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И с с л е д о в а н и е  э к о л о ги ч н о с т и  т е х н о л о ги и  н а н о п у зы р ь ко в  e - f lo w  п р и  о т д е л к е  
д ж и н с о в о й  т к а н и  с  а н а л и з о м  к а ч е с т в а  п р о д у к ц и и
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Аннотация. Ш вейная промы ш ленность, в частности сектор  стирки  дж и нсовой  ткани, сталкивается со значительны ми 
проблемами в области устойчивого  развития из-за  пагубного  воздействия на за грязн ен ие  воды и образования о гр о м 
ного количества хим и ческих  отходов. В этом исследовании рассматривается использование электронной  обработки 
дж и нсовой  ткани и оценивается ее экол о гичн ость  с помощ ью  програм м ного  обеспечения для изм ерения воздействия 
на окруж аю щ ую  среду (EIM). Технологии E -flow  являются привлекательной альтернативой традиционны м  методам отдел
ки дж и нсовой  ткани, п оскол ьку  они сокращ аю т использование воды и хим икатов в текстильном производстве. Техно
логия e -F low  использует м и крони зацию  и распы ление, чтобы зам енить традиционны е методы истирания, используя 
нанопузы рьки  воздуха для улучш ения хим и ческих  свойств. Эта технология позволяет проводить более гибкие  отделоч
ные работы, эконом ить воду, сниж ать затраты  на нанесение и обеспечивать сохранение необходимого количества х и 
микатов в одеж де. Технология EIM оценивает воздействие одежды  на окруж аю щ ую  среду в четы рех клю чевы х областях: 
потребление воды, хим и ческих  вещ еств, энергии  и трудозатраты  в процессе  производства. Платформа EIM пред назна
чена для оценки воздействия на окруж аю щ ую  среду процессов  отделки одежды, тем самым повы ш ая экол о гически е  
показатели на этапе производства. Это инструмент сам оаккред итации  для индустрии отделки одежды , которы й дает 
прачечны м сам ообслуживания и отделочникам преим ущ ество в создании более экол о гичн ы х производств. Результаты 
исследования дают ценную инф ормацию  об экол огичности  и комфорте нанопузы рьковы х покры тий e -flo w  при пр о и з
водстве дж и нсовой  ткани, которы е могут послуж ить основой для будущ их достиж ений  в текстильной промы ш ленности. 
Ключевые слова: дж инсовая ткань, экологичность , электронны й поток, нанопузы рьки.
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E x p lo rin g  th e  s u s ta in a b ility  o f  e - f lo w  n a n o b u b b le  te c h n iq u e  in d e n im  fin is h in g  
w ith  an  a n a ly s is  o f  p ro d u c t q u a lity
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Abstract. The appare l industry , s p e c ific a lly  th e  den im  w ash ing  se c to r, fa ce s  s ig n ific a n t s u s ta in a b ility  cha llenges  due to 
its  d e tr im e n ta l e ffe c ts  on w a te r  c o n ta m in a tio n  and th e  p ro d u c tio n  o f en o rm o u s  am o u n ts  o f chem ica l w a ste . This s tudy  
exam ines using e -flo w  tre a tm e n ts  on den im  fa b r ic  and eva lua tes  its  s u s ta in a b ility  using E nv ironm ent Im p a c t M easuring 
(EIM) so ftw a re . E -flow  te ch n o lo g ie s  are co m p e llin g  a lte rn a tive s  to  conven tiona l den im  fin ish in g  m e th o d s  because th e y  
reduce  w a te r  and c hem ica l use in te x tile  m a n u fa c tu rin g . e -F low  Technology uses m ic ro n iza tio n  and nebu liza tion  to  rep lace 
tra d it io n a l ab ras ion  m e thods, u tiliz ing  a ir  nanobubb les  fo r  im proved  p e rfo rm a n c e  chem is try . This te c h n o lo g y  a llow s fo r  
m ore  fle x ib le  fin ish in g  o p e ra tions , conserv ing  w a te r, reducing  a p p lica tio n  costs, and ensu ring  th e  r ig h t a m o u n t o f chem ica ls  
rem a in  in th e  g a rm e n t. The EIM te c h n iq u e  assesses th e  eco log ica l im p a c t o f c lo thes  ac ross  fo u r  key dom a ins : w a te r, 
chem ica l, energy, and labo r c o n su m p tio n  in th e  p ro d u c tio n  p rocess. The EIM p la tfo rm  a im s to  eva lua te  the  env ironm en ta l 
im p a c t o f appare l fin ish in g  p rocesses, th e re b y  enhancing  the  p ro d u c tio n  s tage 's  e n v iro n m e n ta l p e rfo rm a n c e . It is a s e lf-
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a c c re d ita t io n  to o l fo r  th e  c lo th ing  fin ish in g  indus try , g iv ing la u n d ro m a ts  and g a rm e n t fin is h e rs  an advan tage  in c rea ting  
g re e n e r o p e ra tio n s . The s tudy 's  fin d in g s  p rovide va luab le  in s ig h ts  in to  the  s u s ta in a b ility  and c o m fo r t e le m e n ts  o f e -flo w  
nanobubb le  fin ish e s  in den im  p ro d u c tio n , w h ich  can in fo rm  fu tu re  a d v ancem en ts  in th e  te x tile  industry.
Keywords: denim , sus ta inab ility , e -flow , nanobubble .
Article info: rece ived  S ep tem ber 28, 2024.

1 Introduction
Denim has a tta in e d  the  s ta tu s  o f a fa sh io n  icon 

due to  va rious  te c h n o lo g ic a l advancem en ts , such  as 
s ig n ific a n t e n h a n ce m e n ts  in sp inn ing , w eaving, and 
fin ish in g  p rocesses. W ashing is a c ruc ia l s tep  in the 
p ro d u c tio n  o f excep tiona l den im  je a n s . C ustom ers 
dem and a v a rie ty  o f a ttr ib u te s  in th e ir  jeans , w h ich  is w hy 
w ash ing  is so im p o rta n t in th e  den im  industry . Denim is 
a du rab le  2/1 o r 3/1 c o tto n  tw ill fa b r ic  (so m e tim e s  called 
w o rk -w e a r  tw ill)  w ith  a coarse , raw  w h ite  w e ft  and a 
b lue -dyed  w a rp  (Am utha, 2017). The e -flo w  w ash is an 
e n v iro n m e n ta lly  fr ie n d ly  den im  fin ish in g  te c h n o lo g y  th a t 
uses nanobubb les  o f a ir ins tead  o f w a te r  to  tra n s p o rt 
c h e m ica ls  on to  c lo th ing  fa b ric . It is a m echan ica l process, 
no chem ica l is requ ired . This p rocess  is ch a rac te rized  
by zero  d ischa rge  and o ffe rs  s u b s ta n tia l re d u c tio n s  in 
w a te r  co n su m p tio n  and ene rg y  usage. In c o m p a riso n  to  
conven tiona l w ash ing  p rocesses, it p rovides  increased  
f le x ib ility  and a llow s fo r  the  p ro d u c tio n  o f a w ide  v a rie ty  of 
fin ish e s  (Garcia, 2015a). This app roach  involves in tro d u c in g  
a tm o sp h e ric  a ir  in to  an e -flo w  re a c to r and su b je c tin g  it  to  
an e le c tro m e c h a n ica l shock, re su ltin g  in th e  g e n e ra tio n  of 
nanobubb les  and a s tre a m  o f hum id  a ir. The nanobubble  
m ix tu re  is s u b sequen tly  in tro d u c e d  in to  a ro ta tin g  tu m b le r 
th a t co n ta in s  den im  fa b r ic  (Figure 1). N anobubbles d is ru p t 
th e  den im  su rfa ce , re su ltin g  in a g en tle  ta c t ile  sensa tion  
and im proved  sh rinkage  c o n tro l (Zouari, Manich, M arti, 
Gargoubi, & Boudokhane, 2023).

The nanobubb le  g e ne ra ted  by e -flo w  re a c to r  has an 
rad ius  o f a round 1 n a n o m e te r and it's  skin is a u n ifo rm

m ix o f w a te r, chem ica ls , and a ir (Figure 2). This skin is 
respons ib le  fo r  tra n s fo rm in g  th e  p ro p e rtie s  o f ch em ica ls  
in the  g a rm e n t (Jeanologia, 2024b). The nanobubb le  ca rrie s  
th e  liq u o u r on the  su rfa ce  o f the  fa b r ic  and ensures  
u n ifo rm  e ffe c t a fte r  w ash.

An aca d e m ic  s tudy  inve s tig a te d  the  im p a c t o f severa l 
so fte n in g  agen ts  on th e  e la s tic ity  o f den im  fa b r ic . S ilicone- 
based s o fte n e rs  enhanced th e  fa b ric 's  sm oothness, 
so ftness , and w a rm th . N on-ion ic  s o fte n e rs  d e m o n s tra te d  
e xce lle n t w a te r  va p o r pe rm eab ility . Therm al c o n d u c tiv ity  
w as reduced  in bo th  n o n -io n ic  and an ion ic  s o fte n e rs  
d u ring  co m p re ss io n  and recove ry  in co m p a riso n  to 
s ilicone -based  and c a tio n ic  s o fte n e rs  (M ohsin e t al., 2022). 
The re se a rche rs  inves tiga ted  the  n a tu ra l and induced 
convective  hea t tra n s fe r  p ro p e rtie s  o f the  r ib -k n it fa b ric . 
They d iscovered  th a t a decrease  in rib  n u m b e r reduces 
hea t loss due to  h ig h e r a ir  e n tra p m e n t. As th e  c lo th  
tig h te n s , hea t loss decreases  ow ing to  lim ite d  a irflow . The 
s tu d y  d iscovered  th a t con d u c tive  hea t loss fro m  fib re s  
and a ir gaps is m ore  re levan t th a n  convec tive  hea t loss. 
A re ce n t a r tic le  c la im s  th a t ozone-based den im  w ash ing  is 
m ore  e n v iro n m e n ta lly  fr ie n d ly  th a n  conven tiona l m e thods  
s ince it  uses less w a te r, chem ica ls , and p rocess ing  tim e, 
ge n e ra te s  less w aste , and has a lesse r im p a c t on the 
e n v ironm en t. W ith  less o f an e ffe c t on th e  e n v ironm en t 
and ETP, th is  den im  fin ish in g  m e thod  is tw ic e  as p roductive  
as e a r lie r  ones. A dd itiona lly , it  p roduces  tw ic e  as m uch  as 
tra d it io n a l w ash ing  (Nayak, George, Ja jpura, Khandual, & 
Panwar, 2022). A s epa ra te  in ve s tig a tion  s tud ied  th e  im p a c t 
o f d if fe re n t enzym e tre a tm e n ts  on den im  c lo th ing , such

Air from 
atmosphere

e-flow
reactor Nanobubble , .-> + Denim

(106 bubbles/ cm3)

Revolving
tumbler

Processed denim

Figure  7 -  Schem atic diagram  o f  e -flo w  soften ing
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Figure 2 -  N anobubble  skin

as acid and n e u tra l ce llu lases. Com bin ing laccases w ith  
ce llu lases resu lted  in enhanced b rig h tn e s s  and decreased 
d is co lo ra tio n  on the  g a rm e n t's  back  and w h ite  pocket, 
acco rd in g  to  th e  s tu d y  (M on taze r & S adegh ianm aryan, 
2009). R esearchers exp la in  how  th e  la te s t w ash ing  
m e th o d s  like laser, w a te r je t, nanobubb le , ozone, NoStone, 
po tass ium  p e rm a n g a n a te  s u b s titu te s , e tc . can help 
ach ieve susta inab ility .

The den im  w ash ing  bus iness has seen a s ig n ific a n t 
tra n s fo rm a tio n  due to  th e  adven t o f new  techno logy, 
re su ltin g  in reduced  use o f chem ica ls , w a te r, and pow er 
w h ile  a lso enhancing  qua lity. Thus, it is ind isp u ta b le  th a t 
th e  la te s t a d v ancem en ts  in den im  w ash ing  te c h n o lo g y  are 
essen tia l to  th e  s u s ta in a b ility  o f th e  se c to r. Add itiona lly, 
th is  a r tic le  p re se n ts  the  c o n ce p t o f d ig ita lly  p rin te d  den im  
and th e  s o ftw a re  th a t is a lready  availab le fo r  assessing 
s u s ta in a b ility  in th e  den im  w ash ing  p rocess. However, 
it  a lso d e m o n s tra te s  th a t fu r th e r  a dvancem en ts  m ust 
be m ade to  show  th a t th e  w ash  is sus ta inab le  fo r  the 
in d u s tr ia l se c to r. R esearchers tre a te d  sam p les  o f den im  
fa b r ic  w ith  ozone to  enhance  the  im p a c t o f the  w ash ing  
co n d itio n s  on the look and physical p ro p e rtie s  o f the 
te x tile s  (Khan & Jintun, 2021). The in tended  o u tc o m e  was 
ob ta ined  by analysis and in ve s tig a tion  o f the  rubb ing  
fa s tn e ss  assessm ent, sh rinkage , fo rc e  a t break, bag 
res is tance , sp e c tro s c o p ic  te s tin g , and Fourier tra n s fo rm - 
in fra re d  ana lysis  o f the  tre a te d  and u n tre a te d  denim  
te x tile s . However, th e re 's  a dow nside. Denim has to  be 
tre a te d  fo r  on ly  a s h o rt a m o u n t o f tim e  w ith  a m ode ra te

c o n c e n tra tio n  o f ozone to  p ro te c t the  e n v iro n m e n t and 
s a tis fy  c o n su m e r dem ands  (Ben Fraj & Jaouachi, 2021). 
R esearchers s tud ied  the  lo n g -te rm  s u s ta in a b ility  o f denim  
fin ish in g 's  nebu liza tion  p rocess using env ironm en ta l 
im p a c t m easu ring  so ftw a re . They assessed its 
e ffe c tive n e ss  in te rm s  o f w a te r  usage, chem ica l usage, 
ene rg y  c o nsum p tion , and labo r im p lica tio n s . Results 
showed low  ene rgy  and w a te r  dem ands, resu lting  in less 
w aste  and p o llu tion . Despite its  re s tr ic te d  use, po tass ium  
p e rm angana te  is a dangerous  com pound  w hose use 
c o n tr ib u te s  to  th e  chem ica l's  high EIM score . An exhaustive  
exam in a tio n  o f the  c hem ica l e ffe c ts  on nebulized fin ish ing  
w as no t done in th is  s tu d y  (Hasan, N ah id -U ll-Is lam , Hassan, 
Chowdhury, & Sakib, 2024).

EIM (E nv ironm enta l Im p a c t M easuring) so ftw a re  
s tands  o u t because it  is the  sole s o ftw a re  capab le  of 
q u a n tify in g  th e  eco log ica l consequences  o f g a rm e n t 
fin ish in g  te chn iques . A dd itiona lly , it  serves as a pow erfu l 
s e lf-v a lid a tio n  in s tru m e n t th a t a llow s m a n u fa c tu re rs , 
b rands, and re ta ile rs  to  m o n ito r  the  a m o u n t o f energy, 
w a te r, and c h e m ica ls  u tilized  in the  c re a tio n  o f th e ir  
p ro d u c ts , as w e ll as any p o ten tia l hea lth  hazards fo r  
pe rsonne l. Our o b je c tive  is to  enhance EIM by conve rting  
it  in to  a u s e r- fr ie n d ly  p la tfo rm  th a t in te g ra te s  a n o th e r 
v e n tu re . A w o rk in g  g roup  c o m p ris in g  va rio u s  EIM users 
in te g ra te s  fu r th e r  in d u s try  in it ia tiv e s  in to  the  too l 
m anagem en t, enab ling brands and g a rm e n t fin ish e rs  to  
upgrade EIM s o ftw a re  acco rd ing  to  th e ir  in te re s ts . The 
e n v iro n m e n ta lly  fr ie n d ly  fe a tu re s  o f EIM solve p rob lem s
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by reducing  th e  need fo r  energy, w a te r, and less po llu ted  
c h e m ica ls  fo r  e as ie r d e c is io n -m a k in g . The re so lu tio n  o f a 
m ora l d ile m m a  is an ad d itio n a l fa c to r. Removing po te n tia lly  
h a rm fu l ch em ica ls  and physica l labou r has a d e tr im e n ta l 
e ffe c t on the  hea lth  o f em ployees. Avoiding ris ing  p ro d u c t 
m a n u fa c tu rin g  cos ts  enab les  rap id  adop tion . We w ill 
in tro d u c e  new  techno logy , p rocedures, o r serv ices  on ly  
w hen  w e can p roduce  th e  ideal p ro d u c t a t a c o s t-n e u tra l 
ra te . This d is ru p tive  app roach  paves th e  w ay fo r  genu ine 
p rog ress  (Jeanologia, 2024a). The s tu d y  a im s to  explore 
th e  p o ss ib ilitie s  o f im p le m e n tin g  nanobubb le  te c h n o lo g y  
to  o b ta in  e c o -fr ie n d ly  den im  so fte n in g  w ith  an ana lysis  of 
p ro d u c t q u a lit ie s  a fte r  e - flo w  so ften ing .
2 Materials and methods
2.1 Materials

Six den im  pan ts  o f la rge  size a re  co lle c te d  fro m  a 
w e ll-e s ta b lis h e d  fa c to ry  in Bangladesh. Table 1 shows 
th e  s p e c ific a tio n s  o f the  m a te ria ls  and m e th o d s  used 
fo r  th e  e xp e rim e n t. The e -flo w  m ach ine  w as pa ired w ith  
an in d u s tr ia l w ash ing  m ach ine  to  c a rry  o u t d ry  and w e t 
p rocesses.
Denim finish with e-flow softening

W h e th e r m ade o f den im  o r a n o th e r type  o f fa b ric , 
th e  use o f a s o fte n e r sm oo ths  and adds a p leasing to u c h  
to  an a rtic le  o f c lo th ing . The c o n su m e r can im m e d ia te ly  
see th e  increased  va lue th a t th is  provides. S o fte n e rs  not 
on ly  enhance th e  fa b ric 's  p ro p e rtie s  b u t a lso p reven t 
c lo th e s  fro m  adhe ring  to  each o the r. Figure 3 shows 
th e  o p e ra tio n  flo w  c h a rt fo r  e - flo w  so fte n in g . The laser 
re c re a te s  the  w h isk e r and the  na tu ra l ageing p rocess. 
The fin ish ing  w as p e rfo rm e d  w ith  e - flo w  so fte n in g  a t 
50 % NBP (nanobubb le  pe rcen tage ), a room  te m p e ra tu re  
o f 25 °C, a nanobubb le  flo w  o f 120 litre s  pe r hour, and an 80 
rpm  c e n tr ifu g e . Base OT c o n c e n tra te  (h igh ly  co n ce n tra te d  
s o fte n e r  fo r  n a tu ra l and s y n th e tic  fib re s ) w as used to 
s o fte n  den im . E -flow  h u m id ifie s  the  residua l ash fro m  
th e  laser. Still, th e  p resence  o f h igh m o is tu re  levels and

Table 1 -  M ateria ls and m ethods w ith  specifica tion

Manual scrapping

localised pigment staining

G2 Ozone treatment

Figure 3 -  O peration o f  the  flow  cha rt o f  denim  
w ith  e -flo w  soften ing

th e  su rfa ce  w e a rin g  dow n can lead to  back  s ta in ing . The 
a p p lica tio n  o f ozone tre a tm e n t can e ffe c tiv e ly  reso lve th is  
issue (Garcia, 2015a). The p r im a ry  a c tio n  o f tra n s fe rr in g  
nanobubb le  to  the  g a rm e n t s u rfa ce  is ca rr ie d  o u t by the 
m ic ro n iza tio n  m e thod  w ith  an op tiona l hea ting  sys tem  fo r  
b e tte r  p e rfo rm a n c e .
2.2 Methods
EIM (Environmental Impact Measuring) Software

To eva lua te  the  s u s ta in a b ility  o f e - flo w  p rocesses, a 
co m p a ra tive  s tu d y  w as ca rr ie d  o u t using th e  EIM so ftw a re . 
The im p a c ts  on w o rke rs , chem ica ls , w a te r, and energy  
are d iv ided in to  sepa ra te  ca te g o rie s  by th e  EIM score. 
The p ro g ra m  p re -s e ts  an e n v iro n m e n ta l c r ite r io n  a ga ins t

SL. Materials and Methods Specification

1 Fabric c o n s tru c tio n 3/1 w a rp -fa c e d  tw ill

2 Fibre co m p o s itio n 99 % C otton, 1 % E lastane

3 P rim a ry  m ach ine e -flo w

4 P rim a ry  op e ra tio n S often ing
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w h ich  th e  o u tc o m e s  o f each c a te g o ry  are assessed. The 
overa ll in fluence  o f th e  p rocess is s o rte d  fro m  low to  h igh 
once each  c a te g o ry  has been c lass ified  separa te ly. We 
u n d e rs ta n d a b ly  p re se n t th e  re su lts  using c o lo u r cod ing . 
W hile  assessing the  s u s ta in a b ility  o f den im  w ash ing , Table 
2 d isp lays th e  ca te g o rie s , va lues, and ranges o f w a te r 
con su m p tio n , ene rg y  con su m p tio n , c hem ica l im pac t, 
w o rk e rs , and hea lth  o f EIM so ftw a re . The range o f EIM 
va lues is low  im p a c t (0-33), m ed ium  im p a c t (33-66), and 
h igh im p a c t (+ 66).
Test Methods

V arious  te s tin g  p ro ce d u re s  can be used to  asce rta in  
sp e c ific  c h a ra c te r is tic s  w h ich  m u s t m e e t q u a lity  
s ta n d a rd s . Table 3 d isp lays th e  va rious  te s ts  and 
accom pany ing  in s tru m e n ts  used in th is  resea rch  s tu d y  
to  m easure  those  c h a ra c te r is tic s . The repu ted  den im  
in d u s try  in B angladesh co n d u c te d  the  te s ts  a t its  in 
house labo ra to ry . The s p ira lity  o f den im  w as d e te rm ine d  
m a in ta in in g  ISO 6330: 2021 s tanda rd . The te a r  fo rce  
w as m easured  a cco rd in g  to  ISO 13937-1: 2000 standard . 
Seam fo rc e  and seam  s lippage  w e re  m easured  using 
ISO 13934-2: 2014 and ISO 13936-2: 2004 s tanda rds  
respective ly . The s tu d y  e xp e rim e n ts  w e re  ca rrie d  o u t on 
th e  in s tru m e n ts  m e n tioned  in th e  tab le .

3 Results and Discussion
3.1 Sustainability of e-flow softening

E -flow  s ig n ific a n tly  decreases  w a te r  usage and a llows 
fo r  th e  e ff ic ie n t u tiliza tio n  o f v a rio u s  resou rces, op tim iz ing  
th e ir  c o n su m p tio n  and m aking  a s u b s ta n tia l im p a c t on 
c u tt in g  ene rgy  expenses. Table 4 p rovides a b r ie f overv iew  
o f the  im p o rta n c e  o f nanobubb le  te c h n o lo g y  co nce rn ing  
th e  use o f w a te r, chem ica ls , and ene rg y  w h ile  using 
e -flow . The e ffe c tiv e n e ss  o f e - flo w  so fte n in g  is ev iden t in 
its  a b ility  to  reduce  w a te r  and ch e m ica ls  pe r g a rm e n t by 
94.994 % and 84 %, respective ly . A dd itiona lly , it  ind ica tes  
th a t each p iece o f c lo th in g  conse rves  0.41 k ilo w a tt-h o u rs  
(kW h) o f energy(G arcia , 2015b).

Table 5 show s the  EIM sco re  o f w a te r, energy, and 
c hem ica l fo r  e - flo w  s o fte n in g . We can use th e  EIM sco re  to 
m easure  s u s ta in a b ility  th ro u g h o u t the  p ro d u c tio n  p rocess. 
N anobubble  te c h n o lo g y  has a neg lig ib le  env ironm en ta l 
im p a c t in te rm s  o f w a te r, energy, chem ica ls , and w o rk e r 
e ffe c ts . W a te r c o n su m p tio n  has an EIM sco re  o f 23.2, 
in d ic a tin g  a low  in flu e n ce  on w a te r  usage (Nah id -U ll-Is lam  
e t al., 2024). The ene rgy  c o n su m p tio n  va lue also ind ica tes  
a m in im a l e ffe c t on ene rgy  u tiliza tion . C hem ica ls  and 
w o rk e rs ' im p a c t va lues are low because o f th e  reduced 
need fo r  labo r in e - flo w  so ften ing , re su ltin g  in low er 
im p a c t ranges.

Table 2 -  EIM (Environm ental Im pact M easuring) so ftw are  result d isp lay

EIM V2.0

Category
EIM Score Range

W ater Energy Chemical Impact Worker Impact

0-45 0-2.5 0-33 0-13 Low im p a c t 0-33

45-90 2.5-3.6 33-66 13-29 M edium  im p a c t 33-66

+ 90 + 3.6 + 66 + 29 High im p a c t + 66

Table 3 -  Test M ethods

Test Name Standard Instrument

S pira lity ISO 6330:2021 S p ira lity  te s te r

Tear fo rc e  (N) ISO 13937-1:2000 Elma te a r  te s tin g  m ach ine

Seam fo rc e  (N) ISO 13934-2:2014 C onstan t Rate o f E longation  m ach ine

Seam s lippage (m m ) ISO 13936-2:2004 C onstan t Rate o f E longation  m ach ine
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Table 4 -  S ignificance o f  e -flo w  so ften ing  in term s o f  water, chem ical, and energy consum ption

Parameters Conventional (without nanobubble) With nanobubble

W a te r ( l ite r /g a rm e n t) 33.60 1.682

Chem ical (g ra m /lite r) 2 0.32

Energy (kW h /g a rm e n t) 1.01 0.60

Table 5 -  EIM score

Category EIM Score Standard

Parameter (EIM Score)

W ater Energy
Chemical

Impact
Worker
Impact

W ate r
c o n su m p tio n

23.2 Low im p a c t 0-45 0-2.5 0-33 0-13

Energy use 2.3
M edium
im p a c t

45-90 2.5-3.6 34-66 14-29

Chem ical
c o n su m p tio n

4 High im p a c t + 90 + 3.6 + 66 + 29

W orke rs ' im p a c t 5

3.2 Product quality after e-flow softening
Figure 4 shows the  v isua l appearance  o f th e  sam ple 

b e fo re  and a fte r  e - flo w  s o fte n in g . F igures 4(a) and 4(c) 
d e p ic t the  f ro n t and back o f the den im  sam ple  befo re  
e -flo w  so fte n in g , w h ile  Figures 4(b) and 4(d) illu s tra te  the 
f ro n t and back o f th e  den im  sam ple  a fte r  e - flo w  so ften ing , 
show ing  a m o d ific a tio n  in the  sam ple 's  pe rspec tive . The 
degree  to  w h ich  a p ro d u c t m ee ts  c u s to m e r e xp ecta tions  
p e rfo rm s  as in tended , and c om p lies  w ith  in d u s try  
s ta n d a rd s  is re fe rre d  to  as its  qua lity. This s tu d y  looks 
a t th e  w ay  va rious  w ash ing  te ch n iq u e s  im p a c t p ro d u c t 
q u a lity  and c u s to m e r p re fe rences .

S p ira lity  is a fre q u e n t issue w h e re  ya rn  te n d s  to  tw is t 
in reverse  d ire c tio n  on fa b r ic  due to  fa b r ic  s tru c tu re , 
ya rn  co u n t and fin ish in g  o f denim .Table 6 illu s tra te s  the 
eva lua tion  o f th e  s p ira lity  te s t a fte r  m u ltip le  w ash  cycles 
o f den im  a fte r  e - flo w  s o fte n in g . It can be observed  th a t the 
s p ira lity  pe rce n ta g e  o f den im  a fte r  e - flo w  so fte n in g  does 
no t exceed the  m ax im um  re q u ire m e n t. A ccord ing ly , a fte r
1.2 and 3 w ash  cycles, the  s p ira lity  is 1.0 %, 2.0 % and 3.0 % 
w h ich  lies w ith  the  re q u ire m e n t. A dd itiona lly  m a in ta in ing  
s p ira lity  helps to  p reven t c reases  and w rin k le s  in the 
den im  fa b ric , re su ltin g  in a s m o o th e r fin ish .

Table 7 d e m o n s tra te s  th e  te a r  fo rc e  o f den im  a fte r  
e - flo w  s o fte n in g . Tearing fo rc e  is th e  average fo rce  
necessa ry  to  co n tin u e  a te a r  th a t has a lready  s ta r te d  in a 
fa b r ic . Six sam p les  are exam ined, and th e  m in im u m  te a r 
fo rc e  in bo th  the  w a rp  and w e ft  d ire c tio n s  is 30 and 24, 
respective ly . The re su lts  showed th a t the  sam p les ' te a r 
fo rc e  w as w ith in  the  s p ec ified  range. For exam ple, in 
sam ple  5, th e  te a r  fo rc e  in th e  w a rp  and w e ft  d ire c tio n s  
is 37 N and 26 N, respective ly , w h ich  is w ith in  th e  s tanda rd  
va lue b u t g re a te r th a n  th e  m in im a l va lue s ince the  h igher 
th e  te a r  fo rc e , th e  b e tte r  th e  m a te ria l can surv ive the 
consequences  o f te a rin g  (Nizam e t al., 2023).

Table 8 show s th e  seam  fo rce (N ) o f den im  a fte r  
e - flo w  s o ften ing  the  case o f an inseam  and side seam , 
th e  seam  fo rc e  is w ith in  th e  s tanda rd  range and exceeds 
th e  m in im u m  o f 260 N. In sam ple  1, th e  inseam  and side 
seam  va lues are 266.6 N and 295.4 N, respective ly , w h ich  
are g re a te r  th a n  th e  m in im a l va lues. In a d d ition  to  the 
inseam  and side seam  te a r  fo rc e  o f the  seat, the  back 
and fro n t rises are m easured . Seam fo rc e  fo r  the  seat, 
back  rise, and f ro n t rise are w ith in  the  range and exceed 
th e  m in im a l am o u n t. The h ighe r th e  seam  fo rc e  o f the 
sam ple, the  g re a te r the  res is tance  to  seam  b reaking  a t 
the  inseam , side seam , seat, back  rise, and f ro n t rise. A
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(C >  < d >

Figure 4 -  The visual appearance o f  the sam ple before and a fte r e -flo w  soften ing : (a) Before sam ple (front), (b) 
A fte r sam ple (front), (c) Before sam ple (back), (d) A fte r sam ple (back)

Table 6 -  Sp ira lity Test

Left side seam (cm)
Left fold at the 

bottom hemmed (cm)
Spirality (%) Requirement (%)

A fte r 1 w ash 49.0 0.5 1.0

3A fte r  3 w ashes 48.8 1.0 2.0

A fte r  5 w ashes 48.8 1.2 2.5

Table 7 -  Tear force(N) o f  denim  a fte r e -flo w  soften ing

Standard(N) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

W arp 30 m in 40 33 43 32 37 34

W e ft 24 m in 26 26 32 25 26 26
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Table 8  -  Seam force (N) o f  denim  a fte r e -flo w  soften ing

Standard(N) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

Inseam

260 m in

266.3 267.4 265.9 265.9 266.0 261.4

Side seam 295.4 296.5 294.0 296.5 296.5 292.3

Seat 459.5 460.9 454.3 455.4 468.3 464.0

Back Rise 355.0 355.0 350.0 352.7 353.3 350.9

Front Rise 276.9 277.7 273.4 275.3 275.9 274.0

new  a rtic le  d e m o n s tra tin g  th is  o u tc o m e  su p p o rts  the  
fin d in g s  (Hasan e t al., 2024; Nizam e t al., 2023).

W hile  an acce p ta b le  range o f seam  s lippage w as 
id e n tifie d  fo r  bo th  the  inseam  and th e  side seam  (Table 
9), th e  inseam  s lippage in sam p les  1, 2, 3, 5, and 6 is zero, 
w ith  th e  o th e r sam p les  fa llin g  w ith in  the  m ax im um  range 
o f 6 m m . For the  side seam , all o f th e  sam p les  produce 
a ccep tab le  re su lts  w ith  a sm all a m o u n t o f slippage, 
bu t th e  va lues are low er th a n  th e  m ax im um  va lue. As a 
consequence , th e  seam  is p laced properly . Recent papers 
on the  sus ta inab le  use o f ozone w ash  and lase r fad ing  
over conven tiona l den im  w ash  s u p p o rt th is  seam  fo rce  
and seam  s lippage te s t o f den im  (Hasan e t al., 2024).
4 Conclusion

The s tu d y  revea led  th a t using nanobubb le  te ch n o lo g y  
fo r  den im  so fte n in g  is an eco lo g ica lly  fr ie n d ly  and 
sus ta inab le  m e thod , p r im a r ily  due to  its  exceptiona l 
w a te r, chem ica l, and ene rg y  e ffic iency . The te s tin g

c r ite r ia  in d ica te d  th a t th e  use o f nanobubb le  te c h n o lo g y  
is e n v iro n m e n ta lly  fr ie n d ly  and e ff ic ie n t, w ith  w a te r, 
chem ica l, and ene rgy  c o n su m p tio n  e ffic ie n c ie s  o f 95 %, 
84 %, and 40 %, respective ly . This p rocess is en v iro n m e n ta lly  
fr ie n d ly  because it  has no negative  e ffe c ts  on w a te r, 
chem ica l, o r ene rgy  usage. C onsequently, it  is a fin a n c ia lly  
v iab le  and h igh ly  e ffe c tiv e  cho ice  fo r  den im  fin ish in g . The 
tre a te d  den im  m a te ria ls  now  boas t a s m o o th e r and s o fte r  
te x tu re , s e ttin g  th e m  a p a rt fro m  co n ve n tio n a lly  fin ished  
fa b r ic s . The s tu d y  has revea led th e  im p o rta n c e  o f e -flo w  
nanobubb le  te c h n o lo g y  in im prov ing  den im  fa b r ic s ' te a r 
fo rce , seam  fo rc e , and seam  slippage. Our s tu d y  h igh ligh ts  
th e  s ig n ific a n t im p a c t o f e - flo w  nanobubb le  te c h n o lo g y  
on im p rov ing  sus ta inab le  den im  fin ish in g  m e thods, as 
w e ll as m a in ta in ing  p ro d u c t quality. R esearchers can 
gu ide to w a rd  an app roach  th a t is m ore  en v iro n m e n ta lly  
a tte n tiv e  and focused  on fu tu re  resea rch  by using these  
sus ta inab le  p ra c tice s .

Table 9 -  Seam slippage(m m ) o f  denim  a fte r e -flo w  so ften ing

Standard(mm) S1 S2 S3 S4 S5 S6

Inseam
6 max.

0 0 0 0.5 0 0

Side Seam 2 1.5 1.8 2.8 1.5 2.3
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