A review of the physical, psychological and psychophysiological effects of motorsport on drivers and their potential influences on cockpit interface design
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Abstract.  The racing driver’s environment constitutes a unique set of challenges in terms of usability.  Cockpits in the upper echelons of motorsport, such as Formula One and the World Endurance Championship are known for their high levels of complexity due to the need to optimize vehicle performance.  The cars’ capabilities and the nature of motorsport subject the drivers to a range of stresses.  This paper explores five stresses, as identified by Bertrand et al.; Emotion, temperature, g-force, vibration and muscular effort, examining their potential influences on cockpit interface design from physical, psychological and psychophysiological perspectives.
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1 Introduction

Driving is a complex activity, involving multiple tasks [1].  Within the context of motorsport, it is considered to be mentally demanding [2, 3, 4, 5], as high-performance vehicles require concentration to maintain control close to the limit of adhesion whilst simultaneously interacting with competitors.  Despite the cognitive intensity of this primary task, drivers are also expected to carry out a range of secondary tasks using their interface, often multiple times per lap. Baldisserri et al. (2014) conducted a pilot study that employed the double task paradigm to assess how secondary tasks affected a racing driver's cognitive workload and performance.  This suggested how performance was influenced by the type of secondary task, they describe how individual drivers will each have a distinct 'cognitive profile' that defines their multi-tasking abilities [6].  Schneiders et al. (2010), described the high level of visual workload drivers are exposed to, in order to maximise performance and minimise errors, they must absorb and process a large amount of situational information [7].  The user interfaces within racing cars therefore have to be optimized to minimize the cognitive load of secondary tasks.  However, the racing driver operates within a unique environment, and the stresses to which they are exposed have multiple effects on their cognitive and physical abilities.  By gaining a deeper understanding of these effects, interfaces may be designed to reduce the subsequent probability of errors.
2 Motorsport Interfaces
Interfaces in modern racing cars are increasingly complex, comprising multiple controls and displays [8].  Many of these systems are often steering-wheel mounted (Fig. 1), with additional controls sited on the dashboard or beside the driver (Fig. 2).  In addition to this, an audio interface is generally integrated within the safety helmet, allowing bi-directional communications with the racing team.  Drivers are expected to interact with these interfaces at frequent intervals whilst racing, to optimize vehicle performance, operate basic required functions, monitor on-board displays and communicate with engineers.  The driver’s primary task varies in complexity and associated cognitive load, this can be due to demands such as pressure to perform or changing conditions.  In scenarios that result in the primary task generating a high cognitive load, the driver will have less ability to carry out secondary tasks, such as interacting with their interfaces [9].  There have been multiple incidents of drivers criticizing their engineers for speaking to them on the radio whilst they were concentrating on driving.  There are also documented incidents of driver errors occurring due to interface issues [8], equally, with complex primary tasks, the risk of interface-based secondary task errors increases.  By understanding the effects of the drivers’ environment and factoring these into interface designs, it may be possible to reduce the frequency of both interface-based and driver errors.
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Fig. 1. The cockpit of Fernando Alonso’s 2012 Ferrari F1, illustrating the complexity of the vehicle’s interface. [10]
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Fig. 2. Dashboard mounted on the left of the driver in a Ligier JS P3 LMP3 car (Author’s image).
3 The Five Stresses

Bertrand et al. (1983) identified five distinct stresses to which racing drivers are exposed, g-forces, vibration, raised temperature, muscular effort and emotional stress. [11]   These are explored and categorized based upon their potential influences on cockpit interface design.  Two categories were selected, cognitive usability and physical usability; this allows some differentiation between the effects and the associated design influences.
3 G-Forces
The g-forces that a driver experiences during racing are due to a combination of factors.  The vehicle's lack of mass, the aerodynamic down-force achieved at higher speeds, high levels of tire grip and efficient braking systems all result in significant lateral, longitudinal and vertical loads.   In 2017, F1 cars generated 25% more braking force than in the previous year, due to changes in regulations [12].  At the Australian GP, Lewis Hamilton's Mercedes was exposed to over 6 lateral g in turns 1 and 11. [13] A CART race in 2001 was abandoned after two drivers crashed and others reported dizziness and nausea, the governing body cancelled the event after data indicated g-levels of 3.5g vertically and 5.5g laterally.  This was concluded have caused G-LOC (g induced loss of consciousness) in one driver [14].  Although in F1, the banked corners required to generate sustained vertical g's rarely feature [15], F1 drivers do experience momentary vertical accelerations of up to 3g's due to track surface imperfections that occur at frequencies that are documented to be uncomfortable to humans [15].  Research by Jacobs et al. (2002) [16] and Yamakoshi (2009) [17], suggests that the high g loadings, coupled with their frequency and rate of change cause drivers to expend large amounts of energy, stabilizing themselves within the cockpit.  F1 driver Mark Webber described the need to hold his breath in some corners, this is due to the inability of humans to breathe normally when exposed to loading of over 3g [18].  Potkanowicz et al. (2013) [14], describe how at approximately 2-3g, eyesight starts to be affected, initially resulting with the loss of peripheral vision.  If the levels are sustained, this is can be followed by further deterioration until a blackout occurs.  Yamakoshi et al. (2010) [17] conducted a study analyzing the physiology of kart athletes, their findings indicated that body temperature, blood pressure and heart rate were all in part affected by the g-forces to which the drivers were exposed.  They describe the rise in heart rate as a response to maintain oxygenation levels for both the body and the brain.  Brain oxygenation being of critical importance in motorsport where perception, low reaction times and accurate judgement are essential for safety and performance [17].  The forces drivers are exposed to therefore have both physical and cognitive effects.
3 Vibration
Racing cars generally have very stiff suspension, primarily due to the need to run at low ride heights to optimize aerodynamics and minimize weight transfer effects.  The suspension systems are not designed for comfort, but to maintain the tires’ contact with the track and maximize feedback to the driver.  The net result of these properties is that even small imperfections in the track surface cause harsh vibrations within the car.  The engine itself also creates high levels of vibration, much of which is transmitted to the driver.  Owen et al. (2015) [19], state that the relationship between fatigue and vibration is not well understood and there is a lack of quantitative data specifically in relation to motor sport.  However, Watkins (2006) [20] and Baur et al. (2006) [21] describe multiple injurious effects these vibrations can have.  Conway et al. (2007) [22] describe the effects of vibration on human performance as being a key ergonomic issue that can affect all aspects of the, 'trinity of stress', as described by Hancock and Warm (1989), input, adaption and output. In 1991, ex F1 world champion Jackie Stewart tested a 1988 March-Judd F1 car, he commented on the difficulty in controlling the car when traversing a bumpy section of Silverstone, due to the stiff suspension causing his feet to bounce off the pedals.  He further explained that, in his opinion, the drivers of the day would have been unable to extract the maximum performance from the car and themselves due to the severe lack of comfort due to vibration and lack of cockpit space [23].  Input processes such as vision are clearly affected, Robert Kubica locked a front tire in the 2010 Monaco GP and he described how the resulting flat spot caused vibrations severe enough to make it impossible for his to see his pit board and great difficulty in seeing braking points [24].  Whilst whole body vibration (WBV) such as that experienced by an F1 driver is an obvious source of physical stress, the effects on perceptual-motor and cognitive abilities have not been widely researched [22].  Conway et al. (2007) [22] carried out an extensive meta-analysis of the literature and their findings suggested that in addition to the physical effects, WBV also indirectly influences fine motor control, cognition and perception.  The evidence therefore suggests that vibration affects the driver both physically and cognitively.
3 Temperature
Drivers are exposed to considerably high temperatures during races; 8 of the 20 F1 races held in 2017 have average ambient temperatures of 25degC or higher [25].  Compounding this, regulations often require racing drivers wear multiple layers of fireproof clothing which has the side-effect of preventing them from easily losing heat [26].  The engine also generates a large thermal output, some of which is radiated to the driver. [5].  Child (2014) [5], citing Kanaya et al. (1993) states that these extreme thermal conditions can result in hyperthermia, which is detrimental to normal brain function and reduces cognitive performance.  He also describes how F1 drivers can lose up to 5% of their body fluid during a typical race as a response to thermal load. Citing Lieberman, (2007), dehydration levels of just 2% have been demonstrated to reduce visual-motor tracking tasks abilities, attention and affect short term memory [5]. Potkanowicz, et al., (2013) [14] cite the work of Wyon et al. (1996) that demonstrated how an increase in temperature of just 0.8°C is was enough to detrimentally affect a passenger-car driver's hand / eye coordination.  They go on to describe the importance of driver's clarity of thought, response time, judgement and accuracy when interacting with the complex steering wheels fitted to modern F1 cars.  Morley, et al. (2012) carried out a study to assess how the cognitive function of participant's wearing thermal protective clothing was affected during exercise. Their results suggested that whilst most cognitive functions were unaffected, reaction times were increased and short-term memory impaired more than an hour after physical exertion, despite cooling and hydration.  However, they describe results from previous research as mixed, they cite Lieberman et al. (2005), who stated that multiple cognitive performance stresses in military simulations that included heat and dehydration, resulted in detrimental effects in reasoning, vigilance, memory, attention and reaction times [27].  Caldwell et al. (2012) [28], carried out a similar study and found no significant cognitive affects due to hyperthermia, they also described there to be no consensus in the literature.  They did however, citing Gopinathan et al. (1988), state that there may be a positive correlation between dehydration and a decrease in cognitive abilities in heat.
3 Muscular Effort
In addition to the g-forces that a driver endures during racing, they also must place considerable muscular effort into the use of the primary controls.  Pruett (2012) [29] reported the exertion required to brake in a 2012 Indycar race at the Mid-Ohio race track; three times a lap, the driver would have to apply 135Ib of force to the brake pedal.  Over the course of a 100-minute, 85 lap race, it equates to 255 single leg repetitions at 18 second increments.  The steering effort in the same race is equivalent to 35 pounds of turning force being applied over 1000 times.  Racing drivers undergo physiological stresses very similar to athletes [16, 30, 31], although the specific levels of stress are dependent upon the type of track and vehicle driven [16].  They reported heart rate as being a valid physiological work indicator when the cars are driven at race speeds.  Beaune, Durand and Mariot, (2010), [31] carried out a study into energy usage of racing drivers which indicated mental fatigue in the form of extended reflex times and decreased attention levels in simulated motor racing due to cycle-based exercise.  Employing a review, they identified a direct relationship between fatigue levels and driver mistakes.  Tomporowski (2003) [32], carried out a review of studies into the effects of acute physical activity on adult cognitive abilities.  He stated that whilst there is significant support for an association between acute exercise and positive mental effects, the association with cognitive effects is not well founded in empirical research.  Tomporowski's review examined the literature with respect to the information processing model of cognition (Proctor, Reeve and Weeks, 1990).  This three-stage model is potentially representative of the process a driver would employ when using an interface.  The conclusion was that those exposed to aerobic exercise below their maximum aerobic abilities for up to 60 minutes experienced improvement in some cognitive functions.  Beyond the 60 minutes however, dehydration sets in to the detriment of information processing ability and memory [32].
3 Emotional Stress

Motor racing is inherently risky, and the driver balances the risk of an accident against the need to drive as quickly as possible – on the edge of control – for competitive reasons.  It is perhaps this need to accept a certain degree of risk that generates stress.  Ayrton Senna described the importance of knowing what fear is, in order to maintain one's alertness, and how it often determines the driver's limits [33].  Potkanowicz, et al., (2013) [14] describe how there is little known about the stress that drivers experience during races.  Watkins (2006) [20], cites a measurement by the doctor and racing driver Jonathan Palmer and neurosurgeon Brian Simpson, that revealed high levels of the stress hormones cortisol and testosterone in racing drivers’ saliva during racing and testing.  Jacobs et al. (2002) [16] further describe these hormonal changes as being due to not just anxiety but additional emotional responses, these could be due to the competitive nature of the racing scenario.  It is well established that stress may have an effect on cognitive abilities, especially those involving learning and memory [34]. 
3 Discussion of Potential Influences
The physical and cognitive usability issues caused by the driver’s environment may be addressed through a set of design optimizations.  Vibration and g-levels may require controls to be placed in such a way that the driver can brace themselves whilst operating them, they may also include detents, or require specific pressure or torque to prevent accidental operation.  Where fine motor control is affected, changes in the size, and location [35] of controls might improve operability.  Placing controls on the steering wheel to allow operation without requiring the driver to remove their hands affords multiple advantages [36], including reducing reaction times and required muscular effort.  Shaping controls may allow drivers to employ haptic memory [37], potentially reducing the effects of reduction in hand/eye coordination.  Vision based issues might be offset though larger, brighter displays, presenting less information.  Larger clearer colored labels might be employed on displays and controls, or they could also be shaped in such a way to benefit from haptic memory.  In terms of cognitive usability issues, evidence indicates that both temperature and emotional stress appear to affect memory.  A reduction in control complexity, improvements in logical layout, or an increase in labelling or color usage may aid memorability.  Decreases in attention might be mitigated through clearer displays or reductions in interface complexity.  Mental fatigue and reductions in perception, information processing, reasoning and vigilance might be more difficult to compensate for, other than through improvements in understandability and operability, possibly through simplification.  
4 Conclusions
The evidence is suggestive that all five stresses affect cognitive usability, and four out of five affect physical usability; emotional stress being the exception.  There is however clearly a great deal of interaction between the five stresses.  For example, g-forces and vibration can both lead to increased muscular effort, resulting in increased temperature with the associated cognitive effects of dehydration.  In multiple cases, the driver’s environment results in physical stresses with associated cognitive stresses.  For this reason, the optimal solution might be to take a holistic approach to mitigating their effects.  However, it is potentially useful to understand the distinct effects, particularly when they are cumulative.  Interfaces should be designed to be both usable and resilient to error at all times.  By analyzing scenarios that place the driver under the greatest level of duress with regard to these stresses, then developing the interfaces designs to meet these physical and cognitive usability demands, it may be possible to reduce interface-based and driver errors.  
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