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Abstract

The textile industry faces increasing pressure to reduce waste by extending the
lifespan of textile products and supporting circular production systems. In industrial
sectors such as healthcare and food services, garments are often discarded because
of visible stains despite remaining functionally usable. This study investigated the
feasibility of using digital inkjet printing as a textile repair technology for restoring
stained textiles through visually seamless repair.

A commercially available digital inkjet printing system using pigment-based inks
was evaluated on cotton and polyester fabrics stained with coffee and ballpoint ink.
The study examined how textile substrate properties, stain chemistry, and
multilayer ink deposition influenced repair quality and durability. The repair
workflow combined camera-based positioning, digital image processing, color
calibration, and multilayer printing to reproduce stain geometries and match
surrounding fabric colors. Repair performance was assessed using color difference
measurements (C/E AE) and visual evaluation, before and after fastness test by
abrasion and washing, as well as structural observations related to porosity and ink
layering.

The results showed that repair performance strongly depended on stain type and
textile substrate. Coffee stains on cotton fabrics achieved the most successful repair
outcomes, with 4E values decreasing to as low as 0.90 after optimized multilayer
printing, indicating effective color matching and visual integration. In contrast,
ballpoint ink stains remained highly visible on both cotton and polyester substrates
because of stain reactivation, bleeding, and poor ink adhesion. Polyester fabrics
exhibited greater lateral ink spreading and unstable print behaviour compared to
cotton as it is a non-porous synthetic fiber that lacks functional groups for ionic
bonding. Hence the fiber cannot absorb the water-based ink, the droplets tend to
bleed by wicking along the surface of the continuous, smooth filaments. This results
in unstable print behavior where ink spreads far beyond the initial contact point,
complicating exact color matching and sharp image definition required for a
seamless repair. Abrasion testing demonstrated that optimized cotton repair
samples maintained stable visual performance even after 5000 abrasion cycles.

The findings demonstrate that digital inkjet printing has strong potential as a
resource-efficient textile repair technology, particularly for hydrophilic stains on
cotton-based textiles. The study contributes to the development of repair strategies
that support circular textile systems by reducing premature garment disposal and
reducing need for new productions.

Keywords: Digital inkjet printing, textile repair, stain concealment, colour
matching, shape matching, porosity, multilayer printing



Popular Abstract

Every year, large amounts of workwear used in hospitals, kitchens, and food
industries are discarded because of visible stains, even when the garments are still
fully usable. This creates unnecessary textile waste and increases the environmental
impact of the textile industry. Repairing stained areas instead of replacing entire
garments could help extend textile lifetimes and support more sustainable textile
systems.

This thesis investigated whether digital textile printing technology could be used as
a repair method for stained fabrics. A commercial digital T-shirt printer was tested
on cotton and polyester fabrics stained with coffee and ballpoint pen ink to simulate
realistic industrial workwear stains. The stained areas were scanned using a camera
system, digitally processed, color matched, and covered with a print layer using
pigment-based inks. Different numbers of print layers were applied to evaluate how
effectively stains could be covered and how durable the repairs remained after
abrasion and washing.

The results showed that digital inkjet printing could successfully repair some stains,
particularly coffee stains on cotton fabrics. These repairs blended closely with the
surrounding fabric and maintained good visual quality even after repeated rubbing
tests. However, ballpoint ink stains were much more difficult to repair because the
stain interacted with the printing inks and became visible again during printing.
Polyester fabrics also showed poorer repair performance compared to cotton due to
greater ink spreading and lower print stability.

The study demonstrates that digital inkjet printing has strong potential as a
sustainable textile repair technology, especially for cotton-based workwear. By
extending garment lifetimes, this approach could help reduce textile waste and new
production, lower resource consumption, and support more circular textile systems
in the future.



Table of contents

ADSITACT ..ttt e e e e et e e e e e et e e et e e e s e e e e baeeenreeensbeeeenbaeennraeenn i
POpUIar ADSITACE .....cccuviiiiiecciie ettt et i1
LISt OF QCTONYIMS ...vviiiiiieiie ettt e st e ve e e seb e e eseaeeeeseeenneeens viii
I INErOAUCTION ..t e 1
1.1 Problem deSCIiPtion.........iieciieeiiiieeiieeeiieeete et eeree e e aee e e esaaeeesaeeenenees 3
1.2 AImS and ODBJECHIVES. ...ccviiieiiieeiiieeiie ettt eeree et e e e sae e e sebeeeaaeesnaeeeneneas 4
1.3 Research QUESTIONS ........ccceiiiiiiiiiiiiieeeciiee ettt eeare e e e eaaee s 4
1.4 HYPOLNESES ..ttt ettt et et ebeesneas 4
1.5 LAMIEALIONS . ...utieeiiieeiieeeiieeeiee e et e et e e et eeeteeeetaeeesaseeesabeeesaaeeesseeesseeensseeennneas 5
2 LIterature REVIEW .....c.ciiiiiiiiiiiciee ettt e e e 6
2.1 Sustainability challenges in the textile industry ..........cccceeevvienieeciienieenienenn 6
2.2 Digital inkjet printing and its ability as a repair-oriented technology.............. 6
2.3 Pigment-based inks for textile repair applications .............cceeeveeiienrercniennnennn. 7
2.3.1 Comparison of pigment-based and dye-based inks ...........c.cccveeunnnee. 7
2.3.2  Composition and function of pigment ink Systems .............cccceeeuveenee. 9
2.3.3  Properties and stability of inNKS..........ccceevvieriiiciieniiieiienieceeeeeeeeeen 9
2.4 Color mixing and MatChINg ...........ccovuviiiiiieiiieeieeeeeee e 10
2.5 Stain chemistry and its influence on inkjet repair performance..................... 10
2.5.1  HydrophiliC Stains .........ccccuvieiiieeiiieeiiie et sree e e 10
2.5.2  HydrophobiC StaIns ..........cceeriiieeriieiiieeeiiieeiieeeee e eereeesvee e e 11
2.6 Substrate effects: cotton and POlyeSter.........c.eevvveeeiiieercieeiieeie e 11
2.7 Factors affecting performance............ccoeecuereererienienenicneeeceeeceeeee 12
3 Materials and methods...........cooouieiiiiiiiiiii e 14
3.1 MALIIALS Lottt et et 14
3.1.1  Fabric Materials ........ccoeeviirieniiienienieeiese e 14
312 SHAINS.citiiieieitetee ettt st 14
3.1.3 Materials for inkjet printing procCess .........ecceereerrveereeerreeseesseeeneennns 15
3.1.4  Printing Machine .........ccoeviiieiiiiiiiieiieeie e 15
3.2 MEROMS ..ot 16
3.2.1 Shape and color matching...........cccceeviieriiiiiienieeiieie e 16
3.2.2 Camera-Based Positioning ACCUTACY .......ccceerieriireniieeiieniieeieeiieenn 18



4.2
43

4.4

4.5

4.6

5.1

5.2

53

54

5.5

5.6

3.2.3  Staining Method........c.oooeiiiiiiieeiecee e 18

3.2.4  Printing Method ........c.ooooiiiiiiiieece e 19
3.2.5 Fabric Characterization..........cccoueerueerieeniienieeniie et 20
3.2.6  Evaluation methods..........cccooiiiiiiiiiiiiie e 21
3.2.7  Statistical analySiS.....c..eeecuireeiiieeeiieeeiie et 23
RESUILS .t 23
Shape and color MAtChING .........cceeeiiiiiiiiieiecee e 23
4.1.1  Shape MatChing..........cccceeviieiieiiiiiieeece e 23
4.1.2  Color MatChinNg ......cceevviieiiiieiieiieeie et e 24
Camera-Based Positioning ACCUTACY .......cccveeurereeeeieeniieeieeniieeieeseeeeveeseee e 25
Fabric characterization ............cccceeveeierienienieneeee e 26
4.3.1  Contact angle teSt.......cuuieriiiiiiieeiiieeiee et 26
COlOr MEASUIEIMENLS .....euvieiiiiiieniieeiieeite ettt ettt ettt e e 26
4 T N o 103 3 (o 5 0TI SRRSO 26
442 SEAIN EYPCS.uveerieeeiieirieeieeitieeteesitesreeteessaeeseessseeseessseenseessseeseessseenns 27
4.43 Behavior of ink 1ayers........ccccoeiiiiiiiiiiii e 28
4.4.4 Porosity and Structural Changes...........cccceevuereenienienieninicneeieneenn 36
Fastness PrOPEItICS. ...cccuuiieuiieeiieeciieeciee et et e e e e et e e s e e sebeeeseseeesaeeens 38
4.5.1  ADIasion T€SIStANCE ........cerueerueieriienieeiieeteeiieeeeeteesiee et esee e e seee e 38
4.5.2 Washing Fastness and Laundering Stability........c..ccoceveriiniencnnene 39
Statistical ANALYSIS ...ccueeviriiriiiiinieeeieeee s 40
DISCUSSION. ...ttt ettt sttt et 41
Shape and color MatChing ..........cocoveeiiiiiiniiiinieee e 41
Camera-Based Positioning ACCUTACY ........ceceevueeierienierienienieeienieesie e 42
FabIIC LYPES .ottt 42
5.3.1  Contact ANELE ...cc.eeviriiiiiiiiiieeeeee s 42
StAINING CYPES weeevrreeriiieeiiieeiieeeiiee et e et e e e teeesseeesaeeessseeessseeensseeensseessseesnnes 43
Behaviour of inK 1aYers ........cccviiiiiiiiiiiieee et 44
5.5.1  Color MEASUIEMENLS ....ccueieuiiiiieriieeiieeie ettt 44
5.5.2  Porosity and Structural Changes...........ccceeevuveeriieeriieeenie e 47
Fastness PrOPEItICS. ...cccuuieeiuiiieiieeeiieeciee e e esteeeeee e e tee et e e s e e sbeeesabeeenaee e 49
5.6.1  ADIasion reSISTANCE .......cc.eeeuieriieriieniieeieenite ettt et 49
5.6.2 Washing fastness and laundering stability..........ccccooeveevviieiniieinnnnns 49



5.7 Statistical aNalYSIS .....eeeeiiiiiiiiiiie et e 50

0 CONCIUSIONS ..ttt ettt ettt ettt et e s e b e saee e 51
7  Scientific, societal and environmental relevance ............cccoevvvveviieiiiiiiiinnnnee. 53
8 FUUIe re€SEArCH ....ocuuiiiiiiiiiii e 54
O RETRICIICES ..ttt et 57
LO  APPENAIX coetiiiiieiiiieiieeiie ettt ettt ste e e e eeaeebeessbeesbaeeaaeenbeensseenseessaeenseennns ix

List of tables

Table 1 Fabric SpecifiCations ..........ccccviieiiiieiiieciie e e 14
Table 2 Specifications of materials for fabric staining............cocceeeeverccniencnnene. 14
Table 3 Specifications of inks used in Brother printer ............c.ccooceevvriinienennene. 15
Table 4 Evaluation of Camera-Based Positioning Accuracy..........ccccoeeuvenee.. 25
Table 5 Results of the sessile drop teSt......cveviieciierieeiiierieeieerie e 26
Table 6 Initial La*b* values of fabrics .........ccecevieriiiiiiieiieeeeee 27
Table 7 Color measurements of the stained areas using the Datacolor machine 500
............................................................................................................................... 28
Table 8 AE values compared to the background cotton fabric after each 1000
CYCLES ettt ettt et e she e et naeeebeen 38
Table 9 Results of statistical analysis .........ccecceeeiieriiiiiienieeeee e 40
List of figures

Figure 1 Brother GTX Printer.......ccccoecieeiiieeeiiieeiieeeiie et seee s 16
Figure 2 The interface of GTX when the color chart was selected ....................... 17

Figure 3 The process of shape matching of single stain. a) The image of the stain
taken by Acculine camera b) The exported image from Adobe Photoshop c¢) The
COlOT MAtChEd PIINT ..ceviiiiiieiie e 23
Figure 4 The process of shape matching of multiple stains. a) The image of the
stain taken by Acculine camera b) The color range selection using Adobe

Photoshop c) The exported image from Adobe Photoshop ...........ccceeveeiieninninns 24
Figure 5 Printed color chart which matches to La*b* values of the background
cotton fabric using color ink only mode ...........cccceeviiieeiieeniiiee e 24
Figure 6 Printed color chart which matches to La*b* values of the background
cotton fabric using white+color MOde ..........cceeeviieriiiieiieeee e 24
Figure 7 Printed color chart which matches to RGB values of the background
cotton fabric using color ink only mode ...........ccceeviiiiiiiiiiiiiiceeee e 25
Figure 8§ Printed color chart which matches to La*b* values of the background
polyester plain fabric using white+color mode.............cocevieviniiniininiinieicne 25
Figure 9 Initial print to check Camera-Based Positioning Accuracy .................... 26

Vi



Figure 10 After printing the inner square using Acculine software ...................... 26
Figure 11 Stains a) Coffee dark shade, b) Coffee light shade, c) B/ink dark shade,
d) B/ink light shade, €) Reproduced print...........ccceeevieeiiieeeciieieieecie e 27
Figure 12 Change of AE of coffee stain on cotton. Brown markers represent
coffee dark stained samples, and pink markers represent coffee light stained
SAIMPLES. .ttt ettt ettt e ettt et e e e et et e ebeeetaeenbeeeteeenbeennaeenne 29
Figure 13 Prints applied on coffee dark shade of cotton fabric a)1st print, b)2"
print, ¢)3™ print d)4™ print, €) S Print .........coooveeeeeeeeeeeeeeeee e 29
Figure 14 Prints applied on coffee light shade of cotton fabric. a)1st print, b)2nd
print, ¢)3rd print d)4th Print..........cceeeoiieeiieeeeee e e 30
Figure 15 Change of AE of B/ink of cotton fabric. Dark blue markers represent the
b/ink dark stained samples, blue markers represents b/ink light stained samples
and light blue markers represent the reproduced print ...........cccceeeverieeriieneeennens 30
Figure 16 Prints applied on b/ink dark shade of cotton fabric. a)1st print, b)2nd
print, ¢)3rd print d)4® Print............cooeveveeieieeeeeeeeee e, 31
Figure 17 Prints applied on b/ink light shade of cotton fabric. a)lst print, b) 2nd
print, ¢) 3rd print d) 4th print, €) Sth print..........cccccoeeiiiiiiiiineece e, 31
Figure 18 Prints applied on reproduced stain with similar optical intensity and
color depth of b/ink in cotton fabric. a)1st layer, b)2nd layer, c¢)3rd layer d)4th

Figure 19 Change of AE of B/ink of PET plain fabric. Dark blue markers
represent the b/ink dark stained samples, blue markers represents b/ink light

stained samples and light blue markers represent the reproduced stain ................ 33
Figure 20 Prints applied on b/ink dark shade of PET plain fabric. a)lst print,
b)2nd print, ¢)3rd print, d)4th Print.........ccccoeeeviiiiniinee 33
Figure 21 Prints applied on b/ink light shade of PET plain fabric. a)1st print,
D)2NA PIINL. ..ttt 33

Figure 22 Prints applied on reproduced stain with similar optical intensity and
color depth of b/ink in PET plain fabric. a)lst layer, b)2nd layer, ¢)3rd layer......34
Figure 23 Change of AE of B/ink of PET Twill fabric. Dark blue markers
represent the b/ink dark stained samples, blue markers represents b/ink light
stained samples and light blue markers represent the reproduced......................... 35
Figure 24 Prints applied on b/ink dark shade of PET twill fabric. a)lst print, b)2nd
PNt )31 PIINL.coutiiiiiiiiiiiieeeeee ettt ettt 35
Figure 25 Prints applied on b/ink light shade of PET twill fabric. a)lst print, b)2nd
PNt C©)31d PIINL.cutiiiiiiiiiiiiieie ettt et s 35
Figure 26 Prints applied on reproduced stain with similar optical intensity and
color depth of b/ink in PET twill fabric. a)lst layer, b)2nd layer, ¢)3rd layer d)4th

Figure 27 Porosity results of coffee stains on cotton fabric. Blue bars represent
coffee dark stains, orange bars represent coffee light stains, gray bars represents

b/ink dark stains and yellow bars represent b/ink light stains. ............cccccceeeneenee. 37
Figure 28 Porosity results of b/ink stains on PET plain fabric. Blue bars represents
b/ink dark stains and gray bars represent b/ink light stains. ........c..cccceevenieninnene. 37

Vii



Figure 29 Porosity results of b/ink stains on PET twill fabric. Blue bars represents

b/ink dark stains and gray bars represent b/ink light stains. .........c.cccccceeeeiieennennn. 37
Figure 30 The plot shows that how the L a*b* values varies after abrasion a) of
cotton coffee dark shade (Print 3), b) in coffee light shade(Print 1) ..................... 39

Figure 31 Wash durability result. The brown bars represent coffee dark shade
(Print 1) sample and pink bars represent coffee light shade (Print 1) sample ....... 39

List of acronyms

CMYK Cyan, Magenta, Yellow, Key (Black)
CIEDE CIE Color Difference Evaluation, a colour-difference
metric used to quantify the perceptual difference between a

reference colour and a measured colour.

PET Polyethylene Terephthalate (Polyester)

ANOVA Analysis of Variance, statistical method used to determine
whether differences between groups are statistically

significant.

viii



1 Introduction

The textile industry is under increasing pressure to transition from linear production
and consumption models toward more sustainable and circular systems. Traditional
textile value chains are heavily associated with high levels of resource
consumption, water pollution, chemical usage, and waste generation. (Biyada &
Urbonavicius, 2025) While these challenges are often discussed in relation to fast
fashion, they are equally relevant in professional sectors such as healthcare and food
services, where large volumes of workwear are managed through industrial leasing
and laundering systems (Thilagavathi & Rathinamoorthy, 2022). In these service-
based models, garments are repeatedly collected, washed, inspected, and
redistributed. During industrial sorting processes, textiles showing stains,
discoloration, or visual defects are frequently removed from circulation despite
retaining functional performance. This results in premature disposal of otherwise
usable garments, contributing to unnecessary material waste and increased
operational costs. (Megawati et al., 2020)

Extending the service life of textiles through effective repair technologies has
therefore become an important strategy within circular textile systems (Biyada &
Urbonavicius, 2025). Among emerging technologies, digital inkjet printing offers
significant potential as a repair-oriented solution due to its ability to perform
localized, high-resolution, and non-contact material deposition (Castrejon-Pita et
al., 2013). Originally developed for textile decoration and customized garment
printing, digital inkjet systems provide precise control over color placement, droplet
formation, and image replication (Dehghani et al., 2004). These capabilities make
the technology particularly attractive for restoring stained or visually damaged
textile areas while minimizing additional material consumption (Kan & Yuen,
2012). Furthermore, recent developments in printhead engineering, automated
maintenance systems, and pigment ink formulations have improved the reliability,
precision, and scalability of digital inkjet printing for industrial applications (Cao
et al., 2024).

Despite these technological advancements, the application of digital inkjet printing
for textile repair remains largely unexplored (Dehghani et al., 2004). Existing
research has primarily focused on printing onto new and untreated textile substrates
under controlled conditions, whereas the challenges associated with repairing
already used or stained textiles have received limited attention (Vodyashkin et al.,
2025). In repair scenarios, stains can significantly alter the surface chemistry and
physical structure of textile substrates by changing wettability, porosity, roughness,
and surface energy (Hubbe et al., 2019). These alterations directly influence ink
spreading, penetration, adhesion, and fixation, ultimately affecting repair quality
and durability (Saha, 2023). In addition, achieving visually seamless repair requires
not only accurate color matching but also remanufacturing of irregular stain
geometries and controlled coverage during multilayer printing (Kan & Yuen, 2012).
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The complexity of repair applications is further increased by differences of textile
substrates and stain types. Cotton and polyester fabrics exhibit fundamentally
different interactions with pigment inks due to variations in fiber properties such as
absorbency, and surface morphology. (Tomasino, 1992) The common stains
available at work environments like healthcare and food sector, include hydrophilic
stains such as coffee and hydrophobic stains such as ballpoint ink. They behave
differently on textile surfaces, creating additional challenges (Jetnikoff &
Michielsen, 2025). Furthermore, while increasing the number of printed layers, it
may improve opacity and stain concealment but excessive ink deposition can also
negatively affect fabric properties such as porosity, flexibility, and durability
(Kasikovi¢ et al., 2012). Balancing visual integration with preservation of textile
performance therefore becomes a critical consideration in repair-oriented printing
systems (Work, 1999).

Pigment-based ink systems are particularly promising for textile repair applications
because of their substrate versatility and simplified fixation process. Unlike dye-
based inks, which require fiber-specific chemical interactions and extensive wet
processing, pigment inks rely on polymeric binders to physically anchor color
particles onto the textile surface. (Lim & Chapman, 2019) This enables printing on
a wide range of textile materials, including cotton, polyester, and blended fabrics,
without requiring extensive substrate-specific processing (Karim, 2008). Pigment
inks also offer advantages such as high opacity, good lightfastness, and
compatibility with localized repair workflows (Work, 1999). However, their
surface-bound nature makes them sensitive to mechanical wear, abrasion and
washing. It is a challenge, especially when applied onto contaminated or stained
surfaces (Megawati et al., 2020).

This thesis investigates the feasibility of using a commercially available digital
inkjet printing system, originally intended for garment decoration, as a scalable
textile repair technology. The study focuses on repairing stained cotton and
polyester fabrics relevant to industrial workwear applications within healthcare and
food service sectors. Particular attention is given to the influence of textile substrate
properties, stain chemistry, multilayer ink deposition, color and shape matching
strategies on the aesthetic and functional performance of repaired areas. The
research further evaluates repair durability through abrasion and washing tests
while examining the impact of repair printing on fabric structure and porosity.

By bridging the gap between digital textile printing technologies and repair-
oriented textile systems, this research contributes to the development of more
resource-efficient and circular approaches for textile maintenance and lifetime
extension. The findings aim to support the future implementation of scalable digital
repair processes within industrial textile service systems and reducing textile waste
while maintaining visual quality and functional performance.



1.1 Problem description

Despite significant advancements in digital inkjet printing for textile design and
manufacturing, its potential as a repair technology remains largely unexplored,
particularly in industrial applications. Existing research has predominantly focused
on printing on new, clean substrates under controlled conditions, while the
challenges associated with repairing used or stained textiles have received limited
attention. Consequently, there is insufficient knowledge regarding the performance
of commercially available pigment-based printing systems for localized stain repair
on industrial workwear, particularly with respect to repair quality, color matching,
ink adhesion, and durability. Addressing this gap is important because the precision,
flexibility, and rapid fixation offered by digital inkjet printing. It may provide a
practical and scalable solution for the time-critical repair processes required in
industrial laundry and textile service systems.

In addition, the interaction between ink deposition and pre-existing stains is not
well understood. Stains can significantly alter surface properties such as wettability,
roughness, and porosity, which in turn affect ink behavior, including spreading,
penetration, and fixation. Most existing studies do not account for these variations,
limiting their applicability to real repair scenarios. Another critical gap lies in
achieving visual seamlessness, which requires both accurate color matching and
precise remanufacturing of irregular stain geometries. While digital printing
technologies offer high resolution and flexibility, their ability to replicate random
shapes and integrate repaired areas invisibly into existing textiles has not been
sufficiently studied. Furthermore, the effects of multiple ink layers on fabric
structure and performance, including porosity, handle, and durability, remain
underexplored in the context of repair. Although layering can improve coverage
and reduce color difference, it may also introduce mechanical and aesthetic changes
that affect the usability of the textile.

This study is therefore novel in that it investigates the use of a commercial inkjet
printing system, originally intended for T-shirt printing, in a completely different
context, visual textile repair. By evaluating its performance on stained textiles and
analysing factors such as adhesion, color and shape matching, coverage, and
durability, this research addresses a critical gap between existing digital printing
technologies and their potential application in circular and repair-oriented textile
systems.



1.2 Aims and objectives

The aim of this project is to assess the feasibility of using digital inkjet printing with

commercially available pigment-based inks as a scalable textile repair solution for

industrial workwear applications in healthcare and food service sectors. The study

focuses on repairing hydrophilic coffee stains and hydrophobic ballpoint ink stains,
on cotton plain weave, polyester plain weave, and polyester twill fabrics. The

research evaluates how fiber type, fabric structure, stain chemistry, and multilayer
printing behaviour influence colour and shape matching, stain concealment,
structural changes and repair durability during the repair process.

1.3 Research questions

1.

To what extent can digital inkjet printing achieve a visually satisfactory
repair of stained textiles through accurate shape replication and color
matching?

a. How can the random geometry of stained areas be captured and
remanufactured to achieve precise shape matching?

b. How effectively can the color tone of the printed repair area be
matched to the surrounding fabric background to achieve acceptable
visual integration?

How do successive inkjet-printed layers influence stain coverage, color
difference (4E), and fabric porosity in textile repair?

How do textile material, textile structure, and stain type affect the
performance of digital inkjet-printed textile repairs on stained fabrics?

a. How does the repaired area perform in terms of visual stability and
durability after washing and abrasion?

1.4 Hypotheses
H1: Digital inkjet printing can achieve visually satisfactory textile repairs when
both shape and color matching are optimized within acceptable tolerance limits.

Hla: The random geometry of stained areas can be captured and reproduced
with sufficient accuracy to achieve precise shape matching in the repaired
region.

H1b: Color matching between the printed repair area and the surrounding
fabric can be achieved within an acceptable AE range, enabling visually
seamless integration.



H2: Increasing the number of successive inkjet-printed layers improves stain
coverage and reduces color difference (4FE), but simultaneously decreases fabric
porosity.

H3. The performance of digital inkjet-printed textile repairs on stained fabrics is
significantly influenced by textile material, fabric structure, and stain type, resulting
in more variable repair quality and visual integration.

H3a:The repaired areas on stained textiles are expected to show reduced
visual stability and durability after washing and abrasion.

1.5 Limitations

This study was subject to several limitations. All repair prints were carried out using
commercially available inks, and pretreatment mixture, and printer settings
available within the Brother GTX digital inkjet printing system. As a result, the
study was limited to the performance capabilities and material compatibility of the
existing commercial setup, without optimization of ink formulations, binder
chemistry, or printing parameters specifically for textile repair applications. In
addition, the research focused on selected stain types and textile substrates under
laboratory conditions, which may not fully represent the wide variety of stains,
fabric constructions, and wear conditions encountered in real industrial
environments.



2 Literature Review

2.1 Sustainability challenges in the textile industry

The textile industry remains heavily rooted in a linear “take-make-dispose” model.
It is a system that not only drives excessive resource consumption but also generates
an estimated 20% of global waste, with demand projected to grow by 63% by 2030
(Biyada & Urbonavicius, 2025). While this issue is often discussed in the context
of fast fashion, it is also highly relevant to professional sectors such as healthcare
and food services, where workwear is managed through service-based business
models. In these systems, companies provide garments like uniforms and protective
clothing as part of a leasing model, where products are repeatedly collected,
industrially laundered, inspected, and redistributed to users. During this circular
service process, garments are subject to strict quality control standards. If stains,
damage, or contamination are detected during industrial laundry and sorting, items
are often removed from circulation, either for reprocessing, downgrading, or
disposal. (Thilagavathi & Rathinamoorthy, 2022) This leads to premature
replacement despite the garment still having functional value, contributing to
material waste and increased operational costs for service providers. At the same
time, these industries rely on high volumes of textiles that must meet hygiene and
safety regulations, making durability and maintainability critical performance
factors. Extending the service life of textiles through effective repair strategies
represents an important opportunity to reduce waste and support more circular
textile systems.

2.2 Digital inkjet printing and its ability as a repair-oriented
technology

Digital inkjet printing is an increasingly important technology in textile
manufacturing, driven by its precision, flexibility, and compatibility with digital
production processes. Recent advancements in printhead engineering and
automated maintenance systems have further enhanced its reliability and industrial
applicability. (Cao et al., 2024)

At the hardware level, advancements in printhead design have further contributed
to improved reliability and precision. Modern printheads use smaller nozzle
apertures to produce finer droplets and higher-resolution images, which is
particularly important for detailed textile patterns and localized repairs (Cie, 2015).
To minimize the clogging, they incorporate cleaning mechanisms and improved
fluid-handling systems that support stable operation (Dehghani et al., 2004). In
addition to hardware advancements, developments in ink formulation have also
played a crucial role in improving the performance of digital inkjet systems.
Modern inks are developed with controlled viscosity and surface tension to ensure
stable droplet formation and accurate deposition (Lohse, 2026).
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Together, these developments in automated maintenance systems, printhead
engineering, and ink formulation have transformed digital inkjet printing into a
highly reliable and increasingly self-maintaining technology. This is particularly
significant in the context of textile repair, where consistency, precision, and
minimal downtime are essential for industrial feasibility. By reducing the frequency
of manual intervention and enabling continuous, high-quality output, modern inkjet
systems support scalable repair processes that align with the goals of resource
efficiency and circular textile production. It demonstrates strong potential as a fast
and flexible repair-oriented technology due to its ability to deliver highly localized,
precise, and on-demand material deposition (Dehghani et al., 2004). Its non-contact
nature allows it to be applied to a wide range of textile surfaces without causing
additional mechanical stress, making it particularly suitable for restoring delicate
or high-value fabrics (Vodyashkin et al., 2025). The technology also supports rapid
customization, enabling accurate color matching and pattern reconstruction, which
are essential for seamless textile repair. These capabilities position digital inkjet
printing as a scalable and efficient solution for integrating repair processes within
existing textile production and service systems.

2.3 Pigment-based inks for textile repair applications

2.3.1 Comparison of pigment-based and dye-based inks

Textile inkjet inks are commonly classified into dye-based systems, such as
reactive, acid, and disperse inks, and pigment-based inks (Vodyashkin et al., 2025).
Dye-based inks rely on specific chemical interactions with fiber substrates and
require carefully controlled pre and post treatment processes tailored to fiber type.
This limits their suitability for textile repair, where fiber composition and prior
chemical history may be unknown. Pigment-based inks, in contrast, contain
insoluble color particles that are fixed to the textile surface through a polymeric
binder, allowing printing on a wide range of substrates including cotton, polyester,
and blended fabrics without fiber specific chemistry.

The fundamental distinction between dye-based and pigment-based inks in digital
printing lies in their chemical structure and how they interact with textile substrates.
Dye-based colorants are typically single-molecule structures that possess a direct
chemical affinity for specific fibers (Kan & Yuen, 2012). For cotton, which is a
cellulosic fiber, reactive dyes are most commonly used due to their ability to form
strong covalent bonds with hydroxyl groups in cellulose, resulting in excellent wash
fastness and durability (Siddiqua et al., 2017). Other dye classes such as direct dyes,
which rely on hydrogen bonding and van der Waals forces, offer easier application
but lower fastness, while vat dyes undergo a redox process that allows them to
penetrate the fiber and then become insoluble, providing superior wash and light



fastness, with more complex processing (Rosa et al., 2014). In contrast, polyester,
being hydrophobic and non-polar, requires disperse dyes, which are non-ionic and
sparingly soluble in water. These dyes diffuse into the amorphous regions of the
fiber at elevated temperatures, typically through thermofixation or sublimation,
achieving good durability and color strength. (Burkinshaw, 2024) Overall, these
examples highlight that dye-based ink systems are inherently substrate-specific,
requiring tailored chemistries and processing conditions because of the more
advanced fixation steps, often requiring steam and reductive cleaning by washing
before repeated drying (Kan & Yuen, 2012). While this enables strong fiber-dye
interactions and vibrant color performance, it simultaneously limits their flexibility,
particularly in applications involving mixed substrates or repair scenarios. In
contrast, pigments are insoluble particles that lack hydrophilic groups and inherent
chemical affinity for fibers; they must be physically attached to the fabric surface
using a binder system. Therefore, pigments can be applied to a broad range of
substrates regardless of fiber type. (Nie et al., 2023) This versatility makes pigment
printing an attractive, environmentally friendly alternative because it primarily
utilizes a dry process of heat fixation, eliminating the extensive water-consuming,
wet post-processing required to fix and remove unfixed dyes. (Work, 1999)

However, these structural differences lead to varied performance characteristics.
Pigment-based inks offer superior lightfastness, chemical resistance, and
weathering ability compared to dye-based inks, which are more prone to fading
(Nie et al., 2023). Because pigments reside on the fiber surface, they are more
susceptible to crocking, whereas dye-based prints generally exhibit better washing
and rubbing fastness because the colorant is locked within the fiber structure (Lim
& Chapman, 2019), which is critical for maintaining durability in sectors such as
healthcare and food service, where textiles undergo frequent industrial laundering.
From an aesthetic perspective, dye-based inks typically provide a wider, more vivid
color gamut. Pigments can appear dull if particles are not reduced to a size smaller
than half the wavelength of light to ensure transparency and avoid light scattering
(Tawiah et al., 2016). Finally, while traditional screen pigment printing often
stiffens fabrics due to heavy binders, inkjet pigment inks use minimal binder
amounts, helping to maintain the original hand and drape. Another important
consideration is coverage performance, particularly in repair scenarios. Because
pigments remain on the surface and are not limited by fiber affinity, they can
provide better opacity than dye-based inks, which are inherently transparent and
rely on substrate color (Saha, 2023). This makes pigment inks more suitable for
covering stains or discoloration, especially when repairing localized defects.

In addition, pigment inks typically require fewer and less complex pre- and post-
treatment steps, reducing processing time and operational complexity, an important
advantage in repair workflows that demand speed and efficiency ( Ali, 2008). Their
ability to provide consistent color performance across different substrates also
supports accurate spot repair and pattern reconstruction. Together, these



characteristics make pigment-based inkjet systems highly suitable for scalable,
flexible, and cost-effective textile repair applications.

2.3.2 Composition and function of pigment ink systems

Aqueous pigment inkjet inks typically consist of pigment dispersions, polymeric
binders, solvents and humectants, surfactants, and water. The binder plays a critical
role in encapsulating pigment particles and forming a continuous film on the textile
surface after curing. This film is responsible for mechanical fixation and resistance
to washing and abrasion. (Kamyshny, 2012) Acrylic and polyurethane binders are
commonly used due to their film-forming ability, flexibility, and compatibility with
textile substrates. The composition and function of pigment ink systems in digital
inkjet printing are engineered to balance technical reliability with high-quality
textile aesthetics. These systems typically consist of small pigment particles that do
not dissolve in the liquid, primarily water and also contains a binder along with
other additives. Unlike dyes, pigments lack inherent chemical affinity for textile
fibers. Therefore, the binder is essential for physically gluing the particles to the
fabric surface. To ensure reliable delivery through fine nozzles and avoid nozzle
clogging, pigments must be ultra-pure and reduced to sub-micron particle sizes,
generally below 500 nm (Kan & Yuen, 2012).

Inks are often formulated with surfactants and polymers like ethylene glycol or
hydroxypropyl methyl cellulose (HPMC) to maintain stability and prevent the
coffee ring effect or the formation of satellite droplets which can destroy image
clarity (Cao et al., 2024). Finally, to cross-link the binder and encapsulate the
pigment on the fibers, the application process concludes with a dry fixation stage,
utilizing heat or UV radiation.

2.3.3 Properties and stability of inks

The properties of these inks are heavily dictated by their rheological properties,
particularly viscosity and surface tension. In Drop-on-Demand (DOD) systems,
surface tension, ideally varying between 21 and 48 mN/m is a primary factor that
helps control the meniscus at the nozzle tip, ensuring it is properly maintained
during both steady and dynamic jetting states. Viscosity, typically in the range of 1
to 100 mPa-s for DOD applications, acts as a critical valve to prevent the reflux of
ink back into the pipe system when the piezoelectric crystal deforms. (Kan & Yuen,
2012) This resistance is essential for high-speed printheads to ensure that the
pressure wave effectively ejects a droplet through the nozzle rather than pushing it
back into the supply tubes.



2.4 Color mixing and matching

Digital inkjet printing provides a precise platform for color reproduction through
the use of Color Management Systems (CMS), which convert image data from
additive color spaces (RGB) to subtractive printing systems (CMYK-cyan,
magenta, yellow, and black) while accounting for substrate-specific behavior (Kan
& Yuen, 2012). It operates based on the principle of subtractive color mixing. In
this system, colors are created by selectively absorbing portions of white light
reflected from the textile substrate (Fu, 2006). Each ink layer filters specific
wavelengths as cyan absorbs red light, magenta absorbs green, and yellow absorbs
blue. By combining these inks in varying proportions, a wide spectrum of colors
can be produced. The addition of black (K) enhances depth, contrast, and shadow
detail while improving efficiency and reducing excessive ink usage.

In inkjet printing, color mixing occurs both spatially and optically. Due to the high
resolution of modern printheads, microscopic droplets of CMYK inks are deposited
in close proximity rather than fully premixed (Carr et al., 2006). The human eye
integrates these discrete dots into a continuous color, a process known as optical
color mixing. This enables precise tonal control and smooth gradients, which are
essential for applications such as pattern reconstruction and localized textile repair.

For textile repair, accurate colour measurement is essential for matching the printed
repair area with the surrounding fabric. Colour can be measured objectively using
a spectrophotometer, which records the colour in the CIE La*bh* colour space
(Hubbe et al., 2019). In this system, L represents lightness, a* represents the red-
green axis, and b* represents the yellow-blue axis. The colour difference between
the repaired area and the reference fabric can then be quantified using 4E (Delta E)
(Megawati et al., 2020). A lower AE value indicates a smaller difference between
the two colours and therefore a closer colour match (Lim & Chapman, 2019). In
this study, CIE La*b* measurements and AE values were used to objectively
evaluate and optimize colour matching between the printed repair and the
surrounding textile.

2.5 Stain chemistry and its influence on inkjet repair performance

2.5.1 Hydrophilic stains

Hydrophilic stains such as water-based beverages, perspiration, and food residues
interact strongly with fiber surfaces, particularly on cellulosic substrates like cotton.
These stains often penetrate deeply into fibers through hydrogen bonding and
capillary action. (Michielsen, 2024) They present a significant challenge to remove
because they fundamentally alter the surface energy, polarity, and moisture affinity
of the substrate. (Jangra et al., 2023)The interaction of these stains with textile fibers
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begins with wetting, where the original fabric-air interface is replaced by a fabric-
liquid interface, allowing the stain to spread across the fiber surface. This is
followed by wicking, a capillary-driven phenomenon in which the liquid penetrates
and migrates through the interconnected pore structure of the yarn and fabric. (de
Castro et al., 2015) On highly hydrophilic substrates such as scoured cotton with
exposed hydroxyl groups or treated polyester engineered for moisture management,
this process is amplified, enabling the stain to diffuse extensively both laterally and
vertically. As a result, the final dried stain area can be many times larger, sometimes
up to fifteen times greater, than on hydrophobic materials, creating a diffuse
contamination zone with non-uniform chemical distribution and variable surface
energy. (Jetnikoff & Michielsen, 2025)

Moreover, the chemical composition of hydrophilic stains, often containing sugars,
proteins, tannins, and oxidizable compounds which enables strong interactions with
fiber surfaces through hydrogen bonding, van der Waals forces, or even mild
chemical bonding, further hindering pigment adhesion. (Biehl & Zhang, 2024;
Hubbe et al., 2019) To address this, mild and sustainable pretreatment strategies
can be employed to disrupt these interactions. For instance, weak organic acids, can
protonate functional groups within the stain matrix and fiber interface, weakening
intermolecular forces and partially solubilizing the residue without damaging the
textile substrate. (Tomasino, 1992)

2.5.2 Hydrophobic stains

Hydrophobic stains are nonpolar contaminants, typically composed of oils, greases,
waxes, or synthetic lubricants, that exhibit a strong resistance to water due to their
low surface energy and lack of affinity for polar molecules. (Ahmad et al.,
2018)Their chemical nature is dominated by long hydrocarbon chains, which
promote interactions through van der Waals forces rather than hydrogen bonding,
allowing them to spread easily across fiber surfaces and form thin, continuous films.
These films effectively mask the inherent surface properties of the textile, making
it water-repellent and inhibiting wetting by aqueous systems such as inkjet inks. (de
Castro et al., 2015) As a result, hydrophobic stains not only resist removal but also
act as physical and chemical barriers that interfere with subsequent processing,
particularly in applications requiring uniform liquid penetration and adhesion. On
hydrophobic regions, liquid droplets tend to bead up, maintaining a compact, near-
spherical shape with high contact angles.

2.6 Substrate effects: cotton and polyester

The substrate effect of cotton and polyester in digital inkjet printing (DIP) is
fundamentally governed by their distinct physical structures and chemical
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compositions, which directly influence ink-fiber interactions, color development,
and print resolution. Cotton, a natural cellulosic fiber, is inherently hydrophilic and
highly porous due to the presence of abundant hydroxyl groups along its polymer
chains. (Mahbubul Bashar & Khan, 2013)These functional groups promote strong
interactions with aqueous, low-viscosity inkjet inks, enabling rapid absorption into
the fiber interior. As a result, ink penetration occurs predominantly in the vertical
direction rather than spreading laterally across the surface, which helps maintain
sharp print edges and minimizes bleeding even with minimal pretreatment. (de
Castro et al., 2015) The internal pore structure of cotton further acts as a reservoir,
physically entrapping colorants and enhancing fixation. When combined with
cationic pretreatments, cotton’s naturally negative surface charge facilitates strong
electrostatic attraction with anionic dyes or pigments, leading to higher color yield,
improved uniformity, and enhanced wash fastness. (Nie et al., 2023b)

In contrast, polyester is a hydrophobic, non-porous synthetic fiber composed
primarily of polyethylene terephthalate (PET), lacking reactive functional groups
for ionic or hydrogen bonding with aqueous inks. Its smooth, continuous filament
structure limits vertical ink penetration, forcing droplets to remain on or near the
surface. (Ali, 2008) This results in significant lateral spreading or wicking along
yarn pathways, often aligned with the warp and weft directions, which can distort
printed features and produce irregular or “square-like” image geometries. (Work,
1999) Without appropriate control, such as thermal fixation or chemical
pretreatments, ink migration on polyester can lead to poor edge definition, uneven
color distribution, and reduced print clarity (Cao et al., 2024). To counteract this,
surface modification techniques such as plasma treatment, application of thickening
agents, or cationic coatings are often employed to increase surface energy, enhance
wettability, and restrict uncontrolled ink flow (Ahmad et al., 2018; Kim, 2006)

2.7 Factors affecting performance

Achieving a visually acceptable and durable textile repair using digital inkjet
printing depends on several factors, including colour matching, stain coverage,
porosity, and durability. Together, these factors determine whether the repaired area
looks similar to the original fabric and can withstand normal use.

Color matching is a critical success factor in repair applications, where even minor
deviations can make the repaired area visually detectable. However, matching
colours on textiles can be difficult because fabrics have uneven surfaces and
different fibre orientations. Ink can also penetrate the fabric differently in different
areas, which may cause uneven colour (Marcu, 1993). Colour calibration and
profiling can help reduce these differences by considering the interaction between
the ink, fabric, and light (Wang, 2017). In addition to color accuracy, coverage and
opacity are essential, particularly when repairing stains or discoloration (Fu, 2006).
Achieving sufficient coverage especially for darker stains on lighter fabrics requires
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optimized deposition strategies, which directly influence both visual appearance
and material performance (Kasikovi¢ et al., 2012).

These deposition strategies are closely linked to changes in fabric porosity and
surface structure. As successive layers of pigment and binder are applied, the
original porous structure of the textile is progressively filled, reducing inter-fiber
voids and creating a more continuous surface. This enhances color uniformity and
opacity by limiting light scattering within the fabric (Kasikovi¢ et al., 2012).
However, this reduction in porosity also alters the mechanical behavior of the
textile, as the binder forms a network that restricts fiber mobility, potentially
leading to increased stiffness and changes in handle.

Finally, the durability and fastness of the repaired area are critical for ensuring long-
term performance, particularly in industrial applications such as healthcare and food
service workwear, where garments undergo frequent laundering and mechanical
stress. In pigment-based systems, durability is governed by the integrity of the
binder film, which mechanically anchors pigment particles to the fiber surface
(Wang, 2017). Although pigment inks generally provide good resistance to light
and chemicals, the pigments remain mainly on the fabric surface and can therefore
be gradually removed during abrasion. Excessive pigment and binder deposition
may also affect the strength and flexibility of the printed layer (Lim & Chapman,
2019)

Overall, textile repair requires a balance between good stain coverage and colour
matching while maintaining the original properties of the fabric. Therefore, the
number of print layers, ink deposition, binder formulation, and fabric preparation
need to be carefully controlled to achieve an effective and durable repair.
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3 Materials and methods

The materials and methods used in this study were selected to investigate the
feasibility of digital inkjet printing for repairing stained textile fabrics, including
the preparation, printing, and evaluation of the repaired samples.

3.1 Materials
The materials used in the study included the selected textile substrates, stain
materials, pigment-based printing inks, and the equipment

3.1.1 Fabric Materials

Three different textile substrates were selected for this study to evaluate the
influence of fibre composition and fabric structure on digital inkjet repair
performance. The first substrate was a 100% cotton plain weave fabric with an areal
density of 195 g/m?, available in white and blue colour shades. In addition, two
100% polyester (PET) fabrics were investigated, a plain weave polyester fabric with
an areal density of 85.1 g/m? available in white and blue colours, and a polyester
twill weave fabric with an areal density of 147.5 g/m? in white colour. These
materials were selected to represent both hydrophilic natural fibre structures and
low-moisture-absorption synthetic textile systems commonly used in industrial
workwear applications.

Table 1 Fabric specifications

Fabric Composition g/m2 Weave Colors
pattern

Cotton 100% Cotton 195 Plain White, Blue

Polyester 100% Polyester 85,1 Plain White, Blue

Polyester 100% Polyester  147.5 Twill White

3.1.2 Stains

Two representative stain types were selected to represent different chemical and
wetting behaviours commonly encountered on textile workwear.

Table 2 Specifications of materials for fabric staining

Stain Type Concentration Hydrophilicity/ Hydrophobicity
Instant Coffee 0,8 g/ml Hydrophilic
Ballpoint ink - Hydrophobic

Another printed stain with optical intensity and colour depth similar to the ballpoint
ink stain was also prepared to provide an additional controlled stain condition for
evaluating the repair performance.
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3.1.3 Materials for inkjet printing process

Commercially available chemicals supplied for the Brother GTX digital inkjet

printing system were used throughout the study. These included maintenance

solution, pretreatment liquid, CMYK pigment inks, white pigment ink, and wiper

cleaner formulations.

Table 3 Specifications of inks used in Brother printer

Type Chemical CAS number

Maintenance solution Mixture (Water, 1,2-benzisothiazol-3 GC-50S2L
(2H)-one)

Pre-treatment liquid Mixture (Water,  Diethylene Glycol, GCX-4P05
Calcium nitrate, calcium chloride, 1,2-
benzisothiazol-3 (2H)-one)

Blue pigment ink Mixture (Water, Glycerol, ethylene GCX-4E02
glycol,  cyan,l,2-benzisothiazolin-3-
one)

Black pigment ink Mixture (Water, Diethylene Glycol, GCX-4K-1
ethylene glycol, carbon
black, Acetone,1,2-benzisothiazolin-3-
one)

Magenta pigment ink Mixture(Water, Glycerol, ethylene GCX-4M-1
glycol, Magenta pigment, 1,2-
benzisothiazolin-3-one)

White pigment ink Mixture (Water, Titanium dioxide, GCX-4W50
triethanolamine, ethylene glycol, 1,2-
benzisothiazolin-3-one)

Yellow pigment ink Mixture (Water, Glycerol, ethylene GCX-4Y-1
glycol, yellow pigment,1,2-
benzisothiazolin-3-one)

Wiper cleaner Wiper cleaner SB6673

(SB6673) Mixture (Diethylene Glycol
, 1,2-benzisothiazol-3 (2H)-one)

3.1.4 Printing machine

The repair printing was carried out using a Brother GTX Pro direct-to-garment
(DTG) digital inkjet printer with pigment-based ink system. The printer employs
CMYK inks with additional white ink channels, enabling high-resolution digital
printing on textile substrates. A 14 x 16 inch printing platen was used throughout
the study, with the platen set to Position H to provide appropriate printhead
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clearance for the fabric samples and ensure consistent ink deposition. For print
alignment, the printer was integrated with AccuLine software (Version 3.2), which
utilizes a camera-based positioning system to accurately detect the sample location
and align the digital print with the target repair area.

Platen

Figure 1 Brother GTX printer

3.2 Methods

The methodology was designed to evaluate the feasibility of digital inkjet printing
for textile repair by investigating colour and shape matching, stain preparation,
printing, and the resulting structural and durability performance of the repaired
fabrics.

3.2.1 Shape and color matching

Shape and colour matching were carried out to ensure that the printed repair
accurately followed the stain geometry and visually blended with the surrounding
fabric.

3.2.1.1 Color matching

To get the exact color match, an additional calibration procedure was carried out
using the GTX color chart system. The corresponding CIELAB (La*b*) values of
background fabric were then entered into the GTX color chart function to generate
arange of closely related color variations and they were printed onto a fabric sample
of the same material and construction as the repair substrate. The printed patches
were visually evaluated under controlled lighting conditions, that provided the
closest match to the surrounding fabric background was selected as the final repair
color for subsequent printing. The corresponding La *b* values of the selected patch
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were then used as the final input values for repair printing. Different printing
configurations available in the GTX printing system were also evaluated to
determine their influence on repair quality and visual integration. The system
provided three printing modes: white ink only, color ink only, and combined white
and color printing. Experimental trials were conducted using both the color ink only
mode and the combined white and color mode on cotton and polyester dyed fabrics.
The white ink only mode was selected for the white color fabrics throughout the
study instead of color matching.

g &t
mc-------

Figure 2 The interface of GTX when the color chart was selected

3.2.1.2 Shape matching

The fabric which contains the stain was carefully positioned and fixed onto the
printer platen to ensure a flat and stable printing surface. To initiate the repair
workflow, the sample was first captured using an Acculine camera mounted above
the printing bed. The captured image, including the stained region and surrounding
textile area, was saved and transferred to Adobe Photoshop for digital processing.

In Adobe Photoshop, the stained area was manually isolated using selection tools
to accurately define its shape and boundary. The workflow followed these steps,

1. The image was opened in Photoshop and the stained area was identified
visually.

2. The Color Range tool was used to select the stained region by sampling the stain
color and adjusting the fuzziness level to refine the selection.

3. Once the stain area was selected, the selection was fine-tuned using selection
tools to accurately match the stain boundary.

4. The selected region was then separated from the background using Ctrl + J
(Layer via Copy), creating a new layer containing only the stain shape.

5. The background layer was hidden to isolate the stain geometry clearly.

6. The final isolated stain shape layer, along with the La*b* color data of the
background fabric, was then prepared for export as a PNG and subsequent use
in the Acculine application for printing alignment.
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Once the shape selection and color reference were completed, the processed design
file was exported in a PNG format for further use.

3.2.2 Camera-Based Positioning Accuracy

A calibration and registration validation procedure was conducted. This test was
designed to quantify positional deviations introduced by the camera-based detection
system and to assess the overall precision of the Acculine-guided printing workflow
across the fabric surface.

A square-with-hole reference pattern was first designed and printed onto the textile
substrate. The pattern consisted of a solid outer square with a centrally located
square void, which served as a geometric reference for alignment evaluation. After
printing, the same fabric was placed on the printing platform again and using the
Acculine system a second square with identical dimensions to the hole, which was
subsequently printed to align precisely within the detected region.

To assess spatial consistency across the working field, the experiment was repeated
at five different regions of the fabric surface: top-left (closer to the printing
machine), bottom-left (closer to the person), center, middle-left, and middle-right.
These locations were selected to evaluate whether positional accuracy varied
depending on the camera’s field of view and the working area of the printing
system. It is important to note that the camera was not perfectly centered relative to
the printing area and was positioned slightly closer to the top-right region. This
introduced a potential perspective bias, which was considered when interpreting
spatial accuracy results.

For each location, the deviation between the expected geometric center of the
reference hole and the actual printed square position was measured. These
deviations were used to quantify registration error and assess system accuracy
across the workspace. The Acculine software indicated an overall calibration
performance of approximately 89%, suggesting generally reliable spatial detection
across the field of view.

3.2.3 Staining Method

A coffee staining solution was prepared at a concentration of 0.8 g/mL and used to
simulate realistic staining conditions on cotton textile samples. Prior to staining,
masking tape was applied to the fabric surface to define and isolate the target
staining area, ensuring consistent stain dimensions across all samples. The staining
process was performed using a sponge application method. A sponge was dipped
into the prepared coffee solution and gently pressed once onto the marked fabric
area to create a dark stain shade. To obtain a lighter stain shade, the same sponge
without re-immersing it in the solution, was pressed a third time onto another
marked area of the fabric. This approach enabled the production of stains with
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varying intensity levels while maintaining a consistent staining technique.
Following stain application, the samples were allowed to dry under ambient
laboratory conditions. The stained textile samples were then subjected to a washing
process according to ISO 6330:2012 to simulate domestic laundering conditions
and to ensure stabilization of the stains prior to the digital inkjet repair experiments
and subsequent evaluations.

To create controlled stains on polyester textile samples, same coffee staining
solution was prepared used. To achieve consistent stain geometry, a laser-cut
wooden stencil was coated with the coffee solution and then pressed onto the fabric
surface. The first application produced a dark stain shade, while a lighter stain shade
was created by pressing the same stencil onto another area of the fabric without
reapplying additional solution. After staining, the samples were allowed to dry
under ambient laboratory conditions. The stained polyester samples were
subsequently washed according to ISO 6330:2012 to simulate laundering
conditions and stabilize the stains prior to the digital inkjet repair process and
further testing.

Ballpoint ink staining was carried out on both cotton and polyester textile samples
using the same application method employed for the coffee staining procedure on
cotton fabrics. To further evaluate the capability of the digital inkjet repair system
to conceal highly visible dark stains, an additional demonstration sample was
prepared using a printed stain designed to closely match the color characteristics of
the ballpoint ink stains. This approach allowed the investigation of how effectively
successive inkjet-printed layers could cover and visually neutralize dark, high-
contrast areas under controlled conditions. By reproducing a stain with similar
optical intensity and color depth, the experiment provided a clearer assessment of
the opacity, coverage performance, and layer build-up behaviour of the repair
printing process without the variability associated with real ink penetration into the
textile structure.

Furthermore, the surrounding undamaged textile area and the stains were analysed
using Datacolor machine, and the corresponding CIE La*b* values were extracted
to define the reference color for accurate color matching in the repair process.

3.2.4 Printing Method

Prior to printing, a pre-treatment step was applied to improve ink fixation and
enhance print quality on the textile surface. A pre-treatment liquid was selectively
sprayed onto the stained area, with the application controlled according to the size
and geometry of the intended print region. This ensured that only the target repair
zone was treated, minimizing unwanted effects on the surrounding fabric. After
application, the pre-treated samples were subjected to a heat pressing process at
180°C for 35s using a heat press machine. This step activated the pre-treatment and
promoted better interaction between the ink and the textile substrate, thereby

19



improving adhesion, color development, and overall print stability prior to the
digital inkjet printing process.

The printing process was carried out using a Brother GTX digital inkjet printing
machine. Within the Acculine software, the exported PNG file of shape was
positioned and aligned over the corresponding stained area on the live camera feed
of the textile sample. Adjustments were made to ensure accurate registration
between the digital repair template and the physical stain location. After final
alignment and color mode selection, the repair design was printed directly onto the
textile substrate. Following printing, the samples were placed in a drying cabinet
and dried at 60°C until completely dry to ensure proper ink fixation and solvent
removal. In cases where the initial print did not achieve the required visual coverage
or color matching, additional print layers were applied sequentially. These
successive layers were printed without intermediate heat pressing, allowing gradual
build-up of coverage until the repaired area reached the desired level of visual
similarity with the surrounding fabric. The number of layers was adjusted based on
visual assessment of stain concealment, color match, and overall visibility.

Once the final print quality was deemed satisfactory, post-treatment heat fixation
was carried out using a heat press machine. The samples were pressed at 180°C for
35s to enhance ink fixation, improve durability, and stabilize the printed repair on
the textile surface.

3.2.5 Fabric Characterization

Contact angle measurements were performed to characterise the wettability of the
textile substrates and evaluate their hydrophilic or hydrophobic behaviour. The
sessile drop method was used with THETA optical tensiometer (by Attension) to
obtain static contact angle values. For the analysis, fabric samples of cotton and
polyester were placed flat on the sample stage of the optical tensiometer to ensure
a stable and uniform surface. A controlled droplet of distilled water (SuL in volume)
was gently dispensed onto the fabric surface using an automated micro-syringe
system. The droplet was deposited without impact to avoid deformation or
spreading induced by kinetic energy. Immediately after deposition, the droplet
profile was captured using the optical imaging system, and the static contact angle
was determined by fitting the droplet shape using the instrument software.
Measurements were recorded at a consistent time point after droplet placement to
minimise the influence of absorption dynamics, particularly for highly absorbent
substrates such as cotton.

Multiple measurements were taken at different locations on each fabric sample to
account for surface heterogeneity and to ensure repeatability. The average contact
angle values were then used to compare the wettability behaviour of cotton and
polyester substrates.
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3.2.6 Evaluation methods

The repaired textiles were evaluated using colour measurements, porosity analysis,
washing and abrasion durability tests to assess both the visual quality and functional
performance of the repair.

3.2.6.1 Color Measurement

Color performance and visual seamlessness of the printed repairs were evaluated
using both instrumental and visual assessment methods. A Datacolor
spectrophotometer (500) was used to measure the CIELa*b* values of both the
repaired area and the surrounding untreated fabric. The colour difference (4E) was
recorded to quantitatively assess the degree of mismatch between the repair and the
original textile surface.

AE = \/(Lz —L1)? + (az — ay)? + (b — by)?
Where:
e L =lightness value
e a=red-green colour coordinate
e b =yellow-blue colour coordinate

In addition to instrumental analysis, visual assessment was performed using a
standardized light box under controlled illumination conditions. This evaluation
focused on perceived colour uniformity, edge visibility, and the overall visual
integration of the repaired area with the surrounding fabric. To monitor colour
development during the repair process, measurements were taken after each printed
layer, allowing observation of how colour gradually converged toward the target
shade.

3.2.6.2 Porosity and Structural Changes

The influence of successive ink layers on fabric porosity was evaluated to determine
the structural changes caused by the repair printing process. Porosity measurements
were carried out using a PSM 165 Pore Size Meter by Topas GmbH. The analysis
focused on the effect of repeated ink and binder deposition on the inter-fiber void
structure of the textile surface.

Prior to testing, the printed fabric samples were conditioned under standard
laboratory conditions. Samples with different numbers of repair print layers were
prepared and compared to untreated reference fabrics. During measurement, the
fabric specimens were mounted using a gold sample holder with a cross-sectional
test area of 0.95 cm?. The test fluid used for the analysis was Topor, with a surface
tension of 16.00 mN/m. Pore size was measured in both dry flow and wet flow
modes to evaluate the effect of successive ink layers on the textile pore structure
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and airflow behaviour. The test fluid was used to wet the porous structure of the
textile, after which controlled air pressure (3.5Pa) was applied through the sample.
The pressure required to displace the wetting fluid from the pores was recorded by
the instrument and used to determine the effective pore structure characteristics of
the fabric. Measurements were performed for samples containing increasing
numbers of ink layers in order to evaluate how progressive ink deposition
influenced fabric porosity, surface sealing, and continuity of the textile structure.

3.2.6.3 Abrasion Resistance

Abrasion resistance was evaluated to assess the mechanical durability of the printed
repair under frictional wear conditions. The tests were conducted using the
Martindale abrasion tester in accordance with ISO 12947 standard. Fabric samples
of defined dimensions were mounted securely in the test holder and subjected to
controlled rubbing against a standard abrasive material under 9 kPa. The repaired
samples were evaluated at predefined revolutions of 1000, 2000, 3000, 4000, and
5000 cycles. At each stage, the samples were visually and instrumentally examined
to assess changes in print integrity, surface degradation, and loss of color intensity
in the repaired areas. Comparisons were made between pre- and post-abrasion
conditions to determine the extent of mechanical wear.

This method provided a systematic evaluation of how effectively inkjet-printed
repairs withstand repeated mechanical stress, particularly in demanding
applications such as healthcare and food service workwear, where textiles are
exposed to frequent friction and handling.

3.2.6.4 Wash fastness and laundering stability

Washing durability was assessed to evaluate the long-term stability of the inkjet-
printed repairs under laundering conditions. All samples were subjected to
standardized washing according to ISO 6330:2012, using 20g of standard washing
powder. During the heating, washing, and rinsing stages, the agitation level was
maintained at normal conditions in accordance with the standard procedure.

After washing, the samples were dried in the drying cabinet in 60°C and then
visually and instrumentally evaluated for changes in print quality, color strength,
adhesion, and overall integrity of the repaired area. In addition, observations were
made regarding fading, bleeding, cracking, or detachment of the printed layer. The
post-wash results were compared with pre-wash measurements to assess the
durability and stability of the inkjet-printed repairs under repeated laundering
conditions.
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3.2.7 Statistical analysis

Statistical analysis was performed to compare the effects of laundering and abrasion
on the color stability of the optimized repair prints. Independent two-sample t-tests
assuming unequal variances were conducted using the measured AE values. The
abrasion conditions were separately compared with the corresponding laundering
conditions after one and two washing cycles. The analysis was conducted for the
optimized coffee dark (Print 3) and coffee light (Print 1) repair samples, with three
replicates for each condition. A significance level of a = 0.05 was applied, with p-
values below 0.05 considered statistically significant.

4 Results

The results present the findings from the shape and colour matching, multilayer
printing, porosity, and durability evaluations conducted to assess the performance
of the digital textile repair process.

4.1 Shape and color matching
The following section presents the results obtained from the shape and colour
matching evaluations.

4.1.1 Shape matching

The isolated stain shapes obtained through image processing in Adobe Photoshop
were successfully transferred to the printing workflow and reproduced on the textile
surface using the digital inkjet printing system. The printed repair shapes showed
close correspondence with the original stained areas. The irregular stain boundaries
and non-uniform contours were generally reproduced, with the printed areas
following the main geometry of the stains. Small differences in position were
observed between the original stains and the corresponding printed areas. Overall,
the printed shapes showed consistent reproduction of the main stain geometry.

—> —

a) b) c)

Figure 3 The process of shape matching of single stain. a) The image of the stain taken by Acculine
camera b) The exported image from Adobe Photoshop c) The color matched print
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In addition, the workflow allowed multiple stains of the same colour to be detected
and processed simultaneously. It enabled a single combined print mask to be
generated for all relevant stain regions at once.

s
—

a) b) ©)

Figure 4 The process of shape matching of multiple stains. a) The image of the stain taken by
Acculine camera b) The color range selection using Adobe Photoshop c) The exported image from
Adobe Photoshop

4.1.2 Color matching

The color matching process demonstrated that directly applying the measured
CIELa*b* values as input colors in Adobe Photoshop did not always produce a
print that visually matched the surrounding fabric as seen in figure 5. Although the
instrumental color values were numerically correct, it resulted in visible deviations
between the printed repair area and the original fabric background.

The additional GTX color chart calibration significantly improved visual color
matching. By printing a range of closely related shades onto the same fabric type
and visually selecting the closest match, the final repair prints achieved
substantially better visual integration compared to relying solely on the initially
measured instrumental values. The evaluation of different printing configurations
further showed that the white+color mode (Figure 6) produced the best repair
performance, particularly on cotton fabrics compared to only color ink modes
(Figure 5&7).

Figure 5 Printed color chart which matches to La*b* Figure 6 Printed color chart which matches to La*b*
values of the background cotton fabric using color values of the background cotton fabric using
ink only mode white+color mode
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Figure 7 Printed color chart which matches to RGB values of the
background cotton fabric using color ink only mode

On polyester fabrics, the repair performance was generally less satisfactory
compared to cotton. The white and color mode produced unstable print behaviour
with increased bleeding and lateral ink spreading resulting poor edge definition and
inconsistent color appearance. (See Figure 8)

Figure 8 Printed color chart which matches to La*b* values of the
background polyester plain fabric using white+color mode

4.2 Camera-Based Positioning Accuracy

The recorded positioning deviations across the printing field ranged from 2 to 3.5
mm in the x- and y-directions (See Figure 10). The smallest deviation was observed
in the top-right region, with 2 mm shifts in both directions. The middle-left region
showed an x-direction deviation of 3.5 mm, while the bottom-right region recorded
the highest y-direction deviation of 3.5 mm. The centre and middle-right regions
showed intermediate deviations ranging from 2.5 to 3.25 mm.

Table 4  Evaluation of Camera-Based Positioning Accuracy

Placement Shift in x direction Shift in y direction
(mm) (mm)

Middle right 3.25 2.5

Center 3 2.5

Middle left 3.5 2.5

Top right 2 2

Bottom right 3.5 3.5
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Figure 9 Initial print to check Figure 10 After printing the
Camera-Based Positioning inner square using Acculine
Accuracy software

4.3 Fabric characterization

The fabric characterization results focus on the surface wettability of the textile
substrates based on the contact angle measurements.

4.3.1 Contact angle test

The cotton fabric showed rapid absorption of the liquid droplet, and therefore a
stable contact angle could not be recorded. Both polyester fabrics retained
measurable droplets on their surfaces. The polyester plain weave recorded a mean
contact angle of 34.1 £ 1.89° and a maximum contact angle of 82.6 + 0.71°. The
polyester twill weave recorded a mean contact angle of 20.8 + 1.13° and a maximum
contact angle of 53.6 £4.11°. (See table 5)

Table 5 Results of the sessile drop test

Material Contact angle mean [°] Max contact angle mean [°]

Cotton — Plain weave - -
Polyester- Plain weave 34.1 +1.89 82.6+0.71
Polyester- Twill weave 20.8+1.13 53.6+£4.11

4.4 Color measurements

4.4.1 Fabric types

The colorimetric measurements of the background fabrics showed that all substrates
exhibited high lightness values, L (93.56 to 95.0). Cotton and PET Plain fabrics
displayed positive b* values (3.02 and 1.96, respectively), while PET Twill showed
the lowest b* value (1.32). The a* values were close to zero for all fabrics (Table
6). These baseline color characteristics were used as reference values for
subsequent color matching and repair assessments.
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Table 6 Initial La*b* values of fabrics

CIEL CIE a CIEb CIEC CIE h
Cotton 94.3 0.22 3.02 3.03 85.8
PET Plain  95.0 0.13 1.96 1.96 86.3
PET Twill 93.6 -0.32 1.32 1.36 103.5

4.4.2 Stain types

The staining procedures successfully produced controlled stain patterns with
varying intensities on both cotton and polyester substrates, as shown in figure 11.
Clear visual differences were observed between light and dark stain shades,
confirming the consistency of the application methods.

d) e)
Figure 11 Stains a) Coffee dark shade, b) Coffee light shade, c) B/ink dark shade,
d) B/ink light shade, e) Reproduced print

Coffee stains generally showed substantial reduction in AE values after washing,
particularly on polyester fabrics where the stains were completely washed off. In
contrast, ballpoint ink stains remained highly visible after laundering on both cotton
and polyester substrates, indicating strong stain persistence. The results in the table
7 further show that darker stains produced higher initial AE values compared to
lighter stains.
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Table 7 Color measurements of the stained areas using the Datacolor machine 500

Material/ Stain Shade  After stain  After wash
Weave/ Mean A4E + Mean AE  +
Color Standard Standard
deviation deviation
Cotton Plain Coffee Dark  61.8+0.99 7.25£0.06
Light 47.5+0.85 2.33+0.04
Ballpoint ink Dark  76.7+0.35 68.9 £0.35
Light 60.9+0.35 58.2+0.42
Reproduced print Dark  61.7 +0.49 -
PET Plain Coftee Dark  48.9+0.49 Washed off
Light 37.2+0.35 Washed off
Ballpoint ink Dark  72.7+1.56 71.8 £0.58
Light 57.0+0.14 499+ 0.28
Reproduced print Dark  67.2 +0.92 -
PET Twill - Coffee Dark  49.1 £0.64 Washed off
White Light 38.2+1.06 Washed off
Ballpoint ink Dark  70.5+0.85 70.2+0.80
Light 61.4+2.12 57.9+3.40
Reproduced print Dark  59.5+0.99 -

4.4.3 Behavior of ink layers

The following section presents the observed behaviour of the printed ink layers
during the repair process, including changes in coverage, spreading, and stain
concealment.

4.43.1 Cotton

The behaviour of the ink layers on cotton was evaluated for the different stain
conditions to observe changes in coverage and appearance with successive printing
layers.

4.43.1.1 Coffee stains

For cotton fabrics stained with coffee dark stain, the repair process showed
relatively successful color integration. The initial print layer produced a moderate
color difference (4E = 3.71), which progressively decreased with additional print
layers, reaching the lowest value at Print 3 (4E = 0.90). Bleeding behaviour began
to appear from Print 3 onward (Figure 13).

The light coffee stains on cotton showed a different trend. A very low AE value was
achieved already at Print 1 (4E = 0.75). However, additional print layers
progressively worsened color matching, with AE increasing substantially to 4.85 by
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Print 4 (Figure 14). Similar to the dark coffee stains, stain reappearance was not
observed and bleeding starts from print 3 onwards.

AE of coffee stained samples
B

¢
3
5 . ] 3
1 ) . @

After Print 1 Print 2 Print 3 Print 4 Print 5
wash

Figure 12 Change of AE of coffee stain on cotton. Brown markers represent coffee dark stained samples, and
pink markers represent coffee light stained samples

Coffee/ Dark shade

d) e)

Figure 13 Prints applied on coffee dark shade of cotton fabric a)1st print, b)2" print, c)3" print
d)4th print, e) 5t print
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Coffee/ Light shade

a) b) c) d)

Figure 14 Prints applied on coffee light shade of cotton fabric. a)1st print, b)2nd print, c)3rd print d)4th
print

4.43.1.2 Ink Stains

In contrast, the results for ballpoint ink stains on cotton in figure 15 revealed major
limitations in the repair approach. Extremely high AE values were observed for both
dark and light ballpoint ink stains, ranging from approximately 43 to 80 across all
print stages. Unlike coffee stains, the printed repairs failed to visually integrate with
the surrounding fabric, and the stain remained visible throughout the process. Stain
reappearance was consistently observed at all stages (See figure 16 & 17).

90
80 4
= * 4
< 70 P *
60 = . *
50 1 -
.
L T
40 L

20

10

After wash Print 1 Print 2 Print 3 Print 4 Print 5

Figure 15 Change of AE of B/ink of cotton fabric. Dark blue markers represent the b/ink dark stained samples,
blue markers represents b/ink light stained samples and light blue markers represent the reproduced print
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Ballpoint ink/ Dark shade

a) b) d)

Figure 16 Prints applied on b/ink dark shade of cotton fabric. a)1st print, b)2nd print, c)3rd print d)4th
print

Ballpoint ink/ light shade

d) e)

Figure 17 Prints applied on b/ink light shade of cotton fabric. a)1st print, b) 2nd print, c) 3rd print d) 4th
print, e) 5th print

4.4.3.1.3 Reproduced print

The results for the cotton reproduced print stain samples were used as a
demonstration to evaluate the capability of the digital inkjet repair system to cover
dark printed areas through successive ink layering. Initially, high 4E values were
observed after the first print layers (Figure 18), indicating a strong visual contrast
between the printed sample and the surrounding fabric. However, with progressive
layer deposition, the AE values decreased substantially from 49.15 at Print 1 to
24.89 at Print 4, demonstrating an improvement in coverage and color integration.
Nevertheless, bleeding behaviour emerged during the later print stages.
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a) b) ¢) d)

Figure 18 Prints applied on reproduced stain with similar optical intensity and color depth of b/ink in
cotton fabric. a)1st layer, b)2nd layer, c)3rd layer d)4th layer

4.4.3.2 Polyester - plain weave

For polyester plain fabric stained with coffee, both dark and light stains showed
moderate initial visibility, with 4E values of 48.95 + 0.49 and 37.15 £+ 0.35,
respectively as seen in figure 19. However, after washing according to ISO
6330:2012, both stains were completely removed, indicating minimal stain
retention on the polyester surface.

During the repair printing process on ballpoint ink-stained polyester, a non-ideal
behaviour was observed. Instead of improving visual match, successive print layers
resulted in increased AE values for the dark stain area, rising from after washing
(71.79 + 0.58) to Print 1 (73.75 £ 0.07), Print 2 (82.50 = 0.71), and Print 3 (80.25 +
1.63). This can be seen from figure 44 to 47. Similarly, bleeding and stain
reactivation were observed from the first print layer onward (Figure 20).

For the light ballpoint ink-stained polyester samples, a deviating trend was observed
as seen in Figure 19. The AF initially decreased from 57.00 £ 0.14 (after staining)
to 48.95 + 1.06 after the first print layer, indicating some temporary improvement
in coverage. However, bleeding and stain reactivation were also present (Figure
21). The repair performance remained inconsistent, with no clear convergence
toward an optimal visual match. Hence further printing were not conducted.

In contrast, the reproduced stain sample on polyester plain fabric demonstrated a
more stable and controlled behaviour as seen on figure 19. The AE values decreased
progressively from 67.15 + 0.92 (after stain) to 47.60 + 0.57, 32.20 + 1.56, and
finally 24.70 + 0.85 after successive print layers. Bleeding were observed from 3
layer (figure 22).
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Figure 19 Change of AE of B/ink of PET plain fabric. Dark blue markers represent the b/ink dark stained
samples, blue markers represents b/ink light stained samples and light blue markers represent the reproduced
stain

Ink/ Dark shade

2) b) 0 d)

Figure 20 Prints applied on b/ink dark shade of PET plain fabric. a)lst print,
b)2nd print, c)3rd print, d)4th print

Ink/ Light shade

Figure 21 Prints applied on b/ink light shade of PET plain fabric. a)1st print, b)2nd print

33



Reproduced stain / Dark shade

\%

a) b) c)

Figure 22 Prints applied on reproduced stain with similar optical intensity and color
depth of b/ink in PET plain fabric. a)1st layer, b)2nd layer, c)3rd layer

4.4.3.3 Polyester -Twill weave

The results for the PET twill fabric demonstrated behaviour similar to the PET plain
fabric, although the twill structure influenced the visual appearance and repair
response of the stains as seen in figure 23. Coffee stains on the PET twill substrate
were completely removed after washing, regardless of stain intensity.

In contrast, ballpoint ink stains on PET twill fabric remained highly challenging to
repair. For the dark ink stains, the initial repair attempts produced extremely high
AE values, beginning at 78.75 + 0.21 after Print 1. Although the AE values gradually
decreased with successive print layers to 75.30 £ 0.57, 38.55 £ 1.91, and finally
34.00 = 0.57 at Print 4, the repaired areas still exhibited substantial visual mismatch
with the surrounding fabric. In addition, bleeding and stain reactivation were
observed throughout all print stages (See figure 24). A similar trend was observed
for the light ink stains on PET twill. The AE values fluctuated across the print stages,
increasing from 47.05 + 1.20 at Print 1 to 60.05 + 2.62 by Print 3. The increase in
color difference suggests unstable repair behaviour and poor visual integration (See
figure 24). Bleeding and stain reactivation were also consistently present.

The reproduced stain samples on PET twill fabric showed significantly more stable
behaviour compared to the actual ink-stained samples as seen in figure 23. The 4E
values progressively decreased from 45.30 £ 0.71 at Print 1 to 7.36 + 1.22 at Print
4, demonstrating substantial improvement in opacity and visual integration through
successive multilayer printing. No stain reactivation was observed in these.
However, bleeding behaviour appeared from Print 3 onward (See figure 25). As the
additional print layers resulted in noticeable visual defects and reduced the overall
appearance of the repaired area. Therefore, further print layering and testing were
discontinued.
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Figure 23 Change of AE of B/ink of PET twill fabric. Dark blue markers represent the b/ink dark stained
samples, blue markers represents b/ink light stained samples and light blue markers represent the reproduced

Ballpoint ink- dark shade

a) | b)

Figure 24 Prints applied on b/ink dark shade of PET twill fabric. a)1st print, b)2nd print, c)3rd print

Ballpoint ink - light shade

a)“ ‘ | b)

Figure 25 Prints applied on b/ink light shade of PET twill fabric. a)1st print, b)2nd print, c)3rd print
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Reproduced stain dark shade
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a) b) ¢) d)

Figure 26 Prints applied on reproduced stain with similar optical intensity and color depth of b/ink in
PET twill fabric. a)1st layer, b)2nd layer, c)3rd layer d)4th layer

4.4.4 Porosity and Structural Changes

When comparing cotton with PET fabrics, cotton consistently exhibited higher pore
sizes than PET and far greater variability across all processing stages. PET fabrics
showed lower and more stable pore sizes overall. In cotton fabrics, pore size
behavior varied significantly depending on stain type. Ink-stained cotton generally
showed higher pore enlargement compared to coffee-stained samples, particularly
after washing as seen in Figure 27. For example, ink in the light shade increased
pore size dramatically up to 437.5 pm after washing, while coffee-stained samples,
although also increasing, showed comparatively lower maximum values.

Within PET fabrics, clear differences were observed between plain and twill
weaves as seen in figure 28 & 29. PET Plain fabric showed relatively higher pore
sizes after staining and washing (generally in the range of ~14-38 um), but these
values sharply reduced after printing to near-zero levels, indicating strong pore
closure due to surface densification. PET Twill, however, consistently showed
lower pore sizes than PET Plain at every stage, starting from approximately 6-12
um and reducing further after printing.

Shade also played an important role in pore size variation. Across both cotton and
PET fabrics, light shades generally resulted in higher pore sizes compared to dark
shades, especially after washing. This trend was most evident in cotton, where light-
shaded samples showed extreme pore expansion compared to dark ones.

However, after multiple layers prints measurements were not conducted due to
limitations in the measurement stage.
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Figure 27 Porosity results of coffee stains on cotton fabric. Blue bars represent coffee dark stains, orange bars
represent coffee light stains, gray bars represents b/ink dark stains and yellow bars represent b/ink light stains.
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Figure 28 Porosity results of b/ink stains on PET plain fabric. Blue bars represents b/ink dark stains and gray
bars represent b/ink light stains.
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Figure 29 Porosity results of b/ink stains on PET twill fabric. Blue bars represents b/ink dark stains and gray
bars represent b/ink light stains.
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4.5 Fastness properties

Based on the previous color matching and visual assessment results, the coffee dark
shade-print 3 and coffee light shade-print 1 samples were identified as the most
successful repair solutions, exhibiting the lowest AF values and the best visual
integration with the surrounding fabric. Therefore, these optimized print conditions
were selected to further evaluate fastness properties.

4.5.1 Abrasion resistance

As shown in table 8, for Coffee Dark (Print 3), AE increased progressively from
1.00 after 1000 cycles to 1.10, 1.36, 1.51, and 1.80 after 2000, 3000, 4000, and 5000
cycles, respectively. For Coffee Light (Print 1), AE increased from 0.76 after 1000
cycles to 1.09, 1.29, 1.32, and 2.01 at the corresponding abrasion stages. The coffee
light repair showed a higher AE than the coffee dark repair at 5000 cycles, while
the values at the earlier stages remained relatively close. The coffee light repair
showed a higher AE than the coffee dark repair at 5000 cycles, while the values at
the earlier stages remained relatively close.

Table 8 AE values compared to the background cotton fabric afier each 1000 cycles

Sample AE after  AE after AE AE after AE  after
1000 2000 after 4000 5000
cycles cycles 3000 cycles cycles
cycles
Coffee dark 1.00 1.10 1.36 1.51 1.80
shade- Print 3
Coffee light 0.76 1.09 1.29 1.32 2.01

shade- Print 1

Figure 30 shows the changes in the C/E La*b* colour coordinates of the repaired
areas after 1000-5000 abrasion cycles. With increasing abrasion cycles, the a* and
b* values progressively increased, showing a shift towards redder and yellower
tones, while the L* values decreased, indicating a reduction in lightness.
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Figure 30 The plot shows that how the L a*b* values vary after abrasion a) of cotton coffee dark
shade (Print 3), b) in coffee light shade (Print 1)

4.5.2 Washing fastness and laundering stability

As shown in figure 31, for the coffee dark shade-Print 3 sample, the initial AE was
0.90 £ 0.01, followed by 0.80 £ 0.13 after one wash and 0.76 + 0.19 after two
washes. For the coffee light shade-Print 1 sample, the initial AE was 0.75 £+ 0.07,
decreasing to 0.53 £ 0.15 after one wash and 0.44 + 0.13 after two washes.

1.2
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0.4
0.2

After 1 wash

After printing After 2 washes

Figure 31 Wash durability result. The brown bars represent coffee dark shade (Print 1) sample and pink bars
represent coffee light shade (Print 1) sample
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4.6 Statistical analysis

For coffee light - Print 1, no significant difference was observed between one wash
and 1000 abrasion cycles (p = 0.14), or between two washes and 1000 abrasion
cycles (p =0.07) as seen in table 9. However, significant differences were observed
when comparing both one wash and two washes with 2000 abrasion cycles (p =
0.01 for both comparisons).

For coffee dark - Print 3, the comparison between one wash and 1000 abrasion
cycles was not significant (p = 0.08). Similarly, no significant difference was
observed between two washes and 1000 abrasion cycles (p = 0.18) or between two
washes and 2000 abrasion cycles (p = 0.08). A significant difference was observed
between one wash and 2000 abrasion cycles (p = 0.04), and between two washes
and 3000 abrasion cycles (p = 0.05).

According to table 9, the statistical results showed that significant differences
became more evident at higher abrasion exposure.

Table 9 Results of statistical analysis

Sample Comparison Mean Mean AE Two- Interpretation
AE (Abrasion) tailed
(Wash) p
Coffee 1 wash vs. 1000 0.53 0.76 0.14  Notsignificant
light cycles
(Print 1) 1 wash vs. 2000 0.53 1.09 0.01  Significant
cycles
2 washes vs. 1000 0.44 0.76 0.07  Notsignificant
cycles
2 washes vs. 2000 0.44 1.09 0.01  Significant
cycles
Coffee 1 wash vs. 1000 0.80 1.00 0.08  Notsignificant
Dark (Print cycles
3) 1 wash vs. 2000 0.80 1.10 0.04  Significant
cycles
2 washes vs. 1000 0.76 1.00 0.18  Notsignificant
cycles
2 washes vs. 2000 0.76 1.10 0.08  Notsignificant
cycles
2 washes vs. 3000 0.76 1.30 0.05  Significant
cycles
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5 Discussion

5.1 Shape and color matching

The shape matching results demonstrate that the digital workflow is highly effective
in reproducing complex stain geometries with strong spatial accuracy (See figure
3). The ability of the system to reproduce uneven edges and non-uniform stain
contours suggests that the digital inkjet process is well suited for realistic textile
damage simulation and repair (Castrejon-Pita et al., 2013). Unlike conventional
patch-based or uniform overprinting approaches, this method allows for selective
and precise targeting of only the affected regions, which helps maintain the natural
appearance of the surrounding fabric. A further important outcome is the capability
to detect and process multiple stains of the same colour simultaneously. By
generating a single combined print mask for multiple defect regions, the workflow
has potential to improve processing efficiency and reduces manual intervention as
seen in figure 4. This also contributes to better consistency in repair output, as all
relevant stain areas are treated under the same processing conditions and printing
parameters (Kan & Yuen, 2012). The above points are particularly important for
textile repair applications, where visual acceptability depends not only on colour
correction but also on the accurate reconstruction of irregular and naturally formed
defect shapes.

In terms of colour matching, the results show that both instrumental measurement
and visual calibration are necessary to achieve visually acceptable repair outcomes.
Although CIELa*b* values obtained from spectrophotometric analysis provide an
accurate numerical definition of colour, directly applying these values in Adobe
Photoshop did not always result in a visually correct match with the surrounding
fabric. This discrepancy arises because computer monitors utilize additive color
mixing (RGB), whereas the final textile print is produced using subtractive color
mixing (CMYK) (Wang, 2017). It also highlights the limitations of relying solely
on digital colour conversion in textile systems, where the final appearance is
influenced by ink absorption, surface texture, light scattering, and printer colour
management behaviour (Kan & Yuen, 2012).

The additional GTX colour chart calibration significantly improved the accuracy of
colour matching. This approach demonstrated that visual assessment remains a
critical step in textile repair, particularly for materials where optical and structural
effects strongly influence perceived colour. The evaluation of printing
configurations further showed in blue-dyed fabrics that the white and colour mode
produced the best overall colour matching performance (See figure 6), especially
on cotton fabrics. The white underlayer acted as an optical masking layer utilizing
light-scattering pigments like titanium dioxide to block the influence of the
underlying dark or stained substrate, reducing the influence of the substrate and
allowing the printed colours to appear more saturated and consistent (Fu, 2006). In
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contrast, the colour-only mode was less effective because the absence of a white
base layer allowed the underlying fabric tone and texture to influence the final
appearance, leading to reduced colour accuracy and weaker visual integration
(Work, 1999).

On polyester plain blue-dyed fabric, the repair performance was generally less
stable compared to cotton as shown in figure 8. In particular, the white and colour
mode resulted in increased bleeding and lateral ink spreading, which negatively
affected edge definition and produced inconsistent colour appearance. This
behavior can be attributed to the non-porous, hydrophobic nature of polyester
filaments (Burkinshaw, 2024). Unlike absorbent cotton, which traps water-based
inks within its internal porous network, water-like inkjet inks bleed badly on
polyester as they wick rapidly along the smooth filament surfaces through high
capillary forces (Vodyashkin et al., 2025). This ink migration leads to distorted
image morphologies and reduced sharpness during printing (de Castro et al., 2015).
The substrate specific properties are further discussed in upcoming paragraphs.

5.2 Camera-Based Positioning Accuracy

An analysis of camera-based positioning accuracy demonstrated that spatial
detection was not fully uniform across the workspace. The calibration of the
software shows approximately 89%. These positional deviations were largely
attributed to perspective bias, as the camera was not centered and instead sat closer
to the top-right region of the printing machine. Such spatial inconsistencies are
common in vision systems where the camera setup, including focal length, distance
from samples, and stereo geometry is not perfectly optimized for the entire field of
view (Rogala et al., 2019). As a results shown in table 4, registration errors reached
a minimum of 2.0 mm in the top-right region but increased to a maximum of 3.5
mm in the middle-left and bottom-right regions. While the current digital workflow
allows for manual corrections during alignment to account for these shifts, the
results highlight a need for future systems to integrate automated artificial
intelligence to overcome these spatial inconsistencies and ensure industrial
scalability.

5.3 Fabric types

The difference between substrates were observed in relation to several factors.

5.3.1 Contact angle

Cotton exhibited immediate liquid absorption, preventing the formation of a
measurable sessile drop (See table 5). This behaviour is attributed to the
hydrophilic nature of cellulose fibers, which contain abundant hydroxyl groups
capable of forming hydrogen bonds with water molecules (Biehl & Zhang, 2024).
As a result, the liquid rapidly penetrated into the fiber network through capillary
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action rather than remaining on the surface (de Castro et al., 2015). This high
absorbency is advantageous for ink penetration and fixation.

In contrast, polyester fabrics exhibited measurable contact angles due to the
hydrophobic nature of PET fibers (Ferrero & Periolatto, 2015). The absence of
polar functional groups on the polyester surface limits interaction with aqueous
liquids, allowing droplets to remain on the surface for measurement (Burkinshaw,
2024). The higher contact angle observed for PET plain weave (34.1 + 1.89°
mean; 82.6+0.71° maximum) indicates lower surface wettability compared with
PET twill (20.8+ 1.13° mean; 53.6+ 4.11° maximum). This difference is related
not only to fiber chemistry but also to fabric architecture. The plain weave
structure generally provides a more compact and uniform surface with fewer
pathways for liquid penetration, resulting in greater resistance to wetting and
higher droplet retention on the surface (Tomasino, 1992). The twill structure
contains a more open and directional interlacing pattern, which can create
additional capillary pathways between yarns and facilitate liquid spreading into
the fabric structure (Lim & Chapman, 2019). Although polyester remains
inherently hydrophobic, the increased surface accessibility and altered pore
geometry of the twill weave promote faster liquid penetration and lower apparent
contact angles (Lim & Chapman, 2019; Tomasino, 1992). These differences in
wettability are important for digital inkjet printing performance. Overall, The
contact angle results demonstrate the strong influence of fiber chemistry and
fabric structure on the wetting behaviour (Tomasino, 1992).

5.4 Stain types

The stain formation results in figure 11 demonstrate that the applied staining
protocols were effective in producing controlled and reproducible stain intensities
across both cotton and polyester substrates. The clear differentiation between light
and dark stain conditions confirms that the staining procedure was consistent and
capable of generating a suitable range of colour contrast for subsequent repair
evaluation. The higher initial 4E values observed for darker stains further validate
that stain intensity directly influences optical colour deviation from the original
fabric, providing a reliable baseline for assessing repair performance.

As shown in table 7, the behaviour of coffee stains highlights the strong influence
of fibre type on stain retention and removability. On polyester substrates, coffee
stains were completely removed in all cases, indicating minimal long-term stain
fixation. This behaviour is consistent with the limited affinity of polyester for water-
based staining solutions, where low moisture absorption restricts penetration of the
staining liquid into the fibre structure (Tomasino, 1992). In contrast, cotton fabrics
are expected to retain more water-based staining due to their hydrophilic cellulose
structure, although both substrates still showed measurable initial staining prior to
washing (Bashar & Khan, 2013).
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In comparison, ballpoint ink stains exhibited significantly higher persistence across
both fibre types, remaining highly visible even after laundering. This indicates
strong chemical affinity and fixation of ink components to the textile surface, likely
due to the presence of hydrophobic and solvent-based dye systems that resist
aqueous removal (Kiris, 2023). The persistence of ink stains, particularly in both
cotton and polyester, suggests that stain removal efficiency is strongly dependent
not only on fibre chemistry but also on the chemical composition of the staining
agent (de Castro et al., 2015). These differences provide a critical foundation for
evaluating the effectiveness of subsequent digital inkjet repair strategies, as they
define the range of stain persistence and optical contrast that the repair system must
address.

5.5 Behaviour of ink layers

The behaviour of the printed ink layers is discussed in relation to their colour
development, coverage, interaction with different textile substrates, and their effect
on fabric porosity as successive layers are applied.

5.5.1 Color measurements
The colour measurements show the changes in colour difference (AE) and the effect
of successive printing layers on the appearance of the repaired areas.

5.5.1.1 Cotton

For coffee-stained cotton fabrics, the repair system showed generally good colour
integration, particularly for darker stains where progressive layering reduced AE
values substantially as shown in figure 12. The reduction in 4E with successive
print layers indicates that incremental ink deposition can effectively build colour
density and improve visual blending with the surrounding fabric (Kasikovi¢ et al.,
2012). However, the subsequent increase in 4E after the optimal point (Print 3)
suggests that overprinting negatively affects colour accuracy. This behaviour is
likely linked to excessive pigment accumulation and increased surface reflectance
changes, which alter the perceived lightness and chroma of the repaired region
(KaSikovi¢ et al., 2012). The onset of bleeding from Print 3 further supports the
conclusion that the cotton substrate reached its absorption limit, leading to lateral
ink spread and reduced edge sharpness (Miles, 1994). Importantly, the absence of
stain reappearance in coffee samples indicates that the repair system was effective
in fully masking water-based staining once sufficient coverage was achieved.

In contrast, light coffee stains reached optimal colour matching at an early stage
(Print 1), after which additional layering degraded performance. This highlights
that lighter stains require minimal ink deposition, and excessive printing
introduces unnecessary optical interference rather than improving colour match.
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The increase in 4E with further layers again reflects over-saturation effects and
reduced fabric-ink balance. These findings emphasise the importance of
controlling ink volume according to initial stain density rather than applying a
fixed multilayer strategy.

The results for ballpoint ink stains highlight a fundamental limitation of the
current repair approach (See figure 15). The consistently high AE values across
all print stages indicate that the inkjet system was unable to effectively mask or
neutralise highly saturated, oil- or solvent-based inks. Unlike coffee stains, which
are more easily overprinted, ballpoint ink contains hydrophobic components that
can prevent essential surface wetting by aqueous repair inks and appears to remain
optically dominant beneath the repair layers (de Castro et al., 2015). This suggests
insufficient ink opacity and limited interaction between the repair ink and the
underlying stain. Additionally, the persistent stain visibility indicates that
chemical resistance of the original ink contributes to poor concealment, meaning
that visual coverage alone is not sufficient for effective repair (de Castro et al.,
2015). The occurrence of bleeding during later stages further demonstrates that
increasing ink loading does not improve masking performance but instead reduces
print stability and definition (Kas$ikovi¢ et al., 2012).

The printed stain samples provide further insight into the capability and
limitations of multilayer digital repair for high-contrast colour coverage as seen
in figure 18. Although progressive reduction in 4E demonstrates that controlled
layering can improve visual integration, the relatively high final 4E values
indicate that full restoration of heavily printed areas remains challenging. The
observed improvement confirms that opacity increases with additional layers.
However, adding more ink also caused bleeding and less defined edges, which
reduced the overall print quality. This shows that after a certain number of layers,
adding more ink does not improve the repair.

Overall, the findings highlight that the effectiveness of inkjet textile repair is
strongly dependent on both stain type and ink layering behaviour, with clear
differences observed across coffee stains, ballpoint ink stains, and printed stain
simulations on cotton substrates. Cotton’s high absorbency supports initial ink
uptake and colour blending, but also makes it susceptible to over-saturation and
bleeding under excessive layering. The system worked well for moderate stains
such as coffee, but ballpoint ink stains were more difficult to cover because of
their stronger colour and persistence.

5.5.1.2 Polyester

In both polyester fabrics, coffee stains were completely removed after washing,
regardless of stain intensity. This indicates that the water-based coffee solution had
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limited affinity toward polyester surfaces due to the low water uptake
characteristics of polyester fibres (Burkinshaw, 2024). Since polyester exhibits low
moisture absorption and limited liquid penetration, the coffee stains remained
primarily on the fabric surface and were easily eliminated during laundering. This
behaviour was observed consistently for both plain and twill weave polyester
structures despite differences in contact angles, confirming that polyester substrates
are less susceptible to permanent retention of water-based stains. (Jetnikoff &
Michielsen, 2025).

In contrast, ballpoint ink stains presented significant challenges for both polyester
structures during the repair printing process. In both weave structures, stain
reactivation and bleeding indicate that the underlying ballpoint ink continued to
interfere with the printed repair layers and remained optically dominant despite
increased ink deposition as seen in figure 19 & 23. The poor repair performance
observed for both polyester fabrics can be attributed primarily to the chemically
persistent nature of the ballpoint ink stain (Kiris, 2023). Unlike water-based coffee
stains, the ink components strongly adhered to the polyester surface and were
resistant to both washing and overprinting. During repair printing, interactions
between the existing stain and newly deposited repair inks likely caused partial re-
dispersion of colorants, resulting in unstable colour behaviour, optical interference,
and reduced edge definition (Lohse, 2026). These findings indicate that the opacity
and covering capability of the applied ink system were insufficient to fully mask
dark stains on polyester substrates.

Differences between the plain weave and twill weave polyester fabrics were also
observed in terms of repair stability and visual appearance. The PET twill fabric
generally showed slightly better reduction in 4E values during multilayer printing
compared to the plain weave fabric, particularly for dark ink stains. This may be
related to the structural characteristics of the twill weave, which contains diagonal
yarn floats and a more textured surface geometry (Alamdar-Yazdi, 2005). The twill
structure can influence ink spreading and light reflection behaviour, thereby
affecting colour perception and visual integration (KaSikovi¢ et al., 2012).
However, the textured nature of the twill weave may also have contributed to
uneven optical appearance and inconsistent colour response during repair printing
(Kan & Yuen, 2012). The PET twill fabric exhibited a lower contact angle,
indicating improved wettability and stronger interaction between the ink droplets
and the textile surface. Combined with its smaller pore structure, this promoted
controlled ink absorption and limited excessive lateral spreading, resulting in
sharper print edges and improved repair precision. Conversely, the PET plain weave
exhibited both a higher contact angle and larger pore size. The reduced wettability
hindered initial ink spreading on the surface, while the larger pores encouraged
uneven ink penetration and migration within the fabric structure. As a result, the
deposited ink droplets were less controlled, leading to poorer edge definition,
inconsistent color formation, and reduced overall print quality.
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The printed control samples on both polyester structures demonstrated that the
multilayer printing process itself was capable of improving opacity and visual
integration when chemically active stain residues were absent. Progressive
reductions in AE values confirmed that controlled multilayer printing can
successfully build colour density and improve coverage on polyester fabrics.
However, slight bleeding observed at higher print levels in both structures indicates
that excessive ink accumulation eventually compromises print sharpness and edge
definition (Work, 1999). Since additional print layers ultimately produced
noticeable visual defects and failed to achieve industrially acceptable repair quality,
further printing was discontinued.

5.6 Porosity and structural changes

Porosity was measured to understand how ink deposition, spreading, and adhesion
during the repair process affected the textile substrate and the stained area. It also
helped to identify whether the build-up of successive ink layers affect the fabric
stiffness and breathability. A clear distinction was observed between cotton and
PET fabrics, where cotton consistently exhibited considerably higher pore sizes and
greater variability across all processing stages as seen in figure 27. This behaviour
can be attributed to the hydrophilic nature and natural fibre structure of cotton,
which allows moisture uptake and structural rearrangement during wet processing
(Mahbubul Bashar & Khan, 2013). During laundering, cotton fibers undergo
significant swelling as they absorb water. As a result, cotton fabrics undergo
noticeable expansion of pore spaces, particularly after washing, where relaxation of
the fibre network further enhances pore enlargement. In contrast, PET fabrics
showed lower and more stable pore sizes, reflecting the material’s lower moisture
affinity and greater dimensional stability under aqueous processing conditions
(Burkinshaw, 2024).

Within PET fabrics, weave structure played an important role in governing porosity
behaviour as seen in figure 28 & 29. The twill weave consistently exhibited lower
pore sizes compared to the plain weave across all stages, due to differences in fabric
construction and yarn packing density. In a twill structure, the staggered interlacing
pattern allows yarns to be packed more closely together, creating a more compact
fabric with smaller and less continuous pore channels (Tomasino, 1992). In
contrast, the regular over-under interlacement of the plain weave forms a more open
structure with larger inter-yarn spaces, resulting in higher measured pore sizes
(Tomasino, 1992). The more compact structure of the twill fabric may have limited
the size of the spaces between the fibres, which could explain the lower pore size
values observed. The reduction in pore size after printing also suggests that the
deposited ink layers filled some of the spaces between the fibres and made the
printed surface more stiff.
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Stain type also had a pronounced effect on porosity behaviour. Ballpoint pen inks
consist of pigments or dyes dispersed in oil-based solvents and resin binders, which
form a surface film (Megawati et al., 2020). This initial film formation and
deposition within the fabric structure effectively fills the voids, resulting in smaller
measured pore sizes immediately after staining (Miles, 1994). During washing,
surfactants and mechanical agitation can partially remove or redistribute these
binders, exposing larger inter-fiber voids and altering the local fiber arrangement
(Mahbubul Bashar & Khan, 2013). The effect of ballpoint pen ink on pore size
differed markedly between cotton and polyester fabrics due to their contrasting fiber
properties and stain-fiber interactions. In cotton, both dark and light ballpoint ink
stains produced substantially larger pore sizes than in polyester. The swelling of
cotton towards water, combined with mechanical agitation and the partial removal
or redistribution of ballpoint ink binders, can alter the spacing between fibers and
enlarge the interconnected pore network measured by the porosimeter (Mahbubul
Bashar & Khan, 2013). In contrast, ballpoint ink on PET primarily wicks along
smooth filament surfaces through capillary forces rather than diffusing into the
polymer structure (Work, 1999). Consequently, laundering causes relatively limited
changes to the fiber arrangement on polyester, resulting in only small increases in
measured pore size compared to cotton (Burkinshaw, 2024). The components in
coffee stains are highly soluble, they are more effectively removed during
laundering, especially when treated with detergents containing oxidizing agents that
break down the stain's chemical structure (Jangra et al., 2023). The complete
removal of coffee stains from polyester, compared with their persistence on cotton,
can be attributed to the contrasting moisture absorption characteristics of the two
fiber types. Due to the hydrophilic nature of cotton, the coffee solution readily
penetrates the yarn and fiber structure, where some colorants interact with the
cellulose through hydrogen bonding and become more difficult to remove during
laundering (Mahbubul Bashar & Khan, 2013). In contrast, polyester exhibits very
low moisture absorbency, preventing deep penetration of the aqueous coffee
solution.

Shade intensity further influenced pore behaviour across both fabric types. In
general, light-shaded samples exhibited higher pore sizes compared to dark-shaded
samples. This trend may be explained by differences in dye concentration and fibre
binding effects, where higher dye loading in darker shades potentially reinforces
fibre cohesion and restricts structural expansion. In contrast, lighter shades contain
less dye material, allowing greater fibre mobility and increased pore expansion
during processing. (Cao et al., 2024)

An additional observation from the multilayer printing stages showed that, after a
certain number of print layers, the porosimeter could no longer function effectively
because air passage through the fabric at the tested region was fully restricted. This
indicates that the pore structure in the printed area had reached a closed or saturated
state due to extensive ink deposition and surface densification (Cao et al., 2024).
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This effect remained highly localized and did not extend beyond the repair zone,
meaning that the overall fabric structure was not altered. (Dehghani et al., 2004).
However, if the repaired area were much larger, this level of pore closure could
have a greater effect on the fabric’s breathability and overall comfort. Therefore,
extensive printing over large areas may not be suitable without further evaluation
of the effect on fabric properties.

Overall, the porosity results clearly demonstrate that fabric type is the dominant
factor influencing structural changes during staining, washing, and printing
processes, with additional contributions from weave architecture, stain type, and
shade intensity.

5.7 Fastness properties

Fastness properties were evaluated only on the final optimized repair configurations
that demonstrated acceptable repair quality and color matching (AE < 1),
specifically the coffee dark (Print 3) and coffee light (Print 1) samples.

5.7.1 Abrasion resistance

The results of the Martindale abrasion testing demonstrate that both selected repair
systems, coffee dark shade-print 3 and coffee light shade-print 1, exhibit gradual
increase in 4E with increasing abrasion cycles as shown in table 8. It suggests that
repeated rubbing caused some changes to the printed surface. This may be related
to small amounts of pigment being removed or redistributed during mechanical
rubbing (Kasikovi¢ et al., 2012). However, the changes in AE were relatively low
throughout the tested abrasion range

The increase of La*b* coordinates in positive a* and b* values indicates a
progressive shift toward red and yellow hues, accompanied by a reduction in
lightness (L*) as shown in figure 30 (Lim & Chapman, 2019). This directional
movement in color space reflects the increasing optical contribution of the
underlying coffee stain as the printed layer becomes thinner or more translucent
with continued abrasion. In practical terms, this suggests that the repair layer’s
masking efficiency diminishes gradually, allowing the inherent warm-toned
chromaticity of the coffee stain to become increasingly perceptible.

5.7.2 Washing fastness and laundering stability

The washing durability results demonstrate that the optimized inkjet repair systems
on cotton fabrics exhibited good stability under repeated laundering conditions (See
figure 31. In both selected samples a slight reduction in 4E was recorded, indicating
that the repaired remained visually compatible with the surrounding fabric after
laundering. This behaviour suggests that minor surface residues or loosely bound
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pigment particles were likely removed during washing, leading to improved optical
uniformity and a smoother integration between the repaired and original textile
regions (Megawati et al., 2020).

The absence of significant colour deviation or stain reappearance confirms that the
printed ink layers were effectively fixed onto the cotton substrate. This stability can
be attributed to the thermal treatment applied after printing, which provided the
necessary energy for the polymeric binder to form a continuous film and facilitated
binder crosslinking and improved ink adhesion to the fiber surface (Miles, 1994b).
As a result, the printed repair layers were able to withstand repeated mechanical
and chemical stresses associated with laundering without noticeable degradation in
colour performance (Fu, 2006). This is particularly important for real-world textile
applications, where repeated industrial washing is a critical requirement.

5.7.3 Statistical analysis

For both repair shades, 1000 abrasion cycles did not produce a statistically
significant difference compared with either one or two washing cycles (See table
9). This suggests that the printed pigment-binder layer remained relatively stable
during the initial stages of mechanical exposure. (Cao et al., 2024). The earlier
significant deterioration observed for the coffee light-print 1 may be associated with
differences in pigment coverage and optical sensitivity between the two shades. The
lighter repair may contain a lower pigment density or provide less optical masking
of the underlying textile. Consequently, relatively small pigment losses or surface
changes caused by abrasion can result in a more noticeable colour difference. In
comparison, the coffee dark-print 3 stain may have greater pigment coverage and
colour intensity, allowing it to maintain closer visual similarity for a longer abrasion
exposure. (Kasikovi¢ et al., 2012)

In comparison, washing resulted in relatively small colour changes, suggesting that
the cured pigment layer was able to withstand the washing conditions used in this
study, including contact with water and detergent (Work, 1999). Based on these
results, abrasion appeared to have a greater effect on colour change than washing,
while the repaired areas showed good colour stability under the tested laundering
conditions. Overall, The statistical findings demonstrate that the optimized digital
repair prints exhibited greater colour stability under laundering than under
prolonged mechanical abrasion.
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6 Conclusions

This thesis investigated the feasibility of using digital inkjet printing as a textile
repair technology for restoring stained fabrics and extending the service life of
industrial workwear textiles. The main objective of the study was to determine
whether a commercially available digital inkjet printing system using pigment-
based inks could produce visually acceptable and durable repairs on stained cotton
and polyester fabrics. The results showed that digital inkjet printing has potential
as a localized repair approach, although its performance varied depending on the
textile substrate, stain type, colour, and number of printed layers.

The developed repair workflow combined camera-based stain detection, digital
image processing, shape replication, colour calibration, and localized multilayer
inkjet printing. The image-processing approach was able to reproduce the irregular
geometry of stained areas, supporting hypothesis 1a (H1a). The additional color
calibration procedure improved visual integration compared with relying on
measured CIELa*b* values. Low AE values were achieved for the selected
optimized repairs, supporting H1b. These findings confirm that visually acceptable
repairs require optimization of both shape and color matching rather than color
reproduction alone.

The research showed that hydrophilic coffee stains on cotton fabrics could be
repaired successfully through optimized multilayer printing, partially supporting
H2. The repaired areas achieved low AE values after printing and visually blended
well with the surrounding fabric, indicating effective color matching and stain
concealment. Wash tests demonstrated that the optimized repair prints of cotton
possessed good resistance to laundering, with only minor changes in color after 2
washes. Abrasion testing further demonstrated that these optimized repairs
maintained relatively stable visual performance after 5000 abrasion cycles. These
findings support H3, as textile material, fabric structure, and stain type influenced
the performance and visual integration of the repairs. H3a was partially supported,
as washing did not reduce visual stability, while increasing abrasion exposure
resulted in gradual colour changes.

At the same time, the study identified important technical challenges that currently
limit the universal application of this repair method. Ballpoint ink stains remained
highly difficult to conceal due to stain reactivation, bleeding, and poor adhesion.
These effects became more visible during successive print layers, where the
underlying stain interacted with the newly deposited pigment inks. Compared to
cotton substrates, polyester showed poorer edge definition, inconsistent coverage,
and increased lateral ink spreading. These observations highlight the strong
influence of textile surface chemistry, absorbency, and wettability on ink deposition
and repair quality, supporting H3. The results also showed that increasing the
number of printed layers reduced porosity within the repaired area as ink gradually
filled the available pore spaces. This effect was mainly localized to the repair zone
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and is unlikely to affect the fabric. However, larger printed areas could lead to
greater pore closure and may affect fabric breathability and comfort, indicating that
extensive printing should be further evaluated before application over larger areas.

Beyond the technical performance, this study demonstrates the practical potential
of digital inkjet printing within industrial textile service systems. In service-based
business models, garments are continuously collected, laundered, inspected, sorted,
and returned to customers within tightly scheduled processing cycles. Decisions
regarding whether a garment is returned to circulation or removed from service
must therefore be made rapidly. Under these time-critical conditions, repair
technologies must not only produce acceptable visual quality but also fit within
existing industrial workflows without introducing lengthy or complicated
processing steps. Rather than relying on complex stain-removal methods that may
require multiple treatment stages, specialized chemicals, repeated washing, or
uncertain results, localized digital printing offers a fast and flexible alternative by
directly covering stains while preserving the functionality of the garment. The
simplified fixation process of pigment-based inks, combined with localized
application and minimal post-processing, makes this approach particularly
attractive for industrial laundries where processing time directly influences
operational costs and garment availability. From this perspective, a rapid and
visually acceptable repair may provide greater economic value particularly when
the garment remains mechanically functional and fit for its intended use.

In conclusion, this thesis demonstrated that digital inkjet printing represents a
promising and resource-efficient approach for textile repair, especially for
hydrophilic stains on cotton-based fabrics. While challenges remain for
hydrophobic stains and polyester substrates, the research provides an important
foundation for future development of repair-oriented textile technologies. With
further advancements in ink chemistry, process optimization, and automated digital
workflows, digital textile repair could become an effective industrial strategy that
extends garment lifetimes, reduces textile waste, and supports more sustainable and
circular textile service systems.
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7 Scientific, societal and environmental relevance

The study provides experimental evidence on how fibre type, fabric structure, stain
type, wettability, porosity, colour matching, and the number of printed layers
influence the final repair quality. It also helps explain the relationship between ink
deposition and changes in the textile structure, such as pore reduction and ink
spreading. By comparing different textile substrates and stain types under
controlled conditions, the research adds new understanding of how digital printing
behaves when applied to already stained and contaminated textile surfaces, which
is different from conventional printing on clean fabrics. The study also provides a
basis for further research into repair-specific ink formulations, pretreatment
methods, multilayer printing strategies, colour prediction, and automated
positioning systems. Although some limitations were observed, the results provide
useful knowledge for developing more controlled and substrate-specific digital
textile repair processes.

The project has potential societal value because it addresses the problem of
removing or replacing garments due to localized stains or aesthetic defects when
the garment is still functional. This is particularly relevant to industrial workwear
used in sectors such as healthcare and food service, where garments are frequently
inspected, washed, and reused. Localized digital repair could provide an alternative
to replacing the complete garment and may help textile service companies keep
usable garments in circulation for longer. The research is also related to SDG 12
(Responsible Consumption and Production) through its focus on repair and
extended product use, and SDG 9 (Industry, Innovation and Infrastructure) through
the development of a new application for digital printing technology. Further
industrial testing would be needed to assess its practical implementation, cost, and
scalability.

The environmental relevance of the project is mainly linked to the possibility of
extending garment lifetime and reducing textile waste. Repairing a localized defect
instead of replacing an entire garment could reduce the demand for new fibres,
water, energy, dyes, and other resources required for textile production. The
research therefore supports the principles of the EU Green Deal and the transition
towards a circular economy, where products are kept in use for longer through
repair and reuse. However, the environmental benefit of digital repair should be
confirmed through further assessment, as ink, pretreatment, energy consumption,
and additional processing also have environmental impacts. A future life-cycle
assessment (LCA) could compare digital repair with garment replacement and
determine the actual environmental benefits of the proposed approach.
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8 Future research

The findings of this study identified several technical limitations that provide clear
directions for future research. One of the main challenges was achieving sufficient
stain concealment without introducing excessive ink spreading or stain bleeding.
Although increasing the number of print layers improved opacity and color
coverage, additional layers also increased lateral ink spreading, particularly on
polyester fabrics. Future research should therefore investigate printing strategies
and ink formulations that allow higher ink deposition while maintaining sharp print
boundaries and preventing stain migration.

The commercially available pigment inks and pretreatment solution used in this
study were originally developed for decorative garment printing rather than textile
repair. Studying about repair-specific ink formulations with improved adhesion,
opacity, and compatibility with contaminated textile surfaces should be done.
Similarly, the pretreatment process can be optimized for different fabric types and
stain chemistries instead of relying on a single commercial formulation. Surface
modification techniques that improve wetting and reduce dewetting on fabrics
while preventing stain reactivation should also be investigated.

Another important observation was the influence of multilayer printing on color
reproduction. While additional print layers improved stain coverage, they also
altered the final color because each successive layer interacted optically with the
previously deposited pigments. Future studies should investigate predictive color
correction models that account for multilayer pigment build-up and automatically
compensate for these color shifts during image processing.

Future research should also include a more detailed evaluation of shape matching
accuracy in digitally repaired textile areas. Quantitative measurements could be
used to compare the original stain boundary with the printed repair shape. This
would provide a more objective assessment of shape reproduction and help
determine the accuracy required for repairing small or irregular stains. The camera-
based positioning system generally enabled accurate repair printing. However,
small alignment errors were consistently observed across different regions of the
printing area. Future work should investigate improved camera calibration
procedures or software algorithms capable of automatically calculating and
compensating for positional shifts before printing. Increasing positioning accuracy
would be particularly important for repairing small or irregularly shaped stains
where precise registration is essential.

This study was limited to white and blue fabrics and selected stain types. Future
research should evaluate repair performance on more colors which are available in
food and healthcare sector. Furthermore, a wider range of fabric constructions and
fiber compositions commonly used in industrial workwear should be investigated
to establish substrate-specific repair parameters.
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Finally, durability testing in this study was performed under laboratory conditions.
Future studies should validate the repair process under actual industrial laundry
conditions and extended service use to determine its long-term performance within
commercial textile service systems. Such investigations would provide valuable
information for the practical implementation of digital textile repair in industrial
workwear maintenance.
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9 Declaration of use of artificial intelligence

Artificial intelligence (Al) tools were used during the preparation of this thesis to
support the writing and editing process. Al was mainly used for improving
grammar, sentence structure, clarity, and academic wording.

The research design, experimental work, data collection, data analysis,
interpretation of results, and conclusions were carried out by the author. Al-
generated suggestions were reviewed and adapted by the author, and the author
remains responsible for the accuracy, content, and originality of the thesis. Al tools
were not used as a substitute for the author's own academic judgement or research
work.
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11 Appendix

I.  Behavior of ink layers

Table 10 AE and behavior of prints applied on coffee stained cotton fabric.

Material | Shade | Stage | Color difference | Print Behavior
/Stain AE
Mean AE + | Bleeding Stain
Standard Deviation reappearance
Cotton | Dark Print1 | 3.70£0.14 no no
/Coftee Print2 | 1.57 £0.29 no no
Print3 | 0.90 £0.01 yes no
Print4 | 1.14£0.19 yes no
Print5 |2.20+0.14 yes no
Light | Print1 | 0.75+0.07 no no
Print2 | 1.21 £ 0.03 no no
Print3 | 2.15+0.07 yes no
Print4 | 4.85+0.35 yes no

Table 11 AE and behavior of prints applied on b/ink stained cotton fabric.

Material | Shade | Stage | Color  difference | Print Behavior
/Stain AE
Mean AE + | Bleeding Stain
Standard Deviation reappearance
Cotton Dark Print 1 | 68.45 +0.07 No yes
/ Print2 | 75.65+1.06 No yes
Ballpoint Print 3 | 80.25 £ 0.35 yes yes
ink Print4 | 75.65+1.91 yes yes
Light | Print1 | 55.80+0.99 No yes
Print2 | 53.70 + 1.27 No yes
Print3 | 43.10+1.70 yes yes
Print4 | 47.80 +2.12 yes yes
Print 5 | 59.80 £ 3.68 yes yes

Table 12 AE and behavior of prints applied on reproduce stain of cotton fabric.

Material | Shade | Stage | Color difference | Print Behavior
/Stain AE
Mean  A4FE + | Bleeding Stain
Standard Deviation reappearance
Cotton Dark | Print1 | 49.15+4.60 no no




/Print

Print 2 | 42.50 + 3.54 no no
Print3 | 26.45 £ 13.51 yes no
Print 4 | 24.89+ 9.01 yes no

Table 13 AE and behavior of prints applied on PET plain fabric.

Material Shade Stage Mean AE | Print Behaviour
/Stain Bleeding Stain
reactivatio
n
PET Plain/ | Dark Print 1 73.75+ Yes Yes
Ballpoint 0.07
ink Print 2 82.50+ Yes Yes
0.71
Print 3 80.25+ Yes Yes
1.63
Light Print 1 48.95+ Yes Yes
1.06
Print 2 53.02+0.8 | Yes Yes
6
PET Plain/ | Dark Print 1 47.60+ No No
Reproduce 0.57
d stain print Print 2 32.20+ No No
1.56
Print 3 24.70+0.8 | Yes No
5

Table 14 AE and behavior of prints applied on PET twill fabric.

Material Print Behaviour
/Stain Shade Stage Mean AE Bleeding | Stain reactivation
Light After wash | Washed off | - -
PET Twill/ | Dark Print 1 78.75+0.21 | yes yes
Ballpoint ink Print 2 75.30+0.57 | yes yes
Print 3 38.55+1.91 | yes yes
Light Print 1 47.05+1.20 | yes yes
Print 2 50.70 £5.09 | yes yes
Print 3 60.05+2.62 | yes yes
PET Dark Print 1 4530+ 0.71 | No No
Twill/Print Print 2 3425+ 1.20 | No No
Print 3 28.40 + 1.27 | yes No
Print 4 7.36+1.22 | yes No




II.

Porosity measurements

Table 15 Porosity results

Material | Stain Shade Stage Poresize mean [um]
type
Cotton Coffee Dark After stain 24.1+6.1
After wash 314.99 £21.96
Print 1 132.81 £25.25
Print 2 144 £16.6
Print 3 Machine was not functioning
Light After stain 123.31 £5.51
After wash 369.1 = 81.7
Print 1 343.4+46.9
Print 2 21.19+6.77
Print 3 Machine was not functioning
Ink Dark After stain 276.25 £ 74.75
After wash 327.47+14.97
Print 1 217.11+ 11.14
Print 2 7.69+ 10.46
Print 3 Machine was not functioning
Light After stain 309.00 £21.5
After wash 437.50 + 8.5
Print 1 29530 +£28.6
Print 2 17.80 + 10.0
Print 3 Machine was not functioning
PET Ink Dark After stain 14.94 + 6.38
Plain After wash 21.86+2.69
Print 1 0.54+1.26
Print 2 Machine was not functioning
Light After stain 23.41+3.11
After wash 37.71+1.05
Print 1 0.63 +£2.62
Print 2 Machine was not functioning
PET Ink Dark After stain 6.47+£4.23
Twil After wash 10.21 £2.05
Print 1 0.58+2.35
Print 2 Machine was not functioning
Light After stain 11.50+2.30
After wash 12.41 £3.56
Print 1 1.40+0.01
Print 2 Machine was not functioning
III.  Washing durability results

Table 16 AE values compared to the background fabric after wash cycles

Material

Stain | Shade

type

Stage

AE AE after | AE after
before 1 wash |2
wash washes

Xi




Cotton

Coffee

Dark Print3 | 0.90 0.80 0.76
0.01 0.13 0.19
Light Print 1 | 0.75 0.53 0.44
0.07 0.15 0.13

Xii





  Δ E =     (   L 2 −   L 1  ) 2 + (   a 2 −   a 1  ) 2 + (   b 2 −   b 1 ) 2

