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Abstract 

 

Use of touchscreens in the flight deck has been steadily increasing, however their usability may be 

severely impacted when turbulent conditions arise. Most previous research focusses on using 

touchscreens in static conditions, therefore this study assessed touchscreen use whilst undergoing 

turbulent representative motion, generated using a 6-axis motion simulator. Touchscreens were tested 

in centre, side and overhead positions, to investigate how turbulence affected: (1) error rate, movement 

times and accuracy, (2) arm fatigue and discomfort. Two touchscreen technologies were compared: a 

15” infra-red and a 17.3” projected capacitive touchscreen with force sensing capability. The potential 

of the force sensing capability to minimise unintentional interactions was also investigated. Twenty-six 

participants undertook multi-direction tapping (ISO 9241; ISO, 2010) and gesture tasks, under four 

vibration conditions (control, light chop, light turbulence and moderate turbulence). Error rate, 

movement time and workload increased and usability decreased significantly, with screen position and 

increasing turbulence level. 

 

 

 

 

 

 

Practitioner Summary   

This study evaluated the use of infra-red and projected capacitive touchscreen technologies using multi-

directional tapping and gesture tasks, whilst being subjected to different levels of turbulence 

representative motion. Performance degraded significantly with increasing turbulence level and 

touchscreen location. This has implications for future flight deck design.  
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Introduction 

 

Over the past couple of decades the increasing complexity of the flight deck has resulted in a move 

away from the traditional overcrowded array of hundreds of mechanical switches, indicators, toggles 

and gauges into what is now termed the “glass cockpit” and features sensors, computational systems 

and a structured array of LCD electronic flight instrument displays. There are an ever growing number 

of functions available for implementation on the flight deck, such as the recent advances in aircraft 

sensing and data collection and processing. The currently crowded arrays of flight instruments leave no 

further potential for incorporating these newly available functions, leading to increasing need to move 

the “glass cockpit” onto the next stage. One solution to this problem is to replace the current set up with 

a suite of touchscreens that can be customised to provide an unlimited array of airframe specific user 

applications.  

The use of touchscreens in safety critical systems such as the flight deck has been steadily increasing 

in recent years (Rockwell Collins, 2016 and Pope, 2009), since solutions to the historical barriers of 

lack of computing power (leading to slow response times and display update rates) have started to 

advance. Other barriers to use such as users less used to interacting with touchscreens, in the past 

displaying variable improvement to comparative performance with other technologies (Rogers et al., 

2005) are now being overcome, due to the added value that touchscreens provide. In addition to 

providing more functionality, touchscreens may also provide ability to: give output or immediate 

feedback to the user in the same region as input (or selection) and reduce the need for recalling items; 

where a screen can inform the user of executable functions and hence now have great potential to reduce 

workload, head down scan time and increase safety. Glass cockpit implementations such as 

touchscreens also bring advantages to the manufacturer where user applications running on such 

systems can easily be updated and modified. 

Whilst nowadays handheld touchscreens are successfully used in a multitude of applications, the use of 

a suite of fixed position touchscreens requires careful assessment where proximity becomes crucial due 

to the direct input requirement of touchscreens. The location of each device in relation to the user 

becomes an extremely important consideration; where increased levels of discomfort can arise where 

the user’s arm needs to remain outstretched to interact with displays (Stanton et al., 2013, Shin and Zhu, 

2011; Wang and Trasbot, 2011; Dul and Weerdmeester, 2001).  

Orphanides and Nam (2017) recently performed the first review of studies that evaluated touchscreen 

interfaces with respect to their Human Factors and Ergonomic capabilities. They identified that 

selection for or against the use of touchscreens must take into account context of use to maximise safety, 

performance and user satisfaction. They assessed context of use along three dimensions; the 

implementation of the touchscreen interface technology, the task that the touchscreen enables and the 

human user of the touchscreen. These were drawn from Wickens et al., (2004) who identified these 

factors as key dimensions in display development and selection. One of the review criteria set by 

Orphanides and Nam (2017) in their assessment of the task dimension of touch screen use was the 

specific environments within which the touchscreen would enable the task to function. The review 

identified the use of touch screens in the road environment, extraneous moving environments, medical 

and other environments (i.e. aircraft, robotics or cycling); aircraft being categorized under other 

environments as only two papers were identified in this domain. These identified that the use of 

touchscreens in the cockpit can improve performance when compared with trackball inputs (Eichinger 

& Kellerer, 2014) as well as rotary controllers and touch pads (Stanton et al., 2013), however as only 

static conditions were investigated, these findings may not apply for non-static conditions. 

Touchscreens were also found to be more usable by those engaging with them in simulated cockpit 

environments when compared to alternative inputs (Stanton et al., 2013).  



A major consideration when assessing touchscreen use in aircraft is the turbulent conditions under 

which pilots typically operate, where interaction will be further complicated by the inadvertent 

movement that turbulence gives rise to. This is an especially important consideration with predicted 

changes to climate in the coming years, where turbulence during flights is predicted to increase 

(Williams, 2017). Within the review conducted by Orphanides and Nam (2017), it was identified that 

extraneous environments are a key determinant of touchscreen ease of use and the corresponding 

performance of tasks that use touchscreen inputs. While they did not identify any studies that assessed 

conditions reflecting aircraft turbulence, numerous studies have explored the use of touchscreens in 

other environments with unwanted movements. These include agricultural tractors (Baldus & Patterson, 

2008), and simulators that exposed participants to vibration conditions that replicated military maritime 

vessels (Bjorneseth, Dunlop and Hornecker, 2013; Yau, Chao and Hwang, 2008) as well as unfinished 

roads that military vehicles may encounter (Goode, Lenne and Salmon, 2012). The results from such 

studies identified that touchscreens provided quicker movement times in contrast to mouse and trackball 

inputs (Lin et al., 2010; Yau, Chao and Hwang, 2008). Suggesting them to be the preferred input method 

when rapid inputs are required. Yet, some issues with the use of touchscreens were identified with 

increased error rates found in vibrating conditions by Lin et al., (2010). Goode, Lenne and Salmon 

(2012) also found increased inaccuracies and high levels of workload when assessing the use of 

touchscreens in simulated conditions of military vehicles on unfinished roads, this was an effect that 

was not found to diminish with practise. Thus, suggesting some issues when interacting with 

touchscreens under conditions of inadvertent motions. 

When interacting with touchscreens on the flight deck several issues can come into play, that previously 

didn’t exist with traditional ‘hard’ (mechanical) controls. Some of these issues are worsened by 

turbulent conditions, particularly during configuration and emergency situations, such as accidental 

touches, absence of tactile and aural feedback, extended reach fatigue, loss of historically 

geographically fixed control locations, reduced display area of multimodal screens and glare (Federal 

Aviation Administration, 2011; Kaminani, 2012). Other problems may arise such as transmission 

problems due to build-up of dirt or grease from finger contact (Bhalla and Bhalla, 2010). In the past 

problems have arisen due to parallax effects where the distance between the LCD and the surface of the 

glass cover was too great (Noyes and Starr, 2007) and also with inadvertent activation via light beam 

interruption in infra-red screens (Schwartz and Adam, 1988). In helicopter trials, Avsar, Fischer and 

Rodden (2015) showed that a fixed screen is susceptible to higher error rates than a mobile handheld 

screen. 

A very recent study by Cockburn et al.  (2017) describes touchscreen use in a mocked up cockpit 

undergoing vibration simulating turbulence, in a similar manner to the study described below. Cockburn 

also assessed the use of stencil touchscreen overlays and compared performance against a trackball. 

Participants were asked to complete similar tasks whilst being subjected to varying levels of turbulence 

mimicking vertical displacement vibration, ranging from static to very uncomfortable (2.15 m.s-2) with 

a mean motion frequency of 3.1 Hz (max. 5 Hz) and generally found that movement time and error rate 

increased with increasing vibration level. Whilst the range of accelerations imposed through the 

vibration platform was greater than the study currently being described, the accelerations were limited 

to the vertical direction only and did not include pitch and roll mimicking motion. The stencil was found 

to be generally unsuccessful at all vibration levels and tasks requiring pointing precision such as using 

a slider bar were more difficult to use than those with large targets. Drag based tasks, where maintained 

contact is required, were inaccurate compared to single press type tasks. In general movement times, 

error rates and subjective workload increased with vibration level. 

The combination of using fixed touch screens within an unpredictable movement environment therefore 

has potential to lead to highly inefficient interactions, through both slow interaction (movement) times 

and also through increased errors, where target locations may be missed if simultaneous unpredictable 

movement occurs. So far, reported factors such as button size, proximity, screen gain and auditory 



feedback have been found to significantly affect movement time and error rates (Hoffman and Sheikh, 

1994; Lin, Radwin, and Vanderheiden, 1992; Hancock and Caird, 1993, Bender, 1999; Dodd et al., 

2014) whilst the use of novel technologies such as force sensing screens (Happich, 2015) and haptic 

feedback (Graham-Rowe, 2011) also have potential to further affect these parameters. However the 

majority of these reported findings do not investigate turbulence and only apply to static conditions. 

Fitts’ law is now considered a useful model for human performance when evaluating a human computer 

interface (Soukoreff and MacKenzie 2004). Fitts (1954) described how difficulty of use depends (i) on 

the distance of the target button and (ii) inversely on the size of the button although this was established 

for static operation only. It is likely that the difficulty of use will greatly be increased when the device 

is also undergoing unpredictable movement, where static solutions such as increasing button sizes or 

positioning buttons more closely may not apply and could instead result in a trade-off with error rate.  

Hoffman and Sheikh (1994) sought to expand Fitts’ law for non-static applications, finding that 

movement times (time to reach target button) increased as target height (200 to 1mm) and width (40 to 

10mm) decreased. We seek to further expand understanding of touch screen use by taking a human 

centred approach in evaluating how touch screen technology can be effectively implemented in the 

flight deck, despite the effects of turbulence. Resistive touchscreens have previously been found to 

outperform projected capacitive touchscreens (Dodd et al., 2014). Novel technology built into PCT 

screens can now sense force to gate out unintended touch by the user, similar to the effect inherent in 

resistive touchscreens, where users would have to press with force rather than tap, in order for the touch 

to register. Building on the work of Cockburn et al., (2017), using a Dell projected capacitive 

touchscreen (PCT), the current study investigated whether the force sensing capability of a PCT could 

improve interactions in a turbulent mimicking cockpit environment. The PCT force sensing technology 

enables this capability by the addition of a surface layer that measures tiny displacements and also has 

the capability, with the addition of suitable hardware, to provide the user with haptic feedback. 

Use of both PCT and IRT touchscreen technologies were assessed whilst on a platform undergoing 

vibration representative of different states of aircraft turbulence in order to test the following 

hypotheses: with a suitably designed Human-Machine Interface (HMI), (1) touch interaction in an 

operational flight deck can be implemented with an acceptably low interaction error rate and (2) the 

touch interaction error rate in a turbulent flight deck environment can be reduced with the use of force 

sensing to confirm interactions; (3) the prototype implementation of force sensing on the touch is 

immune to the effects of vibration; (4) with a suitably positioned display and with suitable hand anchor 

points, users can operate the touchscreen in representative vibration conditions without suffering undue 

arm fatigue or discomfort; (5) single tap gestures will be performed with lower error rates than drag or 

multi-touch gestures in a turbulent flight deck environment. Specific attention was also given to 

developing Fitts’ law to include extraneous motion, allowing movement time to be estimated for 

different magnitudes of aircraft vibration type motion, whilst also taking account of button size and 

proximity. In comparison to the PCT, fewer participants trialled the IRT touchscreen, therefore no 

statistical analyses were performed on data collected using the IRT and this data has been included for 

indication only.  

 

 

 

 

 

 



Method 

 

Participants 

Twenty-six right-handed university-based participants (20 male and 6 female) took part in the study. It 

was considered unnecessary to use pilots for the basic tasks involved in this study, as the study tasks 

were not based on flight deck operations. Eight participants were aged 18-24, 12 were aged 25-34 and 

the remaining 6 participants were spaced evenly across age bands: 35-44, 45-54 and 55-64. For further 

standardisation, only right handed participants were included in the study.  The study was approved by 

the University of Southampton local ethics research committee (reference number 27805).  

 

Experimental Design 

The study had two within-subjects factors: (1) touchscreen location (1: centre, 2: side and 3: overhead) 

and (2) vibration condition (intending to represent: control, light chop, light turbulence and moderate 

turbulence). This model produced a total of 12 conditions. The study used a randomised repeated 

measures design, so each participant took part in each of the 12 conditions. There were six dependent 

variables: task (movement) time, error rate/accuracy, workload, usability, hand discomfort and body 

discomfort. The statistical analysis was based on a full factorial model with two factors: touchscreen 

location and vibration condition.  

Three subjective evaluation methods were also employed: system usability scale (SUS, Brooke, 1996), 

NASA Task Load Index (NASA-TLX, NASA, 1986; Hart and Staveland, 1988) and the Cornell 

University Questionnaire for Ergonomic Comfort (Hedge, Morimoto, and Mccrobie, 1999). SUS is a 

questionnaire which is used to assess the usability of a particular product (Stanton et al. 2005) and 

consists of ten questions. For this study SUS was used to assess each of the three touchscreens, where 

participants answered questions such as: 1. ‘I think that I would like to use the touchscreen unit 

frequently’ and 2. ‘I found the touchscreen system unnecessarily complex’. The NASA-TLX 

questionnaire is a commonly used subjective technique to assess workload (Stanton et al. 2005) and 

asks participants to rate their experience according to six areas: mental, physical and temporal demand, 

overall performance, frustration level and effort.  

Finally, the Cornell University Questionnaire for Ergonomic Comfort was employed to assess the effect 

of undertaking the tasks on regional discomfort and pain. The questionnaire asks participants to report 

the frequency with which they experienced pain in different parts of the body (neck, shoulder, upper 

back, upper arm, elbow, lower back, forearm and wrist) and seven areas of the hand (fingers relating to 

the (i) median nerve and (ii) ulnar nerve, thumb, upper palm, lower palm in the regions of the (i) lower 

thumb metacarpal and (ii) carpal bones and the dorsal surface in the region of the metacarpals), the level 

of discomfort experienced and whether or not the discomfort interfered with work tasks. For each 

individual part of the hand and body, there are three sub-scales: the first sub-scale measures the 

frequency with which the participant experiences discomfort on a five-point scale (0–4); the second 

sub-scale measures the level of discomfort (if any) on a three-point scale (1–3) and the third sub-scale 

measures the level of interference of the discomfort with work on a three-point scale (1–3). The scores 

for the three sub-scales are multiplied to produce a weighted estimate of discomfort for each hand and 

body part and then summed to produce overall discomfort scores for hand and body posture. 

 

 

Equipment 

Tests were conducted using the 6-Axis Motion Simulator at the University of Southampton, which was 

developed for vehicle research and is capable of providing faithful reproduction of vehicle motion 



environments. The simulator is able to provide motion in all three translation axes (fore-and-aft, lateral, 

and vertical) and all three rotational axes (roll, pitch and yaw) over a frequency range of 0 to 50 Hz. 

The mock up flight deck configuration was securely attached to the simulator’s 3 metre by 2 metre 

moving platform, consisting of a Boeing 747 seat with five-point harness and framework upon which 

the touchscreens were securely attached (as shown in Figure 1). Two types of touchscreen technologies 

were employed: force sensing 17.3” projected capacitive touchscreen prototype flight deck display units 

and one 15” infra-red touchscreen, fixed in the positions indicated in Figure 1, in configurations as 

described below. 

 

Procedure  

For each vibration level, performance was assessed across the different tasks. Participants were asked 

to perform the tasks as quickly and accurately as possible using their right (dominant) hand only, 

ensuring test consistency and simplicity. Participants were told that they could anchor their right hand 

around the edge of the screen. The participants were continuously monitored to ensure that they did not 

use their left hand at all, including the tests, screen anchoring or supporting the right hand or arm. 

Participants were instructed to rest their left arm either in their lap or on the overhead cross bar (away 

from the overhead screen). Participants were asked to complete several tasks, including a 16 button 

force and non-force -sensing multi-directional tapping test (MDTT, as described in ISO 9241; ISO, 

2010) across five different button sizes (1.0, 1.5, 2.0, 2.5, 3.0 cm diameter) and gesture tasks assessing: 

(i) ability to drag a ball to follow a ghost ball along a track, (ii) slider use and (iii) edge swipe, as shown 

in Figure 1 (d). For the MDTT, the task proceeded onto the next button location upon release of (i) a 

successfully located press for the non-force sensing test or (ii) a successfully located and sufficiently 

high force press for the force sensing test. Participants undertook these tasks using screens in each of 

the three screen locations: centre (screen 1), side (screen 2) and overhead (screen 3) whilst being 

subjected to each vibration condition.  

Four levels of turbulent mimicking vibration were assessed: control: no movement; light chop: 2-6Hz 

filtered random vertical motion r.m.s. weighted magnitude 0.37 m.s-2; light turbulence: 1-6Hz filtered 

random vertical (magnitude 0.25 m.s-2), roll (magnitude 0.03 m.s-2) and pitch (magnitude 0.02 m.s-2) 

motion, r.m.s. weighted magnitude 0.26 m.s-2, pitch centre 1.5m behind seat; moderate turbulence: 1-

6Hz filtered random vertical (magnitude 0.51 m.s-2), roll (magnitude 0.06 m.s-2) and pitch (magnitude 

0.04 m.s-2) motion, r.m.s. weighted magnitude 0.52 m.s-2, pitch centre 1.5m behind seat. Vibration levels 

were weighted to provide an overall directional measure of vibration exposure, as described in British 

Standard 6841 (BSI, 1987). Each participant undertook the group of tasks within each condition in a 

balanced randomised order, followed by each of the questionnaires. This was repeated twelve times 

(also in a balanced, randomised order): once for each of the three screens in each of the four vibration 

conditions.  

For all participants, prototype 17.3” widescreen Liquid Crystal Display (LCD) units were positioned in 

side (screen 2) and overhead (screen 3) positions (see Figure 1). Projected Capacitive Touchscreen 

(PCT) sensors were optically bonded to the LCD units to provide touch force sensing capability; the 

bonding method being selected to achieve negligible relative movement between the PCT and LCD 

under vibration conditions. For all but four of the participants, a third prototype 17.3” PCT screen with 

touch force sensing as described above, was positioned in the centre (screen 1) position (see also Figure 

1). In order to compare performance of different touchscreen technologies, for the remaining four 

participants, a (non-force sensing) 15” infra-red touchscreen (IRT) was positioned in the centre (screen 

1) position. The PCT and IRT displays were visually different and participants using the IRT in the 

screen 1 position were informed that as the centre screen did not have force sensing capability, they 

would not be asked to complete the force sensing MDTT task on that screen.  



Measured variables included response (movement) time, number of erroneous touches and touch 

accuracy, all captured from the touchscreen data input record, for both force sensing and non-force 

sensing tests. For the force sensing tapping tests, a touch would only register where it had a minimum 

unit specific force value of 50 (a force of 1 N, typical of an intentional touchscreen finger press). Whilst 

a minimum TSU specific unit of 50 was required to trigger a successful press, the PCT was sensitive to 

increments of just 1 TSU specific unit (0.02N). The number of touches below the force threshold with 

corresponding force values were therefore also recorded, along with the location of press. 

 

Data Reduction & Analysis 

Data were recorded for each task and statistical analysis and processing undertaken using an in house 

developed Matlab algorithm. The average (median) results are illustrated graphically for each test 

(figures 2 – 8), dependent variable and screen type. Whilst results from the IRT were illustrated 

graphically for comparison with PCT, no statistical effects are described, due to the small sample size 

(n=4). For tasks completed using the PCT screen, a factorial repeated-measures ANOVA was used to 

analyse the parametric scale measures: time and error rate/accuracy (as appropriate); a Friedman’s 

ANOVA to analyse ordinal level, non-parametric measures: workload, usability and discomfort 

variables. All statistical effects are reported as significant at a minimum level of p < 0.05.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



a)           b) 
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d) 

i)       ii)          iii)               iv) 

 

Figure 1 (a) side and (b) front photographs and (c) side schematic of the test setup. The overhead and 

side touchscreens were positioned at 10° from the horizontal and the centre touchscreen at 15° from 

the vertical. The centre touchscreen was mounted centrally in line with the seat. The side touchscreen 

was mounted to the side such that the left hand side of the screen was positioned 6cm laterally from the 

right hand edge of the seat. The overhead screen overlapped the right hand edge of the seat. (d) Sample 

screenshots of the tasks: (i) Force and non-force –sensing MDTT, (ii) ghost ball tracking, (iii) slider 

function and (iv) edge swipe 

 

 

 

 

Touchscreen Locations: 

     Overhead     Centre 

        Side        



Results 

 

Multi-directional Tapping Tests (MDTT) 

Figure 2 shows the mean movement times to successful press and mean number of erroneous presses 

for all tested conditions. Both the mean movement times and the mean number of erroneous presses 

increased with decreasing button diameter (for all conditions and all screens) and increasing vibration 

level for all button sizes and all screens). For the side and overhead touch screens, there were also some 

error presses for the smaller buttons where the participant was pressing the location of the previous 

button without realising that they had successfully pressed it and there were also several accidental 

presses on the edge of the screen where participants were using the edge of the screen to anchor their 

hand. 

There was a significant effect of vibration condition on (i) movement time when force sensing was 

employed, for centre (F(3, 20) = 23.2, p < 0.0001), side (F(3, 24) = 53.3, p < 0.0001) and overhead (F(3, 

24) = 21.94, p < 0.0001) PCT screens and on (ii) the number of erroneous presses for centre (F(3, 20) 

= 15.39, p < 0.0001), side (F(3, 24) = 29.9, p < 0.0001) and overhead (F(3, 24) = 6.26, p < 0.005) PCT 

screens. For the force sensing tests, the mean number of error presses where the force was below the 

threshold, but in the correct location, are also shown in Figure 3 a along with the corresponding force 

of those presses in Figure 3b. An observation was made that for the non-force sensing tapping tests, 

there were more erroneous presses on the side screen (screen 2) than the centre screen, at the smaller 

button diameters for the moderate turbulence mimicking vibration, thought to be due to the reduced 

relative angle between the finger and the screen for this configuration, leading to larger finger contact 

area and reduced ability to accurately press location. There was a significant effect of vibration 

condition on movement time for centre (F(3, 20) = 47.6, p < 0.0001), side (F(3, 24) = 38.1, p < 0.0001) 

and overhead (F(3, 24) = 35.8, p < 0.0001) PCT screens and on the number of erroneous presses for 

centre (F(3, 20) = 27.2, p < 0.0001), side (F(3, 24) = 27.7, p < 0.0001) and overhead (F(3, 24) = 17.3, 

p < 0.001) PCT screens. 
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i)  ii)            iii) 
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  i)     ii)              iii)  

 

 

 

Figure 2 Comparison of (a) mean movement times and (b) mean number of erroneous presses, in 

MDTT, across different button diameters (cm) and vibration conditions (control, light chop, light 

turbulence and moderate turbulence, shown with increasing line thickness) for (i) IRT, and PCT for (ii) 

non-force sensing and (iii) force sensing (IRT data indicative only due to small sample size). 

 

 

 

 

 

 

 

 



 a)       b) 

 

Figure 3 Mean (across participants) of (a) number and (b) corresponding minimum force, of presses 

with force below the pre-determined threshold, but correct location, in MDTT across different button 

diameters (cm) and vibration conditions (control, light chop, light turbulence and moderate turbulence, 

shown with increasing line thickness) for force sensing PCT screen. 

 

 

 

Gesture Tasks 

 

Swipe Task 

Figure 4 shows the median movement time for each screen for each swipe direction: left, up, right and 

down. In general, each successful swipe incurred a median movement time in the order of 1 second. 

For the left swipe at 50° tolerance angle, movement times were higher for the first swipe of each test 

set. Following this, the movement times remained similar as the test progressed and the tolerance angle 

decreased until 10° tolerance angle, where the movement time increased. Movement time increased 

with increasing vibration condition, most noticeably for the left and upwards swipes, particularly for 

the overhead screen and a significant effect of vibration level was observed for both centre (F(3, 20) = 

7.11, p < 0.005) and overhead (F(3, 24) = 6.93, p < 0.005) screens but not for the side screen (F(3, 24) 

= 1.75, p = 0.18). 
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Figure 4 Comparison of median movement times in swipe tests, across 5 subtests (where required swipe 

angle tolerance gradually decreased) and vibration conditions (control, light chop, light turbulence 

and moderate turbulence, shown with increasing line thickness) for (a) IRT centre screen and (b) PCT 

centre, side and overhead screens (IRT data indicative only due to small sample size). 

 

 

 

 

 

 

 



Ghost Ball Task 

Figure 5 (a) and (b) show median movement time and accuracy respectively. Movement times were 

dependent on the track of the ghost ball, which moved at a constant speed along the track, starting as 

soon as the participant touched the screen. For the PCT screen (see Figure 5 ii), median movement times 

differed between vibration conditions to the greatest extent in the overhead screen (F(3, 24) = 11.98, p 

< 0.0001), but also to a significant extent in the side (F(3, 24) = 4.54, p < 0.05) but not for the centre 

(F(3, 20) = 2.93, p = 0.06) screen. The final segment of the task was also investigated; from the time 

the ball touched the final circle, to positioning the ball within the final circle. There was a significant 

effect of vibration level in movement time for final ball positioning, for centre (F(3, 20) = 3.51, p < 

0.05), side (F(3, 24) = 3.32, p < 0.05) and overhead  (F(3, 24) = 9.22, p < 0.001) screens. There is a 

clear learning effect in the first subtest, where movement times were higher for all screens (see Figure 

6). For subsequent subtests, a shorter and fairly consistent time of approximately 2 seconds, is taken to 

position the ball in the end circle, for all vibration levels, therefore it is likely that the large variation 

found in the overall movement times between vibration levels in the overhead screen (of the order of 3 

seconds, see Figure 5 a ii) predominantly arises from the main track following part of the task.  

The median accuracy of the ball position from the ghost ball is in the order of 1cm, for all conditions 

and all screens, except for the moderate turbulence vibration condition in the overhead screen. In this 

case accuracy was poor at a median of 3cm for subtests involving a ‘∩’ shaped track (where the start 

and end points of the track were at the bottom of the screen), and 4.5cm for subtests involving a ‘⋃’ 

shaped track (where the start and end points of the track were at the top of the screen). There was a 

significant effect of vibration condition on accuracy across centre (F(3, 20) = 4.54, p < 0.05) and 

overhead (F(3, 24) = 22.14, p < 0.0001) PCT screens, but not for the side (F(3, 24) = 2.61, p = 0.07).  

In addition, the mean (note: not median) number of touches to complete the ghost ball task were also 

calculated as a measure of how frequently the user accidentally removed their touch away from the 

screen during a continual movement task. Figure 7 shows how the number of touches increased 

significantly with increasing vibration for all PCT screens: centre (F(3, 20) = 9.61, p < 0.001), side (F(3, 

24) = 11.31, p < 0.0001) and overhead (F(3, 24) = 18.98, p < 0.0001) positions. 

 

Slider Task 

The results for the slider tests are shown in Figure 8, for both IRT and PCT screens. For each of the 

four types of slider, there were two sliders presented, the first slider was presented at the 0% position 

and the second slider was presented at the 100% position at the start of the test. For the PCT screen, the 

first slider appears to have a consistently increased movement time, possibly due to a delay in starting 

to interact with each type of slider as the new screen appeared. As previously, the movement time 

increased with increasing vibration level for the first slider in the centre (F(3, 20) = 5.22, p < 0.01), side 

(F(3, 24) = 4.87, p < 0.01)  and overhead (F(3, 24) = 4.21, p < 0.05) screens and the second slider in the 

centre (F(3, 20) = 4.68, p < 0.05), side (F(3, 24) = 5.14, p < 0.01)  and overhead (F(3, 24) = 6.20, p < 

0.01) screens.  

 

Ergonomic Comfort Questionnaires 

The median scores for the questionnaire are shown in figure 9. Regions with median values of zero i.e. 

no discomfort at all, were not displayed in the figure: upper back, elbow (right), lower back, forearm 

(right), hand (right) - median nerve, hand (right) - ulna nerve, thumb (right), palm (metacarpals), palm 

(thumb metacarpal), palm (carpal bones) and dorsal surface (over metacarpals). There was a marked 

increase in frequency of discomfort, ache and pain for all vibration conditions in the regions of the right 



shoulder and upper arm and the overhead screen in the neck. All other regions had a median value of 

no discomfort, except for the wrist in the moderate turbulent mimicking vibration condition for the 

overhead screen. These findings were similar for severity of discomfort and interference with the task. 
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Figure 5 Median (a) movement times and (b) accuracy in ghost ball drag tests, across 4 subtests (where 

tracks were flipped horizontally and vertically to start and finish in alternate corners) and vibration 

conditions (control, light chop, light turbulence and moderate turbulence, shown with increasing line 

thickness) for (i) IRT centre screen (n=4) and (ii) PCT centre, side and overhead screens (centre n=21, 

side and overhead n=25) (IRT data indicative only due to small sample size). 
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Figure 6 Median movement time between ball contact with the end circle and correctly positioning the 

ball within the final end circle, in ghost ball drag tests, across 4 subtests (where tracks were flipped 

horizontally and vertically to start and finish in alternate corners) and vibration conditions (control, 

light chop, light turbulence and moderate turbulence, shown with increasing line thickness) for PCT 

centre, side and overhead screens (centre n=21, side and overhead n=25). 
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Figure 7 Mean number of separate touches required to complete ghost ball drag tests, across 4 subtests 

(where tracks were flipped horizontally and vertically to start and finish in alternate corners) and 

vibration conditions (control, light chop, light turbulence and moderate turbulence, shown with 

increasing line thickness) for (i) IRT centre screen (n=4) and (ii) PCT centre, side and overhead screens 

(centre n=21, side and overhead n=25) (IRT data indicative only due to small sample size). 
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Figure 8 Comparison of median movement times in slider tests, across 4 subtests: vertical, horizontal 

and circular sliders and two finger pinch zoom and vibration conditions (control, light chop, light 

turbulence and moderate turbulence, shown with increasing line thickness) for (a) IRT centre screen 

and (b) PCT centre, side and overhead screens. Two sliders were presented for each slider type (i) 1st 

slider, starting in the 0% position, (ii) 2nd slider, starting in the 100% position (IRT data indicative 

only due to small sample size). 
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Figure 9 Median questionnaire scores (across participants) for (a) frequency of discomfort, ache and 

pain, (b) severity of discomfort, ache and pain, and (c) interference with the task (regions with median 

score of ‘never’ are not shown) for different levels of turbulence (C=control, LC= light chop, LT=light 

turbulence and MT=moderate turbulence) 

 

 

System Usability Scale 

Figure 10 shows the System Usability Scores for each touchscreen position for each vibration condition. 

There were no significant differences within each screen across vibration levels or across screens in the 

control (no movement) condition, however there was a significant effect of screen location for light 

chop (F(2, 20) = 6.45, p < 0.01), light turbulence (F(2, 20) = 5.10, p < 0.05) and moderate turbulence 

(F(2, 20) = 5.17, p < 0.05) conditions.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Box and whisker plot for System Usability Scale scores (across participants); C – control, 

LC – light chop, LT – light turbulence MT – moderate turbulence, for centre (screen 1), side (screen 2) 

and overhead (screen 3) screens 

 

NASA-TLX 

The NASA-TLX scores for each participant for each vibration condition on each screen are shown in 

Table 1 and Figure 11. There was a significant effect of vibration condition in the overhead (F(3, 24) = 

3.34, p < 0.05) PCT screen, but not for the centre (F(3, 20) = 2.84, p < 0.07) or side (F(3, 24) = 2.58, p 

= 0.08). There was no significant effect of screen location for the control (no movement) condition, 

however there was for light chop (F(2, 20) = 5.49, p < 0.05), light turbulence (F(2, 20) = 7.33, p < 

0.005) and moderate turbulence (F(2, 20) = 6.81, p < 0.01) conditions. 
 

 

 Mental Physical Temporal Performance Effort Frustration Overall 

Workload 

Centre C 5 7 8 5 4 6 38 

LC 6 12 10 7 11 10 55 

LT 6 11 9 8 12 8 53 

MT 8 13 10 10 12 11 67 

Side C 5 8 6 5 9 5 45 

LC 5 12 8 7 10 6 52 

LT 6 11 9 8 11 7 57 

MT 6 12 9 10 12 12 65 

Overhead C 7 15 10 10 13 10 67 

LC 9 15 10 10 14 13 73 

LT 10 15 10 10 14 14 73 

MT 10 17 12 12 17 15 81 

 

 

Table 1 Median NASA-TLX scores (across participants); C – control, LC – light chop, LT – light 

turbulence MT – moderate turbulence. 
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Figure 11 Box and whisker plot for NASA -TLX scores (across participants); C – control, LC – light 

chop, LT – light turbulence MT – moderate turbulence, for a) centre, b) side and c) overhead screens 

 



Discussion 

The aim of this study was to expand current understanding of touchscreen performance when subjected 

to turbulent mimicking vibration environments. For the dependent variables measured (movement time, 

accuracy and error rate) across the range of tasks assessed, as found by Cockburn et al. (2017), 

turbulence mimicking vibration has a significantly detrimental effect on performance. In particular the 

six hypotheses detailed in the introduction were tested and these are discussed in turn below. Fitts’ law 

was further expanded, into a specific movement related law for aircraft vibration, also taking account 

of button size and proximity and its effect on error rate. 

 

Hypothesis: Touch interaction in an operational flight deck can be implemented with an acceptably low 

interaction error rate  

For all screens, locations and tasks: movement times and error rate generally increased and accuracy 

decreased significantly with vibration level, with the exception of the ghost ball accuracy on the side 

screen. Times and error rates for the light chop condition tended to be similar to the light turbulence 

condition which may reflect the similarity in range of vibration frequencies and magnitude and suggests 

that direction of movement is not as critical as the magnitude of the movement. Performance on the 

MDTT with small button sizes was generally poor, especially for both side and overhead screens, where 

it is likely the participants often did not realise they had successfully pressed the smaller buttons and 

should have moved onto the next one, possibly due to their finger obscuring the button. Errors were 

eliminated at larger button sizes where no movement was occurring. For the three non-stationary 

vibration conditions, error rate was reduced rather than eliminated by the use of larger button sizes and 

was still of the order of 10%, even in the centre and side screens. Touchscreen technology should not 

be implemented without confirmation for critical tasks, and possible effects on secondary task workload 

should be considered carefully before implementation. 

A frequent observation by participants that did not show in the results was that on occasion presses 

would not always register on the side screen. The authors hypothesise that the issue may have arisen 

due to angle of the screen mounting; where a smaller angle would have been subtended for the side 

screen between the finger and the screen and would result in a larger finger press area on the screen, 

compared to a fingertip press for the other two screens. Whilst the overhead screen was mounted at the 

same angle, the issue was not apparent as the pressing finger was in a vertical rather than horizontal 

orientation. The performance on the side screen may improve if this issue was resolved and use of 

smaller button sizes should be more carefully considered for screens where there are smaller relative 

angles between finger and screen. 

For the MDTT, there were several accidental presses on the edge of the screens where participants were 

using the edge of the screen to anchor their hand, however these erroneous presses are easily identifiable 

and can be rejected automatically in future software. 

In summary, for non-stationary vibration conditions, interaction error rate was found to be generally 

high; therefore confirmation for critical tasks would be recommended when implementing in an 

operational flight deck.  

 

Hypothesis: Touch interaction error rate in a turbulent flight deck environment can be reduced with 

the use of force sensing to confirm interactions 

To determine whether unintentional presses could be minimised with the new force sensing technology 

in the PCT screen, the MDTT test was repeated with and without the requirement of the force threshold 

for successful tap (in addition to the requirement to press in the correct location). Participants quickly 



learnt the level of press required, and pressed above that force level for the majority of presses. Some 

erroneous presses were recorded where force was below the threshold, as shown in Figure 3, however 

despite these presses being automatically removed, the number of location incorrect erroneous presses 

was greater, for all conditions and screens, compared to non-force sensing MDTT tests (see Figure 2 b 

(ii) and (iii)). This suggests that the intentional increase in press force may lead to decreased accuracy 

of press location. Consequently, the force sensing function would appear to hinder user’s performance 

rather than aid it, at the force level set for this study.  Further investigation is recommended, to confirm 

whether this finding holds true for different force thresholds. 

 

Hypothesis: The prototype implementation of force sensing on the touch is immune to the effects of 

vibration 

Figure 3 (b) shows how the minimum force measured is fairly constant across different button sizes and 

tends to decrease with increasing level of vibration. The author’s hypothesise that as force level only 

varies with vibration and not button size, the negative force values recorded are likely to be arising due 

to malfunction of the touchscreen unit, rather than differences in human performance. The surface layer 

of the screens have been found to bow under high levels of motion induced stress. Further investigation 

is required to ascertain the extent to which this is interfering with the system’s ability to record press 

force accurately. This may in turn also be leading to the poor general performance in the force sensing 

tests and must be thoroughly investigated before any further optimisation tests are conducted using the 

systems force sensing capability. 

 

Hypothesis: With a suitably positioned display, and with suitable hand anchor points, users can operate 

the touchscreen in representative vibration conditions without suffering undue arm fatigue or 

discomfort 

An important consideration of this study was the location of the touchscreen in relation to the user. 

Increased levels of discomfort can arise where the user’s arm needs to remain outstretched to interact 

with displays and it is was hypothesised that this discomfort would be elevated when operating under 

turbulent conditions. In comparison to the no movement control condition, there were no significant 

differences in discomfort found across turbulence mimicking conditions, indicating that discomfort was 

not further elevated where vibration was present, except for the wrist in the moderate turbulent vibration 

condition for the overhead screen. In general, discomfort was consistently reported for all vibration 

conditions (including the control condition) in the regions of the right shoulder and upper arm and the 

overhead screen in the neck. All other regions had a median value of no discomfort. 

Discomfort was generally higher in the overhead screen compared to the centre and side screens. This 

arose due to experimental design, where the current system was not able to switch automatically 

between screens. This meant that the participants had to complete all tests and questionnaires in one go, 

for each screen in each vibration condition. For the overhead screen this was particularly challenging 

and difficult where workload increased (particularly physical demand, frustration and effort) and 

usability decreased and meant typically maintaining an arm up position for ten minutes or more. In a 

realistic flight deck situation, use of an overhead screen would usually be limited to use in the order of 

seconds rather than minutes. The authors would recommend that any future studies take account of this 

and a different configuration of test battery be set, to that of the other screens.  

 

Hypothesis: Single tap gestures will be performed with lower error rates than drag or multi-touch 

gestures in a turbulent flight deck environment  



The increasing number of touches required to complete the ghost ball task with increasing vibration 

(see Figure 7) indicates that it is difficult to maintain screen contact to undertake drag type tasks for a 

prolonged period whilst under turbulence mimicking vibration. The movement times for the slider task 

were generally higher than other tasks (see Figure 8), therefore single press tasks should be used where 

possible (such as tap or swipe tasks), rather than drag type touches (such as ghost ball and slider tasks, 

especially those requiring excessive time to accurately reach a final position), in order that movement 

times are kept to the order of 1 second and error rates are of the order of 25% or lower. The authors 

would also recommend an additional on-screen pop-up confirmation button be used where high 

turbulence is detected to ensure critical task selection is confirmed before the system acts on the input. 

 

Expansion of Fitt’s Law for Motion (e.g. Turbulence) 

Similar to the findings of Dodd et al. (2014), error rate increased with turbulence mimicking vibration 

and rate of increase was greater as the touch target size was reduced. Therefore, for time critical tasks 

the authors would recommend that larger button sizes are employed. For non-time critical tasks, the 

authors investigated the potential of deriving an expanded version of Fitts’ law (Fitts, 1954) that could 

be used to aid choice of button size in non-static conditions. Fitts’ law was originally derived for static 

use, therefore the non-force sensing MDTT data recorded from this study were used to assess how the 

parameters within Fitts’ law varied with different levels of motion. For this study, turbulence mimicking 

motion was recorded as r.m.s. weighted magnitude in m.s-2. 

Fitts’ law states that the movement time (MT) will depend directly on the distance to be moved (D) and 

inversely with the size of the button (W) as shown in equation 1. Constants a and b are derived 

empirically.  

𝑀𝑇 = 𝑎 + 𝑏 ∙ 𝑙𝑜𝑔2 (
2𝐷

𝑊
)    Equation 1 

For the MDTT used in this study, D was equal to 16cm and W varied from 1 to 3 cm. A new parameter, 

V, represents the r.m.s. weighted magnitude of the turbulence mimicking vibration in m.s-2. Empirically 

derived values for ‘a’ and ‘b’, were then plotted against V (using data from all three touchscreens). A 

least squares linear fit was then used to derive Equations 2 and 3, allowing the variation of both a and 

b across different levels of motion to be calculated using:  

𝑎 =  −2.5 𝑉 − 0.56   Equation 2 

𝑏 = 0.88 𝑉 + 0.29    Equation 3 

The novel expansion of Fitt’s law in Equation 4 includes the effect of motion on movement time and 

may be useful in several transport modalities, given the widespread recent prevalence of touchscreen 

use. Data from control and light and moderate turbulence conditions were used to develop this function, 

with light chop data excluded due to its different (uni-directional) behaviour, however the intention is 

that the accuracy of this expanded law may be further improved, as further empirical data becomes 

available. 

𝑀𝑇 = (−2.5𝑉 − 0.56) + (0.88𝑉 + 0.29) ∙ 𝑙𝑜𝑔2 (
2𝐷

𝑊
)  Equation 4 

 

 

Conclusions 



Previous studies have found that fixed touchscreen use tends to be more physically demanding and lead 

to more bodily discomfort (Stanton et al. 2013; Harvey et al. 2011) and suffer from higher error rates 

(Avsar, Fischer and Rodden 2015, Cockburn et al., 2017) than other input devices such as trackballs 

and touchpads (Lin et al., 2010; Yau, Chao and Hwang, 2008, Cockburn et al., 2017). However despite 

this, in a flight deck context, for all vibration conditions, the usability and workload appeared 

comparable to those reported from other input devices, for both the centre and side screens. Faster 

movement times and lower error rates were observed for the centre screen across all vibration conditions 

and the screen position causing least discomfort to use was the side screen. 

Further study of touchscreen use in flight decks appears worthwhile, given their potential for integrating 

a large number of functions into a single system, enabling more efficient use of space and consistency 

of information presentation. A major disadvantage of touchscreens is that slower interaction styles are 

likely to increase discomfort and touchscreens are therefore more suitable for tasks with high time 

pressure that are required to be performed quickly. The study has shown that it is possible to interact 

using short single presses with reasonable accuracy and low error rate, even under turbulent mimicking 

vibration conditions and longer interaction styles such as slider bars should be avoided. It may be 

possible to devise a combination of the two, for example allowing users to single press on specific slider 

bar locations, as an alternative to a sliding gesture, to allow the user to interact on a shorter time scale, 

should they choose.  In addition to the recommendations for  areas of further exploration in the context 

of aircraft flight decks made by the authors, whilst non-pilot participants were appropriate for the basic 

tasks assessed in this study, future study should be conducted with qualified pilots undertaking more 

realistic tasks, for example engine health or in flight checks, requiring multiple screen interaction. 

The study supports results published by Cockburn et al. (2017), showing that touchscreens have 

potential in a flight deck environment, where performance under single presses with larger button sizes 

should be chosen over those with small button sizes or requiring prolonged contact; overhead screen 

use should be minimised and the mounting angle of the device should be optimised for both optimal 

viewing angle and finger orientation, to minimise contact area; confirmation of input selection should 

be required for all critical tasks especially at high levels of turbulence where errors are more prevalent; 

and finally, force sensing capability has potential to eliminate this input confirmation requirement, but 

its mechanical function and limitations under vibration must first be further investigated, especially to 

determine the optimum minimum force threshold level. 
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