
1 

A modelling framework for local thermal comfort assessment related to 1 

bicycle helmet use 2 

Peter Brödea , Jean-Marie Aertsb, Guido De Bruynec,d,Tiago Sotto Mayore,f, Simon Annaheimg, 3 

Dusan Fialah, Kalev Kuklanei 4 

a Leibniz Research Centre for Working Environment and Human Factors at TU Dortmund (IfADo), 5 
Ardeystr. 67, 44139 Dortmund, Germany, ORCID 0000-0001-8107-704X 6 

b Department of Biosystems, KU Leuven, Belgium, ORCID 0000-0001-5548-9163 7 

c Department of Product Development, Faculty of Design Sciences, University of Antwerp, Belgium, 8 
ORCID 0000-0002-3594-3258 9 

d Lazer Sport NV, Mechelen, Belgium 10 

e Transport Phenomena Research Centre (CEFT), Engineering Faculty of Porto University, Rua Dr. 11 
Roberto Frias, 4200-465 Porto, Portugal, ORCID 0000-0001-8779-1033 12 

f Associate Laboratory in Chemical Engineering (ALiCE), Engineering Faculty of Porto University, 13 
Rua Dr. Roberto Frias, 4200-465 Porto, Portugal 14 

g Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for 15 
Biomimetic Membranes and Textiles, St. Gallen, Switzerland, ORCID 0000-0002-8192-1391 16 

h Ergonsim - Human Thermal Modelling, Messstetten, Germany 17 

i Netherlands Institute for Public Safety (NIPV), Zoetermeer, The Netherlands, ORCID 0000-0003-18 
3169-436X 19 

 Corresponding author: Peter Bröde 20 

Phone +49 231 1084 225; Fax +49 231 1084 400; e-mail: broede@ifado.de; web: 21 
http://www.ifado.de 22 

Declarations of interest: none 23 

124 

Abbreviations: clo: convenient unit for clothing thermal insulation (1 clo = 0.155 m2·K·W-1); E: sweat 
evaporation (W·m-2); Emax: evaporative capacity (W·m-2); GSR: gross sweat rate (mg·cm-2·min-1); FPC: 
Fiala thermal Physiology and Comfort model; Icl: intrinsic (or basic) clothing insulation excluding the 
outer air layer insulation (clo); It,head: headgear total thermal insulation including outer air layer 
insulation (m2·K·W-1); Ia,head: air layer thermal insulation of head area (m2·K·W-1); LSR: local sweat rate 
(mg·cm-2·min-1); M: metabolic rate (W); n.d.: non-dimensional; pa: ambient water vapour pressure 
(Pa); psk,sat: saturated water vapour pressure at skin surface (Pa); PHS: Predicted Heat Strain; PO: 
bicycle ergometer power output (W); Ret,head: headgear total evaporative resistance including air layer 
(m2·Pa·W-1); Rea,head: air layer evaporative resistance of head area (m2·Pa·W-1); RH: relative humidity 
(%); rmse: root mean-squared error; SUD: sudomotor sensitivity (mg·cm-2·min-1·°C-1); ∆tre: change in 
core (rectal) temperature (°C); tsk: skin temperature (°C); ta: air temperature (°C); tr: mean radiant 
temperature (°C); UTCI: Universal Thermal Climate Index; va: air velocity (m·s-1); w: skin wettedness 
(n.d.); wcrit,head: head skin wettedness comfort threshold (n.d.) 
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Abstract 25 

Thermal discomfort due to accumulated sweat increasing head skin wettedness may contribute to 26 

low wearing rates of bicycle helmets. Using curated data on human head sweating and helmet 27 

thermal properties, a modelling framework for the thermal comfort assessment of bicycle helmet 28 

use is proposed. Local sweat rates (LSR) at the head were predicted as the ratio to the gross sweat 29 

rate (GSR) of the whole body or by sudomotor sensitivity (SUD), the change in LSR per change in body 30 

core temperature (∆tre). Combining those local models with ∆tre and GSR output from 31 

thermoregulation models, we simulated head sweating depending on the characteristics of the 32 

thermal environment, clothing, activity, and exposure duration. Local thermal comfort thresholds for 33 

head skin wettedness were derived in relation to thermal properties of bicycle helmets. The 34 

modelling framework was supplemented by regression equations predicting the wind-related 35 

reductions in thermal insulation and evaporative resistance of the headgear and boundary air layer, 36 

respectively. Comparing the predictions of local models coupled with different thermoregulation 37 

models to LSR measured at the frontal, lateral and medial head under bicycle helmet use revealed a 38 

large spread in LSR predictions predominantly determined by the local models and the considered 39 

head region. SUD tended to overestimate frontal LSR but performed better for lateral and medial 40 

head regions, whereas predictions by LSR/GSR ratios were lower and agreed better with measured 41 

frontal LSR. However, even for the best models root mean squared prediction errors exceeded 42 

experimental SD by 18–30%. From the high correlation (R>0.9) of skin wettedness comfort thresholds 43 

with local sweating sensitivity reported for different body regions, we derived a threshold value of 44 

0.37 for head skin wettedness. We illustrate the application of the modelling framework using a 45 

commuter-cycling scenario, and discuss its potential as well as the needs for further research. 46 

Keywords: thermal comfort, thermoregulation, headgear, sweating, model, local effects 47 

Highlights 48 

 Head sweating is a major concern related to bicycle helmet use and acceptance 49 

 A modelling approach to local thermal comfort assessment is proposed 50 

 Predictions are tested against empirical head sweating data for bicycle helmet use 51 

 Equations are presented to predict wind effects on headgear thermal properties 52 

 Local sweating sensitivity highly correlates with skin wettedness comfort thresholds 53 

 Datasets on head sweating and headgear thermal properties are provided 54 
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1 Introduction 56 

1.1 Background 57 

Bicycle helmets effectively reduce the risk of severe head injuries following an accident 58 

during cycling (Alfrey et al., 2021; Høye, 2018). However, only 1% to 40% of adult cyclists in 59 

European countries make use of bicycle helmets (Bogerd, 2011), where other reports (Otte 60 

et al., 2015) suggest a regional pattern with higher usage rates in Nordic compared to South 61 

European countries. In Germany, overall helmet use rates increased over the past two 62 

decades from less than 5% to more than 30% in 2021 (Evers, 2022) with widely varying rates 63 

in different age groups from 76% for 6–10 years old children down to 18% for young adults 64 

up to 30 years of age. In addition to other reasons potentially affecting wearing rates like 65 

cost, vanity (e.g. hairstyle), simplicity, or general attitudes against helmet use (Ledesma et 66 

al., 2019), this may be partly attributable to impaired thermal comfort associated with 67 

helmet use (Bogerd et al., 2015a). In addition, in a survey about the attitudes of German 68 

cyclists towards bicycle helmet use (Otte et al., 2014), excessive sweating (57%) prevailed 69 

over other complaints like impaired visual field (9%) or perceived head pressure (10%). In a 70 

recent case series among 72 Canadian unhelmeted injured cyclists (Varriano et al., 2022), 71 

28% of the respondents indicated “discomfort” as a reason for non-wearing a helmet, while 72 

10% stated the helmet would make them sweaty. Therefore, besides epidemiological, 73 

psychological and biomechanical aspects of bicycle helmet use (Fahlstedt et al., 2015; 74 

Ledesma et al., 2019; Shinar et al., 2018), the EU-funded COST Action TU1101 “Towards 75 

safer bicycling through optimization of bicycle helmets and usage” included the investigation 76 

of the thermal features of bicycle helmets in a complementary approach consisting of 77 

human trials, biophysical testing with thermal manikins or head forms and computer 78 

simulation studies (Bogerd et al., 2015b). This work was performed within Working Group 4 79 

‘Ergonomics of Thermal Effects’ of COST Action TU1101 (Annaheim et al., 2015). 80 

Although increased thermal insulation in the cold (Bogerd et al., 2015a) and attenuated heat 81 

gain from sun irradiation (Bogerd et al., 2008; Brühwiler, 2008) were reported as beneficial 82 

effects of helmet use on thermal comfort, this contribution will focus on the thermal 83 

discomfort in relation to the heat stress associated with cycling in moderate to warm 84 

outdoor environments. 85 
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Thermal discomfort depends on the skin temperature and thermal sensation in moderate 86 

and cold conditions (Gagge et al., 1967, Fanger, 1972), and particularly on sweating and skin 87 

wettedness under heat stress, for both the whole body (Gagge et al., 1967; Gagge et al., 88 

1969; Gonzalez and Gagge, 1973; Vargas et al., 2020) and local body regions (Fukazawa and 89 

Havenith, 2009; Gerrett et al., 2013). The use of personal protective clothing (Havenith et al., 90 

2008; Holmér, 2006) or local protective equipment (Dotti et al., 2016; Zwolinska, 2013) often 91 

hampers the transport of heat and moisture from the skin to the environment, which causes 92 

thermal discomfort due to accumulated sweat increasing skin wettedness (Raccuglia et al., 93 

2018b). In this regard, regional differences might occur due to the interplay of local 94 

sweating, clothing thermal properties and ventilation (Raccuglia et al., 2018a; Ueda et al., 95 

2006). Skin wettedness (w) is defined as the ratio of the actual heat loss (usually expressed 96 

per unit body surface area in terms of W·m-2) by sweat evaporation (E) to the evaporation 97 

capacity (Emax), i.e. the maximum possible evaporative heat loss when the body is entirely 98 

covered by sweat. Thus, it can be considered as the fraction of body surface area covered 99 

with sweat (Gagge, 1937). Studies relating w to thermal comfort votes indicated that 100 

comfort threshold values of skin wettedness (wcrit) increased for exercising in comparison to 101 

resting conditions, with wcrit between 22% and 46% for diverse exercise modes and body 102 

regions (Fukazawa and Havenith, 2009; Gerrett et al., 2013; Gonzalez and Gagge, 1973). 103 

Because sweat evaporation is closely related to sweat production, local sweat rates should 104 

be estimated with high accuracy for a proper assessment of local thermal discomfort in the 105 

heat. 106 

Hence, there are a number of topical studies on local sweat production to optimize 107 

sportswear, protective clothing or footwear (Machado-Moreira et al., 2008a; Machado-108 

Moreira et al., 2008b; Smith and Havenith, 2011; Smith et al., 2013; Taylor et al., 2006; West 109 

et al., 2019). Sweat rates can be modelled depending on (changes in) core and mean skin 110 

temperatures and considering the modifying influence of changes in local skin temperature 111 

(Nadel et al., 1971). Recent research predicted local sweating based on the so-called 112 

sudomotor sensitivity (SUD) (Machado-Moreira et al., 2008b; Taylor et al., 2006; Taylor and 113 

Machado-Moreira, 2013), which linearly relates the change in local sweat rate per unit 114 

surface area (LSR) to the change in body core temperature (∆tre). A different approach 115 

suggests quantifying LSR relative to the gross sweat rate (GSR) of the whole body by 116 

providing ratios of LSR/GSR (Smith and Havenith, 2011). However, the latent heat fluxes 117 
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related to moisture transport are not integrated into current models of local thermal 118 

comfort available for moderate conditions in offices or vehicles (Nilsson, 2007; Zhang et al., 119 

2010a, b), which routinely only consider convective and radiant fluxes, i.e. so-called dry heat 120 

losses. Databases of clothing thermal insulation and evaporative resistance usually 121 

concentrate on whole-body ensembles (ISO 9920, 2007; Smallcombe et al., 2021), while 122 

research on the local thermal properties of clothing is emerging (Fojtlín et al., 2019; Kuklane 123 

et al., 2022). In comparison to other body parts, standardized data on headgear thermal 124 

properties are almost non-existent e.g., the international standard ISO 9920 (2007) just 125 

includes a single entry of thermal insulation for a “cap” without further specification. 126 

Furthermore, data on head LSR are sparse because the measurement of head sweating by 127 

ventilated capsules or moisture absorbent pads (Machado-Moreira et al., 2008b; Morris et 128 

al., 2013; Smith and Havenith, 2011) usually require shaving the scalp hair. This might also 129 

explain why there are a few studies involving female participants (De Bruyne et al., 2010; De 130 

Bruyne et al., 2008). On the other hand, in an emerging ‘virtual ergonomics’ context (Berlin 131 

and Kajaks, 2010; Lanzotti et al., 2020; Paul and Wischniewski, 2012), there is an increasing 132 

need for numerical approaches involving computer modelling techniques for testing thermal 133 

comfort issues as part of the ergonomic assessment of personal protective equipment. This 134 

is also stipulated by a recent European standardisation initiative (European Commission, 135 

2012) and a corresponding draft standard (DIN EN 17558:2020-11-Draft, 2020). 136 

1.2 Study objectives 137 

Therefore, the objective of this research was to develop a modelling framework enabling the 138 

simulation and assessment of thermal comfort under bicycle helmet use conditions in 139 

moderate and warm outdoor environments considering the characteristics of the thermal 140 

environment, clothing, level of activity and exposure duration.  141 

Our approach was to review head LSR models from the literature and to couple those local 142 

models with a whole-body model of thermoregulation predicting ∆tre and/or GSR (Fiala and 143 

Havenith, 2016; Fiala et al., 2012; Fiala et al., 2010; ISO 7933, 2004). Thermal comfort 144 

assessment was to be established through the calculation of local skin wettedness 145 

(Fukazawa and Havenith, 2009) related to headgear thermal properties (Aljaste et al., 2014; 146 

Kuklane et al., 2015), which might depend on relative air velocity (Fonseca, 1974; Havenith 147 

and Nilsson, 2004, 2005; Wang et al., 2012). Increased relative air velocities due to cycling 148 
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speed are typical under bicycle use conditions, e.g. with the speed of commuting cyclists 149 

ranging between 2.8–6.9 m·s-1(Kuklane et al., 2015). Cycling speed will affect helmet 150 

ventilation and is thus highly relevant for the thermal aspects of bicycle helmet use 151 

(Brühwiler, 2003; Brühwiler et al., 2006; Martínez et al., 2016). 152 

The modelling work was supplemented by testing the predictions of local sweat rates against 153 

published data, by the derivation of comfort criteria for the head region in contact with the 154 

helmet, by constructing a catalogue of data curated within the COST Action TU1101 network 155 

concerning the wind effects on headgear thermal properties, and by a use case 156 

implementation of a commuter-cycling scenario as an example application. 157 

2 Material and Methods 158 

2.1 Head sweat rate prediction models 159 

As head sweat rates are usually measured at the shaved scalp, data and models on head 160 

sweating are sparse for males and absent for females. Following a literature review (Bogerd 161 

et al., 2015a), six different models based on sudomotor sensitivities (SUD) applicable to the 162 

frontal, lateral and medial head regions were determined (Machado-Moreira et al., 2008b; 163 

Smith and Havenith, 2011; Taylor and Machado-Moreira, 2013), which were developed 164 

based on data from different cycling or treadmill exercising protocols or resting conditions. 165 

An additional set of three models expressed LSR as ratios to the gross sweat rate (GSR) of 166 

the whole body. One model estimated LSR as equal to GSR, i.e. LSR/GSR=1 (Taylor and 167 

Machado-Moreira, 2011), while two additional LSR/GSR ratios were derived from a study 168 

with exercising participants (Smith and Havenith, 2011). Table 1 lists the local models and 169 

their sources. 170 

Table 1. Sources with references to the literature and descriptions of models predicting local sweat rates (LSR) 171 
at the head via sudomotor sensitivities (SUD) and as the ratio of LSR to gross sweat rate (GSR), respectively. 172 

Identifier Source Description of conditions  

SUD1 Ref1 45 min incremental cycling protocol (50-100 W) in the heat (n=10)  
SUD2 Ref2 30 min treadmill running at 55% VO2max @25°C, n=9 (frontal), n=4 (lateral, medial head) 
SUD3 Ref2 30 min running at 75% VO2max subsequent to SUD2 
SUD4 Ref2 Overall results from combined SUD2 & SUD3 protocol 
SUD5 Ref3 Cycling in the heat at 125 W (n=46) 
SUD6 Ref3 Resting in the heat (n=49) 
GSR1 Ref3 LSR set equal to GSR  
GSR2 Ref2 Conditions identical to SUD2 
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GSR3 Ref2 Conditions identical to SUD3 

Notes: Ref1: Machado-Moreira et al. (2008b); Ref2: Smith and Havenith (2011); Ref3:: Taylor and Machado-173 
Moreira (2013); n: sample size in experiments underlying the parameter; VO2max: maximum oxygen 174 
uptake 175 

2.2 Head thermal comfort modelling 176 

To predict head LSR depending on the parameters of the thermal environment, clothing, 177 

activity and exposure duration, the local models in Table 1 require the input of core 178 

temperature change (∆tre) and gross sweat rate (GSR), respectively. 179 

By connecting the head LSR prediction with the calculation of local skin wettedness 180 

concerning the helmet’s thermal properties, we propose a modelling framework for the 181 

assessment of head thermal comfort consisting of five steps. The flowchart in Figure 1 182 

presents the elements of this stepwise approach with the input and output variables, and 183 

the links to the governing equations, tables and sections of this paper. In addition, it includes 184 

the supplemental validation of head perspiration prediction, the meta-analysis on wind 185 

effect on headgear thermal properties, and the derivation of a skin wettedness comfort 186 

threshold for the head region, respectively, as described in the following sections. 187 
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 188 

Figure 1. Elements of the proposed modelling framework for local thermal comfort assessment under 189 
bicycle helmet use conditions. From top to bottom, the flowchart depicts the modelling steps with 190 
references to input and output variables (cf. list of abbreviations) and governing equations, tables and 191 
supplemental information. Grey shaded boxes indicate the supplemental analyses concerning the 192 
validation data on head perspiration, the meta-analysis on wind effect on headgear thermal properties, 193 
and the derivation of a skin wettedness comfort threshold for the head region, respectively. 194 

2.2.1 Step 1: Simulation of whole-body responses 195 

The initial step comprises the simulation of whole-body responses (∆tre, GSR) depending on 196 

the parameters of the thermal environment, clothing characteristics, activity level, and 197 
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exposure duration. In this paper, we will apply different models with varying complexity as 198 

recently reviewed (Havenith and Fiala, 2016) and described below in section 2.3. 199 

2.2.2 Step 2: LSR predictions 200 

From ∆tre and GSR, we predict frontal, lateral, and medial head LSR (in mg·cm-2·min-1) using a 201 

local model from Table 2 by multiplying the corresponding sudomotor sensitivity (SUD) 202 

coefficients with ∆tre or the LSR/GSR ratio with GSR, respectively, according to the following 203 

equations: 204 

𝐿𝑆𝑅𝑟𝑒𝑔𝑖𝑜𝑛 = 𝑆𝑈𝐷𝑟𝑒𝑔𝑖𝑜𝑛 × ∆𝑡𝑟𝑒    in mg·cm-2·min-1 Eq. 1a 205 

𝐿𝑆𝑅𝑟𝑒𝑔𝑖𝑜𝑛 = (𝐿𝑆𝑅/𝐺𝑆𝑅)𝑟𝑒𝑔𝑖𝑜𝑛 × 𝐺𝑆𝑅   in mg·cm-2·min-1 Eq. 2b 206 

In Eqs. 1a & 1b, the subscript region denotes the coefficients and resulting local sweat rates 207 

corresponding to the frontal, lateral, and medial head region, respectively. 208 

Table 2. Coefficients for predicting local sweat rates (LSR) at the frontal, lateral and medial head regions via 209 
sudomotor sensitivities (SUD) and as the ratio of LSR to gross sweat rate (GSR), respectively (n.d.: non-210 
dimensional). 211 

Identifier 
Head region 

frontal lateral medial 

Sudomotor sensitivity (mg·cm-2·min-1·°C-1) 
SUD1 1.89 1.93 1.06 
SUD2 1.96 0.90 0.48 
SUD3 5.31 2.31 1.92 
SUD4 3.76 1.47 1.01 
SUD5 1.55 1.03 0.55 
SUD6 1.65 0.52 0.27 

LSR / GSR ratio (n.d.) 
GSR1 1 1 1 
GSR2 2.61 1.20 0.64 
GSR3 2.60 1.16 0.81 

2.2.3 Step 3: Computation of head LSR 212 

LSR for the head region in contact with the helmet is computed as area-weighted mean 213 

applying a 1:2:4 weighing for frontal, lateral and medial LSR as deduced from research with 214 

head manikins (Martínez et al., 2016) and shown in Eq. 2: 215 

  7/421 mediallateralfrontalhead LSRLSRLSRLSR   in mg·cm-2·min-1 Eq. 2 216 

2.2.4 Step 4: Calculation of head skin wettedness 217 
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Considering the offset in skin wettedness of 6% caused by diffusive moisture transport 218 

(Parsons, 2014), we calculate head skin wettedness (whead) according to Eq. 3: 219 

 max/94.006.0 EEw headhead         Eq. 3 220 

In Eq. 3, Ehead denotes the head evaporative heat loss, computed by Eq. 4 with  = 2430 J/g, 221 

representing the latent heat per gram of evaporated sweat and (1/6) converting the LSR unit 222 

from mg·cm-2·min-1 to g·s-1·m-2, as shown below: 223 

𝐸ℎ𝑒𝑎𝑑 = 𝜆 × 𝐿𝑆𝑅ℎ𝑒𝑎𝑑 × (1 6⁄ )   in W·m-2   Eq. 4 224 

Emax in Eq. 3 is the maximum possible evaporative heat loss, depending on the water vapour 225 

pressure gradient between the skin, which is assumed to be saturated with sweat, and the 226 

environment, and on Ret,head (m2·Pa·W-1) representing the evaporative resistance of the head 227 

area covered by the helmet plus the resistance of the surface air layer (ISO 9920, 2007). 228 

Ret,head will require corrections for the wind effects inherent to bicycle helmet use conditions 229 

due to cycling speed. Though these corrected values are sometimes termed ‘resultant’ 230 

evaporative resistance (ISO 9920, 2007), in this paper we adhere to the abbreviation Ret,head. 231 

We developed corresponding predictive equations with the methodology as outlined in 232 

section 2.5 and the resulting regression functions presented by Table 5 in section 3.4. Emax 233 

can then be calculated as: 234 

𝐸𝑚𝑎𝑥 = (𝑝𝑠𝑘,𝑠𝑎𝑡 − 𝑝𝑎)/𝑅𝑒𝑡,ℎ𝑒𝑎𝑑   in W·m-2   Eq. 5 235 

In Eq. 5, pa and psk,sat denote the ambient and saturated skin water vapour pressure (in Pa), 236 

respectively, which were calculated from relative humidity (RH), air temperature (ta) and 237 

skin temperature (tsk) applying the Antoine-equation using the formula presented in 238 

Havenith (2004) as shown in Eqs. 6 & 7: 239 

𝑝𝑠𝑘,𝑠𝑎𝑡 = exp⁡(23.5613 −
4030183

𝑡𝑠𝑘+235
)   in Pa   Eq. 6 240 

𝑝𝑎 = exp⁡(23.5613 −
4030183

𝑡𝑎+235
) × 𝑅𝐻/100  in Pa   Eq. 7 241 

2.2.5 Step 5: Thermal comfort assessment 242 

Finally, we perform the thermal comfort assessment by relating whead to Ret,head and 243 

comparing it to the comfort threshold wcrit,head of head skin wettedness. Here, it is essential 244 
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to consider the effect of relative air movements due to cycling speed, which will reduce 245 

Ret,head as outlined in section 2.5 below. Details for the derivation of wcrit,head are provided in 246 

section 2.4. 247 

2.3 Validation of LSR predictions against observed data 248 

To check the validity of the predicted LSR, i.e. the first two steps of the modelling framework 249 

presented in the previous section (2.2.1 and 2.2.2), we compared the predictions of the 250 

resulting models with individual LSR measurements from exercising subjects under realistic 251 

conditions, i.e. while wearing a bicycle helmet on an unshaved scalp. These data were 252 

collected during a laboratory study described in detail elsewhere (De Bruyne et al., 2008) so 253 

we will only briefly repeat the relevant information here. 254 

Five males and four females with a mean (SD) age of 26.7 (3.5) years completed in triplicate 255 

an identical protocol consisting of two consecutive bouts of 20 minutes exercise on a bicycle 256 

ergometer. The first bout was performed under a low workload with a power output (PO) of 257 

80 W for females and 100 W for males, subsequently followed by a second bout of high 258 

workload with PO of 120 W (females) and 150 W (males), respectively. Thermal conditions 259 

were set to air temperature (ta) of 20 °C, relative humidity (RH) of 40%, air velocity (va) of 260 

3 m·s-1 , and mean radiant temperature was equal to air temperature. The characteristics of 261 

the climatic chamber had been described before (De Bruyne et al., 2008, 2010), with control 262 

accuracy indicated by the SD reported as 0.1 °C (ta), 0.6% (RH), 0.2 m·s-1 (va), respectively. 263 

In addition to the helmet, the participants wore T-shirt, shorts, underwear, socks, and sport 264 

shoes with the ensemble’s basic (or intrinsic) thermal insulation estimated as Icl = 0.4 clo 265 

(1 clo = 0.155 m2·K·W-1) using standard tables (ISO 9920, 2007). Because all the whole-body 266 

models require the input of metabolic rate (M), the latter was calculated from power output 267 

(PO), assuming a typical gross cycling efficiency (=PO/M) of 20% (Ettema and Loras, 2009). 268 

Local sweat rates at the frontal (forehead), lateral (temple) and medial (occipital and 269 

parieto-occipital) head regions were measured continuously with ventilated capsules 270 

connected to a sweat rate monitor (Model SKD-4000; Skinos Co Ltd, Nagoya, Japan). The 271 

recordings averaged over the final three minutes of each exercise bout were stored for later 272 

analyses. Each participant performed the experiment in triplicate. However, due to several 273 

missing values, less than the maximum possible 27 measurements per workload condition 274 
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and head region were available, as shown in Table 3. As the medial head region comprised 275 

two measurement sites, the difference of available (n) to the maximum possible number of 276 

measurements (54) is even higher, indicating difficulties in obtaining reliable local sweat rate 277 

recordings from a scalp covered by hair underneath a bicycle helmet. The overall 130 278 

individual LSR observations are listed in the appendix as Table A.1 and summarized 279 

concerning head region and workload by Table 3. 280 

Table 3. Summary statistics for the data from Table A.1 with the number of measurements (n), means, 281 
standard deviations (SD), minimum (Min) and maximum (Max) values of local sweat rates observed (LSRobs) at 282 
the frontal (forehead), lateral (temple) and medial head regions under low and high workload conditions (De 283 
Bruyne et al., 2008). 284 

Workload Head region n 

LSRobs (mg·cm-2·min-1) 

Mean SD Min Max 

low frontal 22 0.56 0.40 0.06 1.80 

lateral 23 0.56 0.53 0.03 2.21 

medial 20 0.78 0.64 -0.06 2.37 

high frontal 21 1.18 0.68 0.33 2.73 

lateral 23 1.20 0.90 0.30 3.41 

medial 21 1.72 0.93 0.04 3.51 

For considering the influence of the whole-body model, we calculated the whole-body 285 

responses (∆tre, GSR) required as input for local sweat rate prediction according to Table 2 286 

using three different models, (i) the “Predicted Heat Strain” (PHS) from ISO 7933 (2004), a 287 

heat index based on the analysis of human heat balance considering clothing thermal 288 

properties and their modifications by wind and body movements (D'Ambrosio Alfano et al., 289 

2016), and also including a prediction of ∆tre and GSR, ‘which puts it closer to a physiological 290 

model’ (Havenith and Fiala, 2016); (ii) the multi-node UTCI-Fiala model of thermoregulation 291 

(Fiala et al., 2012), which had been extensively validated (Kampmann et al., 2012; Psikuta et 292 

al., 2012) while developing the Universal Thermal Climate Index UTCI (Bröde et al., 2012); 293 

and (iii) the still more elaborated “Fiala thermal Physiology and Comfort” (FPC) model (Fiala 294 

and Havenith, 2016; Fiala et al., 2010). 295 

Predictions of ∆tre and GSR were calculated by PHS using the BASIC program as printed in the 296 

standard (ISO 7933, 2004; Malchaire and Piette, 2004), while for UTCI-Fiala and FPC, Dusan 297 

Fiala provided the software based on the published models (Fiala and Havenith, 2016; Fiala 298 

et al., 2012; Fiala et al., 2010). The environmental and time dependent workload parameters 299 

as well as clothing properties were set according to the conditions of the experiments. 300 
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Corresponding to the measurement protocol (De Bruyne et al., 2008), the predictions of 301 

both ∆tre and GSR were averaged over the final 3 minutes of each exposure period. They 302 

were then linked with the nine different local models (Table 2) to compute the predictions 303 

LSRpred. Thus, we obtained 27 predictions (9 local models × 3 whole-body models) for each 304 

observed frontal, lateral and medial LSRobs. 305 

The prediction error was then computed as LSRpred – LSRobs with positive values indicating 306 

overestimation and negative values indicating underestimation, respectively. Prediction 307 

errors were summarized as mean (bias) and root-mean-squared errors (rmse). These were 308 

compared to pooled experimental standard deviation (SDpooled), which was calculated from 309 

the information in Table 3 according to Eq. 8, where (SDlow, SDhigh) and (nlow, nhigh) denote 310 

standard deviations and number of observations recorded for low and high workloads, 311 

respectively. 312 

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑 = √
(𝑛𝑙𝑜𝑤−1)×𝑆𝐷𝑙𝑜𝑤

2 +(𝑛ℎ𝑖𝑔ℎ−1)×𝑆𝐷ℎ𝑖𝑔ℎ
2

𝑛𝑙𝑜𝑤+𝑛ℎ𝑖𝑔ℎ−2
     Eq. 8 313 

In addition, we derived corresponding measures for prediction bias and rmse for the covered 314 

head region as area-weighted values applying the 1:2:4 weighting to the individual 315 

prediction errors for the frontal, lateral and medial region, respectively, as applied before in 316 

Eq. 2 of section 2.2.3. 317 

To assess the prediction error subject to the head regions, the local and whole body models, 318 

the intra- and inter-individual variability as well as the residual variance, we performed a 319 

variance component analysis of the prediction error using linear mixed models (Littell et al., 320 

2006). 321 

2.4 Head skin wettedness comfort threshold 322 

Data on human head perspiration are scarce as indicated by the small sample sizes 323 

underlying the local models (Table 1). Therefore, head skin wettedness comfort threshold 324 

values (wcrit,head) are not readily available, so they have to be estimated. We studied the 325 

relationship of local comfort threshold values for skin wettedness (wcrit) with local sweating 326 

sensitivity performing linear regression analyses. This approach linked experimentally 327 

derived whole-body wcrit and local wcrit for the arms, legs, frontal and back trunk (Fukazawa 328 
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and Havenith, 2009) to their corresponding log-transformed LSR/GSR ratios. In accordance 329 

with GSR2 from Table 2, we used the LSR/GSR values for the whole body, as well as for arms, 330 

legs, frontal and back trunk from the original study (Smith and Havenith, 2011). The LSR/GSR 331 

ratio for the covered head region was computed as the area-weighted average of the 332 

frontal, lateral and medial head values (Table 2) using weights as in Eq. 2, yielding a value of 333 

1.08. We put this value into the regression equation to calculate the threshold value for the 334 

head (wcrit,head). 335 

2.5 Meta-analysis of wind effects on headgear thermal properties 336 

By searching the literature and the archives of COST Action TU1101 members, we compiled a 337 

database presented in the appendix as Table A.2 on head total thermal insulation (It,head) and 338 

evaporative resistance (Ret,head) measured under varying air velocities (va). All measurements 339 

were performed using thermal manikins or head forms with different bicycle helmets 340 

(Aljaste et al., 2015; Kuklane et al., 2015; Liu and Holmér, 1997; Martinez, 2016; Mukunthan 341 

et al., 2019). To enlarge the database, we considered other types of headgear as well, 342 

including helmets worn in military (Chen et al., 2006; Fonseca, 1974; Zwolinska et al., 2014), 343 

industrial (Liu and Holmér, 1995, 1997; Ueno and Sawada, 2019) and sports activities (Pang 344 

et al., 2014).  345 

We complemented these data with values of head-level boundary air layer thermal 346 

insulation (Ia,head) and evaporative resistance (Rea,head) as shown in Table A.3. These data 347 

were obtained from reports on measurements with nude manikins or head forms (Aljaste et 348 

al., 2015; Brühwiler, 2003; Fonseca, 1974; Kuklane et al., 2015; Liu and Holmér, 1995; Lu et 349 

al., 2015; Martinez, 2016; Mukunthan et al., 2019; Pang et al., 2014; Psikuta et al., 2016; 350 

Ueno and Sawada, 2019; Wang et al., 2012; Zwolinska et al., 2014). 351 
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 352 

Figure 2. Percentage deviations between digitized and measured values of head total thermal insulation 353 
(It,head) in clo units (1 clo = 0.155 m2·K·W-1) from the measurements reported by Kuklane et al. (2015), cf. 354 
Tables A.2 & A.3, with the dashed horizontal line indicating median bias. 355 

We compiled the database by transcribing values published as tables and digitizing values 356 

published as figures using DigitizeIt (Borman, 2016). Although this software has been 357 

previously shown to deliver reliable results (Rakap et al., 2016), we compared total head 358 

thermal insulation measurements performed within COST Action TU1101 and reported by 359 

Kuklane et al. (2015) to the corresponding digitized values from Tables A.2 & A.3. Figure 2 360 

reveals a negligible median bias with absolute percentage deviations below 1% for all 361 

measurements, thus pointing to the validity of our data gathering approach. 362 

We derived log-log-linear regression equations predicting the local thermal properties by air 363 

velocity considering the within-study correlation by random coefficient mixed models (Littell 364 

et al., 2006). 365 

2.6 Application to commuter cycling as a use case 366 

As use case, we exemplify the application of our approach by considering the results of a 367 

study looking at the energy expenditure during commuter cycling (de Geus et al., 2007). We 368 

simulated a person cycling for 30 minutes with 125 W power output assuming 20% cycling 369 

gross efficiency (Ettema and Loras, 2009) as in section 2.3. The climatic conditions 370 

considered for the simulation were an air temperature of 20 °C, a relative humidity of 40%, 371 
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corresponding to water vapour pressure of 936 Pa, shaded condition (mean radiant 372 

temperature = air temperature), and (relative) air velocity of va = 6 m·s-1 corresponding to a 373 

cycling speed of 21.6 km/h in still air. The latter was within the range of 2.8–6.9 m·s-1 374 

reported as representative during commuter cycling (Kuklane et al., 2015; de Geus et al., 375 

2007). Basic clothing insulation was set to Icl = 0.4 clo in accordance with the experimental 376 

settings from section 2.3 (De Bruyne et al., 2008). For studying the influence of convective 377 

effects, comparative simulations were carried out for va = 0.3 m·s-1 as low air velocity 378 

condition typically applied for standardized measurements of headgear thermal properties 379 

(Chen et al., 2006; Fonseca, 1974; Kuklane et al., 2015; Pang et al., 2014). Note that this 380 

would represent a realistic setting only in the hypothetical case with wind from the back 381 

almost exactly compensating for the relative air movement due to cycling speed. 382 

We performed the modelling steps 1–5 from section 2.2 using the UTCI-Fiala model (Fiala et 383 

al., 2012) for the simulation of whole-body responses (∆tre, GSR, mean tsk). This model was 384 

coupled with the local models from Table 2 by using the simulated mean tsk as a proxy for 385 

head tsk as input to Eq. 6 when computing head skin wettedness (Figure 1). 386 

3 Results 387 

3.1 Local sweat rate models 388 

Comparing the coefficients of the nine local models (Table 2) for the different head regions 389 

showed considerable variability between the models. However, a general pattern emerged 390 

with higher sweating sensitivity at the forehead compared to the lateral head, and lower 391 

values for the medial area inside the hairline. This was in contrast to the summarized 392 

experimental data from Table 3, indicating the highest sweat rates recorded at the covered 393 

medial head. The sweat rates at the frontal and lateral head regions, which were less 394 

covered by hair and helmet and thus more prone to convective cooling, were reduced to 395 

very similar values in the experiments. This qualitative comparison points towards an 396 

imbalance between the local models and the summarized measurements concerning the 397 

regional sweat distribution at the head. The potential consequences of this observation are 398 

quantified in the next section. 399 
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3.2 Validation of LSR predictions 400 

3.2.1 Whole body model output 401 

Table 4 presents the predictions of the change in core temperature from resting baseline 402 

(∆tre) and gross sweat rates (GSR) related to the workload conditions and whole-body 403 

models. As expected, all models predicted higher strain for the high workload condition at 404 

the end of the second bout. Similarly, though to a minor degree, higher strain was predicted 405 

for the higher power output settings applied to males in comparison to female participants, 406 

with very low to nil sweating for the 80 W condition. Inter-model differences were smaller 407 

compared to the influence of workload, with PHS predicting slightly higher core 408 

temperatures and lower sweat rates compared to the advanced models, especially under 409 

high workload. 410 

To consider the potential effect of an increased clothing insulation caused by wearing a 411 

helmet, we also simulated these conditions using PHS with Icl = 0.6 clo. However, we 412 

observed only minor changes in GSR, which increased by 0.02 to 0.06 mg·cm-2·min-1, and in 413 

∆tre, which concomitantly decreased by 0.01 to 0.06 °C. So, we continued with our 414 

subsequent analyses using Icl = 0.4 clo. 415 

Table 4. Core temperature increase (Δtre) and gross sweat rate (GSR) predicted by the whole-body models PHS, 416 
UTCI-Fiala and FPC, respectively, at the end of the cycling periods for the gender-specific workload conditions 417 
with specified power output (De Bruyne et al., 2008) assuming 20% gross cycling efficiency. Note that FPC 418 
predicted zero sweating for the 80 W (low-female) power output setting. 419 

Workload Gender / Power output 

 Δtre (°C)  GSR (mg·cm-2·min-1) 

 PHS UTCI FPC  PHS UTCI FPC 

low female / 80 W  0.57 0.46 0.29  0.038 0.061 0.000 

male / 100 W  0.66 0.58 0.43  0.064 0.128 0.035 

high female / 120 W  0.92 0.81 0.84  0.156 0.234 0.214 

male / 150 W  1.20 1.05 1.16  0.266 0.379 0.343 

3.2.2 LSR prediction error analysis 420 

Figure 3a illustrates the twenty-seven (3 whole-body models × 9 local models) LSR 421 

predictions for each observation at the frontal, lateral, and medial head regions compared to 422 

the empirical values from Table A.1. We observed a considerable variability between the 423 

tested models, with a ten-fold increase from the lowest to the highest predicted LSR in all 424 

conditions. Comparison to the identity line indicated a tendency for overestimation for the 425 
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frontal, underestimation for the medial and a more balanced outcome for the lateral head 426 

region. The results of the variance component analysis on the factors influencing the LSR 427 

prediction error (Figure 3b) indicate that about two-thirds of the error variance could be 428 

attributed to the effect of the head region, the local model and their interaction. The 429 

remaining components are dominated by inter- and intra-individual as well as residual 430 

variability, whereas the influence of the different whole body models and the workload 431 

nested within gender on LSR prediction error appeared negligible.  432 

 433 

Figure 3. (a) Twenty-seven (3 whole-body models × 9 local models) predictions of local sweat rates (LSRpred) 434 
for each condition at the frontal, lateral and medial head regions compared to the corresponding observed 435 
values (LSRobs) from Table A.1. (b) Results of the variance component analysis with a decomposition of the 436 
LSR prediction error (=LSRpred – LSRobs) indicating the relative influence of the head region, the local models 437 
and their interaction, as well as of the workload conditions and whole-body models compared to the inter-438 
individual, intra-individual and residual variance (the latter including all other two-way and higher-order 439 
interaction terms). 440 
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 441 

Figure 4. Mean LSR prediction error (bias, upper panel) with positive values indicating overestimation and 442 
negative values indicating underestimation of measured LSR compared to the experimental SD (vertical 443 
reference lines), and root-mean-squared error (rmse, lower panel). Data were pooled for the low and high 444 
workload conditions (Eq. 8). Calculations were performed with nine local models (Table 2) coupled with 445 
the whole-body models PHS, UTCI-Fiala and FPC, respectively, for the frontal, lateral and medial regions. 446 
Statistics for the covered head area (headavg) were computed from the regional prediction errors as area-447 
weighted average using the weighing scheme from Eq. 2. 448 

Figure 4 displays the predictive accuracy in terms of bias and rmse relative to experimental 449 

SD in relation to the local and whole-body models for the frontal, lateral, medial and area-450 

weighted averaged covered head regions, respectively. As the influence of gender and 451 

workload had turned out to be negligible in the variance component analysis (Figure 3b), we 452 

present the results pooled over the workload conditions.  453 

All six models based on sudomotor sensitivity overestimated frontal head LSR, whereas a 454 

more balanced pattern emerged for the lateral region. On the other hand, medial LSR was 455 

underestimated by all but one (SUD3) model, with SUD1 and SUD5 showing absolute bias 456 

below empirical SD at all head regions, at least in connection with the advanced whole-body 457 

models. These two local models also exhibited reasonable accuracy in terms of bias for the 458 
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covered head (headavg), as it also occurred for SUD2 and SUD4. Still, the latter showed more 459 

significant bias in the medial and frontal regions, respectively.  460 

GSR-based models predicted lower LSR compared to SUD yielding higher accuracy with slight 461 

underestimation at the forehead, where regionally varying sensitivity coefficients (GSR2, 462 

GSR3) outperformed the simple setting LSR = GSR (GSR1). However, the underestimation 463 

error increased at the lateral and medial regions exceeding experimental SD at the latter and 464 

for the area-weighted overall value (headavg), which is determined to a great extent by the 465 

medial error values (cf. Eq. 2).  466 

Consequently, overall head rmse for GSR models exceeded empirical SD by about 50%, 467 

resembling the accuracy of some SUD models (SUD4, SUD6), while SUD1 exhibited the 468 

lowest overall rmse of 18% above empirical SD, followed by SUD5 with about 30%. 469 

As expected from the variance component analysis (Figure 3b), variability among the whole-470 

body models was marginal, with a tendency of prediction bias involving PHS more often 471 

outside experimental SD than for the advanced models. A slightly superior performance was 472 

observed for the UTCI-Fiala model in connection with GSR local models.  473 

3.3 Head skin wettedness comfort threshold 474 

Figure 5 shows that skin wettedness comfort thresholds wcrit reported by Fukazawa and 475 

Havenith (2009) for the whole body, frontal and back torso, arms and thighs were highly 476 

positively correlated (R>0.9) with sweating sensitivity expressed as LSR/GSR ratio GSR2 477 

(Smith and Havenith, 2011). As outlined in section 2.4, the corresponding ratio for the 478 

covered head region amounted to 1.08. Using this value as input to the derived regression 479 

equation yielded wcrit,head = 0.37 as comfort threshold for head skin wettedness. Notably, 480 

applying the GSR3 sensitivities from Tables 1&2 or using averaged GSR2 and GSR3 values in 481 

this analysis yielded similar values for wcrit,head between 0.37-0.38, suggesting that threshold 482 

values were robust in the context of the chosen local model. 483 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



21 
 

 484 

Figure 5. Regression of skin wettedness comfort limits (wcrit) for various body parts (Fukazawa and 485 
Havenith, 2009) on sweating sensitivity (GSR2 from Table 1) with derived wcrit,head. 486 

3.4 Wind effects on headgear thermal properties 487 

Figure 6 presents the headgear total thermal insulation and evaporative resistance values 488 

from different sources as listed in Table A.2 depending on air velocity. Figure 7 shows the 489 

corresponding values reported for the nude head from Table A.3 representing air layer 490 

thermal insulation and evaporative resistance, respectively.  491 

 492 

Figure 6. Meta-analysis of the effect of air velocity (va) on headgear’s total thermal insulation (It,head, left 493 
panel), and evaporative resistance (Ret,head, right panel) presenting log-log-linear regression equations with 494 
95% confidence bands for the regression lines as derived from published measurements with varying 495 
headgear using random coefficient mixed models. 496 
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 497 

Figure 7. Meta-analysis of the effect of air velocity (va) on boundary air layer thermal insulation (Ia,head, left 498 
panel), and evaporative resistance (Rea,head, right panel) at uncovered head level. Log-log-linear regression 499 
equations with 95% confidence bands for the regression lines were derived from published measurements 500 
with nude manikins or head forms using random coefficient mixed models. 501 

As expected, increasing air velocity (va) decreased thermal insulation and evaporative 502 

resistance, and the narrow 95% confidence bands indicate that this relation was reasonably 503 

fitted by log-log-linear regression lines with intercept α and slope β as shown in Table 5. The 504 

wider 95% prediction intervals relevant for predictions for a particular item of headgear 505 

were omitted from Figure 7 for legibility purposes. Note that values for still air conditions 506 

(va = 0.1 m·s-1) can be computed as 10(α–β). Air velocities listed in Tables A.2 & A.3 varied 507 

between 0.05–6.1 m·s-1, thus marking the range of valid applications for the derived 508 

equations, closely fitting to the speed representative for commuter cycling (Kuklane et al., 509 

2015).  510 

Interestingly, the slightly more negative slopes (β) obtained for headgear coincide with 511 

recently reported (Kuklane et al., 2015) lower thermal insulation values for optimized bicycle 512 

helmets under elevated wind speed compared to measurements with a nude head form. 513 

Table 5. Regression results for the effects of air velocity (va) on headgear thermal insulation (It,head) and 514 
evaporative resistance (Ret,head) as well as on head boundary air layer thermal insulation (Ia,head) and 515 
evaporative resistance (Rea,head). Estimates of intercept (α) and slope (β) with standard errors (SE) and P-values 516 
were obtained by fitting log-log-linear regression functions log10 y = α + β×log10 va to the data from Table A.2 517 
and Table A.3. 518 

y  α (SE) P|α=0  β (SE) P|β=0 

It,head  -1.06 (0.01) <.0001  -0.31 (0.01) <.0001 

Ret,head  1.06 (0.02) <.0001  -0.45 (0.01) <.0001 

Ia,head  -1.21 (0.03) <.0001  -0.28 (0.03) <.0001 
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y  α (SE) P|α=0  β (SE) P|β=0 

Rea,head  1.05 (0.06) <.0001  -0.42 (0.07) <.0001 

3.5 Use case – thermal comfort assessment for commuter cycling 519 

Predicted core temperature responses were almost identical with ∆tre = 0.9 °C at the end of 520 

the simulated 30 min exposure for the different air velocities. On the other hand, gross 521 

sweat rate was reduced at higher wind speed from 0.38 to 0.27 mg·cm-2·min-1, concurring 522 

with a reduction of mean tsk from 30.8 to 28.6 °C (Figure 8). As similar values of local skin 523 

temperature had been measured underneath bicycle helmets (De Bruyne et al., 2008; De 524 

Bruyne et al., 2012; Mukunthan et al., 2019), we used predicted mean tsk as input to Eq. 6 for 525 

calculating head skin wettedness (whead) depending on wind speed. The right panel of Figure 526 

8 presents the results for SUD1 and SUD5 as the local sweat rate models based on 527 

sudomotor sensitivity with the lowest overall rmse (Figure 4), and for GSR2 representing 528 

models based on the LSR/GSR ratio, in relation to helmet evaporative resistance (Ret,head). 529 

The vertical reference lines in the right panel of Figure 8 mark the upper Ret,head threshold for 530 

maintaining head thermal comfort under low and high wind conditions, respectively. This 531 

will allow for benchmarking the evaporative resistance of the bicycle helmets, which are 532 

here indicated by the corresponding predicted values with 95% prediction intervals 533 

according to the regression function presented in Figure 6. 534 

While for GSR2, the predicted local sweat rates and skin wettedness decreased with 535 

increasing air velocity due to the lower GSR predicted for va = 6 m·s-1, the opposite effect 536 

was observed for SUD1 and SUD5 showing higher whead for higher wind speed. This 537 

unexpected result could be explained by almost identical local sweat rates predicted by SUD 538 

for low and high wind conditions due to an almost identical predicted ∆tre in connection with 539 

a reduced evaporative capacity (Emax, Eq. 5) because of the lower saturated skin vapour 540 

pressure associated with the reduced tsk (Eq. 6) under high wind. 541 

Consequently, the upper Ret,head threshold to maintain thermal comfort will unexpectedly 542 

decrease at high wind speed according to the predictions of SUD1 and SUD5, and would only 543 

be met according to SUD5 for helmets representing the lower end of the 95% prediction 544 

interval, i.e. for helmet designs optimized for evaporative cooling. In contrast, thermal 545 

comfort in a commuter scenario might not be obtainable according to SUD1. On the other 546 

hand, with GSR2 predicting lowered LSR resulting in lower whead under high wind compared 547 
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to low wind conditions, thermal comfort might be achievable for less optimized helmets 548 

according to this model. Thus, thermal comfort will most probably be attainable for bicycle 549 

helmet use under the simulated conditions according to SUD5 and GSR2, but not according 550 

SUD1, for commuters with va = 6 m·s-1. For the (somewhat artificial) situation with lower 551 

wind speed, the simulations indicated thermal discomfort in any case. 552 

 553 

Figure 8. Core temperature increase (Δtre), mean skin temperature (tsk) and whole body gross sweat rate 554 
(GSR) predicted by the UTCI-Fiala model for the commuter cycling scenario with low and high relative air 555 
velocities (va), and resulting head skin wettedness (whead) in relation to headgear evaporative resistance 556 
(Ret,head). Vertical reference lines indicate the upper limit of Ret,head for maintaining whead below the skin 557 
wettedness comfort limit wcrit,head. Corrections for the effect of va on Ret,head with 95% prediction intervals 558 
were calculated as in Figure 6 using the regression coefficients from Table 5. 559 

4 Discussion 560 

4.1 Modelling framework 561 

This study demonstrated how information on sudomotor sensitivities or on LSR/GSR ratios 562 

coupled with a model of human thermoregulation provides a basis to predict local sweat 563 

rates at the head (and at other body parts) concerning the characteristics of the thermal 564 

environment, activity level, clothing, and exposure duration. In connection with local skin 565 

wettedness calculation related to headgear evaporative resistance under use conditions, a 566 

modelling framework for the assessment the thermal comfort of bicycle helmet use in 567 

moderate to warm environments was established. 568 
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The study revealed a poor prediction of frontal LSR, especially by the local models relying on 569 

sudomotor sensitivity exhibiting considerable overestimation error. This might be related to 570 

insufficient consideration of convective cooling effects, which are highly influential in cycling 571 

activities and might modify the local sweating response (Nadel et al., 1971). In addition, 572 

there was a substantial spread in LSR predicted by different local models, mainly derived in 573 

studies under steady-state conditions with only a few participants. This variation in local 574 

model coefficients may thus partly reflect inter-individual variability, as a ten-fold increase 575 

from the lowest to highest sweating sensitivity at the forehead was observed between the 576 

ten participants in one experiment (Machado-Moreira et al., 2008b). 577 

Although only limited published data were available for validation, they showed that models 578 

using sudomotor sensitivities derived from experiments with a similar workload as the 579 

validation data were superior to those from lower activity levels, e.g. SUD 5 vs. SUD 6 (Taylor 580 

and Machado-Moreira, 2013) or higher workloads, e.g. SUD 2 vs. SUD 3 (Smith and Havenith, 581 

2011). Notably, SUD1 and SUD5, which exhibited the lowest overall rmse prediction error, 582 

were derived with cycling participants, i.e. using the same exercise mode as the validation 583 

experiments. The results also suggest that assuming a homogeneous sweating sensitivity 584 

(GSR1, i.e. LSR=GSR) gives inferior predictions compared to models considering regional 585 

differences (GSR2, GSR3). 586 

In addition, there was a significant structural difference between the local models and the 587 

experimental data. The highest sweat rates were recorded at the medial head region with an 588 

unshaved scalp underneath a bicycle helmet, whereas the models all suggest the lowest 589 

sweat rates occurring at this side. The measurement of local sweat rates at shaved heads 590 

and thus unobstructed evaporation under low wind conditions used for model development 591 

in contrast to the experiments with increased air velocity va =3 m·s-1 under bicycle helmet 592 

use conditions may be one explanation for this discrepancy. This will also explain the lowest 593 

sweat rates observed at the frontal head, the region most exposed to wind in the 594 

experiments, in contrast to the highest sweat rates expected at the forehead according to 595 

most local models (Table 2). 596 

Variance component analysis (Figure 3b) and summary statistics of the prediction error 597 

(Figure 4) did only suggest a slight influence of the chosen whole-body model on prediction 598 

accuracy. Nevertheless, it should be noted that the validation study was performed with 599 
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lightly clothed, moderately exercising subjects under steady climatic conditions. The PHS 600 

model was validated for predominantly steady-state conditions (Malchaire et al., 2001) and 601 

showed comparable results with the UTCI-Fiala model under such settings (Bröde et al., 602 

2018). On the other hand, greater deviations from experimental data had been reported for 603 

the PHS when compared to advanced models under temporal changing, i.e. dynamic 604 

workloads or climatic conditions and with protective clothing exhibiting higher thermal 605 

insulation and evaporative resistance (Bröde et al., 2018; Lundgren-Kownacki et al., 2017; 606 

Wang et al., 2011). In addition, the wind speed of 3 m·s-1 applied in the validation study (cf. 607 

section 2.3) constitutes the upper limit of the range of validity for the PHS model (ISO 7933, 608 

2004). In contrast, the advanced models (Fiala and Havenith, 2016; Fiala et al., 2012) have 609 

been studied and validated in a wide range of thermal and clothing conditions (Psikuta et al., 610 

2012; Pokorný et al., 2017) including wind chill with very high air velocities (Ben Shabat et 611 

al., 2014; Bröde et al., 2013). Thus, modelling the commuter-cycling scenario with cycling at 612 

6 m·s-1 was not possible with PHS, while being straightforward with UTCI-Fiala or FPC. 613 

The high correlation of local sweating sensitivity (Smith and Havenith, 2011) with local skin 614 

wettedness comfort limits (Fukazawa and Havenith, 2009) as presented in Figure 5, suggests 615 

that comfort thresholds will be elevated in regions where more sweat is produced. Although 616 

the relation from Figure 5 is only supported by few body regions due to data scarcity and will 617 

require future verification, this finding is supported by higher whole-body threshold values 618 

reported for increasing activity levels associated with higher whole-body sweat rates 619 

(Fukazawa and Havenith, 2009; Gerrett et al., 2013; Gonzalez and Gagge, 1973). 620 

Therefore, the outcome of the use case scenario indicating increasing skin wettedness 621 

associated with higher wind speed appears counterintuitive and points to a structural deficit 622 

of the local sweat rate models based on sudomotor sensitivity and, thus, on the change in 623 

body core temperature alone. Whether these models could be enhanced by considering the 624 

influence of (local) skin temperature (Nadel et al., 1971) may be a subject for future 625 

research. Notably, the models based on the LSR/GSR ratio did not suffer from this 626 

inconsistency. 627 

The outcome of the simulated commuter cycling scenario emphasizes the necessity to 628 

evaluate the thermal properties of personal protective equipment under use conditions (DIN 629 

EN 17558:2020-11-Draft, 2020), in the case of bicycle helmets considering the wind effects 630 
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of relative air movements due to cycling speed reducing the thermal insulation and 631 

evaporative resistance at the head (and other body parts) substantially. 632 

4.2 Research needs 633 

The scarcity of data on human head perspiration, especially concerning bicycle helmet use 634 

conditions, implied that certain assumptions were required during modelling. Thus, more 635 

data-generating studies for model improvement and validation are imperative. More 636 

specifically, there is a need for: 637 

 The improvement of local head sweating models, e.g. by considering the modifying 638 

effect of local skin temperature on sweating under convective cooling (Nadel et al., 639 

1971). 640 

 Biophysical testing of helmet’s thermal insulation and evaporative resistance under 641 

still air conditions using head-forms and thermal manikins. Following the examples 642 

for clothing ensembles (ISO 9920, 2007) or local air layer evaporative resistance 643 

(Wang et al., 2012), further studies should be conducted with increased va for 644 

improving the correction equations predicting the reduction of the headgear thermal 645 

and evaporative resistances due to the forced convection induced by the cyclist’s 646 

motion. 647 

 Human trials comprising the measurement of head sweat rates and skin 648 

temperatures and their relation to skin wettedness and thermal comfort perception 649 

under bicycle helmet use conditions. Special attention should be paid to the effects 650 

of solar radiation, where appropriate helmet design might reduce the heat gain from 651 

sun irradiation (Bogerd et al., 2008; Brühwiler, 2008). This will allow for 652 

experimentally deriving relevant head skin wettedness comfort thresholds wcrit,head. 653 

These should be complemented by concurrent measurements of GSR and ∆tre 654 

besides LSR, thus facilitating the specific validation of the local models without 655 

employing whole-body thermoregulatory models. In particular, the number of female 656 

participants in such experiments urgently needs to be increased. 657 

4.3 Future Developments 658 
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Finally, it should be noted that the principles presented here are easily transferable to 659 

consider local thermal comfort related to sweating at a still more detailed level, e.g. at the 660 

forehead or scalp, and at other body regions as necessary for optimizing sport clothes 661 

(Raccuglia et al., 2018b; Smith and Havenith, 2011) or footwear (Smith et al., 2013; West et 662 

al., 2019). Future developments towards more complete simulation tools may link this work 663 

with numerical approaches to modelling the heat and mass transport processes across the 664 

materials in contact with the skin (Mayor et al., 2015) or with integrated sensors for dynamic 665 

thermal comfort optimization (Youssef et al., 2019). This could enable a simultaneous 666 

investigation of further ergonomics issues, e.g. by integrating advanced anthropometric 667 

models (Lacko et al., 2015) for optimizing helmet fit and reducing complaints on head 668 

pressure, and, at the same time, ensuring non-compromised head impact protection 669 

modelled by finite element techniques (Bourdet et al., 2012; Deck et al., 2019; Fahlstedt et 670 

al., 2015). 671 

5 Conclusions 672 

The proposed modelling framework will enable for simulating, predicting and assessing the 673 

local thermal discomfort under bicycle helmet use conditions incorporating the (potentially 674 

time-varying) parameters of the thermal environment, exposure duration, activity level, 675 

clothing characteristics, and helmet’s thermal properties. 676 

By adding more experimental studies under use conditions for improving the accuracy and 677 

the spatial resolution of the comfort criteria, this modelling approach may evolve into a 678 

valuable tool for designers to adequately optimize the thermal properties of bicycle helmets, 679 

e.g. by novel materials (Venugopal et al., 2022) or improved ventilation and design solutions 680 

(Bandmann et al., 2018; De Bruyne et al., 2012; Kuklane et al., 2015), and enhancing the 681 

thermal comfort when wearing bicycle helmets. 682 

In addition, we believe that the data on human head sweating underneath a bicycle helmet, 683 

recorded under realistic conditions from unshaved scalps, and concerning the wind effects 684 

on headgear thermal properties delivered by this study, together with the introduced 685 

framework, will form essential components contributing to the local thermal comfort 686 

assessment related to bicycle helmet use by digital human modelling in an emerging ‘virtual 687 

ergonomics’ context. 688 
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Appendix A: Datasets 1029 

This appendix provides the datasets used for validating LSR predictions against observed 1030 

head sweat rates (Table A.1), and for deriving the correction equations for the effect of air 1031 

velocity on thermal insulation and evaporation resistance of headgear (Table A.2) as well as 1032 

of the boundary air layer around the nude head (Table A.3). 1033 

Table A.1. Local sweat rates observed (LSRobs) at the frontal, lateral and medial head regions of 9 subjects (ID) 1034 

performing up to three repetitions (Rep) of bicycle ergometer exercise following a gender specific low and high 1035 

workload protocol while wearing a bicycle helmet (De Bruyne et al, 2008). 1036 

 1037 

Head 
region 

Workload Gender ID Rep LSRobs 
(mg·cm-2·min-1) 

frontal low female 4 1 0.521 
frontal low female 4 2 0.381 
frontal low female 6 1 0.778 
frontal low female 6 2 0.142 
frontal low female 7 1 0.413 
frontal low female 9 1 0.103 
frontal low female 9 2 1.074 
frontal low female 9 3 1.190 
frontal low male 1 1 0.541 
frontal low male 1 2 0.422 
frontal low male 1 3 0.846 
frontal low male 2 1 0.350 
frontal low male 2 2 0.450 
frontal low male 2 3 0.193 
frontal low male 3 1 1.798 
frontal low male 3 2 0.626 
frontal low male 5 1 0.229 
frontal low male 5 2 0.459 
frontal low male 5 3 0.625 
frontal low male 8 1 0.057 
frontal low male 8 2 0.429 
frontal low male 8 3 0.586 
frontal high female 4 1 0.791 
frontal high female 4 2 0.745 
frontal high female 6 1 0.663 
frontal high female 6 2 0.329 
frontal high female 9 1 0.603 
frontal high female 9 2 1.482 
frontal high female 9 3 1.719 
frontal high male 1 1 2.735 
frontal high male 1 2 1.588 
frontal high male 1 3 1.246 
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Head 
region 

Workload Gender ID Rep LSRobs 
(mg·cm-2·min-1) 

frontal high male 2 1 0.760 
frontal high male 2 2 1.155 
frontal high male 2 3 0.622 
frontal high male 3 1 2.558 
frontal high male 3 3 2.289 
frontal high male 5 1 0.859 
frontal high male 5 2 0.972 
frontal high male 5 3 0.641 
frontal high male 8 1 0.461 
frontal high male 8 2 1.067 
frontal high male 8 3 1.437 
lateral low female 4 1 0.365 
lateral low female 4 2 0.388 
lateral low female 6 1 0.621 
lateral low female 6 2 0.047 
lateral low female 7 1 0.382 
lateral low female 9 1 0.034 
lateral low female 9 2 1.150 
lateral low female 9 3 0.707 
lateral low male 1 1 0.209 
lateral low male 1 2 0.293 
lateral low male 1 3 0.711 
lateral low male 2 1 0.268 
lateral low male 2 2 0.374 
lateral low male 2 3 0.114 
lateral low male 3 1 1.678 
lateral low male 3 2 1.003 
lateral low male 3 3 2.212 
lateral low male 5 1 0.209 
lateral low male 5 2 0.299 
lateral low male 5 3 0.703 
lateral low male 8 1 0.032 
lateral low male 8 2 0.467 
lateral low male 8 3 0.561 
lateral high female 4 1 0.547 
lateral high female 4 2 0.581 
lateral high female 6 1 0.473 
lateral high female 6 2 0.302 
lateral high female 7 1 0.753 
lateral high female 9 1 0.706 
lateral high female 9 2 1.741 
lateral high female 9 3 1.933 
lateral high male 1 1 0.601 
lateral high male 1 2 0.833 
lateral high male 1 3 2.241 
lateral high male 2 1 0.700 
lateral high male 2 2 0.697 
lateral high male 2 3 0.378 
lateral high male 3 1 2.869 
lateral high male 3 2 3.414 
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Head 
region 

Workload Gender ID Rep LSRobs 
(mg·cm-2·min-1) 

lateral high male 3 3 2.958 
lateral high male 5 1 0.794 
lateral high male 5 2 0.733 
lateral high male 5 3 1.070 
lateral high male 8 1 0.567 
lateral high male 8 2 0.976 
lateral high male 8 3 1.625 
medial low female 6 2 0.491 
medial low male 1 1 -.019 
medial low male 1 1 1.051 
medial low male 1 2 -.056 
medial low male 1 2 0.209 
medial low male 1 3 0.461 
medial low male 1 3 0.711 
medial low male 2 1 1.049 
medial low male 2 2 0.700 
medial low male 2 3 0.230 
medial low male 2 3 0.468 
medial low male 5 1 1.020 
medial low male 5 1 0.971 
medial low male 5 2 1.478 
medial low male 5 2 1.838 
medial low male 5 3 2.372 
medial low male 5 3 1.432 
medial low male 8 1 0.028 
medial low male 8 3 0.489 
medial low male 8 3 0.576 
medial high female 6 2 2.680 
medial high male 1 1 0.370 
medial high male 1 1 3.506 
medial high male 1 2 2.390 
medial high male 1 2 2.250 
medial high male 1 3 3.011 
medial high male 1 3 2.241 
medial high male 2 1 2.081 
medial high male 2 2 1.492 
medial high male 2 3 0.608 
medial high male 2 3 1.817 
medial high male 5 1 0.844 
medial high male 5 1 0.803 
medial high male 5 2 2.269 
medial high male 5 2 1.612 
medial high male 5 3 2.175 
medial high male 5 3 1.287 
medial high male 8 1 0.870 
medial high male 8 1 0.036 
medial high male 8 3 2.689 
medial high male 8 3 1.168 
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Table A.2. Values of head thermal insulation (It,head) and evaporative resistance (Ret,head) with different types of 1038 
headgear under varying air velocities (va) obtained from measurements with manikins or head forms presented 1039 
in Figures and Tables of the cited references (na: data not available). 1040 

Reference Source 
Helmet 
type Description 

va 
(m·s-1) 

It,head 
(m2·K·W-1) 

Ret,head 
(m2·Pa·W-1) 

Aljaste et al., 2015 Fig5/ 
Fig8 

Bicycle Etto-Bic 1.60 0.049 na 
Bicycle H5-Bic 1.60 0.045 11.486 
Bicycle HA12 1.60 0.047 11.216 
Bicycle HA13 1.60 0.049 11.486 

Fig6/ 
Fig9 

Bicycle Etto-Wig 1.60 0.088 15.709 
Bicycle H5-Wig 1.60 0.085 16.471 
Bicycle HA12-Wig 1.60 0.077 18.824 
Bicycle HA13-Wig 1.60 0.077 18.408 

Fig7 Bicycle H5-Wig 6.00 0.045 na 
Bicycle HA12-Wig 6.00 0.046 na 
Bicycle HA13-Wig 6.00 0.047 na 

Chen et al., 2006 Tab2/4 Military MilitaryHorPad 0.05 0.232 72.800 
Military MilitarySuspens 0.05 0.204 68.950 
Military MilitaryVertPad 0.05 0.227 74.350 

Fonseca, 1974 Tab1 Military Hayes-Stewart-H 0.10 0.174 19.129 
Military Hayes-Stewart-H 2.00 0.082 7.779 
Military Hayes-Stewart-H 5.00 0.065 3.945 
Military Helmet/Ventilat 0.10 0.141 18.997 
Military Helmet/Ventilat 2.00 0.076 7.192 
Military Helmet/Ventilat 5.00 0.059 3.570 

Tab2 Military Tankers Helmet 0.10 0.231 55.988 
Military Tankers Helmet 0.10 0.226 52.751 
Military Tankers Helmet 3.00 0.135 13.621 
Military Tankers Helmet 3.00 0.129 12.183 

Tab3 Military Helmet1 0.10 0.136 28.506 
Military Helmet1 3.00 0.065 8.577 
Military Helmet2 0.10 0.167 28.182 
Military Helmet2 3.00 0.073 4.697 
Military Helmet3 0.10 0.166 23.376 
Military Helmet3 3.00 0.064 4.097 
Military Helmet4 0.10 0.163 21.443 
Military Helmet4 3.00 0.060 4.071 
Military Helmet5 0.10 0.155 21.350 
Military Helmet5 3.00 0.057 4.089 

Tab4 Military M-1 open slots 0.10 0.146 16.981 
Military M-1 open slots 3.00 0.056 4.281 
Military M-1 sealed slot 0.10 0.160 23.038 
Military M-1 sealed slot 3.00 0.056 4.450 

Tab5 Military Head area 47% 0.10 0.149 19.605 
Military Head area 47% 3.00 0.050 3.904 
Military Head area 54% 0.10 0.155 21.846 
Military Head area 54% 3.00 0.050 4.062 
Military Head area 60% 0.10 0.160 23.038 
Military Head area 60% 3.00 0.054 4.697 
Military Head area 67% 0.10 0.166 23.376 
Military Head area 67% 3.00 0.064 4.097 

Tab7 Military M-1 susp HEL 0.10 0.171 24.603 
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Reference Source 
Helmet 
type Description 

va 
(m·s-1) 

It,head 
(m2·K·W-1) 

Ret,head 
(m2·Pa·W-1) 

Military M-1 susp HEL 3.00 0.060 5.234 
Military M-1 susp Std 0.10 0.171 23.485 
Military M-1 susp Std 3.00 0.060 4.697 
Military M-1 Welson 0.10 0.161 23.829 
Military M-1 Welson 3.00 0.059 4.958 

Tab8 Military M-1 shield down 0.10 0.186 24.506 
Military M-1 shield down 3.00 0.081 5.551 
Military M-1 shield up 0.10 0.167 22.055 
Military M-1 shield up 3.00 0.068 4.921 
Military Riot shield dow 0.10 0.222 28.582 
Military Riot shield dow 3.00 0.084 6.263 
Military Riot shield up 0.10 0.209 24.866 
Military Riot shield up 3.00 0.078 4.697 

Tab9 Military AirAFH1 0.10 0.267 24.858 
Military AirAFH1 3.00 0.074 5.124 
Military AirAFH5 0.10 0.225 28.981 
Military AirAFH5 3.00 0.079 6.654 
Military CVC 0.10 0.198 26.140 
Military CVC 3.00 0.067 4.867 
Military EngMilitary 0.10 0.150 20.709 
Military EngMilitary 3.00 0.057 4.965 
Military Football 0.10 0.180 29.451 
Military Football 3.00 0.073 5.660 
Military Hayes-Stewart-E 0.10 0.172 26.737 
Military Hayes-Stewart-E 3.00 0.070 4.859 
Military ItalMilitary 0.10 0.160 21.990 
Military ItalMilitary 3.00 0.065 4.697 
Military Parachutist 0.10 0.211 25.552 
Military Parachutist 3.00 0.084 6.263 

Kuklane et al., 
2015 

Fig10 Bicycle Etto-Wig 1.60 0.102 na 
Bicycle KK-Wig 1.60 0.089 na 
Bicycle RP-Wig 1.60 0.087 na 
Bicycle TS-Wig 1.60 0.092 na 

Fig11 Bicycle Etto-Wig 6.00 0.046 na 
Bicycle KK-Wig 6.00 0.044 na 
Bicycle RP-Wig 6.00 0.036 na 
Bicycle TS-Wig 6.00 0.044 na 

Fig8 Bicycle Etto-Bic 0.20 0.167 na 
Bicycle KK 0.20 0.139 na 
Bicycle RP 0.20 0.139 na 
Bicycle TS 0.20 0.166 na 

Fig9/ 
Fig13 

Bicycle Etto-Bic 1.60 0.059 14.456 
Bicycle H17-Bic 1.60 0.056 12.016 
Bicycle H20-Bic 1.60 0.060 12.865 
Bicycle H5-Bic 1.60 0.055 11.751 
Bicycle KK 1.60 0.056 na 
Bicycle RP 1.60 0.050 na 
Bicycle TS 1.60 0.055 na 

Liu and Holmér, 
1995 

Tab1 Industrial Helmet1 0.10 na 44.000 
Industrial Helmet2 0.10 na 42.000 
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Reference Source 
Helmet 
type Description 

va 
(m·s-1) 

It,head 
(m2·K·W-1) 

Ret,head 
(m2·Pa·W-1) 

Industrial Helmet3 0.10 na 47.000 
Industrial Helmet4 0.10 na 38.000 
Industrial Helmet5 0.10 na 38.000 

Liu and Holmér, 
1997 

Fig4 Industrial Helmet1 0.10 na 22.705 
Industrial Helmet1 0.40 na 15.984 
Industrial Helmet2 0.10 na 21.718 
Industrial Helmet2 0.40 na 15.137 
Industrial Helmet3 0.10 na 27.184 
Industrial Helmet3 0.40 na 20.285 
Industrial Helmet4 0.10 na 20.598 
Industrial Helmet4 0.40 na 14.584 
Industrial Helmet5 0.10 na 21.600 
Industrial Helmet5 0.40 na 14.071 
Industrial Helmet6 0.10 na 33.865 
Industrial Helmet6 0.40 na 17.374 
Bicycle Helmet7 0.10 na 27.370 
Bicycle Helmet7 0.40 na 18.164 

Fig5 Industrial Helmet1 0.10 na 23.356 
Industrial Helmet1 0.40 na 17.793 
Industrial Helmet2 0.10 na 23.994 
Industrial Helmet2 0.40 na 17.296 
Industrial Helmet3 0.10 na 29.018 
Industrial Helmet3 0.40 na 20.694 
Industrial Helmet4 0.10 na 22.222 
Industrial Helmet4 0.40 na 17.044 
Industrial Helmet5 0.10 na 23.304 
Industrial Helmet5 0.40 na 17.017 
Industrial Helmet6 0.10 na 33.869 
Industrial Helmet6 0.40 na 18.676 
Bicycle Helmet7 0.10 na 29.755 
Bicycle Helmet7 0.40 na 19.363 

Martinez, 2016 Fig2.10b Bicycle Tilted-2z-Bicycle1 1.60 0.103 na 
Bicycle Tilted-2z-Bicycle2 1.60 0.095 na 
Bicycle Tilted-2z-Bicycle3 1.60 0.088 na 
Bicycle Tilted-2z-Bicycle4 1.60 0.089 na 
Bicycle Tilted-2z-Bicycle5 1.60 0.080 na 
Bicycle Tilted-2z-Bicycle6 1.60 0.077 na 
Bicycle Tilted-2z-Bicycle1 6.10 0.058 na 
Bicycle Tilted-2z-Bicycle2 6.10 0.054 na 
Bicycle Tilted-2z-Bicycle3 6.10 0.050 na 
Bicycle Tilted-2z-Bicycle4 6.10 0.048 na 
Bicycle Tilted-2z-Bicycle5 6.10 0.044 na 
Bicycle Tilted-2z-Bicycle6 6.10 0.045 na 
Bicycle Tilted-9z-Bicycle1 1.60 0.112 na 
Bicycle Tilted-9z-Bicycle2 1.60 0.102 na 
Bicycle Tilted-9z-Bicycle3 1.60 0.099 na 
Bicycle Tilted-9z-Bicycle4 1.60 0.087 na 
Bicycle Tilted-9z-Bicycle5 1.60 0.087 na 
Bicycle Tilted-9z-Bicycle6 1.60 0.081 na 
Bicycle Tilted-9z-Bicycle1 6.10 0.059 na 
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Reference Source 
Helmet 
type Description 

va 
(m·s-1) 

It,head 
(m2·K·W-1) 

Ret,head 
(m2·Pa·W-1) 

Bicycle Tilted-9z-Bicycle2 6.10 0.057 na 
Bicycle Tilted-9z-Bicycle3 6.10 0.049 na 
Bicycle Tilted-9z-Bicycle4 6.10 0.051 na 
Bicycle Tilted-9z-Bicycle5 6.10 0.047 na 
Bicycle Tilted-9z-Bicycle6 6.10 0.044 na 
Bicycle Upright-2z-Bicycle1 1.60 0.111 na 
Bicycle Upright-2z-Bicycle2 1.60 0.108 na 
Bicycle Upright-2z-Bicycle3 1.60 0.102 na 
Bicycle Upright-2z-Bicycle4 1.60 0.090 na 
Bicycle Upright-2z-Bicycle5 1.60 0.095 na 
Bicycle Upright-2z-Bicycle6 1.60 0.089 na 
Bicycle Upright-2z-Bicycle1 6.10 0.059 na 
Bicycle Upright-2z-Bicycle2 6.10 0.056 na 
Bicycle Upright-2z-Bicycle3 6.10 0.054 na 
Bicycle Upright-2z-Bicycle4 6.10 0.051 na 
Bicycle Upright-2z-Bicycle5 6.10 0.047 na 
Bicycle Upright-2z-Bicycle6 6.10 0.048 na 
Bicycle Upright-9z-Bicycle1 1.60 0.114 na 
Bicycle Upright-9z-Bicycle2 1.60 0.121 na 
Bicycle Upright-9z-Bicycle3 1.60 0.115 na 
Bicycle Upright-9z-Bicycle4 1.60 0.107 na 
Bicycle Upright-9z-Bicycle5 1.60 0.100 na 
Bicycle Upright-9z-Bicycle6 1.60 0.094 na 
Bicycle Upright-9z-Bicycle1 6.10 0.062 na 
Bicycle Upright-9z-Bicycle2 6.10 0.064 na 
Bicycle Upright-9z-Bicycle3 6.10 0.062 na 
Bicycle Upright-9z-Bicycle4 6.10 0.055 na 
Bicycle Upright-9z-Bicycle5 6.10 0.057 na 
Bicycle Upright-9z-Bicycle6 6.10 0.052 na 

Mukunthan et al., 
2019 

Tab.3 Bicycle A1 3.00 0.051 na 
Bicycle A1 6.00 0.046 na 
Bicycle A2 3.00 0.069 na 
Bicycle A2 6.00 0.055 na 
Bicycle A3 3.00 0.057 na 
Bicycle A3 6.00 0.049 na 
Bicycle A4 3.00 0.054 na 
Bicycle A4 6.00 0.047 na 
Bicycle H1 3.00 0.058 na 
Bicycle H1 6.00 0.048 na 

Pang et al., 2014 Tab1/2 Cricket Elite-Cricket 0.08 0.159 36.220 
Cricket Masu-Cricket 0.08 0.187 60.160 
Cricket NXT-Cricket 0.08 0.171 55.720 
Cricket Prem-Cricket 0.08 0.172 44.720 
Cricket Ulti-Cricket 0.08 0.169 44.490 

Ueno and Sawada, 
2019 

Fig3d(IV) Industrial A 1.00 na 13.984 
Industrial A 1.00 na 13.238 
Industrial A 2.00 na 9.640 
Industrial A 2.00 na 9.279 
Industrial A 3.00 na 7.465 
Industrial A 3.00 na 7.579 
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Reference Source 
Helmet 
type Description 

va 
(m·s-1) 

It,head 
(m2·K·W-1) 

Ret,head 
(m2·Pa·W-1) 

Industrial AS 1.00 na 14.819 
Industrial AS 1.00 na 13.238 
Industrial AS 2.00 na 10.029 
Industrial AS 2.00 na 9.109 
Industrial AS 3.00 na 7.355 
Industrial AS 3.00 na 7.355 
Industrial AS_O 1.00 na 15.760 
Industrial AS_O 1.00 na 13.601 
Industrial AS_O 2.00 na 9.734 
Industrial AS_O 2.00 na 9.547 
Industrial AS_O 3.00 na 8.007 
Industrial AS_O 3.00 na 7.465 
Industrial AS_O_S 1.00 na 13.790 
Industrial AS_O_S 1.00 na 13.417 
Industrial AS_O_S 2.00 na 9.367 
Industrial AS_O_S 2.00 na 9.456 
Industrial AS_O_S 3.00 na 7.638 
Industrial AS_O_S 3.00 na 7.638 
Industrial AS_S 1.00 na 13.238 
Industrial AS_S 1.00 na 13.238 
Industrial AS_S 2.00 na 9.456 
Industrial AS_S 2.00 na 9.026 
Industrial AS_S 3.00 na 7.247 
Industrial AS_S 3.00 na 7.195 
Industrial A_O 1.00 na 14.819 
Industrial A_O 1.00 na 13.601 
Industrial A_O 2.00 na 9.929 
Industrial A_O 2.00 na 9.367 
Industrial A_O 3.00 na 7.579 
Industrial A_O 3.00 na 7.410 
Industrial B 1.00 na 13.601 
Industrial B 1.00 na 12.895 
Industrial B 2.00 na 9.193 
Industrial B 2.00 na 8.865 
Industrial B 3.00 na 7.522 
Industrial B 3.00 na 7.301 

Zwolinska et al., 
2014 

Fig4 Military Ballistic-A 0.45 0.135 na 
Military Ballistic-B 0.45 0.150 na 
Military Ballistic-C 0.45 0.130 na 
Military Ballistic-D 0.45 0.123 na 

  1041 
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Table A.3. Values of head level boundary air layer thermal insulation (Ia,head) and evaporative resistance (Rea,head) 1042 
under varying air velocities (va) obtained from measurements with nude manikins or head forms presented in 1043 
Figures and Tables of the cited references (na: data not available). 1044 

Reference Source Helmet type Description 
va 

(m·s-1) 
Ia,head 

(m2·K·W-1) 
Rea,head 

(m2·Pa·W-1) 

Aljaste et al., 2015 Fig5/Fig8 nude nude 1.60 0.042 10.608 
Fig6/Fig9 nude nude-Wig 1.60 0.070 15.087 

Brühwiler, 2003 Fig3 nude nude 0.12 0.141 na 
nude nude 1.00 0.063 na 
nude nude 2.00 0.048 na 
nude nude 3.00 0.040 na 
nude nude 4.00 0.034 na 
nude nude 5.00 0.031 na 
nude nude 6.00 0.028 na 

Fonseca, 1974 Tab1 nude nude 0.10 0.099 9.697 
nude nude 2.00 0.067 5.940 
nude nude 5.00 0.051 3.100 

Kuklane et al., 2015 Fig10 nude nude-Wig 1.60 0.077 na 
Fig8 nude nude 0.20 0.103 na 
Fig9/Fig13 nude nude 1.60 0.047 11.273 

Liu and Holmér, 1995 Tab1 nude nude 0.10 na 28.000 

Lu et al., 2015 Tab6 nude nude 0.15 0.102 na 
nude nude 1.55 0.052 na 
nude nude 4.00 0.032 na 

Martinez, 2016 Tab3.2 nude nude 0.09 0.108 na 

Mukunthan et al., 2019 Tab.3 nude nude 3.00 0.052 na 
nude nude 6.00 0.046 na 

Pang et al., 2014 Tab1/2 nude nude 0.08 0.105 45.760 

Psikuta et al., 2016 Tab.2 nude nude-Diana 0.10 0.094 na 
nude nude-Newton 0.10 0.116 na 
nude nude-Sam 0.10 0.091 na 
nude nude-Tore 0.10 0.182 na 

Ueno and Sawada, 2019 
 

Fig3d(IV) nude nude 1.00 na 10.563 
nude nude 1.00 na 10.343 
nude nude 2.00 na 7.092 
nude nude 2.00 na 7.143 
nude nude 3.00 na 5.739 
nude nude 3.00 na 5.773 

Wang et al., 2012 Fig2 nude nude 0.18 na 33.866 
nude nude 0.18 na 32.894 
nude nude 0.48 na 17.500 
nude nude 0.48 na 18.850 
nude nude 0.78 na 8.318 
nude nude 0.78 na 8.966 

Zwolinska et al., 2014 Fig4 nude nude 0.45 0.094 na 
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Figure captions 
Figure 1. Elements of the proposed modelling framework for local thermal comfort assessment 
under bicycle helmet use conditions. From top to bottom, the flowchart depicts the modelling 
steps with references to input and output variables (cf. list of abbreviations) and governing 
equations, tables and supplemental information. Grey shaded boxes indicate the supplemental 
analyses concerning the validation data on head perspiration, the meta-analysis on wind effect 
on headgear thermal properties, and the derivation of a skin wettedness comfort threshold for 
the head region, respectively. 

Figure 2. Percentage deviations between digitized and measured values of head total thermal 
insulation (It,head) in clo units (1 clo = 0.155 m2·K·W-1) from the measurements reported by 
Kuklane et al. (2015), cf. Tables A.2 & A.3, with the dashed horizontal line indicating median bias. 

Figure 3. (a) Twenty-seven (3 whole-body models × 9 local models) predictions of local sweat 
rates (LSRpred) for each condition at the frontal, lateral and medial head regions compared to the 
corresponding observed values (LSRobs) from Table A.1. (b) Results of the variance component 
analysis with a decomposition of the LSR prediction error (=LSRpred – LSRobs) indicating the relative 
influence of the head region, the local models and their interaction, as well as of the workload 
conditions and whole-body models compared to the inter-individual, intra-individual and residual 
variance (the latter including all other two-way and higher-order interaction terms). 

Figure 4. Mean LSR prediction error (bias, upper panel) with positive values indicating 
overestimation and negative values indicating underestimation of measured LSR compared to 
the experimental SD (vertical reference lines), and root-mean-squared error (rmse, lower panel). 
Data were pooled for the low and high workload conditions (Eq. 8). Calculations were performed 
with nine local models (Table 2) coupled with the whole-body models PHS, UTCI-Fiala and FPC, 
respectively, for the frontal, lateral and medial regions. Statistics for the covered head area 
(headavg) were computed from the regional prediction errors as area-weighted average using the 
weighing scheme from Eq. 2. 

Figure 5. Regression of skin wettedness comfort limits (wcrit) for various body parts (Fukazawa 
and Havenith, 2009) on sweating sensitivity (GSR2 from Table 1) with derived wcrit,head. 

Figure 6. Meta-analysis of the effect of air velocity (va) on headgear’s total thermal insulation 
(It,head, left panel), and evaporative resistance (Ret,head, right panel) presenting log-log-linear 
regression equations with 95% confidence bands for the regression lines as derived from 
published measurements with varying headgear using random coefficient mixed models. 

Figure 7. Meta-analysis of the effect of air velocity (va) on boundary air layer thermal insulation 
(Ia,head, left panel), and evaporative resistance (Rea,head, right panel) at uncovered head level. Log-
log-linear regression equations with 95% confidence bands for the regression lines were derived 
from published measurements with nude manikins or head forms using random coefficient 
mixed models. 

Figure 8. Core temperature increase (Δtre), mean skin temperature (tsk) and whole body gross 
sweat rate (GSR) predicted by the UTCI-Fiala model for the commuter cycling scenario with low 
and high relative air velocities (va), and resulting head skin wettedness (whead) in relation to 
headgear evaporative resistance (Ret,head). Vertical reference lines indicate the upper limit of 
Ret,head for maintaining whead below the skin wettedness comfort limit wcrit,head. Corrections for the 
effect of va on Ret,head with 95% prediction intervals were calculated as in Figure 6 using the 
regression coefficients from Table 5. 
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Tables 
Table 1. Sources with references to the literature and descriptions of models predicting local sweat rates (LSR) 
at the head via sudomotor sensitivities (SUD) and as the ratio of LSR to gross sweat rate (GSR), respectively. 

Identifier Source Description of conditions  

SUD1 Ref1 45 min incremental cycling protocol (50-100 W) in the heat (n=10)  
SUD2 Ref2 30 min treadmill running at 55% VO2max @25°C, n=9 (frontal), n=4 (lateral, medial head) 
SUD3 Ref2 30 min running at 75% VO2max subsequent to SUD2 
SUD4 Ref2 Overall results from combined SUD2 & SUD3 protocol 
SUD5 Ref3 Cycling in the heat at 125 W (n=46) 
SUD6 Ref3 Resting in the heat (n=49) 
GSR1 Ref3 LSR set equal to GSR  
GSR2 Ref2 Conditions identical to SUD2 
GSR3 Ref2 Conditions identical to SUD3 

Notes: Ref1: Machado-Moreira et al. (2008b); Ref2: Smith and Havenith (2011); Ref3:: Taylor and Machado-
Moreira (2013); n: sample size in experiments underlying the parameter; VO2max: maximum oxygen 
uptake 

Table 2. Coefficients for predicting local sweat rates (LSR) at the frontal, lateral and medial head regions via 
sudomotor sensitivities (SUD) and as the ratio of LSR to gross sweat rate (GSR), respectively (n.d.: non-
dimensional). 

Identifier 
Head region 

frontal lateral medial 

Sudomotor sensitivity (mg·cm-2·min-1·°C-1) 
SUD1 1.89 1.93 1.06 
SUD2 1.96 0.90 0.48 
SUD3 5.31 2.31 1.92 
SUD4 3.76 1.47 1.01 
SUD5 1.55 1.03 0.55 
SUD6 1.65 0.52 0.27 

LSR / GSR ratio (n.d.) 
GSR1 1 1 1 
GSR2 2.61 1.20 0.64 
GSR3 2.60 1.16 0.81 

Table 3. Summary statistics for the data from Table A.1 with the number of measurements (n), means, 
standard deviations (SD), minimum (Min) and maximum (Max) values of local sweat rates observed (LSRobs) at 
the frontal (forehead), lateral (temple) and medial head regions under low and high workload conditions (De 
Bruyne et al., 2008). 

Workload Head region n 

LSRobs (mg·cm-2·min-1) 

Mean SD Min Max 

low frontal 22 0.56 0.40 0.06 1.80 

lateral 23 0.56 0.53 0.03 2.21 

medial 20 0.78 0.64 -0.06 2.37 

high frontal 21 1.18 0.68 0.33 2.73 

lateral 23 1.20 0.90 0.30 3.41 

medial 21 1.72 0.93 0.04 3.51 
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Table 4. Core temperature increase (Δtre) and gross sweat rate (GSR) predicted by the whole-body models PHS, 
UTCI-Fiala and FPC, respectively, at the end of the cycling periods for the gender-specific workload conditions 
with specified power output (De Bruyne et al., 2008) assuming 20% gross cycling efficiency. Note that FPC 
predicted zero sweating for the 80 W (low-female) power output setting. 

Workload Gender / Power output 

 Δtre (°C)  GSR (mg·cm-2·min-1) 

 PHS UTCI FPC  PHS UTCI FPC 

low female / 80 W  0.57 0.46 0.29  0.038 0.061 0.000 

male / 100 W  0.66 0.58 0.43  0.064 0.128 0.035 

high female / 120 W  0.92 0.81 0.84  0.156 0.234 0.214 

male / 150 W  1.20 1.05 1.16  0.266 0.379 0.343 

Table 5. Regression results for the effects of air velocity (va) on headgear thermal insulation (It,head) and 

evaporative resistance (Ret,head) as well as on head boundary air layer thermal insulation (Ia,head) and 

evaporative resistance (Rea,head). Estimates of intercept (α) and slope (β) with standard errors (SE) and P-values 

were obtained by fitting log-log-linear regression functions log10 y = α + β×log10 va to the data from Table A.2 
and Table A.3. 

y  α (SE) P|α=0  β (SE) P|β=0 

It,head  -1.06 (0.01) <.0001  -0.31 (0.01) <.0001 

Ret,head  1.06 (0.02) <.0001  -0.45 (0.01) <.0001 

Ia,head  -1.21 (0.03) <.0001  -0.28 (0.03) <.0001 

Rea,head  1.05 (0.06) <.0001  -0.42 (0.07) <.0001 

 


