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A B S T R A C T   

Workplace temperature screening has become standard practice during the SARS-CoV-2 pandemic. The objective 
was to determine the consistency of four temperature devices during exposure to simulated and actual envi-
ronmental conditions reflective of a workplace. An infrared (IR) digital thermometer (accuracy(A)±0.2), IR laser 
thermometer (A±1), and thermal imaging camera (A±0.3) were used to measure forehead and tympanic (digital 
only) temperatures. The first experiment was conducted in a controlled simulated environment (− 20 to 20 ◦C) 
with three participants (32-YOF, 27-YOM, 20-YOF). The second experiment used actual outdoor conditions 
(− 0.48 to 45.6 ◦C) with two participants (32-YOF, 27-YOM). The tympanic measurement was the least impacted 
by environmental temperature (mean(±SD)): simulated (36.8(±0.18) ◦C) and actual (36.9(±0.16) ◦C). The 
thermal imaging camera had the lowest RMSE values (0.81–0.97 ◦C), with outdoor temperatures ranging from 
0 to 45 ◦C. Environmental temperature influenced forehead temperature readings and required a resting period 
in a thermoneutral environment (5–9 min (− 20 to − 10 ◦C) to immediate (15–20 ◦C)).   

1. Introduction 

Thermal detection equipment has been in use since the onset of the 
COVID-19 pandemic to monitor essential workers as primary prevention 
for limiting the spread of the SARS-CoV-2 virus (Aggarwal et al., 2020; 
Huang et al., 2020; Ontario-Government, 2020a, 2020b). Similar mass 
screening entrance protocols were active during previous global out-
breaks, including SARS (2003) and the H1N1 pandemic (2009), to detect 
fevers at international airports and transit terminals (Cho and Yoon, 
2014; McBride and Buikstra, 2010; Nishiua and Kamiya, 2011; Perpet-
uini et al., 2021; Priest et al., 2011). The design of mass screening 
programs allows for the quick assessment of a large number of people in 
order to classify them based on the probability that they may present a 
particular condition of interest (Aragón-Vargas, 2020; Trevethan, 
2017); in this context, the condition of interest is a fever, typically 
defined as a temperature above 37.8–38 ◦C (Cho and Yoon, 2014; Priest 
et al., 2011; Zhou et al., 2020). 

Workplaces often select infrared (IR) thermal detection systems 
(ITDS) for mass screening programs to reduce the risk of potential virus 

transmission and minimize the degree of testing invasiveness (Mercer 
and Ring, 2009; Nguyen et al., 2010). There are two primary types of IR 
techniques typically used in this context: noncontact IR thermometers 
(NCITs) and IR thermographs (IRTs) (Chiappini et al., 2011; Ng and 
Acharya, 2009; Teran et al., 2012). NCITs and IRTs are passive remote 
sensing devices that detect mid- and long-wave IR radiation and convert 
that radiation to temperature without direct contact. In contrast, IRTs 
detect radiation from the target, typically the human face, and provide a 
digital image showing temperature distribution (G. Chen et al., 2020; Ng 
et al., 2004). Both NCITs and IRTs then use point estimation to further 
convert the measured temperature (i.e. forehead, wrist or tympanic) to a 
predicted temperature at another body site (i.e. core, oral or rectal) 
using proprietary algorithms (Aragón-Vargas, 2020). 

Humans regulate core temperature within a narrow range between 
36.5 and 37.5 ◦C (Mekjavic et al., 1991), depending on environmental 
thermal stress and physiological changes (Aragón-Vargas, 2020). This 
variance in core temperature is also relative to the assessment site; for 
example, a normal core temperature is considered a rectal temperature 
of 37.04 ◦C, the esophageal temperature of 36.8 ◦C, an axillary 
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temperature of 36.04 ◦C and tympanic temperature 36.91 ◦C (Geneva 
et al., 2019; Oguz et al., 2018). Unfortunately, in mass screening set-
tings, these options are often not available or feasible due to the level of 
invasiveness. As a result, researchers attempt to determine which factors 
would allow for the use of IRT and NCITs to estimate the core temper-
ature at more accessible sites (McCarthy and Heusch, 2006). 

Based on the influence of the assessment site, the reference value for 
a fever is, therefore, relative (Rubia-Rubia et al., 2011). For example, a 
fever would be recognized, using a rectal or tympanic thermometer at 
37.8 ◦C, and using an axillary measure at 37 ◦C. Numerous studies have 
aimed to determine comparative values between different assessment 
sites and NCITs and IRTs (Casa et al., 2007; Ganio et al., 2009; Huggins 
et al., 2012; Kistemaker et al., 2006; Kocoglu et al., 2002). Unfortu-
nately, these findings are not consistent across devices and often result 
in underestimating the temperature by 2-4 ◦C. Therefore, as NCITs and 
IRTs provide peripheral temperature readings and are merely estimates 
of actual core temperature (Aragon, 2020), the cut-off values for 
recognizing a fever need to be considered unique to each device. 

Infrared thermography detects IR radiation emitted from the skin 
surface, and then the temperature distributions are calculated (H.-Y. 
Chen et al., 2020; Ghassemi et al., 2018). Currently, the only interna-
tional standards for performance evaluation of IRTs intended for fever 
screening are IEC 80601-2-59 (2017) and ISO/TR 13154 (2017). This 
standard is limited for application in workplace entrance screening 
protocols because it only outlines laboratory characterization test limits 
for IRTs. For example, the standard requires that the environmental 
temperature for testing is constant and controlled and that the distance 
between the device and the subject is unrestricted. Researchers have 
provided user-friendly summaries of these ISO documents outlining the 
technical specifications for use (Foster et al., 2021). In Canada, current 
public health messaging has emphasized the importance of maintaining 
physical distancing of 2 m (O.Reg.364/20, 2020). As a result, workplace 
screening programs occur directly at the workplace entrance, with em-
ployees lining up outside or staying within their vehicles to ensure 
distancing is respected. These measurement scenarios create situations 
where NCIT devices can be misused (Foster et al., 2021). 

There is widespread literature simultaneously comparing different IR 
temperature measurement devices and measurement sites at ambient 
temperatures (Bijur et al., 2016; Fletcher et al., 2018; Kiekkas et al., 
2016; Weng Seng Fong et al., 2020). Environmental conditions, 
including combinations of air temperature, radiant temperature, hu-
midity, and air velocity, can influence IRT and NCIT devices measure-
ments (Foster et al., 2021; Khaksari et al., 2021). For instance, in a study 
involving three environmental temperatures (15.5, 21.1 and 26.6 ◦C) 
and two humidity conditions (35 and 75%), the variance of each mea-
surement site (rectal, esophageal, tympanic and oral) was found to 
decrease as the environmental temperature increased (Pascoe and 
Fisher, 2009). Another study used an IR thermometer to measure tym-
panic, forehead and wrist temperature with ambient air temperatures 
ranging from 26 to 37 ◦C and found no significant effect of air temper-
ature on the body temperature measurement (H.-Y. Chen et al., 2020). 
For the most part, environmental chamber experiments have focused on 
heat and increased workloads (through exercise) on the body tempera-
ture. In an experiment where participants sat in a cold environment 
(10 ◦C, 50% relative humidity) for 20 min, then entered a warm 
chamber (30 ◦C, 50% relative humidity) and rested on a chair for 30 
min, underestimations of core body temperature occurred for the first 
10 min (Kistemaker et al., 2006). To our knowledge, no assessment of 
the effectiveness of NCITs and IRTs has been reflective of environmental 
temperatures experienced at Canadian workplaces (Khaksari et al., 
2021; Perpetuini et al., 2021). Therefore, the purpose of this study was 
to establish the consistency of these devices for determining the surface 
temperature of the skin and ear in both a simulated environmental 
exposure (controlled temperature and humidity) and an actual envi-
ronmental exposure (uncontrolled temperature and humidity). 

2. Methodology 

These experiments were performed in accordance with the research 
ethics board from Laurentian University (REB#: 6020885). All 
university-specific safety protocols and guidelines for Covid-19 exposure 
were followed, including adherence to physical distancing and mask 
guidelines. 

2.1. Temperature detection equipment 

Indirect (non-contact) forehead surface temperature was measured 
using a seven-inch forehead temperature detection facial recognition 
terminal (SEK-SVBFF07, Provix Inc., New Lowell, Ontario, Canada) with 
a body temperature measurement range of 34-42 ◦C (Table 1) was used 
with the participant’s toes at a distance of 0.5 m from the terminal. The 
thermal imaging camera sensor (MLX90640ESF-BAx-000-TU, Melexis, 
Ypres, Belgium) was a factory calibrated 32 × 24 pixels thermal IR array 
with a 4-lead TO39 package and digital interface. To calculate the 
forehead temperature, an ambient sensor is integrated to measure the 
ambient temperature of the chip and a separate supply sensor uses the IR 
pixel array to calculate the forehead temperature. The device was left in 
its default mode, where the measurement frame rate was 2 Hz, with an 
emissivity coefficient of 1, and the chess pattern of pixel analysis was 
used. Once the measurement is completed with the IR pixel array al-
gorithm, the forehead temperature displays on the screen and an auto-
mated voice announces the temperature. 

An IR laser thermometer (FLIR TG54, FLIR Systems Inc., Portland, 
USA) with a 24:1 (inch) distance to spot ratio was used at distances of 
0.61, 1.22, and 1.83 m, as instructed in the user manual (Table 1). The 
right tympanic membrane temperature was measured using a combined 
IR tympanic and forehead digital contact probe (Wellworks, Model 
#10092) as it has previously demonstrated good agreement with rectal 
thermometry for measurement of core body temperature (Dzarr et al., 
2009) and is considered less invasive (Yeoh et al., 2017). Direct (con-
tact) forehead surface temperature was measured using the IR tympanic 
and forehead digital contact probe without the tympanic probe attach-
ment and an iButton® (Embedded Data Systems, 
DS1923-F5#-Hygrochron) directly secured on the forehead with medi-
cal tape (Hasselberg et al., 2013). 

The IR laser thermometer (FLIR TG54) was calibrated on July 21, 
2020 (Cert.: C344614-00-01). The FLIR TG54 was calibrated at an ISO 
17025 laboratory using blackbodies techniques from ITM instruments 
Inc. It was calibrated using a tolerance of ± 1 ◦C or 1%, whichever is 
greater (Table 1). Four different black bodies were used (50, 100, 200, 
400 ◦C), and the device passed with a reading of 50.7, 100.6, 200.4 and 
399.8 ◦C for each corresponding blackbody. All other equipment has 
standard factory calibrations with the previously mentioned tempera-
ture measurement ranges, accuracy and resolutions. 

Table 1 
Summary of the temperature measurements range, accuracy, and resolution for 
the equipment used throughout these studies.  

Equipment Measurement 
Range (oC) 

Accuracy 
(oC) 

Resolution (oC) 

IR Tympanic and 
Forehead Digital 
Contact Probe 

32.00 to 42.89 ±0.2 0.1 

iButton® − 40 to 85 ±0.5 0.5 
IR Laser Thermometer − 30 to 650 ±1 0.1 
Thermal Imaging Camera 34 to 42 ±0.3 0.1 K RMS @1 Hz 

refresh ratea  

a Indicates the resolution for the thermal imaging camera has been provided in 
noise equivalent temperature difference (NETD). 
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2.2. Environmental chamber 

A walk-in environmental chamber (Labworks International Inc.) was 
used to replicate the desired combination of temperature and humidity 
for the controlled environment experiment (Fig. 1). The chamber can 
operate from − 20 to 40 ◦C, with humidity variable up to 100% (tem-
perature dependent). 

2.3. Simulated environmental exposure protocol 

In this experiment, three participants (32-YOF, 27-YOM, 20-YOF) 
were exposed to temperature changes at 5 ◦C increments from − 20 to 
20 ◦C (humidity range: 27–52%) for a total of nine exposures. Partici-
pants wore weather-appropriate clothing for each exposure, except a hat 
to avoid confounding factors during the forehead surface measurement. 
While inside the environmental chamber, participants were advised to 
walk at the same pace used when they walk into work (~75 steps per 
minute) to simulate the brief commute between car and workplace 
entrance and ensure thermal comfort. An iButton® was placed at the 
measurement location outside the environmental chamber, and a second 
iButton® was fastened directly on the participant’s forehead using 
medical tape for the duration of the experiment. Once each temperature 
range was achieved, the participant would leave the chamber and 
temperature measurements were taken with the forehead temperature 
detection facial recognition terminal (Fig. 2), the IR tympanic and dig-
ital forehead thermometer, and the IR laser thermometer. The tympanic 
and forehead surface measurements were taken immediately after the 
terminal measurement, and then the IR laser thermometer was used at 
distances of 0.61 m, 1.22 m, and 1.83 m (Fig. 3) as instructed by the 
manufacturer. The protocol at each temperature range was considered 
complete when all devices were able to detect a skin temperature 

measurement (Fig. 4). After the exposure and measurement protocol 
was completed for each temperature, participants took a 5-min break. 

2.4. Actual environmental exposure protocol 

Two participants (32-YOF, 27-YOM), took temperature measure-
ments outdoors in an unshaded and shaded (outdoor pop-up tent) 
location every half an hour from 6:30 am to 7:30 pm The same mea-
surement protocol (Fig. 3) was used, except for the IR forehead mea-
surements distance being set at 0.61 m. An additional iButton® was 
placed outside in the measurement area to capture the environmental 
temperature and humidity. 

2.5. Statistical analysis 

Descriptive statistics, including: mean, standard deviation (SD), 
standard error (SE), and the lower and upper bounds of the 95% con-
fidence interval (CI) for mean, were assessed for each temperature 
measurement device, in both the simulated and actual environmental 
experiments, using SPSS (Version 27, IBM). Intraclass correlation co-
efficients (ICCs) were calculated individually for each participant at 
each environmental chamber exposure temperature using a two-way 
random-effects model for absolute agreement (Dzarr et al., 2009). The 
ICCs indicate a level of agreement on temperatures measured using the 
FLIR laser temperature monitor at different distances (0.61, 1.22, 1.83 m 
from the skin surface) (Koo and Li, 2016; Landers, 2015) for the simu-
lated environmental chamber experiment. Interpretation of ICCs has 
been identified as values between 0.5 and 0.75 signify moderate reli-
ability, between 0.75 and 0.9 signify good reliability, and values greater 
than 0.9 signify excellent reliability (Koo and Li, 2016). 

Regression analysis was conducted on the actual environmental 
exposure data to determine whether the outdoor environmental tem-
perature influenced the skin surface temperature measurement. Root 
mean square error (RMSE), calculated as the square root of the average 
of squared errors, was used to quantify the difference between the 
forehead surface skin temperature measurements and the tympanic 
temperature (control). Lower RMSE is considered better and was pre-
viously found to be 0.439 ◦C for a similar thermal unit (Lin et al., 2019). 
The overall RMSE for all data points (N = 177) was calculated and RMSE 
for groupings of data over specified temperature ranges (0–5, 5–10, 
10-15 ◦C, …). Homogenous subset testing on the difference between 
means and 95% CI was conducted to determine which equipment per-
formed differently and determine whether any equipment could be 
grouped for similar performance. 

3. Results 

3.1. Simulated environmental exposure 

Individual temperature results of the three participants are presented 
in Fig. 5a–c. As anticipated, after exiting the environmental chamber 
and the participant resting in the ambient temperature (21 ◦C) room, the 
skin surface temperature measurements increased. 

The descriptive statistics for the first measurement upon exiting the 
environmental chamber are documented for each device (Table 2). The 
IR digital thermometer tympanic measurement was the most consistent 
(mean(±SD) = 36.8 (±0.18)◦C), regardless of the participant exposure 
temperature. The same instrument measuring the forehead demon-
strated changeability with the environmental exposure temperature 
(35.0 (±1.31)◦C). The iButton® registered the lowest forehead skin 
surface temperatures with the most variability (21.9 (±7.66)◦C), as it 
was affixed to the participant’s forehead for the duration of the testing 
protocol. 

The ICC tests between the FLIR laser thermometer used at distances 
of 0.61, 1.22, 1.83 m from the first participant, showed ICC values 
ranging from excellent reliability ICC(2, 1) = 0.98 at − 20 ◦C to good 

Fig. 1. Walk-in environmental chamber (Labworks Internationals Inc.) used to 
create simulated environmental conditions by controlling temperature 
and humidity. 
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reliability ICC(2, 1) = 0.79 at 15 ◦C (Table 3). Measurement results for 
participant 2 showed a similar trend: ICC(2, 1) = 0.97 at − 20 ◦C and ICC 
(2, 1) = 0.88 at 10 ◦C. Participant 3 had ICC results ranging from an 
excellent at − 10 ◦C (ICC(2, 1) = 0.91) to moderate at 5 ◦C (ICC(2, 1) =
0.65). 

3.2. Actual environmental exposure 

Two participants recorded temperature measurements every 30 min 
from 6:30 a.m. to 7:30 p.m., over four days in August and September. A 
total of 177 sets of measurements were recorded using each device. The 
outdoor temperature ranged from − 0.48 to 45.6 ◦C, and the participants 
remained in a room temperature environment (~21 ◦C) between the 

outdoor temperature measurements. The iButton® registered a mini-
mum forehead surface temperature (23.7 ◦C) and a maximum temper-
ature was recorded with the IR digital thermometer in the tympanic 
location (38.8 ◦C) (Fig. 6). Generally, the IR digital thermometer and 
thermal imaging camera were unaffected by the outdoor temperature. 
However, the iButton® and IR laser thermometer had positive re-
gressions, where the lower the outdoor temperature, the lower the skin 
surface temperature measurement, and the higher the outdoor temper-
ature, the higher the surface temperature measurement (Fig. 6). 

The IR digital thermometer tympanic measurements were the most 
consistent with a mean(±SD) of 36.9(±0.15)◦C (Table 4). On average, 
the iButton® forehead surface measurements were the lowest with the 
most variability (29.6(±1.88)◦C), and the forehead temperature detec-
tion facial recognition terminal measurements were the highest with the 
least variability (36.1(±0.20)◦C), after the tympanic measurements 
(Table 4). 

The literature regarding the average adult temperatures suggests the 
tympanic measurement should be 37.0 ◦C for non-febrile patients, and 
the forehead skin surface temperature typically measures approximately 
a degree lower (~36 ◦C) (Aragón-Vargas, 2020; Geneva et al., 2019). 
The RMSE of the forehead temperature measurement equipment (IR 
digital contact probe, thermal imaging camera, iButton®, and FLIR laser 
(0.61 m)) was calculated from the measured tympanic temperature 
(Table 5). The lowest RMSE values were calculated for the thermal 
imaging camera (RMSE = 0.81–0.97 ◦C), and the iButton® had the 
highest RMSE ranging from 6.36 to 8.59 ◦C. 

On average, the iButton® − 7.26 (95% CI [-6.93, − 7.59]) and FLIR 
laser thermometer − 5.80 (95% CI [-5.47, − 6.13]) recorded tempera-
tures well below the IR digital thermometer tympanic measurement. 
While the IR digital thermometer used on the forehead − 0.98 (95% CI 
[-0.65, − 1.31]) and thermal imaging camera − 0.84 (95% CI [-0.52, 
− 1.18]) recorded temperatures within a degree of the IR digital tym-
panic thermometer measurement, on average. Homogenous subset 
testing (alpha = .05) revealed the only two pieces of equipment to 
perform similarly were the IR digital thermometer on the forehead (M =
35.92 ◦C) and thermal imaging camera (M = 36.05 ◦C). The IR digital 
thermometer used on the tympanic membrane (M = 36.90 ◦C), FLIR 
laser thermometer (M = 31.10 ◦C), and iButton® (M = 29.64 ◦C) were 
all in their own subset. 

Fig. 2. Example of participants using the forehead temperature detection facial recognition terminal (SEK-SVBFF07, Provix Inc., New Lowell, Ontario, Canada).  

Fig. 3. Temperature measurement distances from facial recognition terminal 
(0 m), to the location for forehead temperature detection (green line at 0.5 m), 
and to the three locations used for the IR laser forehead measurements (red 
lines at 0.61 m, 1.22 m and 1.83 m). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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4. Discussion 

The implementation of temperature measurements to detect febrile 
individuals before entering a public space or private workplace has only 
been researched in a limited variety of workplaces in the field (Aggarwal 
et al., 2020; Aragón-Vargas, 2020; Khaksari et al., 2021; Perpetuini 
et al., 2021). This research used two experiments to test four tempera-
ture measurement devices, where participants were exposed to both a 
simulated environmental exposure (temperature range: 20 to 20 ◦C) and 
actual outdoor environmental exposure (temperature range: 0.48 to 
45.6 ◦C). Normal axillary temperatures measured within a room tem-
perature environment (~21 ◦C) are typically 35.97 ◦C; on average 
approximately a degree lower than rectal (37.04 ◦C) and tympanic 
(36.64 ◦C) temperatures (Geneva et al., 2019), with rectal temperature 
being considered the more accurate measurement of core body tem-
perature (Casa et al., 2007; Parsons, 2002; Yeoh et al., 2017). 

At outdoor temperatures of − 15 to − 20 ◦C it was found that it can 
take approximately 5–9 min before the skin surface can register a tem-
perature measurement on all devices. At these temperatures, the fore-
head temperature detection facial recognition terminal and the IR 
digital forehead thermometer took the longest to register a measurement 
(i.e. these devices did not work right away). When the exposure 

temperature was 15 ◦C and 20 ◦C, all devices registered a forehead 
surface temperature measurement immediately after the participant 
exited the environmental chamber. When using controlled environ-
mental temperatures, the devices registered mean forehead tempera-
tures from 28.09 ◦C (IR laser thermometer) to 36.04 ◦C (thermal 
imaging camera) on the first measurement when the participants exited 
the chamber (Table 2). When the participants came from an indoor 
environment (~21 ◦C) to be screened in an outdoor environment (− 0.48 
to 45.6 ◦C), the temperature detection equipment performed similarly, 
with mean forehead temperatures from 29.64 ◦C (iButton®) to 36.05 ◦C 
(thermal imaging camera). This finding should be immediate cause for 
concern as the outdoor temperatures tested are typical in Northern 
countries like Canada and demonstrate an approximate 9 ◦C underesti-
mation of the forehead skin temperature, with a commonly used 
screening mechanism (IR laser thermometer). 

Generally, RMSE was lowest for all equipment in the 20.1–25 ◦C 
range, which can be attributed to skin surface temperature measure-
ments remaining the same as the change from room temperature 
(~21 ◦C) to this outdoor temperature range is small. The IR digital 
thermometer tympanic measurement was the most consistent and had 
the lowest RMSE regardless of the environmental temperature, as this 
site is the least sensitive to ambient disturbances (Rubia-Rubia et al., 

Fig. 4. Schematic of the simulated environmental exposure protocol using a walk-in environmental chamber (Labworks Internationals Inc.).  
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2011; Yeoh et al., 2017). The IR tympanic membrane had a mean(±SD) 
measurement of 36.78 (±0.19)◦C in the simulated environment exper-
iment and 36.9 (±0.16)◦C in the actual environment experiment. These 
results are comparable to tympanic membrane measurements after a 
brief 5 min period of exercise 37.0 ◦C (Yeoh et al., 2017), a convenience 
sample of 2006 hospital patients 36.4 (±0.6)◦C (Sund Levander and 
Grodzinsky, 2017), and 659 randomly selected citizens after sitting in a 
measurement room for 5 min 36.91 (±0.26)◦C (H.-Y. Chen et al., 2020). 
Although the tympanic measurement was the most consistent in the 
context of workplace screening protocols during a pandemic, its prac-
ticality is limited by the need for equipment sanitization in between 
every use and the requirement for close contact. 

In two temperature screening experiments involving 782 partici-
pants sitting at room temperature for 5 min before the screening, it was 
found that the difference between the tympanic temperature and the 
forehead temperature ranges from 2.0 to 2.2 ◦C (H.-Y. Chen et al., 2020). 
Therefore it has been suggested that a forehead temperature greater 
than 36.0 ◦C should be used as an indication of possible fever. It is 
important to note that these authors did not consider the temperature 
from which their participants had entered the screening protocol. As our 
experiments involved environmental temperature manipulation and not 
strictly ambient room temperature, the difference between the tympanic 
temperature and forehead temperatures can be greater than 2 ◦C, 
depending on the device. The mean differences between the tympanic 
and forehead temperatures in the simulated environment experiment at 
20 ◦C were: IR digital contact probe (forehead) (0.9 ◦C), thermal 

imaging camera (0.9 ◦C), iButton® (5.6 ◦C), FLIR laser (0.61 m) (4.4 ◦C), 
FLIR laser (1.22 m) (4.5 ◦C), and FLIR laser (1.83 m) (4.8 ◦C). Addi-
tionally, the actual environment experiment (at 19-23 ◦C) found mean 
differences between the tympanic temperature and IR digital contact 
probe (forehead) (0.35 ◦C), thermal imaging camera (0.55 ◦C), FLIR 
laser (0.61 m) (4.6 ◦C) and iButton® (7.55 ◦C). Therefore, if using an IR 
laser thermometer for forehead skin surface temperature, it should be 
tested against a device with a known degree of accuracy, such as a 
tympanic thermometer, to determine the threshold value for fever 
indication. The iButton® that was used in this study has previously been 
determined to accurately measure body temperature in laboratory and 
clinical settings (Hasselberg et al., 2013). However, our results deter-
mined the iButton® experienced the greatest variation in forehead 
temperature measurement (mean (±SD)) with simulated environmental 
exposures (21.9 (±7.6)◦C) and actual environmental exposures (29.6 
(±1.9) ◦C). The iButton® is very easy to use in a laboratory setting but is 
not suggested for use in workplace temperature screening with multiple 
participants. Its purpose in this study was to remain on the participant 
and measure forehead temperature throughout the experiments. 

Traditionally, IR forehead surface probes have been used and 
experimentally tested in hospitals or clinical settings. A systematic re-
view advised health care professionals to approach the use of IR fore-
head thermometry in adults with caution as the accuracy and precision 
of the readings can exceed recommended levels by 0.3 ◦C (Kiekkas et al., 
2016). In a study designed to specifically test an IR forehead surface 
probe (Sensortouch thermometer), forehead surface temperatures were 

Fig. 5a. Temperature measurements and linear trend lines for participant 1 (32 YOF) after environmental exposure to − 20 to 20 ◦C at 5 ◦C increments. Mea-
surements were taken every minute after exiting the environmental chamber until a measurement could be registered by the device (i.e. lower temperatures needed 
longer for skin surface measurements to register). 
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found to be 36.3 ◦C (at 10 ◦C) and increased to 36.9 ◦C after 5 min in the 
chamber (at 30 ◦C) (Kistemaker et al., 2006). Both of our experiments 
varied the environmental temperature to a greater degree, and the IR 
forehead surface probe had mean (±SD) temperatures of 34.98 (±1.31)◦
C and 35.92 (±0.42)◦C, suggesting increased environmental tempera-
ture variation can cause more significant variation of the IR forehead 
surface probe. In an outdoor exercise in the heat experiment, forehead 
temperature has previously been found to depend on the setting in 
which it was measured (Casa et al., 2007). Previous protocols for IR 
forehead surface probe suggest incorporating a 10 min waiting period to 
allow for acclimatization of the body to thermal equilibrium (Kiste-
maker et al., 2006). Our results would also suggest using an acclimati-
zation period for the skin, depending on the environmental exposure the 
worker is coming from before using devices for forehead surface 
measurement. 

Infrared laser forehead temperature measurements are very 
appealing for workplace screening protocols as they are non-invasive for 
the workers (Foster et al., 2021) and do not require direct contact with 
the worker, eliminating the need for individual sanitization equipment. 
This study found that with this particular IR laser (FLIR TG54), there 
were no differences between measurements taken from different dis-
tances (0.61, 1.22, 1.83 m) as the ICCs indicated excellent-to good 
reliability between measures. This insinuates that the IR laser can be 
used at a distance of 2 m from a worker to maintain physical distancing 
requirements. However, in this study, the IR laser underestimated the 
forehead skin surface temperature in the simulated (28.09 (±3.04)◦C) 

and actual (31.10 (±1.63)◦C) environmental experiments. To address 
the temperature underestimation of IR laser thermometers on forehead 
skin measurements, evidence suggests that an indoor acclimatization 
period is still required when exposed to ambient temperatures to 
improve the accuracy of the measurement (H.-Y. Chen et al., 2020; 
Dell’Isola et al., 2021). Knowing that the IR laser thermometers also 
underestimate skin temperatures when exposed to varying outdoor 
conditions (Fig. 6), it can be hypothesized that in order to provide a 
more reliable estimation of the temperature and increase effectiveness in 
fighting the COVID-19 pandemic spread, a correction factor or uncer-
tainty budget (Dell’Isola et al., 2021) needs to be applied to the regis-
tered temperature. Additionally, these findings support consideration 
for adding a secondary screening protocol, whereby if a high tempera-
ture is detected on an IR laser, a follow-up measure should be taken on a 
tympanic thermometer (Dell’Isola et al., 2021). 

The lowest RMSE between the tympanic and forehead skin temper-
ature values were calculated for the thermal imaging camera (RMSE =
0.81–0.97 ◦C), and a similar thermal detection unit to the thermal im-
aging camera was found to have an RMSE of 0.439 ◦C (Lin et al., 2019). 
These findings suggest that IR thermal imaging cameras are the most 
reliable of these devices for fever screening (Howell et al., 2020). The 
increased reliability of the thermal imaging cameras is due to the fact 
that they measure the entire face and are not limited to single spot 
emissive irregularities from temperature nonuniformity on the face 
(Dell’Isola et al., 2021). However, IR thermal imaging cameras are 
commonly misused (Mercer and Ring, 2009). For instance, the 

Fig. 5b. Temperature measurements and linear trend lines for participant 2 (27 YOM) after environmental exposure to − 20 to 20 ◦C at 5 ◦C increments. Mea-
surements were taken every minute after exiting the environmental chamber until a measurement could be registered by the device (i.e. lower temperatures needed 
longer for skin surface measurements to register). 
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International Standards Organization (IEC-80601-2-59, 2017) has spe-
cifically outlined that these devices should simultaneously conduct 
single measurements and multiple measurements. Much like any other 
form of medical thermography (i.e. used for breast cancer detection, 

diagnosis of diabetic neuropathy and vascular disorders, and dental and 
dermatologic applications (Lahiri et al., 2012), strict protocols are crit-
ical to reliability when using IR thermography for temperature screening 
purposes (Mercer and Ring, 2009). The thermal imaging camera proved 
to be an effective means of taking reliable forehead temperature mea-
surements but requires participant acclimatization to the environment 
and consideration for the environmental temperature to which the de-
vice itself is exposed. The thermal imaging camera does not record a 

Fig. 5c. Temperature measurements and linear trend lines for participant 3 (20 YOF) after environmental exposure to − 20 to 20 ◦C at 5 ◦C increments. Mea-
surements were taken every minute after exiting the environmental chamber until a measurement could be registered by the device (i.e. lower temperatures needed 
longer for skin surface measurements to register). 

Table 2 
Descriptive statistics for the first measurement immediately after exiting the 
environmental chamber.   

Equipment 
N Mean 

(oC) 
SD(oC) SE(oC) 95% CI for Mean(oC) 

Lower 
Bound 

Upper 
Bound 

IR Digital Contact 
Probe 
(Tympanic) 

27 36.78 0.1847 0.03554 36.70 36.85 

IR Digital Contact 
Probe 
(Forehead) 

15 34.98 1.3094 0.3381 34.25 35.76 

Thermal Imaging 
Camera 

5 36.04 0.1516 0.06782 35.85 36.23 

iButton® 27 21.87 7.661 1.4743 18.84 24.90 
FLIR Laser (0.61 

m) 
27 28.09 3.040 0.5851 26.88 26.88 

FLIR Laser (1.22 
m) 

27 28.33 2.831 0.5447 27.21 27.21 

FLIR Laser (1.83 
m) 

27 28.66 2.572 0.4951 27.65 27.65 

Total 155 29.58 6.213 0.4951 28.60 28.60  

Table 3 
Intraclass correlation (ICC) results for FLIR laser thermometer at measurement 
distances of 0.61, 1.22, 1.83 m from the participant.  

Environmental Chamber 
Temperature (oC) 

Intraclass Correlation (ICC) 

Participant 
1 

Participant 
2 

Participant 
3 

− 20 0.984a 0.972a 0.871b 

− 15 0.968a 0.972a 0.84b 

− 10 0.972a 0.924a 0.909a 

− 5 0.939a 0.917a 0.821b 

0 0.893b 0.906a 0.736 
5 0.8228b 0.962a 0.648 
10 0.948a 0.878b 0.837b 

15 0.786b N/A N/A 
20 N/A N/A N/A  

a Indicates excellent reliability (ICC>0.9). 
b Indicates good reliability (ICC = 0.75–0.9). 
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forehead surface temperature when the exposure temperature is 10 ◦C or 
lower. 

This study had limited participants due to the Covid-19 pandemic 
and health and safety protocols deployed by the Canadian Government 
and Universities to prevent the spread of Covid-19. The Canadian 
workforce is diverse in age, natural pigmentation of the skin due to 
genetics and exposure to the sun, and as such, the sample is not repre-
sentative. Nevertheless, the results of this study using only three par-
ticipants are in line with previous experiments conducted with between 

600 and 1500 participants (G. Chen et al., 2020; Weng Seng Fong et al., 
2020). It is also important to acknowledge that the data collection was 
conducted in August and September, but outdoor environmental tem-
peratures well below zero are typical in Canada in the winter months, as 
are wind chill and air velocity, which were not collected in this study. 
Future studies should also address the effects of implementing an 
acclimatization period before using any of these devices to determine 
the period length based on environmental exposure to increase the ac-
curacy of the temperature measurements. Further, the difference be-
tween skin surface temperature measurements and core body 
temperatures must be rigorously studied to provide an appropriate 
temperature threshold. 

5. Conclusion 

For people infected with the SARS-CoV-2 virus, up to 98% of hos-
pitalized (i.e. severely symptomatic) patients suffered from a fever at 
some point in the early stages of the infection (Huang et al., 2020). The 
present study demonstrates the reliability and consistency of four 
commonly used workplace temperature screening devices in simulated 
and actual environmental conditions. The tympanic temperature was 
the most consistent regardless of the environmental temperature (Weng 
Seng Fong et al., 2020). The thermal imaging camera provided reliable 
forehead temperature measurements. It was also found that despite good 
consistency, some devices provide underestimated temperature values. 
As expected, the findings also suggest that workplace temperature 
screening should not be conducted outdoors at temperatures below 
20 ◦C (Foster et al., 2021). When outdoor temperatures are below 20 ◦C, 
workplace temperature screening protocols must allow for an indoor 
acclimatization period: ranging from 2 to 9 min depending on the out-
door temperature. This research is an essential step towards broadening 
the research into the practical application of infrared screening devices 
in varying environmental contexts. 
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