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Abstract  
The garment industry is one of the world’s largest carbon and 
waste polluters. In the next decade, this industry is expected 
to produce 150 billion garments per year, while currently re-
cycling about 1%. Garment landfills are growing large 
enough to be seen from space, while the water consumption 
and manufacturing side effects threaten both the environment 
and human health. Creating a circular economy for textiles in 
hampered by two key challenges – fabric identification and 
tracking. Without precise automatic fabric identification – 
scalable recycling measures cannot be put into effect. With-
out traceability, governments cannot enforce recycling laws 
and incentives. We propose two solutions to this problem – 
leveraging low cost hardware and deep learning. Approach A 
– using microscope fabric images and Convolutional Neural 
Networks – demonstrates classification accuracy of over 90% 
for 14 fabric classes. Approach B, marking fabrics with a bi-
nary code visible only under UV light and using YOLOv8 
object detection to remain effective in the presence of unique 
fabrics challenges such as creasing, wear and light refraction, 
demonstrates an mAP of over 0.98, retaining up to 0.93 after 
wash cycles. We outline a traceability system based on Ap-
proach B that can be implemented worldwide at low cost to 
enable global fabric traceability for a functioning textile cir-
cular economy. Finally, we provide three created fabric based 
datasets for future research. 

1.0 Introduction 
There are 80-100 billion garments produced globally every 
year - expected to grow further to 150 billion in the next 
decade 1. The garment industry is currently one of the 
world’s largest carbon polluters and waste producers, ac-
counting for over 8% of global climate impact - outpacing 
both international flights and maritime shipping combined 
2. The number of garments produced every year far out-
strips the population growth (the current human population 
is ~8 billion and expected to grow to ~11 billion in 2100 – 
while the amount of clothing created during that time is ex-
pected to exceed 10 trillion garments 1). The environmental 
impact is staggering.  

 
1 17 Most Worrying Textile Waste Statistics & Facts - the Roundup, the-
roundup.org/textile-waste-statistics/. Accessed 16 Sept. 2023 
2 “Waste and Pollution.” Clean Clothes Campaign, 16 Aug. 2021, clean-
clothes.org/fashions-problems/waste-and-pollution.  
 

 
 The damage does not end there. As an example, every cot-
ton T-shirt produced consumes more water than a person 
drinks in over 14 years (5283 gallons - which if an adult 
drank the recommended one gallon per day - would last 
over 14 years) (Newell 2023). Entire seas have come close 
to drying up due to the water consumed for cotton produc-
tion, while humans lack access to drinking water (see Fig-
ure 2 for an example of the Aral Sea, close to drying out 
due to cotton production)3. This disaster occurred as cotton 
production in nearby farmlands doubled between 1960 and 
2000, leading to a shrinking of the sea at an accelerated 
pace (from 20cm/year in 1961-1970 to 80-90 cm/year in 
the 1980s) (Mambra, 2022, Micklin 2007). The textile in-
dustry recycles less than 1% of its products, shipping 
(sometimes brand-new clothes) to third world countries 
where they are dumped into landfills - some so big that 
they can be seen from space (See Figure 2). These landfills 
further pollute the environment through chemicals that leak 
from the clothes to the soil and water. The Atacama land-
fill, seen in Figure 3 has been designated by the United Na-
tions as an environmental and social emergency for the 
planet. (Robles 2023). 
 

 
Figure 1: The loss within the Aral Sea caused by nearby 

cotton production deviating water 4. 
 

3 “Fashion & Environment.” SustainYourStyle, www.sus-
tainyourstyle.org/en/whats-wrong-with-the-fashion-industry#anchor-envi-
ronmental-impact. Accessed 15 Sept. 2023.  
 
4 “Cotton.” WWF, World Wildlife Fund, www.worldwildlife.org/indus-
tries/cotton#:~:text=Soil%20Erosion%20and%20Degrada-
tion,the%20soil%20in%20many%20areas. Accessed 2 Oct. 2023.  



The health impacts of the textile industry are also profound 
(Islam 2022, Xie 2011). The area around the Aral Sea dis-
aster contains 80% of all throat cancer cases in the world 5. 
Those exposed to cotton dust report a 10x increase in 
Asthma (Mberikunashe 2010). In Brazil - cotton produc-
tion has caused pesticides to rain down from the sky - 
threatening the health of everyone nearby 5. 85% of the 
population of Uzbekistan has health issues linked to cot-
ton-related pesticides 5. 
 

 
Figure 2: The Atacama Landfill - taken from 6 

 
All of these issues demand the creation of a circular econ-
omy for textiles and garments. There are many challenges 
to creating a sustainable circular textile economy. This pa-
per focuses on two critical challenges – automated textile 
sorting and textile traceability. 
 
Technologies are being rapidly developed to safely dispose 
of or to reuse textiles - but these methods are very specific 
to the fabric types. For example - the methods for pro-
cessing polyester/cotton blends are very different from the 
methods used for pure cotton or linen (Becker 2022). As 
such - the sorting process - which is heavily manual today - 
is becoming the bottleneck in getting discarded textiles to 
the right disposal method7. As noted by the US Department 
of Commerce, even expensive manual labor cannot correct 
sort by fiber composition since visual inspection is not suf-
ficient. To further complicate the issue – over 40% of gar-
ment labels are incorrect 8, and even correct labeling is de-
signed for the consumer, not circular partners, and are of-
ten removed prior to reaching post-consumer stakeholders. 
Failing sorting - fabrics end up in the landfill. Recycling 
can deliver many benefits – such as reduced landfill space, 
reduced use of virgin fibers, reduced consumption of en-
ergy and water and reduced demand for dyes 9 . As such – 

 
 https://www.worldwildlife.org/industries/cotton#:~:text=Soil%20Ero-
sion%20and%20Degradation,the%20soil%20in%20many%20areas. 

5 The World Counts, www.theworldcounts.com/challenges/clothing/cot-
ton-farming-water-consumption. Accessed 3 Oct. 2023.  

 
6 “Skyfi’s Satellite Image Confirms Massive Clothes Pile in Chile’s Ata-
cama Desert.” Commercial High Resolution Satellite Imagery and Video, 
www.skyfi.com/blog/skyfis-confirms-massive-clothes-pile-in-chile. Ac-
cessed 2 Oct. 2023.  

being able to cost effectively sort fabrics at scale for recy-
cling is a key goal. Further support for the criticality of au-
tomated sorting can be found in (Schumacher 2022), 
(NIST 2022) and customer demand in (PWC 2023). 
 
The second challenge is traceability. Governments and 
countries have already attempted to enforce sustainable 
practices in the textile industry, and consumers have also 
indicated a desire to encourage sustainability by purchas-
ing recycled clothes – but both are challenged by the lack 
of traceability (PWC 2023). Given issues such as fake 
clothing tags - it is hard to trust companies or enforce 
pledges. Reliable information is required to measure sus-
tainable processes and improve them [UNECE 2023]. The 
complexity of the textile lifecycle adds further problems. A 
garment can change hands 7 to 10 times in the supply 
chain, each time undergoing some level of alteration” 
(Zaroff . 2021). Wear and tear can further damage gar-
ments mid-lifecycle – putting traceability method at risk. 
(Schumacher, 2022). 
 
Our paper makes the following contributions: 
• We investigate and report on the efficacy of a low-cost 

sorting method using microscope imagery and convolu-
tional neural network classification.  We also create a pro-
vide a new dataset for further research. 

• We demonstrate a low-cost and ubiquitous fabric marking 
methodology using off-the-shelf UV inking markers, cou-
pled with an object recognition YOLOv8 model (Pon-
nusamy 2018) which is trained to read the marks for both 
sorting and traceability. We also create and provide two 
new datasets for further research. 

• We outline an architecture for a worldwide fabric tracea-
bility system utilizing the fabric marking method above. 

 
Our results demonstrate the viability of both fabric identifi-
cation approaches, with an accuracy of 90.4% for the mi-
croscope-based image classification approach, and mAP50 
values from 0.93 to 0.98 for the UV marker approach. 
 
The rest of the paper is organized as follows. Section 2 de-
scribes related work in fabric sorting/traceability and the 
challenges therein. Section 3 describes our approach to 
Fabric Identification. Section 4 describes our experimental 
results. Section 5 illustrates our proposed fabric traceability 

 
7 “Robotics to Help Sort and Disassemble Clothing.” TextileR: Future Tex-
tile Industries, 14 Dec. 2021, research.qut.edu.au/textiler/research/robot-
ics-to-help-sort-and-disassemble-clothing/.  Accessed Oct 2 2023 
8 “Clothing Labels: Accurate or Not?” Insights - Circle Economy, www.cir-
cle-economy.com/resources/clothing-labels-accurate-or-not. Accessed 3 
Oct. 2023 
9 “The European Market Potential for Recycled Fashion.” CBI, 
www.cbi.eu/market-information/apparel/recycled-fashion/market-poten-
tial. Accessed 2 Oct. 2023.  
 

https://www.worldwildlife.org/industries/cotton#:~:text=Soil%20Erosion%20and%20Degradation,the%20soil%20in%20many%20areas
https://www.worldwildlife.org/industries/cotton#:~:text=Soil%20Erosion%20and%20Degradation,the%20soil%20in%20many%20areas


architecture, and Sections 6 and 7 contain discussions, con-
clusions and directions for future work. 

2.0 Related Work 
The current solutions for sorting fabrics are either difficult 
to scale or prohibitively expensive for realistic broad de-
ployment - particularly in the poor communities where 
these fabrics often end up. The most advanced sorting au-
tomation technology today - Near Infrared Spectroscopy 
(Zhou, 2019) - is expensive for those machines that can op-
erate at the necessary frequency range. Contacts with sev-
eral NIR spectroscopy manufacturers revealed price quotes 
ranging from $65,000 to $100,000 10.  NIR spectroscopes 
are also challenging to configure and operate, requiring 
specialized skills, and do not completely work in an auto-
mated setting. For example - very thin fabrics allow NIRS 
to penetrate through the fabric and result in non-matching 
recognition. Aging is also known to cause chemical 
changes, especially in the spectra of cotton, that hamper 
NIR recognition (Cura, 2021). Additional operations - such 
as folding, which is challenging to automate - can as such 
be required to generate sufficient fabric depth. 
 
Beyond clothing tags discussed earlier, solutions being de-
veloped for traceability include RFID threads (Nayak 
2015) and 11, or specialized threads that contain signaling 
capabilities (Foy 2023). While having the advantage over 
tags that identifier removal is not possible, they have other 
problems. Only the manufacturer can add the identifier - 
and every garment must weave it in - making it hard for 
manufacturers to adopt this method and no practical way to 
add new identifiers along the manufacturing path. Also, 
only a handful of companies make these threads using pro-
prietary technology - so it will be difficult to standardize it 
across the massive textile industry. Another approach - 
printing barcodes on fabric – is challenging because the is-
sues that make barcodes hard to read (Gallo 2009) and 12 
are magnified in fabric - where surface textures, creasing 
and fraying are more common than on paper.  
 
Our approach addresses these issues by investigating sort-
ing/traceability approaches that are low-cost, extensible 

 
10 “Malvern Panalytical: Analytical Instrumentation.” Malvern Panalyti-
cal | Analytical Instrumentation, www.malvernpanalyti-
cal.com/en/?utm_source=google&utm_medium=cpc&utm_cam-
paign=EN+-+BRAND+-+Search+Ads&utm_term=malvern+panalyti-
cal&utm_con-
tent=53270491099&gad=1&gclid=CjwKCAjwseSoBhBXEiwA9iZ-
txvy5pr1jweunndeaT1WVFhMnVSzx_KdpAOAt-
KpX7wxS00VJ8x6JDqxoC8HAQAvD_BwE. Accessed 1 Oct. 2023.  
 
11 “RFID Thread.” Primo1D, www.primo1d.com/our-offer/rfid-thread. 
Accessed 1 Oct. 2023. 
 
 

and effective within the unique challenges posed by fabric. 
By leveraging the power of convolutional neural networks 
and object detection algorithms, we combine simple hard-
ware techniques coupled with powerful software methods 
that can overcome the issues posed by fabrics. 

3.0 Approach – Fabric Identification 
Our research explores two approaches to fabric identifica-
tion and then further extends one of the approaches to de-
velop a fabric traceability technique. We evaluate two im-
age-based techniques for automated sorting (Figure 3).  
 

 
Figure 3: Approaches to Fabric Identification  

 
The first approach (Approach A) tests whether a detailed 
fabric examination will yield discrimination between fabric 
types. Images of the fabric gathered via off-the-shelf mi-
croscopes and cameras are classified using Convolutional 
Neural Networks to identify fabric classes. Using com-
monly available microscopes with 50-100x magnification 
(Aopick 2023), we assembled a dataset of 840 fabric mi-
croscope images in 14 categories of fabrics (specifically 
Lycra, Crepe, Jersey, Nylon, Satin, Silk, Velvet, Cotton, 
Cotton-Sateen, Cotton-Linen Blend1, Cotton-Linen Blend 
2, Cotton-Silk Blend, Linen and Polyester). The dataset is 
evenly balanced between all 14 categories. Fabrics are 
sourced from 13 and 14 and are categorized by the manufac-
turer provided labels. Figure 4 shows samples of the mag-
nified fabric images. A series of Convolutional Neural Net-
work models are trained using this dataset, and the classifi-
cation results are measured using standard metrics. Three 
types of CNN (MobileNetV2, ResNet 50, and ResNet 101 
and VGG16) are tested, with an 80/20 training/validation 

12 Americas, OMRON Automation -. “The Most Common Causes of Un-
readable Barcodes.” Automate, A3 Association for Advancing Automa-
tion, www.automate.org/tech-papers/the-most-common-causes-of-unread-
able-barcodes#:~:text=The%20most%20com-
mon%20causes%20of%20unreadable%20bar-
codes%20are%20low%20contrast,inconsistency%2C%20and%20dam-
age%20or%20distortion. Accessed 1 Oct. 2023.  
 
13 “Contrado: Buy or Sell Artist Designs: Print On Demand.” Contrado 
USA, www.contrado.com/. Accessed 2 Oct. 2023.  
 
14 “Custom Fabric Printing.” The Textile District | Custom Fabric Print-
ing | Online Fabric Store, thetextiledistrict.com/. Accessed 2 Oct. 2023.  
 



split and 5-fold cross validation. Each CNN is hyper-pa-
rameter tuned for a range of Learning Rate and Epoch val-
ues. Validation Accuracy and Confusion Matrix are re-
ported. 

 
Figure 4: Microscopic images of fabrics  

 
We further experimented with ways to mark the fabric with 
UV ink such that it cannot be seen by the wearer but is eas-
ily visible and readable under blue light (Approach B1). In 
particular, a code was marked on each fabric via sequence 
of Xs and Os – focusing on Cotton, Polyester, Blends and 
Jersey. Through a series of experiments with different eas-
ily accessible cheap commercial UV inks, markers and 
stamps – a dataset was created which had a matrix of X 
and O markings using custom created stamps (seen on Fig-
ure 5). The dataset was manually labeled with bounding 
boxes using Roboflow 2023 to create 67 images which 
each had 9-16 individual bounding boxes. We explored the 
viability of automatically reading these codes under black 
light via an object detection deep learning algorithm 
(YOLO 8.8). Fabric is uniquely challenging since different 
fabrics have different surface and reflectance properties. 
The dataset was split into 13 validation images which had 
131 bounding boxes, and the remainder into the training set 
– which was augmented via rotation and flip techniques. 
The training algorithm was hyper-parameter tuned for vari-
ous Learning Rate and Epoch values – with mAP50 and 
confusion matrix reported for the validation set. 
 
A second variation (B2) assessed the impact of wash cy-
cles on marker readability. A Cotton-Jersey blend  was 
marked with a 16-symbol code, with images taken after 
every wash from 1-10 and used to assemble a new dataset, 
with 20 images for validation, and 105 for training (after 
augmentation with rotation and flip operations). The same 
hyper-parameter tuning was used as for B1. 
 

 
Figure 5 – fabrics marked with circles and crosses, visible 
under blue light, and marked with bounding boxes for 
reading by an object detection algorithm. 

4.0 Experimental Results 
Figures 6(a) and (b) show the results for Approach A. Both 
MobileNetV2 and VGG16 delivered good results at 50 
epochs. The highest accuracy achieved was 90.4% by 
VGG16 across 5-fold cross-validation. Figure 7 shows a 
sample confusion matrix for the best performing Mo-
bileNetV2 model. While there is some confusion in classifi-
cation with respect to blends, other categories are well dis-
tinguished by the microscopic images. 
 

 

Figures 6(a) and 7(b) – Accuracy for Experiment A 

 

Figure 7 – Confusion matrix for classification of fabric 
types via microscopic imagery and CNN. 

Figures 8 (a) and 8(b) show the overall and per-class 
mAP50 for Experiment B1. High levels of mAP were 
achieved across both classes.  mAP values range from 0.89 
to 0.98 – with the highest mAP being 0.981. Figure 9(a) 
and (b) show the results for experiment B2 – which evalu-
ates the ability to read the markers after 1-10 washes. The 
mAP50 dropped by a few percentage points – with the 
highest mAP now being 0.938, indicating that the washing 



process does impact marker readability, but not to a signifi-
cant extent. Figures 10(a)/(b) and 11(a)/(b) show the con-
fusion matrices and Precision-Recall curves for the best-
case results for both experiment B1 and experiment B2 re-
spectively. Both circle and cross markers are well identi-
fied – however, a comparison of the two confusion matri-
ces shows a slightly higher level of misclassification as 
background in experiment B2 – possibly the effect of the 
marker being less prominent after wash cycles. Figures 12 
and 13 show the detailed training results for the best-case 
hyper-parameter runs for experiments B1 and B2 respec-
tively.  
 

 

Figure 8(a) and 9(b) – mAP50 for Experiment B1 

 

Figure 10(a) and (b) mAP50 for experiment B2 – illustrat-
ing the impact of wash cycles. 

 

 
Figure 10(a) and (b) show the confusion matrices for the 
best-case scenarios for experiment B1 and B2 respectively.  
 

 
Figure 11(a) and (b) show the Precision-Recall curves for 
the best-case scenarios for experiments B1 and B2 
 

 
Figure 12 – best training run for Experiment B1 
 

 
Figure 13 – best training run for experiment B2 

5.0 A Traceability System 
Experiment B demonstrated the feasibility of a UV ink-

based marker system. Unlike Approach A - which is useful 
for fabric type classification – Approach B can have addi-
tional usages in traceability. We illustrate this potential via 



a strawman design of a traceability system. Figure 13 
demonstrates a strawman architecture: 

 
Step 1: Each fabric instance - defined as a manufacturing 
instance that captures the specific fabric and dyes used to 
create a textile – is assigned a code. For example – a 90% 
cotton, 10% polyester with a specific dye – manufactured 
by entity A – can be assigned a code. While Approach B 
system can enable codes of virtually any size, it is worth 
noting the size of codes that are expected to suffice for this 
process.  By encoding each bit as an X (1) or O (0), it is 
possible to design a fabric code that can accommodate the 
next 100 years of garment manufacturing. If we assume 
150 billion garments per year – and 1000 garments per in-
stance (a conservative assumption), that equates to 150 
million instances per year. Over 100 years – 15 billion 
codes will be required – which can be accommodated in 
even a 64-bit code with sufficient bits to accommodate 
ECC algorithms such as LDPC. Our experimentation has 
determined that a 64-bit code can be stamped onto a fabric 
within a space of 5 in x 5 in while retaining the readability 
demonstrated in Section 4.0. If more scale is needed, a 
larger code can always be created. 
 
Step 2: The codes are issued by a dedicated global entity – 
similar to how DNS names are assigned 15, leveraging simi-
lar techniques for code partitioning and issue across geogra-
phies and entities. 
 
Step 3: Codes are stamped by the manufacturer at creation 
time. At every stage of the fabric lifecycle, the code can be 
scanned and reported. Codes can also be used to access a 
public database to retrieve any fabric information necessary 
for automated sorting. 
 

 
Figure 14 – Strawman Traceability Approach 

 
This type of traceability can also be leveraged by emerging 
legislation on textile circular economies. For example - the 
state of California in the United States is attempting to in-
troduce legislation to curb the damaging effects of textiles 
(Newman 2023). However - this bill is currently stalled till 

 
15 https://www.techtarget.com/searchnetworking/definition/domain-name-
system 
 

2024 - as stakeholders struggle with how to implement it 
cost effectively (Arnold 2023). Similarly, the European 
Textile Circular Economy Laws (Europe 2023) intend to 
hold manufacturers accountable for recycling garments, via 
both fines and incentives. The law also intends to regulate 
and control export of textile waste to third world countries. 
In both cases, our traceability approach can enable garment 
manufacturers to register for unique codes which can then 
be verified by downstream partners and used by the manu-
facturer to prove compliance with applicable laws. 

6.0 Discussion 
Our results demonstrate that deep-learning approaches for 
fabric classification are viable. While the fabric space is 
vast, with other fabric types that have not been analyzed in 
our work – the results indicate promise. The results of Ap-
proach A do suggest that further work on blends since Cot-
ton-Linen and Cotton-Silk showed more classification chal-
lenges. It is possible that a two-phase classification method 
can be used – where fabrics showing low classification con-
fidence via cheap methods can then be redirected to more 
expensive manual or other sorting machines – even such an 
approach would still deliver substantial value to the recy-
cling process. It is also worth noting that energy-efficient 
MobileNetV2 (Luo 2020) outperformed far more computa-
tionally expensive rivals. Approach B appears to be a good 
fabric identification and tracking-based technology. Studies 
have indicated that the average garment is worn 7 times be-
fore disposal 15. A code that can be read after 10 wash cycles 
can therefore be applicable to a large range of garments.  
The lack of broad-spectrum public datasets in this space 
makes comparative studies difficult. To assist further re-
search, the datasets created in this work will be made avail-
able in a public git repository at the time of publication. 

7.0 Conclusions and Future Work 
Current textile practices pose a major threat to the environ-
ment. A sustainable circular textile economy is critical to 
protect our natural resources. Our research demonstrated 
low-cost methods that leverage deep learning techniques to 
automate fabric sorting and traceability. Our future work is 
to further validate these approaches via an expanded range 
of fabrics, make our datasets and code publicly available, 
and complete the implementation of a prototype traceability 
system for broad use. 

15 https://www.projectcece.com/blog/506/how-many-times-do-we-wear-
our-
clothes/#:~:text=How%20many%20times%20are%20clothes,seven%20ti
mes%20before%20being%20discarded. 
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