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Dear ANDI: what should I wear to be cooler in sunny and hot weather? Testing radiative
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Clothing properties—including color, fit, style, and textile composition—strongly influence human
radiative heat gain, the dominant heat-transfer pathway in hot, dry climates. Although textiles are
increasingly engineered to reduce the heat load across the visible, near-infrared, and far-infrared regions,
comparing realistic performance of such apparel is difficult because spectral measurements alone cannot
capture interactions among the environment, clothing geometry, and the human body. Here, we evaluate
apparel using ANDI, an outdoor, internally cooled thermal manikin exposed to direct sunlight under hot,
low-wind conditions. By dynamically matching the manikin surface temperature to ambient air
temperature, convective heat transfer is minimized, enabling direct measurement of net radiative heat flux.
We validate the approach by comparing outdoor performance of white and black cotton and polyester shirts
under natural or controlled airflow. Next, we evaluate how color, fit, style, and textile composition of upper-
body garments, as well as headgear, influence radiative performance.

Keywords: textile testing, spectral properties, radiative testing, thermal manikin
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Introduction

For nearly seven decades, Americans have sought advice on personal questions through the “Dear
Abby” column. However, a different kind of advisor is required when it comes to quantitative guidance on
what to wear in hot, sunny conditions. Here, we show that a different kind of “columnist”, the “dear”
outdoor thermal manikin ANDI (Advanced Newton Dynamic Instrument), can quantitatively evaluate
clothing-mediated radiative heat exchange under realistic environmental conditions. Heat exposure is a
major environmental and occupational concern, especially for those spending time outdoors under direct
sunlight. It ranks among the leading weather-related causes of mortality and is linked to impaired health,
productivity, and occupational risk [1-6]. Clothing is one of the most accessible strategies for mitigating
heat stress, but the effectiveness of recommendations such as wearing light-colored or loose-fitting
garments, as well as that of many radiatively engineered textiles, remains poorly quantified due to a lack of
quantitative measurement methods in real-world conditions.

In hot, sunny conditions, radiation often dominates the heat load on the human body [7-10].
Consequently, modifying the spectral properties of clothing through material and structural engineering has
become a central strategy for improving outdoor thermal comfort and safety [11-14]. The spectral
properties of textiles determine how fabrics absorb, reflect, transmit, and emit radiation. Significant
advances have been made in tailoring fabrics to optimize these properties for upper-body apparel [15—18].
For example, fabrics have been developed with enhanced visible and near-infrared reflectance to reduce
solar absorption or with transparency in the far infrared to promote thermal emission from the skin while
maintaining visual opacity [18-20]. Additional approaches employ nanostructured coatings and engineered
fiber assemblies to simultaneously enhance solar reflectance and mid-infrared emissivity under outdoor
exposure [12, 15-17, 20-22]. However, the outdoor performance of these textiles remains poorly
characterized under realistic environmental conditions.

Most studies on radiatively engineered textiles characterize spectral properties or measure temperatures
and heat fluxes of flat fabric samples placed on simplified skin simulators under controlled solar exposure
[12, 15-19, 21, 22]. While these approaches are useful for identifying material-level mechanisms such as
solar reflection, infrared transparency, and longwave emission, they neglect the impacts of three-
dimensional body and garment geometry, including air gaps, body curvature, posture, and local ventilation.
They also do not fully capture the coupled radiative and convective heat-transfer processes governing
clothing performance under realistic outdoor conditions (see Fig.1). Outdoor infrared thermography studies
have demonstrated that clothing thermal behavior under solar exposure can vary substantially with
environmental airflow. For example, Ichinose et al.[14] reported temperature differences exceeding 15°C
between clothing colors under calm sunny conditions, with wind greatly reducing these differences. Several

other studies have also evaluated the influence of clothing color on temperatures and thermal comfort under
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solar exposure. Early work demonstrated that black clothing increased both clothing and skin temperatures
compared with white garments, even in the absence of direct solar radiation [23], while outdoor experiments
consistently showed substantially higher surface temperatures for dark-colored garments than for light-
colored ones [24-26]. Subsequent studies expanded these observations by relating clothing color to solar
reflectance and near-infrared optical properties [27] and by modeling the coupled effects of solar absorption,
conduction through clothing air layers, and external convection [28, 29]. More recently, field studies have
shown that clothing reflectance and radiative cooling textiles can reduce skin temperature, improve thermal
comfort, and mitigate heat strain under strong solar exposure [30-32]. However, textile temperatures do
not directly translate into heat flux experienced by the person, skin temperatures vary within a small range,
and thermal comfort and perception are highly subjective, making these approaches less quantitative than
a heat flux measured by a thermal manikin.

Thermal manikins are widely used to evaluate the thermophysiological properties of clothing and to
simulate human thermal comfort under controlled indoor conditions [11, 33-38]. There are only a few
examples of outdoor manikin measurements, including using heated-only manikins seated in shade [39]
and within a car [40] and standing while wearing protective clothing [41] in moderate conditions. Recently,
a passive manikin with external anemometers and radiometers was also employed to measure
environmental conditions in the sun [42, 43]. In our previous work, we employed the internally cooled
ANDI thermal manikin, instrumented with distributed temperature and heat-flux sensors within its shell, to
quantify outdoor radiative exposure under sunny, partially shaded, and fully shaded conditions (see shell
schematic in Fig.1) [44, 45]. By operating the manikin in an isothermal mode in which the shell surface
temperature was maintained at the measured air temperature, we isolated the net radiative heat load by
minimizing convective heat exchange between the manikin and the surrounding air. This approach enabled
spatially resolved measurements of total radiative exposure and, with the addition of a white coating over
portions of the shell, separate quantification of shortwave and longwave radiation loads across the body.
We also conducted pilot clothing experiments using same-style, same-size long-sleeve shirts of different
colors. These measurements captured not only radiative attenuation by the textiles, including transmitted
solar radiation [14], but also coupled convective transport associated with elevated fabric temperatures
under solar exposure (see Fig. 1)[45]. Under full sun and low-wind conditions, the tan torso of the manikin
absorbed 159 W of radiative heat, which was reduced to 73.3 W and 86.7 W when wearing white and light-
blue shirts, respectively, while darker garments produced substantially smaller reductions (e.g., to 127 W
for a black shirt) [45].

Building on our prior work, the present study systematically investigates clothing-mediated radiative
heat attenuation using the outdoor isothermal ANDI thermal manikin under realistic solar exposure. First,

we evaluate the extent to which low-speed airflow magnitude and direction must be controlled during
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outdoor isothermal measurements using partial wind-isolation panels and forced airflow. Second, we use
ANDI to quantify the effects of clothing color, textile type, garment fit, and garment style on radiative
attenuation for commonly available torso and head garments exposed to direct sunlight. We include several
types of hats because, unlike protective headgear such as helmets [46-53], the radiative attenuation
provided by hats has rarely been investigated quantitatively [54—57]. Together, these experiments establish
a framework for realistic evaluation of clothing-mediated radiative heat transfer and provide quantitative

insight into how clothing parameters influence human radiation exposure.

Methods
Instruments

The ASU ANDI (Advanced Newton Dynamic Instrument; Thermetrics LLC, Seattle, WA, USA) is the
first full-body thermal manikin specifically designed to quantify human heat exchange under outdoor
extreme heat conditions. As described by Joshi et al.[44] the manikin represents a 50" percentile western
adult male and consists of 35 independently controlled body segments instrumented with embedded
temperature and heat-flux sensors as well as resistive heating and internal liquid-cooling channels. All
supporting electronics, the water chiller, and the gas-powered generator for the manikin are mobile,
allowing for outdoor experimentation. The system was operated in an approximately isothermal mode in
which shell surface temperature was maintained at ambient air temperature, measured using a separate
radiation-shielded sensor. Besides minor changes in how the manikin was dressed, the manikin operation
was as described in our previous work [44, 45]. In particular, we did not need to cut the shirts under one
arm as in our previous work but were able to change the different shirts in under 1 minute. To provide
consistent measurements, we tested on fully sunny, low-wind days (sustained wind speed of 0.25 to 1.5
m/s) in batches of 4 to 5 garments, each taking about 3 to 4 minutes for changing and reaching steady-state
heat flux and temperature measurements across the covered zones. The heat fluxes and temperatures are
displayed on a laptop and monitored throughout the experiment by the operator. The manikin position was
adjusted approximately every 10 minutes based on matching symmetric shadows from two sides of the
supporting stand, resulting in it nearly continually facing the sun directly (see Fig.2A). In addition to ANDI,
we also utilized the advanced biometeorological station MaRTy, which measures shortwave and longwave
radiation in cardinal, downward, and upward-facing directions, air temperature, humidity, and wind speed
(see Middel et al. for detailed instrument description [58]). The cart is used to obtain high-end radiatively
shielded air temperature measurements to guide ANDI shell temperature adjustment and wind speed
measurements to avoid excessively gusty periods. We also utilized MaRTy’s radiative measurements to
benchmark the total net radiative heat flux measured by the “nude” manikin according to calculations

developed by Joshi et al. and Sadeghi et al. [44, 45]. For testing clothing performance, we typically
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conducted three repetitions of each garment set. The heat flux measurement uncertainty depends on its
value (being larger near zero heat flux when the shell and internal temperatures are nearly equal), but
generally is below 5% of measured value. In terms of variation from repetition to repetition, we found that
even with significant change of the solar zenith angle, on most zones the differences were not substantial.
Based on our prior and current experiments, we adopt a relatively conservative combined uncertainty of

+15% (at 80% confidence interval) for the reported experimental values.

Field Experiments

We conducted measurements on an unobstructed site on roof of the Novus parking garage in Tempe,
Arizona (33.422°N, 111.928°W, 373 m elevation) on four cloudless days (March 19", 25" and 26™, and
April 20™ of 2026). The experiments were conducted starting shortly before noon and lasting 4 to 5 hours,
with air temperatures ranging from 33.6°C to 42.6°C, dew points of 1.11°C to 3.33°C, and solar zenith
angles from 33.7° to 77.8°. We selected the afternoons to conduct the experiments because the air
temperature is stable, with changes on the order of 0.5 to 1°C per hour, reducing the need to adjust manikin

shell temperature setpoints.

Semi-outdoor wind tunnel

The semi-outdoor configuration enabled controlled airflow measurements while maintaining realistic
rooftop radiative exposure conditions (see Fig.2B and 2C). It was constructed with 15 mm aluminum T-
slot extrusions and 4x8ft Styrofoam panels. The interior side of the panels was spray-painted black
(shortwave and longwave absorptivity of 0.95) to provide consistent side conditions and prevent any
reflections, while the outside was covered with a reflective aluminum coating to minimize unwanted
radiative heating. The two panels were connected in a parallel configuration with 1.27 m of space in
between, matching typical indoor wind tunnel width (see Fig.2B-D) [59]. The panels were raised 2.54 cm
from the ground. ANDI was placed in the center of the structure, with its feet being raised about 25.4 cm
from the ground. To impose a low-speed about 0.5 m/s airflow directly over the torso area of the manikin,
a 0.61 m (24") diameter fan (Xpower FD-630D) with continuous velocity adjustment was placed on a stand
about 1.5 m in front of the manikin. The air flow velocity was measured at 20 Hz using a 3D ultrasonic
anemometer (CSAT3B, Campbell Scientific), also allowing for calculation of turbulence intensity and
turbulence length scales. At the same time, MaRTy was placed 2 m behind ANDI and was used to measure
the “background” outdoor airflow using its ultrasonic anemometer. The entire enclosure was mobile and

taken to the outdoor measurement site with each experiment.

Materials
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Fig. 3 shows the 20 shirts and 9 hats that we tested using the manikin in this study. The long sleeve A.
black 100% polyester (Nike, FB7070-010, Men’s, size: US-L), B. black 100% cotton (H&M, On/ 502236,
regular fit, Men’s US-L), C. white 100% polyester (Nike, FB7070-010, Men’s, size: US-L), and D. white
100% cotton (H&M, N 437432, regular fit, Men’s, US-L) shirts were used in studies comparing
measurement setups (unobstructed, in a semi-wind tunnel with and without a fan). To assess impact of style
and color, we also measured the E. tan 100% polyester T-shirt (Sport-Tek, ST350, Men’s, L), F. white and
G. tan 100% recycled polyester “hiking” shirts (Ozark Trail, OT13750L, Men’s, L), and H. combat shirt
with sleeves made of 50% nylon and 50% cotton and torso made of 100% polyester with moisture-wicking
and antimicrobial treatment (Propper OCP, Men’s, L), I. Air Force OCP Hot Weather Uniform Coat made
from Cordura Nyco fabric (Tru-Spec, Men’s, L) and J. “construction” assembly (the tan T-shirt, generic
high visibility yellow mesh polyester vest, with white reflective sleeves on forearms). To test the impact of
long-sleeve shirt size, we purchased a set of K. white and L. black 100% cotton shirts with sizes S, M, L,
XL, and XXL (Eklentson Men’s Crewneck, EK-600-L23M949D, varied sizes).

The tested head gear included wide-rim M. tan sun straw hat made of 80% paper and 20% polyester
(Trifabricy, TYDYCMKQ115CMOIL, Floppy Foldable Summer Hat, Women’s, One Size), N. tan light thin
made of 100% polyester (Mission, Cooling Boonie Hat, Unisex, One Size), and O. tan Tilley hat made of
36% polyester, 29% hemp, 28% cotton, and 7% rayon (Tilley, TMHS5S5, Airflo Mashup Sand, Unisex, 7.5),
as well as P. light tan baseball cap made of 100% cotton (Furtalk, BOBZNR7S6V, unisex, Medium-Large),
Q. light tan visor (open head) made of 100% cotton (Andiceqy, BOD9DNB3S3, Sports Sun Visor, Unisex)
and R. black, S. dark gray, T. light gray and U. tan “bucket” 100% cotton hats (PFFY Bucket Hat,
BO9XHKFLNN, One size).

Spectroscopic characterization of selected textiles

The spectroscopic performance of the samples was evaluated using two instruments: a PerkinElmer
Lambda 950+ UV/VIS/NIR Wide Band Spectrometer and a PerkinElmer Frontier FTIR spectrometer. For
the UV/VIS/NIR measurements, the striped region of each sample was aligned with the instrument’s beam
path, and reflectance spectra were collected over the wavelength range of 0.25-2.5 um. The acquired
spectra were then processed using DPV software integrated with UV WinLab to extract the relevant data.
Long-wavelength spectroscopic characterization was performed using the PerkinElmer Frontier FTIR
equipped with a DiffusIR accessory. Samples with a diameter of 0.5 inches were measured over the 2.5-25
um wavelength range. FTIR spectra were collected to compare the reflectance of the mirror samples against

the background. All results were reported as fractional reflectivity.

Results
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Measurement of radiative textile properties does not require control of airflow on low wind days

The semi-outdoor wind tunnel and fan successfully imparted a controlled airflow on ANDI; however,
our results show that this setup is unnecessary for radiative textile testing in low-wind conditions. Tests
conducted with anemometers placed inside and outside of the semi-outdoor wind tunnel walls revealed a
substantial reduction in wind direction variance, with a concentration of wind angles parallel to the tunnel
walls within the enclosure (see wind direction plots in Fig.4). Throughout the test, the ambient wind speed
was 1.03+0.6 m/s (£l standard deviation). With the fan at the lowest setting, wind speeds inside the
enclosure were slightly reduced to 0.64+0.09 m/s. With the fan on, we were able to adjust the continuous
power input setting to obtain a consistent 0.9+0.07 m/s in a direction parallel to the enclosure.

Fig. 4 A-C shows results of measurements with ANDI wearing the white and black polyester and cotton
long sleeve shirts with the three outdoor testing setups illustrated in Fig.2. The white and black shirts made
of the two fabrics have comparable solar range reflectivity (0.67 for white and 0.33 for black single layer
of polyester and 0.71 for white and 0.30 for black single layer cotton). For the nude manikin, the measured
net heat flux was highest on the most sun-exposed zones, including the stomach and chest (435 to 445 W/m?
for the latter), and lowest on the back (near 0 W/m?). All textiles reduced measured net heat flux compared
to the nude condition.

The white shirts showed the greatest reduction from the nude condition (for the chest zone around 200
W/m?), while black shirts had cooling levels between the white and nude conditions (for the chest zone in
the range of 350 to 390 W/m?). The textile material generally had a minor effect on the net heat flux when
compared with the influence of color. At most, with ANDI in the open (no enclosure or fan), the black
cotton shirt resulted in a measured heat flux on the chest of 345 W/m? while the black polyester shirt was
376 W/m®. This 8% difference is below the typical experimental uncertainty of 15% and likely stems from
minor airflow differences. The close match in zonal heat flux measurements also translated to close heat
rate measurements integrated across the textile-covered areas. For example, the total heat rate across the
covered upper body for the black polyester shirt was 93.7 W for the no-enclosure case; 106 W for the
enclosure and no-fan case; and 99.3 W for the enclosure and fan case. In general, Fig. 3D shows that despite
the significant change in the directionality of the airflow with and without the enclosure, there is little
observed difference in the measured net heat flux between the three outdoor testing methods across all
fabric types and colors. Following these results, the remaining outdoor tests were conducted without the

semi-outdoor wind tunnel and fan.

Size of the long sleeve shirt has a minor impact on radiative heat flux
Fig. 5 shows there is no consistent correlation between shirt size and the measured radiative net heat

flux. A slight trend noticeable from Fig. SA is that larger white shirts tend to increase the measured heat
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flux for the chest and stomach zones. For example, the S size white shirt resulted in a stomach heat flux of
92.6 W/m* while the XXL shirt measured 139 W/m?. The same trend persisted for black shirts (Fig. 5B)
across the chest zone with S and XXL measurements of 318 W/m?and 350 W/m?, respectively. In contrast,
black shirts demonstrated a reduction in radiative heat flux with larger sizes for the arm zones. The front
forearm zone provides the most notable example, with the S and XXL shirt net heat fluxes measuring 236
W/m?and 153 W/m?, respectively. However, these local differences have a minor impact on the total heat
rate values across the textile-covered areas. For example, the covered upper-body heat rates for the black
long-sleeve shirts with sizes S, M, L, XL, and XXL were 103, 95.1, 92.5, 89.7, and 86.9 W, respectively.
For white shirts, these values were 44.3, 44.6, 48.0, 50.3, and 55.4 W. Therefore, we proceed with measuring
the impact of shirt style with L-sized shirts.

Shirt style has a weaker effect than its color on radiative heat flux

Fig. 6 shows results of upper body zone radiative heat flux measurements for ANDI wearing various
styles and colors of upper body garments, from plain long-sleeve shirts to military and construction-like
outfits. On the most sun-exposed zones like the chest and stomach, the white and light tan colored shirts
provided the smallest heat fluxes. For example, for the chest zone, the white plain long-sleeve polyester
shirt resulted in a measured heat flux of 186 W/m? while the white polyester hiking shirt resulted in a
measured heat flux of 152 W/m?. The light tan hiking shirt resulted in a slightly higher chest heat flux of
203 W/m?, while the bit darker tan short-sleeved shirt had a substantially higher heat flux of 252 W/m? that
was between the chest heat flux measured with the army camo (224 W/m?) and hot weather (279 W/m?)
gear. All these upper garments, however, still provided substantially lower heat fluxes than those measured
on the chest with a plain black long-sleeved shirt (349 W/m?) or without any garments (402 W/m? in these
experiments). In other zones, both army outfits (army hot weather and army camo) resulted in net radiative
heat fluxes close to that of the black polyester shirt, particularly for the stomach, shoulder, and upper arm
zones. The front upper arm zone provides the best example of this, with black polyester, army hot weather,
and army camo heat fluxes of 138, 140, and 138 W/m?, respectively. An interesting outlier measurement
was due to the “construction” outfit, which provided a dramatic drop in measured net radiative heat flux
across nearly every zone. One of the largest drops is seen in the stomach zone, where the tan shirt yielded
a heat flux of 157 W/m?, while the full worker’s outfit, including the reflective yellow vest over the shirt,
was just 52 W/m?. The fact that this value is about three times lower than other stomach measurements (150
to 175 W/m?) likely stems from the combination of the highly reflective stripes covering most of the
stomach and effective radiation “shielding” by two layers of garments. In total terms, wearing the shirts

reduced the heat rate for the torso and upper arms from 125 W (nude) to 92.9 W (black polyester), 52.4 W
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(white polyester), 54.5 W (white hiking), 62.3 W (tan hiking), 84.3 W (tan short-sleeve), 56.1 W
(construction outfit), 87.3 W (hot weather army coat), and 77.5 W (army combat shirt).

Light-colored, thicker fabric hats reduce radiative heat flux on the head

Fig. 7A compares radiative heat fluxes measured on the three head zones, including “head” (i.e., top of
the head), the face, and the “neck” that includes the back of the head (the zones are indicated in images of
ANDI in Fig.7B). The hats are predominantly in physical contact with the head zone and small parts of the
other two. Accordingly, the reduction in heat flux measured on the face and neck is mostly due to shading
effects. As in the case of the shirts, wearing any hat reduces the measured radiative heat fluxes on zones
directly exposed to the sun (head and face), but, interestingly, can moderately increase the heat flux on the
neck zone above the nude baseline. This effect likely stems from solar heating of the hat material and direct
conductive heat flux on the zone. The head, or more accurately the head top zone, is most completely
covered by the hats, therefore most relevant to discuss. As in the case of the shirts, the hat color provides
the strongest correlation with the measured radiative heat flux. In particular, the nearly white, light-tan
baseball cap dramatically reduces the baseline “nude” heat flux of 190 W/m?to 34 W/m?, while a black
bucket-type hat only reduces it to 118 W/m?. In fact, the reduction in heat flux provided by the black bucket
hat is so low that it is equal to the 118 W/m?heat flux measured with the “tennis hat” visor that has an open,
sun-exposed top. Another surprising observation is that putting on the tan and thin polyester sun hat on the
manikin resulted in a heat flux of 101 W/m? that is only slightly smaller than the black bucket hat, but also
a much higher heat flux than a similarly tan-colored but thicker top “airflo” sun hat (58 W/m?) or similarly
cream-colored bucket hat (56 W/m?) and the tan straw hat (48 W/m?). Changing the color of the bucket hats
to light gray and gray only increased the head heat flux mildly to around 70 W/m?*. We discuss the observed

shirt and hat heat flux reduction trends in the next Section.

Discussion
Outdoor testing: unobstructed and partially-wind obstructed configurations

The unobstructed outdoor and semi-outdoor measurements produced similar white and black long-
sleeve shirt heat transfer trends despite differences in local airflow direction variability. This indicates that
radiative loading dominated the net clothing heat gain under the tested environmental conditions. Black
garments absorbed substantially more shortwave radiation, increasing clothing surface temperature and
enhancing convective cooling; however, the magnitude of the convective contribution remained relatively
small compared with the absorbed radiative heat flux. In particular, for the chest region, typical convection
coefficients for 1 m/s wind speed are about 9 W/m’K [60] and clothing surface temperature differences of

in the range of 2 to 10°C [14] result in convective heat transfer of 20 to 90 W/m?. In contrast, on the dark
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garments that heat up 10°C above air temperature due to absorbed radiation, heat gain can be on the order
of 300 to 500 W/m?. This comparison of convective and radiative heat fluxes from the shirts with isothermal
air and manikin shell explains why moderate variations in outdoor airflow at low air speeds around 1 m/s
are not expected to substantially alter the relative clothing-performance trends observed between the
unobstructed and semi-outdoor configurations. We note that Ichinose et al. [14] observed that white and
black shirt temperature differences started to diminish at air speeds around 3 m/s; therefore, care should be
taken to conduct the outdoor radiative textile testing using the thermal manikin in low (~1 m/s) air speeds

while measuring wind speed and avoiding measurements during wind gusts.

ANDI’s (radiative) cool shirt and hat recommendations

For reducing heat gained through radiation in hot, low-wind outdoors, our ANDI experiments quantify
that wearing light-colored clothing provides substantial benefits, while the textile (cotton vs. polyester),
garment style and size have only minor effects. Consistent with our prior results [45], changing from a
black to a white shirt reduces the maximum radiative heat flux (on the chest) by 50% or 200 W/m? (when
nude measurement was around 450 W/m?). In terms of total heat rate absorbed by the shirt-covered torso,
this translates to a reduction in net radiative heat gain of about 30 to 50 W, with the exact number depending
on the solar and infrared irradiation. To put it in perspective, a typical average male adult generates about
100 W (or 1 MET) at rest; therefore, choosing a light rather than dark long-sleeve shirt can reduce the heat
load on the body by about one third to one half of that rate. Such a reduction in maximum local heat gain
on the main large sun-exposed area, like the chest in our experiments, will provide major reductions in local
skin temperature and thermal comfort benefits. In turn, even a one-third-to-half-MET reduction in overall
heat gain can make a thermal safety difference for both individuals who are stationary during prolonged
sun exposure and those performing strenuous activity (e.g., agricultural work [61]). Lastly, for the shirt
experiment discussion, the observation that the yellow vest with highly reflective elements provided the
lowest radiative heat flux on the stomach region motivates using our methodology to evaluate the radiative
attenuation performance of novel radiatively engineered textiles.

While most of the radiative heat flux attenuation provided by hats can be related to their color or zone
coverage, our observation that hats with thinner tops provide worse outcomes is more surprising. To start
with, wearing any hat reduces the heat absorbed by the head, but wearing a black one is a poor thermal
choice as it provides the same top-of-the-head radiative heat flux as wearing a visor with mostly open top.
For similarly light-tan and tan colored hats, the thickness of the fabric covering the top of the head strongly
influences the radiative heat flux. In particular, the 0.19 mm thin polyester hat resulted in a head heat flux
of 101 W/m? that is much higher than the one measured for the 1.44 mm thick airflo hat (58 W/m?), the
0.59 mm thick baseball cap (34 W/m?), the 1.51 mm thick straw hat (48 W/m?), or the 0.74 mm thick bucket

10
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hat (56 W/m?). Therefore, while the comparison is not exact since the colors do not match perfectly, a major
increase in the radiative heat flux occurs when the top hat layer decreases from about 0.6 to 0.2 mm.
Physically, this effect likely stems from the thicker fabric providing at least threefold higher thermal
resistance to the transfer of the solar heat absorbed on the exterior hat surface to the manikin head (0.015
vs. 0.005 m?°C/W with assumed thermal resistance of 0.04 W/m°C [62]). Alternatively, the thinner fabric

might be slightly transparent as opposed to the opaque, thicker hats that fully block direct solar exposure.

Limitations and future improvements

While in this work we focused on measuring the radiative attenuation provided by various clothing
items in realistic outdoor conditions, it is important to emphasize that human thermal comfort and stress
are dictated by the net heat flux on the skin resulting from multiple parallel heat transfer pathways. In hot
climates, sweat evaporation driven by convection on the skin surface is the main body cooling mechanism;
therefore, holistic evaluation of clothing cooling performance should balance radiative heat flux attenuation
with breathability. These two textile characteristics should be evaluated independently to understand the
impact of various design choices, but also in a coupled manner to provide a holistic view. In the future, our
experimentation could be extended to such evaluations either by deploying sweating skin outdoors or by
including a properly validated solar simulator within a thermal chamber and wind enclosure. In the case of
the hats, the impact of hair should also be considered [63, 64], although that introduces many new testing
variables that might not be feasible to evaluate in the relatively short “quasi-steady state” outdoor
conditions. Finally, further tests would benefit from examining other common human states, like walking

or sitting.

Conclusions

We demonstrated that the outdoor ASU ANDI thermal manikin operating in an approximately
isothermal mode with air provides a practical and quantitative approach for evaluating clothing-mediated
radiative heat transfer under realistic environmental conditions. By minimizing convective contributions
and directly measuring body-segment heat fluxes under natural solar irradiation, the method captures the
combined effects of textile optical properties, garment geometry, and body shape that are difficult to
reproduce using flat fabric tests or indoor solar simulators. The finding that unobstructed outdoor
measurements produce results comparable to partially controlled airflow conditions further simplifies the
experimental methodology and supports its use as a standardized platform for evaluating conventional and
emerging radiatively engineered textiles.

Beyond establishing a measurement framework, our experiments provide quantitative guidance for

clothing selection in hot, sunny environments. Clothing color proved to be the dominant factor controlling
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radiative heat gain, with white and light-colored garments substantially outperforming dark alternatives,

while textile composition, garment fit, and style generally produced smaller effects. Similarly, light-colored

hats with thicker, opaque crowns provided the greatest reduction in head heat gain, whereas black hats and

thin fabrics offered considerably less protection despite similar coverage. These findings reinforce long-

standing recommendations to wear light-colored clothing in the sun while also demonstrating the value of

objective, whole-garment testing for comparing apparel designs and validating future radiative cooling

technologies intended to improve outdoor thermal comfort and safety.
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Fig.1. Schematic of the outdoor thermal ASU ANDI manikin showing schematically its internal sensors
and heating/cooling abilities and what the net radiative heat flux measured by the manikin in “isothermal”

experiments with shell temperature set to air temperature without (left) and with (right) a garment.

Fig.2. Images of thermal manikin measurement setups including A. fully exposed, B. in semi-wind tunnel

without and C. with imposed fan.
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Fig.4 Outdoor testing conducted with three different setups: A. ANDI standing without a fan or enclosure,
B. ANDI within the semi-outdoor wind tunnel with a fan, and C. ANDI with just the semi-outdoor wind
tunnel. D. shows a comparison of each testing condition for the manikin’s chest zone. E-F. The wind
direction distribution E. outside the semi-outdoor wind tunnel (with 0° being North) and F. inside the tunnel

(very similar results were obtained with and without the fan being turned on).
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