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As the COVID-19 pandemic has forced many to work remotely from home, collaborating solely through digital technologies, a growing population of remote home workers are faced with profound wellbeing challenges. Passive sensing devices and ambient feedback have great potential to support the wellbeing of the remote workers, but there is a lack of background and understanding of the domestic workplace in terms of physical and affective dimensions and challenges to wellbeing. There are profound research gaps on wellbeing in the domestic workplace, with the current push for remote home and hybrid working making this topic timely. To address these gaps and shape a starting point for an “ambient workspaces” agenda, we conducted an exploratory study to map physical and affective aspects of working from home. The study involved both qualitative and quantitative measures of occupant experience, including sensor wristbands, and a custom web application for self-reporting mood and aspects of the environment. It included 13 participants for a period of 4 weeks, during a period of exclusive home working. Based on quantitative and qualitative analysis, our study addresses wellbeing challenges of the domestic workplace, establishes correlations between mood and physical aspects, and discusses the impact of feedback mechanisms in the domestic workplace on the behavior of remote workers. Insights from these observations are then used to inform a future design agenda for ambient technologies that supports the wellbeing of remote workers; addressing the design opportunities for ambient interventions in domestic workspaces. This work offers three contributions: 1) qualitatively and quantitatively informed understandings of the experiences of home-workers; 2) a future design agenda for “ambient home workspaces”; and 3) we propose three design concepts for ambient feedback and human–AI interactions in the built environment, to illustrate the utility of the design agenda.
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INTRODUCTION
Over the last 3 decades there has been increasing interest in supporting more flexible working, which has seen the rise of “remote workers,” who spend increasing amounts of time working from home “offices” (Fan Ng, 2010). This has particularly come to the fore during the global COVID-19 pandemic, which has both forced people to work from home, but also increased discussion of the possible values of home-working, post-pandemic (Khazan, 2020). The majority of past research on workplaces focuses on office buildings (Fortmann et al., 2013; Mark et al., 2015; Aryal et al., 2018; Alavi et al., 2018b; Clear et al., 2018; Lee et al., 2021). There have been extensive studies concerning the potential role of digital technology in supporting the well-being of office workers (see for example, Ludden and Meekhof, 2016). Recently there has been an emerging academic discourse around Human-Building Interaction (HBI) (Alavi et al., 2016; Alavi et al., 2018a), and some of this crosses-over into discussion of workplaces and the wellbeing of occupants (Schnädelbach and Kirk, 2019). However, this leaves prominent research gaps in understanding people’s engagement with physical and ambient aspects of the lived domestic workplace, the challenges they raise for affective and physical wellbeing of remote workers, and the opportunities for diverse digital feedback mechanisms–such as wearable mediated feedback- to support them. Collecting such data can provide the grounds for designing novel ambient technologies to support the wellbeing of remote workers under the term “ambient home-workspaces,” drawing upon and contributing to the research fields of Ambient (Intelligent) Spaces (Pousman and Stasko, 2006; Bakker et al., 2016; Yannoudes, 2016), HBI (Dalton, 2016; Jäger, 2017; Nembrini et al., 2017; Schnädelbach and Kirk, 2019) and Human-AI interaction (Alavi et al., 2016; Alavi et al., 2020) within the built environment.
To address these research gaps and provide a starting point for shaping a design agenda for “ambient home-workspaces,” we conducted an exploratory study to map physical and affective aspects of working from home. The study involved both qualitative and quantitative measures of occupant experience, including sensor wristbands, and a custom web application for self-reporting mood and aspects of the environment with 13 participants for a period of 4 weeks (during a period of exclusive home-working). Based on the analysis of both the quantitative and qualitative data, the study addresses the wellbeing challenges of the domestic workplace, establishes correlations between mood and physical aspects, and discusses the impact of feedback mechanisms in the domestic workplace on the behavior of remote workers. Insights from these observations are then used to inform a future design agenda for ambient technologies that supports the wellbeing of remote workers; addressing the design opportunities for ambient interventions in domestic workspaces.
Research questions addressed in this study include:
RQs
1) How do remote workers manipulate their physical spaces to create a workplace?
2) What are the challenges remote workers experience in their domestic workspaces?
3) How do aspects of their surroundings impact on remote workers’ embodied wellbeing?
4) What are the potentials of wearable-mediated and mood-reflective feedback to support remote workers’ wellbeing?
This paper contributes 1) a detailed understanding (both qualitative and quantitative) of the experiences of home-workers; 2) a future design agenda for “ambient home workspaces”; and 3) three design concepts for ambient feedback and human–AI interactions in the built environment, to illustrate the utility of the design agenda.
Below we begin by sketching out some areas of relevant literature, before turning to articulate our methodological approach to the research. Then we present the findings of the field study before discussing them in relation to a proposed design agenda, and the generated concept designs.
The Remote Worker and Wellbeing Challenges
Lockdowns initiated during the COVID-19 pandemic have established the home as a permanent workspace for many (Khazan, 2020). The domestic spaces in which this remote work is conducted are generally limited and congested (Fan Ng, 2010). The remote home worker is thereby physically based in a highly unregulated and heterogenous domestic space–a space for which separation of work and home is a challenge (Stawarz et al., 2013; Toch et al., 2020). Remote workplace collaboration occurs predominantly through technological media; with all social activities reduced to two-dimensional screens (Deloitte LLP, 2018). This raises challenges of remote home workers feeling both isolated and yet constantly connected (Deloitte LLP, 2018), struggling to keep a balance between a domestic and technology mediated work-life (Toch et al., 2020).
Digital transformations have contributed to eliminating physical movement in the workplace (Choi et al., 2016; Cambo et al., 2017; Brombacher et al., 2020; Damen et al., 2020) through enhancing connectivity between remote workers (Haliburton and Schmidt, 2020), and intensifying technology-mediated collaboration (Deloitte LLP, 2018; Haliburton and Schmidt, 2020). The use of such collaborating technologies does not mediate the benefits of informal, face-to-face interaction, as well as physical activity for the wellbeing of the remote workers (Haliburton and Schmidt, 2020). Lack of physical activity has resulted in ongoing health problems amongst connected remote workers, including chronic mental health issues (Chodan et al., 2019) and physiological problems (Haliburton and Schmidt, 2020). Past work in HCI has outlined some of these issues with a particular emphasis on work stress (Alonso et al., 2008; Chodan et al., 2019), low productivity and motivation (Mark et al., 2015; Epstein et al., 2016), leaving the home office broadly unexplored.
Within this context, the argument for ambient technologies to support the remote home workers falls into place. Ambient systems have been previously used to mitigate “always-on” environments (Stawarz et al., 2013; Toch et al., 2020), and to support mental and physical wellbeing in various domestic and health applications (Weiser and Brown, 1995; Ludden and Meekhof, 2016; Bittner et al., 2019; Wohn et al., 2020).
Introducing Ambient Workspaces
Advances in sensory and computing power in the buildings are giving rise to increasing opportunities for ambient spaces (Schnädelbach and Kirk, 2019). Ambient systems connected to data sources can communicate information in an aesthetically pleasing and calm manner (Weiser and Brown, 1995; Pousman and Stasko, 2006; Ludden and Meekhof, 2016), seamlessly merging with the surrounding space (Bakker et al., 2016). Highly relevant to workplace needs, various types of ambient systems (Weiser and Brown, 1995; Ludden and Meekhof, 2016) can present information in the periphery without distracting or burdening the users, helping in prioritisation and cognitive easing (Pousman and Stasko, 2006; Caraban et al., 2019). Examples of ambient systems include adaptive architectures - subtle changes in an architectural space (Schnädelbach et al., 2012; Dalton, 2016; Yannoudes, 2016; Nabil et al., 2017a,b; Jäger, 2017; Bader et al., 2019; Schnädelbach and Kirk, 2019), connected sensing objects -IoT (Bittner et al., 2019), or light feedback (Fortmann et al., 2013; Davis et al., 2016; Pereira et al., 2016). Focusing on ambient technology research for the workplace, we briefly highlight examples from HBI, HCI and Ubicomp literature. We broadly outline key projects that address aspects of wellbeing1 in workspaces (both office and domestic) such as the physical environment, comfort, social interaction, physical activity, mood, and stress.
A breadth of research has established relationships between physical and environmental factors, and the wellbeing and productivity of employees in office spaces using sensory devices (Alavi et al., 2017; Snow et al., 2017; Aryal et al., 2018; Clear et al., 2018; Constantinides et al., 2020; Lee et al., 2021). Some works study the impact of static spatial features on social interactions and social behavior in the workplace (Mark et al., 2014; Mark et al., 2015; Alavi et al., 2018b). A few projects use sensory devices to study informal human interactions and socio-spatial comfort (Lee et al., 2021) within office spaces, and to inform the future design of workspaces (Alavi et al., 2017; Alavi et al., 2020).
More recently, a growing body of work is concerned with indoor climate in the office spaces (Alavi et al., 2017; Aryal et al., 2018; Constantinides et al., 2020), it’s impact on productivity and wellbeing, and the most appropriate ways to sense, communicate and engage the building occupants in co-shaping it (Snow et al., 2017; Clear et al., 2018; Lee et al., 2021). Alavi et al. (2017) addressed the multidimensional issue of comfort in the workplace through Comfortbox - a sensing physical display of environmental data, engaging the office space occupants in gaining awareness on their embodied comfort. Equally, air quality has been the focus of recent HCI and Human-AI Interaction research (Snow et al., 2016; Dang et al., 2020; Kim and Li, 2020; Zhong et al., 2020). Hilo (Zhong et al., 2020), a predictive system for CO2 mediated by wearable feedback, notifies the occupants of an office space to open the windows when indoor quality reaches a critical point, given the outdoor pollution is low. The work of Kim and Li (2020) addresses ambient light as air quality feedback and its perceivability as eco feedback. Dang et al. (2020) explore different forms of ambient air quality notifications for smart rooms, addressing user experiences and expectations of indoor air quality visualizations.
Light has been the most explored medium for ambient interactions (Rogers et al., 2010; Fortmann et al., 2013; Snyder et al., 2015; Pereira et al., 2016; Yu et al., 2018; Zhang et al., 2020). Many projects are coupling light with feedback to promote movement and physical activity in the workplace (Rogers et al., 2010; Fortmann et al., 2013; Pereira et al., 2016). Light as biofeedback (generated by wearable sensors measuring arousal levels) was used to explore the implications of mood awareness in the workplace—see “MoodLight” (Snyder et al., 2015). “DeLight” explores the potential of Philips Hue to support de-stressing, relaxing, and encouraging better breathing patterns, albeit in a laboratory set-up (Yu et al., 2018).
Other projects explore the potential of adaptive and digitally enhanced architectural elements to encourage social interaction at the workspace (Follmer et al., 2013; Takashima et al., 2016; Grønbæk et al., 2017; Jäger et al., 2017; Grønbæk et al., 2020; Petersen et al., 2020). Working on dynamic affordances and proxemic transitions, Grønbæk et al. (2017), Grønbæk et al. (2020) and Petersen et al. (2020) explore the potentials of shape changing interfaces to support social interactions in collocated informal meetings. Kirigami table (Grønbæk et al., 2020) is a shape changing meeting table and an interactive display for co-located collaboration, creating opportunities for dynamic socio-spatial interactions. A different approach by SenseSeat (Campos et al., 2018), a computational multisensorial seat that can be digitally controlled and vary the frequency and intensity of visual, auditory, and olfactory stimulus; creating furniture that enable control of the ambient surroundings for personalized comfort.
Augmenting information on static architectural elements through AR and projection technologies has been the focus of several works (Huber, 2014; Perteneder et al., 2016; Lee et al., 2019). Examples are projects on augmented barriers for blocking distractions (Lee et al., 2019), or office lamps that extend display in the periphery, allowing desk and wall surfaces to work as ambient work surfaces (Huber, 2014; Winkler et al., 2014; Lee et al., 2019). LumenAR (Huber, 2014) and FACT (Huber, 2014) are projects that explore potentials of portable AR projection to assist with work tasks while extending the display. Projection can also work in large displays (Pousman and Stasko, 2006; Perteneder et al., 2016; Petford et al., 2016; Zhao et al., 2017); ASPECTA Toolkit (Petford et al., 2016) explores low-cost ways to create large projected displays that adapt to any room.
Passive data collection in the built environment through smart phones, wearables and embedded sensors is broadly framed within the ambient spaces’ research agenda; with projects employing such technologies to monitor mood (Church et al., 2010; Mark et al., 2014; Hänsel, 2016; Campos et al., 2018), stress (Alonso et al., 2008; Kikhia and Hallberg, 2013; Yu et al., 2018; Chodan et al., 2019) and physical activity of the building occupants (Gouveia et al., 2016; Cambo et al., 2017). The SEBA system (Chodan et al., 2019) is an example of an approach for monitoring psychological stress continuously at the workplace using wearable sensors. Some of these projects have been criticized for the use of sensitive data in the workplace (Chodan et al., 2019) and the fact that they often fail to proactively engage the users in utilizing their data for their own benefit through appropriate feedback mechanisms (Rogers et al., 2010). The importance of feedback on wellbeing at the workplace has been addressed by several studies, looking at deploying persuasive technologies for behavior change at the office (Rogers et al., 2010; Ludden and Meekhof, 2016). Finally, a few studies explored the impact of mood self- tracking and sharing on the individual and collective wellbeing in the lived workspace (Church et al., 2010; Mora et al., 2011; Meyer et al., 2017), albeit without addressing ambient feedback in that context.
Research Opportunities for the Domestic Workplace
With past literature focusing on conventional office spaces (Alavi et al., 2017; Alavi et al., 2018b), productivity or stress (Alonso et al., 2008; Aryal et al., 2018; Clear et al., 2018; Chodan et al., 2019); there are many potentials for ambient technology in the domestic workplace. The main contribution of this work is to establish knowledge of how remote home workers engage with the workplace at home, what aspects are important for their wellbeing, and what types of ambient feedback would be more appropriate for supporting them.
New directions in ambient spaces research emphasize on engaging the occupants through wearable-mediated feedback (Zhong et al., 2020) and address contextual privacy through prioritizing passive data collection (Aryal et al., 2018). Recommendations and predictions of behavior of the building occupants (Human -AI interaction) are discussed in a small number of recent works (Alavi et al., 2016; Zhong et al., 2020), showing much potential while raising ethical considerations. As a secondary contribution, this work takes these developments into account, alongside the results of our empirical work, to frame a design agenda for ambient workspaces at home–addressing future remote and hybrid workplace models with an emphasis on wellbeing.
MATERIALS AND METHODS
Study Set Up
The study engaged 13 participants for a period of 4 weeks during June-July-August 2020. The participants were posted a wearable band (Mi Band 2) measuring type of physical activity, step count, and heart rate data. They were asked to wear the band during the whole study period–preferably 24/7, or at least during their working hours. The participants also received a daily email with a link to a purpose-built static web app (see Figure 1. The app offered an easy-to-use interface for documenting aspects of mood and to characterize the individual workplaces using sliders, text input fields (diary entries) and image uploads. The participants were asked to upload a picture of their workplace, evaluate their surroundings and their mood using sliders, and fill in a short diary for that day. The email was sent either in the midday break (at 12:00) or at the end of workday (at 17:00) in alternate; aiming to create a pleasant “routinely variation” that the participants expected without interrupting them in their work. Depending on the time sent, dedicated questions were asked via the app to trigger either “on the spot” awareness—i.e., where are you working now? how do you feel now?—or self-reflection of participants—i.e., how has your workday been? Besides their daily feedback via the app, participants provided the researchers with the wearable’s data—heart rate, physical activity (steps and distance), sleep - at the end of the 4-week study period. Participants were also interviewed (30’ semi-structured interviews via zoom) after the end of their enrollment, to reflect on their overall experience of the study and the technologies used.
[image: Figure 1]FIGURE 1 | The purpose‐build app.
Participants
The 13 participants (see Table 1) were recruited via social media (Twitter, Facebook). Their educational background varied, coming from research, software, design, and psychology sectors. In terms of their educational level, the participants ranged from BSc to Post Doc. Their previous experience working from home differs -which is acknowledged, together with information on their domestic and home workspace set up.
TABLE 1 | Participants.
[image: Table 1]Data Collection: Data and Technologies
The study was conducted using commodity wearable bands Mi band 2 and a purpose-built static web app (hosted in GitHub pages, Firebase database). Both technologies were used to collect multivariate time series data - through sensors in wearables, and custom sliders in the app–and images and text entries by prompting participants to briefly respond to some questions about their experiences while working.
Wearable Band Mi 2
Commodity bands Mi2 (Figure 2A) were mainly selected due to their usability advantage and their widespread acceptability and adoption as activity sensing devices. They are easy to use by any individual without any need of technical knowledge or extensive support, and they provide feedback to their users through a display, with vibration and sound notifications. They are already widely adopted in the workplace which endorses the reasoning for selection. The reasoning behind the use of wearable bands for data collection was to explore the potentials of wearables as sensory devices and feedback mechanisms within the context of ambient workspaces. Collected data included step count, distance, heart rate; providing us with a grounding for understanding daily activity while working in the domestic set up. The accuracy of activity data—i.e., distance and step counting—is high as the devices have good accelerometer and gyroscope. Heart rate data were sporadically after user’s initiated the measurement. The downsides of commodity bands to provide continuous accurate measurements and pure raw data for analysis were less important for the purpose of this study; whereas their potential to provide feedback as a wearable display were interesting and relevant. Future work will consider higher precision sensors to record activity, heart rate and ambient environment data.
[image: Figure 2]FIGURE 2 | A Mi Band 2 wearable used for the study, B Purpose-build sliders for self-reporting, C dimensions of affect models.
Purpose Built Static Web App: The Affective Workplace Diary
The static web app2 offered an easy-to-use interface for documenting aspects of mood and to characterize the individual workplaces using sliders, text input fields (diary entries) and image uploads. Designed to work as a diary and a survey, it addressed both qualitative and quantitative aspects of the participants daily experiences and mood. The custom sliders3(Figure 2B) were developed for the purpose of self-evaluating mood and the surrounding environment. All sliders ranged, presenting with a default setting of 50. The sliders that used to evaluate the surrounding environment addressed temperature (cold - hot), light (dark-light), noise (noisy-quiet), air quality (poor-fresh). The sliders used to evaluate mood addressed dimensions of mood based on the Circumplex Model of Affect4 (Russell et al., 1980; Schimmack and Grob, 2000) (Figure 2C). These dimensions are valence (negative–positive), arousal (tired–energetic) and stance (relaxed–tensed). Additional to mood, stress (calm-anxious) motivation (motivated-non motivated) and productivity (productive-non-productive) were included as sliders. The use of colloquial language to address the measures was used to facilitate better communication with the participants. Based on interviews, it did not impact their understanding of the questions addressed. The environment and affect measurement sliders were designed with a reference to validated tools such as the Affective slider (Betella and Verschure, 2016) and were tested with a group of five users prior to the study.
Data Analysis
Wearable data (distance, step count, heart rate) were exported from the Mi bands by the participants and emailed to the researchers. Web data (pictures, text, slider entries) were exported from the database and organized by the researchers. Interviews were recorded and transcribed using Zoom. Collected datasets were categorized in qualitative data–e.g., pictures, diary entries and interview transcripts–and quantitative data–e.g., slider entries, wearable data–and were further processed and analyzed independently.
Qualitative Data Analysis
Diary entries and interview transcripts were themed following a thematic analysis approach (Nowell et al., 2017). We coded these transcripts extracting statements on mood and fatigue—e.g., I feel low today, I feel positive today, I did not sleep well, I feel constantly worried etc.,—statements on the experiences and engagement with the physical workspace—e.g., there is too much noise, I changed room I work today, I cleared the notes on my tables, I have a water bottle on my desk etc.,—activities and routines—e.g., I did yoga in the morning, I do small breaks to cook etc.,—and finally, on technologies and feedback—e.g., I like the vibration from the band, the web diary made me consider talking to my manager about my anxiety. Pictures (with or without annotations) were qualitatively analyzed and used to support the statements on the experience and engagement with the physical workspace (spatial and ambient aspects).
Qualitative data (text and images) include:

• Interview transcripts of 13 participants—30 min each.
• Daily diary entries of 13 participants for 4 weeks.
• Pictures of spaces (with or without annotations)—number of images per participant varies.
Quantitative Data Analysis
Multivariant time-series data included repeated measurements of wearable sensory data (distance, step count, heart rate) and self-reported mood and perceived environment data (slider entries, percentage values). Data sets were combined into a dataset and cleaned by the researchers, addressing default and missing values.
Default values were sometimes reported when the users did not manipulate a slider; either because they felt covered by the default value (50%), or because they did not have an opinion on the matter at that moment. Additionally, heart rate data were often sparse. We chose to approach these entries as missing data (N/A). Missing entries were addressed through linear interpolation using the ImputeTS library and the kNN (k-nearest neighbor) in the sum of participants data. We consider that N/A values had limited impact on our findings.
Datasets were then processed in R studio following relevant methods (see rmcorr, auto-sklearn) to use the most of their statistical power. The analysis followed two main pathways, 1) exploring multivariant correlations and 2) testing the predictive power of the data:
1) Correlation analysis of multivariant time-series data: self-reported mood—e.g., valence, arousal, stance dimensions, stress and motivation, perceived aspects of the environment—e.g., light, noise, temperature, air quality entries—and wearable data (steps, heart rate). The aim of this analysis was to unveil multivariant correlation patterns in the sum of participants data. Correlation methods were first applied the sum of data using corrplot to establish correlation coefficients; then in pairs of variables within and between participants using rmcorr (Jonathan and Laura, 2017) to establish the statistical significance of results.
2) Prediction of dimensions of mood based on self-reported ambient environment and wearable data. This analysis explores the potential of predicting mood solely from variables that can be captured using passive sensing, to draft the design implications and the feasibility of automated predictions for future work. ML models applied were decision trees and random forests to establish the predictive power of various variables; and multiple automated ensemble learners using auto-sklearn (python) (Feurer et al., 2020) to explore the potentials of predicting valence based on environmental data only.
RESULTS
Qualitative Data Findings
Through the qualitative analysis we explored three themes, which are unpacked further below: making a space for work at home; the challenges of embodied wellbeing in the lived workspace; and the value of feedback for the remote home worker.
Making a Space for Work at Home
Bringing the “office” home requires specific space use modifications–such as finding a space or a corner, having a desk (or a table), a chair, one or more screens etc.—to take place. Participants tried to satisfy these criteria following different approaches. As a result, domestic lived workspaces look necessarily messy and chaotic. Analyzing participants’ pictures, we identified some underlying principles that they follow to structure their home offices. These principles could be described as a) supporting basic ergonomics—e.g., surface leveling, positioning and orientation of displays b) forming visual cues and peripheral constraints—e.g., visual barriers to limit external distractions and guide focus, c) supporting comfort—e.g., across multiple dimensions such as kinesthetic, visual, thermal, auditory, etc., and d) providing positive engagement—e.g., objects for relief and self-entertainment. Due to different needs and the lack of space, diverse approaches to structuring spaces through the above principles are discussed below, drawing on the pictures and diary quotes participants provided.
Basic Ergonomics in Limited Space: Leveling and Displays
During interviews, 7/13 participants mentioned that they prefer having a fixed home-office set up and have the option to alternate between working at home or at the office. 5/13 participants stated that they need their home office to have a good chair and a table/desk surface that can fit a monitor, their lap-tops and notebooks as minimum requirements. Congestion of objects due to lack of space was a common theme as seen in their pictures (see Figures 3A,B—P07), resulting in poor ergonomic arrangement besides their best efforts.
[image: Figure 3]FIGURE 3 | Basic ergonomics in limited space: leveling and displays.
Most of the connected workers spend their days in front of a screen and many mentioned their need for more and bigger display areas. A few brought extra monitors at home (6/13).
“We have we had one separate screen at the office; having more screen space helped me a lot. I sort of wanted to replicate that a bit when working from home. I set things up with two monitors plus my laptop and I find that I find like work better that way.” P01
A few (4/13) mentioned that they used a spot with stable screens and their move their lap-top around the house if they need to change spot. Some (6/13) used solutions such as lap top risers or trays to increase their work surface, bring objects in the right reach zone, or position displays in the right visual height. P03 uses a lap top riser utilizing surface space when working with her partner (right) or in the living room (left), while bringing the display to the right eye-level (see Figures 3C,D).
Visual Cues and Peripheral Constraints
A few participants mentioned (4/13) using their desks or surrounding wall surfaces as display extensions, sticking notes as reminders. Three (3) participants mentioned piling post-it on their desk relevant to online meetings or the tasks they are working on that week and changing them when the task changes.
“I clean all my notes on the desk when I start on a new project” P07.
Observing the pictures, a few (4/13) prefer having a neutral periphery with their only focus point on their screens, whereas others populate their desktop periphery manually extending their display spaces (see Figures 4A,B—P12 below).
[image: Figure 4]FIGURE 4 | Visual cues and peripheral constraints.
Apart from expanding their displays in the periphery, there is also a need to constrain it. A few used covers or furniture as elements to block or filter visual distractions. In Figure 4C, P13 uses a shelving unit that blocks view in the rest of the room, while P01 (Figure 4D) uses blinds to manage light and the view.
Comfort and Ambient Aspects
Comfort has many dimensions, such as visual, auditory, thermal, and kinesthetic. Often these are hard to distinguish as discrete elements in the experiences of the participants. The discussion bellow highlights participants’ actions to maximize their comfort, addressing aspects of natural light, visual contact with the outside, ambient color, and noise.
Ambient natural light came in many quotes as essential. Observing the participant’s work desks, most of them face a wall with a window -the source of natural light- located either on the right or left side; with only three of them facing it. Most of them prefer natural light coming on the right or left side of their desks, avoiding getting blinded. A few (2/13) repositioned, rotated, or levelled their displays to balance blurring and the direction of light coming in the room. Some (4/13) mentioned that they avoid facing their windows while their work - direct visual contact with the outside - to avoid visual distractions such as movements of cars or people. The few that choose to face their windows mentioned enjoying ambient movement and visual contact with nature while they work (2/13).
“I like the movement from the construction site outside the window, it feels like something is going on. […] I used to work on the train, I liked the movement outside the windows.” P01
In Figures 5A,B below changing their screen positioning depending on the ambient light in the room (P10) while maximizing visual contact with nature–using the window as a calming display. It was also common in participant diaries to refer to the weather and the colour of the sky, in relation with their mood (12/13): “I feel a bit low today, and it is so grey and rainy.” P02 A few mentioned using white sound (2/13) and nature soundscapes (1/13) to neutralize or cover noise from outside. Many mentioned that they enjoy listening to music without headphones in their home office (4/13).
[image: Figure 5]FIGURE 5 | Comfort and ambient aspects.
Some mentioned using day light lamps to balance insufficient natural light in the room or extend their working hours (2/13), positioning day-light lamps on their right and left sides of their work desks. Diary quotes and images suggest that 7/13 generally prefer neutral-coloured spaces to work, with a few (4/13) prefer more colourful spaces, adding posters in their periphery.
“I need a neutral space to work, I try to neutralize the environment around me from sounds or colors, and make sure that it is not something I update every day.” P07
Some participants (2/13) said that they found different spaces in their home to offer different dynamics - “more creative tasks can happen in more colorful and messy spaces” P13, whereas “thinking requires neutral spaces” P07 (Figures 6A,B). A few said (3/13) they choose their spots depending on what they are working on, how they feel or depending on the weather and light in the house.
[image: Figure 6]FIGURE 6 | Positive engagement with the workplace.
I think if I need to be bit creative it’s better for me to sit in the living room where there are more colors … more colors can also work distracting. If I need to concentrate, I find concentrating there harder.” P13
Positive Engagement with the Workplace
Finally, plants, decorative elements, de-stress balls, music instruments were very commonly placed in the participants periphery to enhance positive engagement with their workplace (Figures 6C,D).
The Challenges of Embodied Wellbeing in the Lived Domestic Workspace
Changing spots: conflicting need for variation, structure, and flexibility. Several participants (4/13) mentioned changing workspaces as an inherent part of their workday when working outside home, visiting different spaces in a building, or working in different buildings. Many mentioned missing the variation of spatial experiences when working from home, and that it is something hard to re-create.
“I used to work from the library or from the office and then go and teach in the medical sciences faculty. Then, suddenly, it is just one room.” P09
Still, the domestic workspace often requires a level of flexibility to balance conflicting needs. Some said (6/13) that they need to have a fixed workspace in their houses, while others (5/13) claimed to be more flexible and work in their living areas, kitchen tables or often change locations in the house. Three more participants mentioned that besides their preferred fixed spots, they sometimes alternate locations in the house to satisfy family life.
“I really do not mind working on the sofa or the kitchen bench; Wi-Fi is actually better here.” P05
“I work in whichever room is available. Currently I have a desk in our sewing room, next week I will work at the dining table.” P04
The more “flexible” participants (5/13) mentioned that they can “blend” their workplace with other domestic spaces without having critical focus issues or task-prioritization conflicts. A few (2/13) mentioned that changing work spots help them regain focus.
“I realized I like changing space for working, it helps with focus attention.” P02
On the other hand, the participants (6/13) that seemed to be more sensitive on their set up mentioned that they prefer to have a separate workspace from the living areas, keeping a clear division between “work” and “domestic” life. A few of them mentioned challenges to do so, such as the lack of space and conflicting priorities between domestic and work life, or different aspects of remote work in the same space.
“We share the office room and desk with my partner as we tried to separate our work from the living space. We do not have much space as you can see in the pictures. If one has an online meeting at the office space, the other moves in the living room so we do not disturb each other.” P03
The Lack of Rhythm and Pacing
Many mentioned the lack of “rhythm” during their day, often occurred from informal chats with colleagues. With no informal social interactions at place, it seems that both the engagement with work and the quality of breaks was getting poorer (3/13).
“The working day needs a rhythm. working from home is constantly relaxing or static. There is no variation or change.” P11
“Now actually need to sort of entertain yourself to actually have breaks. you’re sort of beating yourself up about not maybe doing enough work and then on the other hand, you’re not taking off like quality, quality breaks, either” P03
A few mentioned that they feel that the lack of pace in their workday results to them feeling too relaxed, unproductive, and extend their working hours (2/13). Similarly, many participants find hard to zone in or out of work in their homes, unless they leave their rooms. A few find alternating between domestic and work life easier (3/13).
“Being too flexible results being unstructured or not having a clear routine […] my schedule becomes too irregular, and I work until very late at night.” P11
“I do not have an issue with zoning out of work in the living room, I just turn my lap top off.” P05
The Lack of Movement
Physical activity is important for health daily work life. 10/13 of the participants reconned the importance of daily movement as part of their workday. As connected workers do most of the work in front of a screen, many mentioned (9/13) that they walk much less at home, as there is no need to go somewhere and the distances in the house are much smaller.
“At the office, I would walk to meetings, rather than do 3 h of video meetings. Walking would be part of my routine, because normally I would walk across the campus to another meeting room. I don’t really walk much when I work at my house. I go up maybe for a cup of tea, you know, that sort of thing.” P04
“When I go to the office, I have to run around between the warehouse and my desk. That is why I walk more. Whereas when I am at home, I am just with myself and the computer.” P08
A few mentioned that they “forget” to move away from their chairs for long time as they work uninterrupted. A few reported increased fatigue (3/13) and eye conditions from long screen staring (1/13). Many reported lower backpain (6/13) from sitting too long at their work desks. Back pain problems also rise due to the use of non-ergonomic furniture -such as kitchen chairs- as office furniture, resulting sitting long in the wrong postures. A few (2/13) also referred to irregular breathing–e.g., holding their breath due to stress or concentration–relating it with fatigue their experiencing.
“I have back and neck pain again, I have been sitting too long to concentrate on research […] I feel I am not productive enough, and no-one interrupts me. You tend to forget about the time, you forget to do breaks.” P11
“Because I am concentrating on a project, sometimes I think stopped breathing properly. I believe that is kind of thing, is making me fatigue because of the lack of oxygen.” P11
Some use different furniture to work (3/13) and avoid sitting too long in the same posture; or take short breaks to lay back.
“I get a lot of lower back pain because of sitting too long. One good thing of being at home is that I can take short breaks to lay back on the sofa and relax.” P08
Finally, a few observed how physical activity helps them thing and changes their experience of the surroundings while working. They mentioned that physical activity helps them deal with noise distractions; feeling better because of “fresh air,” and that lack of physical activity changes their perception of temperature.
“Walking works for me, it gives me a lot of time to think. When I’m coming back, I am more efficient. It is not that noise becomes less prominent, but you are more resilient to accept the distractions than before.” P07
“I start feeling cold if I sit too long; I know it is not colder than usual, but it feels like it is.” P13
Most participants refer to restoring from bad mood and fatigue is through outdoor and indoor physical activity, either pre-planned or spontaneous. Many mentioned taking short active breaks during workday- stand up to stretch, yoga, walk or jump inside the house (5/13), plan a physical activity to start or end the workday (4/13) as “waking up ritual” and “a mental preparation for work,” and practicing breathing techniques to relax. (1/13).
“I just jumped around the house to shake off the tension of writing the paper. […] During lunch I did some yoga, which was nice to recharge for the rest of the day.” P03
“As every day, I started the day with yoga & I practiced Buddhism (morning/evening).” P02
“What really helps to control my stress is focusing on my breath, doing a breathing meditation–I practice box breathing for a few minutes while I work.” P08
Distractions in Isolation
Noise from construction sites or the street was mentioned most in the diaries and interviews as one of the main causes causing cognitive overload, irritation and fatigue while working (4/13). Escaping from noise while working at home is a challenge; some mentioned shifting their working -hours resulting in working late or closing windows–resulting in low air quality and high temperature.
“For example, I close the windows because there’s a building site next to our house and they can be really noisy throughout the day. But it’s very irregular.” P13
Other mentioned that distractions “are often more internal than external. It is a lot about managing own’s thoughts and emotions” P13, referring to persistent negative thoughts and emotions (4/13). A few mentioned getting “stuck” in a negative mindset regarding their work or themselves without being able to “get out” (4/13). Some addressed (2/13) that it is hard to stick to what is good for you; being unable to manage yourself in a way that is good for you or do anything to improve the way you feel.
“If you don’t feel so well, I think you don’t have the discipline to do the things that are good for you. Because they often need some engagement, you need to make it choice to stop and start again. And to be able to do that, you need some mental energy.” P13
“If something goes wrong, I have no one to bounce off at all. If I get into a negative like or stress kind of headspace, I just stay in it.” P04
Finally, some mentioned being overloaded and distracted by notifications from diverse collaboration tools and social media for work (3/13).
“We have three different platforms that we communicate with my colleagues. One day last week all three of them were buzzing non-stop. It was email, then teams, and discord which we use for community. I keep this window open and try to answer all of them, but it was a bit crazy to deal with all of these. If you are in our office, you just talk to the person.” P08
The Value of Feedback for the Remote Worker
Many participants mentioned that since working alone, they relied even more on following a schedule and setting notifications to make sure they keep up with it (8/13). A few of them used tools to help them structure their workday and support their wellbeing (3/13); alarms to manage their schedule (2/13), reminders for activity breaks (2/13), while some went further checking their breathing patterns (2/13) or controlling calories (2/13):
“I use pomodoro to set up working intervals and make sure I take regular breaks.” P03
“I bought a band to check the oxygen saturation levels in my blood; I believe that I get fatigued because of the lack of oxygen.” P11
Below the participants opinions around the use of the provided wearable devices and the mood-measuring tools in the context of domestic workplace.
Feedback to Move
Many participants (10/13) found the band pleasant to wear and non- intrusive. A few said that their daily exercise was somehow fixed and did not need any reminders for this (5/13) or that the band was not accurate in terms of measuring other types of activity such as yoga or cycling (4/13).
“I do a walk or a cycle in the morning anyway; it is irrelevant with the band [...] I am not a smart person motivated by targets anyway.” P01
“I do yoga every morning, but I feel it does not measure that … it only measures steps.” P02
Still, many mentioned that it made them more aware of the fact that they walk less during their workday through the display of steps (6/13), and that the band worked very well for this purpose. Some stated that it was more effective than mobile apps, as you wear it all the time. Some mentioned that they use it to set up a daily step goal (3/13) and tried to keep up with it.
“I didn’t set any particular targets, but when you check the steps and see how little you have walked … well it motivates you to move.” P06
“I have a mobile app for step counting and calories, but it is not as effective as the band–it is always on your hand.” P10
Others used the alarm to set up regular breaks from work (3/13). They mentioned that the vibration was pleasant as a movement reminder, whereas noise or voice interruptions where not that positive.
“I loved waking up with the vibration, it was a nice experience.” P02
“…also the band vibrates and reminds me to take often breaks.” P04
Feedback for Self-Reflection
Many participants (5/13) mentioned that it was hard to describe and evaluate how they actually feel during their workday. As they get absorbed in their work in remote, they mentioned not paying much attention to themselves (e.g., their body-posture) their surroundings (e.g., working under poor lighting), or their mood while working (e.g., getting caught in a bad mood). The ways they described their mood in their diaries can have many interpretations; they often made associations with to explain how they feel to themselves–i.e., I feel low because I had bad sleep, the weather is bad, I have too much work, or there is too much noise and that irritates me etc.,–but it is unclear if these aspects are causing the problem or they come to their attention because they feel low. Using the sliders was meaningful in that case to provide a mental anchor and a measure that they can assign to how they feel. Many mentioned that the diary and the sliders initiated their emotional self-reflection by setting a scale and aspects to consider; others claimed that it helped them in trying to understand potential causes of it. A few (3/13) mentioned that they started checking their environment and work set up more often to make sure they have adequate light etc.
“I actually start observing how the light and air quality is while I am working at how it might affect me.” P13
A few noted that they enjoyed kept diaries trying to see patterns in their emotions and thinking (4/13) whereas others preferred manipulating the sliders over writing extensive text (4/13).
“I found the diary meaningful to try to understand my thought/emotions patterns better and find ways to manage it.” P07
A few mentioned that the self-reflection exercise was meaningful for self-management (3/13); and that it pushed them to take action on changing what caused them discomfort (2/13).
“Participating was an interesting self-reflection exercise for me. The study pushed me to realize I was not alright and talk to my manager about the fact that I am constantly anxious.” P06
Others mentioned that being made aware of their emotions and learning to accept them was an interesting part of the study (5/13). The majority found the diary study unobtrusive, but a bit tiring and repetitive, suggesting that more variation in the questions based on context and previous entries would be meaningful. Some pointed to further considerations and improvements, such as:
“Allowing better self-management through visualizing mood and activity circles.” P11
“I would like to be able to see a visualization of my mood fluctuations.” P02
“I would like to have an archive of my previous entries to understand my mood and thought patterns.” P07
“I would like to have more personalized questions based on previous answers I gave, to help me gain deeper insights to what actions can help me.” P12
From Awareness to Changing Behavior: Reflecting on Diverse Attitudes on Feedback
In summary, there were diverse reported attitudes regarding the impact of the wearable and diary feedback. A few (4/13) responded that feedback was a merely self - confirmation:
“I was feeling tired, the survey made it clear to me that I need a holiday” P04
“I know I do not walk much, the band just confirmed it.” P04
The majority mentioned that the web diary increased their “self-awareness” about their own mood fluctuations and thought patterns (6/13) and helped them cope with the situation (2/13) or nudged them to act (2/13). Participants mentioned that they used the bands to set reminders and goals to move more often; and that they were useful in pushing them to have regular breaks. Still, it is unclear if the band helped participants to form healthier habits in the long run and without “on the spot” reminders. 7/13 stated they will keep using the band after the study; but we do not have data on how they use it and if their behavior shifted.
Quantitative Data Findings
Aspects of the Environment and Embodied Wellbeing: A Multivariant Correlation Analysis
This part of the analysis focuses on framing correlations between repeated measurements of self-reported mood and ambient environment, and activity and heart rate data. Multivariant timeseries data included wearable activity data (distance, step count, heart rate), and self-reported data on mood (valence, arousal, stance, stress) and perceived environment (light, air quality, temperature, noise) recording values from 1 to 100 from the custom sliders.
Figure 7 illustrates the correlation coefficients for all mood and environment correlation combinations. The analysis shows a moderate positive correlation (R = .54) between perceived air quality (poor-fresh air) and valence (negative-positive mood). The analysis also shows a mild negative correlation between air quality and stance (R = −.36)- i.e., decrease of air-quality and increase of tension- and stress (R = −.22)—i.e., decrease of air-quality and increase of stress. There is a very mild positive correlation (R = .23) between arousal and air quality–i.e., feeling energetic when perceived air quality increases. The analysis also showed minor positive correlations between noise and valence (R = .25)—i.e., positive mood in quiet workspaces - and light and valence (R = .19)—i.e., positive mood in more well-lit spaces. While these correlations do not represent a particularly strong association, noise and light were frequently mentioned in the qualitative data.
[image: Figure 7]FIGURE 7 | Correlation coefficients for mood and environmental variables.
Similar results occur using rmcorr - repeated measures correlation - highlighting the impact of air-quality on mood, also establishing the statistical significance of these findings. Below (see Figure 8) the correlation graphs of the most significant R and p-values for pairs of variables in the sum of participants; each participant is represented in a different color.
[image: Figure 8]FIGURE 8 | Air quality and dimensions of mood correlations.
We also examined the relationships between self-reported mood dimensions to understand how these relate with one another and validate data coherency. Valence and arousal have a mild positive correlation with no statistical significance level (R = .37, p=2.44) meaning that feeling energetic loosely correlates with feeling positive; similarly feeling in low mood loosely correlates with higher tension.
The outcomes indicate a relationship between air quality and valence motivating further study, as passive sensing devices for air quality are readily available; yet the persistence of the association with passively collected sensing data for the context discussed in this work remains to be validated with a greater sample of participants and sensory measurements.
Predictive Potential for Mood Based on Passive Environmental Sensing
This section further explores the possibility of predicting self-reported affective states from environmental measures. We modelled the prediction of each of the parameters: valence, arousal and stance; based on the self-reported environmental data (light, temperature, noise, air quality) and the passively collected activity data (steps, heart rate). Random forest training and multiple regression modelling approaches suggest that environmental data have a greater predictive power on valence than the rest of self-reported mood data (stance or arousal). We continued with exploring predictive potentials of valence using decision tree modelling to obtain an explainable model based on solely environmental data. This selection was based on the results of multiple regression modelling and a categorical separation of environmental and activity data. The decision tree produces the diagram below (see Figure 9), highlighting the importance of air quality (see top node and layer 2). The confidence level is above 90% for each node. Addressing the extremes, Node 10 suggests that if Air Quality obtains a value above 77.75 (i.e., fresh air) and Temperature a value below 47.25 (i.e., cool temperature) Valence would have a value of 85—i.e., very positive valence when working in fresh air and cool temperature. Node 4 indicates a low valence (below 40) occurs when noise is high (below 41) and air quality is low (below 56). This approach provides the basis of setting rules and constraints in design of future user-driven systems, given that inputs (Air Quality, Light, Noise and Temperature) will be actual sensory measurements.
[image: Figure 9]FIGURE 9 | Decision tree diagram: environment and mood data.
Finally, automated predictive ensemble composition using the machine learning (ML) package auto-sklearn (Feurer et al., 2020) was used to explore best candidate regression performance to predict valence ratings based on environmental factors. The model indicates a strong correlation (R2: .7) when employing a 240 s runtime limitation with a threshold of 30 s per individual model training with a feature set of: air quality, light, noise, temperature, steps, distance, and heart rate. Prediction based on the activity sensing data alone resulted only in a weak association (R2: .3). For practical purposes, using the same framework and runtime settings, we also explored the medium or high values for self-reported Valence, using automated exploration (auto-ML) of a structured hypothesis space of 110 hyperparameters (based on 15 ML models). The resulting ensemble indicated an overall best possible accuracy with the given data set of 80% (avg. precision .82, recall .63) after pruning to three features only (air quality, light and noise). Automated ML ensemble generation indicates that predicting mood from passive data may likely be possible, showing 80% accuracy in predicting low/medium/high valence classes and an R2 of 0.3 for prediction via regression.
We acknowledge that this remains a group-level exploration and early indicative findings for now, that indicate a good reason to aim for further validation using passively collected ambient data and a greater sample of participants and repeated measurements. If that is successful, individualized models should also be explored as they can reasonably be employed for workplace usage and would likely lead to much more reliable predictions - as they would respect individual characteristics and contextual information from the workplace.
DISCUSSION
Reflecting on Field Observations
The analysis of collected data has provided some interesting and significant findings in relation with our research questions (RQ1, RQ2, RQ3, RQ4). The qualitative results addressed the physical and embodied challenges of the engagement with the domestic workplace such as the lack of movement and the difficulties transitioning between working and domestic life (RQ1, RQ2). The quantitative data highlighted significant correlation between air quality and mood and highlighted the potentials of predicting mood in remote home offices based on passive data capture (environmental data, activity data) (RQ3).
The challenges of managing office ergonomics in limited, often shared workspaces, and with diverse space-use were highlighted in diary quotes and pictures (RQ1, RQ2). Participants illustrated a diversity in their needs for spatial structure, flexibility and spatial variation while working from home. Participants had different needs in terms of structure to engage with work and expressed different levels of spatial autonomy with regards to their work tasks (RQ1). Some participants took steps to deal with the problems of limited space adapting levelling, positionality and orientation of surfaces–e.g., creating barriers or using stands. Changing spaces and manipulation of spatial affordances was mentioned with regards to positive engagement and zoning out of work (RQ1). These actions point towards designing for work surfaces with a greater adaptability to match with the lack of work areas and the changeable space-use needs, while ensuring ergonomics and comfort (RQ1, RQ2). The work of Petersen and Grønbæk et al. (Takashima et al., 2016; Grønbæk et al., 2017; Grønbæk et al., 2020; Petersen et al., 2020) is an example of such interventions with a focus on informal collaborative work in office spaces; whereby shape changing interactive desks initiate dynamic work areas. Moving forward, bringing adaptive furniture examples to remote home workspaces would address enabling calmer transitions between domestic and work life (Stawarz et al., 2013; Toch et al., 2020), and assist with different aspects of remote connected work (Deloitte LLP, 2018).
The need for multiple display areas and the intuitive expansion of display in the periphery—e.g., the piling and cleaning of notes—point towards extending ambient work displays to the surrounding physical environment (RQ1). Reflecting the work on projected AR displays (Huber, 2014; Winkler et al., 2014; Lee et al., 2019), tangible interaction can extend work tasks beyond the screen. Other aspects mentioned were feeling disconnected with colleagues, missing spatial variation and rhythmicity of the office space, and getting overloaded from using many online collaboration tools that often fail to address their needs (RQ2). Moving forward, research on extending the display could help reduce cognitive load from long screen exposure and notifications (Ludden and Meekhof, 2016; Bittner et al., 2019), while engaging and interacting naturally with the physical space; remote collaboration involving spatial interactions and enhancing co-presence of colleagues–bringing the rhythmicity and natural flow of the workday to remote settings.
Regarding ambient aspects and wellbeing (RQ3), noise was mentioned as a core issue as well as the lack of natural light. The participants intuitively positioned their work desks and displays to better use ambient natural light in the room, enhanced natural light in the rooms using day-lamps, and used windows as light and calming displays—e.g., providing a view of nature (RQ1). Some mentioned that different ambient light and ambient colour impacts their mood and productivity differently, relating colour to creative work tasks (RQ1). Reflecting past literature (Rogers et al., 2010; Snyder et al., 2015; Pereira et al., 2016; Yu et al., 2018), ambient light has been used as mood feedback, stress biofeedback, eco-feedback and restoring strategy (Yu et al., 2018). Moving forward, ambient light can be explored as a social and self-awareness strategy in remote workplace; as “mood and environment” feedback, and in interaction with voice data.
From a quantitative perspective, air quality showed strong correlations with affect—e.g., positive mood and perceived fresh air quality-, particularly valence (positive- negative mood) and secondarily with arousal (low-high energy) (RQ3). This is a very interesting aspect that appears only indirectly in the diary entries, but it was picked up when directly addressed. This suggests that air quality is an aspect that requires “surfacing” to be brought to the occupants’ awareness (RQ3). The interpretation of the correlation of air quality to valence accounts broader considerations relevant with the data collection methods. As these measures are based on self-reported and not sensory data, there are multiple interpretations assigned to air quality such as low oxygen, low air-circulation, high temperature, high humidity, and the combination of these aspects. Poor air quality in terms of the experience of remote workers could also relate to some reported breathing irregularities (RQ3)—e.g., participants breath less due to stress or concentration, and therefore report bad air quality. The negative correlation between stress or stance and air quality also points towards this association.
Nevertheless, the correlation of air quality with valence—e.g., good air quality makes building occupants happier–is interesting (RQ3) and needs to be validated with greater samples and sensory readings in future work; also identifying which aspects of air quality—i.e., air flow, CO2 levels, humidity etc.—are the most impactful to this correlation. The importance of air quality for workplace wellbeing is also highlighted in the growing attention it has recently received in the HCI community, enhancing the importance of our early findings. Relevant work (Snow et al., 2016; Dang et al., 2020; Kim and Li, 2020; Zhong et al., 2020) addresses eco-feedback - including mobile and wearable visualizations, and ambient light notifications- and collaborative and predictive approaches to regulate air quality in office spaces (Zhong et al., 2020). However, the many elements of air quality experience in the workspace remain unaddressed by current research. Positioned within a broader sustainability agenda, our findings highlight the necessity of ‘surfacing’ indoor and outdoor air quality data for wellbeing in the remote/hybrid workplace; developing ambient technologies that address embodied experiences and engage the building occupants in becoming more aware and responsible in managing their micro-climate. The quantitative analysis also indicates that there are potentials of predicting core dimensions of mood based on environmental and activity data (RQ3); which will be also further explored in future work.
Although highly customizable and occupant-controlled, it appears that a level of feedback-mediated autonomy (AI) of remote workspaces would be beneficial for the occupants’ wellbeing (RQ4, RQ2). This is highlighted by many of their quotes where they express getting too focused in work resulting to limited attention to their surroundings and their bodies; and the inability to constantly consider and balance all aspects of their environments (RQ4, RQ2). Moreover, participants found mood self-reporting useful, and suggested they would benefit from mood awareness strategies (RQ4). Many of them stated that they would like to be able to have a visualization of their inputs in previous days and be able to observe their behavior patterns over time. Some participants suggested the use of personalized and task - relevant feedback depending on archived data (RQ4). Regarding the predictive potentials of mood, the analysis indicated good reason to pursue verification using passively collected environmental information (RQ3). The internally coherent picture between affective data and activity indicates an adequate reliability for our exploratory findings. For many ambient working applications, it would be interesting to be able to predict affective states from passively collected data and use these as feedback towards the users, or as the basis to form rules and constraints in Human-AI interactive systems in the built environment, that help remote workers become aware of and regulate their mood (RQ4, RQ2), at an individual and collective level.
The lack of physical activity and physical movement was highly marked both in qualitative and quantitative findings (RQ2). Many participants mentioned that they do not move much during their workday as they have no physical distractions such as interruptions from colleagues and they can do everything from their desktop screens–including meetings -, resulting in reported back pain and fatigue; worsened by non-ergonomic furniture and the lack of breaks (RQ2). Wearable feedback helped in tackling some of these aspects (RQ4). Participants stated that they found the bands non-intrusive, making them move more often through display, vibration, and alarm notifications, while acknowledging their limitations in data accuracy. On-the-spot wearable notifications for physical activity were successful motivators during the study, but it is unknown if this resulted in further changes in routines of the participants after the end of it. Physical activity–such as stretching breaks, cycling breaks, and particularly walking - is beneficial for physical and mental wellbeing (Haliburton and Schmidt, 2020), but it is not required or encouraged in remote work. The question is how to introduce physical movement as a core element of remote work, taking advantage of the success of wearable -mediated feedback (Gouveia et al., 2016). We suggest extending activity feedback beyond notifications, to wearable mediated ambient interactions for physical activity.
Framing a Design Agenda for Future Ambient Affective Workplaces
Our exploratory study addressed the embodied experiences and physical aspects of the engagement with the domestic workplace. We identified some of the key challenges for the wellbeing of remote workers–such as the lack of activity and the limited or conflicting space-use. We established correlations between air quality and mood, and the importance of feedback to raise awareness on aspects of their wellbeing. Drawing on the key issues highlighted in the previous section, below we begin to sketch out a design agenda for developing ambient spaces to support the wellbeing of remote home workers. Key areas for development of ambient spaces include:
1) Ambient connectivity
Ambient connectivity between remote workspaces could support social awareness and co-presence, reducing the feeling of working in isolation; and bring the rhythmicity of the workday through ambient interactions. Ambient light, tangible media and AR projection/holographic displays could be used to provide such experiences; employing data sharing and physicalization practices to enhance the collective and informal dynamics of the workplace that are lacking in remote.
2) Actuating movement
Many mentioned that they are not walking much in remote work, as they are not required to go somewhere. We shift the discussion from providing activity feedback, to designing for wearable-mediated ambient experiences that inherently engage their occupants in a more active work life. Active ambient wok spaces could utilize wearable and embedded (furniture and textile) sensors, and soft robotic elements in furniture to lift the connected workers from their chairs and screens and support different postures and movement while working.
3) Enabling Organic Transitions
The challenges transitioning between domestic and work life and balancing different aspects of remote work life in the home have been extensively documented. Shape changing interfaces such as adaptive furniture with display capacity can support in expanding work and display areas within limited spaces, encourage mobility and posture alternation, address conflicting space uses, and support transitions between different aspects of work, and between work and domestic life.
4) Passive AI comfort
Using potentials of ambient sensory technologies, passive data processing and the diversity of smart materials; ambient workspaces could include passively intelligent features that adjust the micro-climate (particularly air quality), manage energy, and adapt to preferences and personal space-use patterns. Additionally, they could provide us with recommendations on the environmental conditions that can better support our work tasks and affective wellbeing, provide aesthetically pleasing experiences and enhance our awareness on our bodies and surroundings (eco-feedback). Addressing the experience of air quality, slow and passive environmental responses (see pneumatic elements (Fukuda et al., 2018)) could provide indications of air quality aspects and breathing rates, encouraging a more “embodied” approach to experiencing and acting on the micro-climate.
5) Mood reflective architecture
Although widely explored in past research with regards to diverse aspects of wellbeing–including arousal and stress levels (Rogers et al., 2010; Fortmann et al., 2013; Snyder et al., 2015; Pereira et al., 2016; Yu et al., 2018; Zhang et al., 2020); recent developments in programmable light (see Philips LEDs) provide new avenues for scalable experiences for mood awareness and prediction across spatiotemporal dimensions. Our quantitative results indicate that utilizing passively collected activity and ambient data to predict mood is not a farfetched idea. We propose a programmable LED system that predicts mood based on passive data, and provides feedback for awareness and personalized restoring recommendations.
6) Feedback mediated autonomy
As an overarching aspect in the discussion on ambient workspaces, we support feedback mediated autonomy (AI) of such spaces; particularly emphasizing on the potentials of wearable displays to mediate on body-environment collaboration. Ambient workspaces cannot be solely and continuously user-driven, but they should engage in a collaborative dialog with their users to develop intelligent behaviors. Ambient spaces should be privacy-friendly, utilizing passively collected data in the buildings in a transparent manner. Ambient workspaces will be foremost data -driven spaces, supporting scalability, transferability, and portability of interventions beyond the domestic and towards broader remote and hybrid workplace set ups. Ambient workspaces could have reflective and predictive capacity–reflecting trends in Human-AI interaction (Alavi et al., 2016; Alavi et al., 2020), supporting their users in gaining awareness on their mood and behaviors through utilizing data archives in the built environment and prioritizing their wellbeing over performance.
Apart from opportunities, creating ambient workspaces has many constraints and limitations; reflecting not so much on technologies but on ethics, privacy, and data accuracy in lived workspaces. As a response to ongoing concerns on privacy and the use of personal data at the workplace, this work focuses on the potentials of passively collected data only. Perceptions of privacy and agency in digital enhanced workplaces have been addressed by a previous body of work and have been considered.
Three Design Interventions for Ambient Home Workspaces
To further illustrate how this design agenda can be made useful, we have begun to elucidate three concept designs (for future development) for ambient home workspace technologies. Each of these draws on different aspects of the design agenda above.
Flex-Seat: Supporting Organic Transitions
As highlighted in our findings, achieving the ideal home office is not easy, due to lack of space or conflicts in space use. Reflecting on the diversity in reported needs in structure, variation and flexibility, there is the broader question if a strictly “fixed” office set-up can work in a “limited, loose and flexible” environment like the domestic one. Many innovative workplaces already support hot-desking and working in lounge-format offices (see Google Zurich5), even active workstations (see the Edge, Amsterdam6). Our study of the domestic office in terms of ergonomics, reach and use zones, peripheral aspects, comfort, and positive engagement, frames the following design concepts for adaptive furniture. Enriched with sensors (such as proximity, touch, pressure, biometric), adaptive furniture can enhance the affective and physical wellbeing of remote workers through supporting different postures, predicting physical pain, and encouraging breaks. Examples of such furniture could support:
• Adaptation to your body type, posture and preferred temperature based on saved preferences (mobile app) and real time sensory data (wearable/embedded sensors), supporting ergonomic seating and comfort.
• Change of physical attributes (shape, positionality, leveling and rotation) through smart textiles and soft robotic elements to support different postures and work tasks–from creative to concentrating–and preferences.
• Connection and transferability of data between workspaces for seamless comfort.
• Actuating for physical activity through micro-movements, initiating breaks, and supporting posture alternation (between sitting and standing) depending on work tasks and preferences.
Figures 10A,B,D illustrates a concept of sensing kinetic furniture that supports posture alternation and transitioning to different work and non-work tasks. The furniture senses the ambient environment and body posture through textile-embedded and wearable sensors and moves through soft robotic actuators. It syncs with your work calendar app adapting to tasks such as meetings, focus work, creative work and breaks. It allows you to design pre-plan postures and nudges you to change sitting postures with subtle movements. Figure 10
[image: Figure 10]FIGURE 10 | Flex-seat: a sensing adaptive kinetic chair (concept) for posture management. Image source for (A): https://www.behance.net/gallery/16827089/Parametric-Waffle-Bench.
Reflex-Light: Mood Predictive Architecture
Considering the participants’ interest in mood-reflective feedback in the workplace, and the rich background literature on ambient light (Rogers et al., 2010; Fortmann et al., 2013; Snyder et al., 2015; Pereira et al., 2016; Yu et al., 2018; Zhang et al., 2020); we aim to use light as mood-reflective and mood predictive strategy. Many new light products—such as Philips LEDs—enable user-driven ambient atmospheres customizable through mobile apps; creating and storing complex light scenes in different rooms, set timers and scenarios. Many of them have open APIs and embedded microphones, sync with VUIs such as Alexa and dynamically adapt to music. Utilizing open APIs of existing wearable and light devices, and processing primarily passive activity and environmental data, and secondarily voice pitch data obtained by microphones, we propose a mood-reflective/predictive light system that supports the following:
• Dynamic adaptation to the ambient natural light of the room, support neutral light coloring or enrich with different color based on preferences; support task-relevant lighting, and turn off when away (using proximity sensors).
• Predict mood and provide feedback through temporal changes in color, intensity and rhythmicity of the light to help users become aware of changes in their mood, and help them restore based on preferences.
• Enhancing social awareness and group wellbeing, connecting remote workspaces through sharing aggregated mood data through light infrastructure.
• Control via proximity or touch sensors and wearable sensors.
Figures 11A,B illustrates a prototype set up including Philips Hue and Mbient7 sensors (ambient data), using light to reflect and predict mood. Figures 11C,D illustrate experiences in mood reflective spaces. Future work will explore spatiotemporal aspects of light as feedback—i.e., changes in color, rhythmicity, brightness, intensity, scale, synchronous and asynchronous change- in remote workplace with regards to mood awareness.
[image: Figure 11]FIGURE 11 | Reflex-light: mood predictive architecture.
Air Flow: Bio-Design for Air Quality
It derives from the participants’ responses that as they focus on their work, they cannot always be aware of all aspects of their surroundings. The study gave them opportunities to evaluate aspects of their micro-climate–such as felt temperature and perceived air quality and reflect on their mood. Air quality gave an interesting correlation to valence (positive-negative mood) in quantitative data, being non-present as a documented experience in the qualitative data. Therefore, “surfacing” air quality data to increase the remote workers awareness on air quality could have a positive impact on their wellbeing and mood.
There are many aspects of air quality experience and management unaddressed by current research on the workplace (Snow et al., 2016; Dang et al., 2020; Kim and Li, 2020; Zhong et al., 2020). The problem of poor indoor air quality is often difficult to solve as air can be more polluted outside, and opening a window can mean increasing noise or decreasing heating. Additionally, much of the research on air quality is limited to CO2, leaving humidity, air temperature and air flow aside. Further questions include what types of ambient feedback might better address users’ experiences of air quality, bringing sensory readings closer to the embodied experiences of the occupants. Physical representations of air quality feedback that are closer to the embodied experience could deepen awareness of one’s body and environment, and how these two aspects relate to each other.
Bringing features from adaptive architecture (Yannoudes, 2016; Eltaweel and SU, 2017), modular features of breathing skins such as pneumatic surfaces (Fukuda et al., 2018) (Figure 12A) installed in the periphery could support a more embodied awareness of micro-climate and comfort, whilst improving indoor air circulation and providing a visually aesthetic experience. Such elements could be enhanced with visualizations of ambient air quality data or synchronized with breathing rate of occupants. Figure 12B is a breathing surface concept; an aesthetic visual barrier coordinating with breathing rate through a wearable, assisting air circulation and breathing regulation, and providing occupants with information of air quality at their desktop.
[image: Figure 12]FIGURE 12 | Air flow: bio-design for air quality. Image source for (A): Tobias Becker’s Breathing Skins Project (https://www.archdaily.com/789230/let-your-building-to-breathe-with-this-pneumatic-facade-technology). Image source for (B): Pneumatic Façade: The project was developed by Ernessa Francois, Olivia Szymkowski, and Natalia Wilk, NJIT’19 for the Adaptive and Autonomous Environments Options Studio III, advised by professor Andrzej Zarzycki, NJIT (http://andrzejzarzycki.com/pneumatic-facade/).
Limitations
This study had a number of limitations. We acknowledge that the sample for the quantitative study is relatively small and that these early findings are indicative. Quantitative findings will be validated in future work with a larger number of participants and repeated measurements using sensory readings, and not solely self-reported data. The proposed design concepts that address wellbeing aspects in the built environment are in concept stage. Besides validating findings, future work will focus on developing working prototypes of the design concepts addressed, evaluate these with users in lived-in remote home workplaces, and evaluate and discuss the impact on wellbeing following a mixed methods approach.
CONCLUSION
This work addresses the wellbeing challenges for remote home workers during the pandemic and provides insights on their engagement with the domestic workplace. Through a mixed-methods approach, this study establishes correlations between mood and physical aspects of the domestic workplace and discusses the impact of feedback mechanisms (wearables and self-reporting) on the behavior of remote workers. Key findings were the actions to maximize comfort addressing visual, auditory and kinesthetic aspects; the lack of physical activity, the lack of workday rhythmicity (i.e., spatial variation and social interactions), and a latent correlation between valence and perceived air quality. These findings led to a framing of an “ambient workspaces” design agenda to support the wellbeing of the remote home workers through feedback; designing ambient spaces that support embodied and environmental awareness through passive sensing. We further presented three concept projects as illustrations of how this design agenda can be used to further develop ambient workspaces that support different and broader aspects of wellbeing through feedback. The proposed agenda is composed under the premise of co-creating more intelligent environments together with their occupants; this is useful to guide future interventions in the context of remote and hybrid workplaces and highlights areas of critical research interest for Human-Building-Interaction and Human-AI Interaction in the Built Environment. Future work will expand on validating correlations, developing working prototypes based on the discussed agenda and will evaluate the impact of the interventions on the wellbeing and behavior of remote home workers.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
EM led the work, developed the study design, collected and analysed the data and drafted the paper. RA contributed to the quantitative analysis, arranged and processed the data; developed statistical and supervised learning methods. DV contributed to formulating the literature review. RB assisted with advancing the quantitative analysis. JS assisted with study design, contributed to the analysis of the quant data and edited the manuscript. DK assisted with study design, supervised and directed the research, contributed to the analysis of the qual data and edited the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
This work was partially funded by the EPSRC (EP/M023001/1).
FOOTNOTES
1See PROWELL Key Performance Indicators (KPIs) of wellbeing at the physical workplace at https://www.innovativeworkplaceinstitute.org/workplace-wellbeing-prowell.php.
2The app was developed in HTML5/CSS3/JS, hosted in Github Pages and using Firebase real-time database to timestamp and store the data.
3Sliders have a scale of 0–100 starting from a neutral position (50%). Any movement either directions was recorded a shift from the neutral position with a percentage and a timestamp. The sliders were changing color from green to light blue without indicating any connotation between color and positive/negative evaluation.
4The Circumplex model of Affect (Russell 1980; Schimmack and Grob 2000) served as a basis for developing the sliders around the felt self. Schimmack and Grob model addresses the dimensions of valence (pleasant-unpleasant or positive–negative), arousal (activation-deactivation or energetic–non energetic) and stance (low tensions–high tension). These dimensions are used to map the spectrum of participants mood.
5https://www.businessinsider.com/google-zurich-headquarters-tour-2018-1?r=US&IR=T
6https://www.bloomberg.com/features/2015-the-edge-the-worlds-greenest-building/
7See mbientLab https://mbientlab.com/
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Participant Age Gender  Level of Occupation Previously Health conditions Domestic set up

number education working from home
PO1 55 M MSc Researcher 8 years remote work as  N/A Lives alone in a flat, has a separate
an IT consultant room for work office
P02 31 F PhD Researcher 2 years occasionally NA Lives with partner at a house,
shared home office
PO3 27 F Msc Interaction None NA Lives with partner at a flat, shared
designer home office
PO4 32 F MSc Manager None Post-traumatic stress Lives with partner at a house,
disorder separate home office
POS 36 F MSc Software 3 years remote engineer  Endometriosis Lives alone in a house, no home
engineer office
P06 22 F BSc Psychology/ None NA Shares room with partrer at a fiat
social work share, no home office
PO7 40 F PhD Researcher 1-2 years occasionally NA Lives at a flat with family, works at
bedroom
PO8 30 F PhD Architect None Pregnancy Lives at a house with family, works
at living room
PO9 28 F MSc Researcher None NA Lives at a house with family, works
at bedroom
P10 40 M PhD Medical 2-3 years occasionally NA Lives at a flat alone, works at living
Economist room
P11 35 M MSc Researcher None NA Lives at a house with family, home
office is at garden house
P12 40 M Msc Researcher 2 years occasionally NA Lives at a house with family, home
office is shared with partner
P13 37 M MSc Researcher None Attention deficit Lives at a flat with partner, home

hyperactivity disorder office in separate room
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