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Abstract. In developing an innovative wearable monitoring system for research purposes, we
focused on using low-cost sensors and open-source hardware to ensure affordability and
accessibility. The main objective of this research was to evaluate the measurement performance
of a conceptual system specifically designed to measure mean radiant temperature, a key
parameter when evaluating thermal comfort in different environments. Although the Vernon and
Humphreys globe thermometers, with diameters of 150 mm and 40 mm respectively, are
standard tools—typically used alongside thermohygrometers and anemometers—for measuring
mean radiant temperature, their slow response times and sensitivity to fluctuating outdoor
conditions limit their suitability for wearable applications. This study therefore investigates more
adaptable, low-cost alternatives that can be seamlessly integrated into wearable devices,
addressing the limitations of conventional methods. The proposed system is based on a low-cost
infrared sensor array composed of several Melexis MLX90640-ESF-BAA infrared modules
connected to a Raspberry Pi 3A+. This low-cost system was directly compared with a calibrated,
standardized reference system in a controlled test conducted at the ZEB lab at ITC-CNR. The
results suggest that, despite its low cost, this new system can effectively estimate the mean
radiant temperature in built environments.

1. Introduction

Understanding and accurately measuring Mean Radiant Temperature (MRT) is crucial for evaluating
thermal comfort in various environments, particularly in the context of building energy efficiency and
occupant well-being.

Teitelbaum at al. [1] provide an excellent historical overview covering approximately 90 years of
research on methods for calculating the MRT. Early approaches utilized the Vernon globe thermometer
introduced in 1932 [2], consisting of a 150 mm diameter matte black sphere. In the 1970s and 1980s,
efforts focused on reducing the globe size, leading to the development of the Humphreys globe
thermometer in 1977 [3],made from a matte black-painted a ping-pong ball.

The experimental configuration shown in Figure 12 of [1] is particularly important, as the authors
demonstrated several critical limitations of existing MRT measurement standards:

Content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1


https://creativecommons.org/licenses/by/4.0/

CISBAT 2025 IOP Publishing
Journal of Physics: Conference Series 3140 (2025) 072023 doi:10.1088/1742-6596/3140/7/072023

e the correction factors recommended by the American Society of Heating Ventilation and Air-
conditioning Engineers (ASHRAE) Standard 55 and ISO7726 for using globe thermometers to
quantify MRT are insufficient;

e they proposed improved correction methods to address these shortcomings;

e they revealed that MRT measurements with small (ping-pong ball-sized) globe thermometers
are unreliable due to stochastic convective biases.

These findings highlight persistent challenges in accurately measuring MRT, particularly the slow
response time and convective errors inherent to globe thermometers. Consequently, there is a clear need
for alternative measurement approaches that overcome these limitations. Inspired by the “6-sided
ground truth pyrgeometer on the wooden cube” used in [1], we developed a novel low-cost cube-based
system to measure MRT without the thermal lag caused by encapsulated sensors within black spheres,
as seen in conventional globe thermometers. .

2. Materials and method

The experimental setup was designed to evaluate the accuracy and the repeatability of MRT
measurements using a modular, cost-effective infrared sensor array. The system consists of six Melexis
MLX90640-ESF-BAA infrared modules (IRMs) arranged in a cube formation, each oriented outward
to capture temperature data from different directions.

Each IRM is a “fully calibrated” MLX90640 sensor [4], which features a 32x24 pixel array capable
of capturing 768 thermal data. The MLX90640 sensor can be manufactured in two versions, the
MLX90640-ESF-BAA and the MLX90640-ESF-BAB, which are equipped with two different optical
systems. The MLX90640-ESF-BAA version has a 110° (horizontal) x 75° (vertical) Field of View
(FoV), while the MLX90640-ESF-BAB version has a narrower 55° x 35° FoV. This makes the BAA
variant more suitable for applications requiring a wider coverage area, such as room temperature
mapping or large-area thermal scanning, whereas the BAB variant provides a more focused, higher-
detail thermal view.

The IRMs are mounted onto a 3D-printed support structure, ensuring stability and proper alignment.
Figure 1 shows how the supports were designed in Rhinoceros, with an example of the two supports and
how they were used to assemble the six [IRMs.

Figure 1. The cube composed of six IRMs: a) Design of the 3D-printed support structure for the
infrared modules; b) as printed and fully assembled

A TCA9548A 12C multiplexer facilitates communication between the six IRMs and a Raspberry Pi
3A+, which serves as the central data logger. The use of an 12C protocol enables synchronized data
collection with minimal latency.

The device was tested in the ZEB lab located in San Giuliano Milanese at the headquarter of the ITC-
CNR. The laboratory is the result of a recent refurbishment of and existing building towards zero energy
requirement [5]. The building is divided in two main rooms for the conduction of tests on Indoor
Environmental Quality (IEQ) [6, 7]. The calibrated sensor array was positioned in the Al room of the
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laboratory, alongside a reference measurement system consisting of a globe thermometer (range -
40++60°C, accuracy +0,1°C), a hot-wire anemometer (range 0+5 m/s, accuracy +0,2 m/s), and a
thermohygrometer (air temperature measurement range: -40+~+60°C, with an accuracy +0,1°C; relative
humidity measurement range: 0~100%, with an accuracy of £2%). The system was mounted on a tripod
to ensure consistent placement and prevent external influences (Figure 2a). The 3D model of Figure 2b
obtained in Rhinoceros with Grasshopper and the Ladybug cone of vision component [8] with vertical
and horizontal angles aligned to the FoV of the IRMs, also enables testing of the effectiveness of the
cube composed of six IRMs in capturing the entire indoor surface area.

b)

Figure 2. Al room of the 1abZEB: a) IRMs cube as placed in the labZEB with a reference globe
thermometer, a hot-wire anemometer and a thermohygrometer; b) 3D-model of the surface
(highlighted in cyan) effectively monitored by the six IRMs.
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The MRT of the reference system was calculated from the globe thermometer temperautre, t;, from
a standard D = 150 mm black globe according to Asharae 55. The surface emissivity was set to 0.95,
the same value used for the emissivity in the IRMs code [9]. The MRT of the infrared sensors was
calcualted by averaging the punctual measurments of each infrared sensors. The experiment consists in
the comparison of the data collected by the refence system and those of the new infrared system. Several
test configurations were established (Table 1), varying variables such as the ambient temperature (20°C
and 26°C), the curtain position, and the direction of an electric heater. Each configuration was monitored
for extended periods, with data being logged continuously for analysis. The recorded infrared
temperature data were compared against the reference measurements to evaluate accuracy and establish
correction factors.

Table 1. Different configurations adopted in the ZEB lab.
Period of test
Configuration ID  Configuration description Date [dd/mm/yyyy]
and time [hh:mm]
20°C set-point curtain lowered and From 14/02/2023 16:00

Test 20_1 electric heater facing the globe thermometer  To 17/02/2023 8:00
Test 20 2 20°C set-point curtain raised and electric ~ From 17/02/2023 13:00
— = heater facing the globe thermometer To 20/02/2023 9:00
Test 261 clecric heaer facing away from glope  FIom24/02/2023 13:00
st~ clectric hieater facing - away Iom - glob€ 14 25/02/2023 8:00
thermometer
Test 26 2 elegt?icc }f:;g) lngac‘ivrith :\l}lvzamfr?rlsed 12%2 From 25/02/2023 15:00
—0= & away & To 27/02/2023 8:00
thermometer
3. Results

The data collected from the experimental setups provided valuable insights into the accuracy and
performance of the IRMs-based MRT measurement system. Figure 3a, Figure 3a’, Figure 3b and Figure
3b’ show the MRT trends observed for configurations set at 20°C, while Figure 3¢, Figure 3¢’, Figure
3d and Figure 3d’ display results for the 26°C configurations.

The line plots shown in Figures 3a, 3b, 3¢ and 3d report the hourly average MRT values for tests
T 20 1,T 20 2,T 26 1and T 26 2, respectively. The reference system is represented by grey dashed
lines and the IRMs cube data are plotted in red, orange, lightseagreen and dodgerblue, respectively. The
corresponding scatter plots in Figures 3a’, 3b’, 3¢’ and 3d” compare MRT values from the IR sensor
array against those from the reference system. The highest performance was recorded in Test 20 1,
while the lowest occurred in Test 20 2, possibly due to the position of the curtain when the system
faced the electric heater. In contrast, Test 26 1 and Test 26 2 exhibited more stable agreement
between the two measurement systems, with reduced sensitivity to configuration changes. To further
validate the system’s performance, additional statistical analyses were performed. These included the
coefficient of determination (R?), the Mean Absolute Error (MAE) and the Root Mean Square Error
(RMSE) between the IR sensor-based measurements and the reference MRT values for each test. As
shown in Figure 3, the system achieved MAE within an acceptable range (between 0.19 in Test 20 1
and 0.05 in Test 26 1) and R? values above 0.95 in two cases (Test 20 1, and Test 26 2) indicating a
strong agreement with the reference measurement. The remaining tests (Test 20 2 and Test 26 1)
suggest the need for further investigation to improve performance under varying setup conditions.
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Figure 3. Test in ZEB lab - Pairwise comparison between reference system and the IRMs cube: a)
Test 20 1 lineplot; a’) Test 20 _1 regplot; b) Test 20 2 lineplot; b’) Test_20 2 regplot; c¢) Test 26 1
lineplot; ¢’) Test 26 1 regplot; d) Test 26 2 lineplot; d’) Test 26 2 regplot.
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4. Conclusions

The results of this study demonstrate that the proposed iRMs-based MRT measurement system offers a
viable, low-cost alternative to traditional methods. The data collected show a high level of agreement
with standard measurements in terms of R?, RMSE and MAE, in at least two of the test setups.

Given the affordability and accessibility of its components, this system has significant potential for
widespread application, including indoor environmental quality monitoring, thermal comfort
assessments, and building energy performance evaluations. Notably, for outdoor assessments, the rapid
response time of the IRMs makes them a promising alternative to traditional globe thermometers, which
experience a response delay due to the placement of the sensor within a black globe.

Starting from the positive preliminary results presented in this paper, further research is necessary to
validate the system under more configurations, such as variable radiative and convective conditions, in
order to detect the variables that could affect the results. The comparison with more accurate reference
instruments, such as high-resolution infrared camera arrays, could provide more spatially detailed and
accurate MRT estimates in complex outdoor environments.

Future research should focus on refining the calibration methodology and undertaking international
round robin testing, replicating standardized procedures across various test rooms and outdoor
environments worldwide to assess inter-device consistency. Investigating the minimum number of iRMs
needed to accurately measure mean radiant temperature is also a key area for further study. This
consideration led us to release the device as complete open-source hardware [10]. Moreover, deploying
this system in real-world settings, such as offices, residential spaces, outdoor urban pathways, will
provide valuable insights into its practical applicability and long-term robustness.
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