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ABSTRACT
Digital interventions are often used to support people with mental
health conditions, but low engagement frequently reduces their
effectiveness. We investigate the use of a Physical Artefact for
Well-being Support (PAWS) to improve engagement and effective-
ness of an audio-only guided well-being intervention. Through
our handheld shape-changing biofeedback-based PAWS, users can
synchronously feel their breath via kinaesthetic haptic feedback.
By evaluating our device in a randomised-controlled experimental
paradigm (N=58), we demonstrate significant reductions in phys-
iological and subjective (self-reported) anxiety compared to an
audio-only control. Our findings conclude that synchronous inter-
actions with one‘s own physiological data via the PAWS, improves
engagement and effectiveness of an intervention.

CCS CONCEPTS
•Human-centered computing→ Empirical studies in HCI;
Haptic devices; • Hardware → Emerging interfaces; • Applied
computing → Consumer health.
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1 INTRODUCTION
Tangible technologies have the potential to provide the next revo-
lutionary step in mental health support. Uptake of digital interven-
tions within clinical settings has led to individuals with reduced
mental well-being frequently signposted to low-intensity applica-
tions [68]. Despite the accessibility and versatility of digital stimula-
tion technologies, their compatibility with common transdiagnostic
mental health symptoms [47, 95] may yield insight into difficulties
with e-mental health adoption. Therefore, our approach aims to en-
hance the delivery of a Digital Mental Health Intervention (DMHI)
by incorporating a Physical Artefact forWell-being Support (PAWS)
(see Fig 1).

Digital interfaces proliferate everyday interactions within mod-
ern society, yet there is speculation surrounding their reliability
for delivering mental health support [20]. Technologies that utilise
DMHIs commonly report barriers of poor interactivity, avoidance,
practical implementation, and task difficulty [19, 72], with a 3.9%
15-day average retention [12]. Regardless of the ease of access, if
users do not experience DMHI benefits, they will not engage in
future use. Further, there are often correlations between digital mis-
use and transdiagnostic symptoms, among whom often experience
desensitisation to DMHI delivery mechanisms [24, 91]. Although in-
corporating engagement strategies within DMHIs has been shown
to elevate the effectiveness of digital tools [43, 68], services struggle
to recruit and retain mental health sufferers.

Thus, we explore how the emotional and psychological signifi-
cance of touch [58] can improve the engagement and effectiveness
of DMHIs. Specifically, we focus on the dynamic information rep-
resentation effects of shape-changing technologies [5], which can
broaden communication and affective responses via variations in
size, oscillation frequency, or curvature [40]. By utilising biofeed-
back to manipulate artefacts, implicit real-time tailored feedback
can improve the effectiveness of experiential therapeutic strategies.
Similar to digital-biofeedback systems [60, 114, 125], we predict
that physical interactions that are enhanced using physicalized
physiological information will broaden self-awareness and facil-
itate greater self-regulation to an extent that is beyond current
digital modalities. To explore how an increased bodily perception
improves the effect of DMHIs, we follow a somaesthetic design
approach [58] to create a handheld shape-changing synchronous
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Figure 1: Our constructed shape-changing biofeedback-based pneumatic PAWS inflates and deflates in relation to captured
inhalation and exhalation bio-signals.

biofeedback-based pneumatic sphere. Through our deformable ki-
naesthetic physicalization, users can manifest their breath by trans-
lating pulmonary activity into synchronous pneumatic actuation
to enable real-time physiological interactions.

By creating advanced experiential learning opportunities, our
aim for these intervention delivery enhancements is to provide
alternative solutions to populations struggling with existing DMHI
strategies, reduction in the stigma surrounding seeking support, and
expedite psychotherapeutic treatments. Therefore this research con-
ducts an intervention and self-worry-induced Randomised Control
Trial (RCT) to examine the acceptability and feasibility of PAWS-
integrated DMHIs, and contributes the following:

• The design and construction of a handheld shape-changing
biofeedback-based sphere that enables real-time physical
interactions with internal physiological information.

• Empirical evidence of the feasibility and acceptability of a
physically augmented DMHI.

2 BACKGROUND
A multitude of reviews highlight the technology-enabled men-
tal health design space, from synthesizations surrounding imple-
mentations for affective health [96], behavioural [35], mindfulness
[104, 109], psychosocial [45], and emotional regulation [105, 116]
technologies, to their employed engagement strategies [6, 55, 111].
Whilst emerging DMHI proliferate commercial and clinical fore-
thought due to their physical accessibility, researchers have sought
to go beyond digital technologies [16, 119].

By incorporating emotional regulation strategies: situation se-
lection, situation modification, attentional deployment, cognitive
change, and response modulation; technologies aim to apply didac-
tic and experiential mechanisms to provide offline, prevention or
remediation and on-the-spot, intermediation, embodied skills train-
ing [105]. Thesemechanisms are synonymouswith techniques from

evidence-based clinical frameworks, such as Mindfulness-Based
Therapy (MBT), Cognitive Behavioural Therapy (CBT), and Accep-
tance and Commitment Therapy (ACT). Despite these frameworks
which all commonly inaugurate users with effective breathing ex-
ercises, over 70% of users fail to complete practices, and more than
50% disengage before completing half of all treatment modules
[59, 127].

Repetitive negative thinking is one example of a common trans-
diagnostic mental health symptom that is directly associated with
poor interoceptive processing [91]. This interoceptive deficit leads
to over-regulation or inattentiveness to an emotional state, and is
defined as the inability to accurately sense and respond to internal
sensations. Moreover, attempts to improve emotional regulation are
often met with emotional learning difficulties that obstruct accu-
rate self-regulation [105]. Therefore, prolonged exposure to reduced
mental well-being causes neurological change [118] impeding both
physical (attendance and adherence to sessions) and psychological
(motivation, intention, commitment, and belief during sessions)
engagement [9].

Biofeedback can provide real-time tailored information for learn-
ing and/or practising techniques through operant conditioning
designed to overcome self-awareness difficulties [105]. Typically;
graphical, illustrative, artistic, and ambient screen-based represen-
tations are the strategies most employed that allow the user to
visualise their physiological state as part of meaningful gameplay.
Interactions thereby consist of influencing information through
self-adaption, with users preferring visualizations that relieve their
cognitive load and processes [107]. Shape-changing physicaliza-
tions can then broaden information delivery and nudge users (sub-)
consciously toward physiological states via direct bodily changes
[53, 105]. In this manner, respondent conditioning may be addi-
tionally applied to embodied skills training to improve emotional
regulation.
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2.1 Physical Artefacts for Well-being Support
We introduce PAWS as a new classification consisting of tangible
[51], haptic [82], and data physicalization [53] technologies which
specifically focus on improving mental well-being through elevated
physical and psychological engagement. They are devices, objects,
and tangible constructs that can be physically felt and manipulated
to improve interactions and information significance [29].

By personifying an object as the interaction medium, users can
meaningfully engage with mundane or emotionally demanding
tasks [8, 42, 97]. In this regard, self-regulation PAWS, as a self-help
measure, are means to empower users and facilitate autonomy
[11, 74, 102]. If external stimuli are not personalised within pro-
longed attention-based tasks, users may be unable to attune and
engage with the intended activity [73, 74]. For this reason, Thieme
et al. [110] believed users who physically held physiological rep-
resentations would be able to carefully and quickly observe and
connect with internal sensations. By incorporating biofeedback
techniques into a system that aids regulation, greater self-control
can be exhibited through greater self-awareness [31, 100]. Moreover,
through pairing the biofeedback techniques with shape-changing
interfaces, PAWS can support perceptual skills, such as focused
attention or embodied awareness, that may compensate for intero-
ceptive deficits [53].

These representations are often portrayed via breath-based phys-
icalizations, which apply techniques linked to supporting mental
functionality [127]. The psycho-physiological changes facilitated
through regulated breath are fundamental to mental health tech-
niques and are the most frequently adopted DMHI strategy. Mindful
[128], diaphragmatic [39], and autogenic [71] breathing are exam-
ples of bio-integrative techniques for improving sustained atten-
tion [79]. These techniques represent initial conscious pulmonary
control developmental practices that facilitate peri- and-post emo-
tional regulation outcomes. Psychological engagement within a
practice can therefore influence the effectiveness of the session and
subsequently their protective benefits (e.g. prevention of anxious
thoughts) [10, 121].

Current work within this space commonly relies on pneumatic
actuation, such as a wearable corset [58], mouse pad [124], picture
frame [63], sofa [106], and wall-mounted display [123]. However,
due to the actuation difficulties of shape-changing technologies
[5, 53], systems are typically anchored to a location, thus restrict-
ing interactions. For example, within a table-mounted semicircular
airbag called ‘Breath with Touch’ [124], a user’s palm is fixed to the
device to feel kinaesthetic feedback. As a result, this reduces the
potential for ’felt experiences’ (squeezing, patting, stroking, hug-
ging) that are used to convey and elicit emotions [22, 27]. Despite
limited user performance and outcomes based on conformations
to the system’s operational needs [56, 69], dynamic touch-based
stimulation received greater satisfaction significance compared to a
digital control. Similarly, whilst wearable shape-changing biofeed-
back systems may offer an alternative hands-free experience, they
have been known to elicit discomfort and unnatural sensations
[58, 75, 86]. Therefore, to integrate both the passive (users follows
object) and active (object influences user) self-regulation benefits
[57] of shape-changing biofeedback systems, we create a novel
device that enables mid-air (travelling, rotating, grabbing) [65]

Figure 2: Operational diagram of key components to drive
the PAWS in Fig 1. Please note components are portrayed as
abstract representations.

and touch-based (bimanual power grip, bimanual precision grip,
uimanual power grip) [98] interactions in the form of a handheld
shape-changing synchronous biofeedback-based pneumatic sphere.

3 SYSTEM
The constructed PAWS in Fig 1 was designed to enhance sensations
of breath through the physicalization of physiological data. In this
manner, as a user breathes, the handheld device synchronously
expands and contracts in relation to inhalations and exhalations.
Interactions, posture, and positioning can then be customised by the
user to ensure the system is comfortably situated within a breathing
experience. Thus, the user can tailor a full range of motions and
interactions to their needs and/or desires. Construction involved
bio-sensors, pneumatic actuation, and a shape-changing PAWS.
Fig 2 depicts the apparatus overview and Table 1 its operational
parameters.

3.1 Bio-signal Acquisition
For bio-signal recovery, we utilised a Biopac dual wireless respira-
tion and electrocardiogram (ECG) BioNomadix transmitter1. This
transmitter was placed over the sternum via a flexible chest strap.
As thoracic expansion and contractions lengthened or shortened
the chest strap, voltage output increased or decreased. Compared to
other breath-based acquisition techniques [28], we adopted a chest
strap for factors such as non-invasiveness, sensitivity to change,
wirelessness, and real-time data transmission [103, 113].

3.2 Pneumatic actuation
To convert bio-signals into an interactive physicalization, a pneu-
matic system was utilised as the means of controlling the shape-
changing PAWS. Biopac bio-signals were filtered through a custom
voltage divider bias circuit and processed by an Arduino. The Ar-
duino then applied dynamic time series smoothing to the real-time

1https://www.biopac.com/product/bionomadix-rsp-with-ecg-amplifier/
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Initialisation size ∅∗ 16.5 cm Force 0 - 6.9 N
PAWS size ∅∗ 15 - 18 cm Exerted pressure (male)† 0 - 478 pa
Input pressure 0.6 bar Exerted pressure (female)† 0 - 523 pa
Inflation/Deflation rate ∅∗ 0 - 6.2 mm/s Internal Pressure 0.5 - 12.7 PSI

Table 1: Minimum and maximum PAWS operational breathing cycle parameters. †In relation to average surface area of hands
[1]. ∗∅ = diameter

data and mapped positive, negative, and neutral respiration data
changes to three states: (1) breathing in when 𝑥2 > 𝑥1 + 𝛾 , (2)
breathing out when 𝑥2 < 𝑥1 − 𝛾 , and (3) holding breath when
(𝑥1 − 𝛾) ≤ 𝑥2 ≤ (𝑥1 + 𝛾), where 𝑥2 is a new smoothed bio-signal
value, 𝑥1 is the previous value, and 𝛾 is a system sensitivity vari-
able. Upon each state, pneumatic solenoids are either activated or
deactivated to: transitioning air from an 8l silenced air compressor2
into the object, vent air from the object, or shut off circulation. A
pressure regulator and a PSE530 pressure sensor3 were incorpo-
rated for safe operation and monitoring. All apparatus components
(except for the shape-changing PAWS) were located in a separate
room from the user to ensure zero noise pollution and connected
via long (3m) pneumatic tubing. Through our method, real-time
feedback with no observable delay between breathing cycles was
achieved.

3.3 Shape-changing PAWS
We designed our PAWS to align with the natural mechanism of
breathing (i.e. the lungs) and the positive valence affects of geo-
metrical circular shapes [40]. To minimise the activation of other
cognitive or behavioural mechanisms [110], a spherical shape of
no discernible characteristics was the basis of our design.

Akin to the alveolus (a balloon-shaped air sac) our shape-changing
PAWS consists of two layers; a latex interior surrounded by a cotton
exterior. During inhalation air is released into the object, causing
the interior to expand, increasing the object’s volume. Due to the
physical restriction of the outer layer during expansion, pressure
increases causing a reduction in airflow. This rise in air viscosity re-
duces the deflation rate, thus simulating fully inflated lungs. Similar
to muscles relaxing during exhalation, the air is then released back
into the compressor’s surroundings, reducing the size and volume
of the object. To provide elasticity similar to a muscle capillary,
the PAWS’ exterior was cotton threaded with an overlocked stitch
enabling gradual deceleration towards full inflation [25, 41]. As the
object’s rigidity increases with size, so does the pliability and sus-
ceptibility to finger indentations. Further, we designed our PAWS
to ensure an authentic representation of maximum changes (3cm)
in human thoracic expansion [90]. An overview of the operational
parameters in this description is depicted in Table 1.

4 METHODOLOGY
The goal of this study is to explore the acceptability and feasibility
of a physically augmented DMHI. Within our work we follow ex-
isting definitions and define; Acceptability as the extent to which

2https://hyundaipowerequipment.co.uk/hyundai-8-litre-air-compressor-4cfm-
118psi-silenced-oil-free-direct-drive-0-75hp-hy5508
3https://docs.rs-online.com/4307/0900766b813dc232.pdf

participants receiving the intervention consider it appropriate [101]
and, Feasibility as the extent to which the intervention effects the
outcome [92]. Therefore we conduct a Randomised Control Trial
(RCT) exploring the influence of a physically augmented DMHI (i.e.
audio + PAWS) in relation to an audio-only DMHI. We segment our
study into four phases: baseline, intervention, reintervention, and
worry induction.

4.1 Participants
Fifty-eight participants (46(F), 12(M); Age: 25(18-24), 22(25-34), 7(35-
44), 2(45-54), 2(54+)) were randomly assigned into equal condition
groups; experimental Group A = PAWS+audio, and control Group
B = audio-only. To ensure comparative outcomes with potential
future users, only those with minimal meditation experience were
recruited. A pre-sign-up survey that included a general mindfulness
practice frequency and excludable health condition requirements
was used [3, 4]. If participants were over 18, had not undergone
any formal intervention, and self-rated lower than a 5 on a 1 (I have
never heard of mindfulness) to 6 (I regularly practice mindfulness)
scale, they were included in the study. Within the survey, mindful-
ness was defined to participants as the practice of any technique
that aims to facilitate sustained attention to one’s internal thoughts
in a non-judgmental manner [23, 62].

4.2 Measures
4.2.1 Self-report. To evaluate changes in a mental state between
each phase, Visual Analogue Scales (VAS[1][2][3][4]) of ‘anxious‘,
‘nervous‘, ‘worried‘) were utilised via likert scales rated from 0
(Not at all) to 100 (Extremely) [3, 49]. Alongside a six-item State-
Trait Anxiety Inventory (STAI[1][2][4]) [112] and a Short Warwick-
Edinburgh Mental Wellbeing Scale (SWEMWBS[1][4]) [78], VAS
were implemented as validated measures to assess emotional states
as unobtrusively as possible [14, 36, 64]. The FLOW State Ques-
tionnaire (PPL-FSQ[2]) absorption factor (0.708 McDonald’s 𝜔) [76],
Intrinsic Motivation Inventory (IMI[2]) value factor (0.947 McDon-
ald’s 𝜔) [46], Toronto Mindfulness Scale (TMS[2]) [67], and a Single
Ease Question (SEQ[2]) related to task difficulty of sustained fo-
cus on breath [99] were used to explore perceived psychological
engagement.

4.2.2 Physiological. Heart rate, in particular Heart Rate Variability
(HRV[1][2][3][4]), was paired with respiration bio-signal recovery
due to known correlations with psychopathological conditions [93]
and psychological state [30, 115]. Typically Galvanic Skin Response
(GSR) is a frequently adopted biomarker of stress detection, however

Measure taken at: [1] = Baseline, [2] = Intervention, [3] = Reintervention, [4] = Worry
Induction
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within our work we avoided touch-based restrictions to facilitate
maximum sensory stimulation. To capture the electrical activity of
the heart, three electrodes were placed near the Right Arm (RA),
Left Arm (LA), and Left Leg (LL). HRV’s Root Mean Square of the
Successive Differences (RMSSD) index was then extrapolated by
Biopacs AcqKnowledge software to correlate potential changes
with emotional regulation and anxiety [126, 127].

4.2.3 System. Internal PAWS pressure[1][2][3] was captured during
operation to explore how user-applied force changed in relation
to system-applied force (volumetric changes) [108]. In this man-
ner, the alignment of external to internal signals (i.e. biofeedback
synchronicity) can further support acceptability insights [80].

4.3 Procedure
Phase One: Baseline. Self-report measures of VAS, SWEMWBS and
STAI were first completed by participants. ECG sensors were then
attached to the skin and connected to the BioNomadix transmitter.
The respiration strap was placed over the clothes upon the sternum,
before again being connected to the transmitter. Participants were
instructed to then sit and watch a 5-minute light-hearted physical
comedy show (Mr Bean) while their physiological data was being
captured. Unbeknownst to Group A, the PAWS was operating in
a separate room to also capture baseline values of internal PAWS
pressure. The video was then taken away and both groups informed
of the need to focus on their breathing within the next task. Both
the benefits of the activity and the presence of audio guidance were
conveyed to the participants. Group A was then handed the PAWS
and instructed on its use. Neither group were given the opportunity
to practice the exercise.

Phase Two: Intervention. Once the participants were ready to con-
tinue, they were left alone in a sound-isolated room to experience
their conditional 10-minute intervention; experimental Group A
consisting of PAWS+Audio, and control Group B audio-only. Phys-
iological and PAWS pressure readings were captured during this
time after which both groups completed self-report measures (VAS,
STAI, PPL-FSQ, SEQ Ease of Task, TMS, and IMI). The audio was
provided by Medito, a not-for-profit mindfulness app, and consisted
of an evidence-based guided mindful breathing exercise that com-
bined ambient music with trained practitioner instructional cues
of maintaining focused attention of breath, allowing thoughts, and
remaining in the present moment. All practices were validated by
a scientific advisory board.

Phase Three: Reintervention. To ensure the intermediary self-
report measures did not influence the mental state of the participant
prior to Phase Four, participants re-experienced their conditional
interventions for another 5minutes. Again, physiological and PAWS
pressure readings were captured during this time, however, only
VAS self-report measures were completed.

Phase Four: Worry Induction. To measure the effect of the inter-
vention, participants were subject to a worry induction task. To
ensure comparative effectiveness across the conditions, both groups
continued to wear the headphones with neither group having ac-
cess to the PAWS. Consistent with existing studies [3, 49], a worry
induction task is an effective 5-6 minute technique to elicit anxiety.
Participants were instructed to deliberately bring their attention to
a personal, non-depressogenic worry. After leaving the participant

alone for 6 minutes, they were asked to rate their worry from 0
(Not at all) to 100 (Extremely) on how catastrophic it would be,
how likely it was to occur, and how well they would cope with
it. Self-report measures of VAS, STAI, and WEMWBS were again
completed.

Debrief. Participants were given the opportunity to engage in a
two-minute re-centring mindfulness meditation for de-stressing.
Semi-structured interviews were then conducted to reflect upon
experiences and to ensure all participants were safe. Finally, both
groups were made aware of the other condition with control Group
B being shown the PAWS to elicit further information.

5 RESULTS
We used repeated measures ANOVA to compare the effects of vari-
ants within groups and across conditions, and independent t-tests
to compare the individual variants across conditions. HRVwas used
as a biomarker to support effectiveness and engagement measures
and validated via a multilevel linear regression model. All tests for
significance were made at the 𝛼 = 0.05 level. The error bars in the
graphs show a 95% confidence interval. An overview of results is
depicted in Table 2. VAS, STAI, WEMWBS, re-centring attendance,
and RMSSD were used to outline the feasibility, and PPL-FSQ, Ease
of Task, TMS, IMI, and internal pressure KDE were used to outline
acceptability.

Effectiveness. In our experimental condition intervention (MD
= -44.72, SED = 13.2, t= -3.28, p< .001***) and worry induction (MD=
-77.1, SED= 18.2, t= -4.25, p< .001***) VAS self-report anxiety ratings
were shown to be significantly lower in Group A than Group B
(Fig 3) resulting in an overall increased effect. Greater change was
reported between the baseline-to-intervention phase (MD= -23.4,
SED= 11.3, t= -2.07, p= .043*) and a lesser change between the
reintervention-to-anxiety phase (MD= -41.0, SED= 17.5, t= -2.34, p=
.023*) verifying the significant effect of the intervention. Baseline
(MD= -21.4, SED= 17.9, t= -1.19, p< .237) and variant intervention
to reintervention differences were not significant, thus both groups
began on equal terms with self-report measures not altering mental
states between phases.

Overall, SWEMWBS reductions of well-being were found to be
more significant in Group B between variants (MD= 2.83, SED=
0.570, t= 4.94, p< .001***) and across conditions (MD= 2.31, SED=
0.967, t= 2.39, p= .020*) (Fig 4a). Worry severity reported no signifi-
cant differences across groups (MD= -0.016, SED= 0.030, t= -0.528,
p= .6) with control Group B significantly opting to engage with an
additional re-centring activity (MD= -0.276, SED= 0.114, t= -2.428,
p= .018*). Experimental Group A reported no significant changes
between pre- and post-study SWEMWBS results (MD= -0.207, SED=
.573, t= -0.361, p= 1.00) indicating condition A to be more protective
against self-induced worries.

STAImeasures reported significant change for both groupswithin
variants (Group A: baseline to intervention MD= 2.793, SED= .677,
t= 4.13, p< .001***, and intervention to anxiety MD= -7.24, SED=
.677, t= -10.7, p< .001***; Group B: baseline to intervention MD=
3.24, SED= .677, t= 4.79, p< .001***, and intervention to anxiety

MD = Mean Difference
SED = Standard Error Difference
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MD= -8.856, SED= .677, t= -12.027, p< .001***) and no significance
between conditions (Fig 4b).

Psychological Engagement. Engagementwas delineated through
the active absorption of the task alongside mindfulness, motivation,
and ease of task measures. PPL-FSQ absorption (MD= 4.207, SED=
1.491, t= 2.82, p= .007**) (Fig 4c) and ease of task scores (MD= -2.90,
SED= 0.34, t= -8.52, p< .001***) (Fig 4d) were significantly higher for
experimental Group A, with TMS (Fig 4e) and IMI (Fig 4f) measures
showing no significance across conditions. TMS and IMI measures
showed similarities with literature: high levels of curiosity, decen-
tering, and value [46, 67]; emphasising overall intervention affect.
However, effectiveness measures differed between conditions, indi-
cating mindfulness and motivation measures whilst high, may not
have been germane to specific types of effective interventions.

Figure 3: The sum of three self-report anxiety Visual Ana-
logue Scales (VAS) [(‘anxious‘, ‘nervous‘, ‘worried‘) rated 0
(Not at all) to 100 (Extremely)] measured after each phase of
the study.

RMSSD. ECG recordings were cleaned through artefact removal
and manual data labelling corrections. RMSSD was extrapolated
every 120 seconds with an applied moving average across time in-
tervals. Changes in RMSSD were then calculated by negating each
participant’s values against their original baseline score (Fig 5). We
formulate a one-tailed 𝑡-test to see if belonging to Group A has
a positive effect on the ΔRMSSD values independent of time step.
More formally, we assume the linear relationship through Equation
1. We formalise the null hypothesis as 𝛽𝐴 = 0, and the alternative as
𝛽𝐴 > 0. We report the following statistics at a 95% confidence inter-
val: 𝛽𝐴 = 5.495, CI = [3.085, 8.812], 𝑡 = 4.080, 𝑝 < .001∗∗∗. Since
we have a significant 𝑝-value, we reject the null hypothesis and
accept that being in Group A has a positive effect on ΔRMSSD in-
dependent of time step, attributing greater overall PAWS influence
on psychological state. This improved state highlights reductions
in fatigue, distractions, or ruminations across all study phases [9].
Within the intervention, our control Group B did not initially show
improvements within RMSSD indicating difficulties of sustained
attention [9]. Conversely, our experimental Group A saw signifi-
cant physiological improvement after 6 minutes 𝛽𝐴 = 9.20, CI =
[−1.0150, 19.4083], 𝑡 = 1.78, 𝑝 < .038∗ than their digital-only
counterparts, attributing greater self-regulatory efforts [126, 127]
whilst using the PAWS. Across time intervals of worry induction,
no significance was found 𝛽𝐴 = 6.67, CI = [−3.5438, 16.8790], 𝑡 =

(a) (b)

(c) (d)

(e) (f)

Figure 4: Descriptive plots of the experimental Group A and
control Group B.

ΔRMSSD𝑖 𝑗 = 𝛽0 + 𝛽𝐴𝑔𝑖 + 𝛽 𝑗 + 𝑒𝑖 𝑗 (1)

Equation 1. Modelling the Delta RMSSD values as a linear sum of an intercept,
the group, and time. Where 𝑖 is an index for the participant, 𝑗 is an index for
the time step, 𝑔𝑖 is 1 if the 𝑖-th participant belongs to group 𝐴, 0 otherwise,
𝑒𝑖 𝑗 is the residual error term for the 𝑖-th participant at the 𝑗-th time step, and
𝛽0, 𝛽𝐴 , and 𝛽 𝑗 are the coefficients of the intercept, the effect on ΔRMSSD if
the participant belonged to group 𝐴, and the effect on ΔRMSSD at the 𝑗-th
time step respectively.

1.29, 𝑝 < .099, however observable differences highlight emphasise
physiological retention benefits.

Figure 5: Elapsed time of average ΔRMSSD across all group
participants from baseline to: intervention [1], reinterven-
tion [2], and worry induction [3] study phases.
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Variable Group Baseline Intervention Reintervention Worry Induction

VAS A 68.0 (60.2) 17.0 (29.0)∗∗∗ 14.9 (25.3)∗∗∗ 84.6 (71.3)∗∗∗
B 89.4 (75.3) 61.7 (65.1) 51.1 (55.7) 161.8 (66.9)

SWEMWBS A 23.9 (4.13) - - 24.1 (3.16)∗
B 24.6 (3.20) - - 21.8 (4.14)

STAI A 11.2 (2.67) 8.38 (2.27) - 15.6 (3.29)
B 12.1 (2.78) 8.83 (2.42) - 17.0 (2.77)

PPL-FSQ A - 36.9 (4.73)∗∗∗ - -
B - 32.7 (6.49) - -

Easy of Task A - 1.83 (0.848)∗∗∗ - -
B - 4.72 (1.62) - -

TMS A - 46.1 (7.71) - -
B - 43.1 (10.8) - -

IMI A - 42.5 (5.34) - -
B - 41.4 (8.69) - -

Re-centering A - - - 0.138 (0.351)∗∗∗
B - - - 0.414 (0.501)

Worry Severity A - - - 0.610 (0.134)
B - - - 0.626 (0.090)

Table 2: Summary of results; Mean (Standard Deviation); ∗significant at p < .05; ∗∗significant at p < .01; ∗∗∗significant at p < .001

Object Interaction.Alignment of external to internal signals can
enhance the efficiency of interoceptive processing [80]. Kernel Den-
sity Estimate (KDE) [117] (a smooth interpolation of the histogram)
of internal PAWS pressure was generated as a means to explore the
interactions of a user during shape-changing biofeedback operation.
Fig 6 gives insight into observable force differences and details KDE
measures of the mean, minimum and maximum PAWS’ internal
pressure, where measures were calculated across phases, experi-
mental participants, and breathing states (in, out, and hold). Mean:
Minor noticeable differences were observed within the intervention
whilst breathing in, holding breath, and breathing out compared to
baseline measures. Small variations outline the presence of hands
(i.e. user-applied weight slightly decreased inflation rate during
intake and slightly increased inflation rate during output), where
during average operation, participants were receptive to system
movements via minimal contention. Min: Minor noticeable differ-
ences were observed whilst breathing in and breathing out. These
variations portray deeper breaths which yield lower volumes of
air than baseline measures. Max: Higher levels of noticeable differ-
ences were observed, indicating reactions to volumetric changes
(i.e. change in state). Due to minor variations in min and mean,
discrepancies within max indicate that only between the transition
of breathing states did the likelihood of asynchronous interactions
increase. Therefore KDE findings highlight average biofeedback
synchronicity that facilities deeper breathing and the potential for
re-synchronous interaction during periods of unfocused attention
[80].

5.1 Thematic Analysis
To better understand our participants‘ experiences with the PAWS,
we analysed their qualitative feedback using inductive thematic
analysis from a critical-realist perspective [18]. Embedded quotes
were grammatically modified via "[ ]", to be consistent with the
flow of writing.

Figure 6: Pressure Kernel Density Estimates (KDEs) by Breath.
The 𝑥-axis represents the pound-force per square inch (PSI)
within the PAWS and the 𝑦-axis the estimate of the Probabil-
ity Density Function (PDF) [117].

5.1.1 Theme 1: Tangibility of Breath: Throughout object interac-
tions, the most prevalent theme amongst participants was the tan-
gibility of externalised physiological data ("I am physically able to
feel my breath."𝑃12; "It provides me something real and something I
can just hold. Like, I can just feel it."𝑃1). By "hold[ing] [their] breath
and feel[ing] it in another way"𝑃1 participants were able to draw
on "additional feedback in [their] hands"𝑃37 and "fingertips"𝑃17 to
heighten awareness of breath ("When I feel the ball, I have a more
clear understanding of my own breathing"𝑃33; "You can actually like
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tell what your breathing is like"𝑃21). Such physical interactions with
physiological manifestations evoked elevated levels of curiosity
("It’s just fun to sort of see what your breath is doing"𝑃14; "You’re just
like focusing on it and you’re really interested"𝑃13) and pleasure ("It’s
good to focus. It’s good to focus. It’s very good"𝑃41; "I like that, I really
like that"𝑃20; "Lovely, really enjoyed that"𝑃17).

Through the object’s innate spatial presence and tangible proper-
ties, participants felt interactions with a physical device "that does
not disappear"𝑃1 provided greater assurance compared to visual
and thought-based exercises. Instead of auditory cues that focus on
bodily sensations (i.e. "nose or throat"𝑃40), the object facilitated an
"instant"𝑃40 awareness that enabled participants to "immediately
bring [their] attention back to the breath"𝑃40.

5.1.2 Theme 2: Susceptibility of Breath: The access to an abun-
dance of sensory information provided a "more powerful"𝑃12 and
"active"𝑃37 experience, beyond "just sitting [there] with [your] hands
in [your] lap and just consciously thinking"𝑃12. The intuitivity of a
device that changes shape in relation to "real time"𝑃12 internal data
lowered the mental difficulty of the task ("I don’t have more energy
to think about anything or lose my mind. I just feel this ball."𝑃5; "I find
it quite hard to like, stay focused, actually, like intensely... whereas
I think [the object] helped a bit more"𝑃37). This "complemented the
experience"𝑃1 and allowed participants to "improve concentration,
because it let [them] focus on something more concrete rather than
just sitting with [their] own thoughts"𝑃16. Hence, the object created
an environment that facilitated "easier"𝑃25 focus of "thoughts on the
breath"𝑃25 and "refocus"𝑃25 wandering thoughts.

Conjointly with elevated feelings of awareness and focus, an
enhanced sense of control was identified. Participants noticed they
were able to more effectively control "the pace of [their] breath"𝑃24
via "the pace of [the] ball"𝑃24. Through physically "holding"𝑃43 their
breath, participants felt a "quantifiable"𝑃43 context to their breath-
ing, which enabled a "measure in tangible terms"𝑃43 that could
"help [them] in regulating and maintaining... healthy inhalation and
exhalation strateg[ies]"𝑃43. Further, this tangible awareness aided
participants in noticing when they were not in control. For instance,
participants recalled feeling "[their] breathing [was] getting a bit
out of control"𝑃12 due to feelings of "shallowness"𝑃12 of breath re-
flected within the object, triggering conscious self-regulation of
their unrelaxed inner-self.

5.1.3 Theme 3: Representability of Breath: The uniqueness of in-
teractions with a manifested inner-self led participants to associate
the object with relative metaphorical references. Elicitation cen-
tred around: intimate sensations ("Like going to sleep with someone
next to you, with their breath going up and down... in particular,
actually, of my children when they were young"𝑃38; "When I was a
kid...and I was upset, my mom’s breathing... because it was so slow,
would calm me down. Yeah. So [the object is] kind of similar"𝑃20),
living "creatures"𝑃19 ("Like a little animal or something"𝑃23; "Like
a pet...when a cat or something sit[s] on you"𝑃36), environmental
experiences ("It reminded me of when I went scuba diving... like ev-
erything sort of like quiet. But you’re just only thinking... like, just
breathe and you’ll be okay... you’re like a bit removed from everything
around you"𝑃49), and abstract references ("a little ball of light"𝑃46).
In summary, establishing relative associations created stronger

bonds between object and user, leading participants to feel the de-
vice was "something [they] wanted to look after"𝑃23 and something
"[they wanted] to be nice to"𝑃47. In some instances, participants felt
such emotional attachment that when they needed to relinquish
the device between the study phases, they felt a sense of loss or
sadness.

Interestingly, participant feelings extended beyond associations
of physiological data and transcended into levels of trust and re-
liability ("it helped remind you that’s what you were doing, or help
remind me that’s what I was doing"𝑃37). By "giv[ing] [them] a spot
to stand on"𝑃37, participants could entrust themselves to the device
and use it to "ground"𝑃44 them. Through increased task confidence
of "feel[ing] what you’re supposed to be doing"𝑃14 participants expe-
rienced sensations where, as "[they] went deep into the breathing,
[the object] was no longer required"𝑃14.

6 DISCUSSION
The main aim of this study was to explore the acceptability and
feasibility of a shape-changing biofeedback-based artefact within a
DMHI. In line with our hypothesis, results showed advantageous ev-
idence of physiological and subjective (self-reported) anxiety when
compared to our digital control. Our experimental sample self-
reported a 75% average anxiety reduction within our augmented
intervention and were 56% more protected against worry-induced
thoughts. Compared to our control, we saw a 27.6% reduction dif-
ference (41.4%-13.8%) in the experimental group who engaged with
an optional re-centring activity and no decreases in mental well-
being. Within our study, formations in human-object relations,
multisensory integration, and positive participant responses indi-
cate a willingness for PAWS-integrated DMHIs. We attribute our
elevated levels of effect to three key findings: (1) Ease of Task, (2)
Organic Self, and (3) Superior Guidance.

Ease of Task. Our results characterise significant improvements
in absorption during the guided breathing practice and a 61% re-
duction in difficulty. By creating a tangible ‘touchable‘ device that
supports intangible behavioural and psychological components, our
experimental sample attained higher levels of mental well-being
compared to our digital control. We believe this to be the result
of reductions in cognitive task load, which illustrates a relation-
ship between psychological availability and information processing
[33, 107, 124]. Information overload can cause stress and dissatisfac-
tion [15] and, in turn, psychological disengagement forms, creating
the opportunity for rumination and worry [15]. These repetitive
negative thinking patterns can occur during acts of sustained at-
tention, and can vary between individuals [91]. As detailed within
Bishara’s (2021) work [15], not everyone can easily mentally attune
to bodily sensations. Interoceptive deficits increase task difficulty
and inhibit beneficial outcomes [19, 91]. Even so, the tailored multi-
modal information provided by the PAWS enabled our experimental
participants to perceive the task to be 2.58x easier, thereby reducing
the mental effort needed to follow their breath. Through providing
our experimental sample with an intuitive affordance, those that
may have originally struggled with DMHIs had an opportunity to
attain greater intervention outcomes [91, 120].

Organic Self. An unexpected finding within our work was the
affective (emotional) engagement that participants applied to the
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artefact, specifically the effect of known correlations between pos-
itive emotions and better self-regulation [120]. During our study
participants transitioned from an initially "weird"𝑃36 and "alien"𝑃25
novel object interaction mentality to strong feelings of bodily rep-
resentation. Similar to Karpashevich et al’s [58] breath-based pneu-
matic postphenomenological interpretations, the participant’s felt
experiences could be categorised into three relationships: (1) ’mon-
ster’, discordance with the object (2) ’twisted mirror’, recognition
of conscious control, and (3) ’organic self’, the blurring of bound-
aries between object and self. Despite initial reactions of discor-
dance, our sample rapidly transitioned through the states to attain
an ’organic self’. Corroborations of minor pressure variations be-
tween baseline and intervention KDE measures emphasise physical
biofeedback synchronicity, where discordance would have inferred
contention with kinaesthetic feedback [80]. In this manner, our
KDE data portrays additional evidence to our thematic findings
and suggest participants engaged in the task though merging with
the object’s bio-reflective movements. Therefore, multisensory in-
tegration [21, 34] may have enabled participants to experience the
object as part of their bodies and, as a result, were more attentive
to their manifested breath.

Superior Guidance. Within the intervention, our experimental
group achieved greater physiological activation, indicating addi-
tional self-regulation efforts and reduced mind-wandering during
PAWS operation [17, 127]. As an individual exerts self-regulatory
efforts, HRV is found to increase [126, 127]. In these situations,
the prefrontal cortex inhibits the sympathoexcitatory subcortical
circuits that support the effort needed for emotional regulation
[17]. To engage with higher-level behavioural intervention tasks,
this process must be practised through repeated cycles of focusing
and noticing [67]. Whilst our sample reported no significant dif-
ferences in self-report mindfulness, indicating equally perceived
intervention performance, our RMSSD findings infer greater self-
regulationwithin our experimental sample.We again attribute these
differences to the additional multisensory channels that facilitate
consistent, tangible, quantifiable, kinaesthetic feedback. Specifically
the elevated ability to regulate real-time physiological activities
through a closed-loop mechanism. By offering physical cues as a
means of operant conditioning, greater guidance may overcome
the mixed results or no-effect results of screen-based and auditory
biofeedback systems [60, 70, 125].

6.0.1 Implications. Although much literature has explored the
mixed effectiveness of DMHIs [43, 68], we provide evidence for a
system that seeks to go beyond current clinical means. Our research
gives rise to an effective and engaging alternative to populations
who are unlikely to be compatible with conventional interventions,
such as children, the elderly, individuals with neurodiversity, in-
dividuals with deafness and/or blindness, and those with severe
mental health symptoms [15, 32, 44, 48]. Whilst practical and phys-
ical implementation for every user is unlikely and unnecessary, our
work details advantageous opportunities for supporting auditory
and/or visual emotion regulation strategies.

Accordingly, the present study raises the possibility of a method
that improves psychological accessibility and enables greater peri-
and post-intervention outcomes. Through our PAWS, significant
reductions in physiological and subjective (self-reported) anxiety

were identified. Although physiological significance was not main-
tained during the self-worry-induction phase, our experimental
sample needed less support after self-induced worries, self-reported
less anxiety, and saw no reduction in their mental well-being com-
pared to our digital control. Thus indicating greater experimental
intermediation and prevention emotional regulation benefits.

Though existing mediums have been utilised for breath-based
representation [57, 58, 63, 88, 106, 122], we designed our PAWS to
be spherical to maximise interactions but do not suggest spheres
to be the only pathway to implementation. Although one physical
shape-changing biofeedback-based artefact design was explored,
non-significant findings have been reported with alternative pneu-
matic artefact designs [70]. Due to the mechanisms of deliberate
touch reflecting elevated attentiveness [54, 87], we infer a prefer-
ence for hand-held mid-air interaction-based systems for improving
embodied skills. Through autonomous and effective touch incit-
ing psychological engagement, a greater intent to self-improve
is attainable [54, 87]. Similar to existing non-pneumatic artefacts
[7, 8, 11, 42, 74, 110], tangible mediums free of position and orien-
tation constraints can facilitate greater intrinsic motivation [98].

Finding alternative strategies for improving engagement is there-
fore key to changing the future of mental health support. Current
mental health services either experience huge waiting lists or are
hidden behind paywalls [81]. Despite DMHIs being an attempt to
circumvent in-person treatments, long-term engagement is poor,
with physical support becoming more favourable in modern ser-
vices [37, 85]. We propose PAWS as a means to provide more potent
psychotherapeutic mental health solutions for services and clients.
By implementing PAWS within pathways, a second tier of more
effective remote support may reduce the saturation of services and
the economic costs of accelerated mental health needs [52].

6.1 Limitations and Future work
Our work represents one of the first empirical studies to explore
the effects of a shape-changing biofeedback handheld artefact. Al-
though we define our PAWS as an effective means of greater anxiety
reduction, much work is needed to ascertain its effects within a
diagnosed population. Albeit our results infer strong alignment
with the difficulties of populations suffering from interoceptive
deficits, our major limitation is knowing if, and how, our results
translate to a clinical application. Hence, future work should aim to
iteratively co-create and evaluate new shape-changing biofeedback
emotion regulation strategies. This may yield more critical quali-
tative findings, as, within our work, only one participant elicited
negative feedback concerning physical limitations. In particular,
PAWS operation lacked a sufficient deflation and inflation rate to
represent rapid oscillations of breath. This meant occurrences of
sharp inhalations and exhalations did not have enough dynamic
airflow to accurately replicate full pulmonary activity. Despite this
feature being superfluous to slow breathing, dynamic represen-
tation is necessary for future applications to enable other DMHI
techniques or self-exploratory exercises.

We also recognise the feasibility limitations within this research.
Whilst we explore if the PAWS could feasibly affect intervention
outcomes within a RCT paradigm, a true feasibility study should
explore the suitability of the innovation for everyday use within
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a real-world setting, including justification of sample size based
on achieving estimates [89, 92]. To achieve this, a more practical
and portable PAWS is needed within a longitudinal study that more
deeply explores usability and outcomes. This should also include
investigations into alternative actuation mechanisms, such as a
mechanical design that mitigates the need for a localised com-
pressor. Although our set-up confined noise or latency effects to
imperceptible levels, the apparatus could not be used within a field
environment. Additionally, to explore optimum bio-signal acquisi-
tion for DMHI integration and user adoption, alternate techniques
should be incorporated into future design processes; accelerome-
ters [94], microphones [38], wearable sensors [28], and thoracic
electrical bioimpedance [83] would all show capabilities in breath
acquisition.

Finally, to effectively explore the capabilities and psychological
mechanisms of PAWS we determine a range of embodied skills
training is needed, beyond our inexperienced general population
sample. In particular, while existing evidence and theory suggest
that improved interoception is a likelymechanism bywhich benefits
are conferred, specific cognitive studies that explore the impact of
the intervention on interoception are needed. Under these circum-
stances, further research is required to explore how stakeholders
perceive PAWS for supporting the engagement of higher-level be-
havioural tasks. This includes comparing the effective and engage-
ment differences between modalities and building upon existing
work [2, 124] to examine the implications of visual (e.g. smart-
phones, virtual reality (VR), augmented reality (AR)) and haptic
(e.g. shape-change, vibration, ultrasonic) biofeedback technologies
(e.g. HRV and/or respiration) on embodied skills development. As
well as the potential of additional textures [50], shapes [40], and
materials [26] which have been known to influence the mental
well-being of an individual or the incorporation of electrochemical
biosensing [61, 66, 77], olfactory outputs [13], and living media
surfaces [84] to provide better diagnostic and delivery techniques.

7 CONCLUSION
Wedesigned and constructed a handheld shape-changing biofeedback-
based sphere that enabled real-time physical interactions with inter-
nal physiological information. By integrating this Physical Artefact
for Well-being Support (PAWS) within a Digital Mental Health
Intervention (DMHI) audio-only breathing activity, greater phys-
iological and subjective (self-reported) anxiety reductions were
attained within our sample. Through kinaesthetic feedback, felt
experiences facilitated improvements in our experimental group’s
psychological engagement.

These results are worthy of consideration for the use of inte-
grated PAWS within DMHIs. Digital technologies are devoid of
touch-based stimulation and, whilst effective, struggle to retain a
large majority of individuals suffering from reduced mental well-
being. Within our findings, PAWS provided a greater opportunity
to improve the effectiveness and engagement with a DMHI. Ac-
cordingly, much work is needed to explore the long-term benefits
of these technologies, specifically in populations at higher risk of
mental health disorders.
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