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Abstract

Office-based workplaces are an important but understudied context for infectious disease
transmission. We examined the feasibility of two different sensors (Opos and Bluetooth bea-
cons) for collecting person-to-person contacts and hand hygiene in office-based work-
places. Opo is an interaction sensor that captures sensor-to-sensor interactions through
ultrasonic frequencies, which correspond to face-to-face contacts between study partici-
pants. Opos were additionally used to measure hand hygiene events by affixing sensors to
soap and alcohol-based hand sanitizer dispensers. Bluetooth beacons were used in con-
junction with a smartphone application and recorded proximity contacts between study par-
ticipants. Participants in two office sites were followed for one-week in their workplace in
March 2018. Contact patterns varied by time of day and day of the week. Face-to-face con-
tacts were of shorter mean duration than proximity contacts. Supervisors had fewer proxim-
ity contacts but more face-to-face contacts than non-supervisors. Self-reported hand
hygiene was substantively higher than sensor-collected hand hygiene events and duration
of hand washing events was short (median: 9 seconds, range: 2.5-33 seconds). Given that
office settings are key environments in which working age populations spend a large propor-
tion of their time and interactions, a better characterization of empirical social networks and
hand hygiene behaviors for workplace interactions are needed to mitigate outbreaks and
prepare for pandemics. Our study demonstrates that implementing sensor technologies for
tracking interactions and behaviors in offices is feasible and can provide new insights into
real-world social networks and hygiene practices. We identified key social interactions, vari-
ability in hand hygiene, and differences in interactions by workplace roles. High-resolution
network data will be essential for identifying the most effective ways to mitigate infectious
disease transmission and develop pandemic preparedness plans for the workplace setting.
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Introduction

Employed individuals in the United States worked an average of 8.3 hours per day during the
week, and the majority (82%) of employed individuals did some or all of their work in an office
or place of employment in 2018 [1]. Prior research suggests almost a fifth of known contacts
with visibly ill individuals occurred in the workplace and these workplace contacts have been
associated with an increased risk of gastrointestinal and respiratory illness [2]. Thus, the office
environment is an important, yet understudied, setting for infectious disease transmission and
prevention. Despite the relevance of interactions in office-based workplaces in infectious dis-
ease transmission and epidemic patterns; empirical data and research on office interactions,
contact patterns, and health behaviors are lacking. Our recent systematic review on hand
hygiene in office-based workplaces found no studies that measured human contact and inter-
actions in these settings [3]. This knowledge is particularly relevant in the context of the
SARS-CoV-2 pandemic. Given the potential risk, the SARS-CoV-2 pandemic has shuttered
numerous workplaces worldwide [4]. Furthermore, scant data and knowledge about contact
patterns and pathogen transmission have made public perception of re-opening non-essential
workplaces fraught with uncertainty [5].

Contact tracing, or the mapping of close in-person contacts, has been previously conducted
via self-reported surveys and sensor-based technologies. However, interaction data collected
via self-reported surveys are prone to underreporting, particularly for contacts of short dura-
tion [6]. Recent studies have suggested that using sensors to measure contact networks can
improve contact data quality by capturing contacts with high granularity [7-10]. Nonetheless,
there are still significant barriers related to measurement of interaction through the use of elec-
tronic sensors. Electronic sensors vary by costs, technological restrictions (e.g., interactions
must fall within a strict duration and distance definition to be captured by a given sensor, etc.),
and data quantity versus quality [11].

Infectious disease dynamics are dependent on a number of factors including contact pat-
terns, and individual attributes and behaviors (e.g., hand hygiene, etc.) [12, 13]. In particular,
social mixing can modify the impact of individual factors on population dynamics [14]. There-
fore, accurate characterizations of individual health behaviors and contact patterns for office
workplaces is important. Observational studies have found that self-reported hand hygiene is
prone to measurement error, with people overestimating the number of times they wash their
hands or use hand sanitizer and the duration of handwashing [15]. Therefore, measurement of
hand hygiene events through sensors has potential to reduce bias [16]. Furthermore, active
monitoring of hand hygiene (with or without reminders for hand hygiene moments) has been
shown to increase optimal hand hygiene in hospital settings [17, 18], suggesting that hand
hygiene monitoring can also be used as an intervention to boost compliance.

With the knowledge that contacts in offices play a role in infectious disease transmission,
structures of the contact network influence how infectious are transmitted, and self-reported
contacts may have substantial measurement error; assessments of alternative methods for net-
work collection are needed. Larger data collection can be undermined if participants do not
find the methods of data collection to be acceptable, participants are not adequately incentiv-
ized, or sensors are difficult to implement. While previous work has found electronic sensors to
collect contacts as acceptable; those studies were conducted in substantively different settings
(i.e.; epidemiology conference [8], high school [7, 10], middle school [9]), implemented for
short durations (followed only for one day [7-9]), and used different technologies. Therefore,
the practicality of collecting contacts in office settings with electronic sensors is unknown.

We conducted a longitudinal pilot study to assess the feasibility of using contact sensors for
collecting empirical social network data in common US office settings. The overall aims of this
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study were to: 1) assess two sensor technologies for collecting contact data in office settings; 2)
describe and characterize workplace in-person contact patterns; and 3) measure hand hygiene
in office environments. This manuscript describes the study design and implementation of the
sensor technologies, as well as the sensor-collected contact and hand hygiene data and partici-
pant feedback from two prototypical offices sites in the US.

Methods

We conducted a pilot longitudinal network study of contact patterns and hand hygiene in two
Midwestern offices (designated as site A and site B hereafter) in the United States during
March 2018. The office worksites were chosen based on convenience but comprise typical lay-
outs of many office workplaces in the US; including open-air cubicles, private offices, bath-
rooms, and shared breakroom space. Participants were recruited via email through the
company listserv, posters in common areas, and in-person by study staff. To be eligible,
employees needed to be at least 18 years old and plan to work in the office for at least part of
the follow-up period. At each office site, individuals were enrolled and followed during work-
ing hours for one work-week (Monday 10am to Friday 3pm) during consecutive weeks during
March 2018. At enrollment, participants provided informed consent, completed an online
baseline survey, and issued two sensors for the study period. At the end of the study period,
participants responded to an exit survey and were given a $25 gift card as an incentive for par-
ticipation. This data collection and research were approved by the University of North Caro-
lina Institutional Review Board and all participants provided written consent.

Surveys

At baseline, participants reported the following demographic and employment information:
age (years), gender (male; female), race (white; black; Asian; Native Hawaiian or Other Pacific
Islander; American Indian or Alaskan Native; multi-racial; other), ethnicity (Hispanic or
Latino; non-Hispanic), marital status (currently married; never married; separated; divorced;
widowed; living with a partner), education level (high school graduate; some college; college
graduate; post-graduate), type of office they worked in (individual office; shared office; cubicle;
desk in an open location), and whether their occupational role included supervising others
(yes; no). In the exit survey, participants were asked regarding the usage and the acceptability
of the two sensors. In both baseline and exit surveys, participants were asked to report how
many times they washed their hands during the previous work day. Participants were also
asked about their use of hand sanitizer.

Contact sensors

Person-to-person interactions. Opo is an interaction distance sensor that measures dis-
tance (within 2 meters) to other Opos through ultrasonic (40,000 Hz) frequencies at a time res-
olution of 5 seconds [19]. Opos capture interactions or contacts with other Opos when the
front of sensors are facing each other, rather than capturing general proximity contracts.
When Opos are worn on the front of an individual, sensor interactions represent face-to-face
contacts within a distance of two meters. This allows the researcher to identify face-to-face
contacts between individuals wearing Opos and interactions with objects outfitted with Opos.
Data is stored on the sensor and is downloaded to a computer. Participants were asked to wear
the Opo sensor during their entire time at the office for the one-week period. Opos were col-
lected several times over the study period to have their batteries charged and data downloaded
to assess data quality. At site B, several floors of the building were equipped with ultrasonic
motion detectors connected to the indoor lighting, which used the same ultrasonic frequencies
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as the Opos. As such, contacts were only collected for a participants on a single floor where no
interference from the ultrasonic motion sensors occurred (n = 8, 40%).

Proximity contact data was collected using a second contact sensor using Bluetooth Low
Energy (BLE) beacon technology. Participants were given a BLE beacon to carry during their
workday and asked to download the Ethica (Ethica Data, https://ethicadata.com/) smartphone
application on their personal smartphone. While the Ethica application is running, it collects
nearby BLE broadcasts that correspond to a unique study identifier. Due to smartphone manu-
facturer constraints, the time resolution of the BLE contact data is five minutes. Unlike the
Opo which collects face-to-face contacts, BLE contact data reflects general proximity contacts.
For BLE interactions to be recorded, at least one individual must be carrying their smartphone
running the Ethica application and the other must be carrying their beacon. The BLE collects
received signal strength indicator (RSSI) data, which is a unitless measure of signal strength
that provides some indication of distance and presence of physical barriers between sensors.
Since the BLE requires participants to have a smartphone to download the Ethica application,
only participants that had a smartphone capable of installing the application were included in
the BLE component of the study (site A: n = 18, 78%, site B: n = 20, 100%). The beacons used
as part of this study had a battery life over one month. All information was downloaded from
the Ethica servers at the end of the follow-up.

Hand hygiene measurement. In order to measure workplace hand hygiene, soap and
alcohol sanitizer dispensers in the offices were also equipped with Opos. We placed 19 Opos in
restrooms that were on the same floor as the participant offices/cubicles as well as in public
areas at site A. Additionally, 3 Opos were affixed to alcohol sanitizer dispensers in common
areas. Opos affixed to soap and alcohol sanitizer dispensers were fitted with an accelerometer
to detect vibrations, indicative of dispenser use. All bathrooms at site B were equipped with
ultrasonic motion sensors that used the same ultrasonic frequencies as the Opos. As a result,
no usable hand hygiene data was collected from site B.

Descriptive analyses

We described distributions of demographic characteristics by study site through counts and
percentages; or median, 25, and 75" percentiles. Variables representing race, ethnicity, edu-
cation, and marital status categories were collapsed, given small cells sizes for some categories.
Self-reported hand hygiene data was expressed through median and percentiles. Sensor-col-
lected hand hygiene was summarized through counts of unique events per participant. Addi-
tionally, time spent performing hand hygiene in seconds was calculated from the interaction
times between the participant’s sensor and dispenser sensor. Total time spent for the hand
hygiene event was calculated from the initial contact to 2.5 seconds after the final contact, with
a 7.5 second “grace period” between recorded interactions to account for the time-resolution
of the Opo sensor.

Person-to-person contact data from the Opo and BLE sensors was used to generate contact
networks between study participants that occurred during the workday. We visualized weekly,
daily, and hourly networks by sensor and office site as heatmaps of the adjacency matrices for
contacts. The colors of the squares were determined by the duration of contact between the
two participants. Unique contacts were defined as the existence of any between two partici-
pants over follow-up. Density was defined as the actual unique contacts divided by the maxi-
mum possible unique contacts over the entire follow-up. Opo contact durations were
calculated via the difference between an initial contact and 2.5 seconds after the final contact,
with a 7.5 second grace period between recorded interactions between participant sensors. For
BLE contact durations, contact durations were similarly calculated as the difference between

PLOS ONE | https://doi.org/10.1371/journal.pone.0243358 January 19, 2021 4/12


https://ethicadata.com/
https://doi.org/10.1371/journal.pone.0243358

PLOS ONE Office interactions and hand hygiene measured with sensors

the initial and final contact, but with an additional 2.5 minutes after the final contact and a 5.5
minute grace period between interactions. All analyses and visualizations were generated
using Python v3.5.2 (Python Software Foundation, https://www.python.org/).

Results

Sample characteristics

We recruited a convenience sample of 23 individuals from site A and 20 individuals from site
B. A majority of participants were white (A: 87%, B: 85%) and currently married (A: 65%, B:
70%). Employees at site A were older, had higher levels of education, and worked more in indi-
vidual offices compared to site B (Table 1).

Recorded contacts

For site A, 23 individuals were provided Opos and 18 (78%) were given BLE beacons. Three
individuals did not work from the office on Thursday and Friday. For site B, all 20 individuals
were given both Opos and BLE beacons, and all employees worked from the office for the
study period. Due to interference from the ultrasonic motion detectors, Opo contact data was
only available for 8 participants at site B. Overall interactions for both sites are displayed in Fig
1, and daily interactions are displayed in Fig 2. Dynamic visualizations of contacts by hour are
available in the online S1 and S2 Videos supplements. As seen in across visualizations, BLE
sensors recorded longer durations of contacts.

At site A, there were 103 unique contacts (density: 0.41) with the Opo and 66 (density: 0.43)
with the BLE sensors. The median recorded total time in contact between individuals for the
entire study period was 0.1 minutes (IQR: 0.0-0.3, Range: 0.0-130.7) for the Opo and 29.6
minutes (IQR: 7.5-171.1, Range: 2.5-502.0) for BLE. Supervisors at site A had a more contacts

Table 1. Self-reported characteristics of participants at office sites A and B.

Site A (n =23) Site B (n = 20)
n / median % / IQR n / median % / IQR

Age 46 39, 55 34 28,43
Female 10 43% 7 35%
Race / ethnicity

White, non-Hispanic 20 87% 17 85%

Other 3 13% 3 15%
Currently married 15 65% 14 70%
Education level

Some college or less 3 13% 3 15%

College graduate or more 20 87% 17 65%
Office type

Individual office 12 52% 6 30%

Shared office 2 9% 2 10%

Cubicle 9 39% 12 60%
Supervisor 7 30% 9 45%

IQR: interquartile range
Offices were located in the Midwestern United States. Offices were chosen based on convenience but share features of typical US workplaces; including open-air
cubicles, private offices, bathrooms, and shared breakroom space. At each site, individuals were enrolled and followed for one work-week (Monday 10am-Friday 3pm)

during working hours during consecutive weeks in March 2018.

https://doi.org/10.1371/journal.pone.0243358.t001
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Opo Sensor BLE Beacons -

30

25

Office Site A

20

Office Site B

Fig 1. Weekly contact data for office sites A and B by sensor. Light gray squares indicate participants who did not
use the indicated sensors. Black squares indicate no collected contacts between participants. The heatmap scale
indicates duration of contacts in hours.

https://doi.org/10.1371/journal.pone.0243358.9001

recorded by Opo (mean: 9.6) compared to non-supervisors (mean: 8.7). For BLE sensors, the
reverse was observed for supervisors (mean: 4.2) and non-supervisors (mean: 8.5).

At site B, there were 24 unique contacts (density: 0.86) with the Opo and 111 (density: 0.58)
with the BLE sensors. The median recorded total time in contact for the study period was 0.5
minutes (IQR: 0.1-2.0, Range: 0.0-34.2) for the Opo and 12.9 minutes (IQR: 5.0-181.8, Range:
2.5-538.5) for the BLE. Similar to site A, supervisors had more unique contacts compared to
non-supervisors for both Opo (mean for supervisor: 6.3, mean for non-supervisor: 5.8) and
BLE sensors (mean for supervisor: 9.7, mean for non-supervisor: 12.3).

Hand hygiene

Self-reported hand hygiene is shown in Table 2. At site A, there were 14 participants who self-
reported hand hygiene with at least one sensor-measured event at the soap dispenser. Individ-
uals self-reported washing their hands 5 times (median: 5, IQR: 4-6), but the median hand
hygiene frequency captured by Opos affixed to soap dispensers was once (IQR: 1-2). Nine
(39%) participants had no sensor-recorded hand hygiene events over the study duration. Over
the week, 3 (13%) had three recorded events, 4 (17%) had two recorded events, and 7 (30%)
had one recorded event. Of recorded soap dispenser interactions, they were often of short
recorded duration (median: 9 seconds, IQR: 6-14, Range: 2.5-33). No sensor-collected hand
hygiene events were available at site B due to interference from the ultrasonic motion detec-
tors. For alcohol-based dispensers, only seven interactions were captured, of which two indi-
viduals had three interactions and one had one interaction.

Sensor feedback

At the end of follow-up, participants were asked about the usage of the sensor over the week
(n = 28). Most participants reported wearing their assigned Opo sensor the entire study period
(79%) or most of the time (18%), with one-person reporting wearing the sensor for only 4
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Office Site A Office Site A Office Site B Office Site B
Opo Sensor BLE Beacon Opo Sensor BLE Beacon

DAY 1

1.00
N
>
<
@)

0.75
(32]
>
-~ 0.50
@)

0.25
<
>
<
[m)

0.00

DAY 5

Fig 2. Daily contact data for office sites A and B by sensor. Light gray squares indicate participants who did not use the indicated
sensors. Black squares indicate no collected contacts between participants. The heatmap scale indicates the proportion of time spent in
contact relative to the total number of hours of follow-up for that day.

https://doi.org/10.1371/journal.pone.0243358.9002

days. For the BLE sensor, most participants reported carrying the BLE beacon with them for
the entire study period (57%) or most of the study period (32%). App use followed a similar
pattern (entire study period: 50%, most of the study period: 36%). The self-reports of sensor
use are generally supported by the interaction data collected over the study period.
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Table 2. Self-reported hand hygiene of participants at two office sites.

Self-reported daily hand washing with soap
Baseline
End of follow-up
Missing*
Self-reported daily alcohol-based sanitizer use
Baseline
End of follow-up
Missing*

Site A (n =23) Site B (n = 20)
median IQR range median IQR range

4,6 2,12 4.5 3,5.25 1,8
4 3,5 2,10 3.5 3,5 1,6
10 4
0 0,1 0,3 0 0,2 0,4
0 0,0 0,2 1 0,2 0,5
10 4

Participants were asked to reported how many times they washed their hands (or used hand sanitizer) during the previous work day.

* Data missing for the end of follow-up

https://doi.org/10.1371/journal.pone.0243358.t002

We further asked participants about usage of the sensors through a comment section on the
survey. In general, most participants considered Opo sensors easy to use. Some participants
had issues with the size of the Opos, found a light on the sensor distracting, or felt that the loca-
tion where the sensor had to be worn was bothersome. Participants also found the BLE bea-
cons relatively easy to use. Some issues with BLE beacons included draining phone battery,
forgetting to start the application when returning to work, and a few participants had issues
related to running the application on their phones. Regarding both sensors, participants stated
they would be willing to participate over a longer study duration. However, some participants
stated they would need an increase in compensation for a longer study period.

Discussion

To our knowledge, this is the first study to collect workplace interactions and hand hygiene
instances within the workplace. Contacts were collected through sensors technologies that used
ultrasonic frequencies and Bluetooth. Participants felt that using the sensors was simple and
were willing to have their interactions tracked in an office setting. Additionally, we were able to
identify some limitations of the sensors related to appearance and functionality. We also found
that there are some structural technologies in the workplace, such as ultrasonic motion detec-
tors, that can interfere with some sensors, suggesting multiple sensors that use different technol-
ogies should be used when possible. Furthermore, sensors should be selected based on the
contact types that are deemed most important in regards to the study question of interest.

While the two offices differed in composition of office types and overall layout, the network
structures between worksites shared some similarities. The networks visualizations produced
from this study, suggest that face-to-face interactions commonly occur in the workplace and
that the frequency of interaction varied by job role. If the structure of the contact network in
office settings does vary by job roles, this may have implications for interventions on improv-
ing hand hygiene. For example, target interventions by job roles may more effectively interrupt
transmission or be more cost-effective to implement. Sensor-collected proximity contacts
were of substantially longer duration than sensor-collected face-to-face contacts, suggesting
that many contacts were comprised of individuals being in the same vicinity but not actually
facing each other.

We also noted that individuals self-reported higher levels of hand hygiene on surveys versus
the measures collected by the Opo sensor. These findings are consistent with other electronic
sensors in the hospital setting for measuring hand hygiene events [20, 21]. In hospitals, staff
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often overestimate the number of times that they wash or sanitize their hands [15, 20, 22, 23].
Similar patterns of overreporting hand hygiene have been observed among university students
as well [24, 25]. Reasons for this overestimation are unclear, but could be related to reporting
biases, such as social desirability bias [26], where individuals feel that they need to report that
they are washing their hands more because it is socially desirable to be hygienic [27]. Alterna-
tively, the reporting may be accurate because it could have included both hand hygiene events
that occurred in the office as well as outside of the office. Relatedly, individuals that washed
their hands in venues not fitted with the Opo would remain undetected. While we outfitted
bathrooms most likely to be used, participants could have washed their hands in off-site rest-
rooms. Alternatively, if Opo sensors were not worn or worn improperly (i.e. not facing the
soap dispenser affixed with Opos) the hand hygiene event would not be recorded.

While we were able to identify and visualize participant interactions in the offices, there is
the potential for measurement error of contacts for each of the sensors in this study. First, the
Opo sensor may miss contacts if the sensors were not aligned during face-to-face interaction
or if they were obstructed (e.g., by a jacket or lanyard). While the BLE beacon was able to cap-
ture both face-to-face and proximity interactions, it is not possible to distinguish between these
types of interactions. Furthermore, the BLE beacon does not provide a reliable measure of inter-
action distance. Additionally, false positive contacts are possible due to the signal strength of
BLE beacons (i.e. Bluetooth signals travelling through walls and identifying a participant in
another office as a contact). While not used in our analysis, filtering detected contacts by RSSI
values may limit these false positives. In addition, the BLE beacon time resolution (5 minutes)
makes it difficult to identify short contacts due to their transient nature. The concern of false
negatives is lessened for Opo sensors, since their signals do not travel through walls. While we
collected networks primarily through electronic sensors, there are alternative approaches to col-
lecting network data including; line-lists, records of meetings, geographical proximity, and
direct observations. Ultimately, the research question should guide the method used to collect
contact data in the workplace. In the future, we recommend the use of at least two approaches,
where the chosen methods compensate for errors in the other.

Conclusion

We conducted a feasibility study for collecting personal interactions and hand hygiene
instances in the office environment using two different sensor technologies. The sensors iden-
tified numerous interactions between individuals and use of hand hygiene dispensers. We
found that reported hand hygiene events may be overestimated and that interactions through
both face-to-face and within the general vicinity, are common in the workplace setting. We
also found that those with higher level supervisory roles had fewer long proximity interactions
compared to those without supervisor responsibilities, suggesting that roles in the workplace
may lead to differing patterns of infectious disease transmission in the workplace. Given the
role of the work environment as an integral aspect of pandemic planning, future work should
focus on implementing sensor technologies in larger office populations to map out and link
workplace interactions, hand hygiene instances, and transmission of infectious diseases.
Together, these types of data will be crucial for identifying the most effective ways to mitigate
transmission of infectious diseases and pandemic threats in workplace populations.

Supporting information

S1 File. Details on implemented sensors.
(XLSX)
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S1 Video. Hourly contact data for office site A by sensor. Light gray squares indicate partici-
pants who did not use the indicated sensors. Black squares indicate no collected contacts
between participants. The heatmap scale indicates the proportion of time spent in for that
hour.

(MP4)

$2 Video. Hourly contact data for office site B by sensor. Light gray squares indicate partici-
pants who did not use the indicated sensors. Black squares indicate no collected contacts
between participants. The heatmap scale indicates the proportion of time spent in for that
hour.

(MP4)

S1 Data.
(DOCX)
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