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Abstract—There has been a vast development of personal informatics devices combining sleep monitoring with alarm systems, in

order to find an optimal time to awaken a sleeping person in a pleasant way. Most of these systems implement auditory feedback as

the alarm signal, which is not always pleasant and may disturb other sleepers in the same space. In this paper, we present an adaptive

alarm system that detects sleeping cycles and triggers the alarm signal during shallow sleep, in order to minimize sleep inertia. Since

tactile sensation is associated with positive valence, vibrotactile stimulation is investigated as a silent alarm to enhance pleasant

awakening. Three modulation techniques to render the tactile stimuli for pleasant awakening are considered, namely simultaneous,

continuous, and successive stimulation. Two experimental studied are conducted. Experiment 1 studied exogenous attention towards

tactile stimulation in a multimodal scenario (involving visual and haptic interactions) with fully awake individuals. Results from the

attention task and the subjective valence rating suggest that the vibrotactile stimulation should be based on the continuous modulation,

since this not only is very perceivable but also associated with positive attention. Experiment 2 evaluated the user experience with

tactile stimulation patterns during sleep. Results confirmed the findings of experiment 1. Continuous modulation was rated highest for

pleasant yet arousing sleep-awake transition.

Index Terms—Vibrotactile stimulation, affective haptics, evaluation/methodology, haptic I/O, pervasive computing, health care,

psychology, user-centered design

Ç

1 INTRODUCTION

WAKING up can sometimes be unpleasant. In many
cases, being awoken by the alarm clock during a

period of deep sleep causes a person to feel weak and/or
confused, or experience a general fatigue during the day [1].
A potential solution to this problem involves determining
the sleeping phase the slumberer is experiencing at the
instant of supposed alarm-firing, and adapting the actual
alarm firing instant accordingly. Preferably, the sleeper will
be awakened during a period of light sleep. Another solu-
tion suggests using an arousing and/or pleasant stimula-
tion. A combined approach, based on adaptive alarm clock
and tactile-stimulation response, is what we are interested
in exploring to enhance pleasant yet arousing awakening.

Adaptive alarm clock systems (both research efforts and
commercial products) detect sleep cycles and fire an audio
alarm during shallow sleep [1], [2], [3], [4], [5]. In contrast
to regular alarm clocks, an adaptive alarm clock chooses
an optimal time to wake the user up using contextual
knowledge (such as calendar information, sleep quality,

and psychophysiology). For instance, HappyWakeUp [2]
detects user movements in a bed using the microphone of
the mobile phone to identify sleep stage (shallow sleep
during the Rapid Eye Movement or REM stage and deep
sleep during non-REM stage) and wakes the sleeper up dur-
ing shallow sleep (REM stage). Sony has recently patented
an alarm pillow with electrodes on the surface to come in
contact with the head to read brain wave signals [6]. The
system analyzes the collected EEG signals to determine
when the user goes into the REM or non-REM stages
and turns on a buzzer attached to the pillow as soon as the
person gets out of deep sleep.

Most alarm systems use auditory modality to display
the alarm signal. A potential approach for reducing sleep
inertia during wake up would be to apply appropriate
tactile stimulation to draw the sleeper’s attention (to help
wake up) in a pleasant manner. A relation exists between
tactile stimulation and drawing attention [7]. Attention can
be divided into endogenous and exogenous: The endoge-
nous attention describes the voluntary direction of attention
to a particular point, such as paying attention to a person at
a cocktail party. In contrast, exogenous or involuntary atten-
tion is the reflexive shifts of attention to unexpected or unin-
formative events, such as someone calling one’s name at
a cocktail party, or if a fly suddenly lands on one’s arm [8].

The majority of attention research has focused on single
sensory modalities, such as vision, audition, touch and even
olfaction and gustation (visual [9] or haptics [10]). However,
in everyday life, we commonly operate across different
sensory modalities to facilitate the selection of relevant
information. The classic cocktail party problem, where we
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direct our auditory attention to one particular voice in order
to have a conversation in a noisy environment is actually
misleading: we often rely on many other sensory modalities
such as visual information from lip-movements, facial
expressions, and gestures. In addition, we often ignore irrel-
evant sensory inputs, such as the feel of one’s clothes (tac-
tile), the smell of someone’s perfume (olfactory), and
perhaps even the taste of one’s drink (gustatory). Neverthe-
less, it is difficult to say what our attention is directed
towards when we sleep, since this might depend on the
sleep phase and the individual.

In this paper we take a novel approach for pleasant yet
arousing awakening by utilizing tactile stimulation as an
alarm response, and we validate this approach via two
usability experiments. Hypothesizing that our attention is
not necessarily directed towards tactile inputs, experiment
1 investigates measuring the exogenous attention towards
different tactile stimuli in a multimodal scenario (visual and
haptic). Experiment 2 evaluates the effects of sleeping on
valence/arousal reactions by testing the alarm system
with sleeping individuals. Both experiments confirmed that
continuous tactile stimulation is the most pleasant (rated
highest for valence reaction) yet effective in waking up
(rated high for arousal which is highly correlated to shifting
sleep to awake state [11]) .

The remainder of the paper is organized as follows: In
Section 2 we present the literature of tactile stimulation.
Section 3 summarizes the software architecture and hard-
ware implementation of the Aegis system (used in this
study) and details the sleep stage extraction algorithm.
Section 4 introduces experiment 1 to evaluate exogenous
attention towards different tactile stimuli in a multimodal
scenario (including experimental setup, analysis, and results).
In Section 5,we present experiment 2 to evaluate tactile stimu-
lation patterns with sleeping individuals. Finally, Section 6
summarizes the paper findings and provides perspectives for
futurework.

2 TACTILE STIMULATION LITERATURE

The concept of tactile stimulation has been around for deca-
des, since Geldard [12] in the 1950s studied the temporal
and spatial aspects of tactile discrimination on skin and
wrote: for some kinds of messages the skin offers a valuable

supplement to ears and eyes. Early research on haptic stim-
ulation has focused on applications aiding blind or visually
impaired people [13], but later developments included
entertainment and gaming [14], mobile and touchscreen
interaction [15], emotional and interpersonal communica-
tion [16], [17], [18], and health care (such as physical rehabil-
itation [19]) [20].

Tactile stimulation can display natural, intuitive, and rich
information by modulating the control signal for an array of
low cost vibration motors. These modulations can be modi-
fied by changing the frequency, amplitude (intensity), Burst
Duration (BD), Inter-Burst Interval (IBI), spatial distribution
and direction, resulting in different haptic patterns. Many
studies have compared the subjective ratings of different
haptic patterns using the classic 9-point valence and arousal
scale (commonly used to measure emotions [21]); a litera-
ture review on affective haptics is available here [22]. The
valence level indicates how positive or negative a stimulus
is, whereas the arousal level indicates how calming or excit-
ing the stimulus is. An example of how emotions can be dis-
tributed into these two scales is shown in Russell’s model
[23] in Fig. 1. In addition, some studies compare different
patterns on additional scales such as cognitive scales of con-
tinuity [24], smoothness [25], strength and rhythm [26], or
speed [27].

Due to the multiple possibilities for modulating haptic
patterns, many studies choose to keep some parameters
fixed, while concentrating on the effects of others, which
often results in varying conclusions. However, many stud-
ies on affective haptics report continuous apparent motion
being perceived as pleasant, whereas simultaneous stimuli
were rated more unpleasant [27], [28]. Other studies focus
more on how the different parameters contribute or affect
the continuous feeling [14], [24], [29].

Raisamo et al. [28] found a correlation between continu-
ous tactile stimulation and pleasant emotional reactions
whereas simultaneous stimuli were rated more unpleasant.
While others examined the effect of frequency, amplitude,
duration, direction and body site on continuity and subjec-
tive preferences [14], [24], Rahal et al. showed an effect of
gender, limb size and intensity [29]. Although most studies
on affective haptics report preferences towards more contin-
uous stimulation, this might not be the most suitable when
used as an alarm clock (for sleeping individuals). In this
case, a soothing continuous motion might not draw enough
attention upon itself to cause the user to wake up. Instead it
might become integrated into the users dream. On the other
hand, using a very arousing and aggressive stimulation
could result in an unpleasant awakening that might lead to
a dislike of the product. Thus, we are interested in examin-
ing not only the subjective emotional ratings of haptic pat-
terns but also how fast the subject’s attention is shifted
towards the different haptic patterns.

3 AEGIS ADAPTIVE ALARM IMPLEMENTATION

The Aegis system design is shown in Fig. 2 (a comprehen-
sive description and preliminary testing is published in our
previous work [30]). In this section, we will focus on the
development of the Adaptive Alarm Subsystem which is
the heart of the Aegis system. It includes the Sleep Stage
Extraction component and the Alarm Response component.

Fig. 1. Russell’s model illustrates how the valence and arousal scale can
be used to describe different emotions (adopted from [24]).

358 IEEE TRANSACTIONS ON HAPTICS, VOL. 11, NO. 3, JULY-SEPTEMBER 2018

Authorized licensed use limited to: New York University AbuDhabi Campus. Downloaded on July 10,2021 at 11:54:13 UTC from IEEE Xplore.  Restrictions apply. 



3.1 Sleep Stage Extraction

The Sleep Stage Extraction component analyzes body move-
ment from the accelerometer to classify sleep stages into
awake, REM and non-REM. Signal artifacts, caused mostly
by sleeper movements that may severely deteriorate the
accelerometer readings and thus the motion estimation, are
removed via a preprocessing phase. The sleep stage extrac-
tion flowchart is shown in Fig. 3.

The preprocessing phase is adopted from the work pre-
sented in [31]. The raw three-axis acceleration data are con-
verted first into the SI units (m=s2) by a calibration
procedure. The three signals ðax; ay; azÞ are then passed
through the following phases:

1) Low Pass Filter: The raw three-axis acceleration data
are passed through a second order low-pass filter
with a cutoff frequency of 18Hz to cancel out high fre-
quency noise [32]. The transfer function of this filter is

HðzÞ ¼ 0:0625þ 0:125z�1 þ 0:0625z�2

1þ 1:3z�1 � 0:5z�2
: (1)

2) Signal Derivation and Aggregation: A second order
derivative operation is applied to each of the three-
axis acceleration data to remove baseline wander
and gravity components. The transfer function for
the derivative operation is shown in Equation (2).
Next, the three axis-acceleration signals were com-
bined into a single (axis-independent) signal by cal-
culating the absolute sum.

HðzÞ ¼ 1

T 2
1� z�1
� �2

: (2)

3) Feature Extraction: The single, axis-independent sig-
nal reduces computational effort in further process-
ing steps and increase the amplitude resolution of
the body movements. From now on, the algorithm is
independent of the orientation of the accelerometer
sensor at the beginning or during sleep. The data is
divided into 30-second epochs. Feature extraction
was based on the calculation of the body movement
index [33]. For each 30-second epoch e, a body move-
ment index was calculated using Equation (3). The
body movement index is calculated as follows: two
separate integration operations are applied to the
axis-independent signal over a two second (I2) and
four second (I4) window (the signals I2 and I4 have
different response characteristics to different periods

of movement activity). Digital integration was cho-
sen as it is more suitable for identifying movement,
compared to other methods such as zero crossing or
time above threshold [34]. The body movement
index is then calculated as the summation of the
series of I2 and I4 values starting from the 4th second
till the 30th second, in a step size of 2 seconds. The
average over a window of 18 subsequent epochs of
the body movement index is also used as another
feature for classification.

MðeÞ ¼
X
e

I2
I4

� �2

: (3)

4) Classification and Evaluation: Naive Bayes classifiers
[35] are used to distinguish awake, REM and non-
REM sleep using the body movement index feature.
Comparative evaluation was performed by record-
ing data with the SOMNOwatch plus EEG 6 device
[36]. Two healthy subjects (one male and one female)
were recorded during seven consecutive nights. The
Aegis system was placed on the subjects arm, while
reference hypnograms were collected using the
SOMNOwatch plus EEG 6 device.

The reference data is also divided into 30-second epochs
from the accelerometer signals, and was preprocessed with
the DOMINOlight software by SOMNOmedics GmbH. The
body movement index feature was used together with the
ground truth information recorded from the SOMNOwatch
plus EEG 6 device to train the Naive Bayes classifiers extract
sleep stage (awake, REM and non-REM). A snapshot com-
paring results we got using the Aegis system and the SOM-
NOwatch plus EEG 6 device for detecting awake, REM and
non-REM phases over 8 hours of sleep is shown in Fig. 4.

A total of 12,550 epochs was collected from two subjects
and used for training and evaluation, 18.2 percent of those
epochs were REM-epochs. Results for classification of REM,
non-REM, and Awake phases are given in Table 1 for each
subject and over a course of seven days. The classifier has
an average accuracy of 94.24 percent compared to the
97.79 percent average accuracy for the reference SOMNO-
watch plus EEG 6 device.

3.2 Alarm Response

The Alarm Response component is responsible for render-
ing, based on the corresponding sleep stage, the vibrotactile

Fig. 2. Software architecture for the Aegis system.

Fig. 3. Sleep stage extraction flowchart.
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stimulation pattern that must be applied to wake up the
sleeper in a pleasant way. There are three types of vibrotac-
tile stimulation patterns that we are exploring: a) simulta-
neous stimulation where all actuators vibrate at the same
time, b) continuous stimulation which is created from an
overlap of vibration from successive actuators, and c) suc-
cessive stimulation where actuators vibrate separately one
after the other (no two motors vibrate at the same time).
Fig. 5 explains graphically the differences between the three
types of stimulation patterns. As for perception of Fig. 5,
dark gray actuators refer to the ones activated at a time.
Note that the difference between continuous and successive
stimulation is that in continuous stimulation the actuation
of motors must overlap over time. Successive stimulation
involves non-overlapping actuation over time.

3.3 Vibrotactile Display

The tactile armband display device is composed of 6 vibro-
tactile motors that are aligned 4 cm apart around the wrist

(Fig. 6). The selection of 4 cm distance between successive
motors is derived from a previous perception study [37].
The device is capable of producing three types of tactile
stimulation: simultaneous stimulation, successive stimula-
tion and continuous stimulation. The three modes are
explained by Equation (4). A demonstration of the continu-
ous stimulation algorithm is shown in Fig. 7. Note that the
vertical axis in Fig. 7 contains the indices of the actuators
that are activated in sequence.

t ¼ aT; where a ¼
0 simultaneous
0 � a � 1 continuous
a � 1 successive

8<
: (4)

Where T is the burst duration, t is the inter-burst interval
and a is the mode factor. Simultaneous stimulation involves
stimulating the motors at the same time (a ¼ 0 or t ¼ 0) to
produce the highest sense of vibration possible where the
intensity of vibration can also be controlled. Successive
stimulation has one motor stimulated at a time (a > 1 or
t > T ); there is no inter-burst stimulation. Continuous
stimulation is based on the funneling illusion concept [38]
and produces apparent tactile motion along the actuation
direction.

The stimulation intensity is controlled by adjusting the
duty cycle of the Pulse Width Modulation (PWM) signal
that feeds the vibrotactile actuators. Increasing the duty
cycle of the PWM signal would increase the effective volt-
age applied to the actuator and thus the vibration intensity.
The change in the intensity of vibration is linear over time,
and is described by Equation (5).

I ¼ Imin þ Imax � Iminð ÞGain

100
; (5)

Fig. 4. Example hypnogram with the different sleep stages (Awake, REM
and non-REM) over around 8 hours of sleep.

TABLE 1
Classification Accuracy (Awake, Rem and Non-Rem)

Days
Subject 1 (male) Subject 2 (female)

Error Sleep Time Error Sleep Time

1 6.06% 7.45 hrs 6.48% 7.90 hrs
2 5.69% 8.03 hrs 6.21% 7.69 hrs
3 5.22% 7.82 hrs 5.62% 7.21 hrs
4 5.81% 7.45 hrs 5.12% 7.68 hrs
5 6.12% 6.81 hrs 5.90% 7.10 hrs
6 5.10% 6.65 hrs 6.01% 7.32 hrs
7 5.26% 7.88 hrs 5.80% 7.22 hrs

Average 5.67% 7.37 hrs 5.84% 7.40 hrs

SD 0.42 0.53 0.37 0.25

Fig. 5. The burst pattern and how this is perceived for three different
modulations; simultaneous (burst duration of 100 ms and inter-burst
interval of 300 ms), continuous (300 ms burst duration and overlap of
120 ms), and successive (burst duration of 150 ms and inter-burst dura-
tion of 150 ms).

Fig. 6. Vibrotactile motors layout.

Fig. 7. Continuous tactile stimulation algorithm where a is between 0 and
1 (vertical axis represents corresponding motor).
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where Imin and Imax represent the minimum and maximum
intensity respectively. The Gain variable, between 0 and
100, describes the actual intensity of vibration between Imin

and Imax).

4 MOTIVATING EXPERIMENT: ATTENTION

TOWARDS VIBROTACTILE STIMULATION

Although sleep and attention seem to be very different
behavioral states, they are similar in that they both involve
filtering out information from our awareness [39]. For exam-
ple, a sleeping person is unaware of the ambient noises
(unless they become very intrusive). Likewise, an awake
person is able to tune into a conversation in a noisy environ-
ment by ignoring other surrounding noise (the cocktail
party effect). Selective attention is the process of orienting
consciousness towards, or process information from only
one part of the environment with the exclusion of other
parts [40]. There is evidence for attentional effects of tactile
stimulation both from behavioural studies [41] and from
neuronal studies [42]. Motivated by the similarity between
selective attention and waking up, this experiment studies
the role of vibrotactile stimulation to elicit selective atten-
tion in a multimodal scenario.

This section introduces the design, setup, and evaluation
of an experiment investigating 1) the effectiveness of vibro-
tactile stimulation to draw the user’s attention and 2) the
emotional responses to different stimulation patterns. Thus
we created a dual-task paradigm, where the subject is per-
forming two tasks at once, thereby forced to divide his/her
attention between the two tasks [8], [43]. The paradigm con-
sists of a haptic detection task (where the user has to
respond to a detected haptic stimulus) and a visual identifi-
cation task (where the subject has to identify the correct tar-
get among different distractor stimuli).

4.1 Experimental Setup

The wristband providing the vibrotactile stimulus was con-
structed with six Pico Vibe 310-177, Precision Microdrives
vibration motors with 700 rpm frequency at a minimum
intensity of 0.25 g, and 1400 rpm at a maximum intensity of
1.75 g. The actuators were placed at a distance of 4 cm from
center to center of the actuators (actuator is 10 mm diameter
and 3.4 mm thickness). We created 8 patterns based on the
three modulations described earlier: simultaneous, continu-
ous and successive. A summary of the stimulation patterns
is shown in Table 2. Note that the candidate patterns are

derived based on a pilot study to cover all combinations of
modulation attributes (three combinations for intensity,
three combinations for velocity, and 2 for direction, a total
of 18 combinations to start with).

Similar to other alarm clocks with increasing volume, our
patterns increase in amplitude (intensity) as time passes.
This was chosen partially to examine how easily the different
patterns were perceived and in an attempt to make a smooth
waking. Thus all of the patterns started from an intensity of
0.25 g, which is almost not perceivable and ended after 35 to
40 seconds with an intensity of 1.25g, which is easily per-
ceived. The intensity increased linearly with time.

Three of the patterns, one from each modulation type,
were altered by this intensity increase: the simultaneous stim-
ulation had a burst duration of 100 ms and an inter-burst
interval of 300 ms. The relatively short burst duration was
chosen due to the effect ofmultiple actuators vibrating simul-
taneously, which intensifies the stimulation. The continuous
stimulation was characterized by a burst duration of 300 ms
and an overlap of 120 ms (corresponding to 40 percent of
the burst duration). The successive stimulation comprised a
150ms burst duration and an inter-burst interval of 150ms.

In an attempt to avoid the bias that the stimulus would
become integrated in the users sleep, the next patterns were
created with either increasing speed or changing direction
to increase variations. Three patterns (one for each modula-
tion) were, in addition to the intensity increase, altered by
an increase in velocity. This implied a change in the inter-
burst interval from 500 ms to 100 ms for the simultaneous
modulation.

As for the continuous stimulation, this resulted in a
change in burst duration from 500 ms to 100 ms, while
the overlap changed from 200 ms to 40 ms. Furthermore,
the successive stimulation increased in velocity by a change
in burst duration from 250 ms to 50 ms and in inter-burst
interval from 250 ms to 50 ms. The last two patterns were
based on continuous and successive modulation and varied
in intensity and change in direction, starting from the first
to the sixth actuator, and then in reversed order.

The experiment was conducted on 15 participants, all of
them were students or employees of NYU Abu Dhabi; 7
were female and 8 were males. Two of the male participants
were left-handed while all others were right-handed. The
average age of the participants was 29.2 years ranging from
19 to 41 years. None of the participants reported any visual
impairments (such as color blindness). A snapshot of this
experimental setup is shown in Fig 8.

TABLE 2
Overview of the Different Patterns

Pattern Modulation Feature1 Attributes2

1 Simultaneous Int++ (1.25g, 0.25g, 10, 2s, 0, 0s)
2 Simultaneous Int++, vel++ (1.25g, 0.25g, 10, 2s, 0, 0s)
3 Continuous Int++ (1.25g, 0.25g, 10, 2s, 0.4, 0.5s)
4 Continuous Int++, vel++ (1.25g, 0.25g, 10, 2s, 0.4, 0.1s)
5 Continuous Int++, dir (1.25g, 0.25g, 10, 2s, 0.4, 0.1s)
6 Successive Int++ (1.25g, 0.25g, 10, 2s, 3, 0.1s)
7 Successive Int++, vel++ (1.25g, 0.25g, 10, 2s, 3, 0.1s)
8 Successive Int++, dir (1.25g, 0.25g, 10, 2s, 3, 0.1s)

1Int++ is Intensity increase, vel++ is Velocity increase, dir is Direction change
2Each cell is a set of (Imax, Imin, Gain, Duration, a, timeStepSize) Fig. 8. The experimental setup.
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The actuators were placed on the non-dominant hand,
thus if the subject was right handed, the actuators were
placed around the left wrist. While the experiments took
place, the subjects were listening to pink noise in order to
mask any noise from the actuators.

The experiment consisted of two parts; 1) the dual-task
paradigm followed by 2) subjective emotional ratings of the
haptic patterns. The dual-task paradigm combined a visual
(conjunction) search task [27] with a simple haptic detection
task. In the visual search task, the subject searched for a tar-
get, a red plus sign “+”, among distractors that share two
visual properties, color and orientation, green and red letters
“x” and green plus signs “+”. An example with the target
present is shown in Fig. 9. If the target was identified, the
user responded by pressing “c” for cross, but if there is no
target, the user should press “n” for no cross. In 40 percent of
the trials the userwould also be presentedwith a haptic stim-
ulus, and should respond to this by pressing space. To mini-
mize anticipation effects of simultaneous changes of visual
stimuli and appearance of haptic stimuli, the haptic stimulus
would start randomly within the first 3 seconds from the
beginning of the trial. Each haptic pattern started with an
intensity of 0.2 g, which is almost not perceivable. The inten-
sity then increased over time until it reached 1.6 g. Mean-
while, the step size for increase in the intensity was the same
across patterns. All 8 patterns were presented 3 times in ran-
dom order. The experiment stopped as soon as the user
detected all 8 haptic patterns, three times.

In the second part of the experiment the user was pre-
sented a haptic pattern and was asked to rate this on a
9�point valence and arousal scales (see Fig. 10). The user
could repeat the stimulus by pressing “r” on the keyboard.

Before the experiment, the valence and arousal scales were
explained to the user and three practice trials were per-
formed, so the subject was familiarized with the scales. The
stimulus presented in the practice trials was not used in the
actual experiment. One subject did not complete the second
part of the experiment and was therefore excluded from the
analysis of the emotional ratings.

4.2 Analysis and Results

The average response time of the three trials for each haptic
pattern and for every subject was calculated. The data is
plotted in a standard box plot (see Fig. 11); showing the
mean as black diamonds and the median, upper and lower
quartile in boxes while the whiskers represent the maxi-
mum and minimum values. The numbers on the x-axes cor-
respond to the pattern numbers in Table 2. The outliers are
marked as circles, all of which came from the same subject.
Indicating that this subject had a different perceptual
threshold for tactile stimulation. A larger response time for
the patterns based on the simultaneous modulation is
clearly observed from Fig. 11, which is supported by the fol-
lowing statistical tests. Conducting one-way ANOVA anal-
ysis, both with and without outliers, showed no influence of
outliers on the results. Thus we included the outliers in our
analysis, and the results showed a significant effect of the
patterns F(7,88)=25.61, p< 0.001. To test for interaction
effects two two-way ANOVA tests were conducted. One
was testing two modulations (continuous and successive)
with three features (intensity, intensity+velocity, intensity
+direction). The other was testing three modulations (simul-
taneous, continuous, and successive) with two features
(intensity and intensity+velocity). The first ANOVA test
showed only a significant effect of modulation F(1,71)
=42.249, p< 0.001, suggesting that perception of patterns
based on the continuous pattern are significantly different
from patterns based on the successive pattern. The second
ANOVA likewise showed a significant effect of modulation
F(2,71)=80.33, p< 0.001. However, it also revealed an inter-
action effect between modulations and features F(2,71)
=3.79, p=0.028. To examine the interaction effect, a permuta-
tion test with paired t-test (and 10,000 reputations) and a
Bonferroni correction of the significance level (a=0.05/15) is
conducted. The results revealed significant difference with

Fig. 9. The visual search task, where the subject is seeking to identify a
red cross (+).

Fig. 10. The 9-point arousal/valence scales used to rate the emotional
reactions [45].

Fig. 11. The response time of 8 different haptic patterns, with diamond
representing the mean and circles the outliers (consisting data from only
one subject).
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p�0.007 on all levels except from the tests where modula-
tion was the same while the features were different. This
indicates that the features have different effects depending
on the modulation, however, not as significant as with the
effect of feature.

The results of the emotional ratings on valence and arousal
are shown in the box plots below, Figs. 12 and 13. The boxes
represent the median, upper and lower quartile; the black
diamonds represent the mean; and the whiskers represent
the maximum andminimum values. The valence data shows
a large individual difference amongst subjects, which inmost
cases are larger compared to the arousal ratings.

By conducting a repeated measures one-way ANOVA
test, we found a significant difference between the valence
ratings of the patterns with F(7,81)=7.39, p< 0.001. How-
ever, we found no significant difference for the arousal rat-
ings. To examine the valence data further, two two-way
ANOVA tests were conducted: one testing two modulations
(continuous and successive) for three features (intensity,
intensity+velocity, intensity+direction), the other testing the
three modulations (simultaneous, continuous, and succes-
sive) with two features (intensity and intensity+velocity).
The first ANOVA showed no significant effect of modula-
tion and feature. There was no significant difference
between any of the patterns based on the continuous or suc-
cessive patterns. The second ANOVA showed only a signifi-
cant effect of modulation F(2,65)=20.29, p< 0.001. Post hoc t-

test with Bonferroni correction (a=0.05/3) revealed patterns
based on the simultaneous modulations were significantly
different from those based on both continuous (t=6.16,
p< 0.001) and successive (t=3.96, p< 0.001).

To sum up, the results on response time showed a clear
effect of modulation, with the subjects responding quickest
to the continuous patterns and slowest to the simultaneous
ones. However, the slow reaction times for the simultaneous
patterns (especially pattern 2) might be explained by the
long inter-burst interval (of 500 ms). It is also surprising to
see how fast and similar the response times of the continu-
ous patterns (pattern 3, 4, and 5) across subjects are. The
results from the emotional ratings show greater variations
amongst subjects than variations in the response times, sug-
gesting that there might be personal preferences towards
different haptic patterns. Similar to earlier reports on
valence ratings, we also see higher ratings towards patterns
with more continuous motions, suggesting that these are
preferred over discrete motions. However, we do not see
any significant effect of the arousal data and no correlations
between arousal and valence data. Therefore, in order to
create an effective haptic alarm, which is not only effective
but also smooth and pleasant for waking up a person, our
results suggest utilizing the continuous modulation.

5 A STUDY OF THE EFFECTS OF TACTILE
STIMULATION DURING SLEEP

After testing the functionality of the system with fully
awake people in experiment 1, the objective of experiment 2
is to investigate emotional reactions (valence and arousal)
of various tactile stimulation patterns during sleep. High
valence would result in pleasant awakening whereas high
arousal facilitates shifting the sleeping person to the awake
state. To the best of the authors knowledge, this is the first
study to explore tactile stimulation during sleep.

The best-rated patterns from each modulation type are
considered in this experiment: pattern 1 for simultaneous,
pattern 5 for continuous, and pattern 6 for successive (based
on self-reporting user study about which of the 8 patterns
are best perceived as continuous, discrete, and simulta-
neous). To enhance the usability of the system during sleep,
the hardware is attached to a wristband as shown in Fig. 14.

5.1 Experimental Setup and Procedure

Another group of ten subjects (5 males and 5 females) partici-
pated in this experiment, with age ranging from 20 to 38 years

Fig. 12. The subjective valence (negative-positive) ratings of 8 different
haptic stimulations, with diamond representing the mean.

Fig. 13. The subjective arousal (calm-energetic) ratings of 8 different
haptic stimuli, with diamond representing the mean.

Fig. 14. The wristband device used in experiment 2 (Note that the vibro-
tactile motors are embedded in the wristband).
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old. None of the participants reported any sleep disorders.
The participants were asked to put on the wristband during
regular night sleep and use the three vibration patterns as an
alarm to wake up for six (6) consecutive nights, two nights
per modulation pattern. For instance, participants could start
for two nights with continuous stimulation, followed by two
nights with successive, and finally two nights with simulta-
neous. The order of testing the patterns was random. The par-
ticipants were instructed to complete a daily questionnaire
about their quality of experience and emotional reactions
to the alarm system immediately after waking up. All parti-
cipants reported completing the questionnaire within
10 minutes after waking up. The questionnaire included rat-
ing valence and arousal using a 9-points Likert scale. Arousal
is particularly interesting here since previous studies (such as
[11]) demonstrated that high arousal may enhancewaking up
whereas valence measures how pleasant the experience of
waking upwith tactile stimulation.

5.2 Results

The median and distribution of valence are plotted in
Fig. 15. It is clear from Fig. 15 that continuous tactile stimu-
lation resulted in the highest scores for valence compared to
successive (next best) and simultaneous (least positive).
This is consistent with the results we found in experiment 1
that continuous tactile stimulation has induced the most
pleasant experience for awake individuals. It seems that
this is also true during sleep.

Existing research demonstrated the ability of arousal to
shift in sleep states, and in particular to the awake state [11].
Therefore, the median and distribution of arousal are evalu-
ated and plotted in Fig. 16. Continuous tactile stimulation
resulted in the highest scores for arousal (slightly higher than
simultaneous stimulation whereas successive stimulation
was the least arousing). Furthermore, compared to previous
results from experiment 1 with awake individuals, it seems
that continuous tactile stimulation induced slightly higher
arousal during sleep and thus is arousing enough to wake up
the participant. Both results of valence and arousal confirm

that continuous tactile stimulation creates the most pleasant
yet arousing experience towake up sleeping individuals.

In order to statistically verify differences between the three
modulation techniques, repeatedmeasures one-wayANOVA
analysis is conducted. There is a significant difference
between the three stimulation patterns. The valence scores of
continuous stimulation pattern are higher than other stimula-
tion patterns (repeated measures one-way ANOVA, p< 0.01
and p< 0.05). These results are again in agreementwith previ-
ous results for both awake and sleeping individuals. In the
case of arousal ratings, the scores of continuous stimulation
pattern are higher than successive stimulation pattern
(repeatedmeasures one-wayANOVA, p< 0.05).

At the end of the entire experiment, participants were
asked to rank their favorite stimulation pattern. Seven partic-
ipants indicated that continuous tactile stimulation is their
favorite, two participant selected successive and one selected
simultaneous (some favor arousal over valence or vise
versa). This is probably due to individual differences
between humanswhen it comes to tactile experiences. There-
fore, individual differences must be taken into consideration
when designing vibrotactile alarm systems where users may
be allowed to compose/author the alarm signal that works
best for them in order to create a personalized experience.

One participant suggested that on the first day, the tactile
stimulation was new experience and somehow alien and
thus she woke up immediately. On the second day on, her
body got used to it and thus felt more comforting. The three
stimulation patterns were successful to wake her up, contin-
uous stimulation seemed to have the most pleasant effect
though. Another participant reported that after a few days
his body was able to adapt to the intensity of tactile stimula-
tion and could not wake up at one night. He suggested to
vary the tactile stimulation patterns (such as direction,
speed, and/or intensity of tactile stimulation) over time so
that users will always find them arousing in order to wake
up while keeping their properties associated with positive
valence. All these comments suggest that a personalized tac-
tile stimulation pattern(s) would be more effective for

Fig. 15. The subjective valence ratings of three stimulation patterns with
sleeping individuals. Repeated measures one-way ANOVA,**p< 0.01,
*p< 0.05.

Fig. 16. The subjective arousal ratings of three stimulation patterns with
sleeping individuals. Repeated measures one-way ANOVA,*p<0.05.
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individual users. All participants though agreed that they
would use the system on daily basis if available as a com-
mercial product at reasonable cost.

One explanation of preference of continuous tactile stim-
ulation over simultaneous/successive is that continuous
stimulation resembles best the experience of affective touch.
Affective touch is continuous in nature, and tends to stimu-
late the C-fiber of the hairy skin, which in turn makes the
person feel better (positive valence) [45], [46]. As for the
arousing effect, affective touch is not only (neurally) repre-
sented in the somatosensory cortex but also in the limbic
system [47], which plays a key role in the formation of emo-
tions and sleep-wake transition.

6 CONCLUSION AND DISCUSSION

This paper presents a study to investigate vibrotactile stimula-
tion as an alarm signal to effectivelywake a user up a sleeping
person. Experimental results demonstrate that vibrotactile
stimulation induces high arousal (which helps a sleeping per-
sonwake up) and positive valence (whichmakeswaking up a
pleasant experience). More specifically, the results from
experiment 1 suggest that the haptic-base response should be
based on continuous modulation, since this not only is very
perceivable but also rated as more positive. In Experiment 2,
participants preferred the continuous stimulation pattern,
with the highest scores in valance and arousal ratings.

However, as the prototype evolves, further improve-
ments can be made to the system. The hardware could be
optimized in terms of size (for example, the circuit should
move to a smaller microprocessor board for even more com-
pact assembly), and sensory data may be saved in internal
non-volatile memory. A mobile device application may also
be developed to provide a convenient interface to configure
the system (rather than using a hand watch for now). In
addition, more usability studies could be performed over
longer time intervals (particularly with sleeping individu-
als) to further analyze the system and derive a more robust
and personalized performance. One can imagine that the
haptic patterns could provide the user with more informa-
tion than the alarm onset. For example different patterns
could indicate how close the systems alarm onset is to the
users preset alarm time, thereby indicating how fast one
needs to get ready. This is similar to Lylykanga’s examina-
tion of patterns representing information on motion (e.g.,
decelerate, accelerate or keep speed constant) [27].

For future research it would be interesting to test the
effectiveness of the different patterns during sleep with a
larger number of participants, and over a large time interval
(a few months). The tactile patterns could also be used to
influence a users sleep phase, e.g., moving them from deep
sleep to light sleep before waking the user. In this case it
might be useful to create patterns based on simultaneous
modulation, which are not that easily perceived but highly
arousing. Another interesting future direction is to conduct
a comprehensive study to compare tactile-based and audi-
tory-based alarm systems.
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