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1  | INTRODUC TION

Indoor environmental quality (IEQ) plays an essential role in affect‐
ing productivity, health, and well‐being.1 Those effects may be par‐
ticularly prominent in workplaces, where full‐time workers spend 
approximately one‐third of their day, 5 d/wk.2 Evidence from public 
health and building sciences have demonstrated that environmental 
elements, including indoor air quality, ventilation, thermal health, 
water quality, moisture, safety and security, lighting and views, 
noise, dust and pests, are foundational to human health.3 Beyond 
looking at indoor exposures which lead to adverse health effects, 

researchers have also discussed, although less frequently, how opti‐
mizing indoor environment and building design could promote cogni‐
tive function, productivity, health, and well‐being.4-7

Bringing natural elements indoors (ie, biophilic design) has re‐
ceived increasing attention recently due to its potential health ben‐
efits.8,9 It stems from the concept of biophilia, which literally means 
“love of life and living systems,” which was popularized by Edward O. 
Wilson in 1984.10 He and Stephen R. Kellert proposed the biophilic 
hypothesis in 1993, suggesting that human beings’ innate connec‐
tion with nature is essential for their well‐being.11 Nowadays, our 
accessibility to natural environments is decreasing since we live in 
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Abstract
Biophilia hypothesis suggests humans have an innate connection to nature which may 
affect our health and productivity. Yet we currently live in a world that is rapidly ur‐
banizing with people spending most of their time indoors. We designed a randomized 
crossover study to let 30 participants experience three versions of biophilic design 
in simulated open and enclosed office spaces in virtual reality (VR). Throughout the 
VR session, we measured blood pressure, heart rate, heart rate variability, and skin 
conductance level and administered cognitive tests to measure their reaction time 
and creativity. Compared to the base case, participants in three spaces with biophilic 
elements had consistently lower level of physiological stress indicators and higher 
creativity scores. In addition, we captured the variation in the intensity of virtual 
exposure to biophilic elements by using eye‐tracking technology. These results sug‐
gest that biophilic interventions could help reduce stress and improve creativity. 
Moreover, those effects are related to both the types of biophilic elements and may 
be different based on the workspace type (open vs enclosed). This research demon‐
strates that VR‐simulated office spaces are useful in differentiating responses to two 
configurations and among biophilic elements.
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a world that is rapidly urbanizing with people spending majority of 
their time indoors.12 As a response, biophilic design works to en‐
hance the individual connection with nature by incorporating natural 
features into built environments where we live and work.13,14 Efforts 
to promote the biophilic design in practice include identifying design 
attributes and categorizing them into three domains (ie, nature in the 
spaces, natural analogues, and nature of the space) and 14 patterns, 
prioritizing the most prominent nature‐health relationships in the 
built environment.13,15

A significant body of existing  research has shown the health 
benefits derive from contact with or emersion in nature occurring 
outdoors.16-20 Less is known about possible health and well‐being 
benefits of encountering nature indoors.21 What evidence exists is 
mainly focused on the benefits of “nature in the space,” including nat‐
ural views from window, indoor plants, and natural light. Specifically, 
viewing nature through a window had effects for patients on reduc‐
ing recovery time and reliance on pain medication22-24 and helped 
students recover from mental fatigue and stress.25 Indoor plants 
could provide psychological benefits such as stress reduction, in‐
creased pain tolerance, and restoration of attention capacity.26,27 
Natural light has known benefits for circadian rhythm and sleep 
quality, and it could also increase feeling of vitality, activity patterns, 
and quality of life.28,29 In addition to indoor plants and natural light, 
materials and patterns mimicking nature, which were termed as “nat‐
ural analogues,” are also at the core of biophilic design. However, 
there are few studies examining their health benefits, most of which 
focused on wooden materials. The use of interior wooden materials 
has been found to have effects on reducing autonomic stress re‐
sponses, tension and fatigue, increasing positive emotions and com‐
fortability.30-32 In addition to virtual exposure, haptic exposure such 
as touching wood has been found to have the effect on inducing 
physiological relaxation.33 Lastly, natural forms and organizations in 
architecture were thought valuable for human emotional and cogni‐
tive function, but little empirical evidence has been provided.34

These initial investigations have their limitations. First, the envi‐
ronmental exposure had often been based on a simplistic “nature/
green” versus “built/lean” dichotomy.35 Unresolved is how specific 
natural elements affect occupants’ health and well‐being. Second, 
little is known about whether natural elements would have simi‐
lar effects in different workspaces. Studies have shown that open 
spaces are usually beneficial for collaborative works, while enclosed 
spaces are more conducive to activities that require focus with fewer 
distractions.36 A recent review pointed out that research on nature 
and health conducted to date fails to capture variations in how peo‐
ple experience nature and does not quantify the level of immersion 
or exposure while in a space with biophilic elements.37 Lastly, most 
of the studies used self‐reported measures of health and well‐being, 
which may introduce response bias.

Emerging technologies have the potential to address some lim‐
itations of previous studies. Virtual reality (VR) allows systematic 
manipulations of indoor environment that could not effectively 
be implemented in the real world.38 It could provide more immer‐
sive experiences of different natural environments than video, 

photograph, and sketches under controlled laboratory circum‐
stances. Several studies found that exposure to virtual environ‐
ments in VR may have similar effects comparing to those in real 
environments.38-41 Virtual display of natural environments in vari‐
ous settings (eg, forest, urban green space, streetscapes, biophilic 
indoor space) had been used to detect the effects on stress reduc‐
tion, attention restoration, and cognitive function.41-44 Eye‐track‐
ing, combined with VR, provides a unique opportunity to measure 
people's visual attention to specific elements in a simulated virtual 
environment by calculating the amount of time individual focuses 
on specific objects. Wearable biomonitoring sensors combined 
with a VR experience monitor a participant's physiological re‐
sponses, such as heart rate variability and skin conductance level, 
over the course of the experiment.

Combining VR, eye‐tracking, and wearable biomonitoring sen‐
sors, we designed a Biophilic Interventions in Office (BIO) study 
examining participants’ responses to different biophilic designs (ie, 
natural elements, natural analogues, and combination of both, re‐
ferred to as “combination”) across two types of workspaces (ie, open 
space vs enclosed space). In addition to physiological measurements 
of stress reaction, we included cognitive assessments of creativity 
and attention.

2  | METHODS

2.1 | Study population

The BIO study enrolled 30 participants through email invitations and 
posted flyers, representing a convenience sample of students and 
staff from the Harvard TH Chan School of Public Health. Recruited 
between May and September in 2018, they were invited to visit the 
VR laboratory on two occasions (the same time of day and the same 
day of week). Exclusion criteria included taking medicine or stress 
treatment, use of tobacco or alcohol within 24 hours prior to the ex‐
periment, and participation in intensive exercise within 6 hours prior 
to the experiment. The study protocol was reviewed and approved 
by the Institutional Review Board of Harvard TH Chan School of 

Practical Implications
•	 VR simulated office spaces are useful in differentiating 

responses to two configurations and among biophilic 
elements.

•	  Combining virtual reality, eye‐tracking and wearable 
bio‐monitoring sensors is a new empirical research tool 
to quantify the human responses to virtual biophilic 
environments, which could be used for preoccupancy 
evaluation.

•	 Findings of this study benefit architects, designers and 
office managers to understand how biophilic office de‐
sign affects occupants’ health and performance.
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Public Health. All participants provided informed consent and were 
compensated with $40.

2.2 | Study design

We used randomized crossover design for this study, in which par‐
ticipants acted as their own control and their physiological and 
cognitive responses were measured repeatedly, with the purpose 
of controlling for potential time‐invariant confounding factors and 
increasing statistical power (Figure 2). All participants visited the 
VR laboratory twice to experience both open and enclosed spaces 
in a randomize order, one space at a time. During each visit, they 
were exposed to four different virtual environments, with the order 
randomized.

2.3 | Environment simulation and eye‐tracking

Choosing four patterns out of the 14 patterns of biophilic design,15 
we simulated four types of indoor environment, including three 
natural (biophilic) conditions and one non‐biophilic environment as 
control, in two workspace types (open and enclosed) based on real 
spaces from an architectural design and consulting firm (Figure 1). We 
combined patterns of “visual connection with nature” and “dynamic 

& diffuse light” to represent natural elements since these two pat‐
terns always come together in design practice, which included green 
plants and access to natural light and view. Similarly, we combined 
patterns of “biomorphic forms & patterns” and “material connection 
with nature” to represent natural analogues, which included products 
that were made of or looked like natural materials and furniture with 
biomorphic shapes. The rationales for choosing these four biophilic 
patterns were as follows: (a) They were relevant to office design and 
indoor spaces; (b) they could be simulated in virtual reality; and (c) 
they were conducive to brief exposure time. Further, our experiment 
included two common configurations: open and enclosed office 
spaces. The indoor scenes were modeled by using Rhino5 software 
in advance and rendered in real time during experiment by Unity 
software (version 2017.1.0f3).

To better understand the intensity of virtual exposure to bio‐
philic elements, we incorporated eye‐tracking device, Tobii Pro VR 
Integration with HTC Vive (Tobii Technology Inc), to record par‐
ticipants’ foveal attention during the exposure period. Biophilic 
elements in the virtual environment were pre‐labeled, and gaze 
intersection point data were used to annotate object in view at 
each time. Two eye‐tracking parameters, saccades and fixations, 
were separated through a velocity‐based algorithm marking any 
movement slower than 100 degrees per second (deg/s) as fixation 

F I G U R E  1   Simulated virtual 
environments in enclosed spaces (E1~E4) 
and open spaces (O1~O4). Note aBiophilic 
intervention that incorporates green 
plants and natural light into office. 
bBiophilic intervention that incorporates 
biomorphic patterns and natural materials 
into office. cBiophilic intervention that 
incorporates biophilic elements from both 
“natural elements” and “natural analogues” 
interventions

Enclosed spaces Open spaces

Non-
biophilic 
(Control) 

Natural 
elementsa

Natural 
analoguesb

Combinationc

E1 

E2 

E3 

E4 
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and movements faster than 300 deg/s as saccades.45 Velocity of 
eye movement was calculated using the two‐dimensional position 
of pupil in the tracking coordinates, and then translated into angle 
change and divided by time from previous data point. This was 
calculated separately for each eye and then averaged.46 Only fix‐
ations were used to calculate the intensity of exposure to each 
object in the virtual biophilic environments.

2.4 | Physiological indicators of stress reaction

Blood pressure (BP), heart rate (HR), heart rate variability (HRV), and 
skin conductance level (SCL) were measured by wearable biomoni‐
toring sensors as physiological indicators to acute stress reaction. 
Specifically, the Omron EVOLV blood pressure monitor was at‐
tached to the left upper arm of each participant to measure systolic 
and diastolic blood pressure (Omron Healthcare Inc). We conducted 
momentary measures of blood pressure before and after exposing 
to each virtual environment. HR, HRV, and SCL were measured con‐
tinuously during the experiment.

Heart rate variability describes a dynamic interplay between the 
parasympathetic and sympathetic branches of the autonomic ner‐
vous system (ANS), which is associated with physiological stress re‐
sponse.47 We chose the root mean square of successive differences 
between normal heartbeats (RMSSD) as the indicator of the short‐
term HRV because it reflects parasympathetic activity which is re‐
lated to the stress relief and it is reliable for short‐term measure (ie, 
five minutes or less).48 The Movisens EcgMove3 (Movisens GmbH) 
was worn on a chest belt underneath clothes to collect the elec‐
trocardiogram (ECG) data from each participant. The DataAnalyzer 
software (Movisens GmbH) was used to convert the ECG signals into 
time‐series HR (1/min) and RMSSD (milliseconds [ms]). All HRV cal‐
culations were performed internally every 30 seconds, which is the 
minimal time interval to calculate HRV of this sensor.

Skin conductance level measures the electrodermal activ‐
ity in the sweat glands under the sensor, which is controlled by 
the autonomic nervous system.49 It is a widely used indicator for 
measuring physiological stress related to exposure to the natural 
environment.25,41,43,50 The electrodermal activity sensor, Movisens 
EdaMove3 (Movisens GmbH), was attached on the left wrist to col‐
lect the skin conductance level (µS) of each participant. The contin‐
uous SCL measure was also averaged every 30 seconds.

2.5 | Cognitive function measures

Thinking is characterized by divergent and convergent cognitive 
processes. Convergent tasks are mostly related with intelligence 
and could be divided into subcategories of attentional and data pro‐
cessing tasks, while divergent tasks are related to creativity. Since 
attention restoration is one of the proposed mechanisms for explain‐
ing the psychological benefits of exposure to natural environments 
on humans,51 our previous study has assessed the effect of indoor 
biophilic environment on attention, which is a key part of conver‐
gent thinking.41 However, divergent tasks add more complexity to 
the cognitive assessment of the effects of biophilic environments 
on humans and perhaps associate different features as more of a 
facilitator in either of these two categories of cognitive tasks. It has 
been proposed that VR has the potential to facilitate the assessment 
of cognitive performance beyond what is currently possible by using 
traditional methods.52

In this study, participants’ selective attention related cognitive 
function was measured by Stroop color‐word test (Stroop test) and 
their creativity related cognitive function was measured by Guilford's 
Alternative Uses test (AU test). The Stroop test included 48 trials of 
congruent and incongruent word‐color stimuli, with the order ran‐
domized. Participant was expected to identify the color of the dis‐
played word and click 1 of 4 buttons (ie, R: red; B: blue; Y: yellow; 

F I G U R E  2   Timeline of experimental procedure and sampling (one visit)
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G: green) accordingly.53 Reaction time for each individual trial was 
measured as the performance metric. AU test is a widely used and 
validated test for evaluation of creativity.54 This test measures cre‐
ativity by asking participants to list as many unconventional possible 
uses for a common everyday object. In this experiment, we included 
eight items, including newspaper, cup, umbrella, match, brick, plastic 
bottle, tire, and pen. Aggregated answers for those questions were 
evaluated independently by two judges based on fluency (ie, the 
number of interpretable, meaningful, and relevant responses), flex‐
ibility (ie, the number of different categories implied by responses), 
and originality (ie, measured by the statistical rarity of the responses 
in a given sample).54,55

2.6 | Experimental procedure

The indoor environmental conditions of the VR laboratory were kept 
consistent throughout all visits. The IEQ indicators, including tem‐
perature, relative humidity, and PM2.5 concentrations, were meas‐
ured by real‐time sensor package. Noise disturbance was kept to a 
minimum by closing the door of the laboratory.

At the beginning of the experiment, we introduced the exper‐
imental procedure and let participants read and sign the consent 
form. After that, we set up the devices (ie, VR headset and biomon‐
itoring sensors) and provided general instructions on safety and 
navigation in VR environment. During this period, participants were 
given 10  minutes to get familiar with the VR experience and the 
approach to perform cognitive tests in VR. They spent the recom‐
mended first seven minutes to get used to VR as a novel stimulus and 
the rest three minutes for eye tracker calibration. Afterward, partici‐
pants were randomly assigned to view four virtual environments (E1, 
E2, E3, and E4 or O1, O2, O3, and O4) under one workspace type 
(enclosed or open) (Figure 1).

In each environment, they started with a 3‐minute rest while 
seated with only the default gray background environment show‐
ing in VR. This period allowed their physiological conditions to 
stabilize, during which their baseline physiological status including 
BP, HR, HRV, and SCL was collected. Following the period of rest, 
participants were virtually exposed to the indoor office environ‐
ment for five minutes, which has been shown in previous research 
to be a sufficient period of time for changing acute physiological 
stress level.41,56,57 They could walk and observe the surrounding 
environment freely in this period, during which we collected their 
gaze data by using eye‐tracking device. After that, they remained 
in this virtual environment and took a 5‐minute cognitive test 
by using a virtual desktop in VR (Figure S1). After experiencing 
those four environments, they completed a 5‐minute online sur‐
vey about their background information, including demographics 
(only for the first visit), general health condition (excellent, very 
good, good, fair, or poor), and stress level (Likert scales from 1 to 
5, with 1 being very little stress and 5 being extreme stress.), caf‐
feinated beverage drinking (yes/no), and good sleep quality of the 
night before (yes/no). In addition, they also reported how much 
they feel the connection with nature in the four conditions they 

experienced with the Likert scales from 1 to 10 and ranked the 
four biophilic patterns (“visual connection with nature,” “dynamic 
& diffuse light,” “biomorphic forms & patterns,” and “material con‐
nection with nature”) in order of their preferences. The whole ex‐
periment took around 80 minutes per visit (Figure 2). In the second 
visit, participants repeated this procedure and experienced the re‐
maining workspace.

2.7 | Statistical analyses

For physiological measures (BP, HR, HRV, and SCL), the pre‐post‐
exposure changes were used as outcome variables after consider‐
ing the different baseline measures among four virtual exposures in 
each visit. Since the HR, HRV, and SCL data were collected continu‐
ously and skewed, we used the median of HR, HRV, and SCL dur‐
ing exposure periods versus those during rest periods to calculate 
the pre‐post changes. We conducted two‐way ANOVA with re‐
peated measures on physiological data during all rest periods to test 
whether there were order effects of four virtual exposures in two 
workspaces after randomization.

For cognitive outcomes (creativity and reaction time) which did 
not have baseline measures, we incorporated between‐visit covari‐
ates, including caffeinated beverage drinking, sleep quality before 
the experiment day, and the self‐reported stress level before ex‐
periment given their potential impacts on cognitive performance.58 
We found the IEQ indicators (ie, temperature, relative humidity, and 
PM2.5) were stable by running paired t test. Therefore, we did not 
add those indicators into the regression model to avoid potential 
overfitting issue. Since the reaction time data were right‐skewed, we 
log‐transformed them. In addition, we normalized the scores from 
AU test by using Z‐scores to adjust the different difficulties among 
eight questions in AU tests.

Generalized additive mixed‐effect models (GAMM) (R package 
“gamm4,” version 0.2‐5) were used to analyze the associations be‐
tween biophilic interventions and physiological and cognitive out‐
comes while controlling for the correlated nature of the repeated 
measures from the same participant (Models 1~3).59 Participant 
was treated as a random intercept to control for variability across 
individuals. Four virtual environments in each workspace had been 
categorized with the non‐biophilic environments used as the refer‐
ence group. Each biophilic intervention was examined in model to 
obtain beta estimate and 95% confidence interval for each outcome 
measure, and a two‐sided alpha level of .05 was used to determine 
statistical significance.

For physiological data (BP, HR, RMSSD, SCL),

where ΔYij = the average pre‐post changes of physiological mea‐
sures for participant i at visit j; environment = 1 if participant was 
in non‐biophilic environment, 2 in the natural elements condition, 3 
in the natural analogues condition, and 4 in the combination condi‐
tion; workspace = 1 if participant was in open spaces and 0 in en‐
closed spaces; β1~3 = fixed effects of specific biophilic environment 

(1)ΔYij=�0+�1∼3environment+�4workspace+eij+�i
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compared to the non‐biophilic environment; β4 = fixed effect of 
open spaces compared to the enclosed spaces; µi = random effect 
of intercept for participant i.

For reaction time (Stroop test),

logYij = reaction time for participant i at trial j in log scale; incongru‐
ence = 1 if words presented in different color and 0 if congruently 
colored words; testnumber = the number of times participant was 
tested (1~8); coffee = 1 if had caffeinated beverages before exper‐
iment, and 0 otherwise; sleep = 1 if had a nice sleep, and 0 other‐
wise; genstress = self‐reported stress level, which has a range from 
1 (very little stress) to 5 (extreme stressful); β5 = mean difference 
of reaction time between congruent test and incongruent test (ie, 
Stroop effect) in log scale; β6 = learning effect; β7~9 = fixed effect 
of caffeinated beverages drinking, sleep quality, and general stress 
level; environment, workspace, β1~4, and μi have the same mean‐
ings as those in Model (1).

For standardized creativity score (AU test),

Yij = standardized Z‐score of AU test for participant i at test j; en‐
vironment, workspace, β1~4, and μi have the same meanings as those 
in Model (2), and β5~8 have the same meanings as β6~9 in Model (2), 
respectively.

The gaze data collected from eye‐tracking device during the 
exposure period were used to calculate the percentage of time 
participants spent on looking at biophilic elements (ie, intensity 
of virtual biophilic exposure). We calculated the mean intensity 
of virtual biophilic exposure with standard deviation in three 
biophilic conditions to capture the variation of how participants 
experience their surrounding biophilic elements. Additionally, we 
combined summarized gaze data with demographic data for each 
participant to explore the differences of perception in gender (fe‐
male vs male) and where participants were raised (urban vs rural 

(2)
logYij= �0+�1∼3environment+�4workspace+�5incongruence

+�6testnumber+�7coffee+�8sleep+�9genstress+eij+�i

(3)
Yij= �0+�1∼3environment+�4workspace+�5testnumber

+�6coffee+�7sleep+�8genstress+eij+�i

TA B L E  1   Characteristics of study population (n = 30) and indoor 
environmental quality, baseline physiological measures, and other 
characteristics of visits (n = 60)

Category Mean ± SD or n (%)

Demographics of the 30 participants —

Gender —

Male 8 (26.7)

Female 22 (73.3)

Age 26.3 ± 5.1

18‐20 5 (16.7)

21‐30 20 (66.6)

31‐40 5 (16.7)

Ethnicity —

White/Caucasian 15 (50.0)

Asian 10 (33.3)

Latino 3 (10.0)

Multiracial 2 (6.7)

Occupation —

Student 23 (76.7)

Staff 7 (23.3)

Area they were raised —

Urban 15 (50)

Suburban 11 (26.7)

Rural 4 (13.3)

General self‐reported health condition —

Excellent 6 (20.0)

Very good 17 (56.7)

Good 7 (23.3)

Characteristics from the 60 visits —

Indoor Environmental Quality —

Temperature (F°) 74.7 ± 1.5

Relative humidity (%) 41.8 ± 10.0

PM2.5 (µg/m3) 5.8 ± 5.4

Caffeinated beverage drinking —

Yes 17 (28.3)

No 43 (71.7)

Good sleep quality —

Yes 50 (83.3)

No 10 (16.7)

Self‐reported stress level —

1 (Lowest) 16 (26.7)

2 20 (33.3)

3 19 (31.7)

4 5 (8.3)

5 (Highest) 0 (0)

Average baseline physiological 
measures

—

Systolic blood pressure (mm Hg) 107.8 ± 9.2

(Continues)

Category Mean ± SD or n (%)

Diastolic blood pressure (mm Hg) 69.9 ± 8.5

Heart rate (1/min) 71.4 ± 11.2

RMSSD (ms) 47.9 ± 26.5

Skin conductance level (µS) 5.7 ± 3.8

Self‐reported connection with nature 
in the environment (score: 0 ~ 10)

 

Natural elements 8.3 ± 1.2

Natural analogues 4.7 ± 1.7

Combination 8.4 ± 1.4

Abbreviations: —, no data; RMSSD, root mean square of successive dif‐
ferences of beat intervals; SD, standard deviation.

TA B L E  1   (Continued)
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area). Analyses were performed by using the open‐source statisti‐
cal package R (v.3.5.1).60

3  | RESULTS

3.1 | Demographics and baseline measures

Demographics of the 30 study participants and characteristics of the 
60 visits are presented in Table 1. The participants had an average 
age of 26.3 ± 5.1 years, most of whom were graduate students with 
good health condition. Over two‐thirds of participants were female, 
and half of the participants were Caucasian. The VR laboratory is in a 
mechanical ventilated office building, and overall IEQ was consistent 
during the experimental period. In approximately one‐fourth of the 
visits, participants reported that they had caffeinated beverage be‐
fore the experiment. 83.3% of participants reported they had good 
sleep quality before the experiment.

There were no statistically significant differences among the 
four pre‐exposure (baseline) conditions for BP, HR, RMSSD, and SCL 
in both enclosed space and open space (all P > .05) (Table S1). This 
suggests that there were no order effects of these four types of ex‐
posure in the protocol on physiological responses. The subsequent 
changes of physiological measures are likely attributed to the differ‐
ent virtual exposures.

3.2 | Stress reactions

The overall effects of biophilic interventions (after adjusting for 
types of workspace) and their separated effects in enclosed and 
open workspaces on physiological indicators of stress compared to 

those in the non‐biophilic environments are shown in Table 2. The bi‐
ophilic interventions had significant overall effects on reducing both 
systolic and diastolic blood pressure (SBP and DBP). Specifically, 
the natural elements, natural analogues, and combination conditions 
were associated with 1.8 (95% CI: 0.0, 3.5), 2.2 (95% CI: 0.5, 4.0), and 
2.0 (95% CI: 0.3, 3.8) mm Hg more SBP decreases and 2.8 (95% CI: 
1.2, 4.4), 2.3 (95% CI: 0.75, 3.92), and 2.7 (95% CI: 1.1, 4.3) mm Hg 
more DBP decreases, compared to those changes in non‐biophilic 
environments. Patterns of associations between different biophilic 
interventions and pre‐post changes of SBP and DBP were consist‐
ent in both workspace types. Particularly, those associations were 
stronger in open spaces and all statistically significant, with effect 
estimates of 3.2 (95% CI: 0.9, 5.6), 2.7 (95% CI: 0.3, 5.0), and 2.4 (95% 
CI: 0.0, 4.8) mm Hg more SBP decreases and 4.1 (95% CI: 0.4, 5.1), 
3.3 (95% CI: 1.3, 5.2), and 2.6 (95% CI: 0.7, 4.6) mm Hg more DBP de‐
creases in the natural elements, natural analogues, and comboination 
conditions, respectively.

Biophilic interventions were consistently associated with more 
decreasing heart rate. This association was significant in the natural 
elements condition, with 1.63 (95% CI: 0.07, 3.18) beats per minute 
more decrease of HR. Similar to the effect differences of SBP and 
DBP, biophilic environments had larger effect in open spaces versus 
enclosed space on reducing HR, with significant decreases of HR in 
the nature elements (1.6 (95% CI: 0.1, 3.2)) and natural analogues con‐
ditions (1.5 (95% CI: 0.0, 3.1)).

We observed a discrepancy in the effects of biophilic interven‐
tions on pre‐post changes in heart rate variability. Participants had 
more increases of RMSSD, which means increased parasympathetic 
activities related to stress relief, in the natural elements and combina‐
tion conditions but less in the natural analogues condition. However, 

TA B L E  2   Estimated difference (β and 95% confidence intervals) on pre‐post physiological changes of stress reaction in biophilic 
environments compared to those in the non‐biophilic environment among different workspaces

 
Δ Systolic blood pres‐
sure (mm Hg)

Δ Diastolic blood 
pressure (mm Hg)

Δ Heart rate (1/
min) Δ RMSSD (ms)

Δ Skin conductance 
level (µS)

Overall

Natural elements −1.8 (−3.5, 0.0) −2.8 (−4.4, −1.2) −1.3 (−2.7, 0.0) 1.5 (−1.6, 4.7) −0.1 (−0.5, 0.3)

Natural analogues −2.2 (−4.0, −0.5) −2.3 (−3.9, −0.8) −0.8 (−2.1, 0.6) −1.5 (−4.7, 1.7) −0.1 (−0.5, 0.3)

Combination −2.0 (−3.8, −0.3) −2.7 (−4.3, −1.1) −0.8 (−2.2, 0.5) 1.4 (−1.8, 4.6) −0.2 (−0.6, 0.2)

Enclosed space

Natural elements −0.3 (−3.0, 2.3) −1.4 (−3.8, 1.0) −1.1 (−2.6, 0.5) 1.0 (−2.6, 4.6) 0.0 (−0.4, 0.4)

Natural analogues −1.8 (−4.4, 0.8) −1.4 (−3.8, 1.0) 0.0 (−1.6, 1.6) −0.5 (−4.1, 3.0) −0.1 (−0.5, 0.3)

Combination −1.6 (−4.3, 1.0) −2.8 (−5.1, −0.4) −0.7 (−2.2, 0.9) 0.7 (−2.9, 4.2) −0.2 (−0.6, 0.2)

Open space

Natural elements −3.2 (−5.6, −0.9) −4.1 (−6.1, −2.2) −1.6 (−3.2, −0.1) 2.1 (−2.0, 6.2) −0.3 (−0.8, 0.3)

Natural analogues −2.7 (−5.0, −0.3) −3.3 (−5.2, −1.3) −1.5 (−3.1, 0.0) −2.1 (−6.6, 1.6) −0.1 (−0.6, 0.5)

Combination −2.4 (−4.8, 0.0) −2.6 (−4.6, −0.7) −1.0 (−2.6, 0.5) 1.6 (−2.0, 6.2) −0.2 (−0.7, 0.4)

Note: Δ (delta) indicates the changes of physiological measures from baseline. Each exposure is in a separate generalized additive mixed‐effect model 
with a random effect for participant. Significant results are in bold.
Abbreviation: RMSSD, root mean square of successive differences of beat intervals.
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all those effect estimates on RMSSD changes were not statistically 
significant. Biophilic interventions were associated with slightly de‐
creasing skin conductance level (SCL) in both enclosed and open 
spaces, though effect estimates were generally close to the null with 
wide confidence intervals.

3.3 | Cognitive function

The effects of biophilic interventions on cognitive function are de‐
picted in Table 3. Biophilic interventions had positive effects on 
improving creativity scores. Compared to the performance in the 
non‐biophilic environment, participants’ scores of creativity test 
(ie, AU test) were 0.3 (95% CI: 0.1, 0.5) and 0.2 (95% CI: 0.0, 0.4) 
standard deviation higher in the natural elements and combination 
conditions, respectively, after adjusting for types of workspaces 
and between‐visit variables. Those effects were significant and 
more prominent in enclosed spaces than those in open spaces, with 
the estimate effects of 0.4 (95% CI: 0.1, 0.7), 0.3 (95% CI: 0.0, 0.6), 
and 0.4 (95% CI: 0.1, 0.7) standard deviation higher in the natural el‐
ements, natural analogues, and combination conditions, respectively.

Meanwhile, participants in biophilic environments had longer 
reaction times in the Stroop test compared to the non‐biophilic 
environment. Specifically, the natural elements and combination 
conditions were associated with 5.0% (95% CI: 3.5%, 6.5%) and 
2.9% (95% CI: 1.5%, 4.4%) increases in the geometric mean of re‐
action time, after adjusting for types of workspaces and between‐
visit variables. The relative effects of natural analogues condition 
were not statistically significant. Patterns of those associations 
were similar in enclosed and open spaces. We detected the learn‐
ing effect in eight Stroop tests each participant took. In general, 
one more test was associated with a 2.5% (95% CI: 2.3%, 2.8%) de‐
crease in the geometric mean of reaction time, after adjusting for 
other variables. Those effects in enclosed and open spaces were 
almost the same as those in general. We did not find significant 
learning effect in the AU test.

3.4 | Eye‐tracking

The percentage of time participants spent on specific biophilic pat‐
terns in three biophilic environments is presented in Table 4. We first 
observed that people spent over two‐thirds of their time looking at 
biophilic elements across three biophilic environments. Specifically, 
they spent more time on green plants and biomorphic shapes pat‐
terns, 51.0 ± 9.7% in the nature elements condition and 55.1 ± 11.9% 
in the natural analogues condition, respectively.

The overall differences in percentage of time participants spent 
on biophilic elements in three biophilic environments are presented 
in Table 5. We found female participants generally spent 2.2% (95% 
CI: −0.3%, 4.8%) more time looking at biophilic elements, after ad‐
justing for biophilic conditions, where they were raised, and type of 
space. The difference was significant in the combination condition 
with the estimate of 3.3% (95% CI: 0.0%, 6.8%). We also found that 
participants who were raised in rural area and suburban area spent 
3.9% (95% CI: 0.4%, 7.3%) and 2.8% (95% CI: 0.3%, 5.2%) more time 
looking at biophilic elements, respectively.

3.5 | Self‐reported connection with nature and 
preference to biophilic patterns

Using self‐reported scores (1 ~ 10), participants reported higher level 
of connection with nature in the natural elements condition (8.3 ± 1.2) 
than in the natural analogues condition (4.7 ± 1.7). In addition, 84% of 
participants ranked “visual connection with nature” and “dynamic & 
diffuse light” as their top two choices of preferred biophilic patterns.

4  | DISCUSSION

All 30 participants completed two visits for overall contrasting reac‐
tions across 240 scenarios. Biophilic office environments were asso‐
ciated with the reductions in physiological stress and improvements 

 
Differences on mean Z‐
score of creativity

Percentage changes on geometric 
mean of reaction time

Overall

Natural elements 0.3 (0.1, 0.5) 5.0% (3.5%, 6.5%)

Natural analogues 0.2 (−0.1, 0.4) 0.5% (−0.9%, 1.9%)

Combination 0.2 (0.0, 0.4) 2.9% (1.5%, 4.4%)

Enclosed space

Natural elements 0.4 (0.1, 0.7) 5.0% (2.9%, 7.1%)

Natural analogues 0.3 (0.0, 0.6) −0.1% (−2.1%, 1.9%)

Combination 0.4 (0.1, 0.7) 3.6% (1.6%, 5.7%)

Open space

Natural elements 0.1 (−0.2, 0.4) 5.1% (2.9%, 7.3%)

Natural analogues 0.0 (−0.2, 0.3) 1.4% (−0.6%, 3.5%)

Combination 0.0 (−0.2, 0.3) 2.3% (0.2%, 0.04)

Note: Significant results are in bold.

TA B L E  3   Estimated differences on 
mean Z‐score of creativity and percentage 
changes on geometric mean of reaction 
time (β and 95% confidence intervals) in 
biophilic environments compared to those 
in the non‐biophilic environment among 
different workspaces
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in creative test scores for both enclosed and open spaces, with the 
largest effects seen with natural elements conditoin. Reaction times 
on focused tasks, however, were slower in the biophilic environ‐
ments.  By using similar biophilic interventions, participants in the 
open biophilic spaces had more physiological stress reduction than 
those in the enclosed biophilic spaces. Additionally, participants in 
the enclosed biophilic spaces had higher creativity score increase 
than those in the open biophilic spaces.

4.1 | Physiological stress level

Our physiological results indicated consistently that biophilic inter‐
ventions had positive effects on reducing stress level (Table 2). The 
positive effects of biophilic interventions on blood pressure and 
heart rate are consistent with previous studies on the health ben‐
efits of windows and daylight, indoor green plants, and wooden en‐
vironments.32,61,62 Interestingly, those results were also consistent 
with a recent meta‐analysis summarizing the health benefits of out‐
door nature, which showed increased green space exposure was 
associated with significant decreases in diastolic blood pressure 
and heart rate.16 We found increased RMSSD, although not sta‐
tistically significant, in both the natural elements and combination 
conditions. These suggested increased parasympathetic activities, 
which are related to stress relief, in these two environments. Short‐
term HRV was rarely reported in experiments on indoor nature. 
Two experimental studies were conducted to examine the effect of 
viewing outdoor nature scenes on autonomic function, specifically 
parasympathetic activity. One showed that participants increased 
their RMSSD while viewing nature as compared to viewing build‐
ings,63 and the other reported that RMSSD was higher in recovery 
process after viewing scenes of nature compared to viewing scenes 
of buildings following a mental stressor.64

4.2 | Creativity and reaction time

Biophilic interventions generally had positive effects on improv‐
ing participants’ creativity yet increasing their reaction time in at‐
tention task. Office spaces with natural elements that simulate 
creative thinking but adversely affect attention intensive reaction 
times is an apparent contradiction. Together with the physiologi‐
cal findings discussed above, it appears that biophilic elements 
have a calming influence allowing access to more creative think‐
ing (ie, higher score from AU test) but distract from attention task 
which needs participants to be more focused (ie, longer reaction 
time from Stroop test). Shibata and Suzuki investigated the ef‐
fects of indoor plants on subjects’ task performance and reported 
that plants facilitated performance on association task (a creative 
task) but distracted participants from working on sorting task 
(a attention task).65 Larsen et al found that participants’ perfor‐
mance on a letter identification task, which is repetitious and 
needs concentration, decreased with the increase of indoor plants 
in the office.66 Earlier, Stone and Irvine examined the effects of 
window access on task performance and found that participants 
in a room with windows had better perceptions in creative task 
and a windowless room was beneficial for tasks requiring concen‐
tration effort. They suggested that views from windows provided 
more stimulation but less attention to the task.67 A recent study 
testing the effects on indoor plants and artificial window in an 
underground environment reported that participants’ reaction 
time in a response‐time task was reduced in an environment with 
indoor plants but increased in an environment with artificial win‐
dow with a pleasing outdoor view.50 These findings being similar 
to our results from VR‐simulated office environments is encour‐
aging because of the obvious advantages of VR‐enabled research 
presented earlier.

Environment

Biophilic patterns

OverallGreen plant

Natural 
daylight and 
view

Biomorphic 
shape

Wooden 
material

Natural elements 51.0 ± 9.7 14.9 ± 11.7 — — 65.8 ± 10.8

Natural 
analogues

— — 55.1 ± 11.9 29.8 ± 9.3 86.3 ± 5.8

Combination 27.2 ± 12.9 14.5 ± 9.6 24.0 ± 12.1 19.9 ± 7.3 85.8 ± 7.8

TA B L E  4   Percentage (%) of time 
participants spent on specific biophilic 
patterns measured by eye‐tracking in 
three biophilic environments (mean ± SD 
(%))

Environment

Differences

Female vs Male Rural vs Urban Suburban vs Urban

Natural elements 2.5 (−2.8, 7.8) 5.5 (−1.5, 12.5) 5.1 (0.0, 10.1)

Natural analogues 0.9 (−1.3, 3.2) 3.7 (0.5, 6.9) 1.2 (−0.9, 3.4)

Combination 3.3 (0.0, 6.6) 2.4 (−2.2, 7.0) 2.0 (−1.2, 5.1)

Overall 2.2 (−0.3, 4.8) 3.9 (0.4, 7.3) 2.8 (0.3, 5.2)

Note: Significant results are in bold.

TA B L E  5   Estimated differences in 
percentage (%) of time participants spent 
on biophilic elements measured by eye‐
tracking in three biophilic environments 
(β (%) and 95% confidence intervals)
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4.3 | Different effects among biophilic 
designs and workspaces

Simulating three types of biophilic design interventions (ie, natural ele‐
ments, natural analogue s, and combination) allowed further differen‐
tiation in the effects of biophilic exposure types. Offices with natural 
elements outperformed designs with natural analogues on creativity 
measures but underperformed for the attention task. Concurrently, 
participants had lower stress levels in office settings with natural 
elements. This trend was consistent with our discussion above that 
calming effect may facilitate creative thinking but distract attention 
task. Those differences may due to the degree of how participants 
feel their connection with nature in those environments, since they 
reported they felt more connected with nature in the natural elements 
condition than in the natural analogues condition. Participants’ prefer‐
ence of biophilic patterns may also contribute to those differences. 
Generally, participants preferred natural light, having a view and 
indoor plants over natural materials (wood) and biomorphic forms. 
Having some of these preferred biophilic elements available to indoor 
environments may increase participants’ positive affect, which could 
reduce their stress level and promote creativity in problem solving.68

Although we did not find a statistically significant interaction term 
between biophilic interventions and workspace types (enclosed vs 
open), we observed from stratified analysis that similar biophilic in‐
terventions had different effects on physiological and cognitive out‐
comes in open vs enclosed workspaces (Tables 2 and 3) . In general, 
effects of biophilic interventions on physiological stress reduction 
were consistently better in open spaces while the effect on creativity 
was better in enclosed space. On the one hand, those effect differ‐
ences may be due to the characteristics of workspace (eg, size, layout, 
function). On the other hand, participants were generally more phys‐
iologically stressed in the non‐biophilic open space while they per‐
formed worse in the non‐biophilic enclosed space. Since we used the 
non‐biophilic environment as the reference group in analyses, these 
difference responses in non‐biophilic environments (ie, reference 
group) provided potential for the biophilic interventions in open and 
enclosed spaces to have relatively larger impacts on physiological re‐
sponses and cognitive improvement, respectively (Tables S2 and S3).

4.4 | Intensity of virtual exposure to biophilic 
environments

Eye‐tracking data allow us to capture for the first time peoples’ in‐
dividualized exposure to biophilic design rather than simply the level 
of biophilia in their surrounding environment. The results indicated 
that participants spent most of their time looking at biophilic ele‐
ments, rather than staring at non‐biophilic elements or even closing 
their eyes for a long time in three biophilic environments. A rational 
next step is to design virtual environments with better control of the 
amount of biophilic elements to investigate how the variations of 
virtual biophilic exposures could relate to participants’ physiological 
and cognitive responses, if any. It would provide a complementary 
approach to analysis of the exposure‐response relationship between 

biophilic patterns and health outcomes, which is different from pre‐
vious studies that set up different levels of natural exposures in ad‐
vance but does not consider how people experience those natural 
environments.43,69 It would be also interesting to observe whether 
those exposure‐response relationships are different by gender and 
early childhood experience since we found that female participants 
and participants who were raised in rural or suburban area spent 
more time on biophilic elements during experiment.

4.5 | Strengths and limitations

The study design has several strengths. First, the repeated measures 
of physiological and cognitive outcomes on the same individual could 
help to control for potential time‐invariant factors (eg, gender, socioec‐
onomic factors). Second, randomizing the order of visits and sequence 
of the exposure within each visit could help reduce any order effects, 
reducing potential bias in comparisons among different scenarios. 
Third, all the experiments were conducted in a stable environment 
with real‐time IEQ measures, which would help control confounding 
factors from the physical environment (eg, PM2.5, temperature, rela‐
tive humidity). Fourth, combining VR, eye‐tracking, and wearable bio‐
monitoring sensors provides objective measures to quantify the acute 
effects of virtual biophilic exposure on stress and cognitive function.

Our study has a few limitations. First, we simulated exposures 
to biophilic design using VR, which may have a differential effect on 
physiology and cognitive function than the same interventions in a 
real environment. Previous research by our team showed consistent 
physiological and cognitive responses to biophilic interventions when 
participants experience them in the real world as well as 360° video in 
VR.41 More evidence on comparing virtual environment from VR mod‐
eling with real environment is stilled needed. Second, we do not have 
the eye‐tracking data when participants were doing cognitive tests 
in VR, which could be used to measure whether they got distracted 
by the surrounding biophilic elements or not during the actual test 
taking process. Third, we did not have baseline cognitive measures 
in order to reduce potential learning effects. We still saw evidence of 
a learning effect in the Stroop test but not in the AU test. Therefore, 
we incorporated both between‐visit variables and numbers of test 
as covariates into the final regression model for cognitive measures. 
Lastly, our results have limited generalizability for two reasons. One is 
that most our participants were young healthy knowledgeable adults, 
which limits the generalizability to the general population, but could 
be used for knowledge workers who spend a lot of their time in office 
spaces. Another limitation is that our simulated biophilic interventions 
were modeled after office environments and may not be applicable to 
other building types such as homes, hospitals, or retail settings.

5  | CONCLUSION

Biophilic design, as a health promotion approach, could help reduce 
stress and improve creativity in office settings. Those effects dif‐
fered in different types of biophilic interventions and in different 
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workspace (open vs enclosed). This study introduces a new empirical 
research tool to quantify the human responses to virtual biophilic 
environments by combining virtual reality, eye‐tracking, and wear‐
able biomonitoring sensors. Our findings should benefit architects, 
designers, and office managers to understand how biophilic office 
design affects occupants' health and performance.
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