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ABSTRACT Effective warnings of potential collision risks are important countermeasures for drowsy and
distracted driving. This study explores the possibility of using smart wearable devices to provide vibrotactile
warnings. We assessed the effectiveness of a vibrating wearable device as a warning system. Participants
performed a classic car-following task in a driving simulator under four conditions: no warning, warnings
at the finger, wrist, temple area. When the lead vehicle braked intermittently, warnings would be delivered
to the same vibrating device, which was placed at the finger, wrist, or temple area. Results showed that
warnings at the finger and the wrist produced shorter brake response time than the no warning condition.
Warnings at the temple area did not produce significant benefits in brake response time over the no warning
condition. Participants preferred warnings at the finger and the wrist than the temple area. Quicker brake
response time for warnings at the finger and wrist area may be explained by the relative sizes of cortex area
in the brain which corresponds to the sensory organs, as visualized by the classic Penfield Homunculus. The
current study of wearable tactile warnings can inform future designs of warning systems for drivers.

INDEX TERMS Wearable devices, collision warning system, tactile warnings, car following task, driving
simulator.

I. INTRODUCTION
One of the most important parts of vehicle information inter-
faces is to warn drivers of potential collisions. Designing
warning systems for drowsy and distracted driving plays a
significant role in reducing traffic accidents such as serial
crashes and highway pileups [1]. Warning design is also
important for partially autonomous vehicles. In a take-over
control scenario, take-over warnings must be designed prop-
erly to minimize brake response time. A well-designed warn-
ing system can not only facilitate a faster response time but
also elicit appropriate behavioral responses [2]. The focus
of the current study is to compare different body location
placement of wearable vibrotactile devices for facilitating
drivers’ emergency responses, specifically braking responses
in a simulated classic car-following task.

As drivers have limited attention resources, the primary
driving and other secondary tasks (such as talking and texting
while driving)may interfere with each other [3]. Since driving

The associate editor coordinating the review of this manuscript and

approving it for publication was Lei Wei .

is primarily a visual-manual-cognitive task, warning signals
presented to drivers via the auditory and tactile modalities
are expected to be more effective than that presented via
the visual modality [4]. According to Wickens’ Multiple
Resource Theory, different perceptual modalities such as
visual, auditory, and tactile have separate resources [5]–[8].
Two tasks using different resources are expected to have less
interference than tasks utilizing the same resources. It is also
important to point out that tasks utilizing different perceptual
modalities still interfere with each other. As the bottleneck
of the central executive resources persists [9] and attentional
resources for different perceptual modalities may be linked
according to the research about cross-modality attention, the
interference may be less. A series of research by Dr. Spence’s
group suggests that information from multiple sensory chan-
nels is integrated to produce a coherent multi-sensory percep-
tion of the outside world, such as tactile cues that help visual
selective attention [10].

Visual warnings are one of the traditional warning modal-
ities, as driving is primarily a visual task. Excessive visual
demand leads to impaired driving performance, such as
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reduced driving speed and increased lane-keeping varia-
tion [11]. It has long been acknowledged that drivers often
suffer from visual overload [12]. Thus, warning systems
should not overload drivers’ visual resources [6]. Past studies
have also pointed out that an increasing amount of com-
plex in-vehicle technologies may distract drivers’ attention
[13], [14]. In fact, high-load tasks can reduce the perceptual
processing of task-related information. This phenomenon is
often referred to as inattentional blindness [15], [16], includ-
ing incorrect identification of meaningful stimuli or looked-
but-failed-to-see errors [17]–[19].
Auditory warnings overcome the limitations of visual

warnings and can attract drivers’ attention regardless of where
they are looking at [20]. Auditory warnings, combined with
semantic contents of risk levels or perceived urgency, may
be an effective modality for delivering warnings [21], [22].
A previous study by Ho and Spence showed that peripersonal
auditory warnings, i.e., the warnings from the space nearby
the driver, were possibly an effective way to reorient the
driver’s gaze [23]. However, some studies have found that
high attentional demand can also impair the perception of
auditory warnings [24], [25] causing inattentional deafness
[26], [27]. In addition, background sounds such as music or
engine noisesmay further reduce the effectiveness of auditory
warnings [28], [29].

With the limitation of visual and auditory warning devices,
increasing attention has been paid to tactile warnings [30].
Tactile warnings have been used in various fields, such as avi-
ation [31] and learning [32]. Evidence from previous analyses
showed that tactile warnings can improve drivers’ response to
potential car-following collisions [33]–[36]. Existing studies
have examined different types of tactile warning devices,
for example, vibration vest [37], vibration seat [38], and
vibration seat belt [29], [33], [39]. Despite the novelty and
importance of these studies, tactile vibration warning systems
have not been commonly adopted in vehicles. While their
cost may be a factor, it has been pointed out that vibration
signals from the seat, steering wheel, pedal, or seat belt
could be reduced by thick clothing and gloves [4]. With the
development of wearable devices, this problemmay be solved
by tactile warnings delivered directly onto the skin via smart
glasses, smart watches or smart rings. A practical research
question in the current study is how effective and how accept-
able wearable devices are as an approach for delivering tactile
warnings to drivers.

The current study investigates two critical theoretical ques-
tions: The first question is to find out the underlining mech-
anism in determining tactile response time, and the second
question is to examine whether the tactile response time is
determined by the size of the cortex areas corresponding to
the stimulation skin site (cortex sensorymapping hypothesis),
or by the distance to the central nervous system (sensory
distance hypothesis).

The cortex sensory mapping hypothesis is inspired by the
PenfieldHomunculus [40], which suggests a topographic cor-
respondence between body sensory areas and the brain cortex

for sensory and motor processing [41]. This is also supported
by Weinstein’s study on skin sensitivity which shows that the
two-point threshold of the hand is the shortest, followed by
the head region [42]. According to this hypothesis, it is better
to place tactile warnings on skin sensory areas with a larger
percentage of cortex correspondence, such as the wrist and
finger area.

The sensory distance hypothesis proposes that the response
time to tactile sensation is proportional to the distance from
the sensory area to the central nervous system. One former
study found that the reaction time to touches on different
sites along the body was proportional to the distance from
the brain [43]. For instance, Lele [44] found that the response
time of the proximal area of the finger was shorter than
that from the distal area, such as the foot. According to this
hypothesis, it is better to place vibration warnings on skin
sensory areas closer to the central nervous system, such as
the temple area.

To answer the theoretical and practical questions, we used a
simulated classic car-following task with tactile warnings for
forward collisions to evaluate the driver’s brake response time
to warnings delivered at different skin areas. The same tactile
vibrator was placed on the finger, the wrist, or the temple area
to deliver warnings. A no-warning condition was used as the
baseline.

II. METHODS
A. PARTICIPANTS
Twenty-eight participants were recruited from the community
of Tsinghua University.We used G-power (version 3.1.9.4) to
estimate the sample size. The effect size parameter were set
as the medium effect size(η2p = 0.06), and the others were set
by default. The results showed that 23 subjects were needed
under 80% power and 30 subjects were needed under 90%
power. Considering previous study and Latin square design,
we used 28 subjects [45]. The results from 24 participants
were included in the data analysis. Three participants did
not follow the experiment instructions and resulted in over
10 collisions, and one participant chose to withdraw from
the study. The mean age of the 24 valid participants was
23.88 years old (SD = 6.62 years), and there were 17 males
and 7 females. All participants reported having a normal or
corrected-to-normal vision, a healthy body, a valid driving
license, and a driving experience for over a year.

B. APPARATUS
The driving simulator (as shown in Figure 1) consisted of a
Logitech G29 steering wheel and gearbox. The screen used
was a Philips 58-inch LCD with a screen ratio of 16:9,
a screen resolution of 4096 × 2160 pixels, and a screen
refresh frequency of 60 Hz. The custom modified TORCS
(‘‘http://torcs.sourceforge.net’’) software was used for the
driving simulation, which has been used in previous research
of driver braking behaviors [45], [46].
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FIGURE 1. The driving simulator and the tactile vibrator (on his right hand
as highlighted in the red circle).

The vibrator’s main control chip was Atmel 328P. The
main components were a charging chip TP4056, LDO 662K,
and an HC-05 Bluetooth module. The power of the vibration
motor was 0.375W. The size of the vibrator was 10× 2.7mm.
A trained technician with a master’s degree in Automation
Control Engineering major from Haoxing Technologies mea-
sured the frequency and amplitude of the vibrator on the skin
using a hand-held AR63A/AS63A vibrometer. The results
showed that the vibration frequency was 200 Hz, and the
acceleration was 0.9 m/s2 when it was attached to human
skin. The vibrator was designed, coded and manufactured
according to the International Organization for Standardiza-
tion (ISO) [47], [48].

C. EXPERIMENTAL TASK
A car-following task was used to measure the brake response
time and response rate under different conditions. Participants
were instructed to follow the car in front of them andmaintain
a two-second headway behind it. The lead car drove at a mean
velocity of 40 mph (64.4 km/h) and braked at a random time
interval from 30 to 60 seconds. Vehicle dynamic measure-
ments, including the brake response time, brake response rate,
headway distance, lane position, speed, and steering wheel
position, were recorded during the execution of the simulated
driving tasks.

The vibrator (if worn) would warn the participants to brake
when the lead car was braking. The taillights of the lead
vehicle were illuminated every time the lead vehicle braked.
Participants were instructed to brake as soon as possible
when the lead vehicle started braking, even when a braking
manipulation was not required by the driving scenarios.

1) EXPERIMENTAL DESIGN
The experimental session consisted of one block of 13 prac-
tice trials followed by four blocks of experimental trials,
with 13 trials in each block and a total of 52 experimental
trials. The experiment adopted a single-factor within-subject

design to explore which body part could allow the quickest
brake responses. The independent variable was the body part
wearing the vibrator, including the index finger of their right
hand, the wrist, the head temple area, and no warning. These
four conditions were counter-balanced using the Latin square
design.

2) PROCEDURE
After arriving at the laboratory, participants read the instruc-
tions and signed the consent form. Next, they completed a
questionnaire regarding their driving and video game playing
experience. Once they finished the practice trials and reported
no doubt about the experiment, they began to perform the
car-following task under four conditions in counterbalanced
orders according to Latin Square design. Each condition
included 13 trials, lasting approximately 12 minutes. Partic-
ipants rested two minutes between conditions. Finally, they
were asked to fill in another questionnaire about their subjec-
tive opinions and preference for the body parts wearing the
vibrator.

3) DATA ANALYSIS
Driving performance was measured using the brake response
rate and brake response time. A brake response was oper-
ationally defined as a minimal depression of 1% of brake
pedal [45], [49], [50]. A ‘‘no-braking’’ response was opera-
tionally defined as a failure to brake within 5 seconds after the
lead vehicle braked. The brake response rate was calculated
by dividing the number of successful brakes by the total num-
ber of brakes executed by the lead vehicle. Brake response
timewasmeasured by recording the time between the onset of
the lead vehicle braking and the initiation of a brake response
by the participant’s vehicle.

The preferred and perceived intensities of vibration, asked
after the participant finished all the tasks, were measured by a
seven-point Likert scale, with 1 stands for ‘‘dislike the most’’
and ‘‘weak feeling’’, while 7 stands for ‘‘like the most’’ and
‘‘strong feeling’’.

All these measurements were submitted to repeated-
measure ANOVA with the task condition as the only within-
subject factor. IBM SPSS v25.0 was used in the statistical
analysis. Bonferroni correction was used for all post hoc
comparisons.

III. RESULTS
A repeated-measure ANOVA on brake response rate revealed
a significantmain effect of wearing position,F(3, 69)= 3.67,
p = .04, η2p = 0.14. Yet, post hoc pairwise comparisons,
as shown in Figure 3, produced no significant results.

Brake response time differed significantly across all task
conditions, F(3, 69) = 4.76, p < .01, η2p = 0.17. As shown
in Figure 4, post hoc comparisons showed that the brake
response time under the finger condition (M = 1.04 s, SD
= 0.35 s) and the wrist condition (M = 1.00 s, SD = 0.33 s)
were significantly shorter than under driving-only condition
(M = 1.29 s, SD = 0.36 s) with p = .004 and p = .008
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FIGURE 2. Car following task in TORCS.

FIGURE 3. Brake response rate. Error bars in all figures indicate
within-subject standard errors based on the main effect of the task.

respectively, whereas wearing vibrator on the temple
(M = 1.08 s, SD= 0.50 s) had no significant difference with
the driving-only condition (p = .22).

FIGURE 4. Brake response time.

Participants’ preference differed significantly across three
wearing positions, F(2, 46) = 7.05, p < .01, η2p = 0.23.
As shown in Figure 5, the preference for finger (M = 4.88,
SD = 1.75) and wrist (M = 4.83, SD = 1.31) was higher
than the temple (M = 3.13, SD = 2.05) with p = .03 and
p = .02 respectively, while no difference between finger and
wrist was found (p >.10).

FIGURE 5. Preference of warning locations (1 represents dislike the most,
7 represents like the most).

FIGURE 6. Perceived intensity of vibration (1 represents a weak feeling,
7 represents a strong feeling).

Participants’ perceived intensity of vibration also produced
a significant main effect of task conditions, F(2, 46) = 7.37,
p < .01, η2p = 0.24. As shown in Figure 6, the perceived
intensity when wearing on the wrist (M = 4.17, SD =
0.92) was lower than the temple (M = 5.75, SD = 1.42),
p <.01, whereas wearing on the finger (M = 4.71, SD =
1.63) showed neither significant difference with the temple
(p = .09) nor with the wrist (p = .56).

IV. DISCUSSIONS
The current study found that the vibration warning effect on
the finger and wrist was better than the driving-only condition
without warnings. Yet, the effect of the warning executed on
the temple area was no better than the driving-only condition.
The results are consistent with the cortex sensory mapping
hypothesis. It is concluded that the brake response time of
warning is faster by using body parts that have a larger
correspondence area in the brain cortex. However, the warn-
ing effect of the temple area, which is closer to the central
nervous system, is no better than the driving-only, the finger
warning, and wrist warning conditions, thus rejecting the
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sensory distance hypothesis. In Mancini and colleagues’
study on the whole-body mapping of spatial acuity for pain
and touch, they also found opposite evidence of touch sen-
sitivity to the prediction of sensory distance hypothesis [51].
The sensory distance hypothesismay seem to be an intuitively
viable explanation. However, the conduction speed of nerve
impulses is at the rate of 100 m/s [52]. Thus, the difference in
conduction time or distance may be negligible compared to
the number of neurons devoted to processing the information
in the somatosensory cortex. According to the estimate by
Bergenheim and colleagues, the conduction time difference
between the foot and arm stimulus ranged from 17.1 ms to
35.21 ms [53]. The maximum magnitude of conduction time
difference of 35.21ms between the foot and the arm is smaller
than the tactile brake response time difference between the
wrist and the temple area (297 − 210 = 87 ms), and the
finger and the temple area (251 − 210 = 41 ms), which is
contrary to the expectation of the sensory distance hypothesis.
The sensory distance hypothesis would expect a longer tactile
response time in thewrist and finger area than the temple area.

From a theoretical perspective, the current results provided
support for the cortex sensory mapping hypothesis. Response
time to tactile warnings depends more on the amount of
cortex sensory mapping to the skin sensory area, rather than
the distance of the skin area to the central nervous system.
Prior research and the current study gave us the inspiration to
place the vibrotactile device on sensitive body parts, such as
the finger or the wrist.

More factors, not only cortex sensory mapping, but also
practices [42], skin type (glabrous versus hairy) [51], age,
and gender [54], may also impact tactile response time. This
simulated driving study provides empirical evidence support-
ing the cortex sensory mapping hypothesis and rejects the
sensory distance hypothesis. Our conclusion, which is based
on inductive reasoning instead of deductive reasoning, only
suggests that the amount of cortex sensory mapping plays a
more important role than the sensory distance in determining
tactile reasoning. Still, this does not imply that the cortex
sensory mapping hypothesis is the only viable explanation or
the only factors or the most influential factors in influencing
tactile response time. For example, long-term meditations or
practices can improve tactile sensitivity [42]; the hair type
also influences touch sensitivity, as glabrous skin is observed
to be more sensitive to touch than hairy skin [51]. Older peo-
ple have poorer tactile discriminability than younger people
as a result of the changes in the nervous systems as people
age [54]. Future fundamental neurological studies should
be conducted to investigate the most decisive influencing
factors in determining tactile response time. Nonetheless, our
empirical applied study has provided evidence suggesting
that the cortex sensory mapping is at least more influential
than sensory distance.

From a practical perspective, it would be less expensive
and more feasible to use a smart ring, smartwatch or smart
glasses for vibration warning than to use the vibration seat or
vibration vest for vibration warning. In addition, considering

people’s wearing preference in daily life, decoration devices
such as rings, watches, and fashion glasses are preferred
wearable equipment. In comparison, it is less practical
for people to wear vibration warning vests while driving,
as drivers are more reluctant to put on a vest each time prior
to driving [55].

The current study confirmed the efficacy of tactile cues in
producing quick brake responses. Comparedwith the driving-
only condition without tactile warning, the average brake
response time was reduced by 297 ms when the participants
wore the device on thewrist, 251ms for the finger, and 210ms
for the temple. At a cruising speed of 40 mph (64.4 km/h),
a reduced brake response time of 297 ms can reduce the
stopping distance of 5.31 m. At a cruising speed of 70 mph
(112.7 km/h), the stopping distance reduced can be as far
as 9.29 m. Moreover, the wrist warning condition decreased
the brake response time by 23% compared to the drive-only
condition. In comparison, making phone calls while driving
can only increase the brake response time by 9% [49].

The present simulated driving study has its limitations, as a
driving simulator cannot fully simulate the real-world driving
situation which has additional motion feedback. Perception
of danger and intensity of tactile stimulation may differ
between the real-world and simulated world, which may lead
to potential differences in tactile brake response time [56].
For instance, a vehicle running on real roads vibrates because
of the unevenness of roads, but no vehicle vibration was pro-
vided in this simulated study. The frequency of warnings in
the experiment may also be higher than in real-world driving.
These factors are common limitations regarding the exter-
nal validity of simulated laboratory studies; however, it has
been pointed out that laboratory studies have its advantages,
such as allowing the control of perceptual load to reveal the
effect of multisensory cue benefits [57]. Simulated laboratory
experiments and real-world driving studies are complemen-
tary research approaches. Additionally, although tactile warn-
ings at the temple area did not provide significant benefits
compared to no warning condition. The lack of benefits at
the temple area may be specific to the current car-following
task. As peripersonal warning signals were reported to be
effective at orienting a driver’s gaze [23], tactile warnings at
the temple area may be effective in a lane change task, which
needs left/right directional information. Future studies should
consider using various driving tasks, such as a lane change
task, in addition to the current car following task to compare
the effectiveness of tactile warnings at different locations.

Future studies can improve the current study in many
aspects. We only investigated the effect of three differ-
ent body parts with vibration warning. Future studies can
expand the scope, such as arranging the vibration equip-
ment on the chest (where a necklace is located), or behind
the ear (where earrings are located), which will provide
more alternative locations for wearable devices. Meanwhile,
Sutherling et al. [58] found cortical representation was larger
for the index finger than the little finger, and that for the
middle finger is larger than the ring finger. This study only
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tested on participants’ index fingers. It will be interesting
to compare the differences between different fingers and
hand areas. Besides, a study conducted by Ho and Spence
explored the relationship between the tactile target location
and the effector, which shows that participants are able to
detect vibrations and react more quickly on the wrist than on
the shin. Similarly, the study of the target position and the
effector (shin) in the driving task is also an important research
topic [59].

In addition, the experiment did not cross-compare with the
equipment in the previous studies, such as vibration seat [38],
belts [29], [33], [39] and vest [37]. Nevertheless, the current
study provided design guidelines and support for the design
of wearable tactile warning systems.

APPENDIX
ELECTRONICS DESIGN FOR THE VIBRATOR
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