
ABSTRACT 

BURRIS, JACQUELINE ELIZABETH. A Method to Convert a Cut Part into a Smart Object for 

Automated Assembly and Lifecycle Management. (Under the direction of Dr. Trevor. Little.) 

 

This research aimed to identify a digitally printed cut fabric part through its 

transformation into a smart object whereby each component is uniquely identified. Through this 

part identification, it was hypothesized that the pose of digitally printed cut fabric part could be 

determined using its natural physimetrics, which in turn contributed to the body of knowledge 

for a better understanding of the Handkerchief Problem. 

A problem that could not be deterministically programmed due to the random drape and 

part collapse caused by the limp material characteristics of textile fabrics.   

A proof of concept approach was used to drive this research beginning with the first 

experiment where artificial physimetrics are digitally printed onto a cut fabric part. A phone 

application was created using Unity software, which combined Augmented Reality tools to 

demonstrate that part pose and drape could be digitally captured in 3D cloud space. 

The second experiment used audio as a method of identifying a digitally printed cut 

fabric part whereby captured test images were converted to a sound spectrum over time using the 

color and contrast of the image. An audio fingerprint and a spectrogram were produced for each 

test fabric, and its uniqueness for identification was interpreted using the Levenshtein Distance, 

and image quality metric Mean Square Error (MSE) and Structural Similarity Index (SSIM).  

The recorded results of a one-tailed t-test at the .01 significance level produced a p-value 

result that was significant at p<.01. We then evaluated the effect using a two-tailed t-test with a 

significance level at 0.01 produced a p-value result that was significant at p<.01. It was later 

found that a randomizer had been applied inadvertently by the Photosounder software, which 

could not be controlled with a Set-C function.   



The third experiment used a Bag of Contour Fragments to create a classifier to uniquely 

identify digitally printed cut fabric sloper parts using only their segmented contours. The 

classifier was run ten times, and the skirt back with notches was mistaken for the bodice back 

with darts for an average accuracy of 99.775% for all ten tests. 

The success of experiments one and three demonstrated that artificial and natural 

physimetrics of a digitally printed cut fabric could be used successfully to identify a part and 

understand its pose within the work area even with partial collapse. Experiment two was not 

wholly successful but was original in its approach to identify the digitally printed cut fabric part 

for part identification through to product end of life.  

Experiment one results have research value in the set-up and ramp-up of robotic material 

handling (RMH) for a faster teach-in process. Moreover, it has application value for Finite 

Element Analysis (FEA) to better understand and interpret drape for an objective evaluation 

metric for body-scanning technologies and the gaming industry. The use of a Bag of Contour 

Fragments to build a classifier of segmented contours provides tangible evidence that a cut fabric 

part can be identified using this approach of image recognition, where previous methods of 

machine vision implementation had only be successful in fabric quality inspection. 
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The snow glows white on the mountain tonight 

Not a footprint to be seen 

A kingdom of isolation 

And it looks like I'm the queen 

 

The wind is howling like this swirling storm inside 

Couldn't keep it in, heaven knows I've tried 

Don't let them in, don't let them see 

Be the good girl you always have to be 

Conceal, don't feel, don't let them know 

Well, now they know 

 

Let it go, let it go 

Can't hold it back anymore 

Let it go, let it go 

Turn away and slam the door 

I don't care what they're going to say 

Let the storm rage on 

The cold never bothered me anyway 

 

Let it go, let it go 

Can't hold it back anymore 

Let it go, let it go 

Turn away and slam the door 

 

Let it go (go, go, go go, go go, go go, go, go, go go) 

 

Let it go 

 

Let it go 

Let it go 

 

 

It's funny how some distance makes everything seem small 

And the fears that once controlled me can't get to me at all 

It's time to see what I can do 

To test the limits and breakthrough 

No right, no wrong, no rules for me 

I'm free 

 

Let it go, let it go 

I am one with the wind and sky 

Let it go, let it go 

You'll never see me cry 

Here I stand, and here I stay 

Let the storm rage on 

 

My power flurries through the air into the ground 

My soul is spiraling in frozen fractals all around 

And one thought crystallizes like an icy blast 

I'm never going back, the past is in the past 

 

Let it go 

The cold never bothered me anyway 

Let it go, let it go 

And I'll rise like the break of dawn 

Let it go, let it go 

That perfect girl is gone 

Here I stand in the light of day 

Let the storm rage on 

 

 

 

Let It Go - Walt Disney Music Company   
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Chapter 1: Introduction  

The most recent developments in apparel assembly are SoBow© and SewBot© robotics 

in the US (2015) and LEAPFROG© from Europe in 2005. Of the three, SewBot© has seen the 

most commercial success with the automated assembly of a t-shirt. The system uses a 

combination of non-contact in-plane handling and machine vision and is limited to knit fabrics. 

SoBow© uses stiffing fluids, and vacuum, a method that is limited by fiber characteristics and 

adds additional process and energy costs, and the final product is of deficient quality. 

LEAPFROG© was a highly conceptualized system that never addressed how the part moved 

from the conveyor to be held by the hanger or how the system could be integrated with existing 

equipment nor justified the cost of the system and the assembly of only five seams.   

From the initial investigation into end-effectors for destacking devices, robotic material 

handling (RMH) with grippers proved to be the most versatile in handling the infinite number of 

possible variations. However, the cost and complexity of handling cut fabric parts, that are small, 

lack uniform shape, and are highly deformable contributed to the óhandkerchief problem,ô ópose 

estimation problem,ô and óbin-picking problem.ô All were heavily dependent on machine vision 

that was not at a stage in their evolution to deal with such part complexities.  

Apparel automation developments have had limited success at acceptable cost using 

camera systems. The main problem with camera systems is the variability of color and texture of 

the cut fabric part and the workspace background where the piece is situated. In addition to the 

lighting conditions of the work environment. The inexactness of process to deal with the ósignal-

to-noise ratioô led machine vision applications to be applied to fabric quality and inspection 

rather than at the assembly part level. Research investment into RMH became redirected into 

industries (automotive, aerospace, medical application, service robots, and composites) with 
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more significant profit margins, fewer style changes, and more feasible for technology 

investment. 

Developments in manufacturing technology, such as 2D digital fabric printing and 3D 

additive printing present new enterprise solutions [1] [2] [3]. Digital fabric printing technology is 

at a stage of speed and quality to make it commercially viable as a competitor to more traditional 

direct printing methods. The digital fabric printing market is forecast for 2018 to 2023 to have 

projected revenues of around $53 billion. It is also estimated to grow at a CAGR 17% during 

forecast periods [4].  

The precision and placement of the digital fabric printed engineered design on a smooth 

flat white base fabric as seen in Figure 43: Digitally printed cut path around front bodice enable 

the cutting process to be handled in-line with single-ply cutting systems such as ZUND© and the 

GERBERcutters©. Both utilize line follower guidance principles and images contrasting with 

machine vision for automated cutting, eliminating the need and processing step of producing a 

marker file.  

 

Objective 

To transform a digitally printed cut fabric part into a smart object. For automatic 

perceptual and associative level object recognition, orientation, part registration, and autonomous 

tracking at the assembly level. A smart object is hypothesized to have additional cost-saving and 

quality improvement attributes such as component matching, size verification, and WIP tracking 

during assembly as well as an assist for pick and pack operations. 
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Research Questions 

 

¶ How can Augmented Reality (AR) artificial markers be used to estimate pose for a 

digitally printed cut fabric part? 

¶ How can a digitally printed cut fabric part be uniquely identified using a sound spectrum 

over time? 

¶ How can the contours of a digitally printed cut fabric part be used in its identification? 
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Chapter 2: Background 

For the better part of 70 years, researchers have attempted to reduce the costs of material 

handling in apparel assembly, which still accounts for 80% of assembly costs in apparel 

manufacturing today.  

To date, automated material handling in the apparel assembly has no universally 

applicable, reliable, and scalable approach. That meets cost, speed, configurability, flexibility, 

and process operation complexity (time, expertise, value, adaptability). The highly-skilled human 

operator and the dexterity of the human finger are efficient in handling tasks such as part 

identification, part grasping, part layer ordering, matching and aligning of numerous parts, 

correct orientation, placement, and part loading and its guidance to and through the sewing 

machine head. 

 The acquired knowledge, experience, and skill developed over time allows the 

operator to inherently know the assembly order. Distinguish between a wide variety of materials, 

readily adapt to changing product requirements, and automatically take corrective measures 

when needed for correction of previous handling operation errors and or the operational 

environment. The human operator is required to accommodate all changes in materials, product 

styles, and sizes quickly and frequently. 

Automation developments seen in areas were less flexible manufacturing is needed. 

When the final product part style change is infrequent. The part is rigid, holds its shape,  is easily 

grasped and manipulated with reliable operation [5].  
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Production and Style Changes Automation 

Style Variation ï the range of complexity of the design silhouette and fabric,  

Staple Products ï basic garment type with almost continuous production, minimal 

changes in cloth, cut, or color. Products such as undergarments and socks for men, women, and 

children. Uniforms for military, and medical professionals, etc.  

Semi-Styled Products ï are still a basic garment type with minor but frequent variations 

between style details, color, and cloth. Production runs are shorter than that of staple, with 

changes in features such as collars, cuffs, pockets, and waistbands, fitted or loose.  

Styled Products ï singular garment type with frequent and substantial styling changes. 

The cloth, color, cut, changes from style to style. Production runs are shorter than semi-styled 

production ð classic garment styles with seasonal updates, smart casual, and professional attire.  

Fashion Products ï multiple garment types with frequent, intense, and sudden changes in 

garment type, style, details, fabric, color, cloth, and cut. Product runs are short in time and 

quantity for fast turnaround to meet short term demand. Within fashion production, there is a 

subset of fast fashion production that could be spread over numerous factories.  

Fad Products ï Unexpected and unplanned craze, which is short-lived and without basis 

in quality. Examples such as jelly shoes, hyperglobal t-shirts, shoulders pads, back to front jeans, 

or leisure suits.  

Specialty Seasonal Products ï can occur for any season with a single selling period. 

Production continuous but in chunks due to required volume. Halloween, pop-culture costumes, 

bathing suits and bikinis (resort wear),  

Automation of apparel assembly is seen readily in staple (basic) apparel that is 

standardized, utilitarian, with infrequent demand for changes in styling, size, and color.  
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The staple (basic) product has consistent demand over the year or longer staple styles that 

are steady, predictable, and refillable using automated replenishment data based on point-of-sale 

(POS). Staple (basic) apparel is needs-based such as socks, underwear, t-shirts, work shirts, 

pants, and suits, and more prevalent in menswear. An inverse relationship exists between the 

length of the production run Figure 1: Length of the production run and the complexity of the 

style change Figure 2: Extent of style change.  

 

 

 

Figure 1: Length of the production run  
 

 
 

Figure 2: Extent of style change 
 

Apparel Categories 

Products produced by garment manufacturers include garments placed on the body, but 

not on the extremities such as hats, gloves, shoes, stockings, or socks. The main garment 

categories are waterproof outerwear, men's tailored outerwear, women's, tailored outerwear, 

casual clothing, sportswear, shirts, blouses, dresses, underwear, foundation garments, lingerie, 

and pajamas. Children's wear (subdivisions within this sector), work clothes and uniforms, and 

knitwear (adults and children) [6].  

Within each of these divisions, manufacturers may expand horizontally, if producing 

menôs waterproof outerwear, then expansion into women and childrenôs wear would be likely. 

Producers of menôs shirts use the same technology used for womenôs tailored blouses and 
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considered as technology-related products due to fundamental process similarities in process and 

production technologies [6]. 

Material Characteristics 

Apparel automation is challenging due to the broad range of material characteristics, fiber 

type, and combinations, fabric structure, limitless possibilities in apparel garment part shapes, 

and size requirements[7].  

The fabric aesthetic, hand and mechanical properties are dependent on the inherent 

characteristics at the smallest level, in addition to the geometry of the fiber, yarn, and fabric 

variables. Fiber properties in addition to cross-sectional area and shape, length, amount of crimp, 

stiffness, and surface characteristics. Yarn properties governed by fiber properties, in addition to 

yarn diameter, twist, cross-sectional shape, fiber arrangement, and compactness. Fabric 

properties governed by yarn properties in addition to fabric structure, for woven fabrics, the 

number of ends and picks per inch, cover factor, and yarn crimp [8].   

Characteristics of the manufacturing process, such as knitted fabrics, fiber composition, 

stitch formation, and yarn size, dictate the severity of fabric curl, which is evident around the 

part edge. A qualitative evaluation of material characteristics (strong, average, low), considered 

partial steps of handling produced by [9], which was then translated into English and published 

in [10]. Material properties (type, form stability, elasticity, surface properties, permeability, 

surface adhesion, friction, mass per area, and the dimension of the specimen) compared to steps 

in handling (supply, shaping, gripper principle, size of grippers area, gripper kinematics, and 

separation) [11].  
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Robot 

The authors of  [12] define a robot as a machine capable of executing a complex 

sequence of actions automatically, especially one programmable by a computer. Formal 

synonyms are automation, Android, or Golem, informal bot, and droid. [13] defines robots as 

machines with autonomous or semi-autonomous functions that can act independently of external 

commands.  

Automation 

However, it is more common for robots designed without the ability to self-improve. 

Encyclopedia Britannica Online [14] describes automation as programmed commands with 

automatic feedback control technology, which performs a process, to ensure the proper execution 

of instructions, without the need for human intervention. Merriam Webstore online [15] defines 

automation as óconvert to automatic operation.ô Automation, as defined by [16], is the 

substitution of manual labor using machines, and [17] defines automation as the use of automatic 

equipment in a system of manufacturing or other production processes. 

Definitions of Material Handling for Apparel 

 [11], separates óhandling' during apparel assembly as the joining of fabric components or 

pattern pieces and material handling. The automation of the task can use tools (jigs, edge guides), 

equipment (transportation mechanisms), and robots (end-effectors). The handling and reshaping 

of cut components after deformations are still dependent on manual operation. Transportation 

and shaping of cut part is a requirement in apparel automation, and use handling systems that are 

portal or with robot-guided end-effectors. Material handling accounts for 80 percent of assembly 

costs in apparel manufacturing [18] [19].  
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Conceptualization of Apparel Automation 

[5] defined mechanization, automation, and robotics as three stages in the advancement 

of sewing technology.  They conceptualized automated systems that can feed themselves from a 

stack of cut parts and can operate without external influence. These systems are highly 

specialized and eliminate human error, however high costs associated with acquisition, 

installation, and maintenance. In its most advanced form, robotics is computerized, 

reprogrammable, and able to perform a myriad of programmed motions to execute tasks with 

flexible multi-function end-effectors (manipulators) for handling parts, tools or other specialty 

apparatus. 

The robot must be capable of performing the current sequence of operations in only 

slightly modified form to replace the human operator in the manufacturing process [20]. It is a 

widely held belief that three-dimensional assembly operations are likely to remain beyond the 

scope of robot capabilities for the anticipatable future [21,22].  

Stages of Material Handling in Apparel Assembly 

Apparel assembly is segmented into stages of material handling and operations 

performed. Phase (1) is after cutting and before sewing, the part must be destacked. Phase (2) 

requires individual destacked parts for transport to a single sewing cell, (3) is parts presentation 

to the sewing machine, (4) is the control of parts through the sewing machine head, (5) is the 

transportation of partially assembled components between individual sewing cells. Phases (3) 

and (4) would repeat until completion of sub-component parts that are then collected in bins and 

transported to the final assembly to form the finished garment.  
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The óbin-pickingô problem is at the final assembly stage. It requires sub-components parts 

retrieved from the bin or has an operator who would individually retrieve each sub-component 

assembly performing similar functions as found in phases one, two, and three.  

Stages of Material Handling in Automated Apparel Assembly 

The term óhandlingô in the apparel assembly is multifaceted in that it has multiple 

definitions that are dependent on the stage of the assembly process. Developments in equipment 

and handling processes focused on material handling found after the cutting process, between 

assembly operations, and at the sewing machine for parts joining. As such the material handling 

definition are separated as (1) part handling and presentation to the sewing machine (destacking), 

(2) part manipulation through the sewing point (jigs, and edge guides), and (3) part transportation 

between sewing operations (in-plane with contact, in-plane no contact, three-dimensional plane, 

conveyors, monorails).  

For apparel automation to be successful in the apparel assembly of fashion garments, it 

must consider the following aspects holistically.  

1. It must integrate with existing equipment and processes.  

2. The assembly unit must consider its evolution and that of the manufacture who may invest 

incrementally in the equipment and in line with investment to expand horizontally.  

3. The design of the assembly unit must be modular so that highly obsolete components such 

as cameras, memory, and software compatibility, incremental system upgrades without 

requiring a whole new system.  

4. The modular design and overall assembly system must consider garment categories and 

their technology-related products.  
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5. Above all, it must not add processes that do not consider current and future environmental 

constraints inherent to the textile and apparel manufacturing and retail industries. The 

primary concerns being water and energy consumption, reduction and substitution of 

harmful chemicals, and finally recycling and product end of life (EOL) management. 

There is indeed an infinite number of possible variations of fiber, fabric construction, 

color, and part shape and size variation in apparel design that make the automation of the apparel 

assembly process beyond staple garments extremely complicated. Due to high variability in part 

size and material used, manufacturing equipment is somewhat specialized, and the time to set-up 

and ramp-up in production between style change-over takes time resulting in significantly 

reduced or non-existent flexibility.  

  



 

12 
 

Chapter 3: The Limp Material Handling Problem  

The complexity of the limp material handling problem and the degree of difficulty 

assigned to assembly tasks first published in 1965 in a report titled State of the art investigation 

on the automated processing of limp fabric: Phase 1. by Arthur D. Little Inc. and domestically 

located Apparel Research Foundation [23]. 

Measures of Difficulty   

The development of the Little hierarchy to quantify the difficulty with a sequential 

decreasing score with values ranging from 1 to 5. The difficulty rating determined from the 

technical and economic standpoint, the higher the score, the higher the difficulty. The five tages 

of the logical sequence are ply-separation and pick-up, the orientation of piece in direction and 

plane, parts mating, control through the work point, and accurate stacking of the combined 

portion [21,23]. 

The Little Hierarchy of difficulty increased as the combined parts passed through the 

sequence, which progressively compounded as a single cut ply acquired from an aligned stack, is 

transformed, with a straight edge, into a combined two-dimensional part into a three-dimensional 

form. The problem increases in complexity with irregular or random three-dimensional shapes, 

with one or fewer straight edges. The complexity of operations in parts mating tasks required 

operation sequence to be incrementally broken down further for a sew-mate-sew-sequence 

[21,23]. 

The follow-up publication Productivity in sewing operations by [24] ranked sewing 

operation and sequence order.  For a set collar, close collar, set sleeve, or hem pants ranked, 

which scored a high difficulty score of 285 while the sequence of the operations for inserting a 

pant fly scored 212 in difficulty.  
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Measures of Efficiency 

In all the studies reviewed by Taylor, [25], the role of a reliable operation has been 

defined. In that, if a sewing operation takes 3s the reliability of the ply-separation device must be 

able to support feeding the sewing operation within the period. If a ply-separation device is 95% 

reliable, an operator would be needed to be on standby to rectify a failed de-stacking task on 

average one failure per minute. It is, therefore, necessary to have reliability much better than 

99%.  Ply-separation is extremely difficult to achieve reliably and with a wide range of fabrics. 

Several techniques developed to determine the correct acquisition of a single-ply from a 

stack and are described in [26]. Such as optical (reflective/ through infrared), mechanical (detect 

jaw movement), and airflow (drop in pressure). Devices had limited range of motion, stack 

placement, and orientation determined the correct in-plane presentation for transportation of 

single-ply cut part and failed to solve the óhandkerchiefô problem caused by the deformable 

nature of flexible materials [26]. Based on these findings, [27] designed a selection matrix for 

gripper criteria according to material selection. 

Fabric Characteristics 

Challenges to successful ply-separation are dependent on fabric properties. These 

properties require careful consideration when selecting gripper devices. Fabric properties such as 

weight, air permeability, stiffness, friction, and cohesion must be known for equipment 

adjustments between setup [25]. 
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Chapter 4: Literature Review 

Destacking 

The material handling task performed after cutting but before sewing is called destacking, 

whereby cut fabric parts are stacked into piles and must be unstacked ready for the next process.  

Primary research efforts for gripping and transfer by [20] investigated pins and needles 

and determined success reliant on planar stiffness, and fabric thickness approach not suitable for 

delicate fabrics. A review of adhesives by [25], found fiber type, surface texture, and adhesive 

residue were factors. A later investigation into adhesives determined fabric porosity did not 

impede bonding; however, the process required considerable cohesive and peeling forces, with 

edge entanglement, the leading cause of failure [28]. A range of pressure-sensitive chemical 

adhesives was investigated and presented by [29]. 

Research by [30] examined electrostatic attraction (electro-adhesion) used for natural 

fibers (high molecular weight).  Later investigations by [31] defined the principles of 

electrostatic attraction, finding part flatness, and surface texture factors of reliability.  

The authors in [32] determined difficulties with vacuum gripping such as fabric porosity 

and air-flow level, very limp materials require numerous contact points to prevent part being 

sucked up by one nozzle. Multiple nozzles were needed to provide flexibility when handling part 

shape variation for large gripper structures. Reliable control was not achievable with open weave 

structures. [33] investigated the factors associated with the use of vacuum and stiffening fluids, 

process combinations and their application. 

Air -jet (pneumatic) has been used successfully with knitted cotton fabrics and fabrics 

with high air permeability as detailed by [25] and again by [34]. The authors in [35] identified 

the benefits of gripping using Peltier elements, and [36] presented a new design and handling 
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features using cryo-gripper technology capable of freezing all fabrics. The success, however, was 

dependent on the purity of the water used. Adding to the body of knowledge [37] investigated 

sewing stitch quality during the frozen state. The process of freezing adds extra time to process, 

before and after with freeze-thaw time determined by fiber type [38], research by historical 

garment preservationists found that the process of freeze-thaw contributes to the deterioration of 

the fiber [39].  

[40] designed a modular cross-frame gripper unit composed of vacuum suction cups, the 

flexibility  of the frame was limited with asymmetrical parts, and suction cup repositioning, 

energy consumption, and noise pollution are factors associated with the approach.  

A slight modification on the method using unidirectional air-flow with end-effectors in 

fixed parallel invested by [41] to determine efficiency and processing speeds. The examination 

was limited to small square fabric plies of 100mm x 100mm. An investigation by [42] into pinch 

grippers and peg frictional coefficient, influenced by fabric stiffness, friction, and stable part 

dimensions not suitable for highly deformable parts.  

Deformation caused by gripper design is modeled in [43], with a follow-up paper [44] 

discussing the factors which lead to distortion. [45], introduced an integrated pinch with a wiping 

strategy for part deformation. A point made by [34] on the convenience that both electrostatic 

and adhesion grippers are available in a myriad of element form. Fabrics stiffness and surface 

frictions were factors for accuracy, and pinch grippers were not ideal for limp fabrics. 

Destacking Devices with Commercial Success 

These single-ply separation devices reached commercial success, namely the Clupicker 

(toothed wheel and claw), Polytex (hollow adjustable needles) [25], Walton (airfoil, combined 

with needle and suction) [46], and Littlewood Device (incisive needles) [47]. In [48], an 



 

16 
 

optimized Clupicker design is described for a smoother, more comfortable adjusting between 

fabric change over.  

Surprisingly fiber type and fabric structure do not guarantee uniformity in equipment set-

up as color can affect surface roughness between two shades of the same fabric [46]. The main 

problem for the destacking and ply-separation task is edge entanglement, caused by heat from 

cutting, and thread entanglement of frayed edges [34]. The measure of the reliability of 

automating destacking equipment must be much higher than 99 percent [25]. However, the ease 

of change over between new fabrics and in some instanceôs structure of a different color is very 

much trial and error without the ability to save and store settings. In a review of the destacking 

device with commercial success by [47] surmised that all of the grippers and pickers developed 

cause material distortion, deformation, folding during handling, and damage to the fabric. 

Current Research End-Effectors Destacking Principles Stiffening and 

Vacuum   

A review by [38] on Zornowôs robot ñSewBoò states that the process is limited to fabrics 

that are not hygroscopic and must be able to withstand high water temperatures and agitation 

during washing.  The limitations of using stiffening agents found the formula will not work on 

materials with specialty finishes, adds additional time to the process needed for application of the 

sizing and its removal. In addition to water, energy, and extra washing and drying facilities, these 

requirements are not conducive to current environmental considerations. Surprisingly these 

factors were not considered during the development of Zornowôs robot ñSewBo" that uses a 

combination of planar handling of fabric parts using a vacuum on pre-stiffened panels.  
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In -Plane Contact  

The part material handling between two work cells produced a variety of transport 

mechanisms intended to maintain part orientation in-plane for the next process. The action of the 

transport mechanism is evaluated as a success if found to prevent creasing, distortion, or damage 

during transport [49].  

Transportation mechanisms in material handling are conveyor and monorail systems. 

During the movement action of the conveyor caused by acceleration and deceleration, part 

orientation can be disturbed due to the low inertia of the fabric part. These disturbances 

somewhat controlled by selecting conveyor surfaces with frictional properties corresponding to 

the fabric part transported. The conveyor surface selection would compromise the fabric variety 

handled by the system [49]. 

Conveyor Systems  

Conveyors are a buffering transport mechanism used for material handling and to reduce 

work in progress (WIP). It is possible to design simple conveyor systems to keep the part in-

plane for sewing operations when in motion and for placement of secondary parts on to 

stationary surfaces. However, displacement of the part due to surface friction varies by fiber type 

and part weight. Research endeavors to improve surface friction was conducted by [31] 

combined electro-adhesion for gripping and releasing delicate fabrics. In the Engelmann (1965) 

patent, they spread multiple pins over the conveyor belt surface.   

The authors of [28] investigated the challenges of placing cut components onto moving 

and stationary conveyors. The observed interaction of grippers, fingers, and moving surfaces 

skewing of fabric occurred when the part shape is asymmetrical. Work by [50] evaluated fabric 
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properties of woven fabrics for solving large-deflections, and fabric bending problems, when 

placing material on to a flat surface. 

The use of a óLower Scoop' and óUpper Scoopô design is described for removing placed 

parts from conveyor surfaces [28]. To accommodate the variation in part shapes will  need an 

array of scoop sizes. Conveyor type transportation mechanisms require a constrained, predictable 

environment with only low variability in part orientation normality [49].   

Monorail systems integrated within the manufacture process flow to transport whole or 

partially assembled garments between manual sewing operations. The Gerber MoverTM by 

Gerber held the clothing at random points or an indexed position, allowing tracking through 

processing operations. The CIMTEX project aimed to link automation using similar process 

principles of keeping panels along one edge, the known location aided robots to locate and grasp 

part edge. The method worked well when combined with the human operator but proved 

unsuccessful for interlinking with fully automated equipment [49], a more detailed review of the 

CIMTEX project found in [51].  

In -Plane Non-Contact 

Based on the principles of maintaining the part in a horizontal plane, the repositioning 

and part orientation controlled using vibration and airflow using non-contact principles. Work 

conducted by the University of Hull developed a vibrating table and air table design. The latter 

uses laminar airflow to lift the part off the table surface; success is highly dependent on the 

fabric air permeability and airflow adjustment. If the flow is too low, then the part will not float, 

too high, and the part edges will flip over onto itself (balloon's) [34,49].  

Parts that move out of the air top work area will then stick to the surface and require 

airflow to be stopped and with human intervention for readjustment into the working plane.  
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Fabrics with low stiffness are more likely to succumb to the balloon effect. The benefits 

of moving the part to the predetermined location ensure position and orientation are known; The 

area then classed as óactive' [49]. The former use coefficient of friction forces and gravity, the 

directional change is produced by changing the angle of the tabletop to align the part against a 

barrier into the óactiveô work area. Frictional characteristics of the fabric surface extremely 

dependent on fabric and surface coating of the vibrating table. The correct selection is of utmost 

importance [49]. The use of sensors seen as extremely important for process monitoring and 

inspection of parts within the working space [34]. However, sensor selection is dependent on 

fabric type.  

Current Research Developments of Non-Contact In-Plane Handling Sew-bot Software 

Automation Inc. 

A hybrid of the air-table developed by Sewbot Software Automation Inc., invented by 

Georgia Techôs Advanced Technology Development Centre. The system is a hybrid of the 

conveyor system in a table with non-contact-controlled air-flow transportation. The control is 

handled by óbudgerô balls and vacuum, solving problems in handling caused by part stiffness, 

part flexibility, and wrinkles. The confirmation and detection of accuracy combined with modern 

vision systems, to detect the contour for precise part placement [11] by counting ends and picks 

[52]. Early versions of the approach used for bathmats and towels while the newer version 

purports that it can assembly t-shirts and partially sew jeans.  

The Sewbot for fully automated T-shirt assembly is now commercialized, and a new 

Tianyuan factory is under construction in Little Rock, Arkansas [53]. The three main features of 

the system are compatible with existing sewing machine equipment, the ability to maintain and 

control deformations of cut fabric part on a flat plane throughout the process, and without the 
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need for specialized gripper systems. The complexity of the process is low, as operations are 

two-dimensional, a limited number of cut parts, fabric structure is knitted. The system requires 

reprogramming between size and style changes and lacks generalization for application to other 

garments.   

Robots with End-Effectors 

Material Control with Robotic Gripper End -Effector 

Robots with end-effectors and rigid frame gripper systems provide more uniform control 

during material handling between processes. The gripper is the worker part of a manipulator, 

sophisticated in design, and part geometry dictates the number of contact points required for 

secure part handling. The cost of one end-effector can sometimes be equal to 5 to 15 percent of 

the total unit cost [54].  

The number of end-effectors required dictated by part shape and length, construction, and 

fabric properties. The variety of textiles characteristics being complex, different grippers are 

needed to meet these variations in requirements. Furthermore, the viability of a grip is dependent 

on the ability to reliably position the gripper for accurately grasping and grip the textile without 

harm. The act of gripping works under the assumption that the location of the part is known and 

lays flat and smooth within the work area [12,20].  

To complete a task using a robotic end-effector is difficult, time-consuming, and 

dependent on the interaction between computer and sensors. Research conducted throughout the 

1990s identified the following challenges to the automation of material handling between 

assembly operations using robots. The ability to recognize randomly shaped parts, ply-

separation, and ply pick-up under controlled forces for both small and large garment parts. The 

simultaneous process for aligning cut pieces with each other and the assembly equipment. The 
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ability to realign parts during sewing operation without loss of control. The ability to sense when 

and what appropriate corrective action required during the sewing operation [21,55].  

Handling Task with end-effectors 

The ability of the end-effector to acquire the fabric component is only one task 

representative of a broader range of material handling procedures such as grasping, laying, 

folding, and flattening of materials [12].  The laying task needs the part put in the desired 

location and orientation on the table, without part edges from folding in onto itself. The lack of 

rigidity prevents the gripping of the part at a single corner as the remaining fabric will collapse. 

This collapse is known as the óhandkerchiefô problem. The randomness creates issues for 

material orientation and position alignment needed for further sewing processing. Handling tasks 

as outlined by [12] in Table 1: Primitive operations for fabric handling of Non-Rigid Materials 

(NRMs).  
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Handling Task Research 

Table 1: Primitive operations for fabric handling of Non-Rigid Materials (NRMs). 

 
Operation Description 

Identification of wrinkle and folds Identify and describing deformation on the surface of 

the material (orientation and size of wrinkles and folds) 

by processing the acquired image 

Extraction of edges and perimeter of the shape Identify and describe the perimeter shape and the edges 

of the material  

Tracking of a moving edge Track one of the materialôs edges while moving 

Calculation of area Calculate the area of the surface of the material 

Calculation of X, Y, Z coordinates from the image 

representation   

Calculate the absolute X, Y, Z, coordinates of the 

material in the armôs workspace by the inverse 

transform of its co-ordinates in the image 

Trajectory generating for laying and dragging Creating online the path, the arm should move along, 

using visual feedback information concerning the 

position of the free rear edge 

Trajectory generation for folding Calculating on-line the motion segments of the arm by 

using visual feedback information concerning the 

displacement of the target edge of the material 

Trajectory generation for sweeping Calculate the arm trajectory using force-torque sensing 

information, describing the appliance force between the 

gripperôs endpoints and the tableôs surface 

 

The laying task requires the component to be laid in the required location and desired 

orientation on to the table, without the component edges from folding on to itself [12]. Previous 

methods employed multiple low-cost grippers mounted with cameras to help locate the required 

edges before gripper pickup. The component or a feature (edges or corners) are within the 

cameras field of view, and the pixel data extracted from the center of the component or its 

features for describing the location and orientation of the object within the viewing area [34].  

The gripper mounted cameras were in a fixed position along two intersecting lengths of 

the robotic arm frame that resembled a cross (X, Y-axis). The fixed positioning prevented 
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flexibility in handling variations in component size and or shape ð an issue that was addressed 

and modified by [40]. Early on [34] identified the problems in the reliability of the cameras in 

providing good quality high contrast images. In addition to the importance of good lighting, 

image processing of the end-effector location calculated with sufficient accuracy.  

Calibration of the robot and cameras (spatial distortion), in addition to location accuracy 

between the robot, camera positioning and the working area must be well known with the 

absence of, or a correction for parallax errors (apparent position of component versus when 

viewed from two different angles).  

A combination of vibrational forces and feedback supplied from simple infrared sensors 

identified the correct position and orientation of double knitted cotton, and stiff fabric 

components. The component is placed off-rotation onto an inclined surface and vibrated towards 

a barrier used to re-orientate the part [34]. There are two methods employed to complete the task, 

laying by using the edge of the table and laying by dragging [56] [12]. 

Laying by using the edge of the table 

The method uses the leading edge of the table at a specified angle so that, as the arm 

moves in the orientation direction of the component, it makes uniform contact with the table 

surface and lays flat. The part is held in the grasp of the gripper and hangs loose. The position of 

the arm is higher off the table, with the free edge of the component 5cm from the table edge with 

the arm rotation is orientated as required. A camera is positioned above the table with a visual 

axis at an angle of 30o with the vertical (grainline/ warp threads).  

The component position is continuously processed using the visual data produced via the 

camera. The component image would begin appearing at the bottom of the camera viewing area, 

and the signal transmitted to the system (VAL-II) from the vision system indicates the 
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component is in the required location the message would stop the arm movement and release the 

gripper from the component edge [56] [12]. 

Laying by dragging 

The free edge of the component makes uniform contact with the table by the vertical 

downward movement of the gripper arm, a combination of downwards movement and dragging 

of the component in the horizontal direction is then adjusted using the live feedback produced by 

the camera images. The combined move downward and dragging action is completed in 

segments, and each section is adjusted based on real-time image processing. The process of 

adjustment and image acquisition needs to be fast and successfully carried out on the line, small 

liner motion segments of constant length, each consisting of a vertical (downwards)  and a 

horizontal component [56] [12]. 

Folding  

Material characteristics that pose a challenge to folding are gravity, material weight, 

airflow in and around the work environment, and deformation recovery of fabric structure to 

uncurl, in addition to its thickness [50]. 

The folding action is the ability of the robotic arm to fold the component unto itself. It is 

using the acquired edge of the element that is grasped and positioning it unto itself and aligned 

with its opposite side so that the two edges are now coinciding one over the other. It is important 

to note that the example described here is a sleeve, the geometry of the sleeve is similar to that of 

a trapezoid rather than a rectangle. The results in the arm movement trajectory being more 

conical. The robotic arm location in space, combined with the component positioning and 

movement on the table, and their combined interaction are needing to be monitored in real-time 

using a vision system [56] [12]. 
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Flattening-Sweeping 

The flattening-sweeping action to remove wrinkles and folds from the component, which 

can cause deformation on the component surface. The task uses a brush type end-effector 

attachment, and smoothly sweeping over the component surface. The calculation of the sweeping 

movement is performed by superimposing the images of the actual silhouette of the component 

over the required silhouette area of the component image. 

It is assumed that the comparing of the two images performed using special lighting 

conditions, with the resulting sweeping action perpendicular to the deformation. ñDuring 

sweeping, closed-loop control of the force applied between the brush tool and the surface of the 

table ensures contact of the tool with the material. Auxiliary devices fix one edge of the 

materialò [56] [12]. 

End-Effector Vision Systems 

Vision systems are used to locate objects within the end-effectors arm working space 

(handling strategy requires absolute object position calculation), an inspection of the components 

to identify and describe specific features (deformations, wrinkles, and folds), tracking of 

component and edges (displacement during movement) [56] [12]. 

Problems with vision system are viewing space and need to include the arm and the 

component within the working area. The distance from the component resulted in low-resolution 

images, difficulty in identification of boundaries, problems in the calculation of absolute 

coordinates in X, Y, Z space. Close-up views would need calculations of angles of successive 

edges, identification of edges, and intersection points.  The need for close-up images raised 

issues with the camera becoming an obstacle in the arms working space. Alternative designs 
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mounted cameras on the moveable arm, to capture the arm movement in the working area during 

operation.  

The light of the test environment impacted the quality of the images collected, and in 

some instances, exaggerated the extent of the wrinkles and folds, resulting in slower execution of 

the task. The research used information derived from a monochrome camera as the image 

processing would be faster than color. These experiments used a description of geometrical 

properties of components, brief color variation descriptions, and parameters describing the 

weight and stiffness of components [56] [12]. 

Force/Torque  

Use of force/torque is needed to establish end-effector contact with the table surface, and 

regulation of force applied, which is essential for grasping and flattening and sweeping tasks. 

Issues with force/torque sensors ability to detect the component edge in the gripper, or measure 

the tangential stresses applied to the material when dragged over the table. In addition to 

equipment vibration, interfering with the sensor's detection of the component edge, the forcing 

sensor needed to be higher than the noise (generated by the weight of the robotic arm and 

equipment vibration). Fuse sensors were used that detect short circuits between gripper plates. 

Calculating mean values were used for filtering of sensory information from all three 

directions of the co-ordinate measurements to help manage noise issues [12].  Software and 

hardware implications identified by [12,57] where the complexity of the programmable language 

and motion planning of robotic arm, the sensitivity of sensors, and processing time between 

system and sub-assemblies, the accuracy of task completion, adaptability to environments, 

collision problems with moving operations in robotic arms working space. More research in the 

processing of visual information and design of the end-effector gripper.  
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Limited Use of Robotic End-Effectors in Apparel Assembly 

Bin-Picking Problem 

Problems with gripper design found that wrist/torque sensor accuracy and sensitivity in 

the detection of grasped part impacted by the weight of the gripper being more substantial than 

the part weight. Additionally, equipment vibration, sensors ability to detect the component edge, 

the need for the forcing sensor to be higher than the noise generated by the weight of the robotic 

arm and equipment vibration [56] [12]. 

The authors [56] [12], refocused earlier developments and later segmented into more 

lucrative industrial sectors with limited to no style changes, and relatively consistent part weight 

as found in the fur industry. Follow-up publication applied earlier gripper concepts to the óbin-

pickingô problem to grip fur skins from a bin, followed by a cycle of release and regrip until the 

ideal gripper location selected. The approach is dependent on trial and error of the system and 

time-intensive process until correct contact with the part has been achieved [58]. 

Gripper End -Effector Parallel Industr ies 

Significant research into gripper use for automation of material handling processes for 

robotic ironing [59] and textile composites has been generated by [43,44,60,61], aspects covered 

are gripper indentation, modeling indentation, indentation, and gripper design, modeling contact, 

sequence trajectory, three-dimensional modeling, simulation, and folding algorithms. A number 

of the earlier journal publications co-authored with Taylor, P. M, an author who has made 

significant contributions to research in the automation of garment assembly since its inception. 

The application of these developments has more commercial viability in industry sectors 

with higher profit margins, minimum product style changes over the years rather than weeks to 

warrant the cost and lengthy set-up and change over between product style changes such as 
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automotive cushions and headliners, prepreg textile composites, industrial dry-cleaners, and 

service robot applications.  

Robotic Sewing in a Three-Dimensional Plane 

The use of gripper type end-effectors for robotic material handling and sewing in the 

three-dimensional space of limp material parts for garment apparel assembly investigated as part 

of the European LEAPFROG project (2005-09). The automating of processes in non-apparel 

industries has shown to produce efficient manufacturing, improved quality, cost reduction, and 

fast response to consumer markets. Automation of operations in the garment manufacturing 

sector is still hugely dependent, on human hand manipulation of fabric, by the sewing machine 

operator and thus cost intensive.  

The method of apparel assembly accounts for an 80 percent share of primary sewing 

machine production. With 10 to 20 percent covered by state-of-the-art automatic sewing units for 

2D sewing steps such as buttonholer, bar tacker, or pocket sewer. Problems associated with 

issues of sewing quality linked with the traditional sewing machine and current sewing 

technology, such as seam puckering, layer displacement, and issues with fit and exacerbated with 

semi-skilled workers, without professional training.  

Current Research Euratex and European Integrated Research Project LEAPFROG 

The Euratex and European Integrated Research Project LEAPFROG (2005-09) 

collaborated with 35 partner organizations over 11 countries under guidance by Euratex and 

costing 25 million Euros. The primary focus to develop more agile production processes through 

smart agencies whereby individual companies within the supply chain cooperate as if they were a 

single entity [62].  
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The concepts developed from the LEAPFROG project derived inspiration from existing 

principles of Computer Integrated Manufacturing (CIM) ideas and flexible production principles 

found in non-apparel manufacturing sectors. Investigation approached the limp-material problem 

from a new perspective of assembling and handling in a three-dimensional space with the aid of 

an adjustable body-form.  

There are large sectors of the industry that use technical textiles and garment textiles that 

need two-dimensional patterns sewn together to realize the geometric shape into a three-

dimensional form. Complex, part shapes, could have, straight, curved, or convex seam lines, that 

need cutting before joining. A process that is dependent on the dexterity of manual handling by a 

human operator [63] [64] [65] [66].  

Sewability issues are apparent in conventional sewing technology, as the sewing machine 

only performs the act of stitching and not the transportation of the fabric.  Robotic arms were 

needed to move and manipulate the fabric into position, match fabric edges lay and move fabric 

into place at the sewing head [63] [64] [65] [66].  

Mounted Sewing Head on Robotic Arm 

Traditional sewing tools of the sewing machine use the sewing foot to clamp and 

transport the fabric without pressure. Two clamps are working alternately, used for light to 

medium weight fabrics. The traditional sewing head moves and clamps simultaneously while 

guided by the human operator. The development of an innovative sewing head emerged from 

medical sewing machines, used to close the edges of the spherical shape of wound openings. The 

action of closing the wound came from handheld devices. The device is lightweight and 

compact, with a curved needle producing a lockstitch seam [67,68].  
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The robot sewing head uses only one fabric clamp, which does not transport the fabric, 

using a straight or curved needle. The curved needle prevents needle strikes on the adjustable 

body form. Additional features, such as thread trimmers, and automatic bobbin filling (double 

lock stitch), and options to have alternate bobbin thread color head [63]. 

Adjustable Three-dimensional Bodyform 

Development of the adjustable three-dimensional bodyform first presented by [69]. The 

critical feature of the three-dimensional sewing system placed fabric parts using 

mechanical/pneumatic units to fix the part to the form without tension or creases. The pieces 

need to attach without displacement and positioning safely, needs placement of the part so that 

the ideal seam line is in direct correlation to other adjacent regions. Seam allowance must 

overlap edges and be freely available for sewing machine head. The three-dimensional structure 

is easily removed after sewing.  

Previous 3D molds used in other industries were a single size, such as car seats, arm 

covers, and headrests. The use of these molds was in cars that did not need size adjustability in 

models, and costs associated with setting up and use, balanced with long production periods, on 

average, two years. In contrast, garment production is known for small orders, changing styles, 

variations in materials, and apparel size variations head [63].  

Characteristics of 3D Sewing on Adjustable Body Form 

Philipp Moll GmbH & Co-developed the adjustable body form that allows for three-

dimensional robotic sewing. The mold concept uses expandable spinal columns that are flexible 

and adaptable in the x, y, and z-axis. The prototype developed from the assembly of men's suit 

jackets sizes 48 to 56. Main sewn assembly seams are two front seams, two side seams, one rear-

middle seam, and two shoulder seams. A total of seven seams are sewn. The characteristics of 
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the process held individual cut parts at the uppermost edge allowing a part to hang freely and 

thus remain crease-free when presented to the suit jacket mold, which supported the part 

geometry. The fabric part stays stationary, needing no manual manipulation or intervention by 

the human operator.  

The seam allowance is identified and used as a guide for a sewing machine head mounted 

on the end of a robotic arm. The authors state [63] [64] [65] [66] the speed of the robot and seam 

production is constant at 5 meters of seam per minute. The tasks of all sewing process working 

steps such as positioning, sewing, and transportation of fabric, now kept separate. The modular 

approach is for efficiency, where working steps potentially overlapped and or simultaneous [63] 

[64] [65] [66]. 

The advantages of three-dimensional adjustable bodyform robot sewing identified by [63] 

[64] [65] [66] are reproducibility, automatic, and independent of human operator skills and 

human error with improved efficiency, and no longer dependent on labor costs and location. The 

process change of technology has produced measurable improvement in seam quality, no seam 

puckering, no layer displacement, and constant stitch length. 

 Sewability issues such as fabric characteristics, surface configuration, and raising and 

lay, or construction are purported as being no longer a problem when using a three-dimensional 

adjustable body form. The adjustable form supports the volume and fabric cover, a key criterion 

for garment fit. Additionally, it was purported that the cut marks needed for seam matching for 

human operators are no longer necessary, which would reduce cutting time.  

The author [63] notes that adherence to the method will, over time, produce 

developments in the processability of new materials and upgrades in size and weight. The 

machine weighs about 7 kg, which includes the mini motor. Its dimensions are 200cm height, 
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150cm width, and depth 110cm. The machine needs to be tethered to an electrical supply, and 

mechanically connected to an industrial robot coupling unit.  

Technical challenges are, synchronizing of the continuous movement of the robot 

(horizontal/ axial motion) and the discontinuous working process of the sewing machine (vertical 

motion). The sewing tools (needle, sewing foot, and stitch plate) do not perform well in joining 

the fabric as the sewing machine is in motion as the needle penetrates the surface. The 

horizontal/axial motion and vertical motion must align with the robot speed. The synchronization 

performed using specific gear solutions [63]. 

The act of the sewing assembly process, as previously described, appears at first glance to 

provide a tangible solution to the assembly process for a suit jacket. However, the planning of 

the motions and synchronization with the mounted sewing head is dependent on the simulation 

and programming stages during the process set-up. Digital pattern data generated at the 

beginning of the production pipeline makes the input data, sent to the three-dimensional 

bodyform; additionally, all fabrics used in the jacket assembly require evaluation using Finite 

Element Analysis (FEM) modeling to determine vibrational data metrics for all parts, sub-

assemblies, and across each style, size, and fabric characteristic.   

[70] developed a model to execute the Finite Element Analysis (FEM) model in minutes 

saving several hours spent during the manual method of the óteach-in.' The programming file 

generated is then exported from the simulation system and loaded into the robot controller of the 

production system and is a necessity for partial control while handling the three-dimensional 

bodyform. They hypothesized that debugging and smoothing of the production programming 

would be refined through a robot control system, which allows offline manufacturing 

configuration and simulation software that would require all subcomponent parts to be digitally 
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geometrically modeled using 2D pattern data to produce a three-dimensional part simulation.  

The shaped piece simplifies the extraction of seamline coordinates for guiding the mounted 

sewing head [70]. 

Limitations of the assembly system are application to menôs suit jackets only, the actual 

system sews seven seams, the adjustable bodyform has discrete size ranges, pretested fabric, and 

the fabric weight is a factor. Gravity keeps the part close to the form, and the jacket style must be 

boxier. The accuracy of the position and fixing at the start of the process is detrimental for the 

successful execution of all subsequent steps. 

The approach for application for men's suits jackets, a method limited to necessary upper 

body jacket production, for menswear, which has few seasonal style changes selling long 

periods, as seen with menôs suits.  

Each adjustable bodyform size only covers discrete size ranges and is limited to certain 

pretested fabrics of a heavyweight so that gravitational forces maintain proximity to the 

adjustable body forms working space.  

Position and fixing are crucial for all following actions such as shaping seam lines, darts 

are not possible, due to size and formation. Data transfer from the CAD system to the robot 

control system is offline. The nature of the sewing tools system only uses single fabric clamping, 

which limits the use of light to medium weight fabrics ð limited seam type formation or 

adaptability.  Size of the mechanized robot, holding the sewing machine head, in addition to the 

tethering.  
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Chapter 5:  Research Goal 

Design a fiducial tag that can be hidden into the surface of digitally printed cut fabric part for 

part identification (recognition) position and orientation (pose estimation). The method 

developed needs to be low cost, require no significant investment in equipment with the ability to 

be implemented at the start of the design process.  

1. Robust to scale and in-plane rotation across the part size 

2. Robust to conditions from rapid movement, varying distances and lighting conditions 

3. High readability at various viewing angles 

4. Robust to projection distortions 

5. Robust to occlusion 

6. High distinguishability  

7. High detectable  

8. Precision  

9. Low cost with easy deploy-ability  

10. Un-detectable by the human observer 

11. Improve or eliminate computational processing 

Owing1 to the uniqueness of the problem and proposed application having no available 

methodology that addresses the challenges of embedding a unique identifier into the surface of a 

digitally printed cut fabric part. An iterative approach was adopted to guide the research process. 

 
1 The performance and usefulness of the fiducial system can be numerically measured using the evaluation criteria as described by Fiala, M. 

(2010): (1) the false positive rate, (2) the inter marker confusion rate, (3) the false negative rate, (4) the minimal marker size, (5) the vertex jitter 

characteristics, (6) marker library size (7) immunity to lighting conditions (8) immunity to occlusion, (9) perspective support (10) immunity to 

photometric calibration, and (11) the speed of performance. The immunity to occlusion and illumination will require the development of new 

evaluation approach as the hide-ability and detection is unique and integral to overall concept presented.  
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The data generated at each stage will be used to guide the design of the marker to meet the 

predefined goals. 
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Chapter 6. Research Questions 

Objective 

To transform a digitally printed cut fabric part into a smart object. For automatic 

perceptual and associative level object recognition, orientation, part registration, and autonomous 

tracking at the assembly level. A smart object is hypothesized to have additional cost-saving and 

quality improvement attributes such as component matching, size verification, and WIP tracking 

during assembly as well as an assist for pick and pack operations. 

Research Questions 

¶ How can Augmented Reality (AR) artificial markers be used to estimate pose for a 

digitally printed cut fabric part? 

¶ How can a digitally printed cut fabric part be uniquely identified? 

¶ How can the contours of a digitally printed cut fabric part be used in its identification? 
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Chapter 7: Proof-Of-Concept Experiments 

For augmented reality (AR) system designers knowing the pose of an object is required 

so that a set of correspondences at the pixel level match onto an acquired image. The match point 

is known as the centroid of the object. The problem is known as the ópose estimation problem.ô  

The validation problem for object identification is constrained by the size of the 

environment applied. Researchers approach the problem using one of two primary methods using 

natural features (key points and textures) and or artificial landmarks [71]. Natural feature 

methods are preferred but have several limitations, namely computationally intensive, to estimate 

the location and fail due to blurring caused by fast camera speeds, texture-less environments, and 

repetitive patterns.  

To reduce the computational process, artificial features known as landmarks are a 

standard method and provide precision, robustness, and speed [71]. Marker-based recognition 

technology is either two-dimensional code based or AR marker technology [72].  

Contactless Measurement  

Knowing the size of the marker can be used as a contactless measurement system when 

used with a calibrated camera. Circular fiducials have one correspondence point, and thus, 

several circular markers are needed to determine part pose estimation. The benefits of circular 

fiducials are the excellent angle of view compared to square type, circular fiducial 

designs  CanTag, color multi-ring, scalable color multi-ring, Rune Tag Whycode/ Whycon, 

circle, and hybrid matrix, Pi-Tag [73], [74] [75],[76]. 

The square type fiducial uses quadrilateral fitting in pose estimation and the center region 

for identification.  The center region can be a bespoke logo design matched with priori made 

library known by the system for template matching and categorization. The drawback is 
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sensitivity to lighting conditions due to the fixed global threshold of square detection ð 

relatively small design space to provide adequate marker variation category, which increases 

computation time and reduces accuracy.  

Improvements to the square type came from concepts of QR codes with increased data 

payload for stored information and unique identification. The use of error correction codes 

enables code reading even when damaged or dirty and high distinguishability using binarization 

that uses a simple fixed threshold. The trade-off for high readability is the restricted range and 

angle of reading, high visual obtrusiveness, and color selection dependent.  

Nevertheless, the fiducial markers are favored in augmented systems for their precision 

and accuracy for image object registration across six degrees of freedom. The use of binary 

identification significantly expands the possible unique code identifiers regardless of the 

challenges posed by lighting on anchor point detection. For barcode technology, their 

functionality and design, combined with human observable identification for interaction and 

sharing of content. The aesthetical developments do not sacrifice high functionality processing 

speeds and instantaneous reading by mobile phone technology.  

Purpose 

The purpose of this research is a proof-of-concept to identify the pose of a digitally 

printed cut fabric part using augmented reality (AR) for robotic material handling for automation 

of apparel assembly. A hundred unique color code and binary markers are digitally fabric printed 

onto a fabric surface. These markers are used in augmented reality AR applications when marker 

landmarks, also are known as fiducials, are required to inform or trigger a response from robotic 

vision systems and mobile devices for tracking purposes.    
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Approach 

We have created four iPhone applications to demonstrate the determination pose and 

proof-of-concept. Application one has a transpose axis generated at marker centroid, and 

application two is the same as one except red and white three-dimensional tiles rendered over 

marker centroid to visualize part drape better.  

Applications three and four required a separate set-up for the black and white artificial 

markers by ARuCO, which required an OpenCV plug-in interface to view the overlaid AR 

content. All four apps use an axis transpose to demonstrate the point in cloud space is 

determined. We used opensource software to determine the pose of the cut fabric part using a 

grid-like cartesian coordinate structure with a transformation axis positioned on the centroid of 

each marker. Open-source software and plugins used were - Unity3D, Vuforia, and OpenCV for 

Unity assets.  

 

 
 

Figure 3: BroVision AR Code Image File 
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Figure 4: BroVision AR Code Digitally Printed on Linen 

 

Marker Rendering Vuforia  

Vuforia is used to render two-dimensional and three-dimensional objects in real-time 

using machine vision. Vuforia is an industry-standard application used in the development of 

augmented reality applications.   

Color Markers  

Target markers were color code targets for augmented reality (AR) applications created 

by Brosvision (www.brosvision.com); see Figure 3: BroVision AR Code Image File. A digital 

fil e of one-hundred unique BroVision 4 cm square targets stacked ten across length and breadth 

spaced 2 cm apart.  The data was then digitally fabric printed onto a plain cotton linen weave 

fabric (74 warp 24 weft); see Figure 4: BroVision AR Code Digitally Printed on Linen. 

Experiments purposely used complex color code markers printed on linen fabric with a 

coarse yarn construction under the assumption that if marker principles worked at the upper 

http://www.brosvision.com/
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bounds for design complexity and fabric construction, it would equally be successful for less 

complicated designs and smoother fabric surfaces.   

Black and White ArUco Markers 

ArUco black and white markers see example Figure 5: ArUco MarkerFigure 5: ArUco 

Marker were downloaded from (http://chev.me/arucogen/) and passed to Vuforia using the same 

method as stated for the BroVision color marker [77] [78] [77].  

 

Figure 5: ArUco Marker 

 

Marker Rendering Vuforia  

Vuforia is used to render two-dimensional and three-dimensional objects in real-time 

using machine vision. Vuforia is an industry-standard application used in the development of 

augmented reality applications.   

http://chev.me/arucogen/
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Figure 6: BroVision AR code rendered by Vuforia, with augmenting axis built in Unity 

 

Method 

 iPhone application was created by the author using Unity software, Vuforia for database 

handling, and processed using Xcode Version 10.2.1(10E1001). The Unity application file and 

support file database are available for download. The framework covers Android and iOS but 

only tested using the iPhone 7x.  Phone camera specification is (750x1334 resolution) 12 MP, 

f/1.8, 28mm (wide), 1/3", PDAF, OIS.  An Apple developer license is required to load the 

application onto an iPhone. The free developer license allows for five applications to be loaded 

on to an iPhone and modified, updated, and tested.  

Unity3D software is available for free at www.unity.com. The application was built using 

Unity 2018.3.14f1 and upgraded to Unity Hub 2019.1.8f1. Unity software settings for app 

configuration see Figure 7: Unity Software App Settings and camera and lighting settings see 

Figure 8: Unity3D software camera and lighting settings software camera and lighting settings. 

The Unity3D editor tools used to edit and build applications in real-time over multiple iterations. 

The Unity Asset Store provides plugins of premade tools and asset packages such as OpenCV 

and Vuforia.  

http://www.unity.com/


 

43 
 

Vuforia Developer Library available for free at www.library.vuforia.com.  Vuforia is an 

augmented reality (AR) developer platform that supports all of the major devices and across 

software platforms allowing for realistic object interaction inside the built environment. The 

Vuforia Engine Library component stores and creates the database and targets. Each application 

requires a corresponding target and license key, which is inserted at the start of making the app 

in Unity3D. Each key is user and database-specific and is not shareable and regenerated for each 

new user that uses the Unity3D file.  

 
 

Figure 7: Unity Software App Settings 
 

http://www.library.vuforia.com/
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Figure 8: Unity3D software camera and lighting settings 

 

 

Figure 9: Screengrab of assets and created object files per image asset in the sample scene 

window of Unity 
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Augmented Environment Camera Settings 

The Unity3D primary camera, directional light, and AR camera coordinates are required 

at the start of the initial set-up and do not self-store for use as preference settings; see Figure 9: 

Screengrab of assets and created object files per image asset in the sample scene window of 

Unity.  Consistent maintenance of the coordinate position of the camera and lighting saves a lot 

of time and disorientation of ground plane inside the simulator; see Table 2: Main camera start 

position, Table 3: Directional light start position, Table 4: Augmented reality camera start 

position.  

Placement of markers used the following coordinates see Table 5: Color code target one 

location start point lower left-hand corner, Table 6: Color code target two location start point 

move over 6cm to the side of marker one, Table 7: Color code target eleven location start point 

move up one row over marker one and Table 8: Color code target twelve location start point 

move up one row over marker two. 

Marker Placement in Environment 

The coordinates for the target transform component start at the lower left-hand corner at 

zero position Table 5: Color code target one location start point lower left-hand corner. Target 

two is positioned 6 cm to right of target center position zero Table 6: Color code target two 

location start point move over 6cm to the side of marker one with an incremental increase of 0.06 

cm in the X direction for each target of the first row.  

The second-row first target Table 7: Color code target eleven location start point move up 

one row over marker one increases in the Z direction 0.06 cm and target twelve is positioned row 

two position two increase in both X and Z 0.06 cm incrementally on the diagonal Table 8: Color 

code target twelve location start point move up one row over marker two.  
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Table 2: Main camera start position 

 

X 0 Y 1 Z 10 Position 

X 0 Y 0 Z 0 Rotation 

X 1 Y 1 Z 1 Scale 

 

Table 3: Directional light start position 

 

X 0 Y 3 Z 0 Position 

X 50 Y -30 Z 0 Rotation 

X 1 Y 1 Z 1 Scale 

 

Table 4: Augmented reality camera start position 

 

X 0 Y .25 Z 0 Position 

X 90 Y 0 Z 0 Rotation 

X 1 Y 1 Z 1 Scale 

 

Table 5: Color code target one location start point lower left-hand corner 

 

X 0 Y 0 Z 0 Position 

X 0 Y 0 Z 0 Rotation 

X 0.04 Y 0.04 Z 0.04 Scale 
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Table 6: Color code target two location start point move over 6cm to the side of marker one 

 

X 0.06 Y 1 Z 0 Position 

X 0 Y 0 Z 0 Rotation 

X 0.04 Y 0.04 Z 0.04 Scale 

 

Table 7: Color code target eleven location start point move up one row over marker one 

 

X 0 Y 1 Z 0.06 Position 

X 0 Y 0 Z 0 Rotation 

X 0.04 Y 0.04 Z 0.04 Scale 

 

Table 8: Color code target twelve location start point move up one row over marker two 

 

X 0.06 Y 1 Z 0.06 Position 

X 0 Y 0 Z 0 Rotation 

X 0.04 Y 0.04 Z 0.04 Scale 
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Figure 10: View of simulated BroVision markers and transform axis overlay 
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Unity3D Process Pipeline  

1. Each color code target has been loaded into a Vuforia database and downloaded as 

Vuforia formatted file and placed in the asset folder.  

2. Each image target placed into the sample scene window as an empty object, and its 

location adjusted using the coordinate system.  

3. Each object requires its own set of coordinates and scripts to do various actions; many of 

these actions are plug and play components; sometimes, you will need to use C# script. 

Components used for this app are: Transform, Vuforia Script (Image Target Behavior*), 

Default Trackable Event Handler, Turn Off Behavior, Mesh Render, and Image Target 

Mesh plug-in components see Figure 11: Unity 3D window view, with plug-n-play 

components, and C# scripts. 

4. The transform axis is placed using the same coordinates as the markers and adjusted to 

hover over its centroid.  

5. Inside the simulator, there are multiple views and perspective options. The two view 

examples shown are scene view in the top window and game view, which is the birds-eye 

view shown in the lower window see Figure 11: Unity 3D window view, with plug-n-

play components, and C# scripts.  

6. The birds-eye view in the lower-left (Figure 12: Unity 3D in test mode) is also the 

simulation environment for applications to run in test mode before loading into the 

phone-specific set-up. 
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Figure 11: Unity 3D window view, with plug-n-play components, and C# scripts 

 

 

Figure 12: Unity 3D in test mode 
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Figure 13: Augmented axis and tile generated over marker centroid 

 

 

 
 

Figure 14: BroVision digitally printed marker file 
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Figure 15: ArUco digitally printed marker file with grid 
 

 

 

 

 

 

 

 

 

 
 

Figure 16: ArUco fabric sample test file .75 mm scale 
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Figure 17: BroVision axis marker generated and captured through the game view window 
 

 

 

 
 

Figure 18: Facetime camera pre-app build fabric test at a slight angle to the viewer 
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Figure 19: BroVision code screen capture of augmented axis overlaid on centroid draped over 

corner edge 
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Figure 20: BroVision code screen capture of augmented axis and tile overlaid on centroid 

draped over corner edge  
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Figure 21: Augmented tiles and transform axis generated on BroVision marker printed on 100% 

cotton plain weave 
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Figure 22: ArUco Test Fabric Small Scale Markers (Side View) 
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Figure 23: ArUco Test Fabric Small Scale Markers (Angled View) 
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Figure 24: Occlusion and part matching demonstration 

 

Results and Discussion 

Each file is digitally printed on to the linen, which has a rougher surface appearance, as 

seen in Figure 4: BroVision AR Code Digitally Printed on Linen. The first attempt to capture the 

BroVision markers digitally printed on the linen was not successful. Until the camera was in very 

close proximity to the fabric surface, and generation time was significant. The clarity and 

brightness of the image quality were a factor, as shown in Figure 4: BroVision AR Code 

Digitally Printed on Linen. The test file was then printed on to a smooth flat 100% cotton plain 

weave. The capture of the markers and generation of transform axis on the centroid of marker 

worked very well at proximity, as seen in Figure 17: BroVision axis marker generated and 

captured through the game view window, and in Figure 18: Facetime camera pre-app build fabric 

test at a slight angle to the viewer, and Figure 19: BroVision code screen capture of augmented 

axis overlaid on centroid draped over corner edge. At the more significant distance of one-meter 
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generation, time increased to a minute, and in some instances, the transform axis did not 

generate. The size, color, and line weight of the transpose axis simulated object made it difficult 

to see when overlaid onto the BroVision marker.  

The capturing of the markers still performed well at generating transpose axis draped 

over a corner edge (Figure 19: BroVision code screen capture of augmented axis overlaid on 

centroid draped over corner edge), and vertically (Figure 21: Augmented tiles and transform axis 

generated on BroVision marker printed on 100% cotton plain weave).  

To address the problem of visibility of transform axis a new application was created 

(Figure 13: Augmented axis and tile generated over marker centroid) where a three-dimensional 

tile of alternating red and white and the original transpose axis were incorporated and performed 

very well when draped over table edge as seen in Figure 17: BroVision axis marker generated 

and captured through the game view window and when draped over ceramic cylinder as seen in 

Figure 21: Augmented tiles and transform axis generated on BroVision marker printed on 100% 

cotton plain weave. When the BroVision code placed at closer intervals, time increased in the 

generation of tiles as quite a zone of white around the marker decreased.  

We repeated the test with the black and white ArUco markers; see Figure 5: ArUco 

Marker and Figure 6: BroVision AR code rendered by Vuforia, with augmenting axis built in 

Unity. The use of the ArUco markers was not possible with the current Unity set-up. An 

OpenCV machine vision asset plug-in was purchased individually for use with the ArUco 

marker. The black and white tags are first-generation fiducials used in the building of phone 

applications. 

 These types of tags are more commonly known as artificial markers, and not many 

systems still support their use. It is preferred to create markers from photographs that give the 
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appearance of spontaneous generation on a variety of surfaces using image matching algorithms 

is more desirable and are known as natural markers.  

The ArUco markers performed exceptionally well as the size of the tile was reduced to 

.75 mm with .2 mm quiet zone as seen in Figure 22: ArUco Test Fabric Small Scale Markers 

(Side View), and Figure 22: ArUco Test Fabric Small Scale Markers (Side View) when two 

samples were stacked on top of each other, as seen in Figure 24: Occlusion and part matching 

demonstration which simulates the alignment of two parts matched and part edge location is now 

known.  

Practical Implications 

Pose estimation of a deformable cut fabric part can be determined using augmented 

reality principles of markers. Building on this research concept to include occlusion algorithms 

such as Hough transform enables a part to be identified when occluded by itself or by another cut 

fabric part.   

Research Limitation 

The method was not tested under severe image conditions such as rapid movement and 

various lighting conditions, which is the fourth design parameter specified in the research goals. 

The study is proven using an Augmented Reality (AR) iPhone application versus using a 

computer vision system of an existing robotic set-up for robotic material handling (RMH) as one 

was not available.   

Originality/value  

Provides a cheap and fast tangible approach to understand two-dimensional and three-

dimensional part pose for automated apparel assembly.  The approach can also be applied for 

artificial intelligence training to understand fabric pose and drape, body scanning technologies, 
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and for gaming and movie industry special effects application. With more development to bring 

together and match two cut fabric parts for a series of tasks, orientate, pick, place, and folding for 

complete assembly and or sub-assembly of fashion garments when non-previously existed.  

Software Limitations 

At the start of the investigation process into software for building the phone application, 

Xcode and ARKit (Apple) were initially investigated. The target location in reference to the 

camera could be streamed inside the view window to demonstrate the position of the part in point 

cloud space.  

However, BroVision and ArUco are considered to be artificial markers and are not 

supported in ARKit as they only support natural markers. The Unity software worked with 

natural and artificial markers; however, the OpenCV plug-in is necessary to use ArUco marker 

which uses a different detection algorithm compared to BroVision, which combines line, 

triangle, and quadrilateral detection algorithms more commonly found in image matching and 

feature detection of machine vision applications for image recognition and machine learning.  

Unity 3D is open-source software that is evolving rapidly with the technology of camera 

phones, which required the applications to be updated continuously or risk obsolescence.  

Research Implications 

The concept presented has value for use in assembly tasks of digitally printed cut fabric 

parts such as part mating and part joining, even when the part is partially occluded.  The binary 

ArUco markers worked well when the white area around the marker called the quiet zone 

diminished as quadrilateral fitting algorithms used the white squares of high contrast on a black 

background.  
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The trade-off for high readability is the restricted range and angle of reading, high visual 

obtrusiveness, and color selection dependent. However, it has shown robustness to scale and in-

plane rotation, readability, robust to occlusion, high distinguishability, high detectability, 

precision, and reasonably low cost. Ease of deployability would be dependent on the algorithm 

selection and the combinations of algorithms working in parallel. The success of experiment one 

demonstrated that artificial physimetrics of a digitally printed cut fabric could be used 

successfully to identify a part and understand its pose within the work area even with part 

collapse.  

It was also successful in demonstrating its application for part matching tasks. 

Experiment one results have research value in the set-up and ramp-up of robotic material 

handling for a faster teach-in process. Moreover, it has application value for Finite Element 

Analysis (FEA) to better understand and interpret drape for an objective evaluation metric for 

body-scanning technologies and the gaming industry.  
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Chapter 8: Auto-ID Sound Spectrum Experiments  

A digitally printed cut fabric part interpreted as a sound spectrum overtime 

Identification of Objects Concept 

The concept and mechanism of Physical-metric identification (Physi-ID) for improved 

accuracy in identification and authentication of physical objects using their own unique physical 

and chemical properties first introduced by [79]. The challenge of verification is not uncommon 

to the identification of objects and applies to human verification. Human verification achieved by 

combining biometric data that uses human physiological and behavioral characteristics (DNA, 

fingerprints, face, iris, voice, and signature) for verification purposes.  

The integration of multiple authentication mechanisms increases the security of the 

system to prevent cloning or counterfeiting. The principle of the approach driven by 

misidentification problems found with artificial physimetrics (barcodes and RFID) caused by 

human error or tag detachments. Anticipated benefits for authentication of product pedigree and 

quality control. The purpose of multiple natural physimetrics data increases the verification of 

product authenticity and significantly complicate counterfeiting attempts. Additionally, parts 

may be too small or too fragile to support tag applications. 

For an object or product to become smart, it must have unique identifiers that are 

machine-readable and discoverable within the internet domain. The use of automatic 

identification technologies in conjunction with computer systems such as artificial intelligence 

and decision support systems allow a product to be identified automatically and trigger actions or 

response based on the identification of these physical objects. A system that perceives these 

objects automatically gathers the priori knowledge that contributes to an understanding of the 
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functionality, physical state, orientation, and geospatial location within the operational 

environment without prior study or examination [79].  

Transforming an object into one that is smart is a growing field in the realization of the 

Internet of Things (IoT), the Factory of Things (FoT), Artificial Intelligence (AI), Machine 

Vision, Augmented Reality (AR) and Mixed Reality environments, and the tools and 

applications created to support these systems. For a product or object to become smart, 

intelligent, or autonomous is through the capacity to identify themselves digitally in specific 

environments and throughout the supply chain.  

Confirmation of Identification by Artificial Physimetrics  

The author [79] categorizes artificial physimetrics as physical tags attached to objects that 

are without permanence.  [80] attempts to categorize artificial physimetrics as passive structural 

tags that consist of the same material and located in the products' inner parts using the work of 

[81] and the Volumetric Tag called an InfraStruct to support the taxonomy. Neither definition 

adequately encompasses the scope of possible methods that could fall under artificial 

physimetrics beneath the umbrella of biometric concept and the increased security for embedded 

identification not easily observed.  

By this classification, authentication performed by (a) knowledge, (b) ownership, and (c) 

characteristic feature Table 9 Examples of identification methods altered from [79] and [80]. 
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Table 9: Examples of identification mechanisms  

 

Identification Mechanism 
Identification of Human 

beings 

Identification of objects and 

machines 

ID by knowledge 
Personal ID numbers and 

codes, passwords 

Digital keys, IP/Mac address, 

telephone number 

ID by ownership 

(Electronic) Keys, RFID 

keys/cards, smart cards, 

magnetic stripe cards 

Barcodes, OCR, RFID tags, 

etc. 

ID by feature 
DNA, fingerprint, iris, voice, 

etc. 

Texture pattern, form, color, 

sound spectrum, etc. 

  

[81] created the Volumetric Tag Embedded into the interior walls of three-dimensionally 

printed products. The identification of the product is embedded and allows for the identification 

of sub-assembly and final assembled component structural tags made of the same material as the 

product. The visibility of data requires advanced terahertz imaging technology that operates at a 

deeper level than infrared waves. The unique approach dealt with illumination problems.  

Variation of artificial physimetrics (high magnification readable) laser-etched individual 

solar wafers for tracking by data matrix code and the data generation benefits presented by [82]. 

In printed circuit board assemblies (PCB) [83] applied data matrix code to single components 

(low magnification readable). Data matrix code principles allow for the marked part to be 

recognized and the position and orientation of the component to be known. Additionally, the data 

space available allows for more information to be added throughout production processes such as 

part type and manufacturing details.  

Confirmation of Identification by Natural Physimetrics  

Natural physimetric methods, such as the one described in [84]. Attempt to utilize the 

unique solar wafer crystal grain variation between slices using pattern analysis. The analysis 

used features formed from the individual crystal grains produce random size, position, rotations, 

and shape taken from the surface of the multi-crystalline solar wafer. The crystallites present 
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different illumination reflections, and adjacent cut wafers will exhibit highly similar multi-grain 

patterns. The grain edge directionality provided enough data discriminant features for single 

wafer identification. The authors note that the selected method was not efficient enough to 

produce accurate part identification during the manufacturing process. 

Purpose  

Building on the knowledge acquired in the previous chapter where we determined that a 

digitally printed cut fabric parts pose is determined using human observable artificial markers. 

The purpose of this research is a proof-of-concept to identify a digitally printed cut fabric part at 

the assembly level using its natural physimetrics interpreted as a sound spectrum over time.  

Approach  

A range of twenty-two fabric samples used for the digital fabric printing of textiles has 

been selected from a sample pack purchased through Spoonflower.com. Three sample packs 

were obtained and tested.  

Each sample digitally printed with the same design and HEX color codes. Each is passed 

to the Photosounder software and converted into a sound file. Using the AcousticID library in 

Jupyter, the audio file produces an audio fingerprint, using Short-time Fourier Frequency Time 

(STFT) spectrogram and a Chroma spectrogram generated from its magnitude squared. The 

audio fingerprint files were evaluated using the FuzzyWuzzy library of Python, which is based 

on Levenshtein Distance. The generated spectrograms were evaluated using image similarity 

metrics: Mean Square Error (MSE) and   Structural Similarity (SSIM).  

The similarity score indicates the closeness of the identification method among all 

samples evaluated. The more ways you can uniquely identify and combine individual part 

identification using its natural physimetrics significantly increases the accuracy and security of 
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identification. The higher the security increases durability for identification beyond the apparel 

manufacturer into new environments and throughout the product-life cycle and end-of-life 

management decisions (EOL). 

Method  

Image to Sound Software 

The photographic image of sound is known as a sound image or an acoustic, optical 

image that is viewable as a spectrogram. The augmentation potential of a photoelectric signal 

produced by a photograph has the opportunity to be multidimensional based on its width, height, 

and pixel density (resolution) and intensity of color profile of greyscale, RGB (Red, Green, Blue) 

and in the future with quantum dots (QD) another five dimensions can be observed.  

The general parameters of a sound image are the length of sound in seconds. Spectrogram 

height is a unit of frequency in Hertz (Hz) is 44100. So 44100Hz is the number of samples per 

second. Pixel density, which impacts the computational speed of processing and color profile 

greyscale or color, see Figure 25: Multispectral acoustic image volume to the audio content of 

the detected scene. Sound is a two-dimensional medium of time and points.   
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Figure 25: Multispectral acoustic image volume to the audio content of the detected scene 

 

Transformation of an image into sound data is possible with these software Photo 

Sounder at www.photosounder.com, Sonic Photo www.skytopia.com, and Music Algorithms at 

www.musicalgorithms.org. Audacity at www.audacityteam.org is a more polished open-source, 

cross-platform audio software. Free educational and novelty spectrum analyzers are available 

online, whereby an audio signal is uploaded and visualized as a spectrogram ð image to Audio 

at https://nsspot.herokuapp.com/imagetoaudio, and Spectrum analyzer at www.academo.org. 

Audio Signal 

Time determines the number of samples in an uncompressed audio file in min * 60 

seconds * Hz in samples per second * audio channel = the total number of audio samples. If the 

audio channel is mono enter one or stereo, use two. In the following experiments, an eight-

second audio .wav file of a mono channel at 44100 Hz produced 352,800 samples.  

Short-time Fourier Transform STFT 

Short-time Fourier Transform (STFT) is related to the Fourier Transform Algorithm 

(FFT) and used to determine the sinusoidal frequency and its phase content in localized sections 

of a signal over time. A single FFT is used to understand the frequency spectrum of a signal, and 

STFT is used to determine the point in time a frequency event occurred in an audio signal.  

http://www.photosounder.com/
http://www.skytopia.com/
http://www.musicalgorithms.org/
http://www.audacityteam.org/
https://nsspot.herokuapp.com/imagetoaudio
http://www.academo.org/
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Equation 1: Continuous-time STFT 

 

The window function is , and the frequency is , where   is the window function 

centered around zero (commonly Hann window or Gaussian),  is the signal to be 

transformed.  is the Fourier Transform of  a complex function that 

represents the phase and magnitude of the signal over time and frequency.  

 

Equation 2: Discrete-time STFT 

 

In this instance, x is the signal, and the window is . Also,  it is discrete and  is 

continuous when performed on a computer; both variables are discrete and quantized. 
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Equation 3: Nyquist-Shannon Sampling Theorem 

The human ear is unable to detect frequencies above 22,000 Hz for an audio recording. 

The limit is 22050 Hz. 

Theorem 13:  

 

 

 

 

 

 

The Nyquist- Shannon Sampling Theorem states that a bandlimited continuous-time 

signal can be sampled and entirely reconstructed from its samples if the waveform is sampled 

over twice as fasts as its highest frequency component [85]. 
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Equation 4: Spectrogram 

The spectrogram is a representation of the Power Spectral Density function: 

 

 

 

 

Figure 26: Spectrogram example Equation 2 

Equipment and Software 

All preparation files, audio files, and code are made freely available2. The code used is 

Python3.5+ and processed inline using Jupyter Lab and Notebook.  

Sample Preparation 

Twenty-two fabrics were digitally fabric printed with the same color profile (HEX) and 

design of forty-eight uniform dots. Eight color groups: Red, Orange, Yellow, Green, Blue, 

Indigo, Violet, and Black, each color group with a six-step gradient Figure 27: HEX fabric 

sample digital file. 

 
2 The sound files for each sample are available for download through SoundCloud: https://soundcloud.com/jacqueline-burris-51863439.  

All experiments plots, test files, and code are available on GitHub.com: https://github.com/Krackle.   

https://soundcloud.com/jacqueline-burris-51863439
https://github.com/Krackle
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Figure 27: HEX fabric sample digital file 

Image Capture 

Each fabric sample image photographed using an iPhone area scan camera Figure 30: 

Basic Cotton Area Scan Camera (750x1334 resolution) 12 MP, f/1.8, 28mm (wide), 1/3", PDAF, 

OIS, and color document scanner HP Officejet 7612 (wide format) with line capture using a 

contact image sensor (CIS) Figure 31: Basic Cotton Line Scan Camera. 

All image files reformatted with the following dimensions 200dpi (800x610=488,000) 

and RGB color profile in Adobe Photoshop see Figure 30: Basic Cotton Area Scan Camera. 

Photosounder Software 

Photosounder software (Mac) Version 1.9. The general user interface shown in Figure 32:  

Photosounder GUI.. 

All settings set to default see Figure 28: Photosounder Manual Version 1.9.  Each audio 

output file was eight seconds. A representative wave file provided in Figure 33: Basic Cotton 

Ultra Wav File Wave plot (44.1kHZ Mono Channel 32Bits per Sample 8 Secs). 

 A sample of the audio is provided in QRCode Figure 29: QR Code Link to Audio File 

Output Basic Cotton Ultra (SoundCloud Link)3.  

 
3 https://soundcloud.com/jacqueline-burris-51863439/sets/photosounder-test-files/s-kmVmB 
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Photosounder Tool Parameters: A description of what each parameter means, from left to right and top 

to bottom: 

Mi n. frequency The lowest frequency in the image at the bottom of it. By default, 27.5 Hz, also known as 

A0, one of the lowest notes we can hear. 

Max. frequency The highest frequency in the image, at the top of it. By default, 20 kHz, a frequency at the 

boundary of ultrasounds. 

Frequency scale 

logarithmic 

base  

Scaling of the frequency (vertical) axis going from linear (by convention here 1) to 

logarithmic (here defined as 2). Any setting in between 1 and 2 is an interpolation, a form 

of compromise between linear and logarithmic scaling. The logarithmic scale is used by 

default, as it's closer to the way we perceive frequency, but it's also the same frequency 

scaling as used in musical notation, which explains why notes and octaves on the right side 

of the image are evenly spaced. 

Volume The volume of the playback sound. +0.0 dB means that the sound is normalized as to make 

them sound as loud as possible under any circumstance while avoiding clipping, which 

causes distortions. Therefore, a volume above 0 dB should only be used to enhance the more 

quiet parts of a sound. 

Time resolution  The playback speed of the image. By default, set to 100 pixels per second, which means that 

a picture 800 pixels long will make a sound 8 seconds long. Also, the rate of images obtained 

from sound, which means that if you open a sound and set the time resolution to 0.5 

pixels/second, the sound will play 200 times slower than its normal rate, while if you set it 

to 2,000 pixels/second, it will make the sound 20 times faster than usual, without changing 

the pitch of the sound. 

Spray width  Width of the area affected by the spray tools in pixels, in the scale of the screen. 

Tool intensity The intensity of the spray tools or rectangle tool in percent. 

Horizontal flip 

(FLIP)  

Reverses the image in time (horizontally). 

Invert (INV.)  Inverts the colors/intensity of an image in the same way as a photographic negative. 

Mask Invert 

(M.I)  

Inverts the mask. Produces the difference between the original image and the current one. 

Vision Model 

(V.M)  

Switches the Vision Mode. 

Gamma  Gamma function, as it can be found in most image editing programs. It can be thought of as 

a sort of brightness function. The default (and neutral) value is defined here to be 1:1. 

Layer intensity  Changes the intensity of a layer with respect to other layers. 

 

Figure 28: Photosounder Manual Version 1.9 
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Figure 29: QR Code Link to Audio File Output Basic Cotton Ultra (SoundCloud Link) 

 

 

 

 
 

Figure 30: Basic Cotton Area Scan Camera 

 
 

Figure 31: Basic Cotton Line Scan Camera 
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Figure 32:  Photosounder GUI. 

 

 
 

Figure 33: Basic Cotton Ultra Wav File Wave plot (44.1kHZ Mono Channel 32Bits per 

Sample 8 Secs) 
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Acoustic Fingerprint 

Audio fingerprinting used in music identification, copyright control, broadcast 

monitoring, and music database organization [86]. The task of finding unique content-based 

audio features from the signal is a complex task that is affected by noise. Audio detection 

converts the audio signal into a fingerprint. These fingerprints are stored in a database of known 

references matching an unknown sample using a swift lookup table.  

Audio fingerprints must be discriminative enough to prevent false positives but compact 

enough to allow for fast searches that require small storage and robust enough to be invariant to 

audio degradation. Alternative approaches tackle the problem from a computer vision 

perspective whereby an audio signal produces a spectrogram, and image feature extraction 

techniques are applied. Foundational papers in this approach are [87] derivative operator 

(Philips), [88] principal component analysis, [89]peak detection(Shazam), and [90] wavelet 

transform(Google).  
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Chromaprint Algorithm Process Pipeline 

Input .wav file 32Bit 44.1kHz Mono 8 seconds in length.  

1: Down sample to 11025kHz. 

2: STFT  frame size with 4096 samples with a 2/3 overlap (2731 samples). 

3: The spectrum is split into 12 bins representative of the chroma of the signal.  

4: Each bin of a chromagram is a musical note and its associated energy. 

5: Six filters are used to calculate the hash values. These 16 filters are fixed. If an AdaBoost 

is used, the algorithm will create 16 filters that are comprised of a different size of the 

initial six filters [91]. A sliding window (12x16) is moved over the chromagraph one 

sample at a time. A representative chromagraph is shown in  

6: Figure 34: Chroma spectrogram process code output. 

7: Each frame has the 16 filters applied.  

8: The filters sum out the white energy and subtract from the black with the remainder 

resulting in a single value.  

9: The remainder energy value is quantized to 2-bit numbers from 0 to 3.  

10: The 2-bit value is encoded using grey, whereby the binary sequence produced differs in 

an amount from the previous and next value by 1-bit. Completion of step 10 for every 

sub-image generated by the sliding window in step 6 shall provide a total audio 

fingerprint as seen in Figure 35: Audio fingerprint process code with output.  
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Hash Function 

The process of mapping an input data object to a set of features refers to feature 

extraction. The fingerprint is a compact segment that forms a signature representative of a much 

larger object [92].  

The hash function technique of random polynomials first introduced by [93]. In a Rabin-

style feature selection: (a) nonoverlapping, (b) fixed size, and (c) nested multilayer. Different 

feature selection technique allows baseline fingerprinting scheme customized for the intended 

applications [94]. There are guiding principles for the attributes of fingerprints in that they 

should be temporally localized, translation-invariant, robust, and sufficiently entropic.   

 
 

Figure 34: Chroma spectrogram process code output 



 

80 
 

1.  import  acoustid    
2.  import  chromaprint    
3.  import  numpy as np   
4.  import  matplotlib.pyplot  as plt    
5.  %pylab inline   
6.    
7.  #AudioSegment.from_wav('/Users/jackieburris/Downloads/PLOT/spectrogram_files/sound -

0.wav')    
8.     
9.  duration,  fp _encoded = acoustid.fingerprint_file( '/Users/jeburris/Documents/AAA_TEST_

FILES_AUDIO/EXP_1_MULTI_FIBER/SCAN/CIS_MF_1/multi_fiber_scan/basic_cotton_ultra/scan_
basic_cotton_ultra.wav' )    

10.  fingerprint,  version  = chromaprint.decode_fingerprint(fp_encoded)    
11.     
12.  print (fingerprint)    

 
[-1789633281, -1787442947, -1791566659, -1254693411, -1250429491, -1250438195, -1242049571, -1
242041347, -1242437763, -1250891977, -1255086281, -1221494977, -1221176001, -1216981697, -120
8593089, -1208658593, -1212818081, -1208623649, -1208615425, -1217069569, -1221265953, -11205
45313, -1116219937, -1116277377, -1250433153, -1250728065, -1250855393, -1217269185, -1208880
321, -1208921745, -1212852867, -1747684257, -1747690273, -1789407747, -1787372035, -125462173
1, -1250429491, -1250438195, -1242050083, -1242041859, -1242438273, -1250892417, -1255086817, -
1221331137, -1221437649, -1217247361, -1208531585, -1212852897, -1212852897, -1212883585, -12
08615425, -1217069569, -1254818337, -1657481761, -1120414241, -1116277249, -1242143393, -1242
340001, -1779337441, -1787693249, -1745784001, -1745661633, -1779215009, -1779075745] 

 
1.  fig  = plt.figure()    
2.  bitmap  = np.transpose(np.array([[b  == '1'  for  b in  list( '{:32b}' .format(i  & 0xfffffff

f ))]  for  i  in  fingerprint]))    
3.  plt.imshow(bitmap)    
4.  plt.titl e( "ASC 2 Basic  Cotton  Ultra  Fingerprint" )    
5.  plt.savefig( 'ASC_2_basic_cotton_ultra_finger.png' )   

 

 

Figure 35: Audio fingerprint process code with output  
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1.  %pylab  inline    
2.  import  numpy as np   
3.  import  matplotlib.pyplot  as plt    
4.  import  pandas as pd   
5.  import  librosa    
6.  import  librosa.display      
7.  # Code source:  Brian  McFee   
8.  # License:  ISC   
9.  # sphinx_gallery_thumbnail_number  = 6   
10.     
11.  #hop_length  = 2730   
12.  #window_size  = 4096   
13.     
14.  plt.rcParams[ "font.size" ]    
15.     
16.  y,  sr  = librosa.load( '/Users /jeburris/Documents/AAA_TEST_FILES_AUDIO/EXP_2_MULTI_FIBE

R_BLUE/CAMERA/basic_cotton_ultra/basic_cotton.wav' )    
17.     
18.  sr  = sr/2    
19.     
20.  chroma_orig  = librosa.feature.chroma_cqt(y=y,  sr=sr)    
21.     
22.  # Take 8 Second Slice  from  Center  
23.  idx  = tuple([slice(None),  sl ice(*li st(librosa.time_to_frames([0,  7])))])    
24.     
25.  # CQT matrix     
26.  C = np.abs(librosa.cqt(y=y,  sr=sr,  bins_per_octave=12*1,  n_bins=1*1*12))    
27.     
28.  plt.rcParams[ "font.size" ]  = "14"    
29.  plt.figure(figsize=(24,  8))    
30.  plt.subplot(2,  1,  1)    
31.  librosa.display.specshow(libros a.amplitude_to_db(C,  ref=np.max)[idx],     
32.                           y_axis= 'cqt_note' ,  x_axis= 'time' ,  bins_per_octave=12*1)    
33.  plt.colorbar()    
34.  plt.subplot(2,  1,  2)    
35.     
36.  librosa.display.specshow(chroma_orig[idx],  y_axis= 'chroma' )    
37.  plt.colorbar()    
38.  plt.ylabe l( 'Original' )    
39.  plt.tight_layout()    
40.  #plt.axis('off')    
41.  plt.title( "ASC 2 Basic  Cotton  Ultra  Chroma STFT Spectrogram" )    
42.     
43.  plt.savefig( 'ASC_2_basiccottonultra.png' )    

 

Figure 36: Chroma spectrum process code   
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1.  %matplotlib  inline    
2.   
3.  import  numpy as np   
4.  import  matplotlib.pyplot  as plt    
5.  import  matplotlib.image  as mpimg   
6.  import  pandas as pd   
7.  import  os   
8.  import  glob    
9.  import  librosa    
10.  import  librosa.display    
11.     
12.  audio_name = '/Users/jackieburris/Desktop/ASC1_full/'    
13.  hop_length  = 512   
14.  window_size  = 8000   
15.     
16.     
17.  for  audio_name in  glob.iglob( '*.wav' ):    
18.      file,  ext  = os.path.splitext(audio_name)    
19.      y,  sr  = librosa.load(audio_name)    
20.      window = np.hanning(window_size)    
21.      out   = librosa.core.spectrum.stft(y,  n_fft  = window_siz e,  hop_length  = hop_length

,     
22.         window=window)   
23.      out  = 2 *  np.abs(out)  /  np.sum(window)    
24.     
25.     
26.      librosa.display.specshow(librosa.amplitude_to_db(out,ref=np.max),    
27.                 y_axis= 'log' ,  x_axis= 'time' ,  cmap='gray_r'  )    
28.         
29.      #libr osa.display.cmap(cmap='cmocean_gray')    
30.      #cmap='gray_r'    
31.     
32.      plt.axis( 'off' )    
33.      spec = plt.imshow    
34.      plt.savefig(file  + "_grayscale_no_axis_spectrogram_LOG.png" ,bbox_inches= 'tight' ,t

ransparent=True,  pad_inches=0)    

 
 

 

Figure 37: STFT Spectrogram process code and output  



 

83 
 

1.  ! /usr/bin/python    
2.     
3.  # the  'Mean Squared Error'  between the  two images is  the    
4.  # sum of  the  squared  difference  between the  two images;    
5.  # NOTE: the  two images must have the  same dimension    
6.     
7.  # compute the  mean squared  error  and structural  similarity    
8.  # index  for  the  images   
9.  #m = mse(imageA,  imageB)    
10.  #The MSE is  a measure of  the  quality  of  an estimator Ʒit  is  always  non-

negative,  and values  closer  to  zero  are  better.    
11.  #s = ssim(imageA,  imageB)    
12.  #*SSIM actually  measures the  perceptual  difference  between two similar  images.  It  can

not  judge  which  of  the  two is  better:     
13.  #that  must be inferred  from  knowing  which  is  the  ƧÏÒÉÇÉÎÁÌƨ and which  has been subjec

ted  to  additional  processing  such as data  compression.    
14.     
15.  #mse(imageA,  imageB)    
16.  #ssim(imageA,  imageB)    
17.  #compare_images(imageA,  imageB)    
18.     
19.  %lsmagic    
20.     
21.  %%capture   
22.  %matplotlib  inline    
23.  import  matplotlib.pyplot  as plt    
24.  from  pathlib  import  Path    
25.  from  IPython.display  import  Image,  display    
26.  fr om sklearn.metrics  import  mean_squared_error  as mse   
27.     
28.  #from  skimage.measure  import  compare_ssim as ssim    
29.  from  skimage.metri cs import  structural_similarity  as ssim    
30.  import  numpy as np   
31.  from  skimage import  data    
32.  from  skimage import  exposure    
33.  from  ski mage.transform  import  match_histograms    
34.  import  os,  glob    
35.  import  cv2   
36.     
37.  path  = '/Users/jackieburris/Desktop/CAMERA_COMPARE_CHROMA/'    
38.  print (os.path.isdir(path))    
39.     
40.  from  matplotlib  import  rcParams   
41.  rcParams[ 'axes.titlepad' ]  = 20    
42.     
43.  ###The forward  slash  at  the  end of  the  source  path  is  REALLY IMPORTANT ///    
44.  source  = '/Users/jack ieburris/Desktop/CAMERA_COMPARE_CHROMA/file1/'    
45.  #print(os.listdir(reference))    
46.  #print(os.path.isdir(source))    
47.  #print(os.listdir(source_images))    
48.     
49.  source_images  = glob.i glob(source  + "*.png" )    
50.     
51.  all_source_images  = []    

 

Figure 38: Compare multiple images to the source image and print MSE and SSIM score  
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52.  source_images  = glob.iglob(source  + "*.png")    

53.  for source_file  in source_images:    
54.      sour ce_head,  tail  = os.path.splitext(source_file)    
55.      im = cv2.imread(source_file)    
56.      imgA = cv2.cvtColor(im,  cv2.COLOR_BGR2GRAY)   
57.     
58.      all_source_images.append([imgA,  source_head])    
59.                 

60.      #fig = plt.figure()   
61.             

62.      #source_image = plt.imshow(img)   
63.             

64.      #plt.axis("off")   
65.         

66.  reference  = '/Users/jackieburris/Desktop/CAMERA_COMPARE_CHROMA/file2/'   
   

67.  all_ref_images  = []    
68.     

69.  reference_images  = glob.iglob(reference  + "*.png")    
70.     

71.  for ref_file  in reference_images:    
72.      ref_head,  tail  = os.path.splitext(ref_file)    
73.      im = cv2.imread(ref_file)    
74.      imgB = cv2.cvtColor(im,  cv2.COLOR_BGR2GRAY)   
75.     
76.      all_ref_images.append(  [imgB,  ref_head])    
77.                      

78.      #fig = plt.figure()   
79.             

80.      #ref_image = plt.imshow(img)   
81.             

82.      #plt.axis("off")   

 

Figure 39: Continuation of Code Block in Figure 37 

  



 

85 
 

83.     

84.  def compare_image_files(imgA,  imgB,  nameA, nameB):   
85.      m = mse(imgA,  imgB)    
86.      s = ssim(imgA,  imgB)    
87.     

88.      #print("Source File: %s is compared to Reference Image: %s= MSE: %.2f, SSIM: 

%.2f" % (os.path.basename(nameA), os.path.basename(nameB), m, s))   
89.         

90.      print( "Source File: %s is compared to Reference Image: %s= MSE: %.2f, SSIM: 

%.2f" % (os.path.basename(nameA) ,  os.path.basename(nameB),  m, s))    
91.         

92.      return m, s   
93.         

94.  for image_A,  filename_A  in all_source_images:    

95.      for image_B,  filename_B  in all_ref_images:    
96.          compare_image_files(image_A,  image_B,  filename_A,  filename_B)    

 

Figure 40: Continuation of Code Block in Figure 38 
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List of Experiments 

Audio Fingerprint String Matching Experiments  

Group Experiment 1 Camera ASC Fuzzy Wuzzy 22 Samples Multi-Fiber FuzzyWuzzy   

Group Experiment 2 Camera ASC Fuzzy Wuzzy 22 Samples Multi-Fiber FuzzyWuzzy   

Group Experiment 3 Camera ASC Fuzzy Wuzzy 22 Samples Multi-Fiber FuzzyWuzzy   

Group Experiment 1 Scan CIS Fuzzy Wuzzy 22 Samples Multi-Fiber FuzzyWuzzy   

Group Experiment 2 Scan CIS Fuzzy Wuzzy 22 Samples Multi-Fiber FuzzyWuzzy   

Group Experiment 3 Scan CIS Fuzzy Wuzzy 22 Samples Multi-Fiber FuzzyWuzzy   

Chroma Image Analysis Mean Square Error and Structural Similarity 

Index 

Experiment 1 Multi-Fiber Scan CIS Chroma MSE and SSIM 

Experiment 2 Multi-Fiber Scan CIS Chroma MSE and SSIM 

Experiment 3 Multi-Fiber Scan CIS Chroma MSE and SSIM 

Experiment 1 Multi-Fiber Camera ASC Chroma MSE and SSIM 

Experiment 2 Multi-Fiber Camera ASC Chroma MSE and SSIM 

Experiment 3 Multi-Fiber Camera ASC Chroma MSE and SSIM 

 

  



 

87 
 

Spectrogram Image Analysis Mean Square Error and Structural Similarity 

Index 

Experiment 1 Multi-Fiber Scan CIS Spectrogram MSE and SSIM 

Experiment 2 Multi-Fiber Scan CIS Spectrogram MSE and SSIM 

Experiment 3 Multi-Fiber Scan CIS Spectrogram MSE and SSIM 

Experiment 1 Multi-Fiber Camera ASC Spectrogram MSE and SSIM 

Experiment 2 Multi-Fiber Camera ASC Spectrogram MSE and SSIM 

Experiment 3 Multi-Fiber Camera ASC Spectrogram MSE and SSIM 
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Audio Fingerprint Evaluation Metric  

The FuzzyWuzzy Python library uses string matching techniques based on the 

Levenshtein Distance Algorithm to calculate the difference between sequences using insertions, 

deletions, or substitutions. The evaluation method used the FuzzyWuzzy Python library, which 

generates a score out of 100. A value of 100 indicates the two strings of the audio files are the 

same, a value around 86 would suggest they are similar, and a value of 0 means they are different 

strings.  

 

Equation 5 Levenshtein Distance Algorithm 
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Table 10: Group Experiment 1 Camera ASC Fuzzy Wuzzy 22 Samples Multi Fiber 

 

ASC 1 FUZZY 

WUZZY  

Longleaf 

Sateen 

Grand 

Cotton 

Gauze 

Silky 

Faille 
Minky  

Poly 

Crepe 

De 

Chine 

Performance 

Pique 

Organic-

Cotton 

Sateen 

Ultra  

Dogwood 

Denim 

Woven 

Wallpaper 

Sport 

Lycra  
Satin 

Population Mean 0.61 0.58 0.60 0.62 0.59 0.60 0.62 0.61 0.60 0.61 0.60 

Standard Deviation 0.09 0.10 0.09 0.09 0.10 0.09 0.09 0.09 0.10 0.09 0.09 

T-score 4.13 4.28 4.24 4.11 4.24 4.24 4.08 4.17 4.18 4.20 4.19 

Significance 0.01  

One Tail 0.000238 0.000168 0.000181 0.164347 0.000185 0.000183 0.000269 0.000216 0.000213 0.000200 0.000204 

Significance 0.01  

Two Tail 0.000476 0.000335 0.000363 0.000503 0.000370 0.000365 0.000537 0.000433 0.000425 0.000400 0.000408 

ASC 1 FUZZY 

WUZZY  

Lightweight 

Cotton 

Twill  

Celosia 

Velvet 

Linen-

Cotton 

Canvas 

Perennial 

Sateen 

Grand 

Organic 

Cotton 

Knit 

Ultra  

Fleece 

Cotton 

Cypress 

Canvas 

Basic 

Cotton 

Ultra  

Cotton 

Spandex 

Jersey 

Eco 

Cotton 

Modern 

Jersey 

Population Mean  0.62 0.60 0.59 0.59 0.59 0.61 0.60 0.61 0.61 0.61 0.57 

Standard Deviation 0.09 0.10 0.10 0.10 0.10 0.09 0.09 0.09 0.09 0.09 0.10 

T-score 4.15 4.22 4.28 4.25 4.20 4.23 4.20 4.16 4.15 4.14 4.31 

Significance 0.01  

One Tail 0.000226 0.164347 0.000165 0.000177 0.000204 0.000189 0.000200 0.000223 0.000225 0.000230 0.000156 

Significance 0.01  

Two Tail 0.000453 0.000381 0.000329 0.000353 0.000407 0.000378 0.000400 0.000446 0.000450 0.000459 0.000311 
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Table 11: Group Experiment 2 Camera ASC Fuzzy Wuzzy 22 Samples Multi Fiber 

 

ASC 2 FUZZY 

WUZZY  

Eco 

Cotton 

Dogwood 

Denim 

Poly 

Crepe 

De 

Chine 

Lightweight 

Cotton 

Twill  

Sport 

Lycra  

Organic-

Cotton 

Sateen 

Ultra  

Performance 

Pique 

Linen-

Cotton 

Canvas 

Woven 

Wallpaper 

Modern 

Jersey 

Longleaf 

Sateen 

Grand 

Population Mean n=21 0.59 0.61 0.61 0.61 0.60 0.62 0.62 0.60 0.62 0.62 0.61 

Standard Deviation 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 

T-score 4.28 4.20 4.25 4.16 4.20 4.18 4.14 4.24 4.18 4.17 4.16 

Significance 0.01  

One Tail 0.000168 0.000200 0.000180 0.164347 0.000201 0.000213 0.000232 0.000181 0.000211 0.000217 0.000223 

Significance 0.01 

Two Tail 0.000335 0.000400 0.000359 0.000446 0.000403 0.000425 0.000463 0.000363 0.000421 0.000434 0.000446 

ASC 2 FUZZY 

WUZZY  

Silk 

Faille 

Cotton 

Spandex 

Jersey 

Satin Fleece 
Celosia 

Velvet 

Basic 

Cotton 

Cotton 

Gauze 

Cypress 

Cotton 

Canvas 

Perennial 

Sateen 

Grand 

Minky  

Organic 

Cotton 

Knit 

Ultra  

Population Mean 0.61 0.62 0.61 0.61 0.60 0.60 0.61 0.60 0.62 0.61 0.62 

Standard Deviation 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 

T-score 4.18 4.22 4.23 4.16 4.23 4.27 4.17 4.25 4.22 4.20 4.11 

Significance 0.01  

One Tail 0.000211 0.164347 0.000189 0.000220 0.000186 0.000170 0.000218 0.000179 0.000191 0.000200 0.000248 

Significance 0.01 

Two Tail 0.000423 0.000387 0.000378 0.000440 0.000372 0.000340 0.000435 0.000359 0.000381 0.000399 0.000495 
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Table 12: Group Experiment 3 Camera ASC Fuzzy Wuzzy 22 Samples Multi-Fiber 

 

ASC 3 

FUZZYWUZZY  

Performance 

Pique 

Dogwood 

Denim 
Satin 

Cypress 

Cotton 

Canvas 

Basic 

Cotton 

Longleaf 

Sateen 

Grand 

Cotton 

Gauze 

Cotton 

Spandex 

Jersey 

Eco 

Cotton 
Minky  

Perennial 

Sateen 

Grand 

Population Mean  0.63 0.62 0.61 0.61 0.61 0.62 0.62 0.62 0.61 0.59 0.62 

Standard Deviation 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.10 0.09 

T-score 4.15 4.15 4.25 4.21 4.24 4.21 4.14 4.21 4.27 4.29 4.16 

Significance 0.01  

One Tail 0.000229 0.000227 0.000178 0.164347 0.000184 0.000197 0.000235 0.000198 0.000172 0.000164 0.000219 

Significance 0.01 

Two Tail 0.000457 0.000455 0.000356 0.000390 0.000367 0.000394 0.000470 0.000395 0.000344 0.000328 0.000438 

ASC 3 

FUZZYWUZZY  
Sport Lycra  

Organic 

Cotton 

Knit Ultra  

Woven 

Wallpaper 

Celosia 

Velvet 

Organic-

Cotton 

Sateen 

Ultra  

Lightweight 

Cotton 

Twill  

Modern 

Jersey 
Fleece 

Silke 

Faille 

Linen-

Cotton 

Canvas 

Ultra  

Poly 

Crepe De 

Chine 

Population Mean 0.62 0.62 0.62 0.61 0.60 0.60 0.60 0.62 0.62 0.61 0.61 

Standard Deviation 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 

T-score 4.23 4.17 4.23 4.23 4.26 4.21 4.21 4.17 4.15 4.21 4.25 

Significance 0.01  

One Tail 0.000188 0.164347 0.000186 0.000188 0.000174 0.000196 0.000195 0.000216 0.000228 0.000197 0.000180 

Significance 0.01 

Two Tail 0.000376 0.000435 0.000373 0.000376 0.000349 0.000392 0.000390 0.000432 0.000455 0.000394 0.000361 
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Table 13: Group Experiment 1 Scan CIS Fuzzy Wuzzy 22 Samples Multi Fiber 

 

CIS 1 

FUZZYWUZZY  
Eco Cotton Minky  

Perennial 

Sateen 

Grand 

Woven 

Wallpaper 

Celosia 

Velvet 

Poly 

Crepe De 

Chine 

Satin 
Silky 

Faille 

Cotton 

Spandex 

Jersey 

Cotton 

Gauze 

Linen-

Cotton 

Canvas 

Population Mean  0.60 0.62 0.62 0.63 0.62 0.61 0.61 0.61 0.60 0.62 0.61 

Standard Deviation 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.10 0.09 0.09 

T-score 4.20 4.14 4.12 4.05 4.12 4.22 4.16 4.20 4.19 4.03 4.23 

Significance 0.01  

One Tail 0.000204 0.000230 0.000246 0.164347 0.000246 0.000193 0.000219 0.000199 0.000209 0.000304 0.000187 

Significance 0.01  

Two Tail 0.000407 0.000460 0.000492 0.000570 0.000492 0.000387 0.000439 0.000399 0.000417 0.000608 0.000375 

CIS 1 

FUZZYWUZZY  

Lightweight 

Cotton 

Twill  

Performance 

Pique 

Sport 

Lycra  

Organic 

Cotton 

Knit Ultra  

Longleaf 

Sateen 

Grand 

Modern 

Jersey 

Dogwood 

Denim 

Cotton 

Cypress 

Canvas 

Basic 

Cotton 

Ultra  

Fleece 

Organic-

Cotton 

Sateen 

Ultra  

Population Mean 0.62 0.62 0.61 0.60 0.63 0.62 0.62 0.61 0.61 0.60 0.62 

Standard Deviation 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 

T-score 4.23 4.22 4.23 4.23 4.03 4.13 4.15 4.22 4.21 4.22 4.14 

Significance 0.01  

One Tail 0.000186 0.164347 0.000190 0.000186 0.000300 0.000240 0.000225 0.000190 0.000198 0.000192 0.000235 

Significance 0.01  

Two Tail 0.000372 0.000386 0.000379 0.000372 0.000600 0.000480 0.000450 0.000380 0.000397 0.000384 0.000469 
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Table 14: Experiment 2 Scan CIS Fuzzy Wuzzy 22 Samples Multi Fiber 

 

CIS 2 FUZZY 

WUZZY  

Lightweight 

Cotton Twill  

Performance 

Pique 

Woven 

Wallpaper 
Fleece 

Cotton 

Spandex 

Jersey 

Silky 

Faille  

Organic 

Cotton 

Knit 

Ultra  

Linen-

Cotton 

Canvas 

Ultra  

Organic-

Cotton 

Sateen 

Ult ra 

Cypress 

Cotton 

Canvas 

Minky  

Population Mean  0.62 0.61 0.62 0.62 0.62 0.61 0.60 0.61 0.61 0.62 0.62 

Standard Deviation 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.10 0.09 0.09 0.09 

T-score 4.10 4.26 4.16 4.07 4.19 4.25 4.27 4.04 4.23 4.15 4.22 

Significance 0.01  

One Tail 0.000254 0.000175 0.000221 0.164347 0.000206 0.000178 0.000172 0.000298 0.000188 0.000228 0.000193 

Significance 0.01  

Two Tail 0.000507 0.000351 0.000443 0.000551 0.000412 0.000357 0.000344 0.000596 0.000377 0.000455 0.000386 

CIS 2 FUZZY 

WUZZY  

Celosia 

Velvet 

Perennial 

Sateen 

Grand 

Satin 
Dogwood 

Denim 

Longleaf 

Sateen 

Grand 

Cotton 

Gauze 

Poly 

Crepe De 

Chine 

Basic 

cotton 

Ultra  

Sport 

Lycra  

Modern 

Jersey 

Eco 

Cotton 

Population Mean  0.62 0.62 0.62 0.61 0.62 0.62 0.61 0.61 0.61 0.62 0.63 

Standard Deviation 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 

T-score 4.14 4.23 4.20 4.18 4.11 4.19 4.23 4.26 4.20 4.16 4.18 

Significance 0.01  

One Tail 0.000233 0.164347 0.000202 0.000210 0.000249 0.000204 0.000189 0.000175 0.000201 0.000224 0.000211 

Significance 0.01  

Two Tail 0.000466 0.000379 0.000404 0.000420 0.000497 0.000409 0.000378 0.000351 0.000402 0.000449 0.000423 
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Table 15: Experiment 3 Scan CIS Fuzzy Wuzzy 22 Samples Multi Fiber 

 

CIS 3 FUZZY 

WUZZY  
Satin 

Woven 

Wallpaper 

Cotton 

Gauze 

Longleaf 

Sateen 

Grand 

Organic-

Cotton 

Sateen 

Ultra  

Cypress 

Cotton 

Canvas 

Minky  

Basic 

Cotton 

Ultra  

Sport 

Lycra  
Fleece 

Poly 

Crepe 

De 

Chine 

Population Mean  0.61 0.64 0.64 0.63 0.60 0.64 0.64 0.64 0.60 0.63 0.64 

Standard Deviation 0.09 0.09 0.09 0.09 0.10 0.09 0.09 0.09 0.10 0.09 0.09 

T-score 4.26 4.22 3.99 4.16 4.13 4.05 4.06 4.08 4.14 4.18 4.05 

Significance 0.01 

One Tail 0.000175 0.000194 0.000331 0.164347 0.000237 0.000291 0.000280 0.000270 0.000231 0.000212 0.000289 

Significance 0.01 

Two Tail 0.000351 0.000388 0.000663 0.000447 0.000474 0.000581 0.000560 0.000541 0.000462 0.000425 0.000579 

CIS 3 FUZZY 

WUZZY  

Performance 

Pique 

Dogwood 

Denim 

Cellulose 

Velvet 

Linen-

Cotton 

Canvas 

Organic 

Cotton 

Knit 

Ultra  

Silky 

Faille 

Perennial 

Sateen 

Grand 

Modern 

Jersey 

Eco 

Canvas 

Lightweight 

Cotton 

Twill  

Cotton 

Spandex 

Jersey 

Population Mean  0.61 0.63 0.64 0.64 0.63 0.63 0.60 0.64 0.63 0.64 0.64 

Standard Deviation 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 

T-score 4.17 4.09 4.06 4.00 4.06 4.17 4.19 4.02 4.22 4.00 4.02 

Significance 0.01 

One Tail 0.000215 0.164347 0.000284 0.000322 0.000279 0.000216 0.000204 0.000306 0.000191 0.000327 0.000312 

Significance 0.01 

Two Tail 0.000429 0.000519 0.000568 0.000643 0.000557 0.000431 0.000408 0.000613 0.000381 0.000654 0.000623 
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Image Quality Metric  

For the evaluation of the sample images, several techniques have been applied to access 

the dissimilarity between images. Referring back to our research goal (10) Un-detectable by the 

human observer, and we decided that the image quality metrics: MSE (Mean Square Error) and 

Structural Similarity Index (SSIM) would be an excellent place to start.  

Both MSE and SSIM are used as a measure for predicting perceived image and video 

quality automatically as an objective image quality metric that correlates with perceived quality 

measurement. The use of MSE and SSIM cannot determine which of the compared images is 

better; it can only indicate that there is a difference in numerical value.  

Mean Square Error (MSE)  [95] is a risk metric and an estimator that measures the 

average squared difference between an estimated value and a real value. For image analysis, it is 

the average squared difference between the source image and the reference image at the 

individual pixel level. If there is no difference between the two images compared, the return 

value is 0 as an estimate of absolute errors.  

Structural Similarity Index Metric (SSIM) [95] is a perceptual metric used to 

determine image quality from degradation caused by processing. It measures the perceptual 

difference between two similar images as the perceived change in the structural information of 

the image characteristics between the two images, such as luminance, contrast, and structure. 

The value returned by SSIM when two images are the same is 1.  

Results and Discussion 

The goal of this experiment is to establish a method to uniquely identify a digitally 

printed cut fabric part using its natural physimetrics as a sound spectrum over time. From the 

initial research goals, positive results would have important implications for developing a non-
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human observable method of identification, at low cost, with easy deploy-ability, and improve or 

eliminate the computational processing speeds associated with machine vision image matching.  

In APPENDIX A, there is a generated set of image files for the first round of all 

experiment processes: Image file sent to Photosounder, Audio Fingerprints, Audio files 

converted pitch chroma spectrogram, Spectrogram generated with magnitude squared STFT 

spectrogram, and Spectrogram produced with magnitude squared STFT spectrogram 

cmap=Gray, except for the audio files which are available to view and hear in SoundCloud using 

the QR code in Figure 29: QR Code Link to Audio File Output Basic Cotton Ultra (SoundCloud 

Link). 

The Audio Fingerprint experiment evaluated using FuzzyWuzzy, have been summed up 

and evaluated using t-score N=21 and p-value for one tail at significance level 0.01, and two-tail 

tests at significance Level 0.01.  

The compressed tables are seen here in: 

¶  Table 10: Group Experiment 1 Camera ASC Fuzzy Wuzzy 22 Samples Multi Fiber, 

¶ Table 11: Group Experiment 2 Camera ASC Fuzzy Wuzzy 22 Samples Multi Fiber,  

¶ Table 12: Group Experiment 3 Camera ASC Fuzzy Wuzzy 22 Samples Multi-Fiber,  

¶ Table 13: Group Experiment 1 Scan CIS Fuzzy Wuzzy 22 Samples Multi Fiber,  

¶ Table 14: Experiment 2 Scan CIS Fuzzy Wuzzy 22 Samples Multi Fiber, and  

¶ Table 15: Experiment 3 Scan CIS Fuzzy Wuzzy 22 Samples Multi Fiber. The full set of 

tables uncompressed is available APPENDIX C.  

The FuzzyWuzzy list of experiments was evaluated as a single source fingerprint 

compared against itself to establish a score of 1.00 to indicate when two audio hash strings are 

the same, a value of 0.85 would mean the collated prints are somewhat similar. A value of 0.00 
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indicates that the audio fingerprint of the two strings share no similarities where deletion, 

insertion, or substitution used to transform one string into another.  A total of 2,904 audio 

fingerprints data points generated.  

The average similarity score (distance) of reference images used to produce the t-score 

value for each of the audio fingerprints files a total of 22 data points per group 132 for all six 

groups. Using a one-tailed t-test at the .01 significance level produced a p-value result that was 

significant at p<.01. We then evaluated the effect using a two-tailed t-test with a significance 

level at 0.01 produced a p-value result that was significant at p<.01.  

What stands out in the results shown in the six tables is the individual uniqueness of each 

sample, even when the fabric sample is identical but selected from one of three different sample 

packs evaluated. As all of the input images were virtually the same it was anticipated that the 

noise of the images caused by fabric type surface texture, an optical difference of ink formulation 

for natural or synthetic fabrics, and slight variation from image capture of the area or a line scan 

would be somewhat uniform across all samples, combined with the small file size overlaps were 

expected and similarity scores closer to 80% at least or upwards towards 100%. The results were 

not as expected, and we decided to wait to see the MSE and SSIM values from the spectrograms. 

Only the first group of results for the area scan and line scan tables will be in the main 

body of the analysis labeled: 

¶ Table 20: Experiment 1 Multi-Fiber Scan CIS Chroma MSE and SSIM 1 of 4, and Table 

16: Experiment 1 Multi -Fiber Camera ASC Chroma MSE and SSIM 1 of 4. The 

remaining four groups and their result tables are located in APPENDIX B,  

¶ Table 33: Experiment 2 Multi-Fiber Scan CIS Chroma MSE and SSIM 1 of 4,  

¶ Table 37: Experiment 3 Multi-Fiber Scan CIS Chroma MSE and SSIM 1 of 4,  
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¶ Table 41: Experiment 2 Multi-Fiber Camera ASC Chroma MSE and SSIM 1 of 4, and  

¶ Table 45: Experiment 3 Multi-Fiber Camera ASC Chroma MSE and SSIM 1 of 4 to 

make it easier on the reader. The MSE and SSIM quality metrics are applied to all 

images. 

The MSE value was at the highest possible number of squared differences between the 

source image and the reference image at the pixel level. Conversely, SSIM will compare the 

individual pixel for similarity or similar pixel density values. On average, SSIM of all files tested 

was 0.15. This value indicates that only 15% of the two images compared shared image 

characteristics of luminance, contrast, and structure.  

The FuzzyWuzzy and Spectrogram (Chroma, and magnitude squared) image analysis 

should have had some overlap. All of the experiments were rerun. In the second run, we 

observed that the Photosounder software randomized the output of the same file if the software 

package was open and then closed, and the same file converted to sound. We contacted the 

software designer and asked if it were possible to use a SET-C function to prevent the 

randomization. He responded and said there was not.  

Practical Implications 

The use of Photosounder software in this instance did not produce the results desired 

repeatable results. However, it is possible to hide information inside the sound file (Figure 41: 

Apex Twin Windowlicker Song 6.08 mins) and for the image to be populated as a spectrogram 

from an audio file (Figure 42: Novelty spectrogram phone application interpreting the audio file 

of the test fabric), but this is unidirectional. Repeatability and recall are needed for its successful 

implementation.   
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Figure 41: Apex Twin Windowlicker Song 

6.08 mins 

 

Figure 42: Novelty spectrogram phone 

application interpreting the audio file of the 

test fabric 

Research Limitation 

The breadth of knowledge and time required to build a less complicated function that 

would work similar to Photosounder but with the ability to SET-C is beyond the available 

resources and scope of this research.  

Originality and Value 

The use of sending messages as spectrograms is a novelty phone application based on 

steganography techniques for data hiding. Having alternate ways of identifying objects that could 

be robust to scale, and in-plane rotation across part size would have its advantages.  

Software Limitations 

The software used is proprietary and lacks the ability to SET-C, which would mean all 

objects placed inside the container would remain the same.  
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Research Implications 

The results of these experiments were disappointing, but not entirely a failure.  The study 

is limited in that it relies solely on the premade tools of others. Notwithstanding these 

limitations, the study has potential, but more information and collaboration would be needed to 

help establish a degree of accuracy and repeatability.  
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Table 16: Experiment 1 Multi -Fiber Camera ASC Chroma MSE and SSIM 1 of 4 

 

EXP_1_MF_CAMERA_ASC_CHROMA  

Dogwood 

Denim 
Minky  

Celosia 

Velvet 

Performance 

Pique 
Fleece 

Perennial 

Sateen Grand 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Dogwood Denim 0 1 102.1 0.29 106.1 0.24 105.7 0.29 102.8 0.26 106.7 0.25 

Minky  102.1 0.29 0 1 104.6 0.28 103.8 0.24 105.1 0.26 105.7 0.28 

Celosia Velvet 106.1 0.24 104.6 0.28 0 1 103.1 0.26 105.2 0.26 104 0.3 

Performance Pique 105.7 0.29 103.8 0.24 103.1 0.26 0 1 103.8 0.24 101.8 0.27 

Fleece 102.8 0.26 105.1 0.26 105.2 0.26 103.8 0.24 0 1 102.3 0.27 

Perennial Sateen Grand 106.7 0.25 105.7 0.28 104 0.3 101.8 0.27 102.3 0.27 0 1 

Organic Cotton Sateen Ultra 102.7 0.23 103.2 0.17 104.1 0.28 104.1 0.23 104.7 0.22 103.1 0.24 

Organic Cotton Knit Ultra  106.2 0.27 104.3 0.25 103 0.27 104.2 0.24 105.9 0.29 101 0.32 

Basic Cotton Ultra  104.1 0.27 104.9 0.24 105.5 0.25 102.2 0.28 105.8 0.22 103.5 0.29 

Cotton Gauze 101.7 0.24 103.2 0.22 105.6 0.23 106.8 0.23 104.9 0.27 103.8 0.26 

Spandex Lycra 102.7 0.28 104.7 0.29 104.7 0.29 101.5 0.32 102.9 0.27 100.4 0.3 

Modern Jersey 102.9 0.26 102.9 0.25 103.3 0.27 107.1 0.26 105.8 0.26 103.5 0.2 

Eco Cotton Canvas 104.7 0.25 104.8 0.24 105.8 0.21 102.8 0.24 104.1 0.26 104.4 0.23 

Satin  103.7 0.28 102.6 0.25 102.4 0.27 102.1 0.26 103.3 0.27 101.6 0.2 

Linen Cotton Canvas Ultra  105.4 0.26 103.6 0.24 105.1 0.26 104.9 0.23 104.2 0.27 103.1 0.27 

Woven Wallpaper 103.5 0.28 103.8 0.26 103.2 0.27 102.1 0.29 103.7 0.27 103.5 0.25 

Silk Faille 105.1 0.22 105.2 0.28 105.7 0.27 100.8 0.21 104.6 0.24 102 0.26 

Cotton Spandex Jersey 105.6 0.23 103.8 0.24 103.3 0.29 104 0.24 102.9 0.2 100.4 0.29 

Poly Crepe De Chine 104 0.29 104 0.25 102.8 0.27 101.5 0.27 103.3 0.27 101.8 0.25 

Longleaf Sateen Grand 105.7 0.22 102.5 0.25 104.7 0.3 102.2 0.27 103.2 0.28 104.3 0.28 

Lightweight Cotton Twill  105.6 0.24 102.8 0.24 105.2 0.25 105.3 0.23 101.8 0.24 105.4 0.27 

Cotton Cypress Canvas 101.4 0.27 104 0.3 104.4 0.24 103.5 0.26 103.7 0.28 101.9 0.25 
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Table 17: Experiment 1 Multi-Fiber Camera ASC Chroma MSE and SSIM 2 of 4 

 

EXP_1_MF_CAMERA_ASC_CHROMA  

Organic-

Cotton 

Sateen Ultra 

Organic 

Cotton Knit 

Ultra  

Basic Cotton 

Ultra  

Cotton 

Gauze 

Spandex 

Lycra  

Modern 

Jersey 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Dogwood Denim 102.7 0.23 106.2 0.27 104.1 0.27 101.7 0.24 102.7 0.28 102.9 0.26 

Minky  103.2 0.17 104.3 0.25 104.9 0.24 103.2 0.22 104.7 0.29 102.9 0.25 

Celosia Velvet 104.1 0.28 103 0.27 105.5 0.25 105.6 0.23 104.7 0.29 103.3 0.27 

Performance Pique 104.1 0.23 104.2 0.24 102.2 0.28 106.8 0.23 101.5 0.32 107.1 0.26 

Fleece 104.7 0.22 105.9 0.29 105.8 0.22 104.9 0.27 102.9 0.27 105.8 0.26 

Perennial Sateen Grand 103.1 0.24 101 0.32 103.5 0.29 103.8 0.26 100.4 0.3 103.5 0.2 

Organic Cotton Sateen Ultra 0 1 105.6 0.27 102.3 0.25 105.4 0.27 102.4 0.28 103.3 0.25 

Organic Cotton Knit Ultra  105.6 0.27 0 1 102.9 0.29 105.8 0.29 103.1 0.28 107 0.29 

Basic Cotton Ultra  102.3 0.25 102.9 0.29 0 1 104.4 0.25 102.9 0.28 103.9 0.25 

Cotton Gauze 105.4 0.27 105.8 0.29 104.4 0.25 0 1 104 0.27 106 0.26 

Spandex Lycra 102.4 0.28 103.1 0.28 102.9 0.28 104 0.27 0 1 103.8 0.29 

Modern Jersey 103.3 0.25 107 0.29 103.9 0.25 106 0.26 103.8 0.29 0 1 

Eco Cotton Canvas 102.2 0.24 105.1 0.25 103.7 0.27 104.1 0.27 100.8 0.28 104.5 0.27 

Satin  103 0.29 102.5 0.33 102.9 0.23 103.6 0.27 102.2 0.28 103.2 0.25 

Linen Cotton Canvas Ultra  103.9 0.27 103.4 0.3 104.7 0.25 104.3 0.26 103.8 0.26 103.8 0.21 

Woven Wallpaper 101 0.21 104.4 0.3 104.1 0.26 104.8 0.26 100.5 0.27 105.3 0.25 

Silk Faille 104.8 0.26 100.9 0.28 103.3 0.26 107.1 0.25 100.6 0.31 105.2 0.24 

Cotton Spandex Jersey 103.7 0.28 105 0.27 100.9 0.28 103.4 0.25 99.8 0.28 104.2 0.26 

Poly Crepe De Chine 103.9 0.16 102.9 0.32 102.7 0.27 103.8 0.24 99.8 0.23 103.5 0.27 

Longleaf Sateen Grand 104.2 0.29 103.1 0.23 102.2 0.24 106 0.25 102.1 0.27 103.7 0.26 

Lightweight Cotton Twill  104.2 0.23 106.3 0.23 103.3 0.23 104.3 0.2 101.5 0.3 104.5 0.26 

Cotton Cypress Canvas 103.4 0.25 105 0.25 101.5 0.18 104.5 0.22 102.8 0.31 105.7 0.25 
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Table 18: Experiment 1 Multi-Fiber Camera ASC Chroma MSE and SSIM 3 of 4 

 

EXP_1_MF_CAMERA_ASC_CHROMA  

Eco Cotton 

Canvas 
Satin  

Linen-Cotton 

Canvas Ultra  

Woven 

Wallpaper 
Silk Faille 

Cotton 

Spandex 

Jersey 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Dogwood Denim 104.7 0.25 103.7 0.28 105.4 0.26 103.5 0.28 105.1 0.22 105.6 0.23 

Minky  104.8 0.24 102.6 0.25 103.6 0.24 103.8 0.26 105.2 0.28 103.8 0.24 

Celosia Velvet 105.8 0.21 102.4 0.27 105.1 0.26 103.2 0.27 105.7 0.27 103.3 0.29 

Performance Pique 102.8 0.24 102.1 0.26 104.9 0.23 102.1 0.29 100.8 0.21 104 0.24 

Fleece 104.1 0.26 103.3 0.27 104.2 0.27 103.7 0.27 104.6 0.24 102.9 0.2 

Perennial Sateen Grand 104.4 0.23 101.6 0.2 103.1 0.27 103.5 0.25 102 0.26 100.4 0.29 

Organic Cotton Sateen Ultra 102.2 0.24 103 0.29 103.9 0.27 101 0.21 104.8 0.26 103.7 0.28 

Organic Cotton Knit Ultra  105.1 0.25 102.5 0.33 103.4 0.3 104.4 0.3 100.9 0.28 105 0.27 

Basic Cotton Ultra  103.7 0.27 102.9 0.23 104.7 0.25 104.1 0.26 103.3 0.26 100.9 0.28 

Cotton Gauze 104.1 0.27 103.6 0.27 104.3 0.26 104.8 0.26 107.1 0.25 103.4 0.25 

Spandex Lycra 100.8 0.28 102.2 0.28 103.8 0.26 100.5 0.27 100.6 0.31 99.8 0.28 

Modern Jersey 104.5 0.27 103.2 0.25 103.8 0.21 105.3 0.25 105.2 0.24 104.2 0.26 

Eco Cotton Canvas 0 1 102.6 0.25 104.7 0.26 102.4 0.26 103.2 0.27 103.7 0.28 

Satin  102.6 0.25 0 1 102.8 0.25 102.6 0.18 102.3 0.3 103.1 0.28 

Linen Cotton Canvas Ultra  104.7 0.26 102.8 0.25 0 1 103.4 0.26 105 0.26 104.8 0.26 

Woven Wallpaper 102.4 0.26 102.6 0.18 103.4 0.26 0 1 102.5 0.25 102.2 0.25 

Silk Faille 103.2 0.27 102.3 0.3 105 0.26 102.5 0.25 0 1 102.7 0.32 

Cotton Spandex Jersey 103.7 0.28 103.1 0.28 104.8 0.26 102.2 0.25 102.7 0.32 0 1 

Poly Crepe De Chine 103.4 0.26 101 0.26 102.1 0.27 104.4 0.26 102.6 0.27 102.3 0.26 

Longleaf Sateen Grand 100.5 0.24 102.3 0.32 105.5 0.24 102.9 0.22 102.2 0.26 102.8 0.3 

Lightweight Cotton Twill  104.3 0.15 103.9 0.22 103.1 0.22 103.9 0.25 104.9 0.24 103.9 0.25 

Cotton Cypress Canvas 103.6 0.24 102.6 0.26 104.9 0.26 104.1 0.24 104.4 0.28 102.8 0.2 
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Table 19: Experiment 1 Multi-Fiber Camera ASC Chroma MSE and SSIM 4 of 4 

 

EXP_1_MF_CAMERA_ASC_CHROMA  

Poly Crepe 

De Chine 

Longleaf 

Sateen 

Grand 

Lightweight 

Cotton Twill  

Cotton 

Cypress 

Canvas 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Dogwood Denim 104 0.29 105.7 0.22 105.6 0.24 101.4 0.27 

Minky  104 0.25 102.5 0.25 102.8 0.24 104 0.3 

Celosia Velvet 102.8 0.27 104.7 0.3 105.2 0.25 104.4 0.24 

Performance Pique 101.5 0.27 102.2 0.27 105.3 0.23 103.5 0.26 

Fleece 103.3 0.27 103.2 0.28 101.8 0.24 103.7 0.28 

Perennial Sateen Grand 101.8 0.25 104.3 0.28 105.4 0.27 101.9 0.25 

Organic Cotton Sateen Ultra 103.9 0.16 104.2 0.29 104.2 0.23 103.4 0.25 

Organic Cotton Knit Ultra  102.9 0.32 103.1 0.23 106.3 0.23 105 0.25 

Basic Cotton Ultra 102.7 0.27 102.2 0.24 103.3 0.23 101.5 0.18 

Cotton Gauze 103.8 0.24 106 0.25 104.3 0.2 104.5 0.22 

Spandex Lycra 99.8 0.23 102.1 0.27 101.5 0.3 102.8 0.31 

Modern Jersey 103.5 0.27 103.7 0.26 104.5 0.26 105.7 0.25 

Eco Cotton Canvas 103.4 0.26 100.5 0.24 104.3 0.15 103.6 0.24 

Satin  101 0.26 102.3 0.32 103.9 0.22 102.6 0.26 

Linen Cotton Canvas Ultra  102.1 0.27 105.5 0.24 103.1 0.22 104.9 0.26 

Woven Wallpaper 104.4 0.26 102.9 0.22 103.9 0.25 104.1 0.24 

Silk Faille 102.6 0.27 102.2 0.26 104.9 0.24 104.4 0.28 

Cotton Spandex Jersey 102.3 0.26 102.8 0.3 103.9 0.25 102.8 0.2 

Poly Crepe De Chine 0 1 103.6 0.23 102.7 0.21 103.5 0.26 

Longleaf Sateen Grand 103.6 0.23 0 1 104.7 0.19 103 0.24 

Lightweight Cotton Twill  102.7 0.21 104.7 0.19 0 1 103.6 0.24 

Cotton Cypress Canvas 103.5 0.26 103 0.24 103.6 0.24 0 1 
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Table 20: Experiment 1 Multi-Fiber Scan CIS Chroma MSE and SSIM 1 of 4 

 

EXP_1_MF_SCAN_CIS_CHROMA 

Basic Cotton 

Ultra  
Celosia Velvet 

Cotton Cypress 

Canvas 
Cotton Gauze 

Cotton 

Spandex Jersey 

Dogwood 

Denim 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Basic Cotton Ultra 
0.00, 1 103.70, 0.26 103.19, 0.26 102.39, 0.27 103.12, 0.26 102.57, 0.25 

Celosia Velvet 
103.70, 0.26 0.00, 1 104.76, 0.27 105.52, 0.25 104.58, 0.26 103.48, 0.26 

Cotton Cypress Canvas 
103.19, 0.26 104.76, 0.27 0.00, 1 104.14, 0.22 101.83, 0.16 104.04, 0.3 

Cotton Gauze 
102.39, 0.27 105.52, 0.25 104.14, 0.22 0.00, 1 105.28, 0.22 103.46, 0.13 

Cotton Spandex Jersey 
103.12, 0.26 104.58, 0.26 101.83, 0.16 105.28, 0.22 0.00, 1 104.29, 0.26 

Dogwood Denim 
102.57, 0.25 103.48, 0.26 104.04, 0.3 103.46, 0.13 104.29, 0.26 0.00, 1 

Eco Cotton Canvas 
102.05, 0.26 103.59, 0.27 101.41, 0.27 104.22, 0.28 103.77, 0.21 103.19, 0.24 

Fleece 
103.59, 0.24 104.04, 0.25 104.32, 0.24 106.91, 0.22 102.36, 0.16 103.18, 0.23 

Lightweight Cotton Twill  
104.39, 0.24 105.15, 0.24 103.46, 0.26 104.39, 0.16 102.92, 0.3 102.64, 0.26 

Linen Cotton Canvas Ultra  
102.57, 0.24 103.56, 0.26 105.61, 0.2 102.45, 0.24 102.93, 0.28 104.24, 0.23 

Longleaf Sateen Grand 
104.54, 0.27 103.07, 0.26 104.48, 0.23 101.47, 0.25 103.76, 0.22 103.88, 0.22 

Minky  
105.22, 0.23 104.23, 0.23 106.69, 0.22 105.61, 0.23 102.08, 0.25 103.97, 0.27 

Modern Jersey 
100.54, 0.27 103.33, 0.26 101.50, 0.27 102.09, 0.24 103.23, 0.25 102.80, 0.23 

Organic Cotton Knit Ultra  
104.19, 0.25 104.72, 0.26 102.59, 0.27 103.91, 0.26 106.79, 0.21 102.86, 0.24 

Organic Cotton Sateen Ultra 
104.08, 0.23 104.83, 0.24 106.03, 0.25 103.53, 0.22 106.38, 0.2 103.73, 0.24 

Perennial Sateen Grand 
104.04, 0.25 103.36, 0.25 106.07, 0.22 105.75, 0.22 103.95, 0.24 103.70, 0.23 

Performance Pique 
102.92, 0.26 103.03, 0.25 103.90, 0.22 104.86, 0.23 101.69, 0.26 103.82, 0.19 

Poly Crepe De Chine 
101.87, 0.28 103.87, 0.25 104.38, 0.31 106.39, 0.2 102.08, 0.21 103.99, 0.29 

Satin  
102.86, 0.26 102.63, 0.29 102.68, 0.27 102.25, 0.28 100.19, 0.25 103.24, 0.27 

Silk Faille 
103.95, 0.23 104.47, 0.25 103.83, 0.21 103.19, 0.26 103.76, 0.22 103.54, 0.24 

Spandex Lycra 
104.54, 0.24 103.80, 0.26 102.75, 0.21 102.85, 0.23 104.43, 0.27 103.82, 0.21 

Woven Wallpaper 
105.02, 0.26 104.90, 0.26 102.71, 0.26 102.99, 0.23 104.27, 0.23 104.03, 0.26 
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Table 21: Experiment 1 Multi-Fiber Scan CIS Chroma MSE and SSIM 2 of 4 

 

EXP_1_MF_SCAN_CIS_CHROMA 

Eco Cotton 

Canvas 
Fleece 

Lightweight 

Cotton Twill  

Linen-Cotton 

Canvas Ultra  

Longleaf 

Sateen Grand 
Minky  

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Basic Cotton Ultra 
102.05, 0.26 103.59, 0.24 104.39, 0.24 102.57, 0.24 104.54, 0.27 105.22, 0.23 

Celosia Velvet 
103.59, 0.27 104.04, 0.25 105.15, 0.24 103.56, 0.26 103.07, 0.26 104.23, 0.23 

Cotton Cypress Canvas 
101.41, 0.27 104.32, 0.24 103.46, 0.26 105.61, 0.2 104.48, 0.23 106.69, 0.22 

Cotton Gauze 
104.22, 0.28 106.91, 0.22 104.39, 0.16 102.45, 0.24 101.47, 0.25 105.61, 0.23 

Cotton Spandex Jersey 
103.77, 0.21 102.36, 0.16 102.92, 0.3 102.93, 0.28 103.76, 0.22 102.08, 0.25 

Dogwood Denim 
103.19, 0.24 103.18, 0.23 102.64, 0.26 104.24, 0.23 103.88, 0.22 103.97, 0.27 

Eco Cotton Canvas 
0.00, 1 104.09, 0.23 102.68, 0.16 102.97, 0.24 101.34, 0.29 106.46, 0.23 

Fleece 
104.09, 0.23 0.00, 1 103.96, 0.21 102.38, 0.15 104.34, 0.28 104.80, 0.19 

Lightweight Cotton Twill  
102.68, 0.16 103.96, 0.21 0.00, 1 104.65, 0.22 102.46, 0.22 102.56, 0.23 

Linen Cotton Canvas Ultra  
102.97, 0.24 102.38, 0.15 104.65, 0.22 0.00, 1 104.94, 0.23 105.07, 0.24 

Longleaf Sateen Grand 
101.34, 0.29 104.34, 0.28 102.46, 0.22 104.94, 0.23 0.00, 1 104.68, 0.25 

Minky  
106.46, 0.23 104.80, 0.19 102.56, 0.23 105.07, 0.24 104.68, 0.25 0.00, 1 

Modern Jersey 
102.87, 0.25 104.15, 0.28 103.95, 0.2 105.24, 0.21 104.74, 0.2 104.00, 0.22 

Organic Cotton Knit Ultra  
106.38, 0.26 104.31, 0.25 104.71, 0.19 104.73, 0.21 104.90, 0.27 105.37, 0.19 

Organic Cotton Sateen Ultra 
105.64, 0.23 103.31, 0.2 103.39, 0.2 105.09, 0.22 107.13, 0.2 104.70, 0.1 

Perennial Sateen Grand 
103.98, 0.24 104.20, 0.25 104.36, 0.2 103.38, 0.24 103.06, 0.29 102.00, 0.22 

Performance Pique 
103.91, 0.22 102.71, 0.27 102.98, 0.15 103.87, 0.21 103.58, 0.24 105.46, 0.22 

Poly Crepe De Chine 
102.32, 0.22 102.06, 0.25 104.72, 0.22 101.81, 0.16 107.26, 0.25 105.65, 0.22 

Satin  
101.23, 0.25 101.80, 0.26 103.51, 0.25 103.96, 0.28 101.26, 0.19 103.90, 0.23 

Silk Faille 
102.00, 0.26 102.42, 0.25 104.96, 0.17 103.33, 0.28 101.81, 0.28 104.13, 0.22 

Spandex Lycra 
104.21, 0.26 104.51, 0.21 104.86, 0.2 105.55, 0.25 104.97, 0.22 106.02, 0.2 

Woven Wallpaper 
101.94, 0.24 101.99, 0.22 103.38, 0.22 101.93, 0.23 101.86, 0.24 104.44, 0.2 
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Table 22: Experiment 1 Multi-Fiber Scan CIS Chroma MSE and SSIM 3 of 4 

 

EXP_1_MF_SCAN_CIS_CHROMA 
Modern Jersey 

Organic 

Cotton Knit 

Ultra  

Organic-

Cotton Sateen 

Ultra  

Perennial 

Sateen Grand 

Performance 

Pique 

Poly Crepe De 

Chine 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM  MSE SSIM MSE SSIM 

Basic Cotton Ultra 
100.54, 0.27 104.19, 0.25 104.08, 0.23 104.04, 0.25 102.92, 0.26 101.87, 0.28 

Celosia Velvet 
103.33, 0.26 104.72, 0.26 104.83, 0.24 103.36, 0.25 103.03, 0.25 103.87, 0.25 

Cotton Cypress Canvas 
101.50, 0.27 102.59, 0.27 106.03, 0.25 106.07, 0.22 103.90, 0.22 104.38, 0.31 

Cotton Gauze 
102.09, 0.24 103.91, 0.26 103.53, 0.22 105.75, 0.22 104.86, 0.23 106.39, 0.2 

Cotton Spandex Jersey 
103.23, 0.25 106.79, 0.21 106.38, 0.2 103.95, 0.24 101.69, 0.26 102.08, 0.21 

Dogwood Denim 
102.80, 0.23 102.86, 0.24 103.73, 0.24 103.70, 0.23 103.82, 0.19 103.99, 0.29 

Eco Cotton Canvas 
102.87, 0.25 106.38, 0.26 105.64, 0.23 103.98, 0.24 103.91, 0.22 102.32, 0.22 

Fleece 
104.15, 0.28 104.31, 0.25 103.31, 0.2 104.20, 0.25 102.71, 0.27 102.06, 0.25 

Lightweight Cotton Twill  
103.95, 0.2 104.71, 0.19 103.39, 0.2 104.36, 0.2 102.98, 0.15 104.72, 0.22 

Linen Cotton Canvas Ultra  
105.24, 0.21 104.73, 0.21 105.09, 0.22 103.38, 0.24 103.87, 0.21 101.81, 0.16 

Longleaf Sateen Grand 
104.74, 0.2 104.90, 0.27 107.13, 0.2 103.06, 0.29 103.58, 0.24 107.26, 0.25 

Minky  
104.00, 0.22 105.37, 0.19 104.70, 0.1 102.00, 0.22 105.46, 0.22 105.65, 0.22 

Modern Jersey 
0.00, 1 104.64, 0.23 103.70, 0.22 104.40, 0.15 102.76, 0.25 103.43, 0.25 

Organic Cotton Knit U ltra  
104.64, 0.23 0.00, 1 105.03, 0.22 105.31, 0.2 102.17, 0.25 105.73, 0.23 

Organic Cotton Sateen Ultra 
103.70, 0.22 105.03, 0.22 0.00, 1 104.09, 0.2 105.99, 0.23 103.76, 0.23 

Perennial Sateen Grand 
104.40, 0.15 105.31, 0.2 104.09, 0.2 0.00, 1 104.65, 0.23 105.94, 0.21 

Performance Pique 
102.76, 0.25 102.17, 0.25 105.99, 0.23 104.65, 0.23 0.00, 1 102.84, 0.25 

Poly Crepe De Chine 
103.43, 0.25 105.73, 0.23 103.76, 0.23 105.94, 0.21 102.84, 0.25 0.00, 1 

Satin  
102.79, 0.31 103.58, 0.27 104.18, 0.25 102.43, 0.24 101.47, 0.26 101.05, 0.24 

Silk Faille 
105.23, 0.23 105.49, 0.24 103.60, 0.17 102.99, 0.24 102.01, 0.17 104.91, 0.2 

Spandex Lycra 
103.25, 0.22 103.56, 0.25 105.78, 0.17 105.53, 0.23 103.10, 0.2 104.35, 0.12 

Woven Wallpaper 
105.12, 0.18 102.41, 0.24 103.48, 0.21 106.45, 0.27 103.52, 0.25 106.83, 0.27 
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Table 23: Experiment 1 Multi-Fiber Scan CIS Chroma MSE and SSIM 4 of 4 

 

EXP_1_MF_SCAN_CIS_CHROMA 
Satin  Silk Faille Spandex Lycra 

Woven 

Wallpaper 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Basic Cotton Ultra 
102.86, 0.26 103.95, 0.23 104.54, 0.24 105.02, 0.26 

Celosia Velvet 
102.63, 0.29 104.47, 0.25 103.80, 0.26 104.90, 0.26 

Cotton Cypress Canvas 
102.68, 0.27 103.83, 0.21 102.75, 0.21 102.71, 0.26 

Cotton Gauze 
102.25, 0.28 103.19, 0.26 102.85, 0.23 102.99, 0.23 

Cotton Spandex Jersey 
100.19, 0.25 103.76, 0.22 104.43, 0.27 104.27, 0.23 

Dogwood Denim 
103.24, 0.27 103.54, 0.24 103.82, 0.21 104.03, 0.26 

Eco Cotton Canvas 
101.23, 0.25 102.00, 0.26 104.21, 0.26 101.94, 0.24 

Fleece 
101.80, 0.26 102.42, 0.25 104.51, 0.21 101.99, 0.22 

Lightweight Cotton Twill  
103.51, 0.25 104.96, 0.17 104.86, 0.2 103.38, 0.22 

Linen Cotton Canvas Ultra  
103.96, 0.28 103.33, 0.28 105.55, 0.25 101.93, 0.23 

Longleaf Sateen Grand 
101.26, 0.19 101.81, 0.28 104.97, 0.22 101.86, 0.24 

Minky  
103.90, 0.23 104.13, 0.22 106.02, 0.2 104.44, 0.2 

Modern Jersey 
102.79, 0.31 105.23, 0.23 103.25, 0.22 105.12, 0.18 

Organic Cotton Knit Ultra  
103.58, 0.27 105.49, 0.24 103.56, 0.25 102.41, 0.24 

Organic Cotton Sateen Ultra  
104.18, 0.25 103.60, 0.17 105.78, 0.17 103.48, 0.21 

Perennial Sateen Grand 
102.43, 0.24 102.99, 0.24 105.53, 0.23 106.45, 0.27 

Performance Pique 
101.47, 0.26 102.01, 0.17 103.10, 0.2 103.52, 0.25 

Poly Crepe De Chine 
101.05, 0.24 104.91, 0.2 104.35, 0.12 106.83, 0.27 

Satin  
0.00, 1 103.46, 0.26 104.51, 0.23 102.78, 0.18 

Silk Faille 
103.46, 0.26 0.00, 1 104.67, 0.26 103.91, 0.23 

Spandex Lycra 
104.51, 0.23 104.67, 0.26 0.00, 1 101.60, 0.25 

Woven Wallpaper 
102.78, 0.18 103.91, 0.23 101.60, 0.25 0.00, 1 
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Table 24: Experiment 1 Multi-Fiber Scan CIS Spectrogram 1 of 4 

 

EXP_1_MF_SCAN_CIS_SPECTROGRAM 

Organic 

Cotton Knit 

Ultra  

Longleaf 

Sateen Grand 

Dogwood 

Denim 

Linen-Cotton 

Canvas 
Celosia Velvet 

Woven 

Wallpaper 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Organic Cotton Knit Ultra  0.00, 1 95.14, 0.15 93.33, 0.2 94.69, 0.17 97.71, 0.19 95.44, 0.15 

Longleaf Sateen Grand 95.14, 0.15 0.00, 1 92.72, 0.18 95.51, 0.16 97.36, 0.2 91.59, 0.21 

Dogwood Denim 93.33, 0.2 92.72, 0.18 0.00, 1 94.34, 0.2 95.87, 0.22 94.24, 0.19 

Linen Cotton Canvas 94.69, 0.17 95.51, 0.16 94.34, 0.2 0.00, 1 98.34, 0.19 96.55, 0.14 

Celosia Velvet 97.71, 0.19 97.36, 0.2 95.87, 0.22 98.34, 0.19 0.00, 1 97.83, 0.21 

Woven Wallpaper 95.44, 0.15 91.59, 0.21 94.24, 0.19 96.55, 0.14 97.83, 0.21 0.00, 1 

Modern Jersey 96.03, 0.14 95.02, 0.18 94.19, 0.18 96.66, 0.16 95.62, 0.21 95.26, 0.19 

Perennial Sateen Grand 95.19, 0.16 93.16, 0.21 93.18, 0.2 95.93, 0.18 95.00, 0.24 94.73, 0.2 

Lightweight Cotton Twill  93.38, 0.17 93.56, 0.16 94.73, 0.16 95.08, 0.16 97.24, 0.2 94.37, 0.17 

Organic Sateen Ultra 94.81, 0.17 94.07, 0.19 94.16, 0.17 95.63, 0.18 96.87, 0.18 94.39, 0.19 

Fleece 95.96, 0.16 94.96, 0.18 94.68, 0.21 90.87, 0.36 99.09, 0.22 95.18, 0.16 

Basic Cotton Ultra 96.02, 0.15 94.62, 0.17 95.24, 0.16 95.47, 0.14 98.70, 0.19 93.31, 0.21 

Satin 95.65, 0.17 90.77, 0.34 94.28, 0.19 95.66, 0.15 96.91, 0.2 92.62, 0.34 

Poly Crepe De Chine 94.74, 0.18 94.18, 0.18 92.90, 0.22 90.07, 0.37 96.54, 0.23 94.94, 0.17 

Min ky 96.84, 0.18 96.17, 0.19 95.19, 0.21 97.29, 0.17 93.65, 0.24 96.31, 0.21 

Cotton Gauze 95.04, 0.17 93.69, 0.18 88.97, 0.35 95.10, 0.16 94.54, 0.37 93.59, 0.19 

Silky Faille 94.25, 0.21 94.79, 0.16 93.49, 0.19 94.98, 0.19 96.14, 0.21 96.73, 0.15 

Eco Cotton 95.22, 0.15 94.24, 0.2 94.37, 0.17 97.09, 0.14 96.58, 0.22 93.71, 0.22 

Cotton Cypress Canvas 96.59, 0.12 95.00, 0.13 95.59, 0.14 97.07, 0.13 98.07, 0.17 94.91, 0.16 

Performance Pique 93.85, 0.18 93.81, 0.18 93.05, 0.19 95.39, 0.17 94.70, 0.24 94.19, 0.2 

Sport Lycra 94.80, 0.17 93.99, 0.19 93.57, 0.21 94.62, 0.18 97.82, 0.24 94.54, 0.18 

Cotton Spandex Jersey 95.55, 0.17 94.86, 0.16 93.56, 0.21 94.17, 0.19 98.62, 0.22 94.62, 0.16 
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Table 25: Experiment 1 Multi-Fiber Scan CIS Spectrogram 2 of 4 

 

EXP_1_MF_SCAN_CIS_SPECTROGRAM 

Modern 

Jersey 

Perennial 

Sateen Grand 

Lightweight 

Cotton Twill  

Organic-

Cotton Sateen 

Ultra  

Fleece 
Basic Cotton 

Ultra  

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Organic Cotton Knit Ultra  96.03, 0.14 95.19, 0.16 93.38, 0.17 94.81, 0.17 95.96, 0.16 96.02, 0.15 

Longleaf Sateen Grand 95.02, 0.18 93.16, 0.21 93.56, 0.16 94.07, 0.19 94.96, 0.18 94.62, 0.17 

Dogwood Denim 94.19, 0.18 93.18, 0.2 94.73, 0.16 94.16, 0.17 94.68, 0.21 95.24, 0.16 

Linen Cotton Canvas 96.66, 0.16 95.93, 0.18 95.08, 0.16 95.63, 0.18 90.87, 0.36 95.47, 0.14 

Celosia Velvet 95.62, 0.21 95.00, 0.24 97.24, 0.2 96.87, 0.18 99.09, 0.22 98.70, 0.19 

Woven Wallpaper 95.26, 0.19 94.73, 0.2 94.37, 0.17 94.39, 0.19 95.18, 0.16 93.31, 0.21 

Modern Jersey 0.00, 1 87.46, 0.38 95.12, 0.16 93.50, 0.2 95.81, 0.2 95.32, 0.18 

Perennial Sateen Grand 87.46, 0.38 0.00, 1 95.04, 0.17 93.29, 0.19 96.13, 0.2 94.61, 0.2 

Lightweight Cotton Twill  95.12, 0.16 95.04, 0.17 0.00, 1 94.69, 0.21 95.32, 0.18 95.26, 0.17 

Organic Sateen Ultra 93.50, 0.2 93.29, 0.19 94.69, 0.21 0.00, 1 95.99, 0.2 94.70, 0.18 

Fleece 95.81, 0.2 96.13, 0.2 95.32, 0.18 95.99, 0.2 0.00, 1 94.92, 0.17 

Basic Cotton Ultra  95.32, 0.18 94.61, 0.2 95.26, 0.17 94.70, 0.18 94.92, 0.17 0.00, 1 

Satin 95.61, 0.16 94.65, 0.17 94.70, 0.15 95.74, 0.16 96.35, 0.16 96.14, 0.16 

Poly Crepe De Chine 94.68, 0.18 94.03, 0.2 94.06, 0.18 94.68, 0.18 92.72, 0.22 94.99, 0.17 

Minky  94.46, 0.2 93.81, 0.2 96.10, 0.2 90.88, 0.39 96.58, 0.2 98.01, 0.18 

Cotton Gauze 93.44, 0.2 94.24, 0.18 94.33, 0.17 95.48, 0.16 94.55, 0.19 95.02, 0.17 

Silky Faille 94.94, 0.15 94.51, 0.18 93.57, 0.2 94.16, 0.16 96.44, 0.19 96.44, 0.17 

Eco Cotton 93.62, 0.19 93.75, 0.21 89.67, 0.36 93.74, 0.21 95.58, 0.19 94.68, 0.19 

Cotton Cypress Canvas 94.27, 0.2 95.33, 0.16 94.74, 0.15 95.30, 0.16 95.20, 0.18 88.66, 0.38 

Performance Pique 94.06, 0.18 92.68, 0.2 89.49, 0.37 92.95, 0.21 95.00, 0.21 95.36, 0.22 

Sport Lycra 96.42, 0.18 94.52, 0.21 94.65, 0.19 95.25, 0.17 94.40, 0.18 94.00, 0.18 

Cotton Spandex Jersey 96.57, 0.18 94.58, 0.21 94.77, 0.19 95.78, 0.17 88.30, 0.4 92.98, 0.19 
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Table 26: Experiment 1 Multi-Fiber Scan CIS Spectrogram 3 of 4 

 

EXP_1_MF_SCAN_CIS_SPECTROGRAM 
Satin 

Poly Crepe 

De Chine 
Minky  Cotton Gauze Silky Faille Eco Cotton 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Organic Cotton Knit Ultra  95.65, 0.17 94.74, 0.18 96.84, 0.18 95.04, 0.17 94.25, 0.21 95.22, 0.15 

Longleaf Sateen Grand 90.77, 0.34 94.18, 0.18 96.17, 0.19 93.69, 0.18 94.79, 0.16 94.24, 0.2 

Dogwood Denim 94.28, 0.19 92.90, 0.22 95.19, 0.21 88.97, 0.35 93.49, 0.19 94.37, 0.17 

Linen Cotton Canvas 95.66, 0.15 90.07, 0.37 97.29, 0.17 95.10, 0.16 94.98, 0.19 97.09, 0.14 

Celosia Velvet 96.91, 0.2 96.54, 0.23 93.65, 0.24 94.54, 0.37 96.14, 0.21 96.58, 0.22 

Woven Wallpaper 92.62, 0.34 94.94, 0.17 96.31, 0.21 93.59, 0.19 96.73, 0.15 93.71, 0.22 

Modern Jersey 95.61, 0.16 94.68, 0.18 94.46, 0.2 93.44, 0.2 94.94, 0.15 93.62, 0.19 

Perennial Sateen Grand 94.65, 0.17 94.03, 0.2 93.81, 0.2 94.24, 0.18 94.51, 0.18 93.75, 0.21 

Lightweight Cotton Twill  94.70, 0.15 94.06, 0.18 96.10, 0.2 94.33, 0.17 93.57, 0.2 89.67, 0.36 

Organic Sateen Ultra 95.74, 0.16 94.68, 0.18 90.88, 0.39 95.48, 0.16 94.16, 0.16 93.74, 0.21 

Fleece 96.35, 0.16 92.72, 0.22 96.58, 0.2 94.55, 0.19 96.44, 0.19 95.58, 0.19 

Basic Cotton Ultra 96.14, 0.16 94.99, 0.17 98.01, 0.18 95.02, 0.17 96.44, 0.17 94.68, 0.19 

Satin 0.00, 1 95.33, 0.18 95.85, 0.19 95.97, 0.16 95.09, 0.17 95.08, 0.18 

Poly Crepe De Chine 95.33, 0.18 0.00, 1 94.68, 0.21 94.63, 0.18 94.11, 0.2 94.58, 0.18 

Minky  95.85, 0.19 94.68, 0.21 0.00, 1 96.21, 0.17 95.45, 0.19 94.78, 0.22 

Cotton Gauze 95.97, 0.16 94.63, 0.18 96.21, 0.17 0.00, 1 95.59, 0.16 93.84, 0.18 

Silky Faille 95.09, 0.17 94.11, 0.2 95.45, 0.19 95.59, 0.16 0.00, 1 95.11, 0.15 

Eco Cotton 95.08, 0.18 94.58, 0.18 94.78, 0.22 93.84, 0.18 95.11, 0.15 0.00, 1 

Cotton Cypress Canvas 97.65, 0.11 94.97, 0.16 97.39, 0.19 93.64, 0.18 95.80, 0.17 94.18, 0.19 

Performance Pique 94.51, 0.18 94.13, 0.2 93.18, 0.23 94.55, 0.18 88.88, 0.37 92.58, 0.21 

Sport Lycra 96.32, 0.17 87.65, 0.38 96.04, 0.21 94.64, 0.19 95.63, 0.19 94.67, 0.2 

Cotton Spandex Jersey 96.45, 0.15 93.89, 0.2 97.07, 0.22 95.15, 0.18 95.58, 0.19 95.39, 0.19 
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Table 27: Experiment 1 Multi-Fiber Scan CIS Spectrogram 4 of 4 

 

EXP_1_MF_SCAN_CIS_SPECTROGRAM 

Cotton 

Cypress 

Canvas 

Performance 

Pique 
Sport Lycra 

Cotton 

Spandex 

Jersey 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Organic Cotton Knit Ultra  96.59, 0.12 93.85, 0.18 94.80, 0.17 95.55, 0.17 

Longleaf Sateen Grand 95.00, 0.13 93.81, 0.18 93.99, 0.19 94.86, 0.16 

Dogwood Denim 95.59, 0.14 93.05, 0.19 93.57, 0.21 93.56, 0.21 

Linen Cotton Canvas 97.07, 0.13 95.39, 0.17 94.62, 0.18 94.17, 0.19 

Celosia Velvet 98.07, 0.17 94.70, 0.24 97.82, 0.24 98.62, 0.22 

Woven Wallpaper 94.91, 0.16 94.19, 0.2 94.54, 0.18 94.62, 0.16 

Modern Jersey 94.27, 0.2 94.06, 0.18 96.42, 0.18 96.57, 0.18 

Perennial Sateen Grand 95.33, 0.16 92.68, 0.2 94.52, 0.21 94.58, 0.21 

Lightw eight Cotton Twill  94.74, 0.15 89.49, 0.37 94.65, 0.19 94.77, 0.19 

Organic Sateen Ultra 95.30, 0.16 92.95, 0.21 95.25, 0.17 95.78, 0.17 

Fleece 95.20, 0.18 95.00, 0.21 94.40, 0.18 88.30, 0.4 

Basic Cotton Ultra 88.66, 0.38 95.36, 0.22 94.00, 0.18 92.98, 0.19 

Satin 97.65, 0.11 94.51, 0.18 96.32, 0.17 96.45, 0.15 

Poly Crepe De Chine 94.97, 0.16 94.13, 0.2 87.65, 0.38 93.89, 0.2 

Minky  97.39, 0.19 93.18, 0.23 96.04, 0.21 97.07, 0.22 

Cotton Gauze 93.64, 0.18 94.55, 0.18 94.64, 0.19 95.15, 0.18 

Silky Faille 95.80, 0.17 88.88, 0.37 95.63, 0.19 95.58, 0.19 

Eco Cotton 94.18, 0.19 92.58, 0.21 94.67, 0.2 95.39, 0.19 

Cotton Cypress Canvas 0.00, 1 94.89, 0.19 95.05, 0.17 90.91, 0.36 

Performance Pique 94.89, 0.19 0.00, 1 95.11, 0.22 95.60, 0.2 

Sport Lycra 95.05, 0.17 95.11, 0.22 0.00, 1 93.55, 0.2 

Cotton Spandex Jersey 90.91, 0.36 95.60, 0.2 93.55, 0.2 0.00, 1 

 

 

 

 

 

 

 

 

  



 

113 
 

Table 28: Experiment 1 Multi-Fiber Camera ASC Spectrogram 1 of 4 

 

EXP_1_MF_CAMERA_ASC_SPECTROGRAM 

Basic Cotton 

Ultra  
Fleece Eco Cotton Modern Jersey 

Longleaf 

Sateen Grand 
Silky Faille 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Basic Cotton Ultra 0.00, 1 96.55, 0.18 96.27, 0.19 97.37, 0.18 94.85, 0.22 97.34, 0.16 

Fleece 96.55, 0.18 0.00, 1 96.90, 0.23 96.52, 0.21 94.09, 0.23 96.76, 0.18 

Eco Cotton 96.27, 0.19 96.90, 0.23 0.00, 1 94.50, 0.23 95.33, 0.24 98.12, 0.18 

Modern Jersey 97.37, 0.18 96.52, 0.21 94.50, 0.23 0.00, 1 95.73, 0.23 97.32, 0.2 

Longleaf Sateen Grand 94.85, 0.22 94.09, 0.23 95.33, 0.24 95.73, 0.23 0.00, 1 95.47, 0.2 

Silky Faille 97.34, 0.16 96.76, 0.18 98.12, 0.18 97.32, 0.2 95.47, 0.2 0.00, 1 

Cotton Gauze 100.29, 0.09 100.58, 0.13 99.84, 0.1 100.03, 0.13 100.43, 0.1 101.65, 0.11 

Organic Cotton Knit Ultra  97.65, 0.15 98.02, 0.13 96.78, 0.15 96.48, 0.16 94.22, 0.31 95.51, 0.22 

Poly Crepe De Chine 95.80, 0.18 95.76, 0.18 96.66, 0.18 95.84, 0.23 94.29, 0.21 94.57, 0.22 

Linen Cotton Canvas 99.42, 0.1 99.42, 0.12 98.38, 0.14 97.34, 0.25 98.51, 0.12 98.10, 0.18 

Lightweight Cotton Twill  96.07, 0.18 94.19, 0.23 95.35, 0.36 97.98, 0.22 92.20, 0.35 97.29, 0.16 

Sport Lycra 97.66, 0.17 96.54, 0.2 94.48, 0.21 94.12, 0.24 95.58, 0.22 95.37, 0.24 

Performance Pique 97.25, 0.21 94.47, 0.22 94.91, 0.23 95.01, 0.24 93.65, 0.25 92.19, 0.35 

Minky  97.74, 0.19 96.34, 0.21 94.77, 0.21 95.03, 0.2 96.94, 0.21 99.82, 0.15 

Organic Cotton Sateen Ultra 97.49, 0.19 96.73, 0.21 95.28, 0.21 93.32, 0.24 95.70, 0.21 97.33, 0.19 

Cotton Cypress Canvas 94.02, 0.29 96.34, 0.19 96.37, 0.18 97.34, 0.17 96.08, 0.18 98.91, 0.14 

Perennial Sateen Grand 97.86, 0.15 95.71, 0.18 96.10, 0.2 92.10, 0.38 95.02, 0.22 94.68, 0.21 

Satin 98.42, 0.19 96.58, 0.22 95.91, 0.26 94.22, 0.27 94.88, 0.26 96.60, 0.18 

Cotton Spandex Jersey 95.00, 0.18 93.36, 0.36 95.34, 0.21 94.48, 0.22 95.72, 0.21 97.87, 0.19 

Dogwood Denim 97.04, 0.14 96.55, 0.17 96.43, 0.17 96.63, 0.16 96.34, 0.15 98.84, 0.12 

Celosia Velvet 99.60, 0.19 99.54, 0.23 94.40, 0.24 94.08, 0.25 98.12, 0.23 100.03, 0.22 

Woven Wallpaper 96.66, 0.18 94.96, 0.21 96.82, 0.22 96.74, 0.2 95.64, 0.22 96.91, 0.16 
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Table 29: Experiment 1 Multi-Fiber Camera ASC Spectrogram 2 of 4 

 

EXP_1_MF_CAMERA_ASC_SPECTROGRAM 
Cotton Gauze 

Organic 

Cotton Knit 

Ultra  

Poly Crepe De 

Chine 

Linen-Cotton 

Canvas 

Lightweight 

Cotton Twill  
Sport Lycra  

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Basic Cotton Ultra 100.29, 0.09 97.65, 0.15 95.80, 0.18 99.42, 0.1 96.07, 0.18 97.66, 0.17 

Fleece 100.58, 0.13 98.02, 0.13 95.76, 0.18 99.42, 0.12 94.19, 0.23 96.54, 0.2 

Eco Cotton 99.84, 0.1 96.78, 0.15 96.66, 0.18 98.38, 0.14 95.35, 0.36 94.48, 0.21 

Modern Jersey 100.03, 0.13 96.48, 0.16 95.84, 0.23 97.34, 0.25 97.98, 0.22 94.12, 0.24 

Longleaf Sateen Grand 100.43, 0.1 94.22, 0.31 94.29, 0.21 98.51, 0.12 92.20, 0.35 95.58, 0.22 

Silky Faille 101.65, 0.11 95.51, 0.22 94.57, 0.22 98.10, 0.18 97.29, 0.16 95.37, 0.24 

Cotton Gauze 0.00, 1 100.76, 0.09 100.74, 0.11 100.05, 0.1 99.72, 0.11 100.70, 0.11 

Organic Cotton Knit Ultra  100.76, 0.09 0.00, 1 96.03, 0.18 96.32, 0.18 97.57, 0.15 96.18, 0.18 

Poly Crepe De Chine 100.74, 0.11 96.03, 0.18 0.00, 1 97.69, 0.17 96.16, 0.17 92.22, 0.39 

Linen Cotton Canvas 100.05, 0.1 96.32, 0.18 97.69, 0.17 0.00, 1 98.62, 0.13 97.91, 0.17 

Lightweight Cotton Twill  99.72, 0.11 97.57, 0.15 96.16, 0.17 98.62, 0.13 0.00, 1 98.21, 0.19 

Sport Lycra 100.70, 0.11 96.18, 0.18 92.22, 0.39 97.91, 0.17 98.21, 0.19 0.00, 1 

Performance Pique 100.14, 0.12 94.52, 0.32 95.54, 0.22 98.90, 0.13 95.70, 0.21 94.86, 0.24 

Minky  100.85, 0.13 98.75, 0.13 98.25, 0.17 100.30, 0.1 98.31, 0.19 95.89, 0.19 

Organic Cotton Sateen Ultra 99.28, 0.14 97.66, 0.14 94.15, 0.33 98.87, 0.14 97.13, 0.2 94.58, 0.23 

Cotton Cypress Canvas 100.06, 0.1 99.21, 0.12 97.19, 0.15 99.87, 0.09 96.57, 0.16 97.90, 0.16 

Perennial Sateen Grand 99.43, 0.13 95.24, 0.21 95.24, 0.21 97.33, 0.17 96.32, 0.2 94.42, 0.25 

Satin 101.83, 0.12 98.61, 0.17 97.17, 0.21 100.28, 0.13 97.87, 0.24 94.40, 0.24 

Cotton Spandex Jersey 98.68, 0.12 96.55, 0.15 96.50, 0.2 97.86, 0.13 95.42, 0.22 96.13, 0.21 

Dogwood Denim 96.64, 0.26 99.22, 0.11 98.16, 0.14 99.98, 0.11 97.27, 0.17 97.62, 0.15 

Celosia Velvet 100.87, 0.24 97.90, 0.18 99.05, 0.24 99.36, 0.17 100.50, 0.21 94.09, 0.27 

Woven Wallpaper 100.47, 0.11 97.64, 0.15 96.34, 0.16 99.43, 0.1 95.39, 0.21 97.55, 0.18 

 

 

 

  



 

115 
 

Table 30: Experiment 1 Multi-Fiber Camera ASC Spectrogram 3 of 4 

 

EXP_1_MF_CAMERA_ASC_SPECTROGRAM 

Performance 

Pique 
Minky  

Organic-

Cotton Sateen 

Ultra  

Cotton Cypress 

Canvas 

Perennial 

Sateen Grand 
Satin 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Basic Cotton Ultra 97.25, 0.21 97.74, 0.19 97.49, 0.19 94.02, 0.29 97.86, 0.15 98.42, 0.19 

Fleece 94.47, 0.22 96.34, 0.21 96.73, 0.21 96.34, 0.19 95.71, 0.18 96.58, 0.22 

Eco Cotton 94.91, 0.23 94.77, 0.21 95.28, 0.21 96.37, 0.18 96.10, 0.2 95.91, 0.26 

Modern Jersey 95.01, 0.24 95.03, 0.2 93.32, 0.24 97.34, 0.17 92.10, 0.38 94.22, 0.27 

Longleaf Sateen Grand 93.65, 0.25 
96. 

94, 
0.21 95.70, 0.21 96.08, 0.18 95.02, 0.22 94.88, 0.26 

Silky Faille 92.19, 0.35 99.82, 0.15 97.33, 0.19 98.91, 0.14 94.68, 0.21 96.60, 0.18 

Cotton Gauze 100.14, 0.12 100.85, 0.13 99.28, 0.14 100.06, 0.1 99.43, 0.13 101.83, 0.12 

Organic Cotton Knit Ultra  94.52, 0.32 98.75, 0.13 97.66, 0.14 99.21, 0.12 95.24, 0.21 98.61, 0.17 

Poly Crepe De Chine 95.54, 0.22 98.25, 0.17 94.15, 0.33 97.19, 0.15 95.24, 0.21 97.17, 0.21 

Linen Cotton Canvas 98.90, 0.13 100.30, 0.1 98.87, 0.14 99.87, 0.09 97.33, 0.17 100.28, 0.13 

Lightweight Cotton Twill  95.70, 0.21 98.31, 0.19 97.13, 0.2 96.57, 0.16 96.32, 0.2 97.87, 0.24 

Sport Lycra 94.86, 0.24 95.89, 0.19 94.58, 0.23 97.90, 0.16 94.42, 0.25 94.40, 0.24 

Performance Pique 0.00, 1 95.50, 0.21 94.44, 0.24 96.82, 0.19 93.94, 0.22 93.46, 0.27 

Minky  95.50, 0.21 0.00, 1 91.45, 0.37 95.37, 0.22 97.93, 0.15 95.63, 0.22 

Organic Cotton Sateen Ultra 94.44, 0.24 91.45, 0.37 0.00, 1 97.07, 0.18 95.37, 0.21 94.87, 0.23 

Cotton Cypress Canvas 96.82, 0.19 95.37, 0.22 97.07, 0.18 0.00, 1 98.25, 0.14 98.00, 0.18 

Perennial Sateen Grand 93.94, 0.22 97.93, 0.15 95.37, 0.21 98.25, 0.14 0.00, 1 91.98, 0.37 

Satin 93.46, 0.27 95.63, 0.22 94.87, 0.23 98.00, 0.18 91.98, 0.37 0.00, 1 

Cotton Spandex Jersey 94.71, 0.24 95.36, 0.18 94.19, 0.22 93.95, 0.29 95.77, 0.19 96.75, 0.22 

Dogwood Denim 96.52, 0.16 95.57, 0.21 95.61, 0.2 95.69, 0.19 97.10, 0.15 97.82, 0.19 

Celosia Velvet 96.37, 0.26 95.45, 0.22 95.00, 0.25 99.76, 0.16 97.56, 0.24 95.98, 0.27 

Woven Wallpaper 95.19, 0.23 96.93, 0.19 96.82, 0.18 96.24, 0.18 95.50, 0.17 93.71, 0.39 
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Table 31: Experiment 1 Multi-Fiber Camera ASC Spectrogram 4 of 4 

 

EXP_1_MF_CAMERA_ASC_SPECTROGRAM 

Cotton 

Spandex 

Jersey 

Dogwood 

Denim 
Celosia Velvet 

Woven 

Wallpaper 

MSE SSIM MSE SSIM MSE SSIM MSE SSIM 

Basic Cotton Ultra 95.00, 0.18 97.04, 0.14 99.60, 0.19 96.66, 0.18 

Fleece 93.36, 0.36 96.55, 0.17 99.54, 0.23 94.96, 0.21 

Eco Cotton 95.34, 0.21 96.43, 0.17 94.40, 0.24 96.82, 0.22 

Modern Jersey 94.48, 0.22 96.63, 0.16 94.08, 0.25 96.74, 0.2 

Longleaf Sateen Grand 95.72, 0.21 96.34, 0.15 98.12, 0.23 95.64, 0.22 

Silky Faille 97.87, 0.19 98.84, 0.12 100.03, 0.22 96.91, 0.16 

Cotton Gauze 98.68, 0.12 96.64, 0.26 100.87, 0.24 100.47, 0.11 

Organic Cotton Knit Ultra  96.55, 0.15 99.22, 0.11 97.90, 0.18 97.64, 0.15 

Poly Crepe De Chine 96.50, 0.2 98.16, 0.14 99.05, 0.24 96.34, 0.16 

Linen Cotton Canvas 97.86, 0.13 99.98, 0.11 99.36, 0.17 99.43, 0.1 

Lightweight Cotton Twill  95.42, 0.22 97.27, 0.17 100.50, 0.21 95.39, 0.21 

Sport Lycra 96.13, 0.21 97.62, 0.15 94.09, 0.27 97.55, 0.18 

Performance Pique 94.71, 0.24 96.52, 0.16 96.37, 0.26 95.19, 0.23 

Minky  95.36, 0.18 95.57, 0.21 95.45, 0.22 96.93, 0.19 

Organic Cotton Sateen Ultra 94.19, 0.22 95.61, 0.2 95.00, 0.25 96.82, 0.18 

Cotton Cypress Canvas 93.95, 0.29 95.69, 0.19 99.76, 0.16 96.24, 0.18 

Perennial Sateen Grand 95.77, 0.19 97.10, 0.15 97.56, 0.24 95.50, 0.17 

Satin 96.75, 0.22 97.82, 0.19 95.98, 0.27 93.71, 0.39 

Cotton Spandex Jersey 0.00, 1 95.83, 0.16 96.35, 0.23 95.94, 0.19 

Dogwood Denim 95.83, 0.16 0.00, 1 98.52, 0.16 96.24, 0.17 

Celosia Velvet 96.35, 0.23 98.52, 0.16 0.00, 1 99.41, 0.2 

Woven Wallpaper 95.94, 0.19 96.24, 0.17 99.41, 0.2 0.00, 1 
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Chapter 9: Contour Fragments Experiment 

Perceptual Aspects of Categorization  

The ability to form categories consider extremely important for the foundation for 

learning higher cognitive functions. The strength of categorization to recognize a shape after 

spatial transformation such as rotation and scaling or how to categorize objects with different 

forms as members of the same category regarded as one of the essential functions of our 

cognitive system [96]. Without the ability to categorize, it would result in a continuous stream of 

meaningless and unrelated impressions. The first state of categorization is that of the 

environment, which provides the necessary foundation on which other intellectual developments 

form [96].  

ñThere is nothing more basic than categorization to our thought, perception, action, and 

speech. Every time we see something as a kind of thing, for example, a tree, we are categorizing. 

Whenever we reason about kinds of things ï chairs, nations, illnesses, emotions, any kind of 

thing at all ï we are employing categories. (...) Without the ability to categorize, we could not 

function at all, either in the physical world or our social and intellectual lives. An understanding 

of how we categorize is central to any understanding of how we think and how we function ..."  

[97].  

Object shape is considered one of the most critical functions to recognize shapes from 

different views, size changes due to the distance from the object, and positions in the 

environment. 
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Figure 43: Digitally printed cut path around front bodice 

 

The use of machine vision for image analysis of parts or part features used for 

identification of useful and significant features to form the ósignal,ô with insignificant features 

creating the óclutterô and random features not easily identified from the ónoise.ô Edge detection is 

an image analysis technique used to detect localized edges and or larger edge areas. Variability 

in the color, surface texture, and frayed edge of the cut fabric part made edge detection difficult 

in separating the signal and noise and produced a lot of false positives Figure 44: Machine vision 

perception of cut fabric part in a work area versus, Figure 45: Human perception of a cut fabric 

part in the work area. Research efforts of image analysis were redirected  towards fabric 

inspection[38] [98]. 
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Figure 44: Machine vision perception of cut fabric part in a work area 

 

 
 

Figure 45: Human perception of a cut fabric part in the work area 
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Available publications using machine vision for the development of a flat pattern 

database by [99] used shock wave propagation to identify the part shape, that used the internal 

contours and ñshock waveò which propagates from the center of the fabric part towards the 

edges. A simplified example is shown in Figure 46: Edge detection image segmentation. 

The skeletal shaped segmentation of the ñshock waveò has been very successful on object 

recognition for living things such as a dog or a rabbit, or non-living things that resemble living 

entities with skeletal internal structure a teddy bear or a doll.  

However, the fabric used was a plain white muslin. The research is limited by this 

method as the technique would only be reliable using plain fabrics with high contrast with the 

background area. As the cut fabric part is a deformable material, it would only take on the shape 

of whatever it drapes, so the use of ñshock waveò would make sense if the pattern pieces to be 

recognized covered a body. As the purpose of their research is a garment pattern database for 

technical designers, it would make more sense to use only the external contours for shape 

recognition see Figure 47: Ideal scenario for machine vision object recognition.     
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Figure 46: Edge detection image segmentation 

 

 
 

Figure 47: Ideal scenario for machine vision object recognition 
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Figure 48: Set of pattern slopers 

 

An infinite number of garments created from basic pattern sets are called slopers and are 

also known as a foundation, master, block, or first pattern. Information that is written directly on 

a sloper provides valuable information to the user regarding the assembly of the garment, the 

orientation of the grain, and sizing. Maintaining the information is not possible on cut fabric 

parts, so drill holes and pattern notches are a substitute. Notches are marks cut into the perimeter 

of a sloper as single notches or groups of notches. 

Notches used on patterns for proper alignment of garment seams and sections. As an aid 

to indicate front back and sides of garments, or for positioning of design features such as darts, 

tucks, gathers. They can indicate ease position and extent, plus, gathers, ruching, French shirring, 

or smocking. For matching sleeves, collars, cuffs, or packets from corresponding pattern areas. 

For fitting smaller sections within larger drawn-in sections [100]. Punch holes (Drill or Circle) 

are holes within the pattern used for marking dart points, curved darts, pocket placement, and 

endpoint of stitched pleats, as seen in Figure 49: Assembly features used by humans actual and 
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perceived. Seam allowance is the distance from the seam stitching to fabric edge basic seam 

allowances vary by location on pattern pieces, such as neckline, sleeves, hems, etc. 

 

 
 

Figure 49: Assembly features used by humans actual and perceived 

 

Purpose  

The results generated from the creation of the phone applications and digitally printed 

artificial markers demonstrated a proof-of-concept that pose could be determined using 

Augmented Reality (AR) tools discussed in the Proof-of-Concept chapter. One factor identified 

as being a problem was the loss of the quiet zone around the BroVision markers increased the 

detection time.  

By luck, the seam allowance left unprinted around digitally cut fabric part as seen in  

Figure 43: Digitally printed cut path around front bodice shares similarities with that of a 

quiet zone seen around QR codes and fiducials even if the part shape is not square. The un-

printed area would also provide good contrast for edge detection by separating for the work area, 

which has not been previously possible.  
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Approach 

A basic sloper set of pattern pieces were created using GerberAccumark based women 

metric body measurements. The files were resized down to quarter scale in Adobe Illustrator, and 

printed patterns were digitally printed within the seam allowance of the part similar to what is 

shown in Figure 43: Digitally printed cut path around front bodice. A selection of repeated 

patterns was applied to 21 sets of slopers, as shown in Figure 64: Blue Wave 150 dpi LAB 

colors56 inch x 15 inch to Figure 84: Tribal 150 dpi LAB colors56 inch x 15 inch. 

These files will form the test and training set of the experiment. Using the method 

described in Bag of Contour fragments [101], using Discrete Contour Evolution (DCE) 

algorithm by [102], and Locality-constrained Linear Coding (LLC) by [103] for spatial pyramid 

matching. A contour will be taken from the perimeter of the images prepared, which is then 

segmented into fragments. The model is run ten times, and the average accuracy value is 

reported.  

Method 

The Bag of Words (BOW) model first referenced by Zellig Harris 1954 article 

Distributional Structure whereby document classification is achieved through word frequency. 

The BOW model was the foundation for the Bag of Visual Words (BOV) from the seminal paper 

[104] Visual Categorization with a Bag of Key points. The article by [101] Bag of Contour 

Fragments shape classification model uses shape as the intrinsic feature, which is stable to 

illumination and variations in object color and texture for image understanding.  
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File Preparation 

Gerber Technology Accumark Pattern Design software was used to draft a full set of full-

size garments slopers with cutaway darts, notch darts and drill holes, and dart-less variations 

using the standard metric body measurements as shown in Table 32: Metric body measurements.  

The files were exported as SVG files into Adobe Illustrator where the stroke weight was 

increased to allow for scaling. Each of the slopers was filled with one of the twenty-one repeat 

patterns printed designs and digitally printed on to a plain weave cotton fabric.  

The sloper shapes outlined in red, yellow, and blue are used as a visual reference to 

indicate the purpose of the curve or contour concerning all comparison curves. Those curves in 

red are curves indicative of the identification of the individual shape such as the crotch curve 

front, crotch curve back, and front bodice neck curve and armcycle, and back bodice neck curve 

and armcycle for example. The yellow contours are curves associated with a size and fit for the 

particular sloper, with the blue curves identified as style curves for hem length, and fullness. 
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Table 32: Metric body measurements 
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Figure 50: Pants Notch Front 

 

Figure 51: Pants Notch Back 

  

 

Figure 52: Pants Dart Front 

 

Figure 53: Pants Dart Back 
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Figure 54: Skirt Dart Front 

 

Figure 55: Skirt Dart Back 

 

 

Figure 56: Skirt Notch Front 

 

 

Figure 57: Skirt Notch Back 
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Figure 58: Skirt Front Dartless 

 

Figure 59: Skirt Back Dartless 

 

 

Figure 60: Front Bodice Dart 

 

Figure 61: Back Bodice Dart 
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Figure 62: Sleeve Dartless 

 

Figure 63: Sleeve Dart 

 

Results and Discussion 

The classifier was run ten times, and the skirt back with notches was mistaken for the 

bodice back with darts for an average accuracy of 99.775% for all ten tests. The sample contour 

659/660 came up five times as 99.85%, and 658/660 came up five times at 99.70%. There were 

seventeen classes: bodice back dart, bodice front dart, bodice back notch, bodice front notch, 

pant back dart, pant front dart, back pant notch, pant front notch, skirt back dart, skirt front dart, 

skirt back dart_less, skirt front dart_less, skirt back notch, skirt front notch, sleeve dart, sleeve 

notch, and sleeve dart_less. There were twenty-six images per class for a total of four hundred 

and forty-two input images.  

Practical Implications 

The practical implication of the experiment is the use of sloper curves have value in the 

development of feature classifiers for digitally printed cut fabric part recognition. With further 

development and a more extensive data set, garment parts of various sizes and style variations 

can be easily identified for parts selection and presentation to the sewing head using robotic 

material handling.  
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Research Limitations 

The size of the test data was limited, with seventeen classes that were evaluated with 

twenty-six images per class. The results of each accuracy-test could only refer to the class and 

not the contour fragment generated from the class that had been mistaken. In hindsight, this 

would have more illuminating to understand more fully the confusion between the skirt back 

notch and the bodice back dart.  

Originality and Value 

At the time of this writing, no previous research has attempted to use the Bag of Contour 

Fragments to classify cut garment parts, and the results provide an exciting glimpse at the 

contribution of knowledge toward solving the Limp Material problem.  

Software Limitations 

The start of this research and the end of this research coincided with the deprecated 

Python 2 in January 20th, 2020, the authors' knowledge was limited in understanding how to 

convert the code to Python 3 with confidence in its accuracy, which prevented a more thorough 

investigation that would have been preferred.  

Research Implications 

Moving forward in the use of image feature contours for part recognition for fabric 

garment parts, the use of BCF is a tangible alternative as current shape classifiers struggle with 

garment parts with repetitive patterns and or no pattern at all only the fabric texture. An issue 

which has meant that previous attempts to use shape classification for cut fabric part 

identification had been limited to fabric quality control. 
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Figure 64: Blue Wave 150 dpi LAB colors56 inch x 15 inch 

 

 

 
 

Figure 65: Camo Weave 150 dpi LAB colors56 inch x 15 inch 

 

 

 
 

Figure 66: Chocolate Swirl 150 dpi LAB colors56 inch x 15 inch 
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Figure 67: Floating Cube 150 dpi LAB colors56 inch x 15 inch 

 

 

 
 

Figure 68: Floating Cube Half Size 150 dpi LAB colors56 inch x 15 inch 

 

 

 
 

Figure 69: Four Swirl 150 dpi LAB colors56 inch x 15 inch 

 

 




























































































































































































