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Figure 1: Affective Umbrella: Somaethestic appreciation through heart activity (light intensity change) and electrodermal
activity (number of peaks influence the color) for augmenting emotion regulation in the real world using an umbrella. Dashed
line circles illustrate the virtual effect of the device in action around the user.

ABSTRACT
In this paper, we introduce Affective Umbrella, a novel system to
record, analyze and visualize physiological data in real time via
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an umbrella handle. We implement a biofeedback loop design in
the system that triggers visualization changes to reflect and reg-
ulate emotions through somaesthetic appreciation. We report the
methodology, processes, and results of data reliability and visual
feedback impact on emotions. We evaluated the system using a
real-life user study (n=21) in rainy weather at night. The statisti-
cal results demonstrate the potential of applying the visualization
of biofeedback to regulate emotional arousal with a significantly
higher (p=.0022) score, a lower (p=.0277) dominance than baseline
from self-reported SAM Scale, and physiological arousal, which
was shown to be significantly increased (p<.0001) with biofeed-
back in terms of pNN50 and a significant difference in terms of
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RMSSD. There was no significant difference in terms of emotional
valence changes from SAM scale. Furthermore, we compared the
difference between two biofeedback patterns (mirror and inversion).
The mirror effect was with a significantly higher emotional arousal
than the inversion effect (p=.0277) from SAM results and was with
a significantly lower RMSSD performance than the inversion ef-
fect (p<.0001). This work demonstrates the potential for capturing
physiological data using an umbrella handle and using this data to
influence a user’s emotional state via lighting effects.

CCS CONCEPTS
• Computer systems organization → Embedded systems; Re-
dundancy; Robotics; • Networks→ Network reliability.

KEYWORDS
wearable sensing, physiological signal, affective computing, biofeed-
back loop, emotion regulation, interaction design, somaesthetic
appreciation design
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1 INTRODUCTION
Have you ever suddenly felt a strong emotion, maybe triggered by a
smell, a sound, an event, or other environmental factors? Generally,
emotion refers to specific negative and positive affective states[22].
The process of emotion is a complex chain of loosely connected
events, triggered by a stimulus, dynamic changes in the level of
cognitive load, and physiological arousal, then reacting as specific,
goal-directed behaviors[49].

Understanding ourselves, our physiology, and our affective states
is not easy. It is even more difficult to regulate our feelings. We
have seen the effective use of several meditation practices[14] to
help with increasing stress and to enable emotion regulation. These
have their practitioners focus on their breath or on an object or
its movement, etc., to enable them to observe their feelings from
"the outside". In our research, we follow a related, but distinct
approach using somaesthetic appreciation design to augment the
ability of understanding and regulating emotional feelings [27].
We externalize physiological signals of the user and display these
signals in the environment or on devices the users wear. With these
augmentation methods, we seek to give the user time to reflect on
their own physiology and link external triggers to their feelings.

In this paper, we focus on understanding and regulating people’s
emotions through somaesthetic appreciation in a real-world con-
text of a rainy day. We believe that umbrellas could be potential
augmentations to help people regulate their emotions even when
they are not comfortable [35] during rainy days and encourage
people to walk outdoors with more pleasant emotion [32] further
exploring the links between their physiology and different contexts.
We present an initial umbrella design that takes heart rate variabil-
ity (HRV) and electrodermal activity (EDA) of the user and displays

light and color feedback on the umbrella itself as a first artifact to
enable emotion regulation via somaesthetic appreciation design,
thus externalizing the user’s physiology in a visualization.

The contributions of this work can be summarized as follows: (1)
We describe a novel biofeedback system to augment experiencing
and adjusting emotional feelings by using our customized wear-
able device – Affective Umbrella. Our system integrates sensing
(EDA and BVP data), processing, and visualizing modules. We also
describe the detailed design and evaluation process during proto-
type iterations, which could help HCI researchers develop similar
biofeedback installations. (2) We present a relatively real-life user
study which 21 participants attended. Participants were asked to
use Affective Umbrella while walking in the rain. Based on the feed-
back collected, we prove the potential of using Affective Umbrella
to augment affective experience and provide discussions about dif-
ferent biofeedback patterns that could imply for future biofeedback
loop design. (3) We provide a feasible method of evaluating the
biofeedback system including survey, interview, and physiological
data analysis. We will make the dataset (BVP and EDA data col-
lected during three phases of this study) freely available under the
link: https://osf.io/sg5pt/.

2 RELATEDWORK
2.1 Modeling and Regulating Emotions
Emotion is a complex and often ambiguous internal process that can
be difficult, if not impossible, to measure and communicate. With
the concept of emotion models, we can approximate a relatively
feasible method to understand emotions quantitatively [49]. There
are several widely adopted established emotion models. Mehrabian
and Russel developed the PAD (Pleasure, Arousal, and Dominance)
emotional state model to represent emotions [43, 52]. In the PAD
model, emotions are mapped to three dimensions: Pleasure/Valence,
Arousal, and Dominance [43]. Lang et al. developed the nonver-
bal, pictorial self-assessment manikin (SAM) based on the PAD
model [42]. PAD model [52] provides this study as the scientific
and fundamental support to assess the emotion.

Affective experience and emotion have become trending research
directions in the field of HCI [2, 13, 29, 47, 54, 64, 67]. Lin et al. use
a conditioning effect to trigger deep breathing exercises over scent
when a person is in a stressful situation [38]. Similar to our concept,
Cochrane et al. present a design method of adjusting the emotional
reality of a user to regulate emotions. They also adopted EDA as
the sensing modality in biofeedback [14]. However, the authors
focus mostly on the design process and applications towards mental
health. Additionally, Sabinson et al. present work toward a robotic
surface for emotion regulation through tactile, expressive move-
ment in closed spaces [53] which differs from our focus on visual
lighting feedback. In addition to body sensing, there are also other
interventions and approaches for emotion regulation (e.g., guided
exercises to video games)[54, 67].

2.2 Physiological Sensing
Emotions that humans experience while interacting with their en-
vironment are associated with varying degrees of physiological
arousal, where the autonomous nervous system (ANS) plays a cru-
cial role [5, 37]. Emotional states associated with ANS responses can
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be inferred using physiological data like electrocardiography (ECG),
electroencephalography (EEG), electrodermal activity (EDA), and
blood volume pulse (BVP) [8, 55]. In this work, we focus on EDA
and BVP because these can be obtained from sensors touching the
hand.

EDA, also known as skin conductance (SC), refers to the change
in the electrical conductance properties of the skin in response to
the change in sweat secretion rates by the sweat glands[6, 66]. EDA
measurements mostly concentrate on two parameters: skin conduc-
tance response (SCR) - rapid changes (on the scale of seconds) in
response to emotional or stress stimuli; and skin conductance level
(SCL) - slow changes (within minutes and hours) commonly associ-
ated with the general condition of the subject. In recent decades,
skin conductance has been one of the most sensitive markers and
is frequently used to assess emotional arousal, as the skin conduc-
tance response activity increases when emotional arousal increases.
[3, 9, 36, 66].

Heart rate variability (HRV) describes the changes in time in-
tervals between each consecutive pair of heartbeats[56]. HRV is
often used to evaluate the activity of the autonomic nervous sys-
tem, namely two of its branches, the sympathetic and parasympa-
thetic nervous systems (SNS and PSNS, respectively). Simply put,
it demonstrates how the neural structures of the prefrontal cortex
regulate the activity in limbic structures that modulate the balance
between PSNS and SNS by inhibiting the PSNS and activating the
neural circuitry of the SNS. Since the prefrontal cortex is closely
linked to cognitive and psychological processes, it is possible to
see reflections of the cognitive and emotional states of a subject
in its HRV. When the HRV value increases, it indicates that the
participant becomes more relaxed. In contrast, when the HRV value
decreases, the participant becomes less relaxed and more tense, as
this signifies the activation of the SNS that moderates the fight-or-
flight response [50].

2.3 Linking Biofeedback and Emotions
Biofeedback is a concept that expresses the idea of externalizing
physiological signals [20, 33, 44, 69]. Physiological signals such as
EEG [24, 25], EDA [61], and heart rate (HR) [16, 57] can be applied
to biofeedback design to reflect emotional situations. For exam-
ple, Cochrane et al. facilitate mindful walking meditations over a
soundscape using EEG signals [15]. Gollob et al. also use EEG to
estimate and explore physical aesthetic possibilities [21]. Mlade-
novic et al. look into how to use electrodes for gut biofeedback
in emotion regulation applications [44]. The AmbienBeat system
from Choi and Ishii applies tactile feedback based on heart rate
sensing for rhythmic biofeedback regulation [12]. In the context
of umbrella-based interaction, prior research has explored various
interactive technologies to improve sensory experiences, focusing
mainly on raindrop energy conversion and remote haptic shar-
ing [19, 31, 46], sound modality based auditory space[19, 30], and
visually, using the umbrella surface as an Internet-enabled inter-
active screen[10, 41, 45], etc.. However, we are not aware of any
somaesthetic experiences that have tried to down-regulate an indi-
vidual’s feeling of discomfort when using the umbrella. Based on
the previous work[11], Affective Umbrella is designed to provide

a biofeedback experience via intuitive color changes triggered by
both EDA and BVP data input.

3 DESIGN
To demonstrate our vision, we constructed the Affective Umbrella, a
novel umbrella-based wearable platform that uses real-time biofeed-
back to encourage emotion regulation in users. We applied an
iterative design approach in the construction, and evaluated the
feasibility of both the sensing and feedback components.

3.1 Implementation
The Affective Umbrella system consists of 1) an umbrella-based
wearable physiological sensing form factor, 2) a data streaming
system for data recording and emotion detection, and 3) two modes
of biofeedback display for emotion reflection and regulation.

3.1.1 Form Factor. We embedded sensors within a 3D printed
umbrella handle. The form of our design is inspired by prior work
on interactive umbrellas [18, 19, 40, 41, 45]. We chose a handle form
factor also because of its non-invasive position for detection of EDA
and BVP, the possibility for ubiquitous wear, and easy activation
in needed scenarios. The 3d printing material is made of polylactic
acid (PLA), a light, hard, and environmentally friendly polymer.
The placement of the EDA electrodes was chosen to be in line
with our habits of holding an umbrella; the EDA sensors are placed
diagonally on the umbrella handle, matching the position of the
palm: under the thumb and under the pad of the index finger; the
BVP plethysmograph is located under the middle finger. Through
the sensing test (see in Figure 5), it is found that a certain degree
of movement and grip changes when holding the umbrella have
negligible interference effects on overall data collection.

In addition to the design of the sensing part, for the implementa-
tion of the interactive experience, we use visual feedback to repre-
sent dynamic emotion arousal[58, 65] based on biometric feedback
on the balanced results of the subjective and objective interpreta-
tion of our iterative feedback test. The system uses a string of 8
RGB LEDs connected through fiber optic fabric on the inside of the
umbrella surface, which was programmed to display red or blue
light.

3.1.2 Hardware and Data Streaming. The umbrella side con-
sists of two M5Stick CPlus boards (ESP32-A and ESP32-B, Figure
3) that use the ESP32 chip to receive weather-related data (tem-
perature, humidity, rainfall data) from DHT11 and rain sensors
and physiological data (EDA and BVP data) from biometric sensors
accordingly. By applying a client-server model, data are streamed
wirelessly to computers running in-house software as a data recep-
tacle over UDP. The client of the umbrella sends message packets
to a PC server, collecting weather-related data on the ESP32-A and
physiological data from the EDA sensor and the BVP sensor on the
ESP32-B. The PC records the raw data into a .csv file and streams the
SCR feature from the raw EDA data to represent emotion arousal
in real-time. Real-time analysis sends back the message to address
RGB LED strips on the ESP32-A to control the color of the light of
the LEDs connected to the fiber optic fabric (see Figure 3).

3.1.3 Biofeedback Pattern. Besides displaying the LED color
based on real-time arousal data analysis every 20 seconds from
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Figure 2: Affective Umbrella: sensing handle and visual biofeedback

peaks of skin conductance response (SCR peaks), the brightness
pattern with the heartbeat simulated light effect was added as
real-time biofeedback, designed to regulate the user’s emotion by
augmenting their somaesthetic appreciation.We give users different
psychological cues through changes in the color and speed of fading
brightness by setting the LED color switching between blue (RGB
parameter: (0,0,255)) and red (RGB parameter: (255,0,0)) [58, 65],
and brightness parameters ranging from 0 to 255. A relative increase
over the prerecorded 20 seconds is considered higher arousal (color
change to red; the more SCR peaks, the faster the red intensity);
and a lower rate changes the color to blue (the lower the rate of
SCR peaks, the slower the blue intensity). It represents the current
dynamic emotional arousal and would be tested as mirror effect in
the following user study. Considering the relativity of physiological
arousal caused by color (according to the results of the feedback
test analysis), we assumed that a reversed brightness change of
the color could help to regulate physiological arousal, based on
earlier work[65]. Therefore, we inverted the brightness fading effect
compared to the mirror effect (later referred to as inversion effect
in the user study). The EDA analysis is based on related work
presented in the previous section [6, 66].

Figure 3: Data communication in streaming system

3.2 Iterative Method
The design and evaluation of the system is split into three phases
(See in Figure 4).

• Phase 1 involved a sensing test to assess the suitability of
the handle sensing and the quality of the physiological data.

• Phase 2 involved feedback testing to measure and explore
the impact of different umbrella color effects[65] on user
emotion.

• Phase 3 was an outdoor user study carried out during a
rainy evening to better understand how users are affected
by different real-time biofeedback effects under real-world
conditions.

To drive the iteration, the design was evaluated based on a bal-
ance analysis of arousal data between self-report and physiological
data regarding biometric sensing, color feedback on emotions, and
user study. Statistical analyses were carried out using GraphPad
Prism 9.4.0 software[60]. Therefore, the physiological data pre-
processing and analysis method will be briefly described below.

3.2.1 Pre-processing of EDA and BVP. Each participant’s raw EDA
data is passed through a 2nd order Butterworth low-pass filter from
the scipy.signal package [68] to cut high frequency noise above 0.5
Hz[48, 68]. We also decompose the EDA signal into its tonic and
phasic components and especially focus on peaks in phasic changes,
which were shown to be related to sudden aroused feelings [9]
- known as SCR peaks (Tonic, Phasic, Aggregated SCR Peak in
Table 1).

HRV features are extracted from BVP data through a 4th order
Butterworth low-pass filter from the scipy.signal package [68] to
cut high frequency noise above 3.5 Hz[48, 68]. HRV features were
calculated every 1s with a two-minute sliding window. The HRV
features were divided by mean RR intervals of each participant for
normalization to remove baseline differences between individuals
[19, 74, 75].

According to the feature importance for iterative evaluation, we
selected the following features and normalized the value in Table1
to remove individual differences:

• Tonic: EDA Tonic skin conductance Level (SCL) compo-
nents.
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Figure 4: Design process in three phases. (a) Phase 1: User and umbrella, setup in the sensing test. (b) Phase 2: Umbrella in
action in the feedback test. (c) Phase 3: Interaction use case; umbrella visualizes heart activity (light intensity change) and
electrodermal activity (number of peaks influence the color) in the user study.

• Phasic: EDA Phasic skin conductance response (SCR) com-
ponents.

• SCR Peak: Peaks of skin conductance response or phasic
components of EDA.

• pNN50: The percentage of adjacent NN intervals that differ
from each other by more than 50 ms.

• RMSSD: The root mean square of successive differences
between normal heartbeats.

In the following sections, we will introduce the procedures for
each phase and then the results.

4 PHASE 1: SENSING TEST
4.1 Procedure
A sensing test was performed to collect emotion-related arousal
data, using a BVP sensor and EDA sensors, which was then com-
pared with the baseline placement of a wristband which was used
in similar research [7, 17, 34, 59].

8 participants aged from 23 to 32 years old (mean: 27.13, SD: 2.66,
female:4, male:4) were recruited for this study. A written informed
consent form including a statement on ethics approval was provided
to all participants prior to their participation. The test included two
7-minute sessions and an 8-minute interview at the end. During
the test, participants were required to hold the umbrella in the
dominant hand and wear the wristband on the other hand while
being exposed to audio stimuli over wireless Bluetooth headphones.
We recorded EDA (4.54 Hz) and BVP (50 Hz) data alongside the
Self-Assessment Manikin (SAM) scale to different contexts during
which the participants listened to affective audio effects. Early work
usually used jump scare sound effects [62] as feasible stimuli to
explore a rapid change in physiological arousal. The participants
were informed before the experiment that they would be exposed to
jump scare effects. We used audio from the youtube audio library 1.

To specify the feasibility of arousal data from the handle, it was
first investigated by comparing the averaged and baseline-corrected
physiological arousal levels elicited in response to a jump scare
event between the individual.
1Jump Scare Sound Effects: 2016. youtube.com/watch?v=ZWI2hMO6LNM. Accessed:
2022-12-09.

4.2 Initial Results
For comparison of EDA and HRV data under the jump scare effect,
a Pearson correlation coefficient was calculated to assess the linear
relationship between the wristband and the handle. The pNN50
signals were highly correlated (r(1155) = .825, p <.0001), though ag-
gregated SCR peaks revealed negligible correlation (r(7358) = .154, p
<.0001). Comparable arousal trends showed that participants experi-
enced an average higher arousal (see Table1) under the jump scare
effect than in the baseline over Phasic (wristband: t(15248) = 35.23,
p<.0001; handle: t(15508) = 18.77, p<.0001) and pNN50 (wristband:
t(2795) = 4.86, p<.0001; handle: t(2647) = 33.81, p<.0001), which were
analyzed using an unpaired two-tailed t-test. Aggregated arousal
results under the jump scare (Mean:4.63, SD:2.88) from SAM scale
was much higher than the baseline (Mean:1.50; SD:0.76).

Therefore, the umbrella handle was capable of collecting consis-
tent and accurate physiological signals compared to the baseline
device.

5 PHASE 2: FEEDBACK TEST
5.1 Procedure
Based on self-report findings over PAD model [65] and motivated
by the Moodlight idea [58] of choosing the colors that represent
arousal states from previous studies, the feedback test was designed
to better understand psychophysiological arousal responsiveness
on blue and red color (selected to test the increasing effect of the
emotional valence and extreme difference of emotional arousal)
through the umbrella in a lab-controlled setting. 18 participants
aged from 21 to 38 years old (Mean: 26.8, SD: 3.258, Female:9, Male:9)
were recruited for the feedback test. We recorded EDA (4.54 Hz)
and BVP (50 Hz) data alongside the Self-Assessment Manikin (SAM)
scale to different colors. We counterbalanced three sessions (each
6 min): a baseline session without visualization (no-viz), a blue
session (blue), and a red session (red). The participant was required
to hold the handle with their dominant hand and was exposed
to the differently colored light stimuli. A 5-minute interview was
conducted at the end of the test. A written informed consent form
was provided to all participants prior to their participation.
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Figure 5: Two graphs on the left: trends in all subjects for Phasic Change (Left Y scale) and difference between means (Right Y
scale); two graphs on the right: trends in all subjects for pNN50 Change (Left Y scale) and difference between means (Right Y
scale) over the handle and the wristband.

5.2 Results and Implications for emotion
regulation

As for the physiological arousal results, according to a repeated
measure of ANOVA, mean arousal changes of Phasic (F (2, 47590)
= 124.6, p<.0001) and pNN50 (F (2, 4250) = 84.86, p<.0001) through
the handle differed significantly over the three sessions; there was
no significant difference (F (2, 47590) = 1.970, p=0.1395) in terms of
changes in aggregated SCR peaks. As reported in Table 1, average
Phasic in the blue session (Mean: 6.62, SD: 16.90) showed higher
emotional arousal than in either baseline (Mean: 5.40, SD: 10.26) or
red session (Mean: 4.42, SD: 8.67) but average pNN50 in blue session
(Mean: 75.83, SD: 23.30) indicated it as the highest relaxation state
compared to the baseline (Mean: 83.31, SD: 8.10) and red session
(Mean: 82.28, SD: 14.85).

The interview transcripts in each session were processed with
three elements (neutral, positive, negative score, and total score
is 1) through the nltk package [23] for semantic sentiment anal-
ysis. Taking the no-viz effect as the baseline (neutral score of no-
viz: Mean(0.70), SD(0.14); of blue: Mean(0.63), SD(0.14)); of red:
Mean(0.53), SD(0.20), the positive self-report score for the blue ef-
fect (Mean:0.35, SD:0.15) is higher than for the red effect (Mean:0.29,
SD:0.23), and both blue and red are higher than in the no-viz session
(Mean:0.12, SD:0.14). However, the negative score for the blue effect
(Mean:0.014, SD:0.03) is much lower than that for the red effect
(Mean:0.17, SD:0.23) compared to the no-viz session (Mean:0.12,
SD:0.14). The following aesthetic appreciation quotes serve as ex-
amples from the blue (subject 13)/red sessions (subject 10 and 2)
(stream of consciousness, slightly adjusted for grammar):

"...blue, a bit of a feeling of being under the stars, the
milky way, beautiful, I enjoyed the whole 6 min watch-
ing the Milky Way. It brings me to have a layer of richer
imagination, comfortable, peaceful situation." (subject
13)

"Red is more joyful, but also gets me a bit anxious."
(subject 10)

"In video games, red is associated with a strong sense
of warning, especially when being isolated in the dark."
(subject 2)

For the SAM results, we found that the subjective feeling of
the participants during the blue session is positive, whereas it is
negative during the red session. Mean score in valence change:

no-viz (-0.52)/blue(0.29)/red(-0.59); in arousal change:(-0.47)/blue(-
0.35)/red(0.77). The interview and SAM results help explain the ef-
fects of the two different colors on physiological arousal within the
different color sessions. Basically, blue appeared to have a positive
effect on the emotional state, while red shows relatively negative
effects on the emotional state and the physiological arousal change.

Overall, 14 participants thought the red and blue extremes accu-
rately depicted their maximum stress and relaxation states, respec-
tively, while 1 participant thought the opposite, and 2 participants
agreed that the red brought them more calmness. 1 participant
neither agreed nor disagreed with their emotions being affected by
the red and blue.

Figure 6: Left graph shows the trends in all subjects of Aggre-
gated pNN50 (Left Y scale); Right graph shows the trends in
all subjects of Aggregated Phasic Change (Left Y scale) over
three sessions: baseline, blue and red. Symbols: ns = p > 0.05;
**** = p < 0.0001.

6 PHASE 3: RAINY DAY USER STUDY
The main objective of this study is to examine how biofeedback pat-
terns (mirror and inversion) will elicit a regulated affective state in
a real-world setting. The affective umbrella assesses the emotional
reaction using self-reported measures and a biometric measure
(BVP and EDA) over the handle. We conducted an outdoor user
study on a rainy evening. Lastly, the link between biofeedback pat-
terns and biometric feature (HRV and EDA) shall be examined. The
corresponding research questions (RQs) are the following:
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Table 1: Descriptive statistics of HRV and EDA features over different conditions in the iterative phases, respectively.

Condition Type
PNN50

Mean(SD)
Tonic

Mean(SD)
Phasic

Mean(SD)
Aggregated SCR Peak

Mean(SD)
Baseline with handle 79.75 (6.77) 52.43 (3.93) -.22 (.83) .0011 (0.0338)

Sensing Test Baseline with wristband 58.68 (20.53) 74.00 (97.36) -.42 (1.14) .0004 (.0195)
(n=8) Jump Scare with handle 62.66 (17.95) 50.29 (6.50) .04 (.88) .0009 (.0302)

Jump scare with wristband 54.45 (25.50) 110.10 (150.90) .10 (.59) .0008 (.0285)

Condition Type
PNN50

Mean(SD)
Tonic

Mean(SD)
Phasic

Mean(SD)
Aggregated SCR Peak

Mean(SD)
Baseline with handle 75.83 (23.30) 35.34 (26.60) 5.40 (10.26) .0011(.0334)

Feedback Test Blue with handle 83.31 (8.10) 72.30 (28.02) 6.62 (16.90) .0005 (.0214)
(n=18) Red with handle 82.28 (14.85) 30.22 (32.36) 4.42 (8.67) .0009(.0294)

Condition Type
Normalized PNN50

Mean(SD)
Normalized RMSSD

Mean(SD)
SCR peaks counts

Mean(SD)
Baseline .110 (.031) .479 (.308) 25.00 (9.94)

Rain Day Random .026 (.021) .100 (.035) 23.39 (9.00)
User Study Mirror .097 (.027) .422 (.208) 22.89 (13.23)
(n=21) Inversion .098 (.035) .572 (.591) 24.39 (10.92)

RQ1: Do the different visual biofeedback patterns succeed better in
regulating emotion (valence, arousal, dominance) than no biofeedback
patterns?

RQ2: Is there a significant difference between mirror and inversion
effect towards emotion regulation?

RQ3: How do participants interpret their experience with different
visual feedback?

6.1 Materials and Methods
6.1.1 Participants. 21 participants aged from 21 to 40 years old
(female:10, male:11) were recruited in this study. The experimental
design (as with previous studies) was blinded for review, submitted
to the ethics board, and subsequently approved. Demographic infor-
mation and attitudes towards certain weather types were collected.
Each participant received a 1000 JPY gift card as compensation.

6.1.2 Experimental Procedure. We explained the experimen-
tal procedure to the participants and started the experiment after
receiving their consent. There were four sessions in total, and the
order was counterbalanced. Each session lasted 5 minutes with no
specific tasks. The participants were asked to stroll in the rain. We
suggested that each participant walk freely or stand around holding
the umbrella with their dominant hand in outdoor environments.
Before and after each session, participants’ emotional states were
recorded by self-report (SAM scale). We had a check-out interview
to ask about the participants’ interpretation of the visual patterns
and also invited participants to share their feelings after each ses-
sion while drawing body maps [4, 39]. For the experimental setting
of this study, four conditions are described as follows:

• Baseline: no visual feedback.
• Random: random color, flicker feedback every 20 s.
• Mirror: visual feedback every 20 s corresponding to Phasic
EDA change in the previous 20 s; red, fast flashing light or
blue, slow flashing light.

• Inversion: visual feedback every 20 s; blue, fast flashing light
or red, slow flashing light.

Table 2: Descriptive statistics of three emotional dimensions
mean changes (valence/arousal/dominance) over four condi-
tions.

Condition Type
Valence
Mean(SD)

Arousal
Mean(SD)

Dominance
Mean(SD)

Baseline .47 (1.37) -1.19 (1.94) 1.86 (2.31)
Rain Day Random .76 (1.55) .24 (2.32) -.33 (2.18)
User Study Mirror .43 (1.12) 1.05 (1.60) .19 (1.81)
(n=21) Inversion .43 (1.94) -.19 (1.89) -.10 (2.26)

6.2 Results: Affective Dynamics with
Biofeedback

6.2.1 Self-reportedResults. In terms of self-reported SAM scores,
participants would show higher emotional arousal and lower domi-
nance scores when they are experiencing biofeedback patterns than
no visualization in the baseline session. Andmost of the participants
were aware of the difference in manipulation between the random
session and the biofeedback sessions (mirror and inversion).

We calculated changes in valence, arousal, and dominance scores
during each condition and performed a statistical analysis to an-
swer the research question (RQ1-RQ3). According to a repeated
measures of ANOVA, mean changes at the dimensions of arousal
( F(2.419, 48.39) = 5.632, p=0.0040) and dominance (F(2.081, 41.62)
= 3.743, p=0.0305) significantly differed across the four conditions.
There was no significant difference in terms of valence changes
(F(2.781, 55.63) = 0.2428, p=0.8522). We also conducted pairwise
comparisons (see Figure 7) and found that the arousal change in the
mirror session was significantly higher than that in both baseline
(p=0.0022) and inversion session (p=0.0277). Regarding changes in
the dominance level, the baseline session was significantly higher
than the mirror session (p = 0.0479) and the inversion session (p =
0.0268).

The results of the psychological arousal change (p=0.0022) based
on the visualization of emotion reflection and previous research[28]
support each other, indicating that the biofeedback pattern design
we used for emotion reflection is confirmed. Furthermore, partici-
pants would show a significantly lower score in terms of emotional
arousal when experiencing the inversion effect (p = 0.0277) than
the mirror effect. Participants would show a significantly higher
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Figure 7: SAM changes over four conditions. Symbols: ns = p > 0.05; * = p < 0.05; ** = p < 0.01.

score in terms of emotional arousal when experiencing the mirror
effect (p=0.0022) than without it.

Regarding the interpretation of visual feedback by participants
from check-out interviews, 16 participants thought that the visual-
ization did not change related to their feelings at all in the random
sessions. Participants would judge whether the visual feedback is
random by feeling their heartbeat or sweat change in their bodies,
and they would try to control the color (see example quotes from
participants below; slightly altered for grammar).

"This time i think the umbrella is trying to play with
me, because apparently it is not correspondent with me.
But generally, I had fun using." (subject 2)

"The color and pace seemed to sometimes change accord-
ing to my heartbeat, but generally, the visualization felt
quite random." (subject 6)

"I did not feel related to the change in color, but it influ-
enced how I feel..." (subject 13)

"I tried to control the color changing but failed, and the
actual application scenario was simulated after giving
up, very good, with a commercial future, my feeling
returned to the feeling before the experiment." (subject
16)

"...repeatedly change depending on the preset." - (subject
21)

Although participants were told about the biometric sensing
on the umbrella handle, most participants guessed whether it was
related to themselves by feeling their body state, such as changes in
heartbeat and the cognitive relationship to the color. In the mirror
session, 14 participants thought the visualization represented part
of their feeling, and 6 participants thought they felt being influenced
rather than being represented, while 1 thought it was not related
to his feeling:

"I felt that the visualization and my feelings interacted
with each other somehow. Felt calmer in general, so I
feel like I saw more blue. Or the cause and effect might
be backward, but still felt like it interacted." (subject 3)

"...it’s me, I feel the sense of agency through controlling
my EDA and matching my pulse... feeling myself makes
me relaxed. and I am also confused a little (if I felt
right)." (subject 4)

"I felt like the umbrella knew the energy flowing inside
of me. The influenced visualization influenced me again
so it felt a bit like a spiral." (subject 7)

"When red, I was truly relatively active." (subject 8)

"I feel that I can control the umbrella; Most of the time I
feel my way; color-sanity is overwhelming; the umbrella
is my shell, the upper part covers me and expresses me;
the lower part passively accepts." (subject 16)

"Not sure, but it stood stable whenever my mind was
stable." - (subject 18)

"The change of the visualization seems to represent my
heart rate." - (subject 21)

In the inversion session, 4 participants thought the visualization
represented part of their feeling and 12 participants thought they
felt being influenced rather than being represented, while 5 thought
it was not related to his feeling:

"Maybe the blue light represents my excitement." (sub-
ject 7)

"I think in this session the change and speed of the colors
was opposite than before. The red was calmer, and the
blue blinks were faster. (subject 10)

"...activity measurement of some sort." (subject 18)

"When the body is dynamic and static, the flickering
frequency seems to be different." (subject 19)

"When i was going faster, it would turn red." (subject
20)

6.2.2 Biometric Results. Participants’ physiological arousal was
significantly increased with biofeedback patterns compared to no
biofeedback in terms of pNN50. In terms of RMSSD, the inversion
effect showed a significantly higher HRV performance than the
baseline, while the mirror effect had a lower RMSSD performance.
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Figure 8: Rainy Day User Study: EDA data of participant 18 (upper: Mirror Effect; lower: Inversion Effect). The raw EDA data
from 12-bit ADC (0–4095 range) is depicted in gray; red markers depict recognized peaks in skin conductivity (local maxima)
from raw data (left y scale). The low-pass filtered data (right Y scale) is depicted in orange; orange markers depict recognized
peaks in skin conductivity (local maxima) from filtered data.

In terms of SCR, peaks preprocessed from EDA raw data (100
Hz) were counted for real-time calculations as a basis for color
feedback. Considering the individual differences in the biofeedback
of different subjects, we took subject 18 as an example to simulate
the color changes (see Figure 8) they experienced during the mir-
ror session and the inversion session (light flicker frequency was
reversed). The frequency of color switching could be speculated
to correspond to the frequency of short-term emotional ups and
downs. Through observation, we found that the emotional ups and
downs under the influence of the mirror effect are relatively more
frequent than the inversion effect. In addition, the changes in the
peaks filtered by the lowpass filter in the figure were basically the
same as the real-time data.

In terms of HRV, we calculated the aggregation of pNN50 and
RMSSD from the preprocessed BVP raw data (100 Hz) under four
conditions and performed the statistical analysis. According to one-
way ANOVA, aggregated pNN50 (F (3, 13138) = 103.1, p<.0001)
and aggregated RMSSD (F (3, 19610) = 186.4, p<.0001) significantly
differed across the four conditions. We also conducted pairwise
comparisons (see Figure 9) and found that the relaxation level
(pNN50[8, 26, 51]) in the session with biofeedback was signifi-
cantly higher than that in both baseline (p<.0001) and random
sessions (p<.0001). As for changes in cognitive load and stress level
(RMSSD [1, 63]), the mirror session was significantly lower than
the baseline session (p<.0001) while the inversion session was sig-
nificantly higher than the sessions with no ((p<.0001)) or random

Figure 9:HRVaggregation changes over four conditions. Sym-
bols: ns = p > 0.05; * = p < 0.05; **** = p < 0.0001.

(p=0.0194) visualization. Furthermore, participants would show a
significantly lower score in terms of RMSSD when experiencing
the inversion effect (Mean:0.422, SD:0.208) than the mirror effect
(Mean:0.572, SD:0.591) while there was no significant difference
between mirror and inversion effect in terms of pNN50.
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Figure 10: Body maps produced by participants over different sessions

7 DISCUSSION
7.1 Feasibility of Emotion Reflection and

Regulation
The results of the sensing test showed the sensing availability of
the umbrella handle. Comparing the BVP and EDA signals collected
from the established sensing device (the wristband) with the signals
collected from the handle suggests that the handle could produce
similar trends of HRV pNN50, Phasic, and key SCR peaks (see
Figure 5).

The feedback test provides a deeper understanding of the rela-
tionship between visual feedback design and emotions. The results
of the feedback test show that participants had significantly higher
physiological arousal under the blue light than under the red light
in terms of EDA Phasic, while the average pNN50 suggests that
under the blue light the participants experienced the highest state
of relaxation and sustained attention [8, 26, 51]. This suggests the
feasibility of using color feedback to reflect and influence people’s
emotional feelings. Considering that the visual feedback design of
the umbrella is mainly based on physiological data, we balanced
the psychological and physiological aspects of the subject’s inter-
pretation of the emotional response to the visual feedback, and
thus propose an effective and iterative biofeedback design scheme.
We further observed the interview data through the results of a
semantic analysis and self-reporting of mean changes of SAM, and
we found that participants’ subjective evaluation of blue and red
was opposite to physiological arousal. Possible reasons: color asso-
ciation may be different depending on cultural meaning of the color,
upbringing, and personal experience. For example, one outlier had
the opposite feeling toward blue and red than the other subjects.
Associated with his memory in New Zealand when he was young,
he was afraid to go out at night to the waste bin, crossing a dark
road with a blue street light. He was also the one who agreed that
red light helps him feel calm, since to him it was associated with
the bar atmosphere in Tokyo.

After a few rounds of prototype iterations, we developed the
final version of Affective Umbrella, which was used in the user
study. In terms of self-reported SAM scores, participants would
show higher emotional arousal and lower dominance scores (see
Figure 7) when experiencing biofeedback patterns than without
visualization in the baseline session. Most of the participants were

aware of the difference in manipulation between the random ses-
sion and the biofeedback sessions (mirror and inversion). Valence
level was rarely affected. In addition, from the check-out interviews,
we found that most of the participants could interpret the emotional
link matching the expected patterns. Based on the check-out inter-
views conducted after the visualization tests, our research questions
(RQ1-RQ3) were positively answered. Among three visual effects
(random, mirror, inversion), the participants’ physiological arousal
increased significantly with biofeedback patterns compared to no
biofeedback in terms of pNN50. In terms of RMSSD, the inversion
effect augmented participants with significantly higher HRV per-
formance than the baseline, while the mirror effect caused lower
RMSSD performance.

7.2 Implications for Biofeedback Loop Design
Apart from demonstrating the design concept, system, and iterative
evaluation, we also discussed the design considerations towards
visual feedback as a reflective effect for emotion regulation, which
other designers might consider when developing their system. In
the biofeedback loop study, we not only compared between condi-
tions with and without visualization, but also explored potential
biofeedback types: mirror and inversion. The two types of loop
design can bring different experiences in terms of emotion inter-
pretation and regulation. Our initial results suggest that the mirror
type could be more effective in increasing the arousal level than the
inversion type. Furthermore, as a bodily experience, the biofeedback
loop could lead to a different experience.

7.3 Affective Dynamics in a Ubiquitous Context
This study provides an evaluation method for collecting physiolog-
ical data in dynamic contexts, as demonstrated in our user study
during rainy weather at night. Beyond this, we believe that the
system could be applied to a variety of other ubiquitous contexts.
Its affective dynamics about arousal change are not significantly
related to their affects on the cognitive level, so that the user’s emo-
tional state would not be exposed publicly; but it would function as
an emotional regulation augmentation. Our current design comes
in the form of an umbrella for its non-invasive position for detec-
tion of EDA and BVP, the possibility for ubiquitous wear, and easy
activation in needed scenarios. Vision is one of the windows for
receiving environmental information, and reconstruction of context
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design proposes a way to sense our body and perceive the links
between the environment and us. For a similar research purpose,
this study could provide an effective design approach bridging daily
assessment in different personalized experiences with a greater
understanding of our physiology.

7.4 Limitation and Future work
In terms of limitations and future work, we collected both EDA and
BVP data during the user study. However, as a movement-sensitive
sensing modality, not all of the EDA data turned out to be able to
analyze. Furthermore, the body map (see Figure 10) could provide
more insights about participants’ reflection on experience mediated
by biofeedback technologies inspired by the method in medical
practice, which is used to locate pain in and around the body[39],
but it still needs to be further analyzed with greater concern.

In the future, we could test other positions to collect and use
EDA and BVP data (e.g. head or ear) in terms of stability. Moreover,
the current feedback was triggered by calculating the SCR peaks
over a certain period. There could be further explorations to design
feedback actuation, such as implementing amachine learningmodel
to automatically predict emotional states.We could also improve the
prototype in terms of size, battery storage, and weight. We would
keep working on streaming data via mobile phone network instead
of wireless UDP communication to enable a more unconstrained
setup.

8 CONCLUSION
This work presents Affective Umbrella, a novel system with in-
tegrated heart and electrodermal activity sensors in the handle.
The system is able to record and analyze these physiological data
in real time and visualize them back to the user on the umbrella
canopy using fiber optics and LEDs. The general goal is to build a
biofeedback system for emotion regulation as a means for human
augmentation.

We take an iterative approach to design and evaluate the sys-
tem. First, a comparison of the handle with the baseline wristband
showed that it could be used as a possible sensing location in the
sensing test (N=8). Then we presented self-reported blue and red
feedback with the SAM scale, interview transcripts, and the cor-
responding physiological changes for 18 participants. The results
demonstrate the correlation of colors eliciting physiological arousal
in a user study (N=21) and the feasibility of mirror and inverse
brightness changes of colors, thereby exploring the connection
between body and mind through somaesthetic appreciation.

In addition to deepening our understanding of biofeedback and
how emotions are reflected and regulated, this study explores the
implications of designing biofeedback loop systems and emotional
dynamics in ubiquitous settings. We hope that the questions raised
concerning artificial and natural experience, self-discovery, and
awareness in different contexts, as well as the technical contribution
of this iterative approach for a biofeedback design, would provide
some help and inspiration to those seeking to design similar systems
or experiences.
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