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ABSTRACT 
We report on the effects of a novel soft robot of our design on 
emotional wellbeing. Participants (N=94) engaged with our soft 
robotic surface designed to simulate the benefits of nature and 
provide a therapeutic behavioral intervention. The study assessed 
group differences in attention, perceived restorativeness, and self-
reported stress between three groups: a group that performed a 
breathing exercise with the robot, a group that watched the robot 
perform an ocean-inspired movement designed to capture 
involuntary attention, and a control where the robot was static. 
The Breathing Group had a significant reduction in self-reported 
stress compared to the Control Group. Significant differences in 
attention and perceived restoration were not found. Qualitative 
feedback suggested the robot did provide a positive distraction in 
the environment and participants were generally favorable to the 
robot, characterizing it as soothing and fascinating. Feedback on 
the sensory qualities showed that people who did not initially 
enjoy the texture or sound often acclimated to the novelty of the 
surface with improved perceptions over time. These findings 
suggest the promise of soft robots to support mental wellbeing. 
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1 INTRODUCTION  
People are increasingly living in urban settings without 
convenient access to the natural environment. Additionally, the 
pace and speed of urban living can stress urbanites due to 
experiences of environmental overload from auditory and visual 
stimuli, pedestrian density [12, 26], and the activities of daily life. 
To buffer these negative effects of urban living, we developed 
several novel soft robotic surfaces (Figure 1) that can be embedded 
in small interior living spaces to prompt behavioral interventions 
and offer positive distractions for stress reduction. The surfaces 
aim to provide some of the psychological benefits of nature [15, 
16], through interactions with nature-inspired behaviors [34]. 
This paper investigates the effectiveness of the system through a 
user study to determine if the behavior of our soft-robotic surfaces 
can provide beneficial outcomes for mental wellbeing through 
stress reduction and improved attentional cognitive performance. 

Figure 1. Soft Robotic Surface Panel (18 x 33 inches) 

Human robot interaction (HRI) research with soft elastomer 
robots is  a growing area  of interest due to their flexible, stretchy 
materiality,  making silicone  an ideal medium for bio-inspired  
robots  with life-like movement  [30, 32, 40]. These pneumatically  
driven soft robots are deformable and compliant, reducing safety  
concerns caused by rigid-body robots [42], and making them well-
suited for therapeutic purposes to support wellbeing [5, 37].  

Researchers have  previously studied how soft robots can  
provide calming interactions [4, 35] and communicate emotions  
through their expressive movement [15, 20]; however, many  HRI 
studies focus on social  interactions with human-scale soft robots. 
This study investigates a large, non-anthropomorphic robot 
embedded in  the environment. To understand how  the  
environment influences wellbeing, we looked  to environmental 
psychology theories that seek to explain the restorative power of 
natural environments. The Attention Restoration Theory (ART) 
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suggests that nature has a restorative effect on our attention [1, 
16, 17, 28] through experiences of “soft fascination” [3] that 
capture involuntary attention through mesmerizing stimuli 
without requiring a cognitive load that might deplete attentional 
capacity. Looking at soothing stimuli found in nature, we modeled 
the inflation for our robot (Figure 2) using real ocean wave 
movement datasets, to produce a “softly fascinating” behavior that 
swells like ocean waves to promote restoration [36]. The Stress 
Reduction Theory (SRT) posits that nature has a positive effect on 
health [41] and mental wellbeing by reducing stress levels [45]. 
The SRT suggests that nature provides positive distractions, 
thereby reducing stress provoking thoughts. This study explored 
whether our robot’s representation of ocean waves can reduce 
stress by providing experiences of soft fascination and a positive 
distraction, which has not been previously tested.  

Figure 2. (a) Two soft robotic surface panels performing 
ocean inspired movement, (b) diagram of air tubing setup. 

In addition to the nature-based strategies we deployed in the 
design of our surfaces, our system also guides users through 
relaxing breathing exercises, which are an effective tool for stress 
management [24] and can lead to improvements in sustained 
attention [11]. Our surfaces inflate and deflate in a pre-determined 
timing pattern designed to activate the parasympathetic nervous 
system through a long, slow exhale, helping the body to relax [27]. 
The use of pneumatic robots to influence users’ respiratory 
patterns is an area of growing interest. An existing study [2] 
explored whether synchronized breathing could be induced by 
soft robots. Participants in the study were not explicitly instructed 
to match their respiration to the inflation of a soft robot that they 
touched while performing a task. The study found an effect on the 
depth of breathing through the interactions, but synchronization 
was not passively induced by the tactile feedback alone. We 
previously conducted a study online that explored synchronized 
guided breathing exercises with soft robots where participants 
were directly instructed to follow the pace of the inflation [33]. 
Participants reported decreased stress levels after viewing videos 
of the pneumatic surfaces. The study reported here expands upon 
our earlier work and the existing studies by testing the effects of 
synchronized robot-led breathing exercises in comparison with a 
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nature-inspired movement. Moreover, this study is the first to test 
our novel custom prototype through in-person interactions. This 
allowed people to physically touch the surface and hear it 
operating while it inflates and deflates, giving further insights into 
user perceptions of the sensory qualities of the system. Responses 
to the tactile quality of the robotic surface were of particular 
interest, given that most electronic devices used for guided 
breathing exercises utilize 2D screen-based graphics. Our system 
provides a tangible interaction, which provides respite from the 
ubiquitous use of digital screens, and a multi-sensory (visual and 
tactile) experience, to offer a haptic modality for people with 
visual disabilities [18, 43]. 

We included both behaviors (i.e., ocean wave movement and 
timed breathing pattern) in our study to determine which was 
more restorative, and which was better at reducing stress levels. 
The ocean wave movement behavior exemplified a more passive 
interaction with the surface, as participants in the Ocean Group 
were not required to modify their behavior, offering an ambient 
experience with the soft robotic surface. This enabled us to assess 
whether the ocean wave movement was engaging enough to 
evoke soft fascination in the same way someone might experience 
mental wandering when looking at a natural scene. The breathing 
exercise interaction was more active, as it gave clear instructions 
to the Breathing Group for how to interact with the surface. Both 
behaviors were aimed at improving mental wellbeing, the 
breathing exercises were developed to directly support emotion 
regulation, whereas the ocean wave movement was aimed at 
restoring cognitive attentional capacity. We also included a 
Control Group, where the robotic surface remained static in front 
of participants to determine if interactions with the moving 
surfaces had an effect compared to the control. Based on the 
existing literature, we hypothesized the following: 

H1. (a) Participants who interact with the moving robotic 
surfaces will perform better on the attention task than 
participants in the Control Group; (b) the Ocean Group will 
perform better on the attention task than the Breathing Group. 

H2. (a) Participants who interact with the moving robotic 
surfaces will have a greater reduction in self-reported stress than 
the Control Group; (b) the Breathing Group will have a greater 
reduction in self-reported stress than the Ocean Group. 

H3. (a) Participants who interact with the moving robotic 
surfaces will perceive the environment to be more restorative than 
the Control Group; (b) the Ocean Group will perceive the 
environment to be more restorative than the Breathing Group. 

2 MEASURES 

2.1 Sustained Attention to Response Task  
To determine whether interactions with our prototype were 
effective at restoring attentional capacity, we utilized the 
computerized Sustained Attention to Response Task (SART) [8, 
22, 31, 46], which measures attentional performance while 
reducing other necessary cognitive operations (e.g., memory). The 
SART [38, 39] asks participants to press the spacebar on a 
keyboard for frequent “Go” non-targets (a set of numerical digits) 
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and withhold pressing the spacebar for infrequent “No-Go” 
targets (a specific digit). The task measures attention by 
habituating users to a motor response (pressing a button many 
times in succession for “Go” targets), and then requiring them to 
override their impulse to hit the button for the “No-Go” targets. 

For each trial, a digit is presented for 250 msec followed by a 
duration mask (a graphic circle with an “x”) for 900 msec. Digits 
were presented in pseudo-random order at five varying font 
points (48, 72, 94, 100, and 120 pt). The instructions stated that 
speed and accuracy were equally important to performance. The 
task started with a training of 18 practice trials. Participants were 
shown the results of their performance (error percentage) giving 
them the opportunity to modify their strategy prior to starting the 
real task. After the training, the real 225-trial test began. The 
SART was repeated as a pre-post measure. To minimize practice 
effects from repeated testing, the No-Go target was the digit “3” 
in the pre-test and “4” for the post-test. 

2.2 Self-Reported Stress Measure 
We included a scale item to evaluate perceived stress, that asked 
participants to rate their current level of stress. The 10-point 
rating scale ranged from 0=Not Stressed to 10=Very Stressed. Given 
that the other measures included in the study required 
considerable time for data collection, the quick self-reported 
measure was used to reduce the overall experiment duration. 

2.3 Perceived Restorativeness Scale 
The Perceived Restorativeness Scale (PRS) [13] was also included 
in the study as a subjective measure of restoration. The PRS is a 
7-point scale (1=Strongly Disagree, 7=Strongly Agree) with 26 
items that ask about descriptions of an environment. The items 
are grouped into subscales. The four subscales developed from the 
ART of nature are: 1) Being Away: escape from directed attention, 
2) Fascination: effortless attention, 3) Coherence: legibility of a 
setting, and 4) Compatibility: level of correspondence between 
one’s personal inclinations and the environment [29]. As our 
research is aimed at learning whether soft robotic surfaces can 
improve mental wellbeing for occupants of a confined interior 
space devoid of nature, we wanted to learn if interactions with our 
system affected perceptions of the lab environment (a room with 
no nature views). The PRS evaluated whether participants 
perceived the laboratory setting as more restorative after 
interactions with the robotic surfaces, but the PRS was not used 
to measure the restorativeness of the robot directly. 

2.4  Evaluation of the Prototype 
The evaluation included 10 Likert items (1=Strongly Disagree, 
7=Strongly Agree) about experiences with the robotic surface on 
several themes: if the movement was soothing (Q1, Q7); if the 
surface was fascinating (Q3, Q5); experiences of co-embodied 
breathing (Q4); the desired frequency and duration of use (Q2, 
Q5); perceptions of the sound produced by the system when 
inflating (Q6); if the surface had a natural sensibility (Q8); if the 
appearance was appealing (Q9); and experiences of discomfort 
(Q10). The items were developed to address our research 
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questions using insights from our previous user studies on soft 
robots [33, 34] and informed by the standard usability scale [7]. 

3 METHODS 
A sample of 94 participants was recruited from a university in the 
United States using SONA Systems (sona-systems.com) and 
convenience sampling. The study took approximately 30 minutes 
to complete, and participants were given extra credit or a gift card 
as compensation. The study was conducted in a cluttered lab space 
of approximately 300 square feet, with a few tables, computers, 
and shelves with prototyping tools. Compressed air lines fed into 
three electro-pneumatic pressure regulators controlled by an 
Arduino microcontroller. Two of our robotic surface panels (18” x 
33”) were used in the study, placed side-by-side on a large white 
table to form an 18” x 66” soft robot. The same laptop was used 
for all participants, positioned on the table in front of the surfaces 
where they completed the experimental protocol (Figure 3). 

Figure 3. (a) The experimental setup; (b) a participant in the 
breathing group; (c) a participant in the ocean group. 

The study employed a between-subject design with three 
groups: 1) a Control Group (CG), where participants sat in front 
of the static surface placed on the tables in front of them; 2) an 
Ocean Group (OG), where participants watched the surface 
perform the ocean wave behavior; and 3) a Breathing Group (BG), 
where participants performed a breathing exercise led by the 
robotic surface. The participants were randomly assigned to a 
group. Subjects were given a consent form and then asked to sit 
at a table with the experimental setup. The study was conducted 
using PsyToolkit [38, 39] and included the following sections: 1) 
demographics, 2) baseline self-reported stress measure, 3) baseline 
SART task, 4) post-intervention self-reported stress measure, 5) 
post-intervention SART task, 6) the perceived restorativeness 
scale, and 7) prototype evaluation of users’ interactions with the 
robotic surfaces. Participants completed all sections, except for 
Section 7, which was not completed by the CG who did not have 
an active interaction with the robotic surfaces. After the baseline 
SART measure, the laptop was removed, and the assigned 
intervention was administered for three minutes. Participants in 
the OG were informed that the surface in front of them was going 
to inflate with air and they could interact with the robot, including 
touching the surface while it was moving. Participants in the BG 
were instructed to perform a guided breathing exercise following 
the rhythm of the surface. They were instructed to inhale when 
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the surface was inflating and exhale when the surface was 
deflating. Participants in the CG were instructed to take a break 
sitting in front of the static robotic surfaces. They were told that 
they could look around the room or interact with the objects in 
the environment, but to abstain from using their electronic 
devices. Once the study was completed, participants who were in 
the BG and OG were asked, “Do you have any comments or 
feedback about the prototype?” As a follow up they were asked, 
“How did you feel about the texture and sound?” Researchers 
recorded comments provided by the participants and their 
intervention condition. 

4 RESULTS 
The 94 participants in our sample (MAge=19.7 years, SDAge=1.49; 
Women= 61, Men=32, Non-Binary=1) completed the study over 
several weeks. All 94 responses were included in the analysis of 
the survey data; however, one participant fell asleep during the 
post-intervention attention task and their response was excluded 
from the analysis of the SART measure. The survey portion of the 
study took on average 22.69 (SD=2.05) minutes to complete. 
Analysis was performed using R Software (r-project.org). 

4.1 Sustained Attention to Response Task  
The SART task was analyzed to determine the effects of the 
intervention conditions on accuracy. For the No-Go trials, box 
plots demonstrated that participants in the BG had the greatest 
improvement between tests, and participants in the OG performed 
slightly better at the post-test task than the CG. For the Go trials, 
there was very little difference across the groups (Figure 4). The 
general pattern showed that most participants across groups 
performed better on the post-test compared to pre-test scores. The 
CG had the smallest improvement in accuracy. 

Figure 4. Boxplots of accuracy (SART score pre-post) for 
No-Go and Go trials by group. 

We performed regression analysis using a linear mixed 
model that modeled accuracy by condition, accounting for order 
with a random effect to account for the repeated measures of each 
subject. Analysis was performed separately for the No-Go and Go 
Trials and was conducted with the lmer package [21]; post-hoc 
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analyses were evaluated with emmeans [23]. Histograms of the 
residuals for the No-Go and Go trials were used to check if 
variance was normally distributed, demonstrating a normal 
distribution for the No-Go trials and a severely left-skewed 
distribution for the Go-Trials. Our analysis therefore focused on 
the No-Go trials to evaluate performance. The estimated mean 
accuracies for the No-Go trials indicated that participants had 
improved accuracy for the second test, with very minor 
differences across groups (Table 2). The estimated mean 
differences showed the smallest pre-post difference for the CG, 
followed by the OG, with the greatest difference in the BG; 
however, the contrasts were not statistically significant (Table 3). 

Table 2. Estimated mean pre-post scores for No-Go trials. 

Estimated Mean Accuracy Lower Upper
Estimate SE 

(df = 113) CL CL 

Pre 0.697 0.035 0.628 0.766
Control Group 

Post 0.707 0.035 0.638 0.776 
Pre 0.692 0.035 0.622 0.761

Ocean Group 
Post 0.715 0.035 0.646 0.784 
Pre 0.716 0.035 0.647 0.785

Breathing Group 
Post 0.748 0.035 0.679 0.818 

Table 3. Estimated mean differences of accuracy 
(pre-post scores for No-Go trials.) 

Estimated Mean (* = α < 0 .05, df = 113) 
Differences Estimate SE t-ratio p.value Cohen’s d 

Control (pre-post) -0.0103 0.0238 -0.434 0.6653 -0.08 
Ocean (pre-post) -0.0232 0.0238 -0.977 0.3314 -0.18 
Breathing (pre-post) -0.0323 0.0238 -1.356 0.1784 -0.26 

4.2 Self-Reported Stress Measure 
The pre and post self-reported stress measures were analyzed to 
evaluate effects of the interventions on perceived stress. Observed 
means (Table 4) demonstrated the smallest mean difference was 
in the CG (M=0.10, SD=1.45), followed by OG (M=0.61, SD=1.73), 
with the greatest difference in the BG (M=1.41, SD=1.41). Box plots 
of pre-post stress ratings exhibited the same pattern (Figure 5). 

Figure 5. Pre-post stress ratings by interaction group. 

614

https://r-project.org
https://SDAge=1.49


 

 

  

 
 

 

  
 

 
 

 
 

 

 
  
    

   

 
   

  

       
 

     

    

     

 

 
 

     
     

    

 
   

 
 

  
  

  
  

 
  

 
 

 
 

 
   

  

  
  

 

   
 

  
 

 
 

 

    

 

   

  

  

  

 

  

  
  

   

 

 

 
 
 

    
 

  
 

  
     

   

 
 

   
  

 

 

 
  

   

Testing the Effects of Soft Robotic Surfaces on Attention and Stress 

Linear regression and analysis of variance were also used to 
examine pre-post stress. The estimated mean differences from the 
model (Table 5) corresponded closely to the observed means, with 
the smallest decrease in stress found in the CG, followed by the 
OG, with the greatest decrease in the BG. The conditions were 
significantly different (F[2, 91] = 6.38, p = 0.002), with a medium 
effect size, η2 = 0.12, ω2 = 0.10. Post-hoc tests on the between 
group contrasts with a Bonferroni correction (Table 6) found the 
group differences were statistically significant between the CG 
and the BG (p=0.002, d =-0.74), and marginally significant between 
the BG and the OG (p=0.104 d =-0.45).  

Table 4. Observed mean stress ratings by group. 

Stress Rating Control Ocean Breathing 
(0 = Not Stressed, Mean Mean Mean 

10 = Very Stressed) (SD) (SD) (SD) 

5.19 5.16 5.75
Pre-Test 

(2.47) (2.60) (2.20) 

5.10 4.55 4.34
Post-Test 

(2.33) (2.11) (2.16) 

Table 5. Estimated mean stress ratings (pre-post) by group. 

Estimated Mean Difference  Lower Upper
Estimate SE

Stress Measure      (df = 91) CL CL 

Control Group (pre-post) 0.0968 0.263 -0.43 0.62 

Ocean Group (pre-post) 0.6129 0.263 0.09 1.14 

Breathing Group (pre-post) 1.4062 0.259 0.89 1.92 

Table 6. Contrasts of estimated mean differences of pre-post 
stress ratings between groups with Bonferroni correction. 

Stress Measure Estimate SE t-ratio p.value Cohen’s d 
(* = α < 0 .05, df = 91) 

Control - Ocean -0.516 0.373 -1.385 0.508 -0.29 
Control - Breathing -1.309 0.370 -3.543 0.002* -0.74 

Ocean - Breathing  -0.793 0.370 -2.146 0.104 -0.45 

4.3 Perceived Restorativeness Scale 
The 26 items were first analyzed individually to determine group 
differences. The OG had the highest mean ratings for 38.46% of 
the items, followed by the BG (30.77%) and CG (26.92%). For Item 
21 (I can find ways to enjoy myself here), the highest mean rating 
was tied between the BG and OG (3.85%, M=4.8). Linear regression 
and analysis of variance was used to examine the relationship 
between groups, but most items were not significantly different. 

Next, analysis was conducted for the four subscales: Being 
Away, Fascination, Coherence, and Compatibility. For Being Away, 
the observed mean ratings were higher in the BG (M=4.26, 
SD=1.69) and the OG (M=4.26, SD=1.41) than the CG (M=3.86, 
SD=1.71). For Fascination, the observed mean ratings were highest 
in the OG (M=5.37, SD=1.21), compared to BG (M=5.10, SD=1.60) 
and CG (M=5.02, SD=1.35). For Coherence, observed mean ratings 
were highest in the BG (M=4.77, SD=1.62), compared to OG 
(M=4.19, SD=1.47) and CG (M=4.42, SD=1.40). For Compatibility, 
observed mean ratings were highest in the CG (M=4.19, SD=1.45), 
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compared to OG (M=4.03, SD=1.42) and BG (M=3.80, SD=1.64). 
Linear regression and analysis of variance was performed to 
model the relationship between the groups and the subscale 
ratings; there were no significant differences across groups. 

4.4 Evaluation of the Prototype 
The 10 items from the prototype evaluation were analyzed by 
condition to determine if ratings differed between the OG and BG. 
Observed means showed that generally participants felt the 
surface was soothing, somewhat appealing and fascinating, and 
something they would want to interact with frequently (Table 7). 
Linear regression and analysis of variance did not find significant 
differences between groups. 

Table 7. Mean ratings for the prototype evaluation of the 
robotic surface (RS) by group. 

Mean Ratings by Condition OG BG 
(1 = Strongly Disagree, 7 = Strongly Agree) Mean (SD) Mean (SD) 

I found the movement of the RS soothing. 5.68 (1.42) 5.41 (1.32) 

I would like to interact with the RS frequently. 5.06 (1.59) 4.91 (1.59) 

I DID NOT find the movement fascinating. 2.10 (0.91) 2.16 (1.22) 

I felt like the RS was breathing with me. 5.16 (1.53) 4.47 (1.61) 

I could watch the RS inflate for hours. 4.26 (1.90) 4.03 (1.67) 

I enjoyed the sound made by the RS. 4.48 (1.86) 4.38 (1.83) 
Watching the RS inflate DID NOT make me 2.45 (1.26) 2.50 (1.30) feel more relaxed. 

The movement reminded me of something I 4.52 (1.67) 4.03 (1.84) might see in nature. 

The RS appearance was appealing to me. 4.84 (1.44) 5.06 (1.22) 

I found the RS creepy. 3.71 (1.72) 3.09 (1.57) 

4.5 Qualitative Feedback 
An open-ended thematic analysis was performed to identify 
meaningful themes from the feedback collected during the exit 
interviews [6]. Researchers coded the interviews with ATLAS.ti 
(atlasti.com) in consideration of the research goals of the study. 
First the researchers reviewed the transcripts and counted which 
descriptors of the prototype were frequently repeated to 
determine important patterns. Preliminary codes were assigned to 
the transcripts, and then iteratively reviewed by two of the 
authors to confirm the interpretations fit with the content of the 
data. This section provides an inventory of quotations drawn from 
the transcripts organized by the three most salient themes 
identified during the analysis, including: 1) Associations to 
Breathing and Influence on Respiration, 2) Sensory Qualities of 
the Surface, 3) Soft Fascination and Positive Distractions.  Quotes 
were also organized by intervention group and identified as being 
positive (+), negative (-), or neutral/mixed (±). 

4.5.1. Associations to Breathing and Influence on 
Respiration: Pace, Depth, and Awareness. 

Many comments were related to breath and how the interaction 
influenced the participants’ respiration. Participants in the BG 
were the only ones instructed to match their breath with the 
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surface; however, participants in the OG also stated that they 
attempted to synchronize their breath to the robot. This suggests 
watching the surface inflate might influence users’ respiration 
behavior, even without explicit instructions. Several comments 
compared the inflation to human breathing, offering further 
support for an intrinsic association with the movement of 
respiration. Some participants found the association to human 
breathing comforting (“[it] was human-like…but it was a soothing 
sound”), while others found it unsettling, suggesting experiences 
related to the uncanny valley (“its non-humanness was a little 
unnerving”). The robot influenced participants’ respiration 
in three ways: 1) pace (“looking at the surface made me want to 
follow the rhythm” and “I tried to match my breath”), 2) depth (“it 
was hard to breathe that deeply but touching it while breathing 
helped”), and 3) awareness (“I could chill out enough to actually 
focus on my breathing because normally I can’t…”). 

OG: [I] think I could chill out enough to actually focus on my breathing 
because normally I can't pay attention to my breath. (+) 
OG: Oooh what is this?... I'm kind of obsessed with this thing...I felt like it 
going up and down helped me with breathing. (+) 
OG: Made me think of breathing and I tried to match my breath to it. (+) 
OG: [The robot] sounded like labored breathing…It felt like an alien. (±) 
OG: [F]ound it soothing, but its non-humanness was a little unnerving… 
felt like it was breathing. (-) 
BG: [I’m] not used to breathing that deeply or that level of awareness. [It 
was] nice to have a visual for how much you are supposed to breathe. (+) 
BG: I liked the sound, it sounded like a person breathing deep, [it] was 
human-like…but it was a soothing sound. (+) 
BG: [I] kept my hand on the surface because it helped me to pace my 
breathing and breathe deeply. At first it was hard to breathe that deeply but 
touching it while breathing helped. (+) 
BG: [L]ooking at the surface made me want to follow the rhythm. (±) 

4.5.2. Sensory Qualities of the Surface: Acclimation to the 
Sound and Texture, and Squishy vs. Sticky 

Participants were asked about their sensory experiences to 
evaluate reactions to the sound and texture of the robotic surface. 
Feedback on sound was mixed, with both positive and negative 
comments. Perceptions on sound changed over the course of 
the interaction when participants acclimated to the system. 
More than one participant stated that initially the sound was 
disruptive or caused discomfort, but they appreciated the sound 
by the end of the interaction (“At first the sound…was disruptive, 
but [I] liked it by the end”). Interestingly, two participants in the 
BG compared the sound to sounds of the ocean (“reminded me of 
the sound of ocean waves” and “[like] hearing the waves in a 
seashell”). The association was surprising given that ocean waves 
were not mentioned to either interaction group and suggests that 
some people had intrinsic associations to ocean sounds 
from the sound of the air inflating the surface. 

The texture also elicited both positive and negative reactions. 
Many comments used the descriptors “sticky” (x=9) and “squishy” 
(x=5). After reviewing the coded transcripts, the co-occurrence of 
descriptors “sticky” and “squishy” was associated with the desire 
or repulsion to touch the surface (Table 8). When participants 
found the surface “sticky,” they were more inclined toward 
negative perceptions (“[it] was tacky and sticky so I did not want 
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to touch it”). Conversely, when the surface was perceived as 
being “squishy” feedback was more positive (Woah that’s 
squishy! [I] really liked the texture”). Several participants enjoyed 
“poking” or “tapping” the surface, and compared it to stress balls, 
fidgets, and other sensory tools used for emotion regulation. One 
participant felt touching the surface helped them relax, suggesting 
that squishing and poking could help to release emotions (“being 
able to poke it was relaxing”). Similar to sound, there was an 
adjustment period to the tactile quality (“At first, I was like what 
the [heck], but then I found it soothing”) where initial experiences 
of discomfort subsided after people adjusted to the texture. 

Sound qualities. 

OG: [I] was distracted by the wheezing sound. (-) 
OG: [A] little creepy at first because [it] sounded like Darth Vader, but [I] 
got used to it. (±) 
BG: At first the sound…was disruptive, but [I] liked it by the end. (±) 
BG: [I] didn’t really like the sound, but it was relaxing overall. (±) 
BG: [Like] hearing the waves in a seashell. (+) 
BG: [It was] rhythmic and reminded me of the sound of ocean waves. (+) 

Tactile qualities. 

OG: [B]eing able to poke it was relaxing…[it] reminded me of a de-stress 
tool like a fidget. (+) 
OG: [It] was tacky and sticky so I did not want to touch it. (-) 
OG: Why is it so sticky? At first, I was like what the [heck], but then I 
found it soothing [and] felt de-stressed. (±) 
BG: Woah that’s squishy! [I] really liked the texture. (+) 
BG: [I was] not too interested in touching it, it was too sticky to have a 
quality that’s tactilely enjoyable. (-) 
BG: It scared me when I first touched it because it was sticky. (-) 

Table 8. Co-occurrence of codes for tactile qualities 
associated with desire to touch the robotic surface (RS) 

Did NOT want to touch Did want to touch 

Squishy 0 5 
Sticky 3 1 

4.5.3. Soft Fascination and Positive Distractions: Capturing 
Involuntary Attention and Giving People Something to Do. 

Many participants made comments that suggested experiences of 
soft fascination, where the movement of the surface helped people 
“get in the zone,” and  several  participants described it as 
“mesmerizing” or “fascinating.” Feedback suggested the robot’s 
behavior successfully captured involuntary attention and 
many people found the movement soothing to watch (“I 
found that I was fully in the zone watching it, it was soothing”). 
Participants described the surface as “oddly satisfying” and stated 
that interacting with the surface “gave [them] something to 
do” suggesting the surface was a positive distraction in the 
environment. The novelty of the surface again led to initial 
experiences of surprise at the robot, with improved perceptions 
after users acclimated to watching the robotic surface. 

OG: First, it was unexpected but then I fell into a rhythm watching it. (+) 
OG: Oddly satisfying…Why do I enjoy this?! (+) 
OG: [I] didn't know what it was going to do so it was really surprising at 
first when you turned it on, but then I found that I was fully in the zone 
watching it, it was soothing, I was so in the zone that I was startled when 
you came over to tell me the break was done. (+) 
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OG: Weird. [I] didn't really like it…found myself zoning out and felt more 
relaxed, [but I] wasn't sure if [I was] relaxed because of [the surface] or 
because of zoning out.” (-) 
BG: [It gave me] something to do (+) 
BG: [It was] mesmerizing, and I liked the squishiness. I wasn't sure if it was 
really relaxing because it was so interesting, I was paying attention to it 
and not focusing on my breathing as much. (+) 
BG: [I found the surface] fascinating… fun to watch. (+) 

5 DISCUSSION 
The present study investigated the effects of soft robotic surfaces 
on three measures: sustained attention, self-reported stress, and 
perceived restorativeness of the laboratory setting. The study also 
included a prototype evaluation questionnaire and exit interviews 
to collect qualitative feedback on the robot. In this section, we 
further elaborate on the results. We did not find the significant 
differences we hypothesized for the effect of the interventions on 
sustained attention (H1). This might be due to the relatively small 
sample size (N=94); based on the results, we estimate we would 
need 237 participants to reach a 0.8 power at 0.05 alpha level. 

The results of the pre-post stress measure (Table 5-6) found 
a significant stress reduction in the BG compared to the CG, and 
a marginally significant difference between the BG and the OG, 
supporting our hypothesis that the breathing intervention would 
be most effective at reducing stress (H2b). The difference between 
the OG and the CG was not significant. The results therefore did 
not establish that the CG had the least amount of stress reduction 
compared to the intervention groups (H2a). The ocean wave 
movement did not have an effect on stress, which suggests the 
passive nature-inspired positive distraction was not as effective as 
the active breathing interaction. However, qualitative feedback 
did highlight experiences of soft fascination and an effective 
positive distraction provided by the system, with several 
participant’s stating the rhythmic movement of the surface was 
“soothing” and “oddly satisfying” allowing users to “zone out.”  

One concern that arose from our previous user studies [33, 
34] on soft robots was that discomfort or an uncanny-valley effect 
caused by the appearance of the robot surface could counteract 
the soothing, therapeutic effects. While feedback did point to 
some initial discomfort to the novel system, interviews also 
seemed to suggest that these experiences did not prevent the robot 
from providing an effective, soothing interaction overall (“[F]ound 
it soothing, but its non-humanness was a little unnerving”). 

Interestingly, several participants in the OG commented on 
how the surface helped them focus on their breathing, including 
participants who tried to match their respiration to the rhythm of 
the surface without being instructed. The silicone materiality of 
the surface, which expands during inflation, seems to have an 
intrinsic, embodied connection to the way the human body swells 
during inhalation, which may play a role in the effectiveness of 
soft robotic surfaces for breath-related interactions [2, 20]. 
Feedback from the OG suggested there was some stress-relieving 
qualities of the surface (“reminded me of a stress ball. [I] had a lot 
of fun squishing it”), but linear regression of the pre-post stress 
ratings (Table 5-6) showed the ocean-wave behavior was not 
effective at reducing stress. Several participants noted an 
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acclimation period, stating they were initially unnerved by the 
robot, but by the end of the interaction had adjusted to the surface 
(“[A] little creepy at first…but [I] got used to it”), making it more 
effective as time passed. Given the novelty of our custom soft 
robotic surface, interactions longer than three minutes might be 
optimal to achieve a restorative effect. Moreover, participants in 
the OG were not given formal instructions on how to interact with 
the surface during the break. Having no instructions might have 
increased experiences of surprise that prevented participants from 
experiencing soft fascination long enough to elicit restoration. 
Conversely, the BG was given concrete instructions for their 
activity, likely making it a more effective intervention for the 
short duration of the interaction. 

The responses to the PRS found that the OG and BG rated the 
setting as more restorative than the CG for the subscales: Being 
Away, Fascination, and Coherence. While the estimated marginal 
mean ratings were not statistically different between groups, the 
observed means were higher for groups that interacted with the 
robot (H3). For Being Away, the observed mean ratings were the 
same for the OG and BG, suggesting both robot interactions might 
have provided an experience of escape through a positive 
distraction. Given that confined spaces limit the possible activities 
in the setting, cultivating a perception of escape is an important 
aim. For Fascination, the OG had the highest mean ratings, 
suggesting that the nature-inspired movement of the surface 
might have been perceived as softly fascinating (H3b). The BG 
had the highest mean rating for Coherence, suggesting that the 
soothing nature of the breathing exercises might have made the 
setting seem less disorganized. Notably, the item with the largest 
mean difference across groups was Item 17 (which was reverse 
coded), where the BG (M=5.2, SD=1.6) rated the environment as 
less chaotic than the OG (M=4.1, SD=1.6), perhaps supporting the 
notion that performing the beathing exercises improved 
perceptions of the laboratory and promoted relaxation for 
participants in the small, cluttered room. Another possible 
interpretation is that the participants in the BG were very focused 
on the breathing activity and had less time to look around the 
room to observe the visual clutter. This might also explain why 
the CG had the highest ratings for the subscale Compatibility, 
since the participants had the most time to observe the room 
during the three-minute break, providing opportunity to better 
understand their relationship to the environment. 

The prototype evaluation showed that, overall, people had 
positive perceptions of the system (Table 7). Observed means 
indicated agreement for the statement, “I found the movement of 
the soft robotic surface soothing” and disagreement for the 
statement, “Watching the surface inflate DID NOT make me feel 
more relaxed.” Thus, the results revealed that interactions were 
perceived as relaxing, offering some support for H2. There was 
mild agreement for the statements, “I would like to interact with 
the robotic surface frequently,” and people were somewhat 
neutral towards the statement, “I could watch the robotic surface 
inflate for hours.” One possibility for this finding is that the 
language was quite strong, and while participants might have 
enjoyed their experience, it might be hard to imagine the desire 
for much longer interactions. Both groups disagreed with the 
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statement, “I DID NOT find the movement of the robotic surface 
fascinating,” suggesting the surface had fascinating qualities. 

The OG had higher mean ratings for the statement, “The 
movement reminded me of something that I might see in nature,” 
corresponding with our prediction, since the interaction for that 
group was nature-inspired. Quantitative feedback on the sound 
was fairly neutral. Qualitative data suggested the sound was not 
appreciated by all participants, but tolerated by most, and 
appreciated by some. After some participants acclimated to the 
sound, negative perceptions subsided. Regarding experiences of 
discomfort, or an uncanny valley-like effect, observed in previous 
user studies of soft robots [33], the prototype evaluation showed 
there was mild disagreement to the statement, “I found the robotic 
surface creepy,” and participants found the appearance of the 
surface mildly appealing overall (Table 7). 

People were somewhat polarized in their reactions to the 
tactile qualities of the surface. When people perceived the surface 
as “sticky,” they were less positive about the texture; conversely, 
when the prototype was perceived as “squishy” the feedback was 
positive. This is an important design consideration for soft robots, 
and effort should be made to increase perceptions of squishiness 
and decrease perceptions of stickiness. The silicone used to 
fabricate our robotic surfaces has excellent material properties for 
pneumatics due to its ability to elongate and return to its original 
form, the tradeoff being that softer silicones tend to be stickier. 
Surface treatments can be applied to the silicone to reduce the 
stickiness, which we plan to explore for future prototypes. 
Positive comments related to squishiness suggest that it reminded 
people of “stress balls” and “fidget toys.” Given our research 
objective is to induce positive distractions and alleviate stress, 
these comparisons are encouraging, and highlight the promising 
potentials for soft robots to provide a tactile outlet for stress relief. 

6 CONCLUSION & FUTURE WORK  
This study tested the restorative effects of a soft robotic surface 
installed in a confined space to investigate if the system could be 
used for therapeutic purposes to support mental wellbeing. The 
study did not find significant differences in the accuracy of the 
SART measure of sustained attention between groups, nor for the 
ratings of the PRS, but did find a significant effect on self-reported 
stress for participants in the Breathing Group. One possibility for 
the lack of significance was the use of the SART to measure 
sustained attention. While some studies have found significant 
effects using the SART [8, 22], others have failed to find an effect 
of their interventions [9] and argue the SART does not measure 
sustained attention [10] but rather a person’s decision to respond 
quickly or accurately. While response time was recorded for our 
study, we found no significant effects of time on our outcome 
variables, and therefore did not include it in our analysis. 
However, given that instructions asked participants to treat speed 
and accuracy as equally important, it is unclear if different 
strategies (i.e., prioritizing speed over accuracy vs. accuracy over 
speed) might have affected results. 

It is becoming  increasingly popular  to assert that nature-
inspired designs have beneficial health outcomes, yet few studies 
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have empirically tested these designs to validate such claims. 
Here, we aimed to establish a relationship between interactions 
with our nature-inspired surface and several measures related to 
mental wellbeing. Overall, the level of statistical significance did 
not confirm a relationship between the robot’s ocean wave 
movement and stress reduction, perceived restoration, or 
sustained attention. Future HRI researchers should provide longer 
interactions with novel soft robotic systems designed for human 
wellbeing to account for the “novelty effect,” which suggests that 
we have different reactions to novel things when we are exposed 
to them for the first time [14]. Longer or repeated interactions 
would allow users to acclimate to novel robotic systems and help 
people move past initial experiences of discomfort. 

The soft, compliant quality of silicone, used to fabricate many 
soft robots, is often touted as being a human-friendly material in 
comparison to rigid industrial robots. Yet, researchers developing 
soft robots for human interaction should be mindful that users 
may find a sticky texture off-putting. We recommend developers 
of soft robots for human interaction use materials that have a 
desirable level of squishiness while minimizing stickiness. More 
research is needed on user perceptions of soft robots to establish 
design guidelines that encourage positive reactions to tangible 
qualities. This study provides a starting point towards that goal. 

There were several limitations to this study. First, it would 
have been preferable to utilize an objective physiological stress 
measure (e.g., heart rate variability [19], cortisol levels [25], or 
galvanic skin response [44]) to validate the self-reported measure. 
Future work will aim to incorporate a physiological stress marker 
to better understand the effects of the surface during both the 
nature-inspired movement and guided breathing exercises. The 
findings of our study serve as an early validation for soft robots 
as effective breathing guides for relaxation; yet we acknowledge 
that if people were aware breathing exercises are meant to be 
relaxing, it might have influenced self-reported ratings. 

Another limitation was that the interventions were tested 
between-groups, which prevented qualitative comparisons of the 
behaviors of the system. A within-groups study would have better 
enabled us to understand comparisons of the two behaviors, since 
in this study there was no way to assess if one of the behaviors 
was preferred. Future studies might consider a more qualitative 
approach to understand which behaviors are preferred by users 
and determine what qualities make them preferable. 

This work begins to establish that soft robotic surfaces have 
the potential to support emotion regulation and wellbeing. This 
study provided a comparison of two novel interactions designed 
to support mental wellbeing: a nature-inspired design to capture 
involuntary attention, and an active behavioral intervention 
through guided breathing. We found the active behavioral 
intervention was more effective. Our future work will study if our 
robot’s softly fascinating ocean behavior should be improved to 
effectively reduce stress, or if longer interaction times might be 
sufficient to promote restoration and mitigate initial experiences 
of surprise or discomfort. As more of us come to live and work in 
smaller spaces in urban environments, this research reveals the 
promise of embedded robotic systems in confined interior spaces 
to support the mental wellbeing of inhabitants. 

618



 

 

    
 

 

   

 
 

 

 
 
 

   
 

 

 

   

  
  

   

    

 

 

 

 

 

 

 
 

  
  

 

  
 

  

   
 

   
 

 

  
  

 

  

 

  
 

 
 

 
 

    

 

   
  

 
 

    
   
 

 

  

 

 
 

   
 

  
 

 
 

   
 

 

  
  

   
 
 

  
 

 

   
 

 
 

   
  

Testing the Effects of Soft Robotic Surfaces on Attention and Stress 

REFERENCES 
[1] Lauren C. Abbott, Derrick Taff, Peter Newman, Jacob A. Benfield, 

and Andrew J. Mowen. 2016. The Influence of Natural Sounds on 
Attention Restoration. JPRA 34, 3 (2016).  
https://doi.org/10.18666/JPRA-2016-V34-I3-6893 

[2] Ali Asadi, Oliver Niebuhr, Jonas Jorgensen, and Kerstin Fischer. 
2022. Inducing Changes in Breathing Patterns Using a Soft Robot. In 
2022 17th ACM/IEEE International Conference on Human-Robot 
Interaction (HRI), IEEE, Sapporo, Japan, 683–687. 
https://doi.org/10.1109/HRI53351.2022.9889343 

[3] Avik Basu, Jason Duvall, and Rachel Kaplan. 2019. Attention 
Restoration Theory: Exploring the Role of Soft Fascination and 
Mental Bandwidth. Environment and Behavior 51, 9–10 (November 
2019), 1055–1081. https://doi.org/10.1177/0013916518774400 

[4] Alexis E. Block, Hasti Seifi, Otmar Hilliges, Roger Gassert, and 
Katherine J. Kuchenbecker. 2023. In the Arms of a Robot: Designing 
Autonomous Hugging Robots with Intra-Hug Gestures. ACM Trans. 
Hum.-Robot Interact. 12, 2, Article 18 (March 2023), 49 pages. 
https://doi.org/10.1145/3526110 

[5] Diego Casas-Bocanegra, Daniel Gomez-Vargas, Maria J. Pinto-
Bernal, Juan Maldonado, Marcela Munera, Adriana Villa-Moreno, 
Martin F. Stoelen, Tony Belpaeme, and Carlos A. Cifuentes. 2020. An 
Open-Source Social Robot Based on Compliant Soft Robotics for 
Therapy with Children with ASD. Actuators 9, 3: 91. 
https://doi.org/10.3390/act9030091 

[6] Virginia Braun and Victoria Clarke. 2006. Using thematic analysis in 
psychology. Qualitative Research in Psychology 3, 2: 77–101. 
https://doi.org/10.1191/1478088706qp063oa 

[7] John Brooke. 1996. SUS: A “Quick and Dirty” Usability Scale. In 
Usability Evaluation In Industry. CRC Press. 

[8] Marica Cassarino, Marta Maisto, Ylenia Esposito, Davide Guerrero, 
Jason Seeho Chan, and Annalisa Setti. 2019. Testing Attention 
Restoration in a Virtual Reality Driving Simulator. Frontiers in. 
Psychology, 10, (February 2019), 250. 
https://doi.org/10.3389/fpsyg.2019.00250 

[9] Marica Cassarino, Isabella C. Tuohy, and Annalisa Setti. 2019. 
Sometimes Nature Doesn’t Work: Absence of Attention Restoration 
in Older Adults Exposed to Environmental Scenes. Experimental 
Aging Research 45, 4 (August 2019), 372–385.  
https://doi.org/10.1080/0361073X.2019.1627497 

[10] Jasmine S. Dang, Ivonne J. Figueroa, and William S. Helton. 2018. 
You are measuring the decision to be fast, not inattention: the 
Sustained Attention to Response Task does not measure sustained 
attention. Exp Brain Res 236, 8 (August 2018), 2255–2262.
 https://doi.org/10.1007/s00221-018-5291-6 

[11] Nikolett Eisenbeck, Carmen Luciano, and Sonsoles Valdivia-Salas. 
2018. Effects of a Focused Breathing Mindfulness Exercise on 
Attention, Memory, and Mood: The Importance of Task 
Characteristics. Behav. Change 35, 1 (April 2018), 54–70. 
 https://doi.org/10.1017/bec.2018.9 

[12] Yi Gong, Stephen Palmer, John Gallacher, Terry Marsden, and David 
Fone. 2016. A systematic review of the relationship between 
objective measurements of the urban environment and 
psychological distress. Environment International 96: 48–57. 
 https://doi.org/10.1016/j.envint.2016.08.019 

[13] Terry Hartig, Kalevi Korpela, Gary W. Evans, and Tommy Gärling. 
1997. A measure of restorative quality in environments. 
Scandinavian Housing and Planning Research 14, 4 (January 1997), 
175–194. https://doi.org/10.1080/02815739708730435 

[14] Guy Hoffman and Xuan Zhao. 2020. A Primer for Conducting 
Experiments in Human–Robot Interaction. ACM Trans. Hum.-Robot 
Interact. 10, 1, Article 6 (October 2020), 31 pages. 
https://doi.org/10.1145/3412374 

[15] Yuhan Hu and Guy Hoffman. 2019. Using Skin Texture Change to 
Design Emotion Expression in Social Robots. In 2019 14th ACM/IEEE 

HRI ‘24, March 11-14, 2024, Boulder, Colorado USA 

International Conference on Human-Robot Interaction (HRI), 2–10. 
https://doi.org/10.1109/HRI.2019.8673012 

[16] Rachel Kaplan. 1993. The role of nature in the context of the 
workplace. Landscape and Urban Planning 26, 1–4 (October 1993), 
193–201. https://doi.org/10.1016/0169-2046(93)90016-7 

[17] Stephen Kaplan. 1995. The restorative benefits of nature: Toward an 
integrative framework. Journal of Environmental Psychology 15, 3 
(September 1995), 169–182.  
https://doi.org/10.1016/0272-4944(95)90001-2 

[18] Shah Khusro, Babar Shah, Inayat Khan, and Sumayya Rahman. 2022. 
Haptic Feedback to Assist Blind People in Indoor Environment Using 
Vibration Patterns. Sensors (Basel) 22, 1 (January 2022), 361. 
 https://doi.org/10.3390/s22010361 

[19] Hye-Geum Kim, Eun-Jin Cheon, Dai-Seg Bai, Young Hwan Lee, and 
Bon-Hoon Koo. 2018. Stress and Heart Rate Variability: A Meta-
Analysis and Review of the Literature. Psychiatry Investig 15, 3 
(March 2018), 235–245. https://doi.org/10.30773/pi.2017.08.17 

[20] Troels Aske Klausen, Ulrich Farhadi, Evgenios Vlachos, and Jonas 
Jorgensen. 2022. Signalling Emotions with a Breathing Soft Robot. In 
2022 IEEE 5th International Conference on Soft Robotics (RoboSoft), 
IEEE, Edinburgh, United Kingdom, 194–200.
 https://doi.org/10.1109/RoboSoft54090.2022.9762140 

[21] Alexandra Kuznetsova, Per B. Brockhoff, and Rune H. B. 
Christensen. 2017. lmerTest Package: Tests in Linear Mixed Effects 
Models. J. Statistical. Software. 82, 13 (2017). 
https://doi.org/10.18637/jss.v082.i13 

[22] Kate E. Lee, Kathryn J.H. Williams, Leisa D. Sargent, Nicholas S.G. 
Williams, and Katherine A. Johnson. 2015. 40-second green roof 
views sustain attention: The role of micro-breaks in attention 
restoration. Journal of Environmental Psychology 42, (June 2015), 
182–189. https://doi.org/10.1016/j.jenvp.2015.04.003 

[23] Russell Lenth. 2020. emmeans: Estimated Marginal Means, aka Least-
Squares Means. 

[24] Xiao Ma, Zi-Qi Yue, Zhu-Qing Gong, Hong Zhang, Nai-Yue Duan, 
Yu-Tong Shi, Gao-Xia Wei, and You-Fa Li. 2017. The Effect of 
Diaphragmatic Breathing on Attention, Negative Affect and Stress 
in Healthy Adults. Front. Psychol. 8, (June 2017), 874. 
 https://doi.org/10.3389/fpsyg.2017.00874 

[25] Rose H. Matousek, Patricia L. Dobkin, and Jens Pruessner. 2010. 
Cortisol as a marker for improvement in mindfulness-based stress 
reduction. Complementary Therapies in Clinical Practice 16, 1 
(February 2010), 13–19. https://doi.org/10.1016/j.ctcp.2009.06.004 

[26] Gabriel Moser. 1988. Urban stress and helping behavior: Effects of 
environmental overload and noise on behavior. Journal of 
Environmental Psychology 8, 4: 287–298. 
https://doi.org/10.1016/S0272-4944(88)80035-5 

[27] G. Sunil Naik, G.S. Gaur, and G.K. Pal. 2018. Effect of Modified Slow 
Breathing Exercise on Perceived Stress and Basal Cardiovascular 
Parameters. Int J Yoga 11, 1 (2018), 53–58. 
 https://doi.org/10.4103/ijoy.IJOY_41_16 

[28] Heather Ohly, Mathew P. White, Benedict W. Wheeler, Alison 
Bethel, Obioha C. Ukoumunne, Vasilis Nikolaou, and Ruth Garside. 
2016. Attention Restoration Theory: A systematic review of the 
attention restoration potential of exposure to natural environments. 
Journal of Toxicology and Environmental Health, Part B 19, 7 (October 
2016), 305–343. 
https://doi.org/10.1080/10937404.2016.1196155 

[29] Margherita Pasini, Rita Berto, Margherita Brondino, Rob Hall, and 
Catherine Ortner. 2014. How to Measure the Restorative Quality of 
Environments: The PRS-11. Procedia - Social and Behavioral Sciences 
159, (December 2014), 293–297. 
https://doi.org/10.1016/j.sbspro.2014.12.375 

[30] Anoop Rajappan, Barclay Jumet, and Daniel J. Preston. 2021. 
Pneumatic soft robots take a step toward autonomy. Science Robotics 
6, 51: eabg6994. https://doi.org/10.1126/scirobotics.abg6994 

619

https://doi.org/10.1126/scirobotics.abg6994
https://doi.org/10.1016/j.sbspro.2014.12.375
https://doi.org/10.1080/10937404.2016.1196155
https://doi.org/10.4103/ijoy.IJOY_41_16
https://doi.org/10.1016/S0272-4944(88)80035-5
https://doi.org/10.1016/j.ctcp.2009.06.004
https://doi.org/10.3389/fpsyg.2017.00874
https://doi.org/10.1016/j.jenvp.2015.04.003
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1109/RoboSoft54090.2022.9762140
https://doi.org/10.30773/pi.2017.08.17
https://doi.org/10.3390/s22010361
https://doi.org/10.1016/0272-4944(95)90001-2
https://doi.org/10.1016/0169-2046(93)90016-7
https://doi.org/10.1109/HRI.2019.8673012
https://doi.org/10.1145/3412374
https://doi.org/10.1080/02815739708730435
https://doi.org/10.1016/j.envint.2016.08.019
https://doi.org/10.1017/bec.2018.9
https://doi.org/10.1007/s00221-018-5291-6
https://doi.org/10.1080/0361073X.2019.1627497
https://doi.org/10.3389/fpsyg.2019.00250
https://doi.org/10.1191/1478088706qp063oa
https://doi.org/10.3390/act9030091
https://doi.org/10.1145/3526110
https://doi.org/10.1177/0013916518774400
https://doi.org/10.1109/HRI53351.2022.9889343
https://doi.org/10.18666/JPRA-2016-V34-I3-6893


 

 

 

    
 
 

 

 

  
 

 

 
 

  

  

   
  

  
 

  

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
  

 

   

 

    

  

  
 

  
 

  

   
  

 

     

 
 

 

 

HRI ‘24, March 11-14, 2024, Boulder, Colorado USA 

[31] Ian H Robertson, Tom Manly, Jackie Andrade, Bart T Baddeley, and 
Jenny Yiend. 1997. `Oops!’: Performance correlates of everyday 
attentional failures in traumatic brain injured and normal subjects. 
Neuropsychologia 35, 6 (May 1997), 747–758. 
 https://doi.org/10.1016/S0028-3932(97)00015-8 

[32] Daniela Rus and Michael T. Tolley. 2015. Design, fabrication and 
control of soft robots. Nature 521, 7553: 467–475. 
https://doi.org/10.1038/nature14543 

[33] Elena B. Sabinson and Keith E. Green. 2021. How do we feel? User 
Perceptions of a Soft Robot Surface for Regulating Human Emotion 
in Confined Living Spaces. In 2021 30th IEEE International Conference 
on Robot & Human Interactive Communication (RO-MAN), 1153– 
1158. https://doi.org/10.1109/RO-MAN50785.2021.9515499  

[34] Elena Sabinson, Isha Pradhan, and Keith Evan Green. 2021. Plant-
Human Embodied Biofeedback (pheB): A Soft Robotic Surface for 
Emotion Regulation in Confined Physical Space. In Proceedings of the 
Fifteenth International Conference on Tangible, Embedded, and 
Embodied Interaction, 1–14. https://doi.org/10.1145/3430524.3446065 

[35] Yasaman S. Sefidgar, Karon E. MacLean, Steve Yohanan, H.F. Machiel 
Van Der Loos, Elizabeth A. Croft, and E. Jane Garland. 2016. Design 
and Evaluation of a Touch-Centered Calming Interaction with a 
Social Robot. IEEE Transactions on Affective Computing 7, 2: 108–121. 
https://doi.org/10.1109/TAFFC.2015.2457893 

[36] Alexandra W. Steelman, Elena B. Sabinson, Isha Pradhan, Aratrika 
Ghatak, and Keith E. Green. 2021. Simulating Ocean Wave 
Movement in a Soft Pneumatic Surface. In 2021 IEEE/RSJ 
International Conference on Intelligent Robots and Systems (IROS), 
7378–7383. https://doi.org/10.1109/IROS51168.2021.9636056 

[37] Walter. D. Stiehl, Jeff Lieberman, Cynthia Breazeal, L. Basel, L. Lalla, 
and M. Wolf. 2005. Design of a therapeutic robotic companion for 
relational, affective touch. In ROMAN 2005. IEEE International 
Workshop on Robot and Human Interactive Communication, 2005, 
408–415. https://doi.org/10.1109/ROMAN.2005.1513813 

[38] Gijsbert Stoet. 2010. PsyToolkit: A software package for 
programming psychological experiments using Linux. Behavior 
Research Methods 42, 4 (November 2010), 1096–1104. 
https://doi.org/10.3758/BRM.42.4.1096 

Elena Sabinson, Jack Neiberg, & Keith Evan Green 

[39] Gijsbert Stoet. 2017. PsyToolkit: A Novel Web-Based Method for 
Running Online Questionnaires and Reaction-Time Experiments. 
Teaching of Psychology 44, 1 (January 2017), 24–31. 
https://doi.org/10.1177/0098628316677643 

[40] Deepak Trivedi, Christopher D. Rahn, William M. Kier, and Ian D. 
Walker. 2008. Soft robotics: Biological inspiration, state of the art, 
and future research. Applied Bionics and Biomechanics 5, 3: 99–117. 
https://doi.org/10.1080/11762320802557865 

[41] Roger S. Ulrich, Robert F. Simons, Barbara D. Losito, Evelyn Fiorito, 
Mark A. Miles, and Michael Zelson. 1991. Stress recovery during 
exposure to natural and urban environments. Journal of 
Environmental Psychology 11, 3 (September 1991), 201–230. 
https://doi.org/10.1016/S0272-4944(05)80184-7 

[42] Milos Vasic and Aude Billard.2013. Safety issues in human-robot 
interactions. IEEE International Conference on Robotics and 
Automation, Karlsruhe, Germany, 2013, pp. 197-204. 
 https://doi.org/10.1109/ICRA.2013.6630576. 

[43] Benjamin Vercellone, John Shelestak, Yaser Dhaher, and Robert 
Clements. 2018. Haptic Interfaces for Individuals with Visual 
Impairments. G|A|M|E Games as Art, Media, Entertainment 1, 7 (2018). 

[44] María Viqueira Villarejo, Begoña García Zapirain, and Amaia 
Méndez Zorrilla. 2012. A Stress Sensor Based on Galvanic Skin 
Response (GSR) Controlled by ZigBee. Sensors 12, 5 (May 2012), 
6075–6101. https://doi.org/10.3390/s120506075 

[45] Wenfei Yao, Xiaofeng Zhang, and Qi Gong. 2021. The effect of 
exposure to the natural environment on stress reduction: A meta-
analysis. Urban Forestry & Urban Greening 57, (January 2021), 126932. 
https://doi.org/10.1016/j.ufug.2020.126932 

[46] Sustained Attention to Response Task | Science Of Behavior Change. 
Retrieved from 
https://scienceofbehaviorchange.org/measures/sustained-attention-
to-response-task/ 

620

https://scienceofbehaviorchange.org/measures/sustained-attention
https://doi.org/10.1016/j.ufug.2020.126932
https://doi.org/10.3390/s120506075
https://doi.org/10.1109/ICRA.2013.6630576
https://doi.org/10.1016/S0272-4944(05)80184-7
https://doi.org/10.1080/11762320802557865
https://doi.org/10.1177/0098628316677643
https://doi.org/10.3758/BRM.42.4.1096
https://doi.org/10.1109/ROMAN.2005.1513813
https://doi.org/10.1109/IROS51168.2021.9636056
https://doi.org/10.1109/TAFFC.2015.2457893
https://doi.org/10.1145/3430524.3446065
https://doi.org/10.1109/RO-MAN50785.2021.9515499
https://doi.org/10.1038/nature14543
https://doi.org/10.1016/S0028-3932(97)00015-8



