


tices [6, 24], the first aim was pre-registered and the three
pre-registered hypotheses can be found at [27]. The second
and third aims were exploratory analyses.

1. Efficacy of PIV in regulating affect. Does PIV effectively
regulate affect? To answer this question, we measured three
affect-related dependent variables: anxiety as measured by
STAI-6 scores [23], self-reported positive affect, and self-
reported negative affect. For each of these dependent vari-
ables, we pre-registered the hypotheses that we would observe
interaction effects between group (treatment and control) and
condition (Post-stressor 1 and Post-stressor 2).3 Our hypothe-
ses were that the treatment group would show a decrease in
STAI-6 scores, an increase in positive affect, and a decrease
in negative affect compared to the control group when going
from Post-stressor 1 to Post-stressor 2.

2. Stressor and PIV-user engagement. How does the pres-
ence of a stressor impact a user’s ability to engage with PIV?
We measured difficulty of PIV-user engagement at three lev-
els: noticing vibrations, differentiating between inhalation and
exhalation vibrations, and synchronizing breathing with vibra-
tions. The stressor we used was a timed compound remote
associate task [8] (see Figure 1b and the Protocol section for
details). We sought to understand how the presence of this
specific stressor could contribute to changes in difficulty of
noticing, differentiating, and synchronizing with PIV.

3. Predicting anxiety drop from individual differences. What
types of people have potential to benefit from PIV? We col-
lected measures of individual difference before and within
the study. Using these measures as features, we trained a
machine learning model to predict drop in anxiety in the treat-
ment group. We calculated the average Shapley values of
each feature to identify the factors that contributed most to
the model’s prediction. Shapley values measure the contribu-
tion of a feature in predicting some label, in our case drop
in anxiety [22, 32]. From the highest contributing features,
we identified the types of people who have more potential to
benefit from PIV.

The specific contributions of this paper are as follows:

• We report the results of a thorough, mixed-design, pre-
registered experiment to evaluate the efficacy of PIV.

• We quantify the relationship between our stressor and PIV-
user engagement.

• We trained a learning model on treatment group data and
report the average Shapley values of features with regards
to the model’s predicted change in anxiety. By identifying
features with the highest contribution to predicted anxiety
change, we present insights on who is more likely to benefit
from PIV.

Our study not only evaluates the efficacy of PIV, but also
provides a thorough report on the effect of a specific stressor
on difficulty of engaging with PIV, as well as who is more
likely to benefit from PIV. Our findings, experimental design,
and methods of analysis may be of benefit to others in the

3Post-stressor 1 and Post-stressor 2 are the conditions immediately
following the two repeated stressors, respectively. See Figure 2 for
where these conditions are in the experimental protocol.

HCI community who are building and evaluating affect reg-
ulation technology with the goal of eventually having it be
used in daily life. We envision a future in which a mental
health clinician could choose between various technological
interventions, selecting the ones that are more likely to be
suitable for a patient, given knowledge of that patient.

COMPARISON WITH RELATED WORK

A list of vibrotactile technologies for affect regulation may
be found in the Related Work section of the PIV publica-
tion [25]. In addition to those in the list, BoostMeUp [13]
and Spire [34] are vibrotactile technologies described in more
recent publications. Of the vibrotactile technologies for af-
fect regulation, we decided to compare PIV with technologies
which had been evaluated for efficacy using an experimen-
tal design comparable to ours. Specifically, we looked for
an experiment that delivered a stressor to a treatment group
(who received vibrotactile intervention) and a control group
(who received no vibrotactile intervention). Therefore, Boost-
MeUp was excluded for comparison, because the experiment
to evaluate it did not have a control group that received no
intervention. Spire was similarly excluded for comparison,
because the experiment to evaluate it was longitudinal. To the
best of our knowledge, the only two vibrotactile technologies
evaluated using a design comparable to ours are Doppel [7]
and EmotionCheck [12].

To reduce anxiety, PIV applies slow breathing-like vibrations
to the abdomen (see Figure 1c), while Doppel and Emo-
tionCheck apply slow heartbeat-like vibrations to the wrist.
All three are involvement technologies, i.e. technologies that
aid a user in implementation of affect regulation.4 In Doppel
and EmotionCheck, affect regulation is implicit: the user en-
gages with the technology at no more than the perception or
unconscious cognition level, and they do not need to expend ef-
fort or take action. In PIV, affect regulation is explicit: the user
engages with the technology at all three levels of perception,
cognition, and action (that is, noticing, differentiating, and
sychronizing) to intentionally implement guided slow-paced
breathing.

Our study to evaluate PIV builds on the methods used to eval-
uate Doppel and EmotionCheck in two key ways. First, we
used a mixed design in our evaluation of PIV, whereas the eval-
uations of Doppel and EmotionCheck used between-subjects
designs. A mixed design enables greater statistical power than
a between-subjects design. It also helps to address threats to
internal validity, meaning that it better enables experimenters
to rule out alternative explanations for observed results. Sec-
ond, we collected measures of state and trait affect regulation,
as well as personality, in our study. State and trait affect reg-
ulation refer to the strategies individuals use and the success

4Terminology is taken from Miri et al., who describe a framework
for categorizing affect regulation technology [26, 29]. The extended
process model of affect regulation identifies four steps in affect regu-
lation: identifying the need for affect regulation, selecting an affect
regulation strategy, implementing the strategy, and monitoring how
well the implementation is going [18]. In the absence of technological
support, all four steps are done by the individual. Affect regulation
technology is categorized based on the step(s) in which a technology
is involved.



Doppel [7] EmotionCheck [12] PIV

User-technology
interaction

Implicit involvement Implicit involvement Explicit involvement

Experimental
design

Between-subjects design; N = 52 across two
groups, treatment and control

Between-subjects design; N = 67
across four groups

Mixed design; N = 97 across two groups,
treatment and control groups

Stressor type
Anticipation of public speaking task with
deception

Anticipation and delivery of public
speaking task with deception

Creative thinking task with deception

State affect
measures

STAI-20, administered twice STAI-20, administered twice
STAI-6 and positive and negative affect,
administered five times

State and trait affect
regulation measures

No No Yes

Personality trait
measures

No No Yes

Pattern shape Heartbeat-like vibrotactile pattern Heartbeat-like vibrotactile pattern
Biphasic pattern with different frequencies for
inhalation and exhalation phases

Pattern pace Personalized, ranging from 0.67 Hz to 1.08 Hz Static, 1 Hz Personalized, ranging from 0.08 Hz to 0.15 Hz

Effect size found d = .28 d = .38 d = .33

Table 1. Comparison of three studies evaluating the efficacy of a vibrotactile technology for affect regulation.

they experience in regulating affect, both at a specific time
and context during the study (state) and as an overall pattern
in various contexts (trait) [16, 19]. Using these state and trait
measures as well as other measures, we identified who would
be more likely to benefit from PIV. Neither of the other studies
reported on the relation between individual differences and
the efficacy of their technology in regulating affect.

Table 1 compares in more detail the technologies and the
experiments used to evaluate efficacy of PIV, Doppel, and
EmotionCheck. Because our mixed design required a repeat-
able stressor, we had to use a different stressor type compared
to the studies for Doppel and EmotionCheck. The other stud-
ies used a variation on anticipation and delivery of a public
speaking task as their stressor. Since this stressor could not
be repeated while maintaining participants’ belief in the de-
ception, our study used a timed compound remote associate
task (CRA), which asked participants to come up with a fourth
word that completes a set of three seemingly unrelated words
under a time limit [8] (see Figure 1b for an example). We used
the STAI-6, a brief six-item version of the State-Trait Anxiety
Inventory (STAI-20), in order to be able to collect anxiety mea-
sures more frequently while minimizing participant burden.
STAI-6 scores correlate highly with scores on the full-length
STAI-20 (r = .95) [23]. In addition to differences in experi-
mental protocol, the PIV technology differs from Doppel and
EmotionCheck in the characteristics of the vibrotactile pattern
used. Doppel and EmotionCheck deliver vibrations modeled
after the human heartbeat. The pace of Doppel is personalized
to approximately 20% lower than the user’s baseline heart
rate, with fixed upper and lower limits of 1.08 Hz (65 BPM)
and 0.67 (40 BPM) respectively. The pace of EmotionCheck
is fixed at 1 Hz (60 BPM). PIV, on the other hand, delivers
vibrations modeled after human respiration. The vibrations of
PIV are biphasic with a less intense vibration indicating the
inhalation phase and a more intense vibration indicating the
exhalation phase. The cycle is repeated at a personalized pace
which was found to generally fall within the range of 0.08 to
0.15 Hz (5 to 9 breaths per minute).

Sample size determination was based on the effect size of
0.28 found in the Doppel study. We found this effect size
reasonable and predicted an effect size of 0.28 or greater in
our study. Using a power analysis with power of 80% and
alpha of 0.05, we selected a sample size of N = 100.

METHOD AND PARTICIPANTS

Participants were recruited through university pools offering
either course credit or payment. The study was deceptively ad-
vertised as an attempt to “investigate the relationship between
haptics and creativity.” Eligible participants had no history of
cardiovascular, breathing, neurological, or psychological disor-
ders, and restricted alcohol and caffeine consumption as well
as smoking for a period of time before the on-site study. We
required that participants be native English speakers because
of the vocabulary-based CRA stressor task.

100 participants were randomly assigned to treatment and
control groups while balancing for gender. One participant
was excluded from the analysis because they were using their
phone during the Stressor 2 condition. Two other participants
were excluded due to procedural errors. After excluding those
participants whose sessions were invalid, our sample size was
N = 97 with 44 (29 female, 15 male) in the treatment group
and 53 (32 female, 21 male) in the control group.

Treatment and control groups were found to be balanced across
a variety of characteristics. There was no significant difference
between treatment and control groups in years of education,
area of education, previous training in slow-paced breathing,
or whether they were currently playing a wind instrument.

Participants were fitted with two tactors taped to the abdomen
according to the recommendation of the PIV derivation study.5

They were also fitted with breathing gauges around the chest
and abdomen; EDA, pulse, and temperature sensors on their

5For a detailed description of the components of the PIV prototype,
see [25]. For the list of all during-the-study questions see the supple-
mentary material.





the treatment group received ongoing personalized vibrations
while the control group did not.

Specific CRA questions were taken from Bowden & Jung-
Beeman [8]. To ensure that the two sets of CRA questions
in Stressors 1 and 2 were of similar difficulty levels, we per-
formed K-means clustering on data from Bowden & Jung-
Beeman about the number of people who correctly answered
each question within different time frames. We used the clus-
tering results to identify pairs of questions with similar diffi-
culty levels; for each pair, one question was randomly assigned
to Stressor 1 and the other to Stressor 2. More detail about our
clustering and pairing process can be found in Supplementary
Materials Section Stressor Design [28].

Measures

We collected state affect measures, state and trait affect regu-
lation measures, user-technology engagement measures, and
personality trait measures.

Trait affect regulation measures and personality measures were
collected from an online survey which participants completed
before arriving for the on-site portion of the study. The survey
contained six standardized questionnaires yielding 11 vari-
ables in total. The Big Five Inventory yielded scores on the
five personality factors of extraversion, agreeableness, con-
scientiousness, neuroticism, and openness [20]. The Anxiety
Sensitivity Index yielded a score representing the extent to
which an individual believes that anxiety experiences have
negative implications [31]. The Body Sensations Question-
naire yielded a score representing how worried an individ-
ual feels about bodily sensations associated with autonomic
arousal [11]. The Reducer-Augmenter Scale yielded a score
representing an individual’s preferences for the intensity of
sensory input [14,35]. The Emotion Regulation Questionnaire
yielded two scores representing how much an individual uses
the affect regulation strategies of cognitive reappraisal and
expressive suppression [19]. The Difficulties in Emotion Reg-
ulation Scale was kept as a single score (sum of all subscales)
representing the extent to which an individual struggles with
affect regulation [16].

State affect measures were collected at five conditions (time
points in the protocol, called conditions to distinguish from
stages in the protocol). Conditions correspond to the stage
of the on-site study after which they are named: Baseline,
V-Breathing Practice, Pre-stressor 1, Post-stressor 1, and Post-
stressor 2. Immediately after each stage, participants took
the STAI-6 questionnaire and rated their positive and negative
affect on a scale of 0 to 100. We followed the unipolar valence
model in asking participants to describe affect in terms of
positive and negative affect [21]. We gave participants the
following instructions in rating positive and negative affect:
People often report their feelings as a combination of some
positive and some negative feelings at once. For example, a
young woman who had just eaten a chocolate bar reports a
blend of joy and guilt. To report your feelings, please consider
using both positive and negative feelings scales.

User-technology engagement measures were collected at
two conditions: V-Breathing Practice (no stressor) and Post-

stressor 2 (stressor). User-technology engagement refers to
how difficult participants found it to engage with the breath-
ing pacer at three distinct levels of perception, cognition, and
action [10]. At the perception level, we asked how difficult it
was to notice the vibrations. At the cognition level, we asked
how difficult it was to differentiate between inhalation and
exhalation phases of the vibrations. At the action level, we
asked how difficult it was to synchronize their breathing with
the vibrations. All ratings were on a scale ranging from 0 to
100. Because only the treatment group received vibrations
during Block 2, there is no data from the control group on
engagement at the Post-stressor 2 condition.

State affect regulation measures were collected at the Post-
stressor 2 condition. We asked participants to rate the extent to
which they deployed each of the affect regulation strategies of
reappraisal, distraction, suppression, and slow-paced breathing
to lower anxiety during the study [33]. All ratings were on a
scale ranging from 0 to 100. Questions were phrased in such a
way so that participants did not need to be familiar with affect
regulation terms. For instance, reappraisal refers to cognitive
reframing of an emotional event so as to have a different emo-
tional meaning. The statement to rate for reappraisal was “I
tried to think in a way that helped me stay calm.” Suppression
refers to inhibition of behaviors associated with emotional
response, including facial expressions, verbal utterances, and
gestures. The statement to rate for suppression was: “I tried to
suppress my anxiety.”

In addition to collecting state affect regulation measures at
Post-stressor 2, we asked supplementary questions at the end
of the study to the treatment group about their opinions on
the breathing pacer. On a scale of 0 to 100, we asked them
to rate how much the vibrations impacted them; how much
they wanted to turn off the vibrations; how much they felt the
vibrations were distracting; how much the vibrations affected
their performance; and what percentage of the time they were
able to synchronize with the vibrations.

RESULTS AND DISCUSSION

Efficacy of PIV in Regulating Affect

We ran linear mixed models on STAI-6 scores and self-
reported positive and negative affect. We checked for outliers
before running the models and did not find any.7

We tested for interaction effects between condition (Post-
stressor 1 and Post-stressor 2 conditions) and group (treatment
and control groups). We found an interaction effect between
condition and group for STAI-6 scores, but not for positive
and negative affect. To characterize the interaction effect that
we found for STAI-6 scores, we performed paired and inde-
pendent samples t-tests.

STAI-6: We observed an interaction effect between condition
and group for STAI-6 scores (intercept = 40.0, β = −3.19,
p = .019, CI = [−5.71,−.433]) (Figure 4). The direction of
the effect is consistent with our hypothesis, indicating that

7Models were implemented in R with the lme4 package according
to the following specifications: lmer(DV ~ condition * group
+ (1 | id)).









effect for this feature. We therefore proceeded to test for an in-
teraction effect, which would indicate an interaction between
an individual difference feature and the PIV intervention to fa-
cilitate drop in anxiety. To represent the individual difference
features categorically, we binned Openness into low and high,
with a cutoff of 33. We chose this cutoff value from Figure 6,
right, by approximating the value at which points transitioned
from blue to red. We found an interaction effect between bin
(low and high) and group (treatment and control). Individuals
with Openness score lower than 33 saw a drop in anxiety in
the treatment group, but not in the control group (intercept
= 30.07, β = −7.2, p = 0.003, CI = [−12.13,−2.176]). See
Figure 7, left. The results suggest that individuals with low as
opposed to high Openness are more likely to benefit from PIV.
We suspect that because openness is (slightly) positively cor-
related with reappraisal use, it is possible that people low on
openness are less able to use other affect regulation strategies,
and so benefit more from using PIV.

We were also interested in state affect regulation within-study
features. These features measure how much a participant used
different affect regulation strategies while stressed. Reap-
praisal and Distraction were the two with the highest contribu-
tion to model prediction according to average Shapley values
(3% and 4% respectively). Following the same reasoning as
above, we tested first for the main effect of reappraisal and dis-
traction usage. We found a main effect of Reappraisal but not
of Distraction. This suggests that individuals who used more
reappraisal during the study, compared to individuals who used
less, saw a drop in anxiety regardless of intervention from PIV
(intercept = 44.56, β = −.12, p = .04, CI = [−.24,−.007]).
We binned Distraction usage into low and high categories with
a cutoff of 21, and tested for an interaction effect between
bin (low and high) and group (treatment and control). We
found an interaction effect indicating that individuals in the
low Distraction category had a drop in anxiety in the treatment
group, but not in the control group (intercept = 36, β =−6.93,
p = .002, CI = [−10.96,−2.78]). However, this result is in-
conclusive: we saw a significant difference in anxiety from
Pre-stressor 1 to Post-stressor 1 between treatment and control
groups. We have no explanation for this observation, because
both groups went through the same protocol procedure through
Post-stressor 1. See Figure 7, right.

We also looked at the other within-study measures besides
state affect regulation. The top three within-study measures
that had the greatest contribution to model prediction were dif-
ficulty differentiating and noticing vibrations in the presence
of a stressor (contributions of 12% and 10% respectively) and
desire to turn off vibrations during the study (contribution of
8%). All three features relate to engagement with PIV: the
first and third relate to engagement at the cognitive level, and
the second to engagement at the perceptual level. For all three
features, the pattern of Shapley values in Figure 6, right, shows
an association between less difficulty and drop in anxiety. The
results suggest that in general, a less effortful user experience
with PIV is conducive to seeing a drop in anxiety.

The total contribution of individual difference measures was
31% and the total contribution of within-study measures was

69%. Because both individual difference and within-study
measures had a significant contribution to model prediction, it
was important to collect both types of measures.

DESIGN IMPLICATIONS

In this section, we address the following three questions.
Given that we found PIV to be effective in reducing anxi-
ety, can we further improve the efficacy of PIV? Given that
we found a main effect of Reappraisal, does this mean that
people skilled in reappraisal are less likely to benefit from
PIV? Lastly, given that a less effortful user experience was
conducive to anxiety reduction from PIV, does this mean that
implicit involvement technologies are more effective than ex-
plicit involvement technologies?

Can we further improve the efficacy of PIV?

Yes: we think that efficacy can be further improved by adding
to the personalization procedure. In the above analysis, we
identified the top three within-study factors that differed be-
tween individuals and that contributed the most to anxiety
reduction from PIV. These factors—difficulty differentiating
vibrations in the presence of a stressor, difficulty noticing vi-
brations in the presence of a stressor, and desire to turn off
vibrations during the stressor—have to do with experiencing
vibrations in the presence of a stressor. Therefore, we believe
that the personalization procedure should include exposure
to a controlled stressor. Recall that we found synchroniza-
tion with vibrations to be significantly more difficult when a
CRA stressor was present than when it was not. Following
the current last step of the personalization procedure in which
users synchronize breathing with vibrations, there could be
an additional step in which users synchronize breathing with
vibrations in the presence of a stressor. We also recommend
following this additional step with a question about how much
on a scale of 0 to 100 the user wanted to turn off the vibra-
tions during the personalization procedure. Since we found
that desire to turn off vibrations was a good predictor of not
seeing an anxiety drop with PIV, any answer greater than 15
(suggested by Shapley values cutoff) would be good reason to
go back and try different personalization parameters.

Are people skilled in reappraisal less likely to benefit from

PIV?

To answer this question, we binned reappraisal into low and
high categories, with a cutoff of 71 based on Shapley val-
ues (see Figure 6). We found an interaction effect indicating
that individuals in the low reappraisal category had a drop in
anxiety in the treatment group, but not in the control group
(intercept = 41.8, β = −4.09, p = .01, CI = [−7.42,−0.92]).
We saw no anxiety change in the high reappraisal category,
however. See Figure 7, right. These results together suggest
that people less skilled in reappraisal are more likely to benefit
from PIV, as compared to those who are more skilled. We also
observed that the average anxiety of those less skilled (mean =
35.2) in reappraisal is statistically lower than those less skilled
(mean = 41.71, p = .006). This suggests that while PIV can be
helpful for those who are less proficient in reappraisal, being
skilled in reappraisal is more effective overall. We think it
is promising that PIV can help those who are not innately
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