Energy & Buildings 231 (2021) 110575

journal homepage: www.elsevier.com/locate/enb

Contents lists available at ScienceDirect

Energy & Buildings

Thermoregulation model JOS-3 with new open source code R

Yoshito Takahashi **, Akihisa Nomoto ¢ Shu Yoda? Ryo Hisayama? Masayuki Ogata®,

Check for
updates

Yoshiichi Ozeki ¢, Shin-ichi Tanabe ¢

2Waseda University, Bldg. 55N-701, 3-4-1, Okubo, Shinjuku-ku, Tokyo 169-8555, Japan
b Tokyo Metropolitan University, Bldg. 9 734, 1-1, Minami-Osawa, Hachioji-shi, Tokyo 192-0397, Japan
€AGC Incorporated, 1-1, Suehiro-cho, Tsurumi-ku, Yokohama-shi, Kanagawa 230-0045, Japan

ARTICLE INFO

Article history:

Received 21 January 2020
Revised 24 September 2020
Accepted 17 October 2020
Available online 21 October 2020

Keywords:

Thermoregulation model
Open source code

Thermal comfort

Thermal response
Physiological response
Brown adipose tissue
Non-shivering thermogenesis
Shortwave solar radiation

ABSTRACT

A thermoregulation model, joint system thermoregulation model (JOS-3), was developed based on JOS-2.
JOS-3 consists of 83 nodes, and human physiological responses and body temperatures are calculated
using the backward difference method. In JOS-3, brown adipose tissue activity, aging effects, and heat
gain by shortwave solar radiation at the skin, are installed to predict human physiological responses, con-
sidering personal characteristics in transient and non-uniform thermal environments. In addition, meth-
ods to determine shivering thermogenesis, sweating distribution, and basal metabolic rate were modified
from those used in JOS-2. We coded JOS-3 in Python-3 and published the JOS-3 package. This model was
validated by comparing its results with those of human subject tests conducted under stable and tran-
sient conditions. It was confirmed that JOS-3 has a higher accuracy for heat production in young and older
subjects and mean skin temperature in older subjects than JOS-2 under cold environmental conditions.
Moreover, JOS-3 was simulated in nine transient conditions. Consequently, the root mean-squared error
(RMSE) of the rectal and mean skin temperatures between the predicted and experimental values were
0.12-0.38 and 0.58-0.83 °C, respectively.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

Signal decrement by aging
Metabolic rate

creativecommons.org/licenses/by/4.0/).

1. Introduction

Predicted mean vote (PMV) [1] and standard new effective tem-
perature (SET*) [2] are widely used as thermal comfort and health
risk assessment indexes in steady and uniform thermal environ-
ments, but these indexes are difficult to apply in unsteady and
non-uniform thermal environments [3]. In recent years, personal
heating and cooling systems (personal comfort system: PCS) have
been studied to effectively improve individual thermal comfort.
Estimating the physiological and psychological responses of local
human bodies in a non-uniform environment of PCS is essential
to the quantitative evaluation of the environment. With respect
to thermal sensations, new studies have shown the thermal sensi-
tivity maps of hands, feet, and the whole body [4,5]. Thermoregu-
lation models have been used for thermal comfort evaluations in
unsteady and non-uniform environments. These models simulate
human physical heat exchanges by conduction and blood flow in
body tissues, and by convection, evaporation, and radiation
between a body and ambient environments. In addition, they
simulate physiological responses such as sweating, vasodilation,
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0378-7788/© 2020 The Authors. Published by Elsevier B.V.

vasoconstriction, and shivering according to their body tempera-
ture. Almost all models consist of several body segments, such as
the head and trunk, and each segment has several layers, including
core, muscle, fat, and skin.

Thermoregulation models can be classified into lumped or dis-
tributed parameter models. The underlying calculation method of a
thermoregulation model is based on the research by Wissler [6].
Gagge’s 2-node model [2,7] and Stolwijk’s model [8] are famous
as lumped parameter models. Gagge’s 2-node model is based on
Stolwijk and Hardy’s model [9] and consists of the core and skin;
it is used for computation of ET* and SET* and forms the basis
for Jones’s [10] and Kohri’s [11,12] model. Stolwijk’s model [8] con-
sists of a sphere head and five cylinders of other body segments; it
is the basis for many thermoregulation models, such as those of
Gordon et al. [13], Fiala et al. [14], Huizenga et al. [15], and Stre-
blow et al. [16]. The control system of Fiala’s model [14] is based
on human subject tests covering a range of environmental temper-
atures between 5 and 50 °C and metabolic rates between 0.8 and
10.0 met. Fiala’s vasomotion model improved the accuracy of core
temperature prediction, which was one of the problems in the
Stolwijk model. The Berkeley model by Huizenga et al. [15] is char-
acterized by the effects of clothing layers and contact on a body
surface. In addition, the model considered counter-current blood
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Symbols

AGbat:
AGbatinc:
AGci:
AGdilat:
AGshiv:
AGstric:
AGsweat:
B:

BAT:

BF:

BFB:
BFBa”:
BFB,q:

BFB,:
BMI:
BSA:
BSAa”Z
BSAq:

BSAq::
C:
Cap:

Mshiv:
Mshivf:

Mwork:
Mworkf:

NST:
NSTmax:
Oava:

PAR:
Q:

R:
SHIV:
SKINC:
SKIND:
SKINR:
SKINS:
STRIC:
S Wsk:

SWan:
SWyp:
Cse:
Cdt:
Cdtg:
CI:
Cld:
CLDS:
D:
DILAT:
E:
Emax:
Err:
Esw:

aging factor of brown adipose tissue’s volume [-]
aging factor of brown adipose tissue’s incidence [-]

aging factor of cardiac index [-]

aging factor of vasodilation [-]

aging factor of shivering [-]

aging factor of vasoconstriction [-]

aging factor of sweating [-]

heat exchange by blood flow [W]

volume of brown adipose tissue [SUV]

blood flow rate [L/h]

basal blood flow rate [L/h]

basal blood flow rate in the whole body [L/h]

ratio of basal blood flow rate to that of the standard

body [-]

basal blood flow rate of the standard body [-]

body mass index [kg/m?]

body surface area [m?]

body surface area in whole body [m?]

ratio of body surface area to that of the standard body

[-]

body surface area of the standard body [m?]

heat exchange at skin by convection [W]

heat capacity [J/K]

heat production by shivering [W]

distribution coefficient of heat production by shivering

[-]

heat production by external work [W]

distribution coefficient of heat production by shivering

(W]

non-shivering signal [W]

max non-shivering thermogenesis signal [W]

opening rate of arteriovenous anastomoses (AVA) in

Hand and Foot [-]

physical activity ratio [-]

heat production [W]

heat exchange at skin by radiation [W]

shivering signal [W]

distribution coefficient of vasoconstriction [-]

distribution coefficient of vasodilation [-]

distribution coefficient of thermal receptor [-]

distribution coefficient of sweating [-]

vasoconstriction signal [-]

heat gain due to shortwave solar radiation at the skin

(W]

downward horizontal shortwave radiation [W/m?]

upward horizontal shortwave radiation [W/m?]

heat capacity of the standard body []J/K]

heat conductance [W/K]

heat conductance of the standard body [W/K]

cardiac index [L/min/m?]

error signal of cold receptor [°C]

integrated error signal of cold receptor [°C]

heat exchange by conduction [W]

vasodilation signal [-]

evaporative heat loss at skin [W]

maximum evaporative heat loss [W]

error signal [°C]

evaporative heat loss by sweating [W]

Height:  body height [m?]

Ia: clothing insulation [clo]

Lg: Lewis ratio (=16.5)[K/kPa]

Mbase: heat production by basal metabolism [W]

Mbasey;: heat production by basal metabolism in whole body [W]

Mbasef: distribution coefficient of heat production by basal me-
tabolism [-]

Mnst: heat production by non-shivering thermogenesis [W]

Mnstf:  distribution coefficient of heat production by non-
shivering thermogenesis [-]

SWidify.: heat gain by diffuse shortwave solar radiation at the

skin [W]

SWidirg,.: heat gain by direct shortwave solar radiation at the skin
(W]

SWEAT: sweating signal [W]

T: body temperature [°C]

Ta: ambient temperature [°C]

o operative temperature [°C]

Tsetpt:  setpoint temperature of the body [°C]

Tshiv:  threshold of the head core temperature to start shiver-
ing [°C]

Weight: body weight [kg]

Weight,,: ratio of body weight to standard body weight [-]

Wrm: error signal in the warm receptor [°C]

WRMS: integrated error signal in the warm receptor [°C]

fer: clothing area factor [-]

fair: ratio of diffuse solar radiation to global radiation [-]

fegr: effective radiation factor [-]

fo projected area factor [-]

he: convective heat transfer coefficient [W/m?/K]

Re: total evaporative heat transfer coefficient [W/m?/kPa]

h,: radiative heat transfer coefficient [W/m?/K]

hy: total heat transfer coefficient [W/m?/K]

iet clothing vapor permeation efficiency [-]

Do water vapor pressure in the ambient air [kPa]

Dssk: saturated water vapor pressure at the skin temperature
[kPa]

Psk: solar absorptance of the skin [-]

t: time [s]

Tq solar transmittance of clothing [-]

w: skin wettedness [-]

Subscripts

ar: artery

ava: arteriovenous anastomoses (AVA)

cb: central blood

cr: core

fat: fat

i body segment

j: body tissue

ms: muscle

sk: skin

sve: superficial vein

ve: vein

X: body tissue

X" adjacent body tissue to upstream of blood flow

flow heat exchange in the limbs and improved the prediction accu-
racy of core and skin temperatures. Smith’s model [17], a dis-
tributed parameter model, details the vascular system based on
Stolwijk’s model and determines the heat transfer in a body via

the finite element method. Subsequently, models by Takemori
et al. [18] and Fu [19] were proposed based on Smith’s model.
Takemori’s AVA model [18] incorporates the arteriovenous anasto-
moses (AVA) blood flow control and is able to predict local skin
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temperatures with higher accuracy than Smith’s model [17].
Although the model of Werner and Buse [20] is a distributed
parameter model, the shape of the model is not approximated to
a cylinder and sphere but based on the actual biological shape of
the human body. Thus far, our research team has also developed
the 65 multi-node (65MN) [21], joint system thermoregulation
model (JOS) [22], and JOS-2 [23] models based on Stolwijk’s model.
JOS-2 has a blood pool and arteriovenous anastomosis (AVA) blood
flow for a detailed simulation of the heat transport due to blood
flow.

These models [8,15,16] have been verified only by experiments
with subjects mainly aged between 20 and 40. Fiala et al. tested
their model by including an experiment with 61 men and women
between the ages of 51 and 72 [24]. However, they have not dis-
cussed the differences in age [14]. The newly developed JOS-3
model considers the difference in thermo-physiological responses
depending on age by adding new parameters to an estimation
method for heat production and the decrement of thermoregula-
tions. In addition, we updated the model to improve shivering
thermogenesis, a new control method for non-shivering thermoge-
nesis, and the heat gain on the skin due to solar radiation. The
newly added or updated equations are as follows: heat gain on
the skin by the shortwave solar radiation (Egs. (14)-(15)), an esti-
mation method for heat production (Egs. (30)-(32)), aging effects
on thermoregulation (Egs. (33), 44, 45, and 50), and shivering
and non-shivering thermogenesis (Egs. (34)-(39)).

This paper describes all the calculation methods of JOS-3. The
validations comparing JOS-2 and JOS-3 concerning heat production
and aging effects, and the basic performance of JOS-3 are shown.
The model is coded using Python-3, and the package of this model
were released in https://github.com/TanabeLab/]JOS-3.

2. Body construction

Fig. 1 shows the concept of JOS-3, which is based on Stolwijk’s
model and derived from JOS-2. JOS-3 consists of the following 85

Head and Pelv
A

X Left-hand side

Head segments are omitted

Chest

is

Energy & Buildings 231 (2021) 110575

nodes: the central blood node, 17 artery nodes, 17 vein nodes, 12
superficial vein nodes, 17 core nodes, 2 muscle nodes, 2 fat nodes,
and 17 skin nodes. The entire body is divided into the following 17
segments: head, neck, chest, back, pelvis, left (L)-shoulder, L-arm,
L-hand, right (R)-shoulder, R-arm, R-hand, L-thigh, L-leg, L-foot,
R-thigh, R-leg, and R-foot. The head and pelvis segments have
the artery, vein, core, muscle, fat, and skin nodes. The neck chest
and back segments have artery, vein, core, and skin nodes. The limb
segments have the artery, vein, superficial vein, core, and skin
nodes. The artery and vein blood pools are in the center of the core
layer, and the superficial vein pool is in the middle of the skin
layer. JOS-3 assumes arteriovenous anastomosis (AVA) blood flow
in the hand or foot segment that connects the artery to the super-
ficial vein pool. It is assumed that the blood coming from multiple
upstream blood flow paths is completely mixed and then flows to
downstream tissues in order.

JOS-3 has four layers in the head and pelvis only to maintain
sufficient prediction accuracy. In fact, the head does not have a
muscle or fat layer like the other parts of the body, but it is
described as a thermal layer. Although the layers can be called
the first or second layer, we call it muscle and fat for ease of
understanding.

3. Heat balance

The heat balance of central blood (), artery (qr), vein (ye), super-
ficial vein (s), core (o), muscle (), fat (f), and skin (gq) are
expressed in Egs. (1)-(8). These equations are based on Yokoyama
etal. [25,26], Gordon et al. [13], and Mitchell et al. [27]. The central
blood exchanges heat with other tissues only by blood flow. In
each segment, heat exchange by conduction occurs between a
layer and its adjacent layer. In limb segments, additionally, heat
is exchanged by conduction between the artery and vein (D,
veti])» vessels and core (Dgr-rqij and Dyecr)), and superficial vein
and skin (Dsye-sigi})- Heat loss by respiration (RES) occurs in the core
chest layer.

Blood flow from artery
to vein via each layer

Neck
Back R-Shoulder
Pelvis R-Arm
R-Thigh R-Hand

N Core

R-Leg MR Muscle (first layer) Amblent ...
[ Fat (second layer) 3
Skin )
e Atery S
R-Foot m—\/ein Superficial vein £
mmmm Superficial vein Core
" Blood flow Artery
------- » AVA blood flow Vein

Limbs (L&R- Shoulders, Arms, Hands, Thighs, Legs and Feet)

Superficial vein
Only hands and feet
have AVA blood flow

mm \/ein
Artery

Counterflow
pountorngw

Fig. 1. Concept of JOS-3.
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dT,
Cape,—5;~ = Boy (1)
dT g
Capar[i] datr[l] = Bar[i] - Dar—cr[i] - Dar—ve[i] (2)
dT e
Capl/@[f] dvte[l] = BUE[i] - Dve—cr[i] + Darfye[i] (3)
dTspei
Capsyejy %em = Bsvefi — Dsve-suy 4)
Qe + Berig — Der—msi (HeadandPelvis)
Cap,: dTe ) Qo) + Beriz) — Der—skz) — RES (Chest)
ot de Qcriy + Beriiy — Deor—skii (NeckandBack)
ch[i\ + Bcr[i + Dar—cr[i] + Dve—cr i — Dcr—sk[i] (Limbsegments)
(3)
dTmsi .
Capms[i] dt[] = Qms[i] + Bms[i] + Dcr—ms[i] - Dms—fat[i] (HeadandPEIVIS)
(6)
dT i .
Cappoy — = Qgaey) + Brarli) + Dms—farti) — Dfar—sky  (HeadandPelvis)
(7)

dT Qo) + Bsko) + Dpac—skio) — (Cpo) + Rio) — Ejo + SWikg)
- (Ciy + Rig) — Eij + SWae

Capg T] =1 Quigip + Bski) + Der—sqi) —
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In JOS-3, the heat exchange of shortwave and longwave solar
radiation is calculated separately. The solar radiation is separated
into direct and diffuse categories using the method of Reindle
et al. [30]. Subsequently, the radiation temperature is calculated
from only longwave radiation based on Watanabe et al. [31]. The
heat gain by shortwave solar radiation at the skin (SWgy) is
expressed in Eqs. (14)-(16) and calculated separately for direct
(SWdirg,) and diffuse (SWdify,) categories. SWdirg, and SWdify, are
calculated from the solar transmittance of clothing (zy;), solar
absorptance of the skin (pgq;), ratio of diffuse to total solar radia-
tion (fui), projected area factor (fp(;)), effective radiation factor (fe-
i), and downward and upward horizontal shortwave radiations
(SWaw and SW,,,), which are measured by the albedometer.

SWj = SWdirgg + SWdifg (14)

SWdiTsk[j] = ‘Cd[,‘] . psk[i] .fp[f] . (1 _fdif) ~5de . BSAU] (15)
. fair - SWaw +SW

SWiifwy = Te - Oswqy  Fefri 'w - BSAy (16)

5. Physiological parameters

The whole body surface area (BSAy;) and the ratio of BSA and
Weight to the standard body (BSA,, and Weight,,) are expressed

(HeadandPelvis)
(Neck, ChestandBack) (8)

Qski) + Bskgip + Der—sijiy + Dsve—siiy — (Ciy + Rij) — Ejj + SWy  (Limbsegments)

where Capjj; is heat capacity, T jj;; is temperature, t is time, B j;
is heat exchange by blood, Q j;; is heat production, D j;; is heat
exchange by conduction, Cj;; + Ry; is sensible heat loss from skin,
E|; is the latent heat loss from the skin, and SW; is the heat gain
by shortwave solar radiation at the skin.

4. Boundary conditions

The sensible heat loss from the skin (Cj + Ry;) is expressed in
Egs. (9) and (10), the latent heat loss at the skin (E;) is expressed
in Egs. (11) and (12), and the heat loss by respiration (RES) is
expressed in Eq. (13). The convective heat transfer coefficient (h)
and the radiative heat transfer coefficient (h,) were measured by
a thermal manikin. Their default values for sitting, standing, and
supine postures were set to JOS-3 based on previous studies
[28,29]. The total evaporative heat transfer coefficient was calcu-
lated using the Lewis ratio (Lg), which was 16.5 K/kPa in this study.
Skin wettedness (wy;) is 0.06 in a thermally neutral environment as
insensible diffusion. RES is calculated as a function of the total heat
produced by the body.

Cig + Rig = hey - (Toen — Toi) - BSAy 9)
i=0.155-lclm+% (10
ht[i] f di) - (hC[i] + hr[il)
Ejy = Wi - Rei - (Psswi) — Paii) - BSAy (Im
1 01551y 1
= iy 12
he[[i] Lg - e f (il “Lg- hc{i] 12

RES = {0.0014 - (34 - Tug) + 0.0173 - (5.87 ~ pyg)) }

16

: Z (ch[i] + Quugiiy + Qargi + st[i])

i=0

in Eqgs. (17)-(20). BSAyy is calculated from the DuBois equation
[32]. BSA;, and Weight,, are the ratios of body surface area and
weight to the standard (1.87 m? and 74.43 kg, respectively). The
local body surface area (BSA(;) is calculated from its standard value
(BSA;)) and ratio (BSAy), and it is expressed in Eq. (20).

BSAq = 0.202 - Weight®*® . Height®™® (17)

BSAra = BSAwi/1.87 (18)

Weight,, = Weight/74.43 (19)

BSAi = BSArq - BSAyi 20
[i] [i]

The heat capacity (Capjj;;) is expressed in Eq. (21) from the stan-
dard body (Caps ;) shown in Table 1. BFB,, is the ratio of the basal
blood flow rate to the standard body and is described in chapter 8.
The specific heat of individual tissues is assumed as follows:
2.088 kj/kg/K for bone, 2.506 k]/kg/K for fat, and 3.758 k]/kg/K
for other tissues, including skin, muscle, viscera, and connective
tissues. JOS-3 is composed of 15% bone, 15% fat, and 70% of other
structures of the total body weight based on the study by Stolwijk
[8]. Stolwijk’s model or 65MN do not have nodes for the artery,
vein, and superficial vein. Therefore, the heat capacity for the core
was subtracted from the blood pools when the thermoregulation
model was updated from 65MN to JOS series. The blood volume
in the central blood node is assumed to be 2.5 L.
Capyy = :}/E:gfftga Capgjy (Layers) 1)

- Capyyy  (Bloodpools)

The heat exchange by conduction between layers and vessels
(D)) and heat conductance (Cdtj ;) are expressed in Egs. (22)
and (23), respectively. Table 2 shows the heat conductance of the
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Table 1
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Body surface area and heat capacity of the standard body. Caps;,cs» Capstmsio}, CaPstatio}, CaPstmsial, and Capsefaiia) are 7.196, 0.930, 0.620, 26.672, and 7.011 KJ/K, respectively. The

data were derived from Stolwijk [8] and JOS-2 [23].

i Segment BSAs [m?] Capsiar [KJ/K] Capsve [KJ/K] Capstsve [KJ/K] Capsi,er [KI/K] Capse,sk [KI/K]
0 Head 0.110 0.346 1.156 - 6.202 0.679
1 Neck 0.029 0.090 0.306 - 2.030 0.209
2 Chest 0.175 0.432 1.526 - 37.071 1.588
3 Back 0.161 0.400 1.404 - 33.817 1.462
4 Pelvis 0.221 0.954 2.995 - 16.119 2.002
5 L-Shoulder 0.096 0.067 0.166 0.090 6.118 0.454
6 L-Arm 0.063 0.033 0.086 0.054 4,035 0.302
7 L-Hand 0.050 0.016 0.036 0.040 0.553 0.317
8 R-Shoulder 0.096 0.067 0.166 0.090 6.118 0.454
9 R-Arm 0.063 0.033 0.086 0.054 4.035 0.302
10 R-Hand 0.050 0.016 0.036 0.040 0.553 0317
11 L-Thigh 0.209 0.293 0.745 0.266 19.122 1.202
12 L-Leg 0.112 0.144 0.360 0.180 10.321 0.608
13 L-Foot 0.056 0.037 0.086 0.076 0.755 0.385
14 R-Thigh 0.209 0.293 0.745 0.266 19.122 1.202
15 R-Leg 0.112 0.144 0.360 0.180 10.321 0.608
16 R-Foot 0.056 0.037 0.086 0.076 0.755 0.385
Table 2

Heat conductance of the standard body. The head and pelvis consist of core, muscle, fat, and skin layers. Thus, the numbers in the Cdts sk column of the head and pelvis rows
means Cdts;cr-ms, Cdltsms-far, and Cdtge ar-sk- The data were derived from Stolwijk [8] and JOS-2 [23].

i Segment Cdtsr,ur-cr and Cdtsr,ve-cr [W/K] Cdtst,sve-sk [W/K] Cdtst,ar-ve [W/K] Cdtst,::r-sk [W/K]
(countercurrent) (Cdtst,cr-ms, Ctsemsfar, Clst far-sk)

0 Head - - - (1.60, 13.20, 16.00)
1 Neck - - - 0.91

2 Chest - - - 1.79

3 Back - - - 1.64

4 Pelvis - - - (3.08, 10.37, 41.50)
5 L-Shoulder 0.59 57.74 0.54 1.50

6 L-Arm 0.38 37.77 0.35 0.98

7 L-Hand 1.53 16.63 0.76 2.18

8 R-Shoulder 0.59 57.74 0.54 1.50

9 R-Arm 0.38 37.77 0.35 0.98

10 R-Hand 1.53 16.63 0.76 2.18

11 L-Thigh 0.81 102.01 0.83 247

12 L-Leg 0.44 54.78 0.44 1.33

13 L-Foot 1.82 24.28 0.99 3.37

14 R-Thigh 0.81 102.01 0.83 2.47

15 R-Leg 0.44 54.78 0.44 1.33

16 R-Foot 1.82 24.28 0.99 3.37

standard body. Cdt;jy; is variable by the body surface area and 0 (Errgq < 0)
weight; however, the head and neck are defined as a sphere and Wrmy; = Errgy  (Errggq > 0) (25)

not a cylinder. Therefore, the following two equations are used:

(Weight,, /BSAra) - Cdtsj jy ~ (HeadandNeck)
Cdti_yy =
el (BSAm2 /Weightm> -Cdtyj jy (Othersegments)
(23)

6. Error signals

Error signals for body segments and integrated signals are
expressed in Eqgs. (24)-(28). Table 3 shows the setpoint tempera-
tures of body segments (Terpejfi) and the distribution coefficients
of thermal receptors (SKINRy;)). SKINRy; is divided values based on
Stolwijk’s study [8] according to the size of the body surface area.
Tserpejgi) is defined as the body temperature of the model that does
not have a thermoregulation system (only a passive system) under
thermal neutral operative temperature, based on the PMV-model
[1] (relative humidity = 50%, air velocity = 0.10 m/s, PAR = 1.25,
and whole clothing insulation = 0.0 clo).

Ertjg = Tjiy — Tsetpe,iy (24)

Table 3

Setpoint temperature of body segments and distribution coefficient of thermal
receptor. Tsepej (i) are analyzed values of JOS-3 and SKINR were derived from Stolwijk
[8] and JOS-2 [23].

Segment Tsetpt,rr [OC] Tsetpr,sk [OC] SKINR [_]
0 Head 37.46 35.13 0.055
1 Neck 37.00 35.26 0.014
2 Chest 37.23 34.76 0.149
3 Back 37.29 34.67 0.132
4 Pelvis 37.50 34.92 0.212
5 L-Shoulder 36.41 34.39 0.023
6 L-Arm 35.87 33.99 0.012
7 L-Hand 35.05 34.44 0.092
8 R-Shoulder 36.41 34.39 0.023
9 R-Arm 35.87 33.99 0.012
10 R-Hand 35.05 34.44 0.092
11 L-Thigh 36.84 34.28 0.050
12 L-Leg 36.48 34.08 0.025
13 L-Foot 34.74 34.24 0.017
14 R-Thigh 36.84 34.28 0.050
15 R-Leg 36.48 34.08 0.025
16 R-Foot 34.74 34.24 0.017
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—Errgs  (Errgg < 0)
Cldy = § 26
i { 0 (Errskm > 0) ( )
16
WRMS = > SKINR;; - Wrmy; (27)
i=0
16
CLDS =" SKINR;; - Cld (28)

i=0

7. Heat production

It is known that non-shivering thermogenesis (NST) by brown
adipose tissue (BAT) occurs when a human is exposed to cold tem-
peratures, causing seasonal effects [33,34]. JOS-3 considers non-
shivering thermogenesis and physiological functional changes by
acclimation to colder temperatures, and mild cold temperature
control of shivering [35]. The heat production (Qj;;) is expressed
by Eq. (29), and it is defined as the sum of heat production (Table 4)
by the basal metabolic rate (Mbasey;;), work (Mworky;)), shivering
(Mshivy;)), and non-shivering (Mnst;;). Mworky;;, Mshivy;;, and Mnst;
are produced in the core layers of all segments, excluding the head.
Mworko), Mshivjo;, and Mnst(o; are produced in the muscle of the
head.

Qj[i] = Mbase]-[,-] + MWOT'k[i] + MShiZ/[,‘] + MnSf[,'] (29)

7.1. Basal metabolic rate and external work

The basal metabolic rate and metabolic rate required by work are
expressed in Egs. (30)-(32) using the Harris-Benedict model
[36,37], which varies according to body weight, height, age, and
sex. Table 5 shows the physical activity ratio (PAR) of typical indoor
activities [38], by which the heat production of work is calculated
with.

Mbase.. — { (88362 +500.3 - Height + 13.397 - Weight — 5.677 - Age) - 0.048  (Male)
7 1 (447.593 + 479.9 - Height + 9.247 - Weight — 4.330 - Age) -0.048 (Female)
(30)
Mbase;;; = Mbasefy; - Mbaseq (31)
Mworky; = Mworkfy - (PAR — 1) - Mbase (32)

Table 4
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Table 5

PAR of typical indoor activities. The data is based on FAO [38].
Activity level Male Female
Sleeping 1.0 1.0
Lying 1.2 1.2
Sitting quietly 1.2 1.2
Standing 14 1.5
Eating and drinking 1.4 1.6
Writing 14 14
Walking slowly 2.8 3.0
Walking quickly 3.8 -
Climbing stairs 5.0 .

7.2. Shivering thermogenesis

The heat production by shivering is expressed in Egs. (33)-(35).
JOS-2 tends to overestimate heat production under mild cold con-
ditions. Moreover, shivering thermogenesis begins after non-
shivering thermogenesis. We added new controls for restraining
the increment of shivering thermogenesis and delaying its start
in the model. In JOS-3, the variation of the integrated error signal
of shivering (SHIV) per time is limited to 0.0077 W/s, based on
human experiments [40]. In addition, to delay the start of shiver-
ing, JOS-3 has the threshold of the head core temperature to start
shivering (Tshiv). Tshiv is expressed in Eq. (35) from the relation-
ship between Tshiv and mean skin temperature (Tswhole) [41]. In
this study, the upper limit of Tshiv was set to 36.6 °C [42]. Further-
more, the aging factor (AGshiv) of shivering thermogenesis was
added to the model. AGshiv is shown in Table 6. It is assumed that
the decrease in shivering with aging is proportional to the decrease
in the basal metabolic rate with aging. AGshiv is defined based on
the Harris—Benedict equation [36].

Mshivy = Mshivfy - AGshiv - BSA, - SHIV (33)

SHIV = 24.36 - Cld. o - CLDS (34)
, ~0.24 - Tyunoie +44.10  (Male)

Tshiv = ¥ 35

e { 023 Ty hote + 43.05  (Female) 52

7.3. Non-shivering thermogenesis (NST)

The heat production by non-shivering (Mnsty;)) is expressed in
Egs. (36)-(39). NST is produced by BAT and organs. In this study,

Distribution coefficients of basal metabolism, work, shivering and non-shivering thermogenesis. Mbasefinsjo}, Mbasefas o), Mbasefpsia;, and Mbasefy4), are 0.252, 0.127, 4.804, and
0.950 [x1072], respectively. Only Mnstf is based on the study by Matsumura et al. [39]. The other values were derived from Stolwijk [8] and JOS-2 [23].

i Segment Mbasef,, [x1072] Mbasefy, [x1072] Mworkf [-] Mshivf [-] Mnstf [-]
0 Head 19.551 0.152 - 0.034 -

1 Neck 0.324 0.033 - 0.044 0.190
2 Chest 28.689 0.211 0.091 0.274 -

3 Back 25.677 0.187 0.080 0.242 0.190
4 Pelvis 9.609 0.300 0.129 0.388 0.190
5 L-Shoulder 1.435 0.059 0.026 0.002 0.215
6 L-Arm 0.409 0.031 0.014 0.001 -

7 L-Hand 0.106 0.059 0.005 - -

8 R-Shoulder 1.435 0.059 0.026 0.002 0.215
9 R-Arm 0.409 0.031 0.014 0.001 -

10 R-Hand 0.106 0.059 0.005 - -

11 L-Thigh 1.557 0.144 0.201 0.004 -

12 L-Leg 0.422 0.027 0.099 0.002 -

13 L-Foot 0.250 0.118 0.005 - -

14 R-Thigh 1.557 0.144 0.201 0.004 -

15 R-Leg 0.422 0.027 0.099 0.002 -

16 R-Foot 0.250 0.118 0.005 - -
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the upper limit of the non-shivering signal (NSTmax) is defined by
the amount of BAT available. The upper limit for NST from an organ
in the standard body of JOS-3 is 15.04 W [43]. The volume of BAT
(BAT) is defined by the BM]I, aging factor of the BAT volume (AGbat),
aging factor of the BAT incidence (AGbatinc), and the condition of
cold acclimation [34,43]. A previous study indicated that BAT activ-
ity was not present in all individuals [34]. Moreover, it was
reported that the incidence of BAT activity decreased with age,
and individuals aged 60 years or older had almost no BAT activity
[43]. In this study, the aging factor of the BAT incidence (AGbatinc)
is directly introduced into the coefficients to calculate the volume
of BAT and is expressed as Eq. (39). Therefore, this method facili-
tates the estimation of the average BAT volume of people, but it
is difficult to apply for individual estimation.

Mnst[,-] = BSAyq - MnStf[,'] -NST (36)
NST = min(2.8 - CLDS, NSTmax) (37)
NSTmax = 3.36 - BAT + 15.04 (38)

BAT — {AGbat - AGbatinc - 10011 BMI=2.77) (Nomal)

AGbat - AGbatinc - (1071"#M+27) | 3 46)  (Coldacclimated)
(39)

8. Vasodilation and vasoconstriction
8.1. Basal blood flow

The heat transfer by blood flow (B,) is expressed in Eq. (40) by
the sum of the blood flow of upstream tissues and the temperature
difference between tissues. The subscript x’ defines adjacent layers

Table 6

Aging factor of shivering and non-shivering. AGshiv is a calculated value with Harris-
Benedict equation [36]. AGbat and AGbatinc are based on the study by Yoneshiro et al.
[43].

Age AGshiv [-] AGbat [-] AGbatinc [-]
20s 1.00 1.61 0.53
30s 0.96 1.00 0.39
40 s 0.93 0.80 0.27
50s 0.89 0.80 0.13
60 s 0.85 0.80 0.00
Table 7
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or blood pools of the upstream tissues, and BF,- is the blood flow
rate from x’ to x.

By=> 1.067A-BFy_y - (Ty —Ty) (40)

The blood flow rate of layers BFjj;; is expressed in Egs. (41)-(44).
The blood flow rate in the muscle or core layers depends on heat
production. It is assumed that a 1 L/h blood flow rate is required
to increase the metabolism by 1.163 W. BFB,, is the ratio of basal
blood flow rate to the standard (290 L/h). The aging factor of the
cardiac index (AGci) is shown in Table 8 based on the study by
Strehler [44].

BFjiy = BFBj + (Mworky; + Mshivy + Mnshivy)/1.163 (41)
BFByj; = BFB,, - BFB (42)
BFB,; = BFB;/290 (43)
BFBy = CI - AGci - 60 - BSAq (44)

8.2. Skin blood flow

The skin blood flow rate (BFy;;) is expressed in Eqgs. (45)-(47).
Unlike JOS-2, the vasodilation signal is dimensionless in JOS-3,
but the vasodilation control of JOS-3 is the same as that of JOS-2.
AGgiari) and AGggicpij are aging factors of vasodilation and vasocon-
striction in each segment. The vasodilator response is said to decay
with age. In this study, AGiiaij and AGgi;; are defined as 1.0 [-] in
all segments, but only AGgiqq) for ages over 60 years is defined, as
indicated in Table 7, which is based on the study by Inoue et al.
[45].

- 1.0+ SKIND[,] . AGdilat[,‘] - DILAT EMTsii]
BFsui = 1.0 - SKINC,, - AGstric, - STRIC ‘B P20 (45)
DILAT = 100.5 - Erfurg + 6.4 - (WRMS — CLDS) (46)
STRIC — —10.8 - Erryo) — 10.8 - (WRMS — CLDS) (47)

8.3. Arteriovenous anastomosis (AVA) blood flow

The AVA blood flow rate (BFaq;)) is expressed in Eqgs. (48) and
(49), based on the study by Takemori et al. [18]. Ogyqyij is the open-
ness rate of AVA, and a value between 0 and 1. T¢;pogy and Tsespect.-

Basal blood flow rate of the standard body and coefficients of skin blood flow. BFB,mso}, BFBst facfo}s BFBst,msia1, and BFBg;sa41 are 0.68, 0.27, 12.61, and 2.23 L/h, respectively. Only
AGdilat is based on the study by Inoue et al. [45]. The other values were derived from Stolwijk [8] and JOS-2 [23].

i Segment BFBs; o [L/h] BFBg [L/h] SKIND [-] SKINC [-] AGdilat [-]
(Age > 60)

0 Head 35.25 1.75 0.070 0.022 0.91

1 Neck 15.24 033 0.099 0.022 0.91

2 Chest 89.21 1.97 0.058 0.064 0.47

3 Back 87.66 1.48 0.068 0.064 0.47

4 Pelvis 18.67 227 0.071 0.064 0.31

5 L-Shoulder 1.81 0.91 0.040 0.021 0.47

6 L-Arm 0.94 0.51 0.037 0.021 0.47

7 L-Hand 0.22 1.11 0.063 0.149 0.47

8 R-Shoulder 1.81 0.91 0.040 0.021 0.47

9 R-Arm 0.94 0.51 0.037 0.021 0.47

10 R-Hand 0.22 1.11 0.063 0.149 0.47

11 L-Thigh 1.41 1.46 0.074 0.021 0.31

12 L-Leg 0.16 0.65 0.041 0.021 0.31

13 L-Foot 0.08 0.93 0.062 0.149 0.31

14 R-Thigh 1.41 1.46 0.074 0.021 0.31

15 R-Leg 0.16 0.65 0.041 0.021 0.31

16 R-Foot 0.08 0.93 0.062 0.149 0.31
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body are the weighted average temperatures of the heat capacity for
the chest, back, and pelvis cores.

1.71 - BFBy; - Ogyqy  (Hand
BFavu['] _ { a avali| ( )

48
2.16- BFB,, - Oava[i] (FOOt) ( )

0 L 0.265 - {Tsk.whole - (Tsetpt,sk,whole - 043)} +0.953- {Tcr.body - (Tsetpr,cr.body - 01905)} +0.9126
avel 0.265 - {Tsk‘whale - (Tsetpt,sk,whole + 0997)} +0.953 - {Tcr,body - (Tsetpt.cr,body - 00095)} +0.9126

9. Sweating

Evaporative heat loss by sweating (Esw(;)) is expressed in Egs.
(50)-(52). When skin wettedness (wy;;) increases, sweat drops from
the body and becomes ineffective at cooling. It has been reported
that wy;; did not exceed the value between 0.7 and 1.0 by Gagge
et al. [7]. Thus, JOS-3 has the upper limit of w;; between 0.7 and
1.0. The human body has an eccrine sweat gland that contributes
to thermogenic sweating, and an apocrine sweat gland that con-
tributes to psychogenic sweating. JOS-2’s distribution coefficient
of sweating (SKINS), which is based on Stolwijk’s model [8], is
defined based on anatomical data obtained by measuring the num-
ber of sweat glands on the cadaver. In JOS-3, SKINS (Table 9) is
redefined by Kuno [46]. The aging factor of sweating (AGsweat) is
typically defined as 1.0 in all segments and changed for ages over
60 years, based on the study by Inoue et al. [45].

Errgy il

Esw[i] = SKINSM -AGsweatm -SWEAT -BSA;; - 2710

(50)

Table 8

Aging factor of cardiac
index. The data are based
on the study by Strehler

[44].
Age AGci [-]
20-40 s 1.00
50s 0.85
60 s 0.75
70 s- 0.70

Table 9
Coefficients of sweating. SKINS is based on the study by Kuno [46] and AGsweat is
based on the study by Inoue et al. [45].

i Segment SKINS [-] AGsweat [-]
(Age > 60)
0 Head 0.064 0.69
1 Neck 0.017 0.69
2 Chest 0.146 0.59
3 Back 0.129 0.52
4 Pelvis 0.206 0.40
5 L-Shoulder 0.051 0.75
6 L-Arm 0.026 0.75
7 L-Hand 0.016 0.75
8 R-Shoulder 0.051 0.75
9 R-Arm 0.026 0.75
10 R-Hand 0.016 0.75
11 L-Thigh 0.073 0.40
12 L-Leg 0.036 0.40
13 L-Foot 0.017 0.40
14 R-Thigh 0.073 0.40
15 R-Leg 0.036 0.40
16 R-Foot 0.017 0.40
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SWEAT = 371.2 - Ert o) + 33.64 - (WRMS — CLDS) (51)
Esw[i]
Wiy =0.06 +0.94 - (52)
Emax[i]
(Hand)
49
(Foot) (49)

10. Validation

To validate this model, we simulated the thermo-physiological
responses of humans on three kinds of experiments previously
conducted by Inoue et al. [47], Werner and Reents [48], and Stol-
wijk and Hardy [49,50]. In simulating the experiments of Inoue,
the effects of changing the estimation method of heat production
and physical properties due to aging were analyzed by comparing
JOS-2 and JOS-3. The experiments of Werner and Reents and of
Stolwijk and Hardy were simulated to measure the basic perfor-
mance of JOS-3. The experiments of Werner and Reents were per-
formed in seven types of stable environments. Stolwijk and Hardy
experiments were carried out in nine types of transient
environments.

10.1. Validation of heat production and aging effects by comparing
JOS-2 and JOS-3 (Inoue’s experiment [45])

In this simulation, we examined the effects of predicted thermal
physiological responses by changing the estimation method of heat
production and physical properties owing to aging. Inoue et al. [47]
measured the metabolic rate and skin temperatures of nine young
men and ten older men under two cold conditions. The subjects
were dressed only in swimming trunks and seated on a chair in
the chamber for 60 min, where the air temperature was controlled
at 28 °C. Subsequently, they moved to the other chamber where
the operative temperature was controlled at 12 or 17 °C, and the
relative humidity was controlled at 45%, and stayed for 60 min.

Table 10 lists the input conditions. The environmental condi-
tions used as the input to the model followed the literature. The
input conditions of body composition were set as the average val-
ues of nine or ten subjects. The clothing insulations of pelvis and
thighs were estimated based on the previous study [51] and were
set to 0.6 clo as swimming trunks. The clothing insulation of other
parts was set to zero. The heat transfer coefficients were set to the
measured values using a thermal manikin in a sitting [28].

Fig. 2 and Table 11 show the comparison of the data from Inoue
et al. (EXP) [47] and the predicted data of JOS-2 [23] and JOS-3 for
the metabolic rate, rectal temperature, and mean skin tempera-
ture. The predicted rectal temperatures were the pelvis core tem-
peratures of JOS-2 and JOS-3. Compared to JOS-2, JOS-3 improved
the prediction accuracy of the metabolic rate in all ages and mean
skin temperature in the older. By adding a new control method for
shivering thermogenesis and non-shivering thermogenesis, the
overestimated metabolic rate in JOS-2 decreased. Therefore, the
predicted metabolic rate of JOS-3 approached the measured value
in all experimental conditions. Conversely, the predicted rectal
temperature of JOS-3 decreased due to a decrease in the metabolic
rate. Consequently, the mean absolute error (MAE) and root mean-
squared error (RMSE) of the rectal temperature were lower in JOS-
3 than in JOS-2 under three conditions (Y12, Y17, and O17). Since
the rectal temperatures of JOS-3 were higher than those of JOS-2
at the start of the experiment, the differences in setpoint temper-
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Table 10
Input conditions to simulate the experiment of Inoue et al. [47].

(a) Experimental schedule.

Preparation Chamber
Time [min] 60 60
Operative temp. [°C] 28 12 or 17
Relative humidity [%] 0.1
Air velocity [m/s] 45
Physical activity ratio [-] 1.2

(b) Subjects’ information. The values are the average and variance of nine
young and ten older males.

Subject Height [m] Weight [kg] Age [year]
Young (n =9) 1.73 (0.02) 64.5 (2.8) 22 (0.5)
Older (n = 10) 1.60 (0.02) 53.8 (1.6) 63 (0.5)

(c) Experimental patterns and symbols.

Symbol Subject Operative temp. in chamber
Y12 Young 12 °C
012 Older 12 °C
Y17 Young 17 °C
017 Older 17 °C

atures, which were affected by changing the model composition
and heat production, are considered the cause of a small improve-
ment in accuracy. For the mean skin temperature, the prediction
accuracy of JOS-3 improved under all conditions, compared to
JOS-2. In older subjects’ conditions, both the MAE and RMSE
remarkably decreased by over 0.35 °C. This occurred because of

——exp JOS-2  —A— JOS-3

Y12: Young, To = 12°C 012: Older, To = 12°C
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the changes in the cardiac index and physiological properties of
sieving heat production owing to aging.

10.2. Validation of the basic performance of the model in constant
conditions (Werner and reents’ experiment [48])

The purpose of this simulation is to determine the basic perfor-
mance of JOS-3 under constant conditions. The human experi-
ments by Werner and Reents [48] were carried out at seven
different air temperatures (10, 20, 30, 35, 40, 45, and 50 °C) with
six male subjects (age: 21-27 years, weight: 74.2 + 8.1 kg, height:
1.806 = 0.07 m). The deviation of the surrounding wall temperature
and air temperature was less than 1 °C. The relative humidity
remained nearly constant at 40 + 5%, and the air velocity was less
than 0.2 m/s. The subjects wore only shorts, laid on a hammock,
and were exposed to stable conditions for 120 min at different
air temperatures. Rectum and tympanum temperatures were mea-
sured as core temperatures, and 12 skin temperatures (forehead,
chest, back, abdomen, upper arm, forearm, hand, thigh, calf, foot,
and toe) were measured.

Table 12 lists the input conditions. Environmental conditions
used for the input of the model followed the literature value. The
input conditions of body composition were set as the average val-
ues of six male subjects (height: 1.81 m, weight: 74.2 kg, and age:
23 years). The physical activity ratio was assumed to be 1.2. The
clothing insulations for pelvis and thighs, considered as shorts,
were set to 0.6 clo based on a previous study [51]. The clothing

Y17: Young, To = 17°C 0O17: Older, To = 17°C
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Fig. 2. Comparison of the data from Inoue et al. [47] (EXP) and predicted data (JOS-2 [23] and JOS-3). The width of the error bar of EXP indicates the variance according to

Inoue’s study.
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Table 11
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Mean error (ME), standard deviation (SD), mean absolute error (MAE), and root mean-squared error (RMSE) of metabolic rate, rectal temperature, and mean skin temperature

between the data from Inoue et al. [47] (EXP) and predicted data (JOS-2 [23] and JOS-3).

EXP vs JOS-2 EXP vs JOS-3

Experiment Data type ME SD MAE RMSE ME SD MAE RMSE
Y12: Young Metabolic rate [W/m?] 19.58 16.07 20.87 24.03 213 3.25 3.21 3.53
T,=12°C Rectal temp. [°C] —0.38 0.08 0.38 0.38 —0.25 0.03 0.25 0.25
Mean skin temp. [°C] —-0.59 0.43 0.65 0.72 -0.52 0.33 0.57 0.61

012: Older Metabolic rate [W/m?] 20.04 9.63 20.04 21.71 -12.12 12.40 12.79 16.20
T,=12°C Rectal temp. [°C] -0.17 0.21 0.23 0.26 0.24 0.05 0.24 0.25
Mean skin temp. [°C] 0.48 0.33 0.48 0.57 0.06 0.20 0.13 0.20
Y17: Young Metabolic rate [W/m?] 16.57 12.06 16.57 19.59 7.01 5.05 7.01 8.26
T, =17 °C Rectal temp. [°C] -0.34 0.08 0.34 0.35 -0.17 0.02 0.17 0.17
Mean skin temp. [°C] —0.21 0.32 0.33 0.37 -0.14 0.24 0.25 0.27
017: Older Metabolic rate [W/m?] 2413 10.37 2413 25.75 2.52 2.63 2.76 3.40
T, =17 °C Rectal temp. [°C] -0.24 0.19 0.25 0.30 0.24 0.09 0.24 0.26
Mean skin temp. [°C] 0.48 0.25 0.48 0.54 0.12 0.12 0.13 0.17

insulation of other parts was set to zero. The effects of the ham-
mock on clothing insulation were not considered in this simula-
tion. The upper limit of wy; was set to 1.0. Convective heat
transfer coefficients (h.) were calculated using computational fluid
dynamics (CFD), scFLOW [23]. Table 12-(b) shows the values of h,
when the air velocity was set to equal 0.3 m/s from the back to the
front wall.

Fig. 3 and Table 13 show the comparison between the data of
Werner and Reents (EXP) [48] and the predicted data JOS-3 for
the rectal, mean skin, and 10 local skin temperatures measured
120 min after entering the chamber under six experimental condi-
tions (operative temperatures were 10, 20, 30, 35, 40, 45, and
50 °C). The predicted rectal temperatures were the pelvis core tem-
peratures of JOS-3. The MAE and RMSE of rectal, mean skin, and 10
local skin temperatures were 0.42-1.31 and 0.50-1.77 °C, respec-
tively. The error in the mean skin temperature was low compared
with other segments. In the 10 °C condition, the rectal and seven
local skin temperatures were underestimated by JOS-3 compared
to EXP. It is considered that reviewing the distribution of heat pro-
duction and basal blood flow rate improves the prediction accuracy
of the model.

10.3. Validation of the basic performance of the model in the transient
condition (Stolwijk and Hardy's experiments [49,50])

We simulated Stolwijk and Hardy’s experiments [49,50] under
nine kinds of step-change conditions for men at rest to examine

Table 12
Input conditions to simulate the Werner and Reents’ experiment [48].

the basic performance of JOS-3. The subjects were three young
males and undressed. They stayed in a climate chamber (operative
temperature of 18.0-43.0 °C) for 60 min. Subsequently, they
moved and stayed in the other chamber (operative temperatures
of 17.0-47.8 °C) for 120 min. They then returned to the first cham-
ber and remained there for 60 min.

Table 14 shows the input conditions; environmental conditions
followed literature values in the experiment. Because the subject,
AS, is significantly different from the body of the other subjects,
the body information was input for the values of the three subjects
described in the literature, respectively. The simulation was per-
formed three times under different body compositions, and the
average predicted values from the three models were compared
with the measured values. From Fig. 1 in [49], it was considered
that the skin temperature of the subjects was affected by the ther-
mal resistance of the chair. McCoullough et al.[52] showed that the
entire thermal resistance increased by 0.1 to 0.3 clo in sitting a
chair. In this study, it was assumed that the clothing insulations
of the back, pelvis, both thighs, and legs, which the chair affected
as thermal resistance, were set to 0.3 clo. The upper limit of wy;
was set to 1.0. As the initial condition of the model, the model
was simulated for 60 min at 28 °C before phase 1. The convective
heat transfer coefficients were set to the measured values by a sit-
ting thermal manikin [28].

Fig. 4 and Table 15 show the comparison of the data from Stol-
wijk and Hardy (EXP) [49,50] and the predicted data JOS-3 for the
rectal and mean skin temperatures under nine transient environ-

(a) Experimental schedule

Preparation Chamber
Time [min] 60 120
Operative temp. [°C] 30 10, 20, 30, 35,40, 45, 50
Mean radiant temp. [oC] 30 30
Relative humidity [%] 40 40
Physical activity ratio [-] 1.2 1.2

(b) Convective heat transfer coefficient [W/K m?]. The values were calculated by computational fluid dynamics (CFD), scFLOW, and based on the study of Y. Kobayashi

et al. [23].

i Segment Value i Segment Value
0 Head 5.41 9 R-Arm 523
1 Neck 5.16 10 R-Hand 8.11
2 Chest 5.17 11 L-Thigh 6.23
3 Back 513 12 L-Leg 5.14
4 Pelvis 5.15 13 L-Foot 5.55
5 L-Shoulder 5.18 14 R-Thigh 6.03
6 L-Arm 5.22 15 R-Leg 5.14
7 L-Hand 8.71 16 R-Foot 55
8 R-Shoulder 5.17

10
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Fig. 3. Comparison between the data from Werner and Reents [48] (EXP) and predicted data (JOS-3).
diction of JOS-3 was approximately 0.1-0.2 °C higher than that of
Table 13 Fiala’s model. In the conditions of B-Figs. 3 and 4, which were com-

Mean error (ME), standard deviation (SD), mean absolute error (MAE), and root mean-
squared error (RMSE) of body temperature [°C] between the data from Werner and
Reents [48] (EXP) and predicted data (JOS-3) in six experimental conditions.

Body name ME SD MAE RMSE
Rectum 0.44 0.49 0.61 0.63
Mean skin 0.03 0.54 0.42 0.50
Forehead -0.48 1.05 0.79 1.08
Abdomen 0.21 0.67 0.50 0.66
Chest -1.05 1.54 1.22 1.77
Thigh 0.09 0.73 0.49 0.68
Back -0.55 0.84 0.70 0.95
Upper arm —0.08 1.06 0.83 0.99
Forearm 0.38 0.83 0.70 0.86
Calf 0.64 0.95 0.97 1.09
Hand 0.02 0.62 0.47 0.57
Foot 0.87 143 1.31 1.59

mental conditions. The predicted rectal temperatures were the pel-
vis core temperatures of JOS-2 and JOS-3. The MAE and RMSE of
the rectal temperature were 0.13-0.37 and 0.12-0.38 °C, respec-
tively. The prediction accuracy of Fiala’s model under the temper-
ature transients conditions was 0.10-0.25 °C RMSE for the rectal
temperature [14]; therefore, RMSE of the rectal temperature pre-
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binations of a cold environment and hot environment, the standard
deviation (SD) of the rectal temperature was higher than that in
other conditions. Fig. 4 shows that the increase and decrease in
the predicted rectal temperature moved in the opposite direction
from the measured value. It is considered that the accuracy of pre-
dicting the rectal temperature of JOS-3 decreases in severely cold
and hot environments. Except for A-Fig. 4, the MAE and RMSE for
the mean skin temperature were 0.47-0.68 and 0.58-0.83 °C,
respectively. The experimental mean skin temperature of A-Fig. 4
was lower than that of A-FIG.5-7 at 28 °C. The results indicated
that the tendency of the measured data of A-Fig. 4 was different
for the other conditions. The RMSE of the mean skin temperature
under the temperature transient condition of Fiala’s model was
0.30-0.78 °C [14], and approximately similar to that of JOS-3.

11. Discussion
11.1. Advantages and disadvantages
The features of JOS-3 include the control of arteriovenous anas-

tomosis (AVA) blood flow and non-shivering thermogenesis (NST)
are installed. We consider that the AVA control improves skin tem-
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Table 14
Input conditions to simulate Stolwijk and Hardy’s experiments [49,50].
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(a) Experimental schedule

Preparation Phase 1 Phase 2 Phase 3
Time [min] 60 60 120 60
Relative humidity [%] 40 40 40 40
Air velocity [°C] 0.1 0.1 0.1 0.1
PAR -1 1.2 1.2 1.2 1.2
Operative temp. [°C] 28 Variable value
(b) Operative temperatures [°C] in nine experiments
Literature Conditions Phase 1 Phase 2 Phase 3
A: Stolwijk and Hardy (1966) [49] A-Fig.4 27.8 333 28.0
A-Fig.5 28.5 375 28.5
A-Fig.6 28.0 42.5 28.1
A-Fig.7 28.1 47.8 28.3
B: Hardy and Stowijk (1966) [50] B-Fig.1 29.0 22.0 29.0
B-Fig.2 28.0 18.0 28.0
B-Fig.3 223 435 22.6
B-Fig.4 18.0 42.0 18.0
B-Fig.5 43.0 17.0 43.0
(c) Subjects’ information
Literature Subject Height [m] Weight [kg] Age [year]
A: Stolwijk and Hardy (1966) [49] VB 1.95 88.6 25
JA 1.84 76.1 22
AS 1.75 110 23
B: Hardy and Stowijk (1966) [50] RM 1.91 77.2 25
MH 1.91 84.5 22
HM 1.88 92.7 23

perature prediction accuracy in mildly hot environments, whereas
the NST control improves the heat production prediction accuracy
in mildly cold environments. Because the limb segments of JOS-3
are divided into left and right contrasting Stolwijk’s model [8], it
is suitable for non-uniform thermal environment evaluation. Con-
versely, Stolwijk’s model is composed of four layers in each seg-
ment, while JOS-3 is composed of two layers, except the head
and pelvis. Furthermore, heat transfer in two dimensions due to
conduction is not considered, for example, the heat exchange of
conduction in adjacent skin segments. This simplifies the calcula-
tion when coupling CFD and JOS-3. However, JOS-3 has four layers
in the head and pelvis because the two layers did not provide suf-
ficient prediction accuracy.

11.2. Studies to support assumptions

The basic physical properties of JOS-3 were derived from Stol-
wijk’s model. Moreover, the controls of AVA blood flow and NST,
which are not in Stolwijk’s model, were also constructed based
on previous studies. However, there is insufficient data related to
the setpoint temperature, shivering thermogenesis, and outdoor
environment. It is assumed that the setpoint temperatures of ther-
moregulation are defined as calculated body temperatures of JOS-3
under the thermoneutral environment based on PMV- model [1].
Furthermore, the limitation of the amount of change in shivering
thermogenesis is estimated based on the experimental results
[40]. Although we showed the method of the heat gain on the skin
by the shortwave solar radiation, there is not sufficient human sub-
ject experiment data to validate the model. In this sense, further
investigation is required.

11.3. Applicability

JOS-3 does not have ethnic restrictions, but some minor
changes are required when predicting physiology for a certain
group of people with high accuracy. For example, body size, age,
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and sex are used as variables in the equations for calculating heat
production, but the proportion of body tissues is not considered.
Thus, it is necessary to change the heat production equation
depending on the group ethnicity since body composition differs
slightly in each ethnic group. Furthermore, since hot acclimation
is not considered in this model, JOS-3 may not be able to accurately
predict the sweating rate of people living in hot areas such as
Southeast Asia. Therefore, the parameters related to sweat rate
are changed based on the actual data for a specific ethnic group
when predicting the physiological responses for that group of peo-
ple with high accuracy.

In simulating experiments of Werner and Reents [48] and Stow-
lijk and Hardy [49,50], the limit of the skin wittedness, wy;}, was set
to 1.0 because Gagge et al. reported that wy;; did not exceed 0.7 to
1.0 [7]. Meanwhile, when Esw/Emax is 1.0, the effective skin wet-
tedness is calculated as approximately 0.7 from Alber-Wallerstrém
and Holmér’s regression equation [53]. In their experiment, the
sweat was more likely to drip more than in the rest condition since
the subject exercised on a bicycle ergometer. Therefore, it is desir-
able to change the upper limit of wj;; depending on the activity in
the range of 0.7 to 1.0 [7].

11.4. Limitations and future works

To improve the accuracy of JOS-3, it is necessary to review the
heat production, basal blood flow, and study the modeling method
of clothing. In these simulations, the predicted results of JOS-3
were significantly affected by changes in heat production and basal
blood flow when we analyzed the sensitivity of the model to these
features. Additionally, because JOS-3 models clothing as thermal
resistance, the heat capacity, moisture absorption, and release
property of clothing are not considered. This can be a factor that
deteriorates the prediction accuracy when wearing heavy clothing
conditions or in the occurrence of pumping effects of clothing.
Accordingly, it is necessary to study clothing modeling methods
in the future.
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Fig. 4. Comparison between the data from Stolwijk and Hardy [49,50] (EXP) and predicted data (JOS-3).

This model was developed based on JOS-2, which was devel-

12. Conclusion

oped by our research team. The main differences between

JOS-3 and JOS-2 are as follows:
e Heat gain due to short wavelength radiation was added to the

e We developed a human thermoregulation model, JOS-3, to pre-

dict human physiological responses considering personal char-

heat balance equation at the skin layer to predict human body
temperatures more accurately in a solar radiation environment.

acteristics in transient and non-uniform thermal environments.

13



Y. Takahashi, A. Nomoto, S. Yoda et al. Energy & Buildings 231 (2021) 110575

Table 15
Mean error (ME), standard deviation (SD), mean absolute error (MAE), and root mean-squared error (RMSE) of body temperature [°C] between the data from Stolwijk and Hardy
[49,50] (EXP) and predicted data (JOS-3).

Experiment Body name ME SD MAE RMSE
A-Fig 4 Rectum 0.37 0.11 0.37 0.38
Mean skin 1.11 0.11 1.11 1.11
A-fig.5 Rectum 0.30 0.11 0.30 0.32
Mean skin 0.52 0.26 0.52 0.58
A-Fig.6 Rectum 0.31 0.09 0.31 0.33
Mean skin 0.60 0.20 0.60 0.63
A-Fig.7 Rectum 0.07 0.10 0.09 0.12
Mean skin 0.50 0.31 0.50 0.59
B-Fig.1 Rectum 0.04 0.13 0.11 0.13
Mean skin 0.68 0.49 0.68 0.83
B-Fig.2 Rectum -0.11 0.13 0.13 0.17
Mean skin 0.27 0.51 0.47 0.58
B-Fig.3 Rectum 0.18 0.28 0.31 0.33
Mean skin 0.59 0.50 0.64 0.77
B-Fig.4 Rectum 0.21 0.23 0.26 0.30
Mean skin 0.52 0.64 0.52 0.82
B-Fig.5 Rectum 0.10 0.13 0.13 0.16
Mean skin 0.46 0.61 0.60 0.76

e Metabolic rate, which is an input condition of JOS-3, can vary
according to height, weight, age, and gender. In this model,
the metabolic rate is calculated by multiplying the basal meta-
bolic rate, which is estimated using the Harris-Benedict equa-
tion with PAR.

e NST control was added based on a previous study. In JOS-3, heat
production changes depending on BMI and age.

e An aging factor of the cardiac index was added. The shivering
heat production was proportional to the decay of the basal
metabolic rate; the attenuation coefficients of vasodilation
and sweating were assigned to each part of the body, based
on the values in the literature.

e To compare the accuracy of JOS-2 and JOS-3, the experiments by
Inoue et al. were simulated. Excessive heat production in JOS-2
decreased in JOS-3, and its prediction accuracy improved in all
experimental conditions. Conversely, low heat production led
to a decrease in the rectal temperature of JOS-3, and MAE and
RMSE of the rectal temperature in JOS-3 increased in the three
conditions. The prediction accuracy of mean skin temperature
was higher in JOS-3 than in JOS-2 in the conditions of older
people.
To examine the basic performance of JOS-3 in a stable environ-
ment, the experiments by Werner and Reents were simulated.
The measured rectal temperature, mean skin temperature, and
10 local skin temperatures under operative temperatures of
10, 20, 30, 35, 40, 45, and 50 °C were compared to those pre-
dicted by JOS-3. Consequently, JOS-3 tended to underestimate
body temperature under 10 °C operative temperatures.
To examine the basic performance of JOS-3 in a transient envi-
ronment, the experiments of Stolwijk and Hardy were simu-
lated. The measured and predicted values of rectal
temperature and mean skin temperature under nine conditions
were compared. Consequently, the MAE and RMSE of the rectal
temperature were 0.13-0.37 and 0.12-0.38 °C, respectively.
Those of the mean skin temperature were 0.47-0.68 and
0.58-0.83 °C, respectively. In the environment away from neu-
tral, the prediction accuracy for the rectal temperature of JOS-3
tended to decrease.
We showed insufficient data and improvement points for the
model. Data relating to the setpoint temperatures, sieving ther-
mogenesis, and human subject experiments in outdoor environ-
ments are required to support the assumptions of the model. In
addition, it is necessary to review the heat production and basal
blood flow, and the modeling of clothing may improve the accu-
racy of JOS-3.
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