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Abstract: The main objective of the study was to investigate the thermal performance of five (open
and closed) bicycle helmets for convective and evaporative heat transfer using a nine-zone thermal
manikin. The shape of the thermal manikin was obtained by averaging the 3D-point coordinates of
the head over a sample of 85 head scans of human subjects, obtained through magnetic resonance
imaging (MRI) and 3D-printed. Experiments were carried out in two stages, (i) a convective test
and (ii) an evaporative test, with ambient temperature maintained at 20.5 ± 0.5 ◦C and manikin skin
temperature at 30.5 ± 0.5 ◦C for both the tests. Results showed that the evaporative heat transfer
contributed up to 51%–53% of the total heat loss from the nude head. For the convective tests, the
open helmet A1 having the highest number of vents among tested helmets showed the highest cooling
efficiency at 3 m/s (100.9%) and at 6 m/s (101.6%) and the closed helmet (A2) with fewer inlets and
outlets and limited internal channels showed the lowest cooling efficiency at 3 m/s (75.6%) and at
6 m/s (84.4%). For the evaporative tests, the open helmet A1 showed the highest cooling efficiency
at 3 m/s (97.8%), the open helmet A4 showed the highest cooling efficiency at 6 m/s (96.7%) and
the closed helmet A2 showed the lowest cooling efficiency at 3 m/s (79.8%) and at 6 m/s (89.9%).
Two-way analysis of variance (ANOVA) showed that the zonal heat-flux values for the two tested
velocities were significantly different (p < 0.05) for both the modes of heat transfer. For the convective
tests, at 3 m/s, the frontal zone (256–283 W/m2) recorded the highest heat flux for open helmets,
the facial zone (210–212 W/m2) recorded the highest heat flux for closed helmets and the parietal
zone (54–123 W/m2) recorded the lowest heat flux values for all helmets. At 6 m/s, the frontal zone
(233–310 W/m2) recorded the highest heat flux for open helmets and the closed helmet H1, the
facial zone (266 W/m2) recorded the highest heat flux for the closed helmet A2 and the parietal zone
(65–123 W/m2) recorded the lowest heat flux for all the helmets. For evaporative tests, at 3 m/s,
the frontal zone (547–615 W/m2) recorded the highest heat flux for all open helmets and the closed
helmet H1, the facial zone (469 W/m2) recorded the highest heat flux for the closed helmet A2 and the
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parietal zone (61–204 W/m2) recorded the lowest heat flux for all helmets. At 6 m/s, the frontal zone
(564–621 W/m2) recorded highest heat flux for all the helmets and the parietal zone (97–260 W/m2)
recorded the lowest heat flux for all helmets.

Keywords: bicycle helmets; thermal manikin; convective and evaporative heat loss; zonal
performance characteristics

1. Introduction

Cycling is popular, healthy, and environment-friendly. However, cycling is reported to be the third
most dangerous mode of transport, resulting in injuries and mortalities. Head injuries are the most
typical injuries observed among fatalities reported [1–3]. Studies have shown that these head-related
injuries can be significantly reduced by the usage of helmets [4–6]. Emphasis on user safety has resulted
in significant increase in research pertaining to safety [7–9]. However, these developments have not
resulted in an increased number of helmet users among cyclists. This finding points to the existence of
different influencing parameters when it comes to helmet usage by cyclists. Further research indicates
that the reluctance of users to wear helmets stems from thermal discomfort [10–12]. For instance,
helmet usage in northern and southern Italy during the summer months ranged from 93% and 60%,
respectively [13], which indicated that environmental temperature may play an important role in
thermal comfort or discomfort, and thus impact helmet usage.

Thermal comfort is the condition of the mind that expresses satisfaction with the thermal
environment and is assessed by subjective evaluation [14]. This perception of thermal comfort widely
depends on the extent to which the clothing or, in this case, the helmet ensemble allows for heat transfer
between head and the environment. Therefore, the heat transfer characteristics of the helmet design
that has a major influence on the user comfort must be evaluated. The heat transfer characteristics of
the helmet design and the influencing parameters, has been evaluated using subject studies or objective
studies. Subject studies used human participants to assess helmet-wearing effects, and focused mainly
on physiology, comfort, and thermal sensation. Various studies include analyzing body heat storage
using controlled chambers [15], water-perfused suits [16], or water immersion [17] to understand heat
transfer between body and environment. Although subject studies provided realistic results, testing
using subjects is time consuming and individual differences between subjects result in repeatability
issues [18,19]. Objective studies or biophysical methods deploy anatomically correct head-forms or
thermal manikins to simulate heat and mass transfer from the head and thereby evaluate the helmet
performance. Thermal manikins are based on constant surface-temperature methodology to study heat
and mass transfer between head and environment. The surface of the manikin was set to a constant
temperature and the total power needed to maintain this temperature over a steady period of time
was recorded. Total power accounts for combined heat loss by convection, radiation, and evaporation,
depending on the modes of transfer being studied.

Several manikins have been developed and used to evaluate thermal performance for different
applications [19–28]. Among the developed head-forms, some are commercially available for testing
and experiments, such as head-forms from Thermetrics—Measurement Technology Northwest (Seattle,
WA, USA) and UCS d.o.o (Ljubljana, Slovenia). The developed head-forms differ in terms of the
number of measurement segments, sweating technique, local heat-transfer data, testing duration, and
measurement methodology [29]. However, there is little to no information on the shape and size of
the manikin that have been developed and used in the studies and hence it can be assumed that the
manikins were developed from a standard window manikin [19] or may be from a head-scan of an
individual and thus may not represent the average head shape of the user population. The shape and
size of the manikin controls the fitment between the head and the helmet and thereby the gaps and
contact zones between the head and the helmet and thus influences the heat transfer between the head
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and the environment. Since the user can feel even small difference in heat loss as less as 1 W [30], it is
paramount that the manikin used in evaluation of helmet performance represents the actual human
head-shape as close as possible such that a realistic performance validation can be performed. Hence,
a need for an anthropometrically developed biofidelic thermal manikin was identified. The developed
biofidelic thermal manikin should provide more segmentation and high spatial resolution [31] such
that the zonal heat-transfer characteristics can be studied in detail, which could be more useful in
understanding the heat-transfer mechanisms specific to local zones. Hence, as suggested by this
study [31], the manikin used in this study was modelled with nine measurement zones representing
nine zones of human head.

Thermal manikins have been consistently used to analyze different heat-transfer modes. The
convective characteristics of helmets have been studied in detail using manikins: To assess the
influence of comfort-angle on helmet ventilation [30], to evaluate the global and local characteristics
of bicycle helmets [31], to evaluate helmet-design parameters [32], to understand rowing head-gear
characteristics [33], for local ventilation-efficiency quantification [34], to quantify variation among
helmets and helmet-ventilation efficiency [35], convective characteristics of cricket helmets [36], and
ventilation changes in full-face motorcycle helmets [37] and industrial helmets [23,27]. Thermal
manikins were also used in evaluating the radiant heat-transfer characteristics of rowing head gear [33]
and bicycle helmets [38] in combination with forced convection. Evaporative heat-transfer helmet
characteristics were also studied using thermal manikins in pure evaporation studies for cricket
helmets [36], and in combination with convection for industrial helmets [23,27]. However, combined
convective and evaporative heat-transfer studies using a biofidelic thermal manikin have not been
performed. Hence, the focus of this study was to perform both a convective, and a combined
convective and evaporative heat-transfer study to evaluate the influence of evaporation on helmet
thermal performance.

Most of the studies mentioned in this section dealt with evaluating different kinds of headgear,
such as rowing headgear [33], motorcycle helmets [37], industrial helmets [23,27], and the convective
characteristics of bicycle helmets [31–35,38]. In this study, the focus is on bicycle helmets, since helmet
thermal performance plays a vital role in aiding users’ decision-making process on whether to wear a
helmet or not. Hence, in this research, we aimed to evaluate the combined convective and evaporative
performance of bicycle helmets using an anthropometrically developed nine-zone biofidelic thermal
manikin depicting an average European head shape. Results from this study can be used to establish
the heat- and mass-transfer properties of helmet ensembles that could result in improved bicycle
helmets for thermal comfort.

2. Materials and Methods

2.1. Helmets

Five bicycle-helmet designs, listed in Table 1, were tested in this study. These helmet designs were
selected to understand the heat transfer characteristics of helmets with maximum and minimum vent
openings, and with and without internal channels. A1-Z1, A2-Armor, A3-Blade, and A4-Century are
commercial bicycle helmets from the Lazer brand. The tested helmets were classified into open (A1-Z1,
A3-Blade and A4-Century) and closed (A2-Armor and H1) based on the design characteristics. A1-Z1
was considered as an open helmet in this study because of the presence of many vent openings on the
helmet surface and internal channels underneath the interior surface resulting in large exposure to
incoming air flow. A3-Blade and A4-Century are similar to open helmet A1-Z1, but differ in terms of
vent number and location, and the presence of prominent internal channels. H1 is not a commercial
helmet and was used in this study to evaluate a closed helmet design with prominent internal channels
and no vents in the front and sides. A2-Armor has fewer inlet/outlet openings and limited internal
channels compared to the other three Lazer helmets.
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Table 1. Helmets tested in the study and their properties.

No. A1-Z1 A2-Armor A3-Blade A4-Century H1

Type/Size Open/M Closed/M Open/M Open/M Closed

1 Weight (g) 190 250 230 277 150

2 Material Polycarbonate outer shell with expanded polystyrene (EPS) foam
inner layer and padding

Plaster shell
with padding

3 No. of vents 31 16 22 18 4

4 Surface area
(m2) 0.270 0.263 0.255 0.240 0.196

5 Remarks Padding: 5 x
3 mm.

Padding: 8
mm thick on

the sides

Multidirectional
impact

protection
system (MIPS)

layer below
inner layer

Twist cap
technology for

better
aerodynamics

and
ventilation

Prototype
design, 3 mm
thick padding

[39]

6 Homologation EN 1078 Not available
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Figure 1. (a) Slice of head scan [32]; (b) average head shape obtained from magnetic resonance imaging
(MRI) scans using shape-modeling approach; (c) manikin inner layer with marked thermal-sensor
locations and sweat openings; (d) thermal manikin; (e) manikin measurement zones.

The 3D point coordinates were acquired from 85 magnetic resonance imaging (MRI) T1-weighted
fast field echo (FFE) scans (male and female (Figure 1a) from the International Consortium for Brain
Mapping (ICBM) database) [40]. The population average was obtained in two steps. In the first step, a
correspondence was built between the surfaces in the population by registering a template surface via
elastic-surface deformation to each individual head, thereby representing it with a fixed number of
(semi)landmarks that were at the corresponding locations. In the second step, a population average
was derived from the corresponded surfaces by averaging the location of each landmark over the
set of surfaces [40]. The ear shape obtained from the scans was distorted due to fixtures used while
scanning, so the ears on the final head shape were reconstructed using standard ear shapes available
in meshmixer.
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The average head-form shape was 3D-printed in a VisiJet PXL core on a ProJet CJP 660Pro and
strengthened with Colorbond infiltrate. The manikin was constructed with two layers (Figure 1c), a 2
mm thick outer layer for zone visualization and sweat-duct placement, and a 2.5 mm thick inner layer
for heating elements and the installation of 0.5 mm thick thermal sensors. The inner layer was lined with
heating elements (Figure 1c) (Cu–Ni alloy) connected to a power source to simulate different metabolic
heat-output rates. In addition to the heating elements, 40 NTC 10 k coated temperature-measurement
sensors were installed in every measurement-zone location, as marked in Figure 1c. The temperature
sensors provide zonal-temperature feedback that allows to control power input to maintain a constant
zone temperature. The heating and feedback system were controlled using a dedicated proportional
integral derivative (PID) controller for each zone.

The outer layer of the thermal manikin head was provided with 16 openings (Figure 1c) on the
surface to simulate sweat. These openings were connected to an automated pumping mechanism
that was programmed to pump sweat/fluid at a defined sweat rate to simulate sweating. Although
a mixture of salt and water can be used to simulate realistic sweat, the fluid used in this study was
water at room temperature to prevent scale formation during evaporation on the manikin surface that
could inhibit heat transfer. The surface-heat loss of individual zones was determined through zonal
power output over time. The surface temperature and power reading for each zone were measured at
a frequency of 1 Hz for 60 min. The manikin included nine measurement regions (Figure 1e), in line
with the test requirements, namely: Frontal (scalp1), parietal (scalp2), superior occipital (scalp-rear1),
inferior occipital (scalp-rear2), facial (face), ocular (forehead), ears (left and right temporal), and neck.
The surface area of the measurement zones is listed in Table 2.

Table 2. Manikin measurement zone and surface area.

S. No. Zone Surface Area (m2)

1 Frontal (scalp1) 0.017

2 Parietal (scalp2) 0.017

3 Superior occipital (scalp-rear1) 0.015

4 Inferior occipital (scalp-rear2) 0.015

5 Ocular (forehead) 0.010

6 Facial (face) 0.026

7 Left temporal (ear–left) 0.007

8 Right temporal (ear–right) 0.007

9 Neck 0.030

Total 0.144

2.3. Experiment Procedure

The tests were conducted in controlled laboratory conditions as specified in the test standard [41,42].
Convective-heat-transfer and evaporative-heat-transfer tests were conducted with a nude manikin
(Figure 1d), and five helmets at two different velocities to evaluate helmet convective and evaporative
performance, and the influence of air velocity on helmet resistance and heat-transfer characteristics.
The experiments were conducted in an open-loop wind tunnel (Figure 2a) enclosed in a climate
chamber at air velocities 3 ± 0.1 m/s (10.8 km/h) and 6 ± 0.1 m/s (21.6 km/h) to simulate low and
moderate cycling speeds. These two air velocities were selected to simulate the studies from previous
research for low [32,43] and moderate speeds [30]. A flowchart depicting the process flow and the test
setup is shown in Figure 2b.
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Figure 2. (a) Schematic of open-loop wind tunnel used for simulating tested velocities with thermal
manikin; (b) schematic and process flow of convective and evaporative testing.

2.3.1. Convective Heat-Loss Tests

Convective (or dry) heat-transfer testing was done to evaluate the heat-transfer characteristics
of selected bicycle helmets for convective heat-transfer mode. Tests were carried out as specified in
the test standard [41] except for the temperature setting. The manikin surface was maintained at
30.5± 0.5 ◦C instead of 35 ◦C, to maintain a temperature difference (∆T) of 10 ◦C, as done in the previous
studies [19,43] as well as to mimic the thermal responses of the human head during cycling [28]. In
dry tests, the manikin was covered with a skin suit (Figure 3). The skin suit covering the head was
made from 80% polyamide and 20% Lycra. The dry conditions were simulated by maintaining the
environmental temperature at 20.5 ± 0.5 ◦C. For every test set, heat loss from the nude manikin was
measured and used in the calculation of heat fluxes and thermal resistance.
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helmet ensemble.
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The surface temperature of the manikin zones measured using temperature sensors during
the entire test duration is plotted in Figure 4. Head-surface temperature reached a steady state
approximately 20 min after the start, after which temperature was in the range of 30.5 ◦C, with a
standard deviation of ± 0.5◦C for the remaining duration of the test.
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Figure 4. Surface temperature of thermal manikin measured at 39 locations (locations shown in
Figure 1c) by temperature sensors during test.

2.3.2. Latent Heat-Loss Tests

Latent heat-loss testing was carried out as per the standard [42] to determine the combined
convective and evaporative heat-transfer characteristics of the helmets under the influence of sweating
at different air velocities. Manikin surface temperature (Tsk) and ambient temperature (Ta) were
maintained as for the convective tests. The skin fabric that covered the head was pre-wetted by spraying
water before the start of every test to ensure reasonably homogeneous water distribution on the fabric.
During testing, perspiration rate was set to 550 g/(m2.h) [18,44] through a pumping mechanism that
was controlled through an independent controller that pumped water onto the manikin surface every
three min to simulate continuous sweating.

2.4. Methods—Theoretical Background

2.4.1. Body and Environment

Thermal discomfort that arises while using helmets is directly related with body thermoregulation.
The head plays an important role in human-body thermoregulation. Studies show that the human
head shows high heat sensitivity [45] and unique biology due to which, under forced convection,
the head can contribute up to one-third of total metabolic body-heat dissipation [29]. Helmets are
constructed from high-strength materials like polymers such as plastics or composites and inner foam
material to protect users from impact-related injuries. However, helmet shells made from high-strength
materials act as an insulating layer for heat and moisture transfer from the head, resulting in thermal
discomfort. Hence it is vital to understand the influence of helmet design on the thermoregulation of
the human head.

To understand the thermal factors influencing thermal comfort, the thermophysiological response
of the human body must be understood. The core temperature of the human body is maintained at
approximately 37 ◦C, which indicates that there exist heat-transfer mechanisms between body and
environment such that heat is dissipated when in surplus and retained when in deficit. The relationship
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between heat generation in the body and transfer to the environment is dynamic, resulting in a heat
balance that is described by the heat-balance equation [46]:

S = M−W− (Eres + Cres + Esk + Csk + K + R), (1)

where M (W) is the body metabolic rate and W (W) is work rate, quantifying the rate of heat production.
Heat loss/gain is the result of evaporation (E) (W), convection (C) (W), conduction (K) (W), and
radiation (R) (W). Evaporation and convection occur through respiration (res) (W) and skin (sk) (W),
and S (W) is heat storage in the human body. Heat storage/dissipation by the human body plays a vital
role in maintaining energy balance in the body. However, the rate of heat production is not always
equal to the rate of heat dissipation, resulting in changes in thermal balance. A basic understanding
of what this concept would be, if heat storage S = 0 or S ~ 0, i.e., generated heat is approximately
equal to dissipated heat (M = W + heat-transfer modes), energy balance is attained, which results in
thermal balance and vice versa. Heat transfer through conduction (K) is studied in combination with
convective components since heat-transfer-through-conduction mode is relatively small due to little
or no direct contact between head and helmet, and because of the much bigger contributions from
evaporation, convection, and radiant exchange.

Researchers have often used dry (or sensible) heat transfer and wet (or evaporative) heat transfer
when describing the heat-transfer mechanisms between head and environment. Dry heat transfer is
the combination of heat transfer by convection (natural and forced) and radiation. The convective
component is primarily influenced by the ∆T that exists between head surface and environment.
Convective heat transfer is defined by [47]

.
Qcs = hcA(Tsk − Ta), (2)

where,
.

Qcs (W) is the convective heat transfer per unit of time, A (m2) is the surface area of the object,
hc (W/m2.K) is the convective heat-transfer coefficient, Tsk (K) is the temperature of head surface and
Ta (K) is the temperature of air/fluid. Wet or evaporative heat transfer is related with heat transfer
because of sweat evaporation and is primarily influenced by the difference in partial vapor pressure
between skin surface and environment, and is defined as [48]

.
Qls = heA(Psk − Pa), (3)

where,
.

Qls (W) is evaporative heat transfer per unit of time, A (m2) is the surface area of the object,
he (W/m2.Pa) is the evaporative heat-transfer coefficient, Psk (Pa) is the partial vapor pressure of
skin and Pa (Pa) is the partial vapor pressure of the surrounding air/fluid.

.
Qcs (W) is the value

measured in convective tests and (
.

Qcs +
.

Qls) (W) is the value measured in combined convective and
evaporative tests.

The cooling efficiency (%) of a helmet informs about the ability of a helmet to dissipate heat from
the head to the environment, relative to a nude head. It can be calculated as follows:

Cooling efficiency (%) =
Heat transfer with helmet
Heat transfer (nude head)

× 100, (4)

The main helmet property that influences convective heat transfer between head and environment
is the helmet thermal resistance (Rct) [49].

2.4.2. Thermal Resistance (Rct)

In dry heat-transfer conditions, the total thermal resistance of the helmet ensemble, i.e., between
head surface and the environment (thus including the effect of the air layer around the manikin
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surface) is quantified using thermal resistance (Rct) (m2 ◦C/W), and is calculated using the following
formula [49]:

Rct =
(Tsk − Ta)

(Q/A)
, (5)

where Tsk (◦C) is the zone average skin temperature, Ta (◦C) is the ambient environment temperature,
and Q/A (W/m2) is the area-weighted heat flux.

2.4.3. Statistical Analysis

Statistical analysis was carried out on the test results using two-way analysis of variance (ANOVA)
to determine if the differences between the heat-flux values for each variable (measurement zones,
helmets) were significant. Null hypothesis stated that there exists no significant difference (p > 0.05),
and the alternative hypothesis stated there existed significant difference (p < 0.05). Post hoc analysis
was performed (Bonferroni) to identify zones and helmets with statistically significant variation. The
above-mentioned statistical analyses were carried out for a 95% confidence interval.

2.5. Limitations and Considerations

To the best knowledge of the authors, experimental methodology to determine the combined
convective and evaporative thermal-performance characteristics of bicycle helmets using an
anthropometrically developed biofidelic thermal manikin has not yet been published. Aiming to address
this limitation, the present study was based on available standard experimental methodologies [41,42]
to quantify factors affecting the dry and wet thermal performance of several different helmets. However,
the study also has some limitations that are discussed in this section.

The test standards [41,42] followed in this study prescribe ambient room temperature (Ta) of
23 ◦C and manikin surface temperature (Tsk) of 35 ◦C. However, in this study, ambient temperature
(Ta) was maintained at 20.5 ± 0.5 ◦C, and surface temperature (Tsk) at 30.5 ± 0.5 ◦C. This change was
done to enable the comparison with results from previous studies [19,43]. Testing was carried out at
two velocities (3 m/s and 6 m/s) that are different from the air velocity prescribed in the test standards
(0.08 m/s). This study considered higher velocities in order to investigate the effects of low and
moderate velocities on the thermal and evaporative characteristics of bicycle helmets. Several works in
the literature [50–52] show the effect of air flow on heat transfer between body and environment, and its
importance in understanding thermal performance. The chosen conditions are a closer representation
of the real-use conditions of helmets because, as indicated in another study [36], resistance values
obtained in static conditions are likely overestimations of actual resistances surrounding a rider’s head
during normal bicycle use.

3. Results and Discussion

3.1. Convective Heat-Transfer Characteristics of Head-Helmet Ensembles

The convective loss from the nude manikin and the manikin with the helmets at 3 m/s and 6 m/s are
shown in Figure 5. The convective heat loss increased from 16.6–22.1 W at 3 m/s to 20.8–25.1 W at 6 m/s,
showing that heat transfer is strongly influenced by air velocity. Convective heat flux for the nude
head-form was 192 ± 2.5 W/m2 at 3 m/s and 216 ± 2.5 W/m2 at 6 m/s. These values are approximately
25% lower than the theoretical heat flux calculated using heat-transfer coefficient values obtained from
this study [53] for low (hc(3) = 24.8 W/m2.K) and moderate (hc(6) = 28.5 W/m2.K) velocities in Equation
(2). Further investigation indicated that temperature-measurement sensors in the manikin were placed
between the two layers, and the reported measurements are the temperature readings between the
inner layer and outer layer plus fabric. The outer layer (thickness: 2 mm) acts as an insulation skin
resulting in the external fabric layer temperature (measured using an IR thermometer) 2–2.5◦ C lower
than the temperature measured by the sensors resulting in reduction in heat flux values recorded in
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the tests. The heat flux from nude head (216 ± 2.5 W/m2) recorded at 6 m/s is comparable with the heat
flux values recorded in these studies [31,35].Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 17 
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Figure 5. Convective heat loss of helmet ensembles at tested velocities (confidence intervals obtained
for a 95% confidence level and a sample size of three).

Dry heat losses with the tested helmet ensembles (Table 3) were 11%–25% lower than those of the
nude head for all helmets except A1, indicating that most helmets hampered heat transfer from the
head by serving as a thermal resistance to heat transfers. The cooling efficiency of the helmets (Table 3)
ranged 75%–101% at 3 m/s and 84%–101% at 6 m/s, with Helmets A1 and A2, showing the highest
and the lowest efficiency, respectively, for the two tested velocities. Total heat transfer from Helmet
A1 was recorded to be higher than the nude head. To understand the reason behind this behavior a
zonal heat flux investigation using two-way ANOVA was carried out on total heat flux values. The
analysis of the total heat fluxes obtained with the different helmets at two tested velocities showed that
all obtained heat fluxes were statistically different (p < 0.05) from those obtained with the nude head
except for Helmet A1 (p = 1.0) thus indicating that the heat flux values of helmet A1 and nude head
are comparable. Hence, analysis of zonal heat-flux values was performed using two-way ANOVA
combined with post hoc (Bonferroni) analysis since helmet classification based on total heat flux may
not correspond to classification based on the heat fluxes of the individual zones, as indicated in [31].

Zonal Heat Transfer Characteristics

Frontal zone: Frontal-zone heat fluxes when wearing helmets were statistically different from
values obtained for the same zone without a helmet except for Helmet A1 (p = 1.0). From the plots
(Figure 6), it was inferred that Helmets A1, A3, and A4 depicted similar frontal heat-transfer behavior
due to design features. Results also showed that heat flux from the frontal zones decreased for
closed helmets.

Parietal zone: For parietal zones, no significant difference was observed between the nude head
and Helmets A3 and H1 but heat-flux values for the nude head and Helmet A1 were significantly
different (p < 0.05). Further investigation showed that the parietal zone of the manikin head with
Helmet A1 recorded higher heat transfer than the nude head. This is because, at the parietal zones
under Helmet A1, the gap between head and helmet at the vent outlet was smaller than the inlet,
resulting in the Venturi effect, as observed in this study [54], causing higher local velocity profiles,
which, in turn resulted in higher heat transfer from that zone. A similar effect was observed in helmet
A4, which has a similar profile as helmet A1 resulting in helmets A1 and A4 dissipating 28%–39%
more heat than from parietal zone the nude head. The parietal zone showed minimal difference in the
measured heat flux for 3 and 6 m/s (Figure 6).
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Table 3. (a) Convective heat-loss values at 3 m/s. (b) Convective heat-loss values at 6 m/s.

(a)

Helmet Convective Heat Loss (W) Thermal Resistance
Rct (◦C.m2/W) Cooling Efficiency (%)

Mean SD

Nude 21.9 0.30 0.052

A1 22.1 0.42 0.051 100.9

A2 16.6 0.28 0.069 75.6

A3 19.8 0.48 0.057 90.5

A4 21.3 0.35 0.054 96.9

H1 19.5 0.12 0.058 89.0

(b)

Helmet Convective Heat Loss (W) Thermal Resistance
Rct (◦C.m2/W) Cooling Efficiency (%)

Mean SD

Nude 24.7 0.3 0.046

A1 25.1 0.4 0.046 101.6

A2 20.8 0.2 0.055 84.4

A3 23.8 0.3 0.049 96.4

A4 24.4 0.2 0.047 98.7

H1 24.0 0.2 0.048 97.3
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Figure 6. Zonal convective heat-flux distribution at (a) 3 m/s; (b) 6 m/s.

Occipital zones: The superior occipital zone of the helmets when compared to the nude head
showed that all helmets were significantly different (p < 0.05). Helmets H1 and A4 showed the highest
cooling efficiency for this zone. Helmet H1 had outlet vent openings at occipital zones resulting in
unrestricted air flow. Moreover, there was no retention system interacting with the occipital region of
the head during helmet H1 usage. Hence, resistance to heat transfer in this region was lower. The
retention system of Helmet A4 was present but did not block air flow in the mentioned zone, as
observed in other helmets. It is important to note that Helmet A1, with the highest overall cooling
efficiency (slightly above 100%), transferred only 87%–93% of heat from the superior occipital region
due to the retention system blocking air flow in that zone. When compared to the nude head, the
inferior occipital zone of the helmets showed that all helmets were significantly different (p < 0.05)
except for A1. The cooling efficiency of Helmet A1 for the inferior occipital zone was the highest
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among the tested helmets. Helmet A4, which showed 97%–98% overall cooling efficiency for the
tested velocities, dissipated 73%–82% of heat from the inferior occipital zone due to the presence of
a retention system blocking air flow in that zone. Helmet A2 performed poorly between the tested
helmets because of the helmet design that reduced air flow into the helmet.

Ocular, Facial and Temporal zone characteristics: The ocular region of the helmets, when compared
to the nude thermal manikin, showed no significant difference for Helmet H1 (p = 1.0). For this
particular region, Helmet H1 also showed the highest heat loss among the tested helmets for both
tested velocities. This is because the design of the helmet H1 favors the air flow in the ocular region.
The gap between ocular region and the inner side of Helmet H1 was also found to be bigger when
compared to the other helmets. It was also observed in all helmets that the gap between ocular region
and helmet inner side was directly proportional to heat loss in the region, i.e., the higher the gap was,
the higher the heat loss would be, and vice versa. The facial and temporal regions of the manikin with
the helmets showed no significant difference when compared to the facial and temporal regions of
the nude manikin for both velocities, which is logical since the helmets did not cover these regions of
the head. However, the facial zone under helmet A1 recorded higher heat transfer from facial zone
(Figure 6) than the nude head. This is due to the helmet front profile that directs more air flow onto the
facial region as observed in this study [35], where some helmets showed more heat transfer from the
facial zone than the mean value of the facial zone heat transfer from the nude head.

Thermal Resistance: Dry thermal resistances were obtained for the nude manikin and the manikin
with the helmet ensembles in steady-state conditions at 3 m/s and 6 m/s as shown in Table 3a,b,
respectively. From the resistance values, it is evident that Helmet A2 exhibited high resistance to heat
transfer and helmet A1 recorded the lowest. Between the Rct values of the tested helmets, A2 recorded
the highest resistances at both 3 m/s and 6 m/s, resulting in the lowest heat dissipation and cooling
efficiency among the tested helmets.

Although the range of the obtained total thermal resistances was found to be narrow, results
indicated that even a small change in resistance values could impact heat-transfer values. For example,
Rct at 6 m/s for Helmets A2 and A3 was 0.055 and 0.048 (◦C.m2/W), respectively. This shows that a
reduction of about 14% in the total thermal resistance of the mentioned helmets implied an increase in
cooling efficiency, from 85% (A2) to 96% (A3).

3.2. Evaporative-Heat-Transfer Characteristics of Helmet Ensembles

Heat losses registered by the manikin with and without helmets during the combined
convective-evaporative tests at 3 m/s and 6 m/s are shown in Figure 7. Apparent evaporative
heat loss was in the range of 37.8–47.4 W at 3 m/s and 44.6–50.5 W at 6 m/s (Table 4). From the test
results, it is evident that convection combined with evaporation results in 51–54% higher heat transfer
than pure convection demonstrating the importance of evaporation mode in heat transfer between
head and helmet. The apparent evaporative heat flux value recorded in this study for nude head at
3 m/s is comparable to that reported in this study [27]. A comparison of cooling efficiency of helmets
(Table 4) indicated that, at 3 m/s, helmet A1 recorded the highest (97.3%) and helmet A2 recorded the
lowest (79.8%). At 6 m/s, helmet A4 recorded the highest (96.7%) and helmet A2 recorded the lowest
(89.9%). Furthermore, a global analysis on the total heat flux values was carried out using two-way
ANOVA that showed, in comparison with the nude head, Helmets A1, A4, and H1 were statistically
not different (p > 0.05). However, as indicated in this study [31], classification based on overall heat
transfer is not sufficient and, hence, zonal heat-transfer characteristics were also studied.
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Figure 7. Apparent evaporative heat loss of helmet ensembles at tested velocities (confidence intervals
obtained for a 95% confidence level and a sample size of three).

Table 4. (a) Apparent evaporative-heat-loss values at 3 m/s. (b) Apparent evaporative-heat-loss values
at 6 m/s.

(a)

Helmet Apparent Evaporative Heat Loss (W) Cooling Efficiency (%)

Mean SD

Nude 47.4 2.2

A1 46.1 0.6 97.3

A2 37.8 0.7 79.8

A3 42.4 1.0 89.5

A4 44.3 0.0 93.4

H1 44.3 0.4 93.5

(b)

Helmet Apparent Evaporative Heat Loss (W) Cooling Efficiency (%)

Mean SD

Nude 50.4 0.5

A1 47.3 0.8 95.4

A2 44.6 0.8 89.9

A3 45.5 0.7 91.7

A4 48.0 0.8 96.7

H1 47.4 0.6 95.4

Zonal Heat Transfer Characteristics

Frontal zone: In comparison with the evaporative heat losses of the nude manikin, losses from
the frontal zone of Helmets A1, A4 and H1 were not statistically different (p > 0.05). However, plots
indicate that the heat flux from the frontal zone of nude head at 3 m/s was, surprisingly, 2% higher than
the heat flux from the frontal zone at 6 m/s (Figure 8). During the experiments, it was observed that, at
6 m/s, the fabric used to retain the fluid simulating sweat had dry spots in the frontal zone, which
implied a lower surface area with evaporation, and thus lower heat losses in the zone in question. In
opposition, at 3 m/s, the fabric was relatively wet, and hence implied more evaporation and higher
heat losses than for 6 m/s. The same effect was observed on the fabric for Helmet A1 tests, resulting in
higher frontal-region heat fluxes at the lower velocity.
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Figure 8. Zonal apparent evaporative heat-flux distribution at (a) 3 m/s; (b) 6 m/s.

Parietal zone: When covered with helmet, the parietal zone had 2–15% lower evaporative losses
when compared to nude manikin. Statistical analysis showed that the parietal region of Helmets
A1, A2 and A4 was not statistically different when compared to that of the nude manikin. Heat-flux
transfer from the parietal region at 3 m/s was lower than heat flux at 6 m/s for all helmets except for A1
(Figure 8). It could be considered that the high parietal cooling efficiency of Helmet A1 caused the
‘dry-fabric effect’ as observed in frontal zone resulted in lower power consumption at 6 m/s than at
3 m/s.

Occipital zones: The occipital region of Helmets A1, A3, A4 and H1 shows no significant difference
when compared to the nude head (p > 0.05). The occipital regions are located on the leeward side of the
air flow. Hence, the effect of air speed on this region was not very pronounced, as shown in statistical
analysis. However, Helmet A2 showed the lowest heat transfer from the occipital region (8%–31%
lower than nude head) for both velocities, and this can be attributed to helmet design (which implies a
snug fit in the occipital region).

Ocular, facial and temporal zone characteristics: The facial region of the nude manikin with and
without helmets showed no significant difference for both velocities (p > 0.05). Interaction between
facial region and the helmets was minimal during helmet usage; hence, no difference was observed.
Heat-flux values from the ocular region of the thermal manikin with and without helmets showed
no significant difference (p > 0.05). However, heat flux values for low air velocity (3 m/s) were found
to be 4–12% higher than the heat-flux values for moderate speed (6 m/s). It was assumed that the
existence of dry spots in the fabric during the tests at moderate speeds (6 m/s) resulted in low power
consumption, as observed in parietal region. The temporal region showed no significant difference
when compared to the nude head for both tested velocities.

From the frontal zonal evaporative-heat-loss plots (Figure 8), it can be observed that the helmets
transmitted 70%–85% of the evaporative heat at 3 m/s and 88–98% at 6 m/s (as compared to nude
manikin). These values are comparable with the evaporative-heat-transfer results from a study [36] on
cricket helmets that showed helmets dissipated 68–78% of the evaporative heat. Considering that the
study [36] was carried out at a very low velocity (0.2 m/s) for cricket helmets (different from bicycle
helmets), it can be presumed that high evaporative-heat-dissipation values recorded in the current
study from the scalp and face zones are due to higher air velocities used in testing.

4. Conclusions

The thermal performance of five bicycle helmets for convective and evaporative heat transfer
was studied using an anthropometrically developed nine-zone biofidelic thermal manikin for low
(3 m/s) and moderate velocities (6 m/s). In-depth analysis of helmet-design effectiveness was done
using zonal heat-transfer values obtained from thermal-manikin experiments. The results showed
that evaporative heat transfer plays a vital role in helmet performance. The combined convective and
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evaporative helmet performance can be different from that of convective performance, as shown by
the overall cooling-efficiency values of helmets for different air velocities. It was also observed that
global heat transfer characteristics and zonal heat transfer characteristics differed significantly and this
difference in characteristics was influenced by zone position with respect to incoming air flow and
helmet design features. The major findings of this study are as follows:

1. Evaporative heat-transfer mode accounts for 51%–53% of total heat transferred from the nude
head, demonstrating the significant role played by sweat in heat transfer and thermal performance.

2. At low velocity (3 m/s), open Helmet A1 showed the highest overall cooling efficiency due to
high heat transfer from parietal and facial zones and closed Helmet A2 showed the lowest overall
cooling efficiency due to low heat transfer from all the zones for both convective and evaporative
heat transfer.

3. At moderate velocity (6 m/s), for convection, open Helmet A1 recorded the highest cooling
efficiency due to high heat transfer from parietal zone and closed Helmet A2 showed lowest
cooling efficiency due to low heat transfer from all the zones as a result of it shell-like design. For
evaporation, open Helmet A4 recorded the highest cooling efficiency as a result of high parietal
zone heat transfer.

4. Overall cooling efficiency of closed helmet with prominent internal channels and outlets (H1)
was better than the closed helmets with inlets and outlets (A2) depicting the influence of internal
channels on heat transfer.

5. Among the zonal heat flux values for the zones under the helmet, frontal zones recorded the
highest heat transfer and the parietal zone recorded the lowest heat transfer for all the tested
helmets. Further research into the parameters influencing these zonal heat transfer characteristics
would provide valuable insight on improving the zonal thermal performance of helmets.

This research provides a description of combined convective and evaporative helmet characteristics
tested using a sweating thermal-manikin head and confirms the need for evaporative-heat-transfer
tests and their influence on the cooling efficiency of bicycle helmets. It is recommended that the future
research on this topic should study/examine zonal design parameters affecting the evaporative heat
transfer characteristics of helmets. The results of this study could be complemented by conducting real
field trials or subject studies using the same helmets to investigate both the thermal and physiological
aspects of bicycle helmets.
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