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Abstract
Thermal comfort is one of the important and effective parameters Received: 4 August 2022
on the health and efficiency of the human body, and textiles play MEEEIEEE ) FELET 202

L . - . . Page Number: 43-70
a significant role in providing this parameter. In this regard, many ’

engineered textiles have been proposed by adjusting different

thermal mechanisms. In the present study, the recent developments Keywords:

in the field of active and passive temperature control (heating, Smart Textile,
cooling and two-mode textiles) have been expressed with emphasis Heat Transfer,

on the effective mechanism of heat transfer in the desired textile. Radiation,

Finally, the used methods are compared and the challenges and Thermal Conductivity,

Phase Change Material,

opportunities in this field are pointed out. i
Shape Memory Material
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Figure 1. (a) methods of heat transfer from the body to the environment in the indoor space[1] (b) methods of heat transfer
from the body to the environment and from the environment to the body in the outdoor space[3].
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3. Shape Memory Materials
4. Shape Memory Polymers

1. Phase Change Materials
2. 2. Shape Memory Materials
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Figure 2. (a) distribution of heat radiation from the body to the environment[1], (b) distribution of heat radiation
from the environment to the body[3].
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Figure 3. First row: return of a pure shape memory material, second row: return of the same material plus glass fibers[6].
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Figure 4. Schematic of thermal performance of microcapsules containing phase change materials.
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polyethylene[8], (b) result of heat test of nano polyethylene porous fibers[9].

1. Nanoporous Polyethylene

(1&=Y) w0 9 340 0 )losld — P9 3gumammmny Jw — sl osdd (a Sdio g it

© 000000000000 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000:

FY-Vo i mo — o) Kon g ool)e 05

o )3 Oyl Jisl JpuS sl gy

® ge Ql’.

Lo 328



fY-v-. e — O‘)&M 9 00‘}8}‘}

10 0000 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

o > Oyl > JUEsl J s slayhg,

® oo c)l’.

Lo 3aiS

8 sl &5 LS aile (5l ) Gl es Lol il
[a]ass o ool ola| gy o

5 Sgon] aiile ot (o) 35 sl o Slidos
wadolgiin badol, 5l (S cal oud ol SeilSe plSoiul
il e D ecul a5 st b Bl oS 5 51 solial
G825 lp wellS e S Glyedr G g Slagie (b
b 5l G Sl gie (S5 gl LA Ll sl (glos polass
S g O Sl JobS )0 @it [n o)l Coeal (JS1
(Dlrgie (SIS a9 Gl o 4 bazme 5 4l
ol e

59 5 Skae b ggmin o ) o]l Sem 5 ogan gl 5
g phaw 90 Gglaie Jlwn (b 5l oolanul b aS wis )57 slgin,
a5 odan el ool plol 1) Jldpé ol (iale ) g ialo e
Sl Ly S aY) o)l ol &)l 25 (g )
S5 ol e 4y [, YNV OC il b S Ss 3 (6 gl
($regls Calbed b e Y) o5 &)l 125 b o &5 Jl> 0
il GialeyS 3l an e sl (g b 40 9, 45 S
bl Ly BUIGE &Y ¢ el colid iz wn 095 0 Y/FOC
U] b 58 5 00t &l jLal Calbies i bl el
(F) JS—i j0 a S jeb e ol oo oloul Ggliie &l >
9 A gy oS Ll Culies b 4y oS olSis oad ool ylas
9 e (SNgd o5 Sloall g asl el o)l Ll wil
1 aals Wil gm 4 g, Yo el cubrs b aY a5 oK

PR R

@

NanoPE

Carbon

Copper

NanoPE

(24 pm, IR-transparent)

(9 pm, emissivity ~0.9)

(0.15 pm, emissivity ~0.3)

(12 pm, IR-transparent)

BLI adgs < 39,08 g,y b ] ol Ken 5 Ky cgam o8 o
(ol oy Jodsae BLIlsl adgs gy ailes S b Sais
Sl=GIPE Pl glgieas (8Ll g, a5 ol odds )l i
)| 9 C—uwl PE d\JLmA QS’L"‘“’_“ L)o‘9_> 6‘)0 ‘)_l) 00
ol JSis Vb (JoUge 09 b g eledl (orhadpd slan Sy o0
S g eand K0S blagT 6,55 el oS piine Lolgs ool
wilgs e a8 culooly LS 1) Sl [l (Ken Jsloe
39 89 S| ¢ giaio | j0g ST olStws o Awgas pylae jgbas
(90 g iS5l ey 9l oSS ooy sloykad L SLITG
Sl Gl s 5 008 S3 S pay (289, GSIL i
A—:‘y‘é_n as g..\_l)JS uJ.,.:.A sl 00 L)..> é.\LA )L‘B g‘\s‘)l.l u.cj)
S ofey 3B glmnl glp s lax 1) 8L e, Bl ek
LgL,AS ‘U_cj) )l_9 BA> Gl 00 oola_wl é_,_cj) PE du‘
505, g3l Ll b asle G plo o)) Al

ol ooy olow) sl Ly S gl Ll S
=1 el oy S gl BL_Jlg S oo da 3l A= L
Sy loo) ol ools lis 0g5 5l pwlie il oS S
Soyamgil |5 (el Jooro slay sloaz b 5l S Y/¥°C
09 5 WS (g0 0aS T 1y (Sye 558 e jeboar SLII S eadanss
S o5 a4zl Sl 3058 Gasle H5i Hees 3 IS
9t Plgd 9 Gdwdgr bl hils 4zl ool etz en aS e
oolaiwl Jsdseie Ll Ligils dm )by 5l as gol )8l .l azdly

ails Heam i sles YYOC L asre ;0 0ilgs co 0isS o

NanoPE
N Thermal radiation

W High-emissivity layer
B Low-emissivity layer

(b)
288888

Flip the textile

} Bilayer emitter

(©

. ,
o 2

Air gap

Dual-mode textile
Cooling mode
(highe_ and high T_)

Dual-mode textile
Heating mode
(low e, andlow T,)

AR ]‘,S.A.n‘gﬁ.‘-eﬁ Gl (0) ¢ Sud g SHA Glla (b) conddi o b G}u.ﬁu Alid, 6LM:|Y (a) £ Js
Figure 6. (a) different designed textile layers, (b) cooling mode, (c) heating mode[10].
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Figure 7. (a) the results of the heat test in the indoor environment, (b) the schematic of the skin simulator in the indoor environment,
(c) the results of the heat test in the outdoor environment, (d) the schematic of the skin simulator in the outdoor environment[13].

1. Mayer's Rod

Iranian Chemical Engineering Journal — Vol. 22 - No. 130 (2024)



Slaasl Gl 0 5YL L PZ-30 ax b g Cal a8l 0gups doyo O+
o8l s Gibgy gam yiwl b Az )L b awylie o LWIR
ol B-VEIM 5 Jobo dilate o &)l > Lisil s0s,0 YO
Az )b sloassed 0l Ol ol 5o cladlne 5, Slos
So )l e a5 el 039 (55504 ZNO MCB L oaiisosls yigs
Sz b alio ;0 PZ-30 ax Ly ol glos ol g il el
Aol ol aS aes e lis bl (Cawl 0oy S YOO diges
Sl 0aS lgasal (Jgazme Conl (Koo Vb (5L b (3005

DFlasl asl )l (olas cojgusls dnmgs
oS aen (3,1, Cu e Sl genie &1 4 VY] 201 S 5 5
S Lo, 85 L oadosls jibgy (PA) MTGL Sl guis ol 5l
LSSl ol 5oy canlllas ol jo 3lails s & yusg 8 Zlgel joue
ol b g cl oa ool g PA GUI (59,7 g i8Il
samwonlid a S sl ghs s SLI e, ) SEM
FTIR 5JUT 0 iz ol BUI (55, 0 0,85 S350 Sladay
S & s a5 oas ool Lis AG@QPA 4 PA GLII &
o jobdy g ools (lii og 5 5l (6, Cim> Ag@PA
Er98 il some Sl 0,8 b ondoslo adgy (ladLIISS
duglio jelateds ((A) JS0) wilools ylis gz 51 (g i el
0,8 (§opawgl b oalosls yiligy PA &> L, dR Aol ols>
(sl yogdle 5 el 0ol tolejl g 4 55 (AGNW-PA a> L)
ouds Lol 5 08 oo D9k az sy 4 45 ¢ g b (L (65
Cogy gl glod ezl aw cnl deglio b ()1 (g3l 5o o
99 (yam Lod M a5 )0 w009y Yl o YL PA d> )L 15 50
PA Lz 5 iy (ol ienl 005s e (2 PA iy o
Sl ool las gL pglar ¢ hlie jo .ol Jle )l Gile
ialidl Ldsas Ag@PA &> )L L sudsonilig &mb sles a5
ol crlnb 5 005 ;meS anm b Gl 5o 508 g0l el Jlil
(sl s o ceul aibe Ll oy Ol s gl ax b
dslie jo +/F°C s AQ@PA ax L L caionilig Cangy (slod
il s By s 5 403l G138 (FFOC) iy Cay

Dv]ewl asls 11°C glos als PA

Nty el g oy 4 V0] 2010 5 S
T 5 9 syt 56 elke 5 pseieesl] Y oS4 (SAT)
Al 55T Lid 4 58 L il 5 oS addllae ol o ailazsls
Oty g JBoar |y pgiagll Bras 3585 Sl oS ol o
S 93 (655 3985 aBIgdus Sl g 03,5 pal ;B A b
Ll Ol g 09 o0 S Ll Cangy a0 g el 00l
Glags 3l (sad o5 (Al Sl gute adgi (5l eddeslinal
el 5 FTIR (505l gl bl py ool o JSis iy
L pyiogll AVl (i oy L Sl gaio (595, 45 (5595
b g8 JUl 5 558 b5k oud planl e slaculis
slapbe))l ool 4l alS 5 Gl 8l e ja S i
2 ls Azl o, Shes i o) n sl sk glad 0 )l
pLoml 0o diigilmdnd Cungy lavlgts wndjo> 598 (lg Lanomo
oS T L SAT &z )y sles a8 el 00l Lis a5 sl o0
ssbas oaligiludnd Cangy slos Lol el (Jgona 42 ) 51 YL
o 5 il o3y Jsams el 1 5l YOO iducals,

Sl 035 YY°C lazee sloo a5 ol
3 Shee 51 pleedl b V2] ail LS Sl (6,500 dsdllas o
iyl S Mo o, i slaazjse T (5058 buiiS S
Pl S 9,50 s Cuseeels b st yo3 Sl il yo Ladlows
sy 3 miealS izl e, S 4 (ZNO) (53, S|
S5 (PDMS) LS gk Juitos3 s 9 (ASO) (5limn ginal
ey b by olfiws SO L sddoolou! CojemelS .l 0l
5 oo ools g e yiwl b &> )b (s, YMY/MIN l5ga>
03— r:l_?t.sl 4830 Ve ooty Voo °C glos jo oy QT Jlaoay
5 LS 5 bas ZNO MCB iiigy SEM (ysesl 5ok Cansl
b Gl iz e el wnti 4z )L mhv (650 dtagn
L imig L am )b 45 oad ools oyl (F+ +=VA-nm) Vis-NIR
3,5 o5sS zgme 4l o YL L5k ZNO MCB ws s Y-
oy Ve 5l Gy NIR Ssgumme 5 (S0 65 50 bl a5 Jl> o
ol culas aS sus sols lid ¢ gl o gy Gub Ll

S99 Shtigy Ogit Fwslily Al b aunlie 0 PZ-30 )

6. Electroless Plating

1. Adaptive Solar Textiles

2. Sputtering Deposition Method
3. Micro-Hair

4. Saharan Silver Ants

5. Micro Crystal Bar

(1&=Y) w0 9 340 0 )losld — P9 3gumammmny Jw — sl osdd (a Sdio g it

FY-Vo i mo — o) Kon g ool)e 05

o 3 Oyl JUEsl J S sl yhyy

L> ;).i.is'o.«b.u" 5 Ol



fY-v. e — O‘)m 9 00‘}&)‘}

o > Oyl > JUEsl J s slayhg,

® oo Q".

Lo 3aiS

@ (b)

~— AQ@PA fiber bundie|
——  PA fiber bundle

Ag@PA fiber bundle

(©

’A fiber bundle

Ll
8 DS 1 =35

Transmittance (*4)

o
"

Wavelength (um)

T v aa -
90 90 90

0 83 &l 53 30 L sucdionls i ga wsel Ly SLll g Galla suel s SL ) F a8 7l 9ol gus Ol jao dwsliis (a) A JSui
0 A5 &l 53 93U L sucdionls sk g3 wsel oy SLI 3 F e g 8 7190l 5 gae ($jleudanct (b)
DIVIpadls el ly SL 31 &y g 8 Elgal Hgae 5 3budanst (©)
Figure 8. (a) Comparison of infrared waves passing through pure polyamide fibers and polyamide fibers coated with silver

nanoparticles, (b) simulation of infrared waves passing through polyamide fibers coated with silver
nanoparticles. (¢) Simulating the passage of infrared waves through pure polyamide fibers[17].
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Figure 9. (a) Schematic of the skin simulating device, (b) Temperature changes of the upper surface of the
fabric for different fabric samples, (c) Infrared images of different fabric samples[18].
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Figure 10. Thermal properties and cooling effects of different fabrics. (a) IR images showing temperature distribution of different
textiles, (b) measurement of thermal conductivity of cotton, PVA and a-BN/PVA fabrics, (c) maximum surface
temperature of cotton, PVA and a-BN/PVA fabrics under different input laser powers[20].
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Figure 11. (a) Temperature changes of different textiles in day and night conditions. (b) Comparison of temperature
changes of cotton and woven fabric designed in different transpiration rates[27].
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Figure 12. The results of thermal tests, (a) surface radiation on both sides of the fabric without finishing, fabric with
silver and designed fabric in the middle IR wavelength range, (b) schematic of the thermal measuring device, (c) temperature difference
between the skin and Upper fabric surface for fabrics in different modes. (d) Simulated skin temperature with different fabrics in
different states, (e) IR thermal images for empty asymmetric fabrics and designed fabric on the skin at 35°C[28].
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Figure 13. Comparison of the effect of humidity in wet and dry state of polyethylene terephthalate fabric (a) dry and wet state of

designed fabric (b) IR image of dry and wet areas of cooling fabric on the palm, (c) IR transmission spectrum of cooling
fabric and fabric Ordinary cotton[36].
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1. Melt Spinning
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1. Nafion
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1. Coaxial Electrospinning Technique
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Table 1. Summary of materials, disadvantages and advantages of different temperature control methods in textiles.

Row | The authors | Year | Type of Thermal Structure/Materials Thermal tests | Advantages Disadvantages
thermal regulator
regulation | mechanism
1 Hsuetal. [8] | 2016 | Cooling Radiation | Nanoporous Skin 2-2.7 °C decrease in Lack of clothing
mechanism | polyethylene simulator skin temperature comfort
control
2 Peng et al. 2018 | Cooling Radiation | Porous micro-fibers | Skin 2.3 °C decrease skin
[9] mechanism | of nano-polyethylene | simulator temperature,
control increasing the comfort
of clothes compared to
nano porous
polyethylene
3 Hsu et al. 2017 | Heating Radiation | Different layers of Heater and 3.1 °C decrease in Unusable on an
[10] and cooling | mechanism | carbon, copper and thermocouple | temperature in cooling | industrial scale -
control polyethylene and 3.4 °C increase in | carbon particles
temperature in heating | are carcinogenic
4 Cai et al. 2018 | Cooling Radiation | Copper oxide Skin 5-13 °C decrease in Lack of clothing
[12] mechanism | nanoparticles along | simulator temperature comfort
control with polyethylene parameters
fibers
5 Song et al. 2020 | Cooling Radiation | Using porous PVDF | Skin 2.7 °C temperature lack of comfort of
[13] mechanism | fibers simulator reduction in the indoor | clothes and
control environment and 5 °C | checking the
temperature reduction | possibility of
in the outdoor textile dyeing
environment
[ ‘Wei et al. 2020 | Cooling Radiation Fabric modification Skin 1.5 °C skin Decreased
[14] mechanism | with cellulose acetate | simulator temperature reduction | flexibility of the
control along with A1203 compared to cotton fabric
fabric
7 Kim et al. 2021 | Cooling Radiation Incorporating a Skin 2 °C skin temperature | Not being usable
[15] mechanism | nanoscale sputtered simulator reduction compared to | on an industrial
control thin aluminum metal normal mode scale - reducing
film flexibility
8 Wang et al. 2021 | Cooling Conduction | Composite of zinc Exposure to 20 °C temperature Reducing the
[16] and oxide microcrystal direct reduction compared to | flexibility of the
radiation tape and polyester sunlight for 1 | polyester fabric fabric
mechanism | fabric hour
control
9 Xie et al. 2021 | Cooling Radiation Coating polyamide Infrared 1.1 °C Temperature Unusable on an
[17] mechanism | fibers with silver camera reduction compared to | industrial scale
control nanoparticles pure polyamide
10 Song et al. 2020 | Cooling Radiation Different layers of Temperature | Low absorption of Unusable on an
[18] mechanism | PA/PVDF/PE measurement | heat- high reflection of | industrial scale -
control with visible light reducing the
thermocouple comfort of
and infrared clothing
camera
11 Abbas etal. | 2013 | Cooling Conduction | Carbon nanotube 3.9 °C skin Reducing air
[21] mechanism | coating thermocouple | temperature reduction | permeability in
control and infrared | compared to common | fabric
camera fabrics
12 Gao et al. 2017 | Cooling Conduction | Composite fibers of Temperature | The thermal Unable to
[22] mechanism | boron nitride and measurement | conductivity constant produce on an
control polyvinyl alcohol with of the produced fibers | industrial scale -
thermocouple | was 22 times higher not having
and infrared | than that of cotton comfort
camera fabric. parameters of
clothes
13 Yue et al. 2019 | Heating Conduction | Manganese oxide Temperature | 10 °C skin temperature | Unusable on an
[23] and cooling | and copper nanowires measurement | reduction compared to | industrial scale
radiation and cellulose with cotton fabrics and reducing the
mechanism | hydroxide fibers thermocouple flexibility and
control and infrared comfort
camera parameters of
clothing
14 Khalili et al. | 2017 | Cooling Conduction | Using a combination | Thermal 1.8-2.5 °C heating and | Reducing the
[24] mechanism | of polyester and two | radiation 0.7 °C cooling in the flexibility of
control layers of copper- sensor and environment with a clothing
nickel- phosphorus- infrared temperature of 18 °C
nickel camera
15 Cui et al. 2018 | Heating Conduction | Biomimetic porous Infrared Increasing the passage | The high price of
[26] mechanism | nanofibers made of camera of infrared waves silk and as a
control silk result it cannot be

used on an
industrial scale

(1&=Y) w0 9 340 0 )losld — P9 3gumammmny Jw — sl osdd (a Sdio g it

fY-v. e — u‘)m 9 OJ‘)&)‘}

o 3 Oyl e JlEsl J S sl by

A.
f)

77



fY-v. e — O‘)&M 9 OJ‘)&)‘}

o )3 Oyl Jisl Jus sl oy

.OL?

7Y

Iranian Chemical Engineering Journal — Vol. 22 - No. 130 (2024)

E 16 | Jabbarietal. | 2015 | Heating Conduction | Covering polyester Thermal 5 °C heating compared | Reducing the

| [27] mechanism | fabric with polyvinyl | Gravimetric | to polyester fabric at flexibility of the

: control chloride Analysis an ambient fabric

: temperature of 20 °C

g 17 Peng at al. 2021 | Cooling Conduction | Covering with silver | Skin 26% increase in Cutting parts of

g [4] and mechanism | nanoparticles and simulator thermal insulation the textile and

g increasing | and using cellulose and with properties of fabric thus reducing its
g sweat evaporation | nylon 6 fibers sweating strength

g evaporation | control

g 18 | Mikolajezyk | 2021 | Heating Conduction | Organic cotton, Investigating | 1.7-2.5 °C temperature | The possibility of
§ et al. [28] mechanism | natural silk or the thermal reduction compared to | creating

. control polypropylene balance ofa | cooling textiles hyperthermia and
g baby in a available in the market | limiting the field
g textile (Dri-fit and cotton of application

§ incubator fabrics)

i 19 | Linetal 2019 | Heating Conduction | Kevlar nanofibers Temperature | Increasing the thermal | Unusable on an

i [29] mechanism | (KNF) with porous measurement | resistance and industrial scale

§ control three-dimensional with insulating effect of the

. structure thermocouple | designed fabric

| and infrared

| camera

. 20 Miao et al. 2022 | Cooling Conduction | Polyurethane/silicon | Skin The insulation effect is

: [31] mechanism | nitride fibrous simulator very favorable

. and membrane with

: evaporation sweating

E control

. 21 Peng et al. 2022 | Heating Conduction | Fabric coating with Skin 21.9 °C temperature Unusable on an

g [32] and cooling | and silver nanoparticles simulator and | reduction in direct industrial scale

§ radiation infrared sunlight and 2.8 °C at

g mechanism camera night compared to

: control traditional cotton

s 22 Luetal [33] | 2019 | Heating Use of Use of paraffin wax | Infrared 1.1- 1.7 °C skin Short duration of
| and cooling | phase camera temperature reduction | temperature

g change control-

) materials inapplicability on
: an industrial scale
E 23 Sanchez et 2010 | Heating Use of Polystyrene Infrared 3 °C temperature Short duration of
. al. [34] and cooling | phase microcapsules camera difference compared to | temperature

i change containing paraffin the control sample control-

§ materials wax without PCM materials | inapplicability on
y an industrial scale
g 24 Rezvanpour | 2018 | Heating Use of Micro and nano DSC and 8.8 °C temperature Short duration of
. et al. [35] and cooling | phase capsules containing TGA difference with control | thermal reaction
| change N-icosan analysis sample without PCM

| materials materials for 65

y seconds

y 25 Sarier et al. 2015 | Heating Use of Microcapsules DSC analysis | High thermal stability | Short duration of
: [36] and cooling | phase containing n-octane and thermal energy temperature

. change with silver storage control-

| materials nanoparticles inapplicability on
) an industrial scale
: 26 Wu et al. 2020 | Heating Use of Polyethylene glycol | Infrared High thermal capacity- | Short duration of
| [37] and cooling | phase with camera durability, stability and | temperature

i change polydimethylsiloxane high thermal control - adverse
g materials coating conductivity effect of washing
y on textile

| performance

. 27 Karaszewska | 2019 | Heating Use of Enicosan DSC analysis | 5 °C temperature Unusable on an

| et al. [38] and cooling | phase microcapsules with difference in the industrial scale

i change siloxane skin cooling and heating

¥ materials process compared to

g the raw fabric

. 28 Haghighat et | 2019 | Heating Use of Core and shell fibers | Skin High thermal stability | Short duration off
| al. [39] and cooling | phase containing n- simulator temperature

| change hexadecane and n- control

¥ materials octadecane

¥ 29 Fu et al. [40] | 2019 | Heating Use of Polyethylene Infrared Thermal regulation as

g and cooling | shape terephthalate with camera much as 13 °C

. memory cellulose compared to fibers

. materials without phase change

. materials in the

¥ cooling process

g 30 Qietal [41] | 2021 | Heating Use of Cotton with Skin Increasing thermal

. and cooling | shape hydroxylated boron simulator conductivity and

. memory nitride passing infrared

i materials radiation




31 Qietal [42] | 2021 | Heating Use of Ethylene vinyl Infrared Increaseof' 1.2to 1.7 Lack of textile
and cooling | shape chloride acetate camera times the thermal flux | comfort
memory copolymer perpendicular and
materials parallel to the textile
surface
32 Zhong etal. | 2017 | Heating Use of Nafion flaps Sweat 8 °C temperature Not applicable in
[43] and cooling | shape simulator reduction compared to | all clothing areas
memory the control fabric
materials
33 Zhong etal. | 2019 | Heating Use of Cellulose triacetate Infrared 2 °C temperature
[44] and cooling | shape fibers with carbon camera reduction compared to
memory nanotubes fabric without Nafion
materials flaps
34 Feng et al. 2021 | Heating Using Polyurethane fibers Skin 35% increase in Disadvantages
[45] and cooling | shape with polyethylene simulator infrared radiation
memory glycol core transmission
and phase coefficient
change
materials
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