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The growing HCI interest in wellbeing has led to the emerging area of haptics for affect regulation. In such technologies, distinct haptic
patterns are usually designed by researchers; however, current work provides a limited reflection on the rationale for the implemented
patterns or the choice of haptic modality. We also know little about how people may benefit from engagement in designing such
patterns and what design principles underpin them. We explored vibrotactile and thermal modalities to address these gaps and report
on a study with 23 participants. These created haptic patterns for affect regulation during stress elicitation. Findings indicate that
subjective and objective measures of anxiety and stress were lower in participants who received haptic patterns than those who did
not, and highlighted key experiential qualities of vibrotactile and thermal patterns, and their potential for affect regulation. These open
up new design opportunities for affect regulation technologies, including supporting implicit affect regulation through entrainment of
slow bodily rhythms, decoupling it from predominant vibrotactile modality, designing thermal biofeedback patterns, and supporting
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1 Introduction

Emotional wellbeing and affective health rely on people’s abilities to become aware, understand, and regulate their
emotional responses. A growing body of HCI work has focused on affective technologies more broadly, and in particular,
those integrating biosensors [78]. Most of these systems tend to target emotional awareness involving predominantly
visual interfaces for mapping physiological arousal captured through biosensors [55, 77, 87]. However, there is a
growing body of work targeting affect regulation by using physical materials and actuators [8, 51, 98] such as haptics
[3,9, 10, 58, 68, 98]. Affect (emotion, mood, stress) regulation refers to managing or adaptively responding to emotional
experiences [30]. Being able to effectively diffuse high arousal negative affect can improve affective health and wellbeing,
whereas the inability to moderate one’s emotional responses can have detrimental impact. Technologies supporting
affect regulation provide interventions that help users manipulate high arousal negative affect such as stress, anxiety,

fear, or anger to help themselves calm down.
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Haptics offer tactile sensations that are embodied, subtle, private and easy to engage with, or disengage from [68, 98].
Previous research on the use of haptics for affect regulation [58] has suggested that haptics can act as distraction,
cue specific thought patterns, or influence the experiential, behavioral, or physiological components of an emotional
response all of which are important parts of regulation processes [31]. Haptic technologies targeting affect regulation
involve vibrations aligned with slow heart rate [3, 9] or slow breathing pace [59, 68] whose target values can be provided
without the need of biosensors for real-time measurement of these signals. In these cases, the haptic affective interfaces
are intended to train users to lower their heart rate or breathing pace in order to regulate their physiological arousal.
Besides vibrations, research on other modalities, such as thermal one for supporting affect regulation, has been limited.
Prior work on the experiential and material qualities of thermal modality [38, 89, 98] has suggested that, in comparison
to vibrations, heat supports inward-looking sensory experience. Heat also feels comfortable, directing attention in a
subtle and slow manner. These aspects suggest that heat may be a strong alternative modality for affect regulation.

While both affective technologies, supporting either emotional awareness or regulation, rely on increasing one’s
awareness and control of physiological responses, the mapping of such responses onto the interface elements such
as colors or vibration patterns is usually provided by researchers and guided by design principles such as familiarity,
ambiguity, and balance [87]. The value of users’ engagement in the design of these mappings has just started to be
explored for affective interfaces targeting emotional awareness [97]. However, we know little of how people may
benefit from engagement in the design of vibration- or temperature-based tactile patterns for affective interfaces
targeting regulation, and what design principles may underpin them. To address this, it is important to understand
users’ engagement with technology and its effectiveness for affect regulation before it is used in everyday life settings.
In this paper, we explored vibrotactile and thermal stimuli for affect regulation, by engaging users in the exploration
and creation of vibration- and temperature-based non-biofeedback haptic patterns. We also evaluated the impact of
these haptic patterns on participants’ affect regulation, following a standard stress elicitation method. In particular, we

aim to answer the following research questions:

e What are the personalized vibrotactile and thermal patterns for affect regulation?
e How are they designed: which qualities and design principles underpin them?

e What is the value of these haptic patterns for affect regulation?

We report an exploratory study with 23 participants who were assigned to one of two groups. One group created
either vibrotactile or thermal patterns for affect regulation and subsequently received these personalized patterns
through the use of haptic actuators during a stressor task. The other group took part only in the stressor task without
any such haptic patterns. To understand the rationale behind personalized haptic patterns and their effectiveness,
we conducted semi-structured interviews with those participants who received haptic patterns. We also collected
self-reported measures of anxiety as well as physiological heart rate data related to stress from all participants. We
found that participants in both haptic groups, i.e., vibration and thermal patterns, had a lower subjective level of anxiety
assessed through the State-Trait Anxiety Inventory (STAI) than participants who received no haptic patterns. At the
same time, the heart rate variability (HRV) feature of those participants who received haptic patterns also changed,
indicating lower stress, especially under low frequency vibrations, albeit not significantly. Moreover, STAI scores suggest
potentially stronger beneficial impact on subjective experience of anxiety of cool temperatures and low frequency
vibrations.

The main contributions of this work include (i) fresh insights into the experiential qualities of vibrotactile and
thermal patterns for affect regulation, (ii) empirical evidences for personalized haptic patterns’ impact on subjective
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and objective anxiety and stress regulated during stressor tasks, and (iii) design implications for affect regulation
technologies highlighting the value of implicit affect regulation through entrainment of slow bodily rhythms, of
decoupling such entrainment from the predominant vibrotactile modality, of thermal biofeedback leveraging thermal

patterns, and of personalized and adaptive patterns.

2 Background
2.1 Affective Interfaces in HCI

Over the last decade, much research in HCI has focused on affective interfaces. Whether they integrate biosensors
or not, most of such technologies aim to support emotional wellbeing through increased relaxation, self-awareness,
reflection, or affect regulation [5, 78]. Systems that integrate biosensors support the important function of providing
historic or real-time biosensory feedback on users’ physiological states measured in terms of arousal or valence. While
relaxation or mindfulness have also been supported through neurofeedback [11, 79], common biosensors capturing
aspects of the autonomous nervous system include heart rate variability (HRV) or galvanic skin response (GSR) whose
feedback is often provided in visual [77, 96, 97] or haptic modalities [9, 98].

Visual representations often employ shapes’ sizes and colors on desktop [55], mobile phone screens [77], or smart
materials [96] to represent emotional arousal. Affective diary [87] is an early system integrating GSR and pulse sensor,
as well as pedometer to map bodily experiences onto abstract, anthropomorphic silhouettes whose color conveyed
arousal, and whose shape conveyed the amount of movement. The design of these mappings was informed by previously
suggested design guidelines of balancing familiarity and ambiguity in abstract representations of emotions in order
to support users’ understanding of them. These visual mappings are aimed to support users’ affective interaction or
sense-making of their emotional experiences rather than prescribe interpretations. While Affective diary provided
historic visualizations, Affective health [77], a follow-up system from the same research group, integrates GSR sensor
and accelerometer for real-time visualizations of arousal in a spiral-shaped form using color red and blue for high
and low arousal, respectively, and spiral width to communicate amount of movement. Another example is AffectAura
that integrates GSR sensor and uses the size of bubble shapes to represent the intensity of arousal, and their color to
represent emotional valence on a desktop interface with the aim to support emotional reflection over longer periods
of time [55]. Smart materials-based affective interfaces have also been designed, integrating GSR sensors to provide
real-time visual feedback on changes of arousal through thermochromic paints [95, 98]. In contrast to visual, haptic
modality has been less explored. The limited efforts in this direction have focused for instance on mapping changes of
arousal captured through GSR sensors to shape-changing materials through vibration, squeezing, or heating wristbands
[98].

Despite the growing interest in designing biofeedback-based affective interactions, a remaining challenge is the
mapping of biodata to interface modality and its components. Much of the work in this space, including the systems
highlighted above, have usually mapped color red, or larger shape sizes to high arousal, and color blue, or smaller shape
sizes to low arousal. However, making sense of one’s biodata and mapping it to representations and modalities that are
easily recognizable and understood is not trivial. For instance, recent work proposed the soma design approach for
exploring the qualities of biodata by materializing it through different sound and haptic modalities [1]. This ensures
that through the first-person experience, biodata can be viscerally felt and understood by designers so that it can
become meaningful somadata to more robustly inspire and inform design. While strong contributions to the field, such
approaches align with most HCI work on affective interfaces describing research-driven mappings from bodily data to
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interface elements. In contrast, users’ engagement in the design of such mappings has been limitedly explored. A few
exceptions include new design methods for people to codesign personalized flavors for emotional communication or
regulation [24, 25], or toolkits for end-users to assemble their own personalized affective interfaces targeting anxiety
[84], or emotional awareness [97]. Key findings from these approaches include strong benefits from involving users
in the design process such as users’ increased agency and control, improved understanding of the inner workings of
technology, and more importantly, the creation of personalized interfaces for their specific needs. However, such work
has seldom focused on users’ generation of personalized mappings with only a few exceptions here have looked mostly
at visual modality in order to map changes of arousal to visual interfaces [97].

To summarize, most of the previous research on affective interfaces has built on the initial design principles of
familiarity, ambiguity and balance [87] in order to provoke, entice, and empower users to better understand their bodily
experiences and emotions, as these are central to how people interpret and make sense of the world. However, it is
surprising that the mappings between bodily data and the interface elements have been limitedly designed by the users,
given that such personalization may account for stronger engagement and user experience. In addition, in this space,
the visual modality has received significant attention for emotional awareness or regulation, than the haptic one for
affect regulation [55, 77, 87]. Thus, we now turn our attention to haptic based interfaces and particularly those for affect

regulation.

2.2 Haptics for Affect Regulation

Affect regulation is referred to as managing and adaptively responding to emotional experiences [8, 30]. Being able to
effectively diffuse negative emotions can improve affective health and wellbeing, whereas the inability to moderate one’s
emotional responses has negative impact. People regulate to increase pleasant emotions (happiness or joy) or decrease
unpleasant ones (fear, anger, sadness). Alongside the more mature research area focused on designing for affective
awareness and reflection in daily lives, there has been also a growing interest in haptic interfaces [3, 9, 10, 51, 58, 68, 98]
to regulate high arousal negative affect. Such technologies tend to provide real-time interventions that help users
manipulate their affective states in order to calm down under pressure. The choice of haptics is not surprising, as haptic
actuators can carry emotional information [75]. They offer tactile sensations that are subtle, private, and embodied and
have been recently explored both in the research and commercial technologies for real-time affect regulation [3, 9].
Affect can be regulated at each of the five phases namely situation selection (taking actions that make it more or less
likely that one will be in a situation entailing desirable or undesirable emotions), situation modification (taking actions
that directly alter a situation changing its impact), attention deployment (directing one’s attention to influence affective
response), cognitive change (modifying one’s appraisal of a situation to alter its impact) and response modulation
(directly influencing experiential, behavioral, or physiological components of the affective response after it is well
developed) [30, 31]. Previous research on haptics and affect regulation has suggested that haptics can act as distractions,
cue specific thought patterns, or influence the experiential, behavioral, and physiological components of affective
response by simulating bodily response for low emotional arousal [58]. Examples of haptics for response modulation are
vibrations delivered at 60 beats per minute (bpm) without the aid of real-time biosensors in order to guide users to down
regulate their arousal during stressor tasks [3, 9].Previous findings also indicate that people use perceptual properties
of vibrations, emotional interpretations, and metaphors to assign familiar meanings to vibrations [82]. Indeed, studies
exploring vibrotactile patterns for regulation have found that vibrations delivered at a frequency 30% lower than the

baseline heart rate can help decrease anxiety and increase heart rate variability during a stressful event, while fast
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patterns at a frequency 30% higher than the baseline heart rate can lead to an increase in self-reported anxiety and
heart rate variability [10].

With a few exceptions, other haptic modalities for affect regulation such as thermal one have been less explored. A
noticeable exception is Soma Mat [89] which provides heat stimuli to shoulders, hips, and calves to support attention to
one’s body during Feldenkrais exercises. Through an experiential exploration of heat as a material for design [38] and a
subsequent user study, authors highlighted the subjective nature of thermal stimuli marked by individual differences in
sensitivity to heat and appreciation of it, as well as its subtleness when provided within a comfortable range. Authors
also indicated that unlike other haptic modalities such as vibration or touch which are typically associated with external
stimuli, heat has the potential to be perceived from inside the body.

Work exploring both vibrotactile and thermal patterns for emotion awareness and regulation is yet rare. For instance,
Umair and colleagues [98] employed smart materials to explore a range of prototypes including vibrotactile motors and
heating elements actuated by changes in physiological arousal measured through GSR sensors. Their findings highlight
temporal qualities with heat actuators being less responsive and more inertious when compared to vibrations, as the
former need more time to respond and deactuate because of the accumulated heat. As a material for design, heat has
the potential to grab attention and it is also perceived as subtle and comfortable [38, 98].

Within this emerging HCI interest in haptics for affect regulation, the focus has been mostly on vibrotactile actuation
for guiding users towards slowing down their autonomous nervous system response. In contrast, thermal patterns
for affect regulation has been less explored, albeit its subtle and comfortable qualities make it a strong candidate
modality. Our focus on the thermal modality for affect regulation is because of its experiential and material qualities
i.e. comfortable, subtle, can direct attention, slow, and private. However, given the larger body of work on vibrotactile
patterns for affect regulation, we decided to extend our exploration of thermal patterns merely in itself, to include also
its comparison with vibrotactile patterns. Another direction in which our work extends the state-of-the-art is exploring
the design of personalized haptic patterns for affect regulation by engaging users in their design. We involved users in
the exploration and creation of vibration- and temperature-based non-biofeedback haptic patterns (in other words the
patterns are not triggered by biosensors’ data). We report on an exploratory study to investigate these patterns and

their value for affect regulation.

3 Method

The aim of this work is to engage users in the design of personalized haptic patterns for affect regulation, and to study
the impact of these patterns on participants’ affect regulation during a standard stress elicitation task. The overall
study was facilitated by the first two co-authors and consisted of individual sessions, each lasting about 60-70 minutes.
The study took place in a soundproof room with no auditory or visual distractions and a consistent physical layout:
participants sat on a chair facing a small table towards the wall. We now describe in detail participants’ recruitment,
study procedure, data gathering and analysis. Participants were recruited through mailing lists and advertisements in
the university campus, with eligible criteria requiring that they had no history of depression, anxiety, or cardiovascular
disease. The sample consisted of 23 participants, 11 male, 12 female, average age 25.4 years, (range 20-38 years), which
was randomly split in haptic group exposed to either vibrotactile patterns (7 participants) or thermal patterns (8
participants), and no haptic group (8 participants).

Participants in the haptic group first created their personalized patterns for affect regulation, either in vibrotactile or

thermal modality, and subsequently used respective actuators in order to receive their personalized patterns throughout
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Fig. 1. Study procedure: i) users personalizing haptic patterns (haptic group) ii) stress elicitation task (haptic and no haptic group)

the stress elicitation task. The no haptic group took part only in the stress elicitation task without any haptic patterns

and did not personalize any haptic patterns (Figure 1).

3.1 Users’ Design of Personalized Haptic Patterns for Affect Regulation

The aim of this part was to engage users with haptic actuators to explore and personalize their haptic patterns for affect
regulation. This study part consisted of 3 stages further described. In the technology introduction stage we introduced
the haptic technology consisting of two commercial, wrist-worn devices for actuating temperature (Figure 1a) [46], and
vibration (Figure 1b) [14], respectively. Both actuators have been previously used in HCI research to deliver vibration
[3] and temperature-based haptic patterns [85]. Participants were given verbal and visual, slide-based descriptions of
the actuators and how to use them. This stage lasted 10 minutes and was attended only by participants in the haptic
group, after which they were randomly allocated to the two subgroups, so that each participant experimented with
only one type of haptic actuator: either vibration (7 participants) or temperature (8 participants). This decision was
taken in order to limit participants’ exposure to the stress inducing task, prevent fatigue, and keep the study duration
roughly within 1 hour.

After the introduction, participants in the haptic group took part in the main stage, namely the design of haptic
patterns for affect regulation. For this, we instructed them to engage in the exploration of the provided actuators and
create vibrotactile- or temperature-based patterns on the wrist, in order to calm themselves down when feeling stressed.
Each haptic actuator was connected to a mobile application via Bluetooth, through which participants could explore
and change the actuators’ parameters. For both, participants could place the actuators on either inner or outer side of
the wrist. Vibrotactile actuator provided vibrations at a specific frequency. For simplicity, we will refer to vibration
frequency as beats per minute (bpm). The actuator enabled participants to vary its frequency (from 30 to 185 bpm) as
well as vibration intensity (5% to 100% - vibration force at 100% intensity: 1.10 G) [16]. The vibration motor produces an
acceleration rate of 0.83 G (8.14 m/sec?) at 76% intensity and 0.05 G (0.49 m/sec?) at 5% intensity. The motor sat in a
metal base and a plastic cover. The overall unit was 38 mm in diameter, 9 mm thick, and weighed 20 grams, being held
together by a silicon strap (10 grams). Thermal actuator enabled participants to vary, through its purpose built app,
the temperature intensity within the range of -11° C to +16° C from user’s baseline temperature. This allowed them
to create thermal patterns representing either increase up to +16° C, or decrease down to -11° C. In order to prevent
thermal accumulation and to maintain a specific temperature, the actuator provided thermal patterns in intervals of
about 7 seconds, followed by a gap of 7 seconds mitigating the accumulation of heat over time. The personalization
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of vibrotactile and thermal patterns was to an extent limited by the constraints of the two devices we chose to work
with, that allow varying the vibration frequency and intensity, and temperature of thermal patterns only within the
ranges specified above. We consider these parameters as suitable starting point of this exploratory study without being
overwhelming, while future work building on our outcomes can look at a broader set of parameters including for
instance frequency of actuating the thermal patterns, or adaptive change of frequency throughout the session based on
users’ stress level.

This stage lasted for 10 minutes, and was followed by brief individual semi-structured interviews (interview 1) where
we asked participants to describe their bespoke haptic patterns, how, and why they believed that such patterns could

help regulate stress.

3.2 Impact of Personalized Haptic Patterns on Affect Regulation during Elicited Stress Task

Once the design of haptic patterns was completed, we aimed to assess their impact on affect regulation following a
standard stress elicitation procedure consisting of baseline, stressor task, and follow up recovery [45]. Participants in the
haptic group received the vibrotactile or thermal patterns that they designed in the first part of the study, through their
respective actuators, while participants in the no haptic group received neither actuators nor patterns. This procedure
consisted of three stages.

The first stage was the baseline measurement of stress level, during which, participants sat in a comfortable posture
for 10 minutes with their hands on the table while avoiding any large movements.

After this stage ended, we started the stressor task by replicating standard stress induction tasks successfully used
in a number of studies [44, 81, 90]. Participants were exposed to 10 minutes of induced stress, and in order to avoid
habituation and fatigue, we used two separate stressors, for 5 minutes each, delivered on a tablet (Samsung Galaxy
Tab A 10.5"). One of the stressor was the Stroop Color and Word Test (SCWT), a neuropsychological test commonly
used as a stressor in both clinical and non-clinical studies [81, 90]. It requires participants to name a color on the
display, shown together with a word naming colors, that either matches or does not match the shown color. The task
leads to longer response time and larger number of errors when the color and words are not matched. The other
stressor consisted of mental arithmetic tasks which is a component of Trier Social Stress Test (TSST) [44], a much used
naturalistic psychological stress protocol [103]. Participants were instructed to count backwards for 5 minutes, with
different instructions (e.g., counting backwards in steps of 13 from 1700), and say their answers out loud while one of
the researchers pretended to take notes of the right and wrong answers.

Once the stressor tasks ended, haptic actuators were stopped and a 5 minute rest period was ensured to allow for
recovery. This was followed by final individual semi-structured interviews (interview 2) with participants in the haptic
conditions about their subjective experiences of the personalized haptic patterns and its perceived impact on the down
regulation of stress. We also asked if they would revise the design of their haptic patterns, and their view on vibrotactile
or thermal patterns for the regulation of high-arousal negative affect in daily life. These interviews lasted about 15
minutes. Both first and final interviews were audio recorded and fully transcribed for data analysis using a hybrid
coding approach [20].

Besides interviews, we also recorded subjective and objective measurements of anxiety and stress. Stress is associ-
ated with feelings of mental discomfort, concerns, strain, and even anxiety. It often co-occurs with a condition that
induces these feelings, such as a challenging quiz, examination or recruiter’s interview [63]. To obtain the subjective
measurements of anxiety, we used the State-Trait Anxiety Inventory (STAI) [86]. All participants were asked to fill out

the paper-and-pencil versions of STAI questionnaire right after baseline and stressor task [64] as shown in Figure 1.
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Fig. 2. Personalized beats per minute (bpm) and intensities of vibrations created by each participant.

The State-Trait Anxiety Inventory (STAI) questionnaire [86] comes in two forms, capturing self-reports of state or trait
anxiety [48, 52]. We used STAI-Y-1 questionnaire consisting of 20 items (e.g. "I feel upset", "I feel secure") to measure
state anxiety, defined as momentary emotional response resulting from situational stress such as examination [39],
challenging cognitive tasks and particularly stressor tasks like SCWT [56], and TSST [93]. Each response was rated on
a 4-point Likert scale, with high STAI-Y-1 scores indicating higher levels of anxiety. For simplicity, this scale is referred
to in the paper as STAL

For objective measurement of stress, we utilized heart rate variability (HRV), a commonly used physiological response
for affect regulation [26, 43, 54]. HRV reflects autonomic balance, and represents changes in the time interval between
successive heartbeats, also called inter-beat intervals (IBIs). A range of metrics have been developed based on HRV data.
We chose to employ one of the most common time-domain features, i.e., root mean square of successive differences of
the RR intervals (RMSSD). RMSSD is closely associated with parasympathetic activity [83], with findings confirming
that decrease in RMSSD is a marker of increased stress, while increase in RMSSD indicates rest and recovery [91, 107].
Each participant wore a Polar H10 sensor which recorded time synced HRV data [28]. Polar H10 is a chest band which
records HRV of a quality comparable to medical-grade heart rate monitors [28, 94]. Participants were told that the
device measures physiological signals, but not which specific ones, to avoid any bias in the perception of the haptic

feedback, i.e., the association of vibration to heartbeats.

4 Findings

We now describe participants’ personalized vibrotactile and thermal patterns and their design, the perceived and actual
value of such personalized haptic patterns for down regulation of stress, and their views regarding the use of haptic

technologies for affect regulation in daily life.

4.1 Personalized Haptic patterns for Affect Regulation

In this section, we present the created vibrations, and thermal patterns, their experiential qualities, and participants’

felt experience with them.

4.1.1  Vibrations on the Wrist. Most participants started to explore and personalize the vibration’s frequency by varying
the beats per minute (bpm) between the available range supported by the actuator, between the highest (185 bpm) and
8
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the lowest (30 bpm) values. Most participants (P2, P5, P7, P9, and P10) created vibrations with frequency of 30 bpm, as
shown in Figure 2, while the others two chose higher frequencies (48 bpm - P11; 65 bpm - P13).

Interestingly, four out of seven participants associated the vibrations with their heart rate. They created a lower
vibration frequency that would represent a slow heart rate (30 bpm), or an ideal heart rate (65 bpm) during high
arousal negative affect. Previous research [3, 10] on the use of vibrations for emotion regulation has suggested that low
frequency vibrations between 40 bpm and 65 bpm can make people less anxious, however, participants in our study
chose an even lower frequency value (30 bpm - P2, P5, P9, P10), or the same upper value (65 bpm - P13). Interestingly
30 bpm was the lowest vibration frequency that the actuator could support suggesting the value of even lower paced
vibrations for affect regulation during stress.

Participants who chose 30 bpm mentioned that higher frequency values felt "agitating” - P2, "strong" - P5, and
"anxious" - P10. For instance, another participant mentioned that vibrations at higher frequency made him feel panicky
whereas at 30 bpm he felt like slowing down: "I went for the lowest [30 bpm] I could get. The reason is that I felt slower. It
was nicer to calm down at a slow rate, rather than when it’s really high [that] it’s like more panicky" - P9. This participant
also related these low frequency vibrations to an ideal pulse: "It is like a nice slow pulse. This is what your heart should
be". Participant 2 who also used 30 bpm mentioned that locking into their slow and fixed-tempo made him feel in tune
with the beats: "I created a pattern that is very low in beats per minute. It is low bpm just because I'm thinking about a
situation where you want to calm down because it seems slower than my heart rate and has a nice consistency. It gave me
kind of a reference beat to focus on, which slows everything down for me to take my mind away, be able to control and
regulate my breathing" - P2.

Similarly, P13 also associated the vibrations to their heartbeat. This participant created a 65 bpm rhythm using her
resting heart rate as a baseline. She mentioned that feeling a 65 bpm heartbeat rhythm on the wrist would help her
bring the increased heart rate down during intense fear: “I was considering the intense negative emotion of fear. In the
state of fear, your heart rate increases. I chose 65 beats per minute that which is closer to the normal heart rate of a person
and will help to calm down and normalize the heartbeat”. An important finding is that these participants could relate the
rhythm of the low frequency vibrations they created to the targeted heart rate, confirming previous findings [9]. Only
two participants (P7 - 30bpm; P11- 48 bpm) did not associate the vibrations to heartbeat. Instead, they valued the slow
rhythms created by vibrations: “I went for the lowest rhythm [30 bpm]. It feels slow and soft. The higher one was too much
vibration for me” - P7. P11 also appreciated the slow rhythm of vibrations: “It is quite slow and kind of like rhythmic and
not too intense. It calms you down with slowness” - P11.

Participants also manipulated the intensity of vibrations, and hence of their vibrotactile sensations. While frequency
is linked to vibration’s rhythm, intensity represents the strength of vibration. Findings indicate two main preferences,
with most participants choosing intensities lower or equal to 20 percent, while the remaining two (P9 and P10) preferred
it higher. The five participants (P2, P5, P7, P11, P13) who chose lower intensities reported that they did not want to
experience strong vibrations when they try to calm down. Participant 5 describes the experience of feeling low intensity
vibrations on the wrist as "soft" - P5. Similarly, P7 added: “When I started, I went to high intensity and I felt like it
made me more nervous. So when I went down the scale, the gentle touch of the vibration made me calmer”. This is an
important outcome, indicating the value of directly experimenting with different levels in order to identify what feels
right for each participant. Indeed, people perceived physical sensations differently, with previous research showing that
different ways in which people perceive a stimulus depend upon an individual’s learning, emotions and expectations
[53]. Participant 9, for example, set the intensity to be 50 percent and P10 to be 76 percent. Both these participants

mentioned that they did not want to create intense vibrations which would be distracting, yet not very low in intensity
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Fig. 3. Absolute temperature values (warm/cool) in °C

either, since they could go unnoticed. Thus, the values they chose felt just right: “as for the intensity, you don’t want it to
be so intense that it’s distracting. I chose 50 percent so that I could somewhat feel the vibrations. If it is something lower, you

might just forget it" - P9.

4.1.2  Thermal patterns on the Wrist. For the design of the thermal patterns, participants started exploring wrist related
locations. They experimented by placing the actuator on both the inner, and the outer side of the wrist, while actuating
both high and low temperatures of the warm and the cool. In this way, they all discovered that the same temperature, be
it high or low, was experienced differently based on the actuator’s placement on the wrist. Most participants mentioned
that they prefer temperatures at higher intensities on the outer side of the wrist, as the inner side is more sensitive to
temperature changes. This shows different sensitivity for discriminating temperature on different parts of the wrist and
the benefit of being able to adapt the temperature to account for it. Indeed, thermal sensitivity is not uniform across the
body [106]. The number and density of thermoreceptors vary across the skin which creates a difference in conduction
velocities of the warm and cool stimuli, leading to differences in perception [37]. The majority of participants (P3, P4,
P8, P14, and P15) chose the inner side of the wrist for thermal patterns because they felt that it was more sensitive and
they could more easily feel the temperature compared to the outer side of the wrist.

The temperature actuator could support temperatures between -11° C to 16° C range, which participants placed on
their skin, in standard room temperature settings (21° C). Findings indicate two main preferences for either increase, or
decrease of temperature from the baseline level. Half of participants (P3, P4, P6, and P12) chose thermal patterns by
increasing the temperature by 7° C, 5° C, 2° C, and 10° C, while the other four participants (P1, P8, P14, P15) chose to
decrease the temperature by -8° C, -11° C, -10° C, and -11° C, respectively (Figure 3).

Interestingly, all participants choosing higher temperatures referred to heat as warmth and did not go beyond 10
degrees centigrade as it felt rather hot: “first I explored three to seven degrees, and after I tried a higher temperature, it felt
too hot” - P3. All of those choosing higher temperatures mentioned that they found the feeling of warmth as comforting.
Previous findings on experiential qualities of heat [38] have indicated that for most participants the experience of
warmth was relaxing and comfortable. Participants in our study also related the experience of warmth on the wrist as
comforting: “it is comforting because it gives me a sense of warmth. The feeling of warmth on my wrist is relaxing and
makes me feel better” - P12. The remaining participants P6 and P4 related the feeling of warmth to human touch: “it
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feels like someone is holding my hand” - P6. P4 added: “When it’s warm, it is kind of like associated with other human
beings, touch, or hug or, kind of like emotional” - P4.

The other group of participants provided different reasons for choosing the thermal patterns with decreased
temperatures. They reported that the feeling of cool on a particular place such as wrist is quite unique and unfamiliar
as they are more used to getting or feeling the heat in everyday life rather than cool: “it is quite different. It’s like putting
the ice cubes on your wrist, which [...] kind of cools you down” - P8. Existing work has explored experiential qualities of
heat; however, cool as a thermal modality has been under-explored [38, 98].

Interestingly, similar to previous group which preferred warmth rather than hot, participants in this group preferred
cool rather than cold, as reflected in their rationale and language. Through experimentation, all these four participants
discovered that cool feels more pleasant than warmth, so that they all chose values at -8 ° C or lower. This preference for
cool was usually expressed in contrast to the perceived negative experience of heat. They found cool as more pleasant
since increasing heat made them feel "hot" - P1 and "nervous" - P15. P1 also pointed out that “compared to higher heat
which felt intense, cool is just more relaxing and is naturally calming to me”. These findings confirm existing research on
thermal stimuli showing that heat risks being associated with higher arousal and perceived less pleasant compared
to cool [75, 76]. Both participants P8 and P15, who chose the lowest temperature (-11° C) the actuator could support,
mentioned that they would have used even lower temperatures if possible: “I chose -11° C which is not freezing cold but
quite a pleasant sensation. I think coolness is much more pleasant than the heat. Initially, I was working with heat but it
was making me nervous so then I moved towards the cool which felt very pleasant” - P15.

All participants who chose lower temperatures mentioned that besides its pleasant nature they would like to feel
cool because the body temperature rises during an intense negative situation. Thus, the actuator’s contrasting thermal
patterns on the body will help them notice and "cool off": “If I am in a heated situation where I'm all angry and heated

up, this coolness will help me regulate” - P14.

4.2 Participants’ Experiences of Haptic Patterns for Affect Regulation

4.2.1 Haptic Patterns during Stressor Task. All participants mentioned that they could feel vibrations or temperature on
the wrist while concentrating during the stressor task. In both temperature and vibration conditions, when participants
felt increasing stress, their focus shifted more towards the stressor task, however, consistent tactile sensations kept
their presence known.

In vibrotactile group, the vibration frequency was consistent and grabbed attention from time to time: “it’s physically
there, it grabs your attention. My attention just kind of switched to it then without me, necessarily, doing it myself. Every
now and again, it takes you away from what you’re doing" - P5. Once participants engaged with the vibrotactile rhythm,
they were able to follow it: “when I got into the rhythm, it definitely helped me calm down” - P11, while concentrating on
the task: “i was aware of these vibrations that I was getting while mentally concentrating on the questions” - P7. Similarly,
other participant added that the rhythm acted as a reference during the stressor task: "I think when you feel yourself
getting stressed out, you could just reference the vibrations, which were always there, and consistent. The vibrations did help
Jjust providing a reference point. I felt calm doing it [stressor task] and it felt slower and slower” - P2. P13 also pointed out
that the vibration rhythm helped her relax during the stressor task: “when I got in a flow [rhythms] I was able to get hold
of it. So, after that point I was able to relax”.

Unlike vibrations, temperature changes are slow and more embodied. Research on thermal patterns shows that people

are able to detect even one degree change in temperature [106]. When compared with vibrations for affective feedback,
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temperature changes were considered more expressive and noticeable [98]. During the stressor task, increasing warm
and cool sensations made participants pay attention to them: “I think initially when I started the stress test, I scored very
high and I was mentally very active. I totally forgot about the cool but then out of a sudden I felt cool. It felt pleasant and
grabbed my attention [...] It kept on cooling me down. I think if  wasn’t using such a device, I would have been more stressed”
- P15. This is an illustrative quote indicating the perceived value of cool temperature patterns for down regulation
during stress. For P8, the felt experience of cool was strong, which distracted him in a positive way, each time the
temperature decreased: “the coolness just distracted me [...] I was absolutely calm in the sense that it didn’t bother me that

I can’t keep up with those [stressor] requirements or be right or wrong”.

4.2.2 Haptic Patterns after Stressor Task. Reflecting on the experience of tactile patterns during the stressor task, two
thirds of participants reported that they would like vibration or temperature intensity to change during the stressor
task. Participant 10 mentioned that she would prefer vibrotactile intensity to vary as the stress increases or decreases:
“I think the intensity can be higher or lower. If it can be in proportion [...] if you are more stressed to be more intense, or the
other way”. As these participants engaged in the stressor task, their perception of tactile sensation changed and they
wanted stronger intensity to keep their attention when they were more stressed. P12 noted that she would like to feel
more heat on the wrist as the stress increased: “I would change the intensity of the temperature. I would want it to be a bit
higher in order to feel it more”. Similarly, P6 added: “when I tried the heat in the beginning, I wasn’t as stressed but if I am
in the middle of a stressful situation then I need more warm temperature”. Two participants mentioned that they would
prefer a decrease in the intensity towards the end of the second stressor because constant tactile sensations on the
same place on the wrist felt a bit too much: “the first one [stressor] was absolutely fine; however in the second one, I would
prefer maybe less intensity so that I can feel like it is [vibrotactile patterns] there but I cannot feel it as much" - P11. P3 also
added that she would prefer less heat during the last part of the stressor: “I still think heat would work better than the
cool but I would not want it to be hot. The last three minutes [towards the end] felt a little hot so I would want to bring it to

a lower degree”.

4.2.3 Haptics for Affect Regulation. In addition to the interviews, to further explore the impact of haptics on subjective
and objective measures of anxiety and stress, we also employed a between-subject design. The choice of between-subject
over within-subject design was informed by the need to minimize participants’ exposure to the stressor task and limit
the carryover effect [29]. Given that our data did not meet the assumptions of normality and homogeneity of variance,
we used Kruskal-Wallis (K-W) test, a non parametric equivalent to one-way ANOVA [34, 62]. Kruskal-Wallis is an
omnibus test which only detects that at least two groups among all groups are significantly different. Application
of multiple pairwise K-Ws instead of a post hoc test increases type-I error, requiring error correction methods such
as Bonferroni [33]. However, in our analysis we performed K-W only once, therefore no Bonferroni adjustment was
needed. After significance was found we continued with post hoc analysis using Dwass-Steel-Critchlow-Fligner (DSCF)
[15]. DSCF is a non-parametric post hoc test for pairwise comparison. It is generalized for unequal sample sizes [15]
and has been shown to be more suitable for comparisons of non-normally distributions with unequal variances [13].
DSCF has built-in family-wise error rate protection [12, 15, 34], which automatically controls the error rate for all
comparisons [15, 40], therefore p-value adjustment are no longer required when using DSCF. The statistical analysis
was conducted using Pingouin and scikit-posthocs libraries in Python 3.8 [92, 99].

For subjective measurement of anxiety, we found a significant main effect of haptic patterns on participants’ anxiety
measured with STAI questionnaire (H(2) = 14.39, p < 0.001, €2 = 0.65). The post hoc test using DSCF revealed that

participants experienced significantly lower anxiety, measured by STAI scores, with either thermal (Mean = 35.5, SD =
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12.5, p = 0.003) or vibrotactile patterns (Mean = 38.7, SD = 9.16, p = 0.004), compared to those who received no haptic
patterns (Mean = 56.8, SD = 3.11). While the number of participants is small and future work is needed to confirm it,
an interesting outcome is that the STAI scores for each of these two haptic patterns suggest the potentially stronger
beneficial impact of cool temperatures (Mean = 29.00, SD = 10.4) and low frequency vibrations (less than or equal to 30
bpm) (Mean = 36.4, SD = 9.04) on subjective experience of anxiety, compared to warm temperatures (Mean = 42.00, SD
=12.1) and high frequency vibrations (higher than 30 bpm) (Mean = 44.5, SD = 9.19).

For objective measurement of stress, we found that the main effect of haptic patterns measured by RMSSD (H(2) =
5.40, p = 0.067, £2 = 0.24) was approaching significance: the mean values of RMSSD under temperature (Mean = 32.4, SD
=10.7) or vibration patterns (Mean = 48.2, SD = 37.6) were higher than the RMSSD under no haptic patterns (Mean =
18.5, SD = 4.58), indicating again lower stress level for those participants experiencing haptic patterns. Differences in
RMSSD values under warm-cool temperature patterns, and low-high frequency vibrotactile patterns were smaller on
this objective measure of stress, compared to those identified on the subjective measures, albeit suggesting decreased
levels of stress in the following order of patterns: cool temperatures, warm temperatures, high frequency vibrations,
low frequency vibrations. These findings indicate differences in the objective and subjective measures of stress and
anxiety assessed during the stressor task, and post stressor task, respectively. Nevertheless, low frequency vibrotactile

patterns appear to be the most effective ones for stress regulation.

4.3 Participants’ Attitude towards Haptic Patterns for Affect Regulation in Everyday Life

We now report on the main findings from the follow up interviews were we explored participants’ attitude towards
extending the use of their designed haptic patterns in daily life settings. When asked if they would consider using
wrist-worn haptic technology for long term, participants envisioned situations where they could benefit from such
devices. These included diverse activities in daily lives namely anxious events like exams, interviews or presentations,
workplace and stressful meetings, when in fear or when worrying about future or confrontational situations. For
Example, P1 (temperature) explained: "I want to use it for social anxiety. I would probably use it every day when I am in
public. Every time when I get anxious". P2 (vibrations) added: "when you are at home, and you realize, you have got loads
of things you have not done and you start to get stressed out about them. This [device] might be useful in giving me space to
kind of step back and have a look at everything and calm down about the whole situation". P12 reported that warmth
sensations in situations which are extremely stressful may not work: "I think this can be a useful tool to regulate oneself
but in extreme [stress] situations, one might completely ignore it".

All participants appreciated haptic devices’ privacy aspect: "I don’t want it to show to others that I am using something
to calm myself down" - P3. Similarly, P5 added: "I think the positive aspect is that these devices are not visual and they are
hidden, so no one would know that you have a device that is trying to keep you calm". They also found wrist as suitable
compared to other body locations for using it over long term: "I think the wrist is perfect [...] because it makes it wearable
like a watch" - P7, however, they preferred such a technology to be integrated into existing smartwatches: "it is a hassle
to have it only for this specific purpose, but it would be better if it can be incorporated in smartwatches which we can use

for other purposes as well, so you can carry it around, just like a normal watch" - P13.

5 Discussion

We now revisit the initial research questions and reflect on the value of our findings for designing technologies for
affect regulation. Our work has focused on exploring personalized vibrotactile and thermal patterns and their value in

supporting affect regulation.
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5.1 Distinct Experiential Qualities of Personalized Vibrotactile and Thermal Patterns

5.1.1 Vibration Frequency and Rhythmic Entrainment. Findings indicate that participants perceived the vibrotactile
patterns through three experiential qualities: heartbeat, rhythmic flow and slowness which have been limitedly explored
in the context of affective health technologies [78]. These qualities, which are unpacked below, are partly rooted in the
properties of the actuator whose range of vibration frequency is from 30 to 185 bpm, and intensity between 5 and 20
percent.

Heartbeat — Rhythmic flow: Entrainment: An important finding is that the participants’ intuitive understanding of
rhythm allowed them to associate vibration frequency to their heartbeat. This is important since participants could
personalize the frequency of their vibration patterns from 30 to 185 bpm, which is a much broader range than that of
adults’ normal heartbeat, i.e., from 60 to 100 bpm [2]. So although normal heartbeat is within the provided frequency
range, the 30 bpm chosen by most participants is a highly unlikely heartbeat, yet, surprisingly participants actually did
associate it with heartbeat. Such insights echo consistent findings on rhythmic entrainment, a common phenomenon
observed in physical and biological systems in which two rhythmic events interact with each other to eventually adapt
and merge into a common phase [7]. In particular, the autonomic nervous system is characterized by rhythmic processes
such as beating of our hearts or breathing. Because of the entrainment phenomenon, and these internal rhythms, people
can synchronize them with external rhythms [17, 18, 42], irrespectively of these being at faster or slower pace than
those of one’s body. While playing with different vibration frequencies, participants intuitively experienced this dual
aspect of entrainment, as high frequency vibrations made them anxious, confirming also previous findings on the
impact of such vibrations on increased anxiety, and of slow vibrations on lower anxiety [10].

Heartbeat — Rhythmic flow — Slowness: Regulation through Entrainment: Our findings indicate that participants not
only related vibration frequency to their heart rate, but to a heart rate in non anxious state, using the low pace of
the vibration in order to down regulate their heart rate. Thus, participants valued the rhythmic flow of these slow
vibrations which they could follow through entrainment, in order to slow themselves down during the stressor task.
Consistent previous outcomes have also indicated the value of slowness for down regulation of affect, with many
examples of sound in music therapy interventions [50], where slow tempo supported slower heart and respiration rate
[4, 17], or tempo-based rhythm interventions at 60 bpm promoted behavioral pacing, minimizing anxiety behaviors
and facilitating concentration and calm [4, 9]. Slowness was a quality capturing both the slow tempo of the vibration,
but also its lower intensity. Interestingly, slowness was appreciated even by participants who selected high intensity
vibrations, as those choices were still motivated by down regulation, but from a higher heart rate baseline. Once, again,
this reflects strong individual differences and the value of personalization of haptic patterns.

Heartbeat — Rhythmic flow — Slowness: Visceral: Another important aspect related to these qualities is the visceral
experience of the vibrotactile patterns. Indeed, slow vibrations are visceral, felt almost within, allowing participants
to follow their rhythm as if it was of their own heart. These findings support the view that with the right frequency,
vibrations have the potential to be experienced as coming from the body, more specifically when linked to the rhythm
of the cardiac system. In this light, we argue that the rhythmic entrainment facilitated by slow vibrations provides a
strong embodiment to the intuitiveness, bodily-aliveness aspect of this vibrotactile pattern. In this way, such patterns
may also start supporting awareness of one’s heart rate, or interoceptive awareness [72] defined as awareness of one’s
own internal bodily signals. This is important, given that a wealth of findings have linked interoceptive awareness with

emotional awareness and affect regulation [22, 71, 98], although such awareness takes time to develop.
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5.1.2  Warm and Cool-based Experiential Properties. Findings indicate that participants perceived thermal patterns
through qualities such as subjectivity and focus; warm: touch and comfortable; cool: pleasant and noticeable; gradual
changes, warm and cool: metaphors. These qualities which have been also limitedly explored in affective health tech-

nologies [78], are based on the actuators’ ability to support warm and cool sensations within +16° to -11° C range.

Thermal Patterns — Warm and Cool Sensations: Subjectivity and Focus: The overall impression from most participants
was that the experience of thermal sensations tended to be subjective, and sensitive to the placement of actuator on
different bodily locations. Participants felt that the experience of warm or cool temperature differs based on where they
placed the actuator on the wrist. This is consistent with previous findings indicating that the thermal sensitivity differs
across the body, with some areas being more sensitive than others where the same temperature is harder to detect [38].
This suggests the need for adjusting the temperature value according to the bodily location where it is experienced.
Moreover, thermal patterns designed by participants attracted their attention during the stressor task. This is important,
indicating the value of thermal patterns to distract attention from the stressor task and its negative high intensity affect.

Thermal Patterns — Warm Sensations: Touch and Comfortable: Reflecting on their felt body experiences, participants
in our study described thermal experiences of warmth as comfortable and associated them to human touch. This is an
important finding in the light of previous ones indicating that haptics can support affect regulation through affective
touch which consists of gentle strokes through slow movement of warmth, and which has been shown to support secure
attachment [69, 98]. Recent work on the effects of tactile warmth has suggested that people associate the presence of
warmth to social affiliation, and its absence to loneliness [19]. With respect to temperature, a wealth of studies have
shown its intrinsic link with intimacy [105] and their impact on each other cued by either words or physical experience.
In this respect, warmth relates to increased perception of intimacy [102], social proximity [35], social affiliation [19],
trust [41] or warm personality [105]. A further illustration of this relationship between temperature and social affiliation
is from psychotherapy research where client’s warm hands have been associated with emotional security [60].

Thermal Patterns — Cool Sensations: Pleasant and Noticeable: Our study participants found the experience of cool
temperature on their wrist to be unfamiliar yet pleasant. Moreover, those who chose cool temperatures indicated that
the sensation of cool was more pleasant than the sensation of warm. This is important, given that previous work on
the experiential qualities of temperature has looked mostly at heat, while cool temperature has been under-explored
[38, 98]. From the limited studies in this space, findings indicate that thermal stimuli consisting of cool temperature are
more noticeable than warm temperature ones [106]. This is echoed by our findings highlighting the unfamiliar quality
of cool temperature, thus its potential to better attract attention.

Thermal Patterns — Warm and Cool Sensations: Gradual: In contrast to vibrations, temperature changes are gradual.
Actuators that provide thermal stimuli need to be turned off once they reach their target temperature, to allow for the
dissipation of accumulated temperature, and be turned on again after the temperature has been dissipated [89, 98]. This
pattern mitigates against temperature accumulation by alternating increases and decreases of actuated temperature
towards the target temperature [65, 98]. Interestingly, the thermal patterns explored in the study consisted of constant
temperature, ensured by such gradual changes to avoid heat accumulation, albeit these changes were too subtle to
be noticed. However, future work could explore dynamic thermal patterns where gradual changes can be noticed,
contributing to a sense of rhythm. Indeed, previous findings on thermal sensations have confirmed that heat pulse
consisting of gradual increase and decrease helped people to direct and sustain attention to different body parts [38, 89].

Thermal Patterns — Warm and Cool Sensations: Metaphors: Another important aspect of experiential qualities of

thermal patterns is their metaphoric nature. Cognitive linguistics have explored the metaphors of emotions, some of
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"on

which described with reference to temperature domain, i.e., "anger is heat", "he was cool to me" [47]. With respect to
emotions, such work has highlighted the link between temperature and friendliness, with warmth being friendly and
caring [101], which echos previous findings on the link between warmth and intimacy. Moreover, cool seemed to be an
obvious choice for some participants as being angry or stressed is considered "feeling hot", and they wanted to "cool off"
both physically and metaphorically. Research in cognitive linguistics have also identified temperature-based metaphors

for emotional control or regulation such as hot is lack of emotional control, and cool is emotional control [101].

5.2 Modalities of Haptic Patterns for Affect Regulation: Comparable Impact on Affect Regulation

We now reflect on the value of users’ designed haptic vibrotactile and thermal patterns for their affect regulation.
Our study is one of the first to compare different haptic submodalities, contrasting most HCI work in this space,
focusing predominantly on unimodal systems. We highlight the importance of such cross-modal comparison and their
experiential qualities to better inform the design space of affect regulation technologies.

With respect to preferences, most participants (5 out of 7) designed vibrotactile patterns of low frequency, i.e., 30
bpm. Preferences for thermal patterns were less consistent, with 4 out of 8 participants designing thermal patterns in
the range of warm temperatures, i.e., between 2 and 10° C, above the baseline, while the other 4 participants preferred
cool temperatures, between -8 and -11° C, below the baseline.

Both subjective and objective measures indicate a lower level of anxiety and stress during the stressor task when
participants experienced the haptic patterns compared to no haptic patterns. Descriptive statistics of the subjective
measures of anxiety indicate lower anxiety under cool temperatures or low frequency vibrotactile patterns compared to
warm temperatures and high frequency vibrations, respectively. In turn, descriptive statistics of objective measures
of stress assessed during the stressor task indicate the lowest stress level under low frequency vibrotactile patterns,
although no significant differences have emerged among the four patterns.

The value of cool temperature for lowering the subjective level of anxiety is particularly interesting. The fact that 4
out of 8 participants preferred cool temperatures is surprising, given their association with high rather than low stress.
On the one hand, a wealth of findings indicate that changes in skin temperature reflect changes in the autonomous
nervous system with an increase in peripheral blood flow and therefore in hands’ and fingers’ temperature during
relaxation, and decrease of their temperature during stress [21, 66]. On the other hand, supported by everyday metaphors
of cooling off, cool temperatures appear to offer a pleasant counterpart to the warmer body temperature experienced
during stressful events [66]. Future work is needed to further explore the underpinning mechanisms of cool temperature

patterns for affect regulation.

5.2.1 Designing Vibrotactile vs Thermal Patterns: Entrained to Slow Bodily Rhythms vs Expressive & Hedonic. Although
both vibrotactile and thermal patterns have comparable beneficial impact on affect regulation, our findings highlight
that they ensure this in different ways. Indeed, participants’ strong preferences for specific vibrotactile or thermal
patterns, coupled with their rationale for such patterns, suggest that these two modalities may support affect regulation
through different mechanisms. This is a key outcome that could broaden the focus of technologies for affect regulation
from their current lens on if and how specific modality and actuation patterns work, to explore also why they work.
While vibrotactile patterns support entrainment to breathing or heart beating slow rhythms, thermal patterns
are particularly hedonic and expressive, allowing for a broader range of choices. Indeed, participants’ choices for
personalizing haptic patterns is key, but such personalization in the case of vibrotactile patterns tends to be confined to
the rather consistent biological rhythms of slow breathing or slow heart beating and thus particularly embodied. In

16



Exploring Personalized Vibrotactile and Thermal Patterns for Affect Regulation DIS °21, June 28-July 2, 2021, Virtual Event, USA

contrast, thermal patterns can accommodate a larger range of both warmer and cooler personal preferences than the
base temperature, characterized by expressive and hedonic qualities.

Our findings indicate the potentially stronger beneficial impact of low frequency vibrations on lowering stress
level. This confirms the value of entrainment that systems based on slow heart rate patterns appear to support. These
outcomes validate previous HCI work in this space that has prioritized haptic modalities and in particular low frequency
vibrotactile patterns mapped to bodily rhythms such as slow heart rate. These have been illustrated by systems such as
BoostMeUp [10], Doppel [3], or EmotionCheck [9], whose findings indicate that vibrotactile patterns with a frequency
of 30% lower than the baseline heart rate support regulation of anxiety [10].

Although HCI work on affect regulation technologies is still in its early stages, in contrast to vibrotactile patterns,
which have been more explored, there has been less focus on thermal patterns. Our findings confirm previous ones on
the value of thermal feedback and particularly the expressiveness [98] of warm temperature for regulation [11] together
with the hedonic qualities [89] of warm temperatures compared to cool ones. Our findings extend these prior works by
showing the expressiveness and hedonic qualities of both warm and cool temperatures, while extend them with the
exploration of a larger set of temperatures highlighting participants’ preference for both warm and cool temperatures,

albeit outside the hot and cold range.

5.2.2  Personalized Patterns for Affect Regulation. We now reflect on the choice of modalities, bodily rhythms, the
dynamic adaption of designed patterns together with the value of such choices for affect regulation technologies.

Personalization: Choice of Modalities: Our outcomes confirm prior findings on the individual differences in sensitivity
to temperature [104, 106] and vibrotactile stimuli [6, 100]. More importantly, however, such individual differences
have impacted participants’ preferences for their designed haptic patterns, in terms of low-high vibration frequency
and intensity, and warm-cool temperatures. In addition, despite the value of accounting for such preferences through
personalization and IKEA effect [80], limited HCI work has involved users in the design of affective interfaces [84] and
those that did, have focused mostly on visual modality [97]. In contrast, previous work on haptic patterns for affect
regulation has paid limited attention to the personalization of both vibrotactile and thermal patterns.

With regard to vibrotactile patterns, unlike our work, systems such as BoostMeUp [10], Doppel [3] and EmotionCheck
[9] that employed slow rhythmic vibrations linked to heart rate have not engaged users in their design. One exception
here is Miri, and colleagues’ recent work on their personalized breathing pacer, allowing users to set the frequency
and amplitude of rhythmic vibrations to align with slow breathing for affect regulation [59]. In terms of thermal
patterns, although there has been limited work exploring their value for regulation [89], the individual differences in
users’ sensitivity to heat and their appreciation of it have been acknowledged [38]. Such differences are rooted in skin
sensitivity, personal experiences, and environmental factors [38, 75, 76], with the hedonic quality of thermal sensations
being marked by internal body temperature [61]. Despite such individual differences in thermal perception, there has
been surprisingly limited attention paid to users’ personalization of thermal patterns.

This is an important gap that our work has started to address. Indeed, our outcomes highlight the importance of
providing choices for personalization for both haptic modalities in terms of temperature intensity, as well as vibration
frequency and intensity. Findings also indicate that participants appreciated such choices and the ability to vary
important properties of each actuation, which led to specific experiential qualities for each haptic modality. Given
people’s preference for specific modalities reflected in different cognitive and perceptual styles [73], future work

may explore users’ preferences not only within the parameters of specific modalities, i.e., frequency and intensity of
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vibrotactile patterns, but also across haptic modalities, i.e., vibrotactile and thermal, or even across modalities, i.e.,
haptic and visual or aural already harnessed in entrainment technologies [79].

Personalization: Choice of Bodily Rhythms: Our findings indicate the value of vibrotactile patterns mapping slow
heart rate to support what appears to be effortless synchronization of one’s heart rate to such slow rhythm. These echo
previous outcomes on vibrotactile patterns for affect regulation [3, 9, 10]. In contrast, research on affect regulation
through slow breathing has just started to emerge more in the psychophysiology area [36, 88] with findings indicating its
beneficial impact on the regulation [36]. In comparison to heart beating rhythm, breathing rhythm for affect regulation
requires lower vibration frequency, i.e., 6 breaths/minute [88].

In HCI, research on slow breathing for affect regulation is rather limited; noticeable exceptions include BrightBeat
[27] that provide visual and aural representations, rhythmically oscillating at slow speed, mapped to users’ breathing
rate in a relaxed state. Another example is the breathing pacer developed by Miri and colleagues [59] which has
shown value for affect regulation. Miri and colleagues [59] introduced the distinction between explicit and implicit
affect regulation and called for more research to compare their effectiveness. They defined implicit affect regulation as
requiring merely perception or unconscious cognition and usually supported by systems involving slow heart rate
rhythm, and explicit affect regulation requiring users’ engagement at perception, cognition, and action level, usually
supported by slow breathing-based systems. Miri and colleagues’ findings indicate that explicit regulation of the slow
breathing-based systems such as their breathing pacer is intentional and effortful, thus challenging the synchronization
of one’s breathing rhythm with that of the vibrotactile pattern, especially during stressor tasks.

Our findings indicate the value of entrainment that systems based on slow heart rate patterns appear to support.
Most importantly, as reflected in our findings, such entrainment does not require effort. This contrasts the effortful
synchronization of slow breathing supported by the breathing pacer system [59] while also echoing previous outcomes
on the effortless quality of entrainment [27]. Arguably, unlike heart beating, breathing is an easier to perceive bodily
function. Thus, when in one’s focus of attention, it can be more difficult to regulate because real-time vibrotactile
patterns, slower than one’s current breathing rhythm, can counterproductively increase awareness of one’s failure to
regulate. Future work supporting effortless entrainment to slow breathing is much needed, especially since our findings
indicate participants’ preference for the lower frequency of the vibrotactile patterns, below 30 bpm. If such a choice can
be provided, users could potentially choose to design vibrotactile patterns aligned not only with slow heart rate but
even with slow breathing.

Adaptive Personalized Patterns: Another important outcome is that although the designed haptic patterns remained
the same, participants mentioned that they would want to change the intensity of vibrotactile patterns or the absolute
value of temperature ones according to how their stress varies throughout the stressor task. The reason for this is
two-fold. First, constant patterns may lead to fatigue or habituation, thus limiting their impact. Indeed, the experience
of a constant warm or cool temperature, or of a specific low or high frequency vibration on the same bodily placement,
i.e., one’s wrist over 10 minutes, tends to be tiring. Second, constant patterns are effective if the level of stress is constant
too. However, even during the stressor task, the level of stress is likely to vary in time. Such variation of stress level and
its demand for adaptive regulation patterns is insufficiently accommodated by constant patterns. To ensure adaptive
patterns, biosensors measuring affect such as heart rate or galvanic skin response provided real-time data that can
be used to inform the timing of actuation based on changes in stress level. Biosensors’ data can also be used to adapt
not just timing but also the intensity and duration of the actuation. In this way, the haptic patterns can be not just

personalized by engaging users in their design, but also dynamically adapted to the real-time changes in stress level.
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6 Implications for Designing Technologies for Affect Regulation

This section contributes to the design of affect regulation technologies by providing implications for design entailed
by our key findings. We highlight the i) value of supporting implicit affect regulation through entrainment of slow
bodily rhythms, ii) decoupling such entrainment from the predominant vibrotactile modality, iii) designing for thermal

biofeedback leveraging thermal patterns, and iv) supporting personalized and adaptive patterns.

6.1 Design for Implicit Regulation: Entrainment of Slow Bodily Rhythms.

HCI work on affective interfaces has explored both non-rhythmic and rhythmic vibrations. Non-rhythmic vibrations
act more like notifications for the changes in physiological arousal, which per sei do not explicitly support affect
regulation, albeit could prompt users to initiate it [98]. In contrast, rhythmic vibrotactile patterns at a frequency of the
slow heart rate are associated with relaxation, therefore facilitate regulation through the synchronization of one’s heart
rate to such slow rhythm, [3, 9, 10]. Our outcomes support the value of entrainment to slow bodily rhythms, especially
the effortless one to slow heart beating rhythm. In turn, such entrainment to bodily rhythms supports interoceptive
awareness as the ability to recognize internal bodily states [11, 49] which has been shown to have strong wellbeing
benefits, particularly for affect regulation [32, 57, 74]. However, in contrast to awareness of heartbeat, which requires
minimal volitional control, awareness of breathing is effortful [23]. Thus, we encourage designers of affect regulation
technologies interested in entrainment to focus on slow rhythmic patterns mapping heart beating rhythm and on future

work to explore how to support effortless regulation of slow breathing.

6.2 Entrainment of Slow Bodily Rhythms: Beyond Vibrotactile Modality.

Although low frequency vibrations offer powerful and intuitive haptic modality to map slow bodily rhythms, we can
further open up the design space of technologies for affect regulation. For instance, understanding the value of such
patterns for supporting synchronization with slow bodily rhythms can lead to decoupling them from the current
predominant haptic modality, namely vibrotactile patterns. Indeed, rhythm can be created through other sensory
modalities such as visual or aural ones through dynamic stimuli that change rhythmically in time or even through
a different haptic submodality in the form of thermal patterns designed to rhythmically change in time. The latter
suggestion is particularly interesting as it could allow integrating the benefit of rhythmic entrainment, currently
supported solely by vibrotactile patterns, with the expressive and hedonic qualities of thermal patterns. In other words,
these insights open the design space of affect regulation technologies where modalities can be decoupled from the
two key design principles that our findings have highlighted: entrainment to slow bodily rhythms; expressivity and

hedonism.

6.3 Design for Thermal Biofeedback.

While low frequency vibrations offer effective haptic modality for affect regulation, thermal patterns were particularly
valued for their expressiveness and hedonic qualities. As mentioned above, we suggest that they can be leveraged as
rhythmic patterns designed for entrainment to slow bodily rhythm. Another way to harness thermal patterns is by
drawing on the relationship between body temperature and stress: peripheral vasoconstriction leads to cool hands
[21], and central vasodilation leads to a warm core or internal body temperatures [66, 67]. Thermal biofeedback is
a therapeutic intervention for affect regulation involving training control of bodily functions in order to increase
peripheral blood flow leading to higher skin temperature or warmed hands [70]. Prior findings have also shown that
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thermal biofeedback is facilitated if the temperature around the body is warmer [21, 104]. One can imagine thermal
patterns of warm temperature that could support thermal biofeedback when integrated with its instructions. Such
patterns, when applied to the wrist, could benefit from being integrated with wrist-worn photoplethysmography devices.
One can also think of thermal patterns of cool temperatures utilized to lower core temperature, for instance, through
placement on one’s neck. The latter resonates well with our findings on participants’ preference for cool thermal

patterns, albeit their placement is more appropriate on central rather than peripheral bodily location.

6.4 Support Personalized and Dynamically Adaptive Patterns.

We want to emphasize the value of the user’s personalizing their patterns for affect regulation. The choice for patterns’
modality or bodily rhythm that can be entrained can increase users’ expressiveness and their hedonic experience.
We also suggest integrating the patterns’ actuators with biosensors in order to provide real-time adaptive actuation.
However, rather than being continuous, such actuation can be dynamic, varying with the changes in stress level. This
move away from unchanged and continuous actuation mitigates against the risk of fatigue and habituation, increasing

the potential for affect regulation.

7 Conclusion

This paper explored haptic modalities for affect regulation by engaging 23 participants in the creation of personalized
vibrotactile and thermal patterns (high/low frequency and intensity, warm/cool). We report on the experiential qualities
of these haptic patterns and their impact on affect regulation during stress elicitation tasks, for which we measured
self-reported anxiety and heart rate variability. Findings indicate that subjective and objective measures of anxiety and
stress were lower under haptic patterns than without, and that low frequency vibrations were the most effective patterns
for stress regulation. The main contribution of this work includes a discussion of each haptic pattern’s key qualities, i.e.,
vibrotactile frequency and rhythmic entrainment, warm and cool-based experiential properties. Our findings open up
new design opportunities for regulation technologies for affective wellbeing. These include implicit affect regulation
through entrainment of slow bodily rhythms beyond vibrotactile modality, design for thermal biofeedback patterns,

and support for personalized and dynamically adaptive patterns.
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