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Growing evidence demonstrates the importance of environmental quality for human health and wellbeing. Environmental psychology can inform planning and design of future environments, but previous research often used simulated settings, limiting ecological validity. To bridge this gap and enable studies in real environments, a new laboratory (SENSOLA) has been built at the Swedish University of Agricultural Sciences. The laboratory is designed to facilitate studies on human-environment interactions in real environments, with a particular focus on psychophysiology using wearable sensors. An important prerequisite of the endeavor is the ability to synchronize environmental data with biomarkers and participants’ self-reports over time. In this methodological paper, we describe the creation and implementation of the SENSOLA laboratory. Drawing on experiences gained from the first ten studies conducted within the laboratory, we summarize key considerations for conducting research in field settings. We discuss various methodological approaches and procedural considerations, highlighting challenges and possibilities, to serve as a peer-reviewed guideline for future studies in the lab and elsewhere.
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1 Introduction

A growing body of research in environmental psychology and public health highlights the importance of high-quality outdoor environments for human health and wellbeing (WHO, 2003; Rao et al., 2007). The environment has far-reaching effects on everyday life, influencing behavior and social interaction (Gibson, 1979; Costall, 1995; Steg and Vlek, 2009; Brown and Lombard, 2014), preference (Brady and Prior, 2020), attention and cognitive functioning (Kaplan and Kaplan, 1989; Berman et al., 2008; Bratman et al., 2012), stress (Ulrich, 1983; Yao et al., 2021), as well as restoration and resilience (Kaplan and Kaplan, 1989; Weber and Trojan, 2018; White et al., 2023) among other things. To understand the underlying mechanisms of these effects, psychophysiological methods provide a valuable tool for measurement complementing self-reported experiences and observations. While some effects can be studied in laboratory settings, others can only be examined in real-world environments.

Environmental psychology emerged as a somewhat fragmented field of research, with early 20th century roots in studies on work performance, architecture and moral philosophy (Gifford et al., 2011). By mid-century, the field had established itself with research on topics like “sensory isolation, personal space, and building design” (Gifford et al., 2011). A central idea was to understand the interplay between human psychology and physical environments, and to do this in real-world settings (Steg et al., 2019).

However, a significant portion of subsequent research in the field instead relied on representations of outdoor environments in controlled laboratory settings, offering control over stimuli and convenient participant sampling. Additionally, the laboratory facilitated the use of physiological markers (see, e.g., Ulrich et al., 1991), with equipment originally designed for medical purposes. Inspiration likely came from related fields like psychophysiology (Stern et al., 2001d) and neuroscience (McCunn, 2024).

Laboratory studies offer control. Researchers can pinpoint specific environmental aspects by manipulating stimuli, typically using images, videos, and sounds in various combinations. While confounding factors are minimized, the ecological validity, or real-world relevance, of these studies is questionable as the stimuli are merely representations of the actual environment (c.f. Houtveen and de Geus, 2009). As Rohrbaugh (2016) points out, simulations may miss crucial aspects of the complexity experienced in everyday life.

In the study of scenic beauty and landscape preference, photographs were early on reported as valid substitutes for real environments (Shuttleworth, 1980; Nassauer, 1983; Zube et al., 1987; Kaplan and Kaplan, 1989) and was favored for the advantage of being able to include larger numbers of both participants and different settings. Voices questioning the validity of photo-based studies were however also heard, pointing at for instance the impact of purpose and goal directed behavior on scenic beauty estimations when engaged in recreation in real settings (Hull and Stewart, 1992).

Moreover, natural interaction with an environment is arguably impossible to simulate when a participant knows they are in a controlled laboratory. Even though simulation can be accomplished with impressive accuracy in virtual reality (Parsons, 2015), augmented reality (Berryman, 2012), or large scale laboratories (Vigliocco et al., 2024), the mere knowledge of participating in a controlled experiment changes how people interact with the environment. For instance, when reporting on their experiences on eye tracking, Uttley et al. (2018) explain how participants in a laboratory setting tend to look more at people compared with participants using mobile eye tracking. An explanation for this difference would be that people worry about the reactions that could follow when looking at someone in real life, which of course is not an issue when looking at a person in a video.

The technological development has gradually increased the possibility to study environmental experiences in situ. While the earliest initiatives for ambulatory measurement systems were developed for clinical use (Rohrbaugh, 2016), subsequent development has been driven also by the consumer oriented market and the increasing use of smart technology. Various devices for health monitoring, such as smart watches, health rings and mobile applications continue to be presented with a rapid pace.

Consequently, an increasing number of studies have been published that incorporates wearable sensors in various ways; topics include assessment and reviews of specific wearable devices (Shcherbina et al., 2017; Peake et al., 2018), comparisons between technologies and procedures (Haynes and Yoshioka, 2007; Castaneda et al., 2018), experiments where participants are sitting in outdoor environments (Horiuchi et al., 2014), walking (Gidlow et al., 2016), sitting and walking (Korpilo et al., 2024) or traveling by bike (Marquart et al., 2022) or car (Anciaes, 2023). Studies of everyday life may also involve diaries, questionnaires and other forms of self-reports, sometimes in combination with psychophysiological measurements and monitoring of physical activity and body movement (Wilhelm et al., 2012). Additionally, wearable technology is increasingly used to facilitate self-reports of environmental experiences with the aid of smart phone applications or padlets, so called experience sampling or ecological momentary assessment (Beute et al., 2016).

The shift toward studies in situ could offer important new revelations about people-environment interaction. However, studies in situ poses several new challenges that require consideration, including data artefacts, confounding factors and natural variations in the environment. A key question is how we can incorporate recurring events that are actually an important part of the environment and distinguish them from singular events that would be a true confounder. Furthermore, a continuous recording of data, capturing the experience as it unfolds, is fundamentally different from a traditional controlled experiment with a stimulus – response design. This requires new approaches to the data analyses and interpretation of results. The present paper summarizes the work and experiences carried out at the SLU Multisensory Outdoor Laboratory, SENSOLA, sharing our perspectives and proposing a guideline for the future design of studies in situ.



2 Background


2.1 SENSOLA: a research infrastructure with possibility to study human-environment interactions in situ

SENSOLA is a research infrastructure project financed by the Swedish University of Agricultural Sciences. The lab mainly operates at the intersection of environmental psychology and landscape architecture, with the mission of expanding empirical and methodological knowledge on human-environment interactions in outdoor settings. A key objective for the lab is to increase ecological validity by taking research into actual environments. To achieve this, the lab holds a set of portable equipment for studies in situ as well as a complementary section for controlled studies indoors (for further details, see section 3).

It is known that physiology can be used to infer important aspects of human experience – such as arousal, attention, emotional state, and cognitive engagement – providing insights into how individuals interact with and are affected by their environments (Bradley and Lang, 2000; Parsons and Tassinary, 2002; Dawson et al., 2016; Berntson et al., 2017; Ancora et al., 2022). While research in controlled settings has demonstrated that physiological measures, including electrodermal activity, cardiovascular responses, and neuroimaging, can provide valuable, objective data on human responses (see, e.g., Ulrich et al., 1991; Parsons et al., 1998; Hagerhall et al., 2008; Annerstedt et al., 2013), the feasibility and validity of these measures in dynamic, real-world environments remain insufficiently explored. By conducting research in situ, SENSOLA aims to investigate how these measures are influenced by, and how they can be used to understand, the complexities of outdoor environments. This involves integrating objective data from wearable sensors with self-reports and observational data to gain a deeper understanding of how different environmental factors influence human well-being, preference, and behavior. Research conducted within the SENSOLA lab is expected to have significant implications for landscape design by providing objective evidence of how people physiologically respond to different design elements. For example, data on arousal levels can help assess the stimulating or calming effects of different spaces, while data on attention and cognitive engagement can inform the design of spaces that minimize distractions and promote focus.


2.1.1 Lab building process

To establish the lab, a postdoctoral researcher served as the lab coordinator, working closely with the project leader to oversee system integration. An internal project group and an external advisory board, selected for their expertise relevant to the initial project proposal, also provided guidance. We examined existing laboratories, evaluated technologies, and contacted manufacturers to identify suitable equipment, considering factors like intrusiveness, data security, and synchronization capabilities. A focus was placed on avoiding subscription plans to ensure long-term lab flexibility. Equipment was evaluated as an integral part of the lab building process, through testing during pilot studies and other exploratory research activities (See Figure 1 and Supplementary Appendix 1).
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FIGURE 1
 Documentation of pilot studies and equipment testing. Top left: SENSOLA Pilot 1. Top center: SENSOLA pilot 2. Top right: SENSOLA pilot 4. Bottom left: SENSOLA pilot 6. Bottom center: Synchronization test. Bottom right: Equipment test.


The laboratory has been actively promoted through seminars and events, where insights into the lab’s development process and pilot study experiences are shared with both university and external stakeholders. SENSOLA is currently available as a research infrastructure to support a wide array of projects, with a focus on transdisciplinary research in environmental psychology and landscape architecture. Operating in a field characterized by constant advancements in products and solutions, the lab is not a static endeavor but will continue to develop in new directions.



2.1.2 Pilot studies

Ten initial studies were conducted concurrently with the lab development. While not all specifically designed to inform lab development, these studies provided valuable insights into conducting psychophysiological research in situ (for further details on the studies, see Supplementary Appendix 1). These pilot studies yielded valuable methodological takeaways, including: (a) an increased understanding regarding the general feasibility of conducting psychophysiology in situ (b) pragmatic and logistical considerations on procedure (c) improved understanding of how to prepare and select a study site (d) strategies for addressing confounding factors (e) the feasibility of using different physiological markers on moving subjects.

In the coming sections of the paper, we discuss our work in relation to previous research and outline our perspectives as a guideline for future psychophysiological studies in situ.




2.2 Psychophysiological data

In this section, we briefly describe some of the basic physiological markers we use in the lab and how they relate to psychological processes. For a deeper description of the markers and suggestions for data treatment strategies, see Supplementary Appendix 2.


2.2.1 Cardiovascular system

The cardiovascular system is commonly used in psychophysiological research, partly because of its ability to indicate the state of the autonomic nervous system including stress levels (Berntson et al., 2017). Moreover, parameters like heart rate and blood pressure are straightforward to measure and quantify. However, the cardiovascular system is influenced by a complex array of factors, involving the autonomic and central nervous systems as well as the humoral (immune) system in the body. Consideration should be taken to aspects like participant’s age, activity level, changes in environment, and substances like caffeine, alcohol and tobacco (Jennings et al., 1981).

In SENSOLA, we have worked with heart rate and heart rate variability as cardiovascular indicators. Connections between heart rate and the sympathetic nervous system exist, but the findings are inconsistent (Valentini and Parati, 2009). For example, an increase in heart rate could be a sign of stress or anxiety (fight of flight), but also of cognitive load or increased physical activity. Heart rate has also been used as an indicator of stimuli involvement (Ulrich et al., 1991). Moreover, there are counterbalancing mechanisms, personal factors and spatiotemporal physiological patterns to take into account (Parsons and Tassinary, 2002; Berntson et al., 2017). Heart rate variability (HRV) concerns natural variations in heart rate and a higher HRV is generally associated with parasympathetic activity, particularly the high frequency component (Berntson et al., 1997).

To collect cardiovascular data, we have worked with both unobtrusive optical sensors (PPG) and electronic sensors (ECG), even though we have experienced limitations with PPG due to movement and light artefacts. For analysis with HRV, the exposure time is an important factor to consider in the experimental design with recommended standard windows of either five minutes or 24 h (Malik et al., 1996). Shorter windows can be used, but their reliability for HRV analysis is less certain (Pecchia et al., 2018).



2.2.2 Electrodermal system

Electrodermal activity, EDA, concerns small changes in moisture as emitted by endocrine sweat glands in the skin (Dawson et al., 2016). As a biomarker, it has been used to assess everything from pain and attention to memory, emotions and decision making (Boucsein et al., 2012; Dawson et al., 2016). Yet, EDA is probably most known as an indicator of sympathetic nervous system arousal. However, due to its limitations in differentiating between positive and negative arousal, proper interpretation of skin conductance data requires triangulation with other physiological indicators and/or subjective data (Bradley and Lang, 2000; Figner and Murphy, 2011).

The term EDA is used interchangeably with skin conductance, eccrine activity and galvanic skin response. EDA can be subdivided in two types of indicators (Dawson et al., 2016); skin conductance level describes the continuous progression of conductance over time (tonic); skin conductance response, while still based on the skin conductance level, focuses on sudden responses which are highlighted by applying a frequency filter on the skin conductance level (phasic).

EDA can be measured on several locations on the body, including the soles of the feet, fingers (e.g., volar surfaces of distal phalange or medial phalange) and the palmar surfaces of the hand (thenar eminence and hyperthenar eminence) (Boucsein et al., 2012; Dawson et al., 2016). Because of its relation to skin moisture, factors like temperature and the participant’s level of physical activity should be considered in the study design (Wilhelm et al., 2006; Boucsein et al., 2012).

In SENSOLA, we opt to measure skin conductance with electrodes for best possible data quality. Depending on the study design, however, we also use less obtrusive devices like rings and wristbands. In our experience, data collected on the wrist is much less useful though, probably because the eccrine glands are less sensitive on the wrist. As indicators, we focus on mean levels of the tonic signal (SCL) as well as number of SCR/min and/or the area (integral) of the phasic signal.



2.2.3 Respiratory system

Breathing is one of the most essential mechanical processes in the body, with several potential implications for psychophysiological research. Despite its apparent sensitivity to emotional states, cognition, and even odour perception (Lorig, 2017), respiration remains a relatively understudied area in psychological research compared to its prominence in medical fields. From a biophysical perspective, the purpose of breathing is to provide oxygen to the blood and also expel CO2 and other by-product gases produced by the body. The respiratory system thus involves ventilation (movement of air), diffusion (internal movement of gases) and perfusion (movement of blood in and out of organs) (Brashers, 2014). Breathing interacts with cardiovascular activity, such that the heart rate increase slightly on inspiration (Yasuma and Hayano, 2004), which is also an important contributing mechanism to heart rate variability. Breathing is typically quantified either by measuring how the torso moves or by assessing the gas exchange (such as breathing volume and blood oxygen levels) (Lorig, 2017).

In SENSOLA, we use two respiration transducers to register movement in the thoracic region and/or the abdominal region, focusing mainly on mechanical ventilation (respiratory effort) typically expressed as breaths per minute.



2.2.4 Brain activity

Functional neuroimaging can be used to assess activity levels in different regions of the brain (Stern et al., 2001a; Geuter et al., 2016). Brain activity can be measured in different ways, including electronically [electroencephalography (EEG)], with a magnetic scanner [functional magnetic resonance (fMRI)] or by optical sensors [functional near infrared spectroscopy (fNirs)]. Application of EEG and fNirs is limited to the outer regions of the brain, while fMRI can scan the interior as well. On the other hand, fMRI has limited temporal resolution and is typically performed on stationary subjects lying in a tube, with severe implications for ecological validity.

SENSOLA uses fNirs and the setup includes a wearable cordless device focusing on the prefrontal cortex, as well as a more complex device capable of measuring multiple chosen regions of the brain simultaneously. This platform enables us to investigate the role of attention in human functioning within diverse real-world environments, building upon the well-established finding that nature can restore the capacity for directed attention (Kaplan and Kaplan, 1989; Berman et al., 2008).



2.2.5 Eye movements and pupilometry

Vision is arguably one of the most important of the human senses and as such, eye tracking can be an invaluable source toward understanding human-environment interaction. Eye tracking data can reveal where, for how long, and in what order a subject has been focusing their vision during an experiment with obvious implications toward understanding visual attention (Carter and Luke, 2020). It should be noted that eye tracking tracks the focus of the gaze (not peripheral vision). Central parameters are fixations and saccades (saccades are movements between fixation points). The stimuli can be coded in terms of relevance as Areas Of Interests (AOI), which can be used to support the analysis process and identify potential correlation with other psychophysiological measurements.

Eye tracking data can also reveal information about the state of the pupil (pupilometry). Most notably, pupil diameter is an indicator that has been shown to correlate with cognitive load and arousal (Stern et al., 2001b). The behavior of the eyes can reveal the physiological state of a subject. For instance, some studies suggest that the notion of “mind wandering” is related to eye tracking parameters like divergence in eye movements, pupil dilation and eye blinking frequency (Smallwood and Schooler, 2015).

In SENSOLA, we use a mobile eye tracker with a software extension that allows it to function as both a screen-based device in controlled settings indoors, as well as in the field. It is possible to define AOI in both screen based stimuli and real world environments. However, due to the variable conditions of outdoor environments, certain indicators, such as pupil diameter, can be difficult to measure accurately, as global luminance significantly influences pupil size (Nguyen et al., 2022). This presents a particular challenge in outdoor settings, where controlling for fluctuating light levels is difficult.




2.3 Data about the environment

In people environment interaction studies, it is essential to be able to pinpoint in detail the environmental conditions that participants are exposed to over time. This data typically includes geographic location, environment type, environmental factors (e.g., noise levels, light conditions or temperature), and occurring events or social activities. Environmental data can be collected by dedicated devices, wearable sensors and/or extracted from databases. This data can then be synchronized with physiological measurements.


2.3.1 Global Navigation Satellite System

A Global Navigation Satellite System (GNSS) uses satellite data to log geodata, which includes spatial coordinates and timestamps. Various GNSS systems exist, with the most common being the Global Positioning System (GPS). SENSOLA utilizes GNSS loggers that primarily rely on GPS data. However, we also employ more advanced units that can track data from multiple satellite systems simultaneously, achieving accuracy down to below 1 meter. This continuous recording of spatial data serves several purposes in our research. First, it allows us to reference psychophysiological data to specific environmental exposures. Second, it helps ensure participants have adhered to designated paths during studies. Finally, GNSS data can be used to estimate walking speed. It’s important to note that GNSS signals can be affected by factors like dense tree cover or urban environments. To ensure accurate synchronization with GNSS data, other devices need to be set to the precise timestamp provided by the GNSS system itself.



2.3.2 Accelerometer

Accelerometers are commonly found in modern smartphones and other devices like pedometers. They measure acceleration, but not speed directly. This means the data does not necessarily indicate the distance traveled (an accelerometer in constant motion would not generate data). In SENSOLA, we have primarily used accelerometers for synchronization purposes. For instance, shaking a sensor containing an accelerometer while video filming creates a mutual event marker that can be used to align data streams during later processing. Additionally, many modern physiological data recording devices also include integrated accelerometers. Accelerometer data is valuable for providing an overview of participant behavior during an experiment. By analysing changes in acceleration patterns, we can distinguish between walking phases and stationary periods during an experiment.



2.3.3 Still images

Still images serve various purposes in our research. They can be used for documentation, such as capturing the layout and key features of an experimental environment or demonstrating the setup of specific equipment. Additionally, photography can be integrated into the experimental design. For instance, participants might be prompted to document their surroundings during a study, focusing on specific features or capturing anything they find noteworthy. Still images can also be employed as controlled visual stimuli presented in an indoor setting.



2.3.4 Audio-visual data

For a comprehensive understanding of psychophysiological responses in real-world settings, video with sound plays a central role in the SENSOLA setup. Audio-visual data allows us to document real-world experiments (in situ) and capture the environmental context, which is crucial for interpreting psychophysiological responses after the experiment. The video documentation provides a rich reference point for understanding the character of the environment, aiding interpretation of physiological data. Additionally, video helps us track significant events that occur during the experiment, allowing us to identify potential disturbances or particularly engaging experiences. Furthermore, video recorded outdoors can be used as a representation of the environment and played back as stimuli in the indoor laboratory, facilitating methodological comparisons between indoor and outdoor experiments. Video also serves as a tool to support interview sessions, where participants can reflect on their environmental experiences by watching footage of the setting they encountered in retrospect (Cerwén, 2024). Video elicitation in interviews is particularly valuable as it separates the environmental experience and physiological measurement from the evaluation phase, helping to keep the environmental experience as natural as possible. Additionally, video can assist participants in recalling and articulating their experiences more accurately.

SENSOLA utilizes various video recording devices, including action cameras, video glasses, and a mobile eye tracking camera. The video data is synchronized with physiological data, typically achieved by filming a sensor containing an accelerometer to create a common reference point during later processing.



2.3.5 Sound

We’ve found that the sound quality from built-in microphones in many video cameras is often insufficient. If high-quality audio is of importance, an external field recorder is a better option with significant improvements in audio fidelity. Proper wind shielding is essential to minimize wind noise. When attaching a recorder to a participant, consideration should be given to the sound of footsteps, breathing, or clothing rubbing (e.g., in a pocket). Sounds from the participant can be regarded as noise, but these sounds can also be valuable. For instance, footsteps can help identify movement artefacts in physiological data, while breathing patterns, sighs, or laughter might provide insights into emotional responses. Sound is also essential for understanding activities happening around the participant, which might not be visible on video.

The lab has various audio recording devices, including stereo recorders and equipment for capturing sound environments in first-order ambisonics (four channels) for processing and binaural presentation with VR. Additionally, we use a Class 1 sound level meter to measure sound pressure levels, with the capability to log data over time and record a reference audio file.



2.3.6 Weather

Weather is an important factor in outdoor experiments, as it has repercussions both on experience (Knez et al., 2009) and sometimes also on the quality of data (Boucsein et al., 2012; Przybyło et al., 2016). In some studies, researchers might try to control or minimize the influence of weather on the experiment (Gidlow et al., 2016), while in others, weather itself might be the topic of investigation (Smalley and White, 2023). Regardless of the research focus, considering general weather conditions is crucial during the experimental design phase.

Timestamps in collected data can serve as a reference for later retrieval of corresponding weather data from historical weather databases. Additionally, video recordings can provide clues about microclimatic variations, such as cloud cover affecting sunlight exposure or the participant walking under trees.

While SENSOLA has not yet employed specific methods for objectively recording outdoor weather data, depending on the research question, it might be relevant to measure specific factors like daylight conditions. Daylight is known to influence various aspects, including preference (Beute and de Kort, 2013) and mood (Schwarz and Clore, 1983). The light conditions in the indoor lab has been measured and calibrated. Some physiological measurement equipment in our lab also include the capability for thermal imaging to record body temperature.




2.4 Synchronization

Synchronization is critical for integrating various data streams in the SENSOLA lab, including psychological, physiological, and environmental data. We use a combination of automated and manual synchronization, depending on the study design and equipment employed. The main system automatically synchronizes physiological and accelerometer data. While manual methods like timestamps, event markers, and accelerometer data can be time-consuming and prone to errors, they are often necessary to complement data recorded with the main system.

For instance, to synchronize video with other data streams, we use an accelerometer. By briefly shaking a sensor containing an accelerometer while filming, a distinct movement is recorded in both the accelerometer data and the video, providing a common reference point for precise manual alignment during data processing.

Timestamps are a straightforward means of aligning data, provided the internal clocks of all devices are accurate. It’s important to note that offline devices need to be manually updated before an experiment starts, as clock drift can be substantial. Equipment with event marker buttons can be used for additional synchronization, but in our experience, focusing on accurate time stamping is more reliable.




3 SENSOLA setup and equipment

SENSOLA consists of two sections, a traditional indoor facility and a portable set of equipment for outdoor studies (See Figure 2). Much of the equipment can be used in both indoor and outdoor settings. Both sections centres on the same main system for data handling.
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FIGURE 2
 Left panel: A 3D sketch of the indoor laboratory in SENSOLA. Right panel: An illustration of a hypothetical experiment conducted on-site, using portable equipment from the SENSOLA laboratory.



3.1 Main system

At the core of the SENSOLA lab’s data handling is Biopac’s Bionomadix system and the associated Acqknowledge software (See Figure 3). This software allows for simultaneous visualization of multiple physiological data streams alongside video and GPS data. All physiological data recorded with the system is automatically synchronized. Time-series data from other systems can be imported via text files for manual synchronization. Data for each participant is kept separate and can be exported for further analysis in external statistical software.
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FIGURE 3
 A screenshot of an Acknowledge session from SENSOLA pilot 2. Top left: Participant’s view (audiovisual data) from video glasses. Bottom left: GPS data. Right: Physiological data (skin conductance level and heart rate highlighted). During a noise intervention in this section, the participant’s skin conductance level increases, which may be indicative of heightened arousal.




3.2 Indoor facilities

The indoor facility houses a control room and two traditional experimental rooms for stimuli presentation (See Figure 2). The control room is separated from the experimental rooms to minimize disturbances (Curtin et al., 2007). The experimental rooms are equipped with large OLED screens for audio-visual representations. Each screen is connected to a dedicated computer situated in the control room, equipped with a Nvidia Quadro RTX 4000 graphics card. Stimuli are presented from the control room computers using E-prime 3.0 (Psychology Software Tools).

In experiment room 1, there is a Chronos response box (integrated with E-prime 3.0). Participants use the response box to interact with the experiment, for example by answering questions in a microphone or responding to questionnaires with Likert scales. A keyboard can also be connected for written responses.

Physiological responses are measured using the Biopac BioNomadix. This system consists of mobile amplifiers worn by the participant and a wireless receiver (MP160 + PPGED-R/RSPEC-R) located in the control room connected to a dedicated computer. Data is transferred wirelessly in real-time to the computer where the Acqknowledge 6.0 software is used for recording. The BioNomadix system uses wireless digital RF technology at 2.4 GHz (bi-directional) (Biopac, 2020). The current BioNomadix setup in SENSOLA facilitates measurement of ECG, Respiration, Skin conductance and Pulse Plethysmography (BN-RSPEC and BN-PPGED).

The setup also includes a pair of mobile eye tracking glasses (ETVision from Argus Science) with an addon for screen-based stimuli (StimTrac and ETAnalysis). The eye tracker can be integrated with Biopac for automatic synchronization or used independently.

To synchronize stimuli and measurements, we use trigger signals sent from E-Prime to the Biopac software AcqKnowledge (via the Chronos box equipped with a Biopac STP-C expansion and a DB25 parallel cable). As an additional synchronization method, one of the experimental rooms is equipped with a LED light (Biopac OUT103) that can be triggered from AcqKnowledge, and used as a synchronization event. Both experimental rooms are equipped with Logitech StreamCams with possibility to stream video directly to AcqKnowledge.

For data analysis, we use a combination of software, mainly Mircosoft Excel, Open Office Calc, R and Minitab. Kubios HRV Premium 3.5 is used for heart rate variability analysis.



3.3 Portable equipment

The portable setup utilizes the same BioNomadix amplifiers as the indoor system, but data is recorded using a portable logger instead of a computer connection. The logger has a wireless range of about one meter (Biopac, 2020) and should be kept close to the amplifiers (on the same side of the participant’s body). While the logger supports recording the same physiological measures as the indoor system, real-time data viewing is not available. However, a preview of the data stream can be viewed before recording starts.

For brain activity measurement, the lab employs fNirs technology from Artinis. Two devices are used: the Artinis Octamon1 designed for the prefrontal cortex and the Artinis Brite, a multi-channel device with flexible optodes for broader region coverage. Each device connects to a dedicated laptop via Bluetooth, and the Oxysoft Software controls data collection. Data can be imported into AcqKnowledge via txt or edf for manual synchronization based on timestamps.

In addition to the BioNomadix system, SENSOLA utilizes a range of smaller devices for specific situations. These include the Empatica E41 wristband (measuring skin conductance, pulse plethysmography and temperature), the Polar H10 heart rate monitor (~130 Hz sampling rate) and the Moodmetric1/Nuanic ring (skin conductance). While some of these devices are consumer oriented products and offer convenience and accessibility, it’s important to consider potential limitations in data quality, sampling rate and access to raw data compared to research-grade equipment.




4 Four experimental typologies

This section outlines four experimental typologies, each representing a distinct level of control over the research environment. These typologies are based on experiences from the first ten studies carried out in the lab (See Supplementary Appendix 1). The typologies are used here to structure our understanding of various research approaches where physiology and environmental psychology is combined.


4.1 Controlled experiments in the lab

Experimental studies on human subjects in controlled indoor facilities have been used in several fields, including psychology, psychoacoustics, psychophysiology, linguistics, neuroscience and medicine. In environmental psychology, the laboratory setting has been employed for instance using image stimuli (Hung et al., 2023), image and sound (Carles et al., 1999), video (Ulrich et al., 1991), virtual reality (Annerstedt et al., 2013), and even multisensory approaches (Hedblom et al., 2019; Lyu et al., 2023).

The primary benefit of controlled laboratory environments is the ability to tightly control both the stimuli presented to participants and the measurements taken. Technological advancements have enabled increasingly immersive experiences, including interaction with simulated environments. However, the technology itself can introduce extraneous factors that need to be considered. A key challenge of indoor labs is the limitation in ecological validity. Assessing this limitation can be difficult, but comparative studies in both laboratory and real world settings may offer insights (c.f. Schöne et al., 2023). Combining findings from studies conducted across different settings through triangulation (c.f. Vigliocco et al., 2024) provides a more comprehensive understanding of a phenomenon.



4.2 Controlled experiments in the field

This category encompasses experiments conducted in real world settings, but with strict limitations on the variability of the environmental experience. This approach aims to retain some of the control offered by indoor labs while allowing access to natural multisensory stimuli. For instance, several studies have been carried out in research on forest bathing, where participants are asked to sit in selected spots in a forest while measurements are taken, which are subsequently compared with a reference environment (Stier-Jarmer et al., 2021). To control for external influences, the research area may be controlled for other visitors (Coss and Keller, 2022) and/or designed with specific interventions (South et al., 2015). Weather can be controlled to some extent by choosing to do experiments only under the same conditions (Gidlow et al., 2016).

Controlled experiments outdoors can help to assess certain types/aspects of an embodied and multisensory environmental experience, but the ecological validity can be questioned as (a) the participant’s freedom is severely limited, and (b) “disturbances” from the outside are controlled.



4.3 Semi-controlled experiments in the field

Semi-controlled experiments aim to mimic real-world conditions as closely as possible while maintaining some degree of experimental control. In these studies, participants engage in tasks within the chosen environment, and events occurring in the environment are considered part of the experiment. A predefined set of expected events can be identified and listed before the experiment (e.g., human interactions, encounters with vehicles), and other events may be excluded. By surveying events that naturally recur and their frequency, the setting can be described comprehensively, which helps determine when experiments should be conducted to match typical conditions for the given location. Examples of semi-controlled experiments include having participants walk along a designated trail, (c.f. Song et al., 2014), or following specific instructions such as “you should go through this forest, cross this landmark and then come back through this park.” Research designs might also involve specific activities, such as driving a car (Johnson et al., 2011).

Semi-controlled experiments offer a potential balance between ecological validity and control. However, they might be criticized for not fully achieving either. A major advantage compared to experiments in everyday life is the possibility to maintain control over equipment and data quality as the setting and timeframe is limited.



4.4 Experiments in everyday life

The least level of control will arguably be achieved when participants are free to go about their daily lives as usual, while data is recorded. Data obtained from participants’ own smart devices might be considered an option with potential logistic benefits. Participants can also be asked to wear a dedicated unobtrusive device with long-term measurement capabilities, such as a pulse belt or a smart wrist watch combined with GPS. While relying on participants to oversee data collection can be efficient, it can also make it challenging to assess internal validity (even if ecological validity is high) due to the potential for low data quality.

Examples of approaches in everyday life also include experience sampling and EMA (Intille, 2012; Kubiak and Krog, 2012), which have included, among other things, studies on health and wellbeing during work (Eatough et al., 2016) and leisure (Kono et al., 2022).

From a psychophysiological point of view, challenges with experiments in everyday life could be large datasets, lack of data control, confounding factors, and ethical considerations.




5 In situ guidelines for environmental psychophysiology

This section outlines general considerations for conducting psychophysiological studies in real-world settings (in situ). While the focus is on semi-controlled environments, these guidelines may also be applicable to other in situ contexts.


5.1 Sitting still or moving

If a participant is involved in a physical activity like walking, it is important to be aware that any changes in physiological responses could be due to the physical activity itself rather than external stimuli from the environment. This is further complicated by the fact that arousing environmental stimuli can influence walking pace (Franek, 2013), and that exercise, especially medium intensity, can lead to an increase in arousal (Kamijo et al., 2004). Furthermore, even during stationary measurements, prior physical activity may have lingering physiological effects, such as elevated heart rate or respiration. Physical activity is particularly influential for cardiorespiratory variables like heart rate and breathing rate (Rohrbaugh, 2016), but can also affect EDA and other measurements (Wilhelm et al., 2006). In addition to changes in physiological responses, there are also an increased risk for artefacts to consider when a participant is moving.



5.2 Study location/s

A thorough examination of the chosen study location is crucial to ensure its suitability for the research. Key features like environmental types, transitions, events, paths, and overall layout should be mapped for reference. For logistical purposes, identifying a designated base (e.g., nature centre, athletics changing facility, or library) to welcome participants and house equipment is ideal. Planning should consider the starting location, baseline measurement area, walking paths, potential interventions, targets and environmental exposures (see Figure 4 for a hypothetical layout).

[image: Figure 4]

FIGURE 4
 Hypothetical layout for an on-site walking experiment with start/end (base), acclimatization, baseline, and two environmental conditions. If a target destination is used (e.g., walk to a specific point and return), the participant will be exposed to both environmental conditions twice with reversed order.


Field studies have limitations in randomizing stimuli compared to labs. However, reversing the walking path direction can address order effects to some extent. Additionally, exposing participants to the same stimuli more than once can offer statistical advantages. Potential on-site events should be considered and mapped for reference. If the area is open to the public, social encounters become an important factor to consider during design.



5.3 Participants and recruitment

Recruiting participants for outdoor experiments, especially in remote areas, presents challenges. Limited accessibility and increased time commitment can hinder finding a representative sample. Choosing locations accessible by public transportation or offering transportation assistance (Liu et al., 2021) can address accessibility concerns. For studies of national parks and other remote areas, participants have often been recruited on site among visitors (see, e.g., Levenhagen et al., 2021). This could be a viable strategy for unobtrusive wearable studies, but participant bias is a potential risk.



5.4 Managing participants and applying equipment

Mobile experiments typically require participants to carry equipment in accessory bags or with straps. To minimize signal obstruction, equipment needing to communicate should be positioned on the same side of the body.

Electrode application often starts due to their settling time. Mounting torso electrodes (ECG) can be perceived as intrusive, potentially raising stress levels due to physical contact and intrusion of private space (c.f. Gale and Smith, 1980). In SENSOLA, we are testing self-application with instructions and pre-experiment signal checks. This approach has yielded positive results.

It’s crucial to consider the physical and psychosocial environment participants encounter, and acknowledge the risk that participants could experience levels of stress or even anxiety during the onset of an experiment (Gale and Smith, 1980). Clear communication can help participants feel informed, safe, and calm about the experiment and equipment.

For ECG and skin conductance, it is important to check that chords for ECG and skin conductance do not interfere with the participant’s clothing. Even minor pulling can cause artefacts and data loss. Securing cords with surgical or sports tape can mitigate this risk (Biopac, 2024).



5.5 Baseline

Baseline measurements provide a reference point for comparing data collected during stimuli exposure (Stern et al., 2001c). A period of acclimatization allows participants to adjust to the experimental setting before baseline data collection. In laboratory settings, it has previously been found that cardiovascular activity can stabilize after about one minute (Gerin et al., 1994), and for skin conductance, a total baseline session of between 2 to 4 min have been suggested (Braithwaite et al., 2013). Unlike stationary settings, we suggest a slightly longer acclimatization for subjects in movement to allow for both bodily and mental adjustment. Electrode settling time is also a factor, typically requiring around five minutes (Braithwaite et al., 2013; Biopac, 2024). It is recommended that the acclimatization period and baseline reading be combined into a single session, with the analysis period extracted later, using the appropriate delay relative to the experiment start (Quintana et al., 2016).

The actual measurement duration required can vary depending on the physiological variable, with heart rate variability requiring more time than heart rate or skin conductance. Importantly, too long baseline sessions can trigger a response in some participants due to factors like restlessness, boredom, internal thoughts, emotional processing or anxiousness regarding the progression of the experiment (c.f. Stern et al., 2001c). For indoor studies, it has been suggested that non-demanding tasks during the baseline can be used to address such challenges (Jennings et al., 1992; Krebl et al., 2021). For studies in situ, problems with under stimulation during baseline should be less problematic.

The concept of a neutral baseline environment is crucial, but neutrality may need to be defined in context. Moreover, when participants are moving (e.g., walking), the baseline should account for the physiological changes caused by the movement itself. Terminology like “walking baseline” or “action baseline” can be used for clarity.



5.6 Unexpected events and confounders

Unlike controlled laboratory experiments that eliminate variations in environmental stimuli, real-world studies involve unexpected events that can disrupt the intended design. For instance, a noisy protest during a park study might invalidate data about the park environment itself. These disruptions are called confounding variables.

However, unexpected events (e.g., encountering people, animals, vehicles, work activities) are an intrinsic part of real-world experiences, and their presence enhances the study’s ecological validity, or the generalizability of findings to real-world settings. Nevertheless, they need to be addressed in the research design.

Site visits and analysis help identify events commonly occurring in a specific location. These expected events can be distinguished from true confounders that significantly deviate from the typical experience. Private areas tend to have fewer unexpected events compared to public spaces.

There are also strategies for addressing unexpected events themselves. Increasing exposure time or repeating exposures can help average out their effects, allowing for generalizations about the environment. Events can also be tagged during data analysis. This allows for comparing physiological responses during events with non-event periods. This can be used to either compensate for unexpected events or study them directly.

Environmental changes can also be deliberately introduced as stimuli. For instance, COVID-19 restrictions allowed for comparing soundscapes before and during the pandemic (Aletta et al., 2020).




6 Concluding remarks

This paper summarizes our experiences building a laboratory designed for real-world (in situ) psychophysiological measurements. We discussed the possibilities and challenges of ambulatory measurements, and suggested a guideline for future research projects. Real-world studies present specific challenges that require careful research design. This paper highlighted several pragmatic considerations, including confounding factors, data quality, procedures, and site analysis. Our experience suggests that, despite the many challenges, well-designed in situ studies can generate valuable data with significant potential.

For instance, in situ studies can enhance our understanding of the mechanisms underlying individual experiences in both natural and urban settings. Multisensory experiences are difficult to simulate in a laboratory setting, and even if perfectly simulated, the artificial environment likely influences participant responses. In situ studies help us explore contextual factors such as the role of unexpected events and their impact on participants, the effect of social proximity and encounters on experiences, the influence of time of day, season, and weather as experienced in real-world situations, and how transitions between environments affect experiences.

These questions involve complex, nuanced variables that require a multifaceted methodological approach. This may include triangulation, combining physiological responses, self-reports from participants, and environmental data.

The research could be designed with different epistemological emphases in regards to the data being collected. For instance, a study with multiple participants could aim to make generalizations about an environmental stimulus, where the impact of specific events are averaged out. Alternatively, a qualitative study with fewer participants could focus on uncovering the complex psycho-social aspects of the environmental experience, supported by physiological data. These approaches can also be combined.

SENSOLA is operational and adaptable to various experimental setups. Current physiological responses measured in SENSOLA include real-time ECG, PPG, fNIRS, EDA, respiration, and eye tracking. While saliva cortisol, EMG, and blood pressure have been considered, they have not yet been implemented. We plan to integrate virtual reality capabilities for further methodological assessment and data triangulation. Additionally, augmented reality could bridge in situ and lab contexts, potentially simulating and assessing the effects of future environmental developments.

Most SENSOLA studies have so far been small-scale pilots. The experiences drawn from the studies have been summarized in this paper to serve as a peer-reviewed knowledge base for future research. The paper outlined four study types: controlled experiments in the lab, controlled experiments in the field, semi-controlled experiments in the field, and experiments in everyday life. Our primary focus has been on semi-controlled experiments, where we have found a good balance between experimental control and participants’ freedom. The overarching aim is to improve ecological validity while still maintaining internal and external validity.
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