen Input for Cockpit Displays[END_REF], the pilot's ability to interact with them may be substantially impaired or eliminated during periods of heavy cockpit vibration. In addition, compared to full use of physical space, touchscreen surface interaction does not promote situational awareness and crew collaboration [START_REF] Brave | Tangible interfaces for remote collaboration and communication[END_REF][START_REF] Philip R Cohen | Tangible multimodal interfaces for safety-critical applications[END_REF]. Finally, perception of the information can be difficult because the screen can get dirty or because of the presence of smoke in the cockpit [START_REF] Vinot | Could tangibility improve the safety of touch-based interaction?[END_REF], and their usability is markedly reduced by stress or cognitive overload [START_REF] Guy | What do we mean by Human-Centered Design of Life-Critical Systems?[END_REF]. Thus, the generalization of touchscreens in a safety-critical domain like aeronautics would be possible only if their usage, especially in degraded context, is at least as efficient and reliable than classical interactors.

RELATED WORK

As opposed to approaches aiming at enhancing the design of touched-based interactions to improve robustness and visual dimensions in the cockpit [START_REF] Hourlier | Chapter 3: Avionics touch screen in turbulence: simulator design and selected human-machine interface metrics[END_REF], a possible avenue can be to combine the advantages of touchscreen interfaces and physical controllers [START_REF] Angel | The aircraft of the future[END_REF]. Introducing a graspable area in touchscreens would allow stabilizing the interacting arm and a reduction of pointing errors during turbulences. Cockburn et al. established that the possibility to stabilize the interacting arm improved the user performance with touchscreens during turbulent conditions [START_REF] Cockburn | Turbulent Touch: Touchscreen Input for Cockpit Displays[END_REF]. In this respect, graspable elements within the surface are likely to reduce physical effort during the interaction. In addition to an improvement of the physical interaction, relying on the physicality of shape and movement could also improve the perceptual dimension of the touchscreens. This physicality of "tangible" interactors, based on changing the shape of a flat surface, is indeed a promising property for efficiently conveying information. Studies from the physical information field support the idea that physicality improves users' efficiency to perceive information [START_REF] Jansen | Evaluating the efficiency of physical visualizations[END_REF] without complex symbolic representations [START_REF] James | The theory of affordances. The ecological approach to visual perception[END_REF][START_REF] Hornecker | Getting a grip on tangible interaction: a framework on physical space and social interaction[END_REF] and provides a more creative and mindful way to look at the data [START_REF] Stusak | Exploring the Potential of Physical Visualizations[END_REF][START_REF] Taher | Exploring Interactions with Physically Dynamic Bar Charts[END_REF]. Physical objects convey haptic perception, have a high visual salience, and their borders and edges structure the information space [START_REF] Pauchet | Multi-plié: A linear foldable and flattenable interactive display to support efficiency, safety and collaboration exploring and ironing out design complexities with airliner pilots[END_REF]. In this sense, the physical discontinuity of tangible interactors, originating from the emergence of an object on a flat surface, might also increase information salience [START_REF] Bertin | Semiology of graphics: diagrams networks maps[END_REF] and the building and maintenance of the situational awareness about the system states in the cockpit (e.g., the landing gear is fully extended). Pauchet et al. [START_REF] Pauchet | GazeForm[END_REF] showed that digital non flat interactors could reduce visual and mental demands during a piloting task, allowing to focus more on other cockpit activities. In addition, when set in motion, interactors based on shape change might prove to be very efficient to drive the attention, enhancing event detection and further contributing to situational awareness. Physiologically, the perception of movement is different from the perception of immobile object due to the different properties between the magnocellular visual pathway and the parvocellular visual pathway. The former detects quick changes in the position of an object and have a higher temporal resolution than the latter [START_REF] Livingstone | Segregation of form, color, movement, and depth: Anatomy, physiology, and perception[END_REF]. As such, a dynamical aspect (movement) of tangible interactors may allow stimulating magnocellular cells, allowing a faster information perception of some critical information. Existing example of cockpits systems that use their physicality to enhance perception and awareness are the auto-trim and the throttle levers. Those two systems, respectively aiming at controlling pitch and speed, can be moved intentionally by the pilots or can move automatically, for example according to the autopilot actions. Their physicality and movements improve the situational awareness of the crew about the evolution of their states.

OBJECTIVES AND HYPOTHESES

This paper presents the human factor evaluation of a flexible surface designed to address the above-mentioned limitations of touchscreens in airliner cockpits. Indeed, we aimed to assess whether a shape changing touch-based surface could better cope with turbulences or high mental workload than traditional touchscreens, by providing graspable interactors and an enhanced perception of the system states.

To compare the performance of flattened mode vs folding mode of a surface, sixteen participants were placed in a moving platform where they experienced a flying scenario with two different levels of difficulty and three levels of turbulences. A navigation and a surveillance task were performed with the flexible surface to characterize its pro and cons in terms of interaction robustness and situational awareness. The participants were equipped with an electromyogram (EMG) to quantify activity in the deltoid muscle. The flexible surface was used in either folded or flattened mode. We hypothesized that H1) turbulent conditions should affect interaction performances [START_REF] Cockburn | Turbulent Touch: Touchscreen Input for Cockpit Displays[END_REF]. Following insights gained on a qualitative preliminary evaluation of the flexible surface [START_REF] Pauchet | Multi-plié: A linear foldable and flattenable interactive display to support efficiency, safety and collaboration exploring and ironing out design complexities with airliner pilots[END_REF], we also hypothesized that H2) folded vs. flattened mode should improve interaction performance and reduce effort in the shoulder, especially under high turbulences. We finally hypothesized that H3) the physical dimension (shape, movement) of the folded mode should allow a better situational awareness in comparison to the flattened mode [START_REF] Vinot | Could tangibility improve the safety of touch-based interaction?[END_REF].

MATERIAL AND METHOD 4.1 The flexible surface

Multi-plié are accordion-fold interactive displays integrating shape changing design principles [START_REF] Pauchet | Multi-plié: A linear foldable and flattenable interactive display to support efficiency, safety and collaboration exploring and ironing out design complexities with airliner pilots[END_REF]. Following numerous participatory workshops with professional pilots and a deep analysis of their professional activity [START_REF] Letondal | Being in the Sky: Framing Tangible and Embodied Interaction for Future Airliner Cockpits[END_REF], the Multi-plié prototypes were designed to address some of the operational limitations of touch-based interaction in airliner cockpits. This previous exploration highlighted the ability of two concepts to support various in-flight scenarios use-cases with a high level of safety and efficiency, while promoting crew situational awareness and collaboration. The two functional prototypes that emerged from the workshops were an articulated display series and a pleated display surface, called respectively multi-screen and flexible surface. In this paper, we focused on the evaluation of the flexible surface. This prototype is assumed to make touch interaction more efficient and reliable and to promote the pilot's awareness about the different aircraft system states (e.g., strobe state). The flexible surface is composed of a unique surface measuring 15 cm by 33 cm, foldable in four parts (see Figure 2). The thin 3D printed flexible surface can be deformed thank to four mechanical arms. The display is generated via a projector (see Figure 1) whose image is dynamically mapped onto the surface. Some parts of this prototype are made of a touch sensitive surface, based on five sensitive rectangles in the rear part of the two bottom folds and the four edges made by the folds. 

Participants

Sixteen participants were enrolled in the experiment. Their age ranged from 20 to 45 years (mean = 27 years). Four participants (25%) were private pilots or future pilots (as a hobby or on training to be professional airliners) and the others were familiar with the aeronautics field and had previous experience with flight simulators. There were two left-handed persons. It should be noted that even left-handed professional pilots must interact with systems with their non-dominant hand (i.e., their right hand), for example when flying in the left seat (captain position) and interacting with the pedestal. All participants had a visual acuity allowing them to see clearly without glasses in a 2m sphere (size of the experimental platform). The tasks performed by the participants (abstract piloting task, tasks with the prototypes) were fully accessible to novice participants. The aim of the study was not to reproduce a fully realistic piloting situation but rather to evaluate the fundamental properties offered by our flexible surface in terms of interaction and situational awareness during simple and synthetic tasks. This choice also allowed us to recruit "normal" participants, airline pilots being a population that is more difficult to access.

Motion platform and turbulences

The experiments took place in a motion platform with six degrees of freedom (pitch, yaw, and roll) to recreate turbulent conditions (see Figure 1). Participants were installed in a driving seat mounted on the platform. A front screen was installed approximately 70 cm in front of the participant's chest to display the abstract piloting task and some other information related to the surveillance task. A joystick was placed at the left of the seat and a customized keyboard was fixed below the front screen. In order to ease the interaction with the keyboard, it contained only the key required to perform the 2). This display was also used during the navigation task to display the selected heading and speed values (3). Finally, this screen was used during the surveillance task to display a series of questions to assess the situational awareness (not illustrated on this picture).

task and those were distributed among the keyboard to avoid erroneous keystrokes. The flexible surface was placed at the right of the participants following the recommendations for touchscreen use in cockpits [START_REF] Barbé | Ergonomic approaches to integrate touch screen in future aircraft cockpits[END_REF]. The joystick was meant to be used with the left hand and both the keyboard and the prototype were meant to be used with the right hand. This configuration reproduces the flight captain configuration, where the prototype is used as the ECAM panel. The participants were wearing a headphone that was used to give them instructions during the experimentation (e.g., heading instructions). This headphone had a noise-cancelling function to improve vocal instructions perception and to avoid potential biases due to the mechanical noise of the flexible surface. In line with Hourlier et al. experimental settings [START_REF] Hourlier | Chapter 3: Avionics touch screen in turbulence: simulator design and selected human-machine interface metrics[END_REF], we reproduced two levels of turbulences, corresponding to weak and strong turbulences according to the aeronautical classification [START_REF]Aeronautical information manual: Official guide to basic flight information and ATC procedures[END_REF]. The turbulence signal originated from a record made during a real flight (embedded accelerometer and gyroscope). The signal was linearly transformed in frequency and intensity to match aeronautical classification parameters.

Abstract piloting task

The abstract piloting task was used to reproduce a piloting situation and to generate a sustained mental workload while performing the tasks with the flexible surface. It is a reproduction of the widely used (e.g. [START_REF] Wang | An EEG workload classifier for multiple subjects[END_REF]) MATB-II [START_REF] Santiago-Espada | The multi-attribute task battery ii (matb-ii) software for human performance and workload research: A user's guide[END_REF]. It consists of a set of tasks designed to reproduce piloting activity while being accessible to novice participants. The MATB-II makes possible to control the difficulty by adjusting different parameters (cursor speeds, range direction, indicators' rates, etc.). In our experiment, the abstract piloting task was performed in parallel to the tasks with the flexible surface. This situation does not reproduce the actual real-life pilot's activity, in particular considering the navigation task. Pilots would not handfly and do data entry in the autopilot at the same time. This decision was made to recreate a highly demanding environment and to force the participants to divide their attention to several tasks (tracking, system monitoring and tasks with the flexible surface). However, in order to keep the tasks feasible, we selected only two of the four tasks of the original MATB-II: the tracking task and the system monitoring task. The tracking task and the system monitoring task were displayed on the front screen (see Figure 3.1 and Figure 3.2) and required the use of the keyboard and the joystick. The tracking task reproduces the manual control of the aircraft trajectory. It consists in continuously keeping a cursor in the center of a target thanks to the joystick. The system monitoring task consists of visually monitoring six indicators. Each of these six indicators is associated with a keyboard key that the participant must press as fast as possible to return the indicator to its nominal state (two light buttons and four moving scales). The level of difficulty of the abstract piloting task depended both on the speed/amplitude of the erratic cursor movements of the tracking task and the rate at which each indicators of the system monitoring task leave their nominal state. Performance measurement was focused on the mean distance between the cursor and the center of the target. The participants' performances to this task were focused on the tracking task and measured by the mean distance of the cursor from the center of the target.

Tasks with the flexible surface

The two tasks performed with the flexible surface were the core of this study. The navigation task addressed the "interaction dimension" of the flexible surface and the surveillance task was designed to address the "situational awareness dimension" of the flexible surface.

4.5.1 Navigation. The navigation task reproduces the manual input of flight parameters in the autopilot. Every 15 seconds, a vocal instruction announced a flight parameter (heading or speed) and an associated value as following "set parameter to value". The participant was asked to modify alternatively the heading and the speed. The required value was randomly chosen among realistic values that could be reached during the time allowed for each instruction. There were eight voice instructions and task duration was about two minutes. The participant was required to input the value of the parameter using the appropriate area of the flexible surface.

During this task, the upper area (area 1) of the flexible surface displayed the values of the two flight parameters. The area just below (area 2) remained empty. Area 3 and 4 were touch-sensitive and served to edit the parameters, i.e to select the heading and speed values, respectively (see Figure 4.1). In addition of providing a touch-based area, these parameter editing areas also displayed the parameter names. Heading selection (area 3) was done using four buttons to add or subtract 1 or 10 degrees to the current heading value (with a possibility of long presses to scroll the value). Speed selection (area 4) was done using a slider, where one had to keep 2) tasks (in flattened mode). On the navigation task illustration (1), the button increasing the heading value by ten units is pressed, as indicated by the blue color. Figure 5: "Slide" interaction with a fold during the navigation task. The finger behind the fold is sliding over the fold to modify the speed parameter.

the finger pressed on the area and to move it to the left or the right for decreasing or increasing the value, respectively. The farther the finger was moved from the center, the faster the speed decreased or increased (see Figure 5). The difference between the folded and the flattened mode condition was that the area 1, 3, and 4 were folded. The area 1 was folded to allow reading the parameters value while the area 3 and 4 were folded to be used to put the palm of the hand and to stabilize the arm, possibly improving the interaction robustness during the turbulent conditions. In order to promote eye-free interaction, the current speed and heading values were also displayed on front screen (see Figure 3.3).

The participants had to be as fast and accurate as possible when selecting the flight parameter values. During this task the performance was measured by the time taken to set the right value. This task was performed in several conditions by participants. To ensure the same level of complexity between participants, flight parameter values to input were the same for each participant. However, to avoid bias, these values were randomly distributed among the conditions. 4.5.2 Surveillance task. The surveillance task reproduces the permanent implicit consciousness that the pilots must maintain about the aircraft system states. As in an actual flight situation, these system states evolve as a result of pilot actions and are also subject to changes, even without explicit actions from them. Each of the four selected parameters ("strobe", "beacon", "wing" or "nav") were displayed on one of the four areas of the flexible surface, with the name of the parameter and its current state ("on" or "off"). The parameter states changed after an explicit action from the participant following a vocal instruction asking to modify a parameter state, or regularly without actions (see Figure 6). Depending on whether the flexible surface was in flattened or folded mode, the states of the parameters were respectively represented by coloration (see Figure 4.2) or by the shape of the fold. A flattened fold or a dark area indicated that the parameter was "off"; a raised fold or a bright area indicated that the parameter was "on". To modify a parameter state, the participants had to tap the area (in flattened mode) or the fold (in folded mode) corresponding to the parameter; subsequently, the state switched from "on" to "off" or from "off" to "on". Regularly the task was interrupted to test the awareness of the participants about the states of the parameters: A series of questionnaires was displayed on the front screen and the participants used the keyboard to recall each of the four parameter states. This method was inspired by the SAGAT , a widely used technique to measure situation awareness [START_REF] Endsley | Situation awareness global assessment technique (SAGAT)[END_REF]. It consists in interrupting the experimentation at some random point in time and asking the participant to answer questions about the state of the systems. In the current experimentation, the questions were focused on the four modifiable parameters (e.g., no question about the system monitoring task).

There was a total of four questionnaires and three parameters modifications (with a modification every 6.5 seconds in average, randomly via explicit modifications from the participant or by automatic system modifications) between each questionnaire. It resulted in a total of nine parameters modifications such that the task duration was approximately two minutes (including questionnaires). Participants were asked not to over-focus on the flexible surface and to perform the abstract piloting task as correctly as possible. During this task, the performance measured by the number of errors when answering the questionnaires (when participants did not report properly the parameter state) and by the average total time taken to fulfill each series of questions. This task was performed in several conditions by participants. The states of the 4 folders (on/off) were the same for each participant. The values were randomly distributed among the conditions.

Questionnaire

In order to identify the subjective usability of the flexible surface, we asked the participants to fulfill SUS questionnaires. SUS is a usability test widely used in the field of human computer interaction [START_REF] Brooke | SUS-A quick and dirty usability scale[END_REF]. It consists of a 10-item questionnaire with five response options. It provides a score on a 0-100 scale. Only one questionnaire was added in order not to overwhelm the participants. The SUS questionnaire is a bit dated but it is still widely used, especially in related studies, allowing us to compare our results.

Electromyographic measurements of the deltoid muscle

We measured the muscular effort in the shoulder during the navigation task as it required to interact with the flexible surface. The participants were equipped with an EMG to record muscular effort of the shoulder, more specifically, the electric potential generated by the medium deltoid activity. Two electrodes were placed between the acromion to the lateral epicondyle of the elbow and one electrode was placed on the 7th cervical to serve as a reference [START_REF] Zipp | Recommendations for the standardization of lead positions in surface electromyography[END_REF]. The raw signal was rectified by applying a root mean square function [START_REF] Mahaphonchaikul | EMG signal feature extraction based on wavelet transform[END_REF] (see Figure 7). All EMG data has been normalized with respect to an EMG value taken before each experimental scenario, during a maximum isometric voluntary contraction (MIVC) test for normalizing deltoid muscle EMG. Meticulous visual inspection of the signal was conducted to ensure that no motion artefacts were present, which can happen when an electrode is moved or the skin is stretched [START_REF] Merlo | Technical aspects of surface electromyography for clinicians[END_REF].

Procedure

The participants were informed about the risks of the procedure, the fact that they could interrupt the experimentation at any moment, and about the fact that recorded data were anonymous and will be used only for scientific purposes. Then, the participants were given instructions describing the experiment and they were installed on the driving seat mounted on the platform. They were secured with a safety harness attached to the platform structure and were equipped with the EMG and the headphone with noise-cancelling function.

They first performed the navigation task under the six following conditions:

• Two interaction modes: "flattened mode" and "folded" mode; • Three levels of turbulence: none, weak and strong.

To perform the navigation task under the six possible conditions, the participants were asked to accomplish the task (and thus the parallel abstract piloting task) six times. The order of the six different conditions was randomized across the participants.

Then the participants performed the surveillance task under the four following conditions:

• Two interaction modes: "flattened mode" and "folded" mode;

• Two levels of cognitive demand: low and high (depending on the cursor movement's speed/amplitude plus the rate at which the states of the indicators of the system monitoring task change).

To perform the task under the four possible conditions, the participants were asked to accomplish the surveillance task (and thus the parallel abstract piloting task) four times. The order of the four conditions was randomized across the participants.

Before each task with the flexible surface, the participants performed a short training session to ensure that they fully understood the tasks rules. It also helped ensuring that they get familiar with the abstract piloting task. After each experimental condition of the task with the flexible surface, participants fulfilled the SUS questionnaire. The whole experiment lasted approximately two hours.

Statistical analysis and experimental variables

Results were analyzed using STATISTICA software version 10 (Stat-Soft Inc). We performed 2 x 3 repeated measures analysis of variance (ANOVA) for each dependent variable to assess the effects of our experimental factors (independent variables). More precisely, during the two tasks, dependent variables included the subjective usability (SUS score) and the performance to the piloting task (mean distance of the cursor from the center of the target). In addition, during the navigation task, performance with the flexible surface was assessed via the time taken to input the parameters. During the surveillance task, the performance with the flexible surface was investigated via the number of errors to the questionnaires. Finally, the effort in the shoulder (EMG signal amplitude of the deltoid muscle) was also measured during the navigation task. The effects of three within-subject factors were considered during both tasks: The two flexible surface modes (folded, flat), the three levels of turbulences (no turbulence, weak turbulence, strong turbulence), and the two levels of task difficulty (low, high). Post hoc tests were conducted using the Tukey HSD test (this test corrects for multiple pairwise comparisons). We used Mauchly's test to test the sphericity assumption for the within-subject (repeated measures) factor with more than two levels (or more than a single degree of freedom, i.e., the main effect of turbulence with three levels, which would have 2 degrees of freedom). In this case the univariate F statistic reported in the ANOVA table is based on the assumption that the hypotheses associated with each single degree of freedom are orthogonal. The Greenhouse-Geisser correction was applied if the assumption of sphericity was violated (i.e., significant Mauchly's test). The Greenhouse-Geisser correction computes reduced degrees of freedom to reflect the fact that the within-subject hypotheses are correlated, and not independent. We also used the Kolmogorov-Smirnov test to test the normality of all variables. They all met the assumptions of normality (Kolmogorov-Smirnov test significance was always > 0.05). Effect sizes were reported using partial eta-squared (𝜂p2). Due to unexpected events during the experiment (failure to record the data), some participants data are missing for two analyzes.

RESULTS

This section detail the following results. Findings show that the interaction is affected by turbulence, but that the folded screen does not differ from the control condition during navigation tasks. However, the folded mode results is less muscle strain (sensed using an EMG sensor) and better situational awareness. The main effect of the flexible surface mode and the interaction effect were not significant (p > 0.05).

Performance to the abstract piloting task.

A two-way ANOVA (14 valid participants) showed a significant effect of turbulences on the performance to the abstract piloting task, Greenhouse-Geisser corrected: F(1.06, 13.85) = 44.76, p < 0.001, 𝜂p2 = 0.77 (see Figure 8), with a monotonic decrease of performance with increased turbulences. Performance to the abstract piloting task (cursor distance to the center) were lower in strong turbulences (M = 0.28, SE = 0.03) vs. weak turbulences (M = 0.20, SE = 0.01), HSD, p < 0.001, and lower during weak turbulences vs. no turbulence (M = 0.14, SE = 0.01), HSD, p = 0.001. The main effect of the flexible surface mode and the interaction effect were not significant (p > 0.05).

Performance with the flexible surface.

A two-way ANOVA (16 valid participants) showed a significant main effect of turbulences on the time taken to input the parameters, F(2, 30) = 17.06, p < 0.001, 𝜂p2 = 0.53 (see Figure 9), with an increased time under strong turbulence (M = 9.81, SE = 0.36) vs. weak turbulence (M = 8.47, SE = 0.38) and vs. no turbulence (M = 8.27, SE = 0.26), HSD, p < 0.001 in both comparisons. The main effect of the flexible surface mode and the interaction effect were not significant (p > 0.05).

5.1.4

Effort in the right shoulder while interacting with the flexible surface. A two-way ANOVA (16 valid participants) showed a significant main effect of turbulences on the EMG signal amplitude, Greenhouse-Geisser corrected: F(1.16, 14.01) = 8.36, p = 0.009, 𝜂p2 = 0.41 (see Figure 10). The intensity of shoulder muscles activity was higher during strong turbulence (M = 0.12, SE = 0.03) vs. weak turbulence (M = 0.10, SE = 0.02), HSD, p = 0.001, and higher during weak turbulence vs. no turbulence (M = 0.06, SE = 0.01), HSD, p = 0.001. We also found a significant main effect of the flexible surface mode, F(1, 12) = 4.97, p = 0.045, 𝜂p2 = 0.29 (see Figure 10), with a lower shoulder muscles activity in the folded mode (M = 0.09, SE = 0.02) vs. flattened mode (M = 0.10, SE = 0.03). The interaction effect was not significant (p > 0.05).

Surveillance task

5.2.1 Subjective usability of the flexible surface. A two-way ANOVA (16 valid participants) showed no significant main nor interaction effects of the flexible surface mode and the difficulty (p > 0.05 for all analyzes).

5.2.2

Performance to the abstract piloting task. A two-way ANOVA (16 valid participants) showed a significant main effect of the flexible surface mode on the performance to the piloting task, F(1, 15) = 13.03, p = 0.002, 𝜂p2 = 0.46, with better piloting performance when using the flexible surface in folded (M = 0.16, SE = 0.01) mode vs. flattened mode (M = 0.17, SE = 0.01). We also found a highly expected main effect of the difficulty of the piloting task to the performance to this same task, with lower performance when difficulty was high (M = 0.22, SE = 0.01) vs. low (M = 0.11, SE = 0.01), F(1, 15) = 89.64, p < 0.001, 𝜂p2 = 0.86. The interaction effect was not significant (p > 0.05).

5.2.3

Performance with the flexible surface. A two-way ANOVA (16 valid participants) showed a significant main effect of the flexible surface mode on the number of errors to the questionnaires, F(1, 15) = 4.83, p = 0.043, 𝜂p2 = 0.24 (see Figure 11), with more errors committed when using the flexible surface in flattened mode (M = 4.28, SE = 1.15) vs. folded mode (M = 3.03, SE = 1.08). The main effect of difficulty and the interaction effect were not significant (p > 0.05). 

DISCUSSION

In this paper, we showed that providing folds (in folded mode) allowed a general reduction of the physical effort because it helped to stabilize the user arm. The physicality of the flexible surface in this mode was also associated with higher performance to the parallel abstract piloting task and with a higher situational awareness of the aircraft system states, most likely because this interaction had better visual properties and could free some critical attentional resources.

Navigation task

Our results supported H1, a context of high turbulences was highly deleterious to the different tasks in the cockpit. The turbulent conditions provoked a diminution of the performance to the abstract piloting task as well as to the navigation task performed with the flexible surface (irrespective of the surface mode). Consistently, high turbulences had a negative impact on the subjective usability of the flexible surface and increased the muscular effort in the shoulder when interacting with it. Taken together, these results confirmed that turbulence must be carefully considered in the design of future touchscreen cockpit displays [START_REF]Aeronautical information manual: Official guide to basic flight information and ATC procedures[END_REF][START_REF] Cockburn | Turbulent Touch: Touchscreen Input for Cockpit Displays[END_REF]. Partially failing to validate H2, we found no significant performance advantages for the folded mode over the flattened mode to cope with the turbulence during the navigation task. Also, the folded mode of the flexible surface was not significantly perceived as more usable than the flattened mode.

Interviews with the participants raised several issues during the navigation task that might be corrected in the future. For example, participants reported that interacting without the eyes was not really possible, even in the folded mode. A participant explained that: "the fold was convenient because it allows [her] to grab the surface but then [her] hand was masking the interaction area. [She] tried to interact without looking at it, but the touchscreen interaction was not easy enough". Another explanation was that the tactile area behind the folds was not entirely interactive. As a reminder, it consisted in five separate square tactile zones. Consequently, the interaction required too much accuracy and eyes-free interaction was not really possible due to lack of guidance on the tactile area. However, despite this lack of observable performance advantages with the folded mode, it generated a lower muscular effort in the shoulder than the flattened mode, likely reflecting the benefits of being able to grasp the folds to stabilize the hand.

Surveillance task

The results confirmed that the folded mode allowed a better situation awareness (less error to the questionnaires) in comparison to the flattened mode, validating H3. First, the number of errors was lower when reporting the system state with the folded mode. This outcome tends to support that the physical emergence of the shape on a flat surface acted as an efficient external cue of the system state, in a similar fashion than the landing lever and the auto-throttle position act as an external reminder to know the system states. Second, folded mode allowed higher performance to the abstract piloting task than the flattened mode. It supports the idea that the folded mode helped maintaining attention toward the system states while performing other concurrent tasks and without reducing the attention paid to them. We assumed that the participants could more easily monitor the system states in peripheral vision thanks to the better salience of the folds. A participant reported that: "It [was] way easier with the folds". This result indicated that the emergence of the shape and the movement of the flexible surface was an efficient way to maintain the user attention about the system states (i.e., on/off). It tends to support the supposed advantages of physical information to convey efficiently information [START_REF] James | The theory of affordances. The ecological approach to visual perception[END_REF][START_REF] Hornecker | Getting a grip on tangible interaction: a framework on physical space and social interaction[END_REF].

Limits

Some limits should be mentioned. First, our results suggested that the folded mode allowed a better situation awareness (less error to the questionnaires) thanks to the physical emergence of shape, in comparison to the flattened mode, validating H3. It would be interesting to investigate whether this outcome can also partially result from the orientation of the surface in relation to the pilot. One can argue that the folded mode allowed a better visibility in peripheral vision due to the position of the folds. A flat but tilted surface (with the same angulation than the folds) could be also efficient. However, most participants reported that they had to turn their head to look at the flexible surface (i.e., the surface was not really visible in peripheral vision in none of the two modes), independently from its mode, suggesting that shape changing property was also important for improving their situational awareness, in addition to the simple higher visibility of the information. In addition, several parts of our experiment did not reproduce an ecologically valid situation. The majority of the participants were not licensed pilots. However, it is important to note that the tasks performed by the participants (abstract piloting task, tasks with the prototypes) were fully accomplishable to novice participants. The aim of the study was not to reproduce a piloting situation as realistically as possible but rather to evaluate the fundamental properties offered by our flexible surface in terms of interaction and situational awareness during simple and synthetic tasks. Given the nature of the tasks employed, we believe that the impact of our participant profile was very low.

In addition, the flexible surface used during this experiment was an early prototype. The prototyping of tangible operational devices is known to be complex [START_REF] Jeffrey | ClothSurface: Exploring a Low-Cost Prototyping Tool to Support Ideation for Shape Displays[END_REF], and this work confirms it. Some improvements could be done regarding the tactile interaction as it raised concerns from several participants. Firstly, it would be interesting to increase the resolution of the tactile area to improve the reliability and accuracy of the tactile area. Secondly, a better guidance of the fingers in folded mode would be desirable in the future. This could be done by adding some texture to the surface. Finally, it would be interesting to move the touch area to the other side of the fold (the front). We discovered that the way the fold was meant to be grabbed (relying on the thumb and using the other finger behind the fold, see Figure 5) was not the most convenient way to interact (despite being tested during a pilot study). It would be interesting to allow the thumb to interact with the front of the fold and to rely on the other fingers to stabilize the position.

Finally, regarding the number of participants, 16 participants is above the bottom limit to apply a one-way ANOVA. This study has to be considered as a pilot study investigating what results could be expected. It leads to another one, more consequent, that requires more participants. For example, this evaluation aimed at being independent from expertise such that despite a small number of participants they come from different backgrounds. Yet it does not means that expertise does not have an impact. Further studies could multiply the number of participants according to different levels of expertise to apply a two-way ANOVA regarding expertise, and as such, measure its effect.

CONCLUSION

This study, by examining the advantages of physicality and shape changing properties for touchscreen interfaces, identified several principles that may lead to a better integration of touchscreen interfaces in airliner cockpits. First, in accordance with existing studies, we confirmed the strong negative impact of turbulence on their subjective and actual usability: turbulence indeed affected touchscreen interaction as well as muscular effort. Second, the folded mode required a lower muscular effort than when the task was performed in flattened mode. The grabbing possibility offered by the folds explains this latter result. Another interesting result concerned the impact of folding on situation awareness. We found that the flexible surface in folded mode promoted a better building and maintenance of the situational awareness about the state of the aircraft system. Thirdly, we believe that a few improvements on the design of the prototype can be made to better support hypothesis H2, (only partially confirmed) e.g. by increasing the resolution of the tactile area and moving it to the front of the fold (see Section Limits). Fourthly, our results also confirmed that a high workload context tends to reduce subjective usability of touchscreens. Future research might investigate the factors that can explain this specific issue. A final contribution was the development of new interaction widgets on the flexible surface to select target headings using incremental buttons and target speed using a slider. It is worthwhile noting that these are novel interaction mechanisms in aviation, as pilots mostly use rotating knobs located on the glare shield to select navigation target.

Figure 2 :

 2 Figure 2: The flexible surface fully folded (top) and fully flattened (bottom).

Figure 3 :

 3 Figure 3: Illustration of the display of the front screen. The abstract piloting task (replicating the MATB-II) consisted of a tracking task (1) and a system monitoring task (2). This display was also used during the navigation task to display the selected heading and speed values (3). Finally, this screen was used during the surveillance task to display a series of questions to assess the situational awareness (not illustrated on this picture).

Figure 4 :

 4 Figure 4: Illustrations of the flexible surface display, divided in 4 area, during the navigation (1) and the surveillance (2) tasks (in flattened mode). On the navigation task illustration (1), the button increasing the heading value by ten units is pressed, as indicated by the blue color.

Figure 6 :

 6 Figure 6: The flexible surface during the surveillance task.On the picture, the user is tapping the last fold to modify the corresponding parameter's state.

Figure 7 :

 7 Figure 7: Illustration of the onsets of two arm movements on the flexible surface (vertical black lines) during the navigation task and its effect on the medium deltoid activity (blue line).

5. 1

 1 Navigation task 5.1.1 Subjective usability of the flexible surface. A two-way ANOVA (14 valid participants) showed a significant main effect of turbulences on the subjective usability, F(2, 26) = 10.74, p < 0.001, 𝜂p2 = 0.45, with a lower perceived usability of the flexible surface (irrespective of the flexible surface mode) during strong turbulences (M = 59.03, SE = 5.03) vs. weak turbulences (M = 63.97, SE = 3.96), HSD, p < 0.001, and during weak turbulences vs. no turbulence (M = 70.80, SE = 4.61), HSD, p = 0.032).

Figure 8 :

 8 Figure 8: Mean performance to the abstract piloting task during the navigation task across the three levels of turbulences and the flexible surface mode. Errors bars represent the standard error mean.

Figure 9 :

 9 Figure 9: Time taken to input the parameters during the navigation task across the three levels of turbulences and the flexible surface mode. Errors bars represent the standard error mean.

Figure 10 :

 10 Figure 10: Mean rectified EMG signal amplitude during the navigation task across the three levels of turbulence and the flexible surface mode. Errors bars represent the standard error mean.

Figure 11 :

 11 Figure 11: Mean number of errors during the surveillance task across the two levels of cognitive load and the flexible surface mode. Errors bars represent the standard error mean.