Leather Inspection and
Characterization using
Non-Destructive Techniques

being a Thesis submitted for the Degree of

Doctor of Philosophy

in the University of Hull

José de Araujo Mendes
Engenheiro Electrotécnico, Universidade de Coimbra, Portugal, 1989

September 2000



Abstract

Leather is a widely used component of many products such as shoes, car seats, garments and other leather
goods. Because 1t 1s a natural material, a tanned hide will contain visual and hidden flaws. In addition, its
mechanical properties vary over the hide. At present, hides are inspected and assessed by skilled
operatives. Further, current objective leather testing requires removal of samples and is either destructive
and/or incompatible with real time operation, and little or no information about the rest of the skin is

provided.

A novel mechanical scanning system was built for non-destructive leather testing. The investigation was
focused on two of the most important physical leather properties, static compressibility across thickness
and tensile properties for low strain regions. The results of static compression energy measurements for a
compressive strain of 10 percent, showed a close agreement with the results of tests performed by a
conventional compressibility tester. Further, the results of strain energy and stress measurements for a
strain of 2 percent, revealed a very good correlation with the results of conventional tensile tests for a

similar strain.

The application of infrared thermography, a non destructive and contact less technique, to leather
characterisation and inspection was investigated in this work. It was shown that this technique could be
used for detecting defects in leather, as well as for estimating their size and deepness. However, defect
visibility by infrared thermography 1s conditioned by the fact that a defective area has to cause different
material properties or produce an internal thermal resistance. Further, the prohibitive cost of infrared

thermography cameras for automation is a serious limitation for its application in current leather testing.

It is recommended that the ideal testing system would be based on the combination of mechanical
scanning, normal computer vision and infrared thermography. The normal computer vision part of this
system would be responsible for measuring area and detecting defects that are visible in nature. The
infrared thermography part of the system would be responsible for detecting the type of defects
overlooked by the previous method, as well as some thermo-physical parameters. Finally, the Mechanical
Scanning System would provide the physical properties of leather, like compressibility, tensile modulus,
shear stress and softness that the vision based inspection systems are incapable of providing. In this way,

every single skin could be completely characterised in terms of defects and physical properties.
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1 Introduction

Leather is an expensive component of many products such as shoes, furniture, car seats,
garments and bags. Because it is a natural material, it will inevitably contain visual and
hidden flaws. Actually, the manufacture of leather involves visual and tactile inspection
and manual sorting at key stages of production by skilled operatives. Accurate sorting 1s
fundamental for assuring the best return on the available material and customer

satisfaction. Any lack of consistency by graders or between graders can prove very

costly.

The development of an automatic inspection system is certainly the right answer to
reduce the subjectivity associated with visual perception and varying skill of human
sorters. The adoption of such system would undoubtedly have many advantages, such
as: an infinite attention span and ability for continuous operation for long periods
without mental or visual fatigue and without grade decision deterioration; equal
attention to all areas of a skin, a manual sorter may overlook a certain area if lighting
conditions are not appropriate. On the other hand, some disadvantages could be
foreseen, for example: lack of human grader common sense in the decision-making
process; faults disregarded by the human grader that can be tolerated; the system will
only see the leather under one set of lighting conditions, whereas the human operator

can change his viewpoint in order to check a suspected area.

Ideally, any etfective inspection system should be able to cope with defects that vary
greatly in size, from small spots, e.g. light spot and pinhole, through narrow linear faults
such as, scratches, to larger area faults like ringworm, mange and putrefaction. Such
system should have the ability to take into account the location, size, and nature of

faults and produce numerical grades similar to those used at present. Furthermore, it

should be capable to work at least as fast as currently achieved by human sorters.
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Leather inspection is usually defined as the procedure of detection, mapping and
assessment of the severity of defects, while leather characterisation is concerned with
the performance properties of leather. In the case of this thesis, leather characterisation
1s restricted to the procedure of measuring physical and thermophysical properties and

thetr mapping across the full skin or hide.

[f leather inspection is very important for leather manufacture and leather goods
industry, leather characterisation is of no less importance. Leather characterisation gives
an indication of the fitness of a particular leather for a particular application. For this
reason, many standards have been devised for leather characterisation, for example:
tensile strength, tear strength and softness. Some of these tests are more objective than
others, but almost all of them have in common the fact that they require removal of
samples from the official sampling position (close to the butt region), and are either

destructive and/or incompatible with real time operation.

Despite the fact that these tests are well accepted in today’s industry, these testing
standards have a major flaw. Leather is a natural material whose properties vary across
the full skin or hide, i.e., each region of the skin has its specific characteristics that can
be made even less uniform by the tanning process. This means that testing a particular
region of a skin or hide gives little information about the properties of the rest of the
material, which in turn makes the results of these tests of limited use. Again, the
solution to this problem passes through the development of an automatic

characterisation system.

An automatic characterisation and inspection system could also contribute decisively
for the automation of the process of leather layout and cutting, as for each skin, a map
of physical properties and defects would be produced, so CAD/CAM tools could use
this information to maximise utilised area and lay out the right patterns on the best
position. As an example, in the shoemaking industry, certain pieces must be cut from
certain parts of the skin and in certain orientations in order to make the product easy to

manufacture, and comfortable to wear or use.

Several attempts have been made to build such systems, mainly based on normal

computer vision. Although good results are reported, it was concluded that some defects
are not visual in nature and they are not detectable by a visual system. This fact greatly

supports the view of the author that an effective automatic system for characterisation
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and inspection of leather cannot be achieved by a single method but by a combination of
several methods. Even though visual inspection is definitely relevant, it cannot provide
information about, for instance, the thickness and compressibility of the matenal.
Perhaps, the ideal solution would be a combination of mechanical, normal computer

vision and other non-destructive evaluation techniques.

Normal computer vision has been object of intensive research and for this reason it 1s

not further explored in this work.

1.1 Objectives of the Research

The aim of the research described in this thesis was the design of a mechanical system
for leather characterisation without the need of cutting samples from the skin or hide.
This system has to be able to scan leather properties that typical visual inspection
systems would find impossible to measure. Also, it is aim of this research to assess the

feasibility of utilisation of infrared thermography for leather characterisation and

real-time flaw detection.

1.1.1 Mechanical Scanning System
A mechanical scanning system was built for leather testing in a non-destructive manner

(see Figure 1.1). This system is capable of performing tensile testing for low strain

regions, compressibility testing across thickness, softness, thickness and shear testing

across thickness.

This testing device comprises two pairs of wheels between which the leather passes. By
adjusting the speeds of the wheels and by measuring the applied torque and positions of
the wheels, leather tensile characteristics can be measured. The compressibility across
thickness can be determined by closing the nip formed by a pair of wheels and
measuring the instant compression load and compressive strain. The shear stress across
thickness can be determined using a pair of wheels, by slightly compressing the leather

and rotating the two wheels in opposite directions, while measuring the applied torque.

1.1.2 Infrared Thermography
The application of infrared thermography, a non-destructive and contact less technique,

to leather characterisation and inspection was investigated in this work. A transient
thermography set-up was used; a thermal stimulation is impinged on the leather surface

and from the observation of the emitted thermal radiation subsurface defects can be
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detected and their size determined. Figure 1.2 displays an infrared image, of a leather

specimen with two small and not very severe real defects (“flay-cuts™).

Figure 1.1-View of the Mechanical Scanning System.

Figure 1.2-Infrared thermography image of a leather specimen with two small defects.
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1.2 Organisation of the Thesis

This chapter introduces the subject of leather characterisation and inspection using

non-destructive techniques and presents the motivation and objectives of this thesis.

Chapter 2 provides an overview of the most relevant physical properties of leather, as
well as the structure of leather and the spatial distribution of properties over a hide.
Most relevant conventional and current leather testing standards are presented, followed
by an assessment of a range of non-destructive testing techniques that could be used for
leather characterisation and inspection, with emphasis on infrared thermography.
Finally, the author gives an overview of the state of the art of leather automatic

inspections systems.

The following chapter, Chapter 3, introduces the procedure followed for sample
selection and handling. The results of conventional physical tests of the specimens used

in this work are also presented.

Chapter 4 concerns the philosophy, design and implementation of a non-destructive
leather testing cell designated Mechanical Scanning System and the presentation of the

results of experiments performed with this device.

Chapter 5 1s concerned with leather inspection and characterization using infrared
thermography. A description of the transient thermography system is given, followed by
considerations about infrared image restoration. The characterisation results of infrared
thermography, thermal diffusivity measurements and effect of leather anisotropy,

precedes the divulgation of inspection results of man-made defects.

Chapter 6 1s dedicated to the evaluation of results of conventional physical testing and
results obtained with the Mechanical Scanning System. The agreement of the results is
discussed in order to assess if the Mechanical Scanning System is a reliable and correct
method of characterising leather non-destructively. A physical property and a thermal

property are analysed to verify any possible link between them.

Finally, main conclusions are drawn and recommendations for future work are given.
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2 Literature Survey

2.1 Introduction

This chapter provides reasonable background knowledge for the entire thesis and an

overview of the state of the art of subjects here presented.

Firstly, an overview of the most relevant physical properties of leather for this work is
given, The structure of leather is examined, as well as its density, tensile strength and
elongation at break. The spatial distribution of properties over a hide, follows a brief
study of compressibility of leather. The sofiness of leather and the viscoelastic

behaviour of leather are focused on too.

Secondly, the most relevant conventional and current leather testing standards are

referred to, pointing out some of its weaknesses.

Thirdly, an assessment of a range of non-destructive testing techniques that could be
used for leather characterisation and inspection is carried out. A theoretical background
of infrared thermography, a relatively new non-destructive technique, is presented as
well as many aspects of i1ts usage. A hypothesis of linking thermal properties, measured
by infrared thermography 1n a non-destructive and contact less manner, with physical

properties is put forward.

Finally, the author gives an overview of the state of the art on leather automatic

inspection systems.

2.2 Physical Properties of Leather
A wide variety of animal hides and skins are used for leather making, for instance,

cattle, sheep, goats, pigs, horses and kangaroos. Other species like reptiles, fish and

birds are also used but of much less commercial importance. The term skin is usually
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applied to smaller animals, while the term hide is applied to animals with a body surface

area bigger than 1 m°.

The hide or skin of each species has its own characteristic width, length, thickness, fibre
structure and grain surface. The physical properties of leather depend upon these
characteristics and many others. Variations from species to species, from one individual
specimen to another, and even from one region to another within an animal’s skin can
also be observed. The structure of leather has a higher degree of complexity than that of

any artificial material. Thus, the structure of leather will now be looked at in more

detail.

2.2.1 Structure of Leather
Leather consists of an entangled three-dimensional network of collagen fibre bundies,

which can be divided in two distinct layers: the grain (surface) layer and the corium
layer (underneath). In the living animal, an epidermal layer covers the grain layer, but it
is removed during the tanning process. All skin from mammalians is covered in hairs,

which are also removed except for fur production.

The epidermal layer, usually called epidermis, protects the skin from abrasion. Keratin
is the basic component of this layer. It consists of epidermal cells that are formed in the
lower layer of the epidermis. As time goes by, the skin grows in thickness and the
epidermal cells gradually change and dehydrate. Newer cells are continuously being
formed below, while older cells are being pushed toward the surface and lost as horny
flakes. In Figure 2.1, 1t 1s shown that the epidermal layer also covers the hair follicles

that penetrate deep into the grain layer.

The layer just below the epidermis is the grain layer. It has a very important function in
the living amimal, which 1s known as the thermostatic layer. Its main composition is
elastin fibres, fat cells, hair follicles, muscle tissue, sebaceous glands, and sweat glands.
The grain layer consists of very fine, numerous and densely packed fibre bundles that
are arranged more or less perpendicular to the plane of the skin. After tanning, this layer
becomes the upper surface of the leather. Its full thickness is reached quite early with

age, increasing only slightly in depth but very much in area.

In mammalian skins, the hair shafts within the grain layer produce a distinctive pattern.

The size and configuration of these follicles is a characteristic of the animal and its age.
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Figure 2.1-Typical structure of a mammalian skin [SATRA 92].
The corium layer, the part of the skin below the grain layer, comprises almost entirely
large coarse fibre bundles of collagen fibres with a scattering of elastin fibres. The
interweaving of the fibre bundles 1s done at varying angles but in a much less compact
manner than in the grain layer. The thickness of this layer increases with age and is the
source for the strength of the leather. Another relevant aspect for the material properties
of leather 1s that, the corium layer thickness varies greatly from one region of a hide to
another. On the other hand, the grain layer 1s fairly constant across the full hide. These

facts partially explain the lack of homogeneity of leather.

The layer just below the corium layer, which should be removed before the tanning
process, 1s known as the flesh layer. The presence of fatty and muscle tissue, blood
vessels and nerves diminishes the penetration of tanning agents in the corium layer. The
back surface of leather 1s also known as flesh. Here, the angle of weave of the fibre

bundles decreases, lying in the plane of the skin.

The angle of weave and configuration of the fibre bundles in the distinct layers also
changes smoothly from one location to another in an individual skin. The most compact

fibre bundles, with the corium fibres interweaving at about 45° to the surface, can be
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found on the animal’s back and butt. Therefore, this region is likely to be firmest and

tightest than the rest of the skin.

2.2.2 Density of Leather
Density of leather, the ratio of its mass by its volume, 1s a fundamental physical

property of any material [Kanagy 65]. Because leather contains many different sized
pores, the correct volume calculation of the fibre bundles is not an easy task. When the
volume calculation does not take into consideration the volume of the pores, the value
obtained for density is known as apparent density. When the volume is calculated with
allowance for pores, the ratio of the mass to the volume is known as real density.

Therefore, real density is the real density of the fibres. In practice, the real volume 1s of

difficult calculation but the apparent volume 1s not as difficult.

The apparent density depends on the pore volume of the leather. Highly porous leather,
for example buckskin, can have a density as low as 0.52 gcm™, whereas sole leather,
highly dense leather, can have a density of 1.15 gcm™. This physical property also
depends on the type of tanning, as the impregnation of tanning agents in the flesh side
can increase the apparent density to about 1.17 gem™, this being a value close to the

maximum that can be obtained [Kanagy 63].

Another very important observation of Kanagy is that the apparent density is an
indication of the substance of a hide; Kanagy showed that, within a hide, it could vary

from 0.57 gcm™ in the shoulder area to 0.66 gcm™ in the butt area [Kanagy 55].

Different real density measurements produced density values in the range of 1.38 gcm"‘"

to 1.55 gem™. Other researchers showed that real density of the grain layer is higher
than the rest [Randall 52].

Wang, in her study “Characteristics of Brazilian Goat and Sheep Skin and Leather” of
physical properties of leather, carried out several different physical measurements, such
as: apparent density, tensile strength, tear strength, softness and compression. With the
available data, Wang performed several plots of these properties against other
parameters, like: apparent density vs. age of the animal, apparent density vs. collagen
content, apparent density vs. compactness of skin, tensile strength vs. apparent density,
tear strength vs. apparent density, compressive strain vs. apparent density. Wang

reported that the density of leather was highly correlated with the tensile strength of
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leather and a good correlation between tear strength and density was also obtained
[Wang 92].

2.2.3 Tensile Strength and Elongation at Break
Strength certainly is one of the most important properties of leather. The tensile strength

test 1s used in leather evaluation as strength gives a good indication of fibre quality.
Low tensile strength may be a sign of poor fibre quality or may even indicate
degradation. The tensile strength and elongation at break are closely dependent on the
width of the specimens to test, and both are higher for wider samples [Roddy 56].
Damage to the fibre structure near the edge of narrow specimens, when they are cut, is

the most likely explanation for those lower values of tensile strength and elongation at

break.

When a tensile load 1s applied to a specimen, the woven fibre matrix of the hide gets
aligned 1n the same direction. The application of a tensile load to a specimen causes its
elongation and consequent narrowing; the fibres initially oriented in the direction of the
load get closer to each other, making the cross section narrowing inversely proportional

to the number of fibres oriented in that direction [Mitton 45, Mitton 48].

In the case of the shoe upper leather, its tensile strength can be increased by the
presence of grease and moisture [Roddy 56]. The extension rate also influences the
observed elongation and strength [Maeser 65]. The grease and moisture influence is
believed to take place due to a lubricating action in which fibres are allowed to slide

against each other without rupturing. A gradual application of the load permits the

rearrangement of the fibres, whilst a rapid application of the load prevents this

rearrangement and, consequently, rupture takes place earlier.

Kanagy performed tensile tests on upper leather in two directions [Kanagy 55], parallel
and perpendicular to the backbone over the entire area of a skin. The results show that
the product of the tensile strength and elongation in one of these directions is equal to
the product of the tensile strength and elongation in the direction at right angles. This
indicates proportionality between strength and elongation and that a high strength
usually indicates low failure strains, whereas low strength indicates high failure strains.
Most of the stretching observed in tensile tests is caused by the rearrangement of the

fibres network rather than fibres elongation [Mitton 45]. The elongation of a fibre alone

at failure 1s about 15%. Therefore, the amount of narrowing of the test specimens in the
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transverse direction of the test is inversely proportional to the number of fibres that

support the load.

The tensile strength of upper leather 1s in the range 15 MPa to 40 MPa. The elongation
for shoe upper leather lies 1n the range 29.5% to 73.0% but that for sole leather lies in
the 10.0% to 30.0% range [Batley 89].

Measurements of the initial strain energy of leather conducted by Liu showed that a
prediction of the tensile strength might become feasible without breaking the leather. A
statistical model was established for the relationships among tensile strength, initial
strain energy, strain rate and moisture content, allowing its application in
Non-Destructive Evaluation of partially processed leather before fat-liquoring and
staking. Liu concluded that by simply stretching the leather to 10% and measuring the
initial strain energy at any sampling angle, tensile strength can be predicted without

breaking the leather [L1u 97].

2.24 Compressibility
Compressibility (across thickness of the matenial) is a physical property that is mostly

used for characterising sole leather, because it 1s closely related to hardness or firmness.

However, in the textile area, compressibility is regarded as a basic mechanical property
closely related to fabric handle [Kawabata 80]. A fabric that compresses easily is likely

to be deemed soft, and found to possess a low compression modulus and high

compression,

Lokanadam and collaborators confirmed that compressibility reflects the softness of soft
leather. This research group compressed leather between two flat surfaces across its
thickness with an increasing load while the changing distance between surfaces was
recorded. The logarithmic plot of the thickness against the load showed that higher

negative slopes were associated with leather considered to be softer [Lokanadam 89].

Additionally, Wang reported a good correlation between compressive strain at 200 N
load with the softness obtained by hand evaluation. Also, a negative correlation
coefficient (-0.91) was found for the correlation of compressive strain with apparent

density [Wang 92a].
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Smith also performed some compressibility tests in order to predict the drift of a piece
of leather when compressed between moving rollers [Smith 91]. Smith obtained

compression curves that are divided in four regions as shown in Figure 2.2.
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Figure 2.2-Compression curve by Smith [Smith 91].
However, the author was not able to reproduce such results and Lokanadam never

reported similar findings.

2.2.5 Splitting and Failure of Leather
The strength of leather is not uniform right through its thickness. Most cattle hides are

split in to two or even three layers.

The grain layer is weaker than the corium layer. In the grain layer, thinner fibre bundles
and a more compact structure are responsible for less room for fibre reorientation when
under stress. Consequently, failure under stress occurs earlier for the grain than for the
corium layer that 1s characterised by a much looser fibre structure. The majority of the
strength is in the corium layer and the overall strength is dependent upon the thickness
of this layer. When a hide is split there is a loss in strength, the sum of the strength of
the splits is always lower than the strength of the unsplit [Maeser 54].

O’Leary studied thoroughly the differences in strength between the grain and corium
layers of bovine leather, concluding that the greater resistance of the corium layer is due

to the process of fibre debonding and pull out. The viscoelastic nature of the grain and
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corium material was also investigated by examining its tensile properties at different

deformation rates [O’Leary 96].

2.2.6 Spatial Distribution of Properties
Vos performed a study on the topographic differences in physical properties of different

kinds of leather, concluding that the curves of ‘similar’ individual skins may differ
considerably from the average curves [Vos 73]. This same view is corroborated by other

research teams [Muthiah 76] [Boccone 77].

The butt area of a leather side tends to be the firmest and tightest with a fine break.

These properties drop across shoulder areas and the belly and neck areas are much

looser with a coarser break. In Figure 2.3, typical lines of tightness in a cattle hide are

presented.
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Figure 2.3-Typical lines of tightness of a cattle hide [Satra 92].
The spatial distribution of leather properties across a full hide has its obvious
implications on leather utilisation, 1in shoe manufacturing in particular. Whole or part
vamp patterns of shoes must be cut from higher quality butt areas. The less visible parts
of shoes, for instance quarters and tongues, may be cut from the lower quality shoulder
and belly regions. A vamp of a shoe should be cut in a way that the toe-heel direction
should be the least stretchy, i.e., cut in the backbone direction. However, this

characteristic follows complex patterns and the positioning of vamps should be adapted

to the particularity of each skin [Satra 92].
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2.2.7 Softness of Leather
Softness 1s a very important property of leather, in particular in the shoemaking

industry. However, this is a subjective property of leather and commonly different
operators cannot agree on a value of softness for a given sample. Leather is a tactile

material and softness clearly depends on the way it feels.

Softness 1s not an absolute parameter, in contrast with for instance tensile strength. It
also depends among other elements on fullness, tightness, compressibility, thickness,
flexibility and elasticity. Thus, the overall perception of softness is influenced by other

factors, being tightness/looseness one of the most important.

Presently, a device developed by BLC (BLC ST300 Softness Gauge) is being used for
quality control. This device measures softness non-destructively and measurements

correlate well with manual judgements [Alexander 93].

2.2.8 Behaviour of leather
The extension of leather short of rupture levels and later release causes deformation of

the said material. The leather does not recover its original length but remains partially
extended. This deformation is due to the plastic behaviour of leather, which is
quantified as percentage set. This characteristic 1s of particular importance in the shoe
making industry as it 1s responsible for the shape retaining properties of leather, making

the shape and fitting of shoes not dependent only on the shape of the last.

Butlin investigated the plasticityﬂ and related properties of shoe upper leather
[Butlin 63]. The samples were left in a stretched condition for a required time. Upon
release, the shoe upper leather sample contracted and the amount of contraction was
measured after a given time (usually 24 hours). The experimental results showed that

the percentage set can be augmented either by increasing strain or increasing time under

strain.

The plasticity of leather can also be improved by increasing the moisture content of
leather. In the shoe construction process, the upper leather is heated before stretching as

this operation further contributes for better plasticity. When moisturised or heated,

leather becomes softer and more flexible.

The percentage set of leather decreases with the increasing time of relaxation. The

reorientation of individual fibre bundles within the three-dimensional fibre structure in
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order to relieve the strain developed amongst them, is the most plausible explanation for

the referred behaviour. This behaviour confirms that leather is also a viscoelastic

material.

2.3 Conventional Testing of Leather

Currently, there are several well-established official testing standards, for instance:
ASTM-American Society for Testing and Materials; ISO-Intermational Standard
Organisation; BS-British Standard. Some institutions, like SATRA-Footwear
Technology Centre, also have their own testing methods and, in this case, they are

oriented towards the shoemaking industry.

The conventional testing of leather, in particular for the shoe making industry,
comprises three categories of methods, adhesion methods, chemical methods and

physical methods.

Despite the fact that these tests are well accepted in industry, these physical methods
give little information on properties like handle or feel properties of light leather, which
are of up most importance for the shoemaking, garment and automotive industry.
Further, because most tests are in their nature destructive and performed only on a

specific portion of a skin, the results of these tests are of limited use.

The standards here briefly described belong to the American Society for Testing and

Materials (ASTM) because they were of easier access. In this thesis, only physical
methods will be looked at and the first step for conventional leather testing, either

physical or chemical, is the gathering of test specimens.

2.3.1 Specimen Selection
The leather test specimen for physical tests must be free from visual defects, such as

scratches, cuts and other obvious flaws.

The ASTM standard D 2813-91, “Sampling Leather for Physical and Chemical Test”,
covers the sampling of finished leather and fabricated leather for physical and chemical
tests. The leather 1s supposed to be in lots that are randomly sampled in such a way to
yield a representative sample of the lot. The sample may be used to find out compliance
of the lot with applicable specification requirements, leading to the acceptance or

rejection of the lot in its entirety.
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In this standard, a considerable vanability of physical and chemical properties
(depending on location on the side, side or skin from which the test sample is taken) is

recognised. Because leather 1s a natural product, it is subject of extensive variability of

its properties.

For lots of less than 15 units (sides or skins) each unit should be sampled. In case of
cattle hides, the sampling in most instances should be done on the butt region, close to

the backbone (one of the best quality areas), cutting a test piece of 203 mm by 203 mm.

From this short description of the ASTM leather sampling procedure, a strong
contradiction 1s evident: on one hand, leather properties are subject to extensive
variability even on the same skin; on the other hand, this sampling is trying to obtain a
representative sample of a lot of skins. These two arguments are logically incompatible.
A conclusion that can be drawn is that all this testing is much more important to fulfil
the quality certificate hunger of buying companies than of any practical use in a

production process. In addition to this, many tests to be performed on these cuttings are

completely destructive.

2.3.2 Testing Methods
The ASTM standards for leather testing specify unambiguously the exact procedure for

a vast list of tests. Here, a short description of the most relevant leather physical tests

for is presented.

The ASTM standard D 1610-91, “Conditioning Leather and Leather Products for
Testing”, specifies the conditions of all units and specimens of leather prior to testing
and during testing. Temperature and principally humidity have an immense influence on
many physical properties of leather. Standardised environmental conditions contribute
for equal moisture values of all tested samples, thus allowing reliable comparisons
among different leathers and laboratories. This standard defines the standard
temperature as 23 + 2°C and the standard humidity as 50 + 4%. Specimens should be
stored under these conditions until they reach mass equilibrium, which usually requires

up to 24 to 75 hours, depending on the leather and its thickness.

Other standards define different values for atmospheric conditions, for instance,

standard temperature as 21 £ 2°C and the standard humidity as 65 + 2%.
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A standard for measuring apparent density of leather is also defined, ASTM standard
D 2346-91. This test method determines the apparent density of specimens from their
area and thickness, which in turn are obtained by applying test methods, respectively
D 2347-91 and D 1813-89. For the computation of the apparent density, the weight of
the specimen to the nearest 0.001 gram 1s divided by the product of the area and
thickness.

The ASTM standard D 2209-90, “Tensile Strength of Leather”, covers the
determination of the load required to break apart a leather test specimen of certain
dimensions, being the tensile strength obtained by dividing the rupture load by the
original unstretched cross-sectional area. In the “Significance and Use” section of the
standard, the tensile strength 1s referred as being a reliable indicator of the quality of the
leather, as well as being an excellent method, among other things, for control,

specification acceptance and service evaluation of leather.

The stretching of the leather should be performed at a uniform speed of
4.2 + 0.8 mms™, in strict observation of a list of other conditions. The leather specimen
for this test must be dumbbell in shape, cut by means of a die and in the direction of the

long dimension in relation to the backbone noted.

The determination of the elongation of the stretched leather in the tensile strength tests
is well defined in the ASTM standard D 2211-89.

2.4 Non-Destructive Techniques

Non-Destructive Evaluation (NDE) or Non-Destructive Testing (NDT) is a procedure
that comprises the inspection and/or testing of any material, component or assembly in a
manner, which does not affect its current or future use. At present, there are several
well-established NDE methods covering many different fields, such as: material
analysis, operation and maintenance of structures and buildings, maintenance of electric

utilities, inspection of nuclear power plants.

The most important and widely used methods are radiographic, ultrasonic, magnetic,
electrical and penetrant, but all can be subdivided. In addition to these, there are other

emerging techniques like infrared thermography.
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24.1 Industrial Radiography Technique
Industrial Radiography is a technique that includes a number of methods of using

energy radiation for the examination of opaque objects. The beam energy can be
generated electrically (e.g. X-rays between 70kV to 250kV) or radioactive 1sotopes may
be used to produce gamma rays and nuclear reactors to produce neutron radiation. A
shadowgraph on a photographic film or fluorescent screen is the typical output of such a
system that records the variations of density and thickness. This property makes this
technique useful for detecting porosity, cracks parallel to the radiation, thinning and
inclusions. The main advantages of this technique are the ability to detect internal
defects and that it can be used for a vast range of materials. However, this 1s an
expensive technique and very demanding from a safety point of view because of the
radiation hazard. It is also a technique that is not compatible with real time operation
and of difficult application to complex geometries. A further disadvantage 1s that access

to both sides of the component being inspected 1s mandatory [Halmshaw 91].

2.4.2 Ultrasound Technique
Another main technique is based on the emission of ultrasound waves, using a

piezoelectric transducer (usually a short pulse frequency of 500 kHz to 10 MHz), in a
narrow beam into a specimen and to detect any echoes returning from a defect with the
same or another transducer. The echoes are usually displayed on a flaw detector, which
displays a waveform using a time base that starts with the emitted pulse and is
calibrated horizontally in terms of distance within the specimen. Most times, having a
coupling agent, like gel, between transducer and specimen is mandatory. Water

immersion is another example of a good coupling technique.

Many industries prefer to use an ultrasound controlled scanning technique called
C-Scan. It displays the size and position of a defect in the plane of the surface of the
component, as well as, an indication of the defect depth using different shades of grey
or colours. Essentially, the C-Scan technique makes use of a grid system to manage the
position of the transducer and to associate the correspondent output from the flaw
detector. The position of the transducer is controlled by a two-dimensional positioning

system allowing the full coverage of the surface of the component.

The ultrasound technique has several advantages worth mentioning: its great penetration

power enables examination and measurement of materials of considerable thickness;



Chapter 2 Literature Surve 19

access to one surface of the component is sufficient; its high sensitivity and fast
response; it 1s harmless in contrast with industrial radiography; it is sensitive to planar
defects; as it is an electronics based operation suits automated inspection applications.
On the other hand, there are also several disadvantages: i1t requires experienced
operatives; it requires a couplant as a medium for wave propagation; it 1s insensitive to
defects very near the surface; 1t 1s time consuming if large areas are to be scanned; 1t 1s
very difficult to apply to coarse grain matenials and rough surfaces due to ultrasound
wave attenuation. Because leather structure contains many small air pockets, ultrasound

waves are highly attenuated, therefore low frequencies must be used if any results are to

be obtained.

Kronick performed acoustic emission studies on leather during deformation, concluding
that by observing the increase in energy and frequency of acoustic pulses, it is possible
to predict leather failure well before it tears [Kronick 92]. It was also observed that

breakage of adhesions and fibres occurred earlier in corium than in grain.

243 Eddy Current Technique
The eddy current technique is based on the placement of an inductive coil with an

alternating current close to the component to examine. A circulating eddy current is
generated in the sample very near the surface. This current, flowing in the component,
creates an electromagnetic field that is affected by the presence of a defect. The

electromagnetic field is measured using a sensing coil.

The main advantages of this technique are the following: it is very fast; plenty of
information can be obtained, such as, amplitude and phase information of probe
impedance; as i1t 1S a non-contact method, can be carried out remotely, The most
relevant drawbacks are: its difficulty to penetrate deep into thick material because of the
electromagnetic field attenuation below the surface; no defect shape information is
obtained; it 1s only applicable to materials with significant electrical conductivity. This
last disadvantage clearly rules out the application of this method for defect detection in

leather [Halmshaw 91].

2.4.4 Infrared Thermography
Infrared thermography is a relatively new approach to non-destructive testing that uses

invisible thermal radiation to detect changes in material properties. From the invisible

thermal radiation, an 1image of the heat distribution over the surface of an object is
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obtained. Heat flow in a material with variations of its properties, causes variations on

the emitted infrared radiation.

2.5 NDT by Infrared Thermography

The development of detectors of infrared radiation, associated theory and electronics
allowed non-contact temperature measurement by quantifying the infrared radiation.
Recent advances in infrared technology, specifically development of high-density
imaging sensors have opened a new level of applications unreachable prior to the
availability of this technology. Since then, many applications of infrared technology
have been conceived, such as: buildings and structures operation and maintenance,
printed circuit boards evaluation, nuclear power industry, real-time welding quality
control, military applications, aerospace industry, medical applications and material
analysis and non-destructive testing. This last field, material analysis and non-

destructive testing, is the most interesting for leather characterisation and inspection.

Materials analysis supposes excitation of an object, recording the object’s response and
then extracting information about its physical properties, in particular its thermal
properties when infrared technology is used. Material defects can be regarded as smooth
or sharp variations in the physical properties of sound material. Thus, “material
analysis” is widely accepted as complete characterization of an object, while
“non-destructive testing” concerns mapping of the spatial distribution of physical
properties inside a sample. In general, defects can be regarded as a deviation from an

accepted standard.

All NDT techniques have their own strengths and weaknesses. Infrared thermography
has the following advantages: high inspection rate; no contact is needed and access to
only one side of the matenal is required; no harmful radiation is involved, there are no
personnel safety concerns; the results are presented in form of an image and easily
interpretable; wide span of applications. On the other hand, there are several difficulties
affecting this technique: difficulty in achieving a quick, uniform and highly energetic
thermal stimulation over a large area; effects of thermal losses (convective, radiative)
that affect the reliability of interpretation; very costly equipment (infrared camera and
thermal stimulation units); capability to detect only defects that cause measurable
change of thermal properties; ability to inspect only a limited thickness of material

under the surface; emissivity problems. These last two disadvantages are not relevant
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for leather inspection as leather is a relatively thin material and possesses high infrared

emissivity [Maldague 94].

For a better understanding of the basics of infrared thermography a brief introduction to

its most relevant aspects is presented below.

2.5.1 Principles of Infrared Radiation
Sir William Herschel, in 1800, discovered by accident the presence of thermal radiation

outside the spectrum of visible light. He verified that beyond the red part of the
spectrum of visible light there was an invisible radiation. The energy of this radiation
was able to produce a maximum elevation of temperature of a mercury thermometer

when compared with all the bands of the spectrum of visible light. This radiation was
named infrared and it is just a continuation of the well-known spectrum of visible light

[Hudson 69].
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Figure 2.4-The electromagnetic spectrum.

The infrared radiation obeys exactly to the same laws as any electromagnetic wave.

Infrared radiation is characterised by longer wavelengths than the visible spectrum,
between 0.75 um and 1000 um (see Figure 2.4). The range 0.75 um to 1.5 pum is known
by near infrared, the range 1.5 pm to 20 pm 1s known by middle infrared and the range
20 um to 1000 um 1s known by far infrared.

The middle infrared, also known as thermal infrared, i1s the radiation range most

important for infrared thermography. As an example, infrared cameras have typically

two radiation working regions, 3 pmto 5 pmand 8 pm to 12 pm.

Electromagnetic radiation is continuously emitted and absorbed by matter. The emission
process involves molecular excitations within the material, which generate radiative

transitions in its constituent particles. An augment in temperature causes an increase in
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molecular excitation in the material, which in turn is beneficial to the generation of

radiation.

Thermal emission by solids i1s typically presented in terms of the concept of a

blackbody. A blackbody i1s defined as an object which absorbs all radiation that
impinges upon it at any wavelength. A blackbody capable of absorbing all radiation at

any wavelength is equally capable in the emission of radiation.
Three fundamental laws were postulated to describe the behaviour of a blackbody:

Planck’s law, Wien’s displacement law and Stefan-Boltzmann law.

Planck’s Law
Max Planck was able to describe the spectral distribution of the radiation from a

blackbody by means of the following formula:

2
W}{b =._.._2U__€_._ (2_1)
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where W), is the blackbody spectral radiant emittance within a spectral interval 1 um

wide at wavelength 4, ¢ 1s the velocity of light, /4 is Planck’s constant, &k is Boltzmann
constant, 7 1s the absolute temperature. The significance of the 1 um wide spectral
interval in the value of W}, is that the instrument used for measuring spectral emittance
characteristics must use a narrow band of radiation in order to register a reading. Thus, a

value of spectral radiant emittance 1s meaningless unless the spectral interval is also

specified.

For any temperature, the spectral emittance 1s zero at A = 0, then increases rapidly to a
maximum at a wavelength An. and after passing it decays to zero again at very long
wavelengths. The higher the temperature, the shorter the wavelength at which the

maximum OCcCurs.

Wien’s Displacement Law
Differentiating Planck’s formula with respect to 4, and finding the maximum, Wien’s

displacement law is obtained and is given by the following formula:

1 = 2898

- T

(2.2)
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This formula expresses mathematically the common observation that colours vary from

red to orange or yellow as the temperature of a thermal radiator increases. The
wavelength of the colour is the same as the wavelength calculated for Anax. For instance,
a very hot star such as Sirius (11000°K), emitting bluish-white light, radiates with the
peak of spectral radiant emittance occurring within the invisible ultraviolet spectrum, at
wavelength 0.27 um. The sun (approximately 6000°K) emits yellow light, peaking at
about 0.5 um in the middle of the visible light spectrum. At room temperature (300°K)

the peak of radiant emittance lies at 9.7 um, in the middle infrared; while at the
temperature of liquid nitrogen (77°K) the maximum of the almost insignificant amount

of radiant emittance occurs at 38 um, in the far infrared [Casado 95].

Stefan-Boltzmann Law
Integrating Planck’s formula from A =0 to 4= o, the total radiant emittance W, of a

blackbody is obtained and given by the following formula:
W,=c-T* (2.3)

where o is the Stefan-Boltzman constant. The Stefan-Boltzman law states that the total
emissive power of a blackbody i1s proportional to the fourth power of its absolute
temperature. Graphically, W, represents the area under the Planck curve for a particular
temperature. It can be shown that the radiant emittance in the interval 4 =0 to 4 = Amax,
is only 25 percent of the total, which represents about the amount of the sun’s radiation

which lies inside the visible light spectrum.

The previous concepts can only be applied to blackbodies. Real objects almost never
comply with these laws over an extended wavelength region, although they may

approach the blackbody behaviour in certain spectral intervals.

There are three processes that prevent a real object of acting like a blackbody: a fraction
of the incident radiation a (spectral absorbance) may be absorbed, a fraction ¢ (spectral
reflectance) may be retlected and a fraction 7 (spectral transmittance) may be
transmitted. Moreover, these factors are more or less wavelength dependent. However,

for any wavelength the three fractions must always add up to the whole, so the

following relation 1s achieved.

ct+¢+r=1 (2.4)
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Another important factor, & emissivity, is required to describe the fraction of the radiant
emittance of a blackbody produced by an object at a specific temperature. Spectral
emissivity 1S also wavelength dependent and is the ratio of the spectral radiant power

from an object to that from a blackbody at the same temperature and wavelength.

Usually, there are three types of radiation source, distinguished by the ways in which
the spectral emittance of each varies with wavelength: a blackbody £=1 for all
wavelengths; a graybody € = constant (less than 1) for all wavelengths; and a selective

radiator where ¢ varies with wavelength.

Emissivity has i1ts implications in Stefan-Boltzmann law, which is shown in the

following formula.
W,=¢.0-T* (2.5)

From this formula, 1t can be stated that the total emissive power of a graybody is the
same as a blackbody at the same temperature reduced in proportion to the value of

emissivity for the graybody.

2.5.2 Thermal Stimulation
In terms of experimental set-up configurations of infrared thermography, two methods

can be used: the active and passive approach. In the passive approach, an image of the
object to test is obtained while no external thermal perturbation is applied. In the active
approach, externally applied thermal stimulation is required to generate meaningful
contrasts which will lead to abnormality detection. Without such extraneous applied
thermal perturbation, no information can be obtained from the inspection since the

surface temperature distribution is not related to the subsurface structure [Maldague 93].

For leather characterisation and inspection the active approach is certainly the most
interesting. Regarding the thermal stimulation of materials a vast number of modes have
been proposed and an overview of the most interesting for practical infrared
thermography, such as, Pulse Thermography, Step Heating and Lock-in Thermography

is given in this thesis.

Pulse Thermography
In Pulse Thermography, also known as Transient Thermography, a thermal pulse is

applied to the material to be inspected. Following this input of thermal energy, a
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measurement of the temporal evolution of the surface temperature of the specimen is
carried out with an infrared camera allowing subsurface flaws to be exposed, in the
following manner. The temperature of the specimen changes rapidly after the initial
thermal perturbation as the thermal front propagates, by diffusion, under the surface.
The presence of defects affects the diffusion rate, thus when observing the surface
temperature, defects show up as zones of different temperatures with respect to
neighbouring sound zones once the thermal front has reached them. As a consequence,
deeper defects will be observed later and with reduced contrast. In reality, the
observation time ¢ 1s a function (in a first approximation) of the square of the depth z

[Cielo 87] and the loss of contrast ¢ 1s proportional to the cube of the depth [Allport 88].

z* |
| ~ — and C~— 2.6
3 3 (2.6)

where o 1s the thermal diffusivity of the material. An empirical rule of thumb by

Vavilov [Vavilov 82] says that:

“the radius of the smallest detectable defect should be at least one to two

times larger than its depth under the surface”

This empirical rule 1s applicable to 1sotropic materials, however in case of anisotropic

materials it 1s more constrained.

The thermal energy impingement on the sample can be performed in several ways,
particularly for point, line and surface inspection. In the case of point inspection, a laser
or a focused light beam is used for that purpose with good repeatable heating and
uniformity; on the other hand there 1s a need to move the inspection head or the material
to cover a surface slowing down the process. Line inspection using line infrared lamps
allows faster inspection rate and good uniformity due to the lateral motion of the
scanning head or material. Surface inspection uses lamps and complete analysis of

covered area 1s possible, however the non-uniformity of the heating creates additional

problems.

Sometimes, the temperature of the part to inspect is already higher than the ambient
temperature due to, for instance, the manufacturing process; it may be more
advantageous to use a cold thermal source. The propagation of the thermal front is not

dependent on the type of source (cold or hot), what is important is the temperature
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differential between thermal source and the material being inspected. Another aspect
that must be realized is that the stimulation source must stay non-destructive, neither

causing any chemical or physical damage to the specimen being inspected.

The observation of the response to the application of a thermal perturbation can be
achieved by two modes: reflection mode, both the thermal source and the detector unit
are located on the same side of the specimen being tested; transmission mode, where the
thermal source and the detector unit are located on opposite sides of the specimen being

tested.

The reflection mode offers better resolution but for a smaller maximum thickness. In the
transmission mode a greater thickness can be inspected but the depth information is lost
[Sayers 84]. Further, observation in transmission mode is not always feasible especially
for more complex structures. In general, the reflection approach is best used for
detection of flaws close to the heated surface, while the transmission mode is best suited

for detecting defects closer to the rear surface.

Step Heating
For another thermal stimulating scheme, step heating (long pulse), the interesting

feature 1s the increase of the surface temperature during the application of a step heating
pulse. Similarly to the previous thermal stimulating mode, changes of surface
temperature are closely related to specimen features. This technique has many
applications for example for coating thickness evaluation and integrity of the bond of

coating-substrate [Spicer 91].

Lock-in Thermography
Lock-in Thermography is a thermal stimulating mode based on thermal waves

generated inside the specimen under scrutiny [Busse 92]. This concept is well know in
electrical circuits analysis field, for which the stationary regime response to a sinusoidal
input signal 1s also a sinusoidal signal with specific amplitude and phase, if the system
is linear. If a sinusoidal thermal stimulation is applied to a specimen, a highly attenuated
and dispersive wave 1s found inside the material (in a near surface region). This wave is
designated as a “thermal wave”. The most interesting part is that these waves can be
created and detected remotely. The stimulation with a sinusoidal deposition of heat on

the surface specimen and the recording of the thermal infrared emission is known as

lock-in thermography. The outcome of lock-in thermography is rather different than
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from pulse thermography, here the interesting data is the amplitude and phase images;
specially the phase image which is related to the propagation time and is independent of

the optical surface properties of the specimen.

2.3 Thermal Image Degradation
Infrared image degradation can occur in three forms, radiometric distortion, geometric

distortion and noise.

Radiometric distortion is caused by the non-linear response of the system to the full
input range of radiation. For instance, a thick high thermal conductivity material
(copper) is heated to a temperature higher than the ambient temperature. The infrared
image from this heated plate is recorded. In most cases this image will not be uniform;
and more surprisingly the non-uniformity will depend on the plate temperature. This
example shows that some radiometric corrections might be necessary especially for

performing quantitative measurements.

Spatial geometric distortion is caused by the intrinsic fuzziness of thermal images

caused by lateral propagation of heat. Other geometric distortions like vertical to

horizontal ratio distortion may also affect systems.

Figure 2.5-Raw thermal image of leather where high frequency noise is clearly visible.

This image was obtained with the infrared thermography system available at Bath
University.

Finally, noise greatly affects thermal images (see Figure 2.5), in particular high

frequency noise that certainly has to be taken into account when processing thermal
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images. There are many noise sources, such as, noise from infrared detector,
background radiation, and noise caused by object inhomogeneity (emissivity variations,

volumic noise 1.e., variations in thermal properties that are not regarded as defects).

Averaging N images of a stationary scene contaminated by random noise increases the

signal-to-noise amplitude ratio by a factor of JN [Castleman 96]; this is a simple
method of reducing noise. Smoothing of noisy thermograms can also be achieved by
filtering infrared images using a median filter or more complex methods by sliding
gausstans [Hayden 87]. Averaging frames of the same scene is simple and it does not

affect edges, which due to their nature are already quite blur.

Despite some image degradation may be corrected, great care has to be taken with these

corrections because there are always unavoidable uncertainties in these transformations.

2.54 Noise Evaluation
Using a technique proposed by Fisher et al. [Fisher 95], image noise quantification of

any images can be easily obtained by recording two images of the same scene. It is
assumed that 1f they are acquired in the same conditions the only difference between
them 1s noise. The peak signal-to-noise ratio (PSNR) of two indexed images can be

calculated using the following equation:

Max Intensity

PSNR = 20 * logm[ S
rms

] (dB)

Where N =noise = |A - B]
v1j, 0= A(1,)), B(1, j) <1

Max Intensity =1
(2.7)

> [NG, DY

Maxcol Maxrow

rms (N) =

i =0,1,....,Maxrow -1 (Maxrow rows in images)
i =0,1,....,Maxcol - 1 (Maxcol columns in images)

It is assumed that indexed images have pixel values between [0..1]. The PSNR is given

in decibel units (dB), which measure the ratio of the peak signal and the difference
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between two images. An increase of 20 dB corresponds to a ten-fold decrease in the root

mean squared difference between two 1mages.

2.5.3 Thermal Image Processing
In infrared thermography, the two most important quantities are temperature spatial

distribution and its time relationship. From these quantities other parameters can be
derived such as the temperature contrast which is of interest since is less aftected by

noise (a time domain analysis provides a more reliable procedure since volumic noise

has a smaller effect).

Many temperature contrast definitions are used in infrared thermography, the most

common are: the increased or excess temperature, the running contrast, the normalized

contrast and standard contrast.

The increased or excess temperature signal 1s AT(?) 1s given by thefollowing expression:
AT(t) =T,(t) - T, (1) (2.8)

where T is the temperature signal, ¢ is the time variable, indexes i and s refer to a
suspected defective area and over sound areas respectively. Usually, a sound region is
identified automatically or by an operator. With this kind of data processing a better
visualisation of the defect is obtained, however AT is linearly related to the absorbed
energy and this limits comparisons among experiments. This contrast computation

makes use of the “spatial reference technique” in which sound values are subtracted

from suspected values to improve visibility [Maldague 93a].

The running contrast C'(2), computed by Equation 2.9 is less affected by surface optical
properties, if suspected and sound areas are located over regions of same
emissivity/absorptivity. Also, the running contrast is less dependent on the absorbed

energy [Grinzato 95].

AT(t)
T (¢)

5

C'(t) =

(2.9)

The normalised contrast C'(?) is a contrast calculated with respect to the values of

temperature at the instant #, when the excess temperature is maximum (see

Equation 2.10).
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() T
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C 4 (t) = (2.10)
Obviously, this parameter is dependent on the heating stimulation parameters.

Normalisation may also be computed with values at the end of the thermal process.

The standard contrast definition C'(?) is another definition that is computed with respect
to before heating temperature distribution at time ¢ (to minimise the adverse

contributions from the surrounding environment) and normalised by the behaviour of a

sound area (see Equation 2.11).

7Tr(t)‘_'T.*(tc:))

C (1) = =22~ "io)
=T O-T.0,)

(2.11)

In standard contrast computations, a unit value is obtained over a non-defective area.
Standard contrast is widely spread as the definition of thermal contrast. Interestingly,
standard contrast reduces the spurious effects of emissivity since its negative

contribution cancels out in the division, i1f assumed uniform over the specimen surface.

On the whole, thermal contrast images are generally cleaner than raw thermograms, or

thermal images. Contrast 1s often computed as a first step in the analysis of thermal

image sequences.

2.5.6 Defect Sizing
Defect sizing 1s not a straightforward task in infrared thermography. Nevertheless,

defect sizing 1s an important aspect of nondestructive testing because size is an

important factor in the assessment of the severity of a defect.

The traditional approach for defect sizing is based on a “gradient image” (high-pass
filtered contrast image) of the contrast image recorded when standard contrast is
greatest. The gradient image is then used for defect size computation. This approach is
based on the fact that defect visibility is greatest at peak contrast when the defect

detection is more likely to occur. This is particularly true for weaker defects.

More recently, however, another argument was brought into consideration: if one has to
wait for maximum contrast to develop, the visibility of a defect will be enhanced but, on
the other hand, waiting for this to happen also blurred the edges of the defects due to the
three-dimensional spreading of the thermal front. In this respect, Krapez suggested to
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rely on the contrast image as soon as it emerges from the noise [Krapez 94] or when the

slope of the contrast curve is at its peak [Favro 935].

Another refinement to the early detection procedure was proposed by means of an
iterative technique to correct the shrinkage resulting from the thermal front spreading up
to the time of defect detection. A series of images are recorded following the pulse
heating and, for each image, defect size 1s taken as half the maximum amplitude. A plot
of defect size as function of the square-root of the time, 1s then created and the fit line at
time zero gives the defect size with a small overestimation (4% was noticed in the case
of mild steel) [Almond 94]. This approach is not exempt of problems because, for very

small defects or at very long times it fails.

2.6 Thermal properties vs. Physical properties

In some cases, measurement of a certain thermophysical property is directly related to

the value of another material property. Some research has been done on linking thermal

properties with physical properties, using infrared thermography.

Peralta et al. reported consistent differences in thermal diffusivity of high purity

aluminum specimens depending on the degree of specimen recrystallization

[Peralta 91].

Connolly studied the eftect of porosity on the apparent diffusivity of composite
materials [Connolly 92]. In this study, a face of a sample is heated with a high power
laser, while the thermal response on the other face is observed and recorded.
Experiments were conducted on carbon-epoxy samples with a range of known
porosities and varying thickness. A good correlation between the diffusivity and the
porosities for the tested samples was obtained. These results were explained in terms of
the influence of the porosity on the thermal diffusivity. Small pores create a higher

thermal resistance and retard the heat flow through the material.

Thus, thermal diffusivity seems to be a good indicator for porosity assessment because

it is linked to apparent density and can be measured through infrared thermography.

2.6.1 Thermal Diffusivity Measurement of Materials
Thermal diffusivity of a material, 9, is given by Equation 2.12, where p is the density, c

is the specific heat and £ is the thermal conductivity.
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5= (2.12)

L
pC
Thermal diffusivity of a material can be measured in a relatively simple non-contact

manner using infrared thermography.

One of the best known methods of measuring thermal diffusivity [Parker 61], also
known as classical method, consists of heating a specimen and observing the
temperature evolution of either the front or the back surface. In case the back face is
monitored, Parker ef al. showed that for a sheet of material with a thickness L, the time

t% (i.e., the time for the monitored surface to reach half its maximum temperature) can

be defined by:

© 1.3817
1/2 ”25

(2.13)

However, this expression assumes a one-dimensional heat flow within a semi-infinite
medium. Hobbs et al. carried out computations of t'2 for a range of materials and they
concluded that ¢/, for copper is only 0.13 seconds while for a 10 mm thick composite
plate is 33 seconds [Hobbs 91].

Two other methods can be used for thermal diffusivity measurements, namely,
Diffusivity Measurement Method based on the Laplace Transform and Diffusivity
Measurement Method based on Phase Measurement. Despite these methods being more

accurate than the classical method, they have the inconvenient of requiring more

resourccs.

From this short study, one can hypothesize that if the thermal diffusivity of a material
depends on its porosity, it is very likely that it also depends on the apparent density of
the same material. A more porous material has a smaller apparent density. Wang
reported a high correlation between tensile strength and density of leather [Wang 92].
Thus, it is proposed that a relationship between diffusivity and the tensile strength of
leather may exist. The confirmation of this hypothesis would be a major breakthrough
in leather characterisation, as it would be possible to partially characterise leather in a

non-destructive and contact less manner.
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2.7 Leather Characterisation and Inspection

The manufacture of leather involves visual inspection and manual sorting at key stages
of production by skilled operatives. Accurate sorting is fundamental for assuring the
best return on the available material and customer satisfaction. Any lack of consistency
by graders or between graders can prove very costly. The development of an automatic
characterisation and inspection system is certainly the right answer to reduce the

subjectivity associated with visual perception and varying skill of human sorters.

The adoption of such system would undoubtedly have many advantages, such as: an
infinite attention span and ability for continuous operation for long periods without
mental or visual fatigue without grade decision deterioration; equal attention to all areas

of a skin, a manual sorter may overlook a certain area if lighting conditions are not

appropriate.

However, some disadvantages could also be foreseen, for example: lack of human
grader common sense 1n the decision-making process; faults disregard by the human
grader that can be tolerated; system will only see the leather under one set of lighting

conditions, whereas the human operator can change his viewpoint in order to check a

suspected area.

Ideally, any effective inspection system should be able to cope with defects that vary
greatly in size, from small spots, e.g. light spot and pinhole, through narrow linear faults
such as, scratches, to larger area faults like ringworm, mange and putrefaction. Such
system should have the ability to take into account the location, size, and nature of
faults and produce numerical grades similar to those used at present. Furthermore, it

should be capable of working at least as fast as currently achieved by human sorters.

Such system could also contribute decisively for the automation of the process of

leather layout and cutting. For each skin, a map of physical properties and defects

would be produced, so CAD/CAM tools could use this information to maximise the

utilised area and lay out the right patterns on the best position.

Several attempts have been made to build such system without much success. These

systems are mainly based on normal computer vision.

Gaffron et al. developed an automatic inspection system based on a CCD line scan

camera. Its main objectives are to be able to recognise and classify grain defects. These
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are expressed in form of a fault map or single numerical grade prior to samming or after
toggling. In order to explore the system potential, faults were divided in three geometric
categories (dot, linear, area) and graded by three levels of seventy of detection (E for
easy, D for difficult, R for in between faults). The reported results show a detection rate
of 83% for E and R faults and several of the class D faults [Gatfron 94].

Hilton presents another inspection system based on image analysis. Simultaneous
acquisition of multiple images using laser-scanning techniques is reported. Three
different types of images are produced: reflection, transmission and fluorescence. The
transmission image is best used for restricting the working area and detect penetrating
defects or thickness variations. The reflection image is suited to faults that cause
contrast changes on the surface. The fluorescence image is ideal for highlighting healing

and structural defects. However, no quantified results are presented [Hilton 95].

Polzleitner designed a flexible real-time system for 2D defect and texture classification
of wooden materials that was successfully applied to leather inspection. A line scan
camera is used for image acquisition and several algorithms for object segmentation and
recognition are applied. Furthermore, texture classification is also performed in

real-time [Polzleitner 935].

The exhaustive work of Hoang et al. on achieving automation in leather surface
inspection, concentrated on the development of algorithms for defect detection, defect
classification and material handling [Hoang 97]. This research group experienced some
difficulties during the image acquisition process, as the geometry and/or position of
some defects against the light source and CCD line scan camera are not dominant
enough to be detected. Although good results are reported, it was concluded that some

defects are not visual in nature and they are not detectable by a visual system.

This last conclusion of Hoang et al., is extremely important and greatly supports the
view of the author that an effective automatic system for characterisation and inspection
of leather cannot be achieved by a single method but by a combination of several
methods. Although visual inspection is definitely relevant, it cannot provide any
information about the thickness or material properties. Perhaps, the ideal solution would

be a combination of mechanical, normal computer vision and infrared thermography.
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3 Physical Testing and Results

3.1 Introduction

This chapter starts by the presentation of the sample materials used in the experiments

performed throughout this work, and how specimens were obtained and handled.

Next, a brief description on how thickness measurements are carried out is given.
Tensile tests, apparent density and surface roughness measurements, follow the section
devoted to static compressibility tests. For each test, a description of the procedure,

instrumentation, results computation methods and results is given.

The main of objective of conventional physical tests is to characterise the specimens
used in this work in a conventional manner and then compare these results with the data

obtained by the Mechanical Scanning system and by Infrared Thermography.

3.2 Sample Materials

3.2.1 Sample Selection
Three sides of leather were used in this work as well as some random specimens from a

spread of leathers. Specimens are coded to facilitate the comparison and storage of

results.

Two bovine sides of crust leather with an average thickness of about 1.1 and 2.2 mm
were selected and kindly offered by Holmes Hall Tanners, Plc. Hull. These two sides
were tanned under the same procedure, in this way, one can be assured of “similar”
properties on different skins and different areas apart from natural variations of density,
thickness, defects, structure of fibres and orientation of fibres. A single side of a bovine
hide (2.5x1 m) can easily provide seven.sampling positions with adequate variety of

properties for this study [Muthiah 76]. The selected positions correspond to: Shoulder,
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Butt 1, Butt 2, Tail end, Front Shank, Belly and Back Shank (see Figure 3.1). These

sampling positions were numbered from 1 to 7 as shown 1n the same figure.

A corrected grain sheepskin side 1 mm thick was also selected in order to cover a wider
range of leather. However, due to the sheepskin size, only two similar sampling

positions can be obtained (Front and Back respectively numbered 1 and 2).

From each sampling position, an oblong piece of leather was removed. From this piece,
a set of specimens for each location was cut in order to perform destructive and

non-destructive tests. Figure 3.2 shows the layout of a set of specimens within a

sampling position.

Figure 3.1-Selected sampling positions within a side.
Each specimen within a set i1s unambiguously identified by an alphanumeric code,
which is composed by several letters, e.g.: S14A3. Here, “S1” stands for the side with
thickness around 1 mm, “S2” for 2 mm thick side and “S3” for the sheepskin side. The
second digit identifies the sampling position relatively to the side and, according to
Figure 3.1 ranges from I to 7 for "S1™ and “S2”, and ranges from 1 to 2 for “S3”. The
following letter represents the shape of the specimen according to Figure 3.2. Finally,

the last digit identifies the number of the specimen in case there is more than one.

The primary objective of each specimen was as follows: “Al1” to “A3” and “B1” to
“B3” are provided for tensile strength and elongation testing, parallel and perpendicular
to the backbone; specimen “C” and “D” were used for friction and roughness tests and
could also be used for tear strength tests; high voltage tests were carried out on “E17 to

“E3”; softness and static compressibility tests were done on specimen “F”; specimens
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"HW” were used for static compressibility tests but on specimen “HW” impact
compressibility tests also take place; turther, specimen “HN”, “HW?”, “GN” and “GW”
are utilized for all the testing that can be performed by the Mechanical Scanning
System; for infrared thermography testing and diffusivity measurements specimen “[”
was selected, while some "HW”, “C” and “D” specimens are also used for infrared

testing, in particular after inducing some artificial faults.

W HN Bl B2 B3
o E2 E3
|
D
Al El
G
A2 F
A3
GN
GW

Figure 3.2-Set of specimens within a sampling position.

The precise dimensions of the specimens are presented in Appendix A.

The main objective of having wide leather strip specimens was to emulate the behaviour
of a skin, so results from testing wide specimens would be considered as results from

testing the full skin without cutting of specimens.

The layout of the specimens within a sampling position was thought to enable the

correlation of results from different tests, assuming a smooth transition of properties

between adjacent specimens.

3.2.2 Sample Conditioning

Leather specimens are conditioned at standard testing atmosphere (23°+1°C.

50+4% r.h.), according to ASTM D 1610-91 for at least 48 hours before testing . Most

of the time, a maximum variation of 4 % on the relative humidity and 1°C on the

temperature was not feasible because of the limitations of the air conditioning control
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system available at The University of Hull. All tests were performed in the same room
where the leather samples were conditioned, with the exception of the infrared

thermography experiments that were performed at the Department of Materials Science

of the University of Bath.

3.2.3 Testing sequence
Leather testing in this work followed a precise sequence in order to be able to combine

tests of different nature. Some tests simply do not affect tested specimens, while other

tests demand a period of rest and some other tests are even destructive, preventing the

re-utilisation of the specimens.

3.3 Thickness Measurements

The thickness of each leather specimen was measured by a dial micrometer gauge
and/or the compressibility and softness tester described in the next section. A similar

* was applied to all specimens. The thickness measurements

contact force of 500 gecm
were performed after environmental conditioning, but prior to testing. The testing

procedure followed the standard ASTM D1813-89 with minor adaptations.

3.4 Static Compressibility Tests

Compressibility is defined as the decrease in intrinsic thickness with an appropriate
increase in pressure across thickness. The intrinsic thickness of leather is in fact the
maximum leather thickness that can be measured and is determined as the thickness of
the space occupied by the leather subjected to a defined pressure. Two effects are
noteworthy in compression. At first, there 1s the irrecoverable strain during the initial
compression cycle, and secondly, there 1s a mechanical hysteresis observed during a
compression-release cycle (see Figure 3.3) resulting in a lower volume during the
release cycle. In order to compare different compression curves of fabric, Kawabata
[Kawabata 80] introduced four parameters as part of the compression test in his KES-F

system (a system aiming objective fabric evaluation). The KES-FB3 compression test

takes several thickness measurements between 7, and T, at a 0.5 gf.cm™ and

50.0 gf‘..cm'2 (P,) pressure interval, respectively. The following four parameters express

the work of compression, WC, as the area under the pressure-thickness curve; (WC' area

release curve), the linearity, LC, as the deviation from a straight line between the
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thickness limits; the resilience or hysteresis of the fabric compression, RC and the

relative compressibility, EMC.

WC = T]"PdT
T

Lc=wc/(0.5P,(T,-T,)) 3.1)
RC =WC'|WC
EMC=1-(T,/T,)

Lokanadam concentrated his work mainly on the compressibility index, plotting the
logarithm of leather thickness against the logarithm of measuring load. The negative

slope of a fitted straight line represents the compressibility of the leather, C, and

according to Onions et al. [Onions 67] 1s given by:

C ﬁ_ p__ the fractional change in thickness (3.2)

! the fractional change in pressure

being p the applied pressure, ¢ the thickness, d, changes in pressure and d; changes in

thickness.

In the process of leather compression, three stages can be distinguished depending on
the pressure (see Figure 3.3), as it happens in fabric [Postle 71, de Jong 86 and
Matsudaira 95]. First at low pressure, the pressure foot starts to compress the leather
causing a certain amount of shear stress while the compression force varies linearly with
the thickness. An increase In the pressure might cause the rearrangement of fibre
bundles overcoming interfibre friction. The leather thickness decreases non-linearly
with increasing pressure in this second region. Increasing the pressure even further
compresses the rearranged and compacted fibre bundles, hence the pressure rises greatly
for a small reduction in thickness. This third region can be considered as the initial

elastic region of the fibres.

In this thesis, the author uses the concept of compression energy CE to characterise
leather. This concept is defined as the energy needed to compress leather, for instance
to 10% compressive strain. If the compression load CL compresses the leather by an

amount d/, the compression energy is computed according to Equation 3.3.

10%

CE = ICL dl (3.3)
0
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Graphically, the compression energy CE represents the area under the curve,
compression load function of compression length, from 0 to 10 percent compressive

strain, as shown 1n Figure 3.3.

Compression Release Curve
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Figure 3.3-Real compression-release curve (“S24HW”).

3.4.1 Instrumentation and Method
The author built an automated compression tester, shown in Figure 3.4, which can also

be used for softness measurements. The testing device measures electronically the
applied pressure with a load-cell (OMEGA® LCCA-50, range 100 Ibs compression and
tension). The reducing leather thickness is measured with a 4 mm range inductive
displacement sensor (TQ 402/5M) attached to the moveable platform. Both sensors are
connected via a PC30AT data acquisition card (12-bit analog-to-digital conversion) to a

computer, which logs the data and controls the compression tester.

The compression tester has been built according to the ASTM D1813-89 specifications
with slight modifications of the pressure foot and anvil diameters. The new anvil and
pressure foot characteristics are: a flat anvil with 7.8 mm diameter projecting 2.5 mm
from the surface of a flat circular platform about 50 mm diameter; a flat pressure foot
with 7.8 mm diameter having an effective compression area of 48 mm?®. Further, both
compressing surfaces were lapped to give a mirror finish and are parallel to within

10 pm. As a matter of comparison, Lokanadam selected a pressure foot with the radius
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of 3.11 mm [Lokanadam 89]. Further details on the rig and the sensors can be found in

Appendix B.

A typical compression test is performed as follows. The leather specimen with a
minimum dimension identical to the anvil platform (50.0 mm) is placed on the anvil
with the grain side facing up. The leather specimen should be handled with care to avoid

alteration of the leather specimen.

Figure 3.4-Full view of the static compressibility and softness tester.

3.4.2 Static Compressibility Testing Results
Static compressibility tests were performed on each “H” specimen of each sampling

location of the three available sides. The main objective of this test is to compare its

results with those from tests executed with the Mechanical Scanning System.

The compression rate of these conventional compressibility tests is about 50 ums™.

Each final result is the average of six similar experiments, performed under the same

conditions.

The compression test results are presented in Figure 3.5, the compression vs. sample
position at 10 percent compressive strain is plotted, as well as the compression energy

vs. sampling position at the same compressive strain.

The compression energy CE concept used in this test was described above and is

computed according to Equation 3.3.
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Figure 3.5-Conventional static compression test resulls.
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All data was calculated in MATLAB with functions developed by the author. In Figure
3.5 the compressive load of, for instance, specimen S14H (side 1, position 4,

specimen H) is read from the curve S1H “Sample position” 4.

3.5 Tensile Tests

The need to characterise materials made tensile testing, perhaps, the most commonly
used test. This test consists of clamping a specimen between the jaws of a tensile testing
machine and extending it at a constant rate. The extension of the specimen and the force

needed for that extension are measured and recorded. Data processing enables the

computation, for instance, of stress, strain and strain energy.

A load cell reads electronically the force applied in a tensile test. Conversion from force

to stress is obtained by dividing force by the original unstretched cross-sectional area of

the specimen (see Equation 3.4).

Force
St =— _
ress (0) thickness.width (3-4)

Another definition used in tensile testing 1s the strain on the sample and is defined in

Equation 3.5 (usually expressed in percentage):

y

increase in specimen length

Strain (&) = —— :
original specimen length

x 100% (3.5)

Tensile strength of a material 1s defined as the stress needed to rupture a specimen,
while elongation at break 1s defined as the strain at the instant of rupture of the

specimen and is usually expressed in percentage.

Another definition used in this thesis is the strain energy SE concept, which is defined
as the energy needed to extend leather to 1 or 2 percent strain. If the extension load EL

extends the leather by an amount d/, the strain energy is computed according to

Equation 3.6:

1% or 2%

SE = J'EL dl (3.6)
0

Graphically, the strain energy SE, represents the area under the curve extension load vs.
extension length from 0 to 1 or 0 to 2 percent strain. All data was calculated in

MATLAB with functions developed by the author.
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Figure 3.6 shows the result of a tensile strength test of specimen S21A1, where the
maximum stress was 17.9 MPa at 47.1 % strain.

Tensile Strength Test
18
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Figure 3.6-Tensile strength test result of specimen S21A41.
The shape and dimensions of the specimens for tensile testing of leather are shown in
Figure 3.7. The standard ASTM D2209-90 recommends quite a large dumbbell shaped
specimen, however for leather saving reasons a medium sized IUP/6 (Official Methods

of Analysis) specimen has been adopted. O’Leary also adopted successfully this

specimen shape and dimensions for his study of the differences in strength between the

grain and corium layers [O’Leary 96].

20 mm

Figure 3.7-Shape and dimensions of specimen for tensile testing.

3.5.1 Instrumentation and Method
A tensile testing system built in house was used for performing tensile strength,

elongation at break and stress-strain cycles.

The testing device measures electronically the extension force with a load-cell

(OMEGA® LCCA-100, range 200 Ibs compression and tension). The distance between
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clamping jaws is given by the position encoders of the pulling jaw. A PC controls the

rate of extension and saves all data in a MATLAB format file.

The width and the thickness of a specimen were previously measured in the centre of

the narrow area by one of the methods described in the section dedicated to thickness

measurements.

Extension and load data are calibrated in order to make sure that initial load and

extension begin at zero value.

A typical tensile test was performed as follows. At the beginning of each test, the
clamping jaws are placed 50 mm apart and the specimen is then clamped. The extension
rate, thickness and width of the specimen are input to the computer. Then, stretching
starts and the specimen can be taken to rupture or a to a certain limit force followed by
measuring the recovery process. Also, it 1s possible to stretch a specimen up to a

particular strain followed by the measurement of the recovery process.

3.5.2 Tensile Testing Results
Tensile testing of specimens “A” and “B” was carried out as conventional tests whose
results were to be used to compare and validate measurements performed with the

1

Mechanical Scanning System. A similar extension rate, 0.52 mms ', was used to

perform extensions up to 2 percent strain.

Stresses at 1 and 2 percent strain of tested specimens are shown in Figure 3.8 and Figure
3.9. The “A” specimens represent testing parallel to the backbone while “B” specimens
represent testing perpendicular to the backbone. Stress is calculated according to

Equation 3.4 and strain according to Equation 3.5.

Stresses at 1 and 2 percent strain of tested specimens are shown in Figure 3.10 and
Figure 3.11. The “A” specimens represent testing parallel to the backbone while “B”
specimens represent testing perpendicular to backbone. Strain energy is calculated

according to Equation 3.6.

Each result presented in Figure 3.8, Figure 3.9, Figure 3.10 and Figure 3.11 represents

the average of six similar experiments.

In Figure 3.8, the stress at 1 percent of strain of, for instance, specimen S14A1 (side 1,

position 4, specimen Al) is read from the curve S1A “Sample position” 4.
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Figure 3.8-Plot of stress @1% strain for Al and Bl specimens.

Tests were performed under standard conditions, and the extension rate was of 0.52 mms™.
Each result is the average of six runs.
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Figure 3.9-Plot of stress (@2% strain for Al and Bl specimens.

Tests were performed under standard conditions, and the extension rate was of 0.52 mms™.
Each result is the average of six runs.
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Figure 3.10-Plot of strain energy @1% strain for Al and Bl specimens.

Tests were performed under standard conditions, and the extension rate was of 0.52 mms
Each result is the average of six runs.
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Figure 3.11-Plot of strain energy @2% strain for A1 and Bl specimen:s.

Tests were performed under standard conditions, and the extension rate was of 0.52 mms
Each result is the average of six runs.
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3.5.3 Tensile Strength Results
The load to rupture a specimen divided by its original unstretched cross-sectional area

gives the tensile strength.

The specimens “A” and “B” were taken to rupture in order to know the tensile strength
of the specimens used throughout this work. Table 3.1 presents the average load, stress

and strain at rupture of all tested specimens. The extension rate of these tests was
1

0.52 mms .
Table 3.1-Tensile strength test results.
A- Parallel Backbone B - Perpendicular Backbone
Specimen Load (N)  Stress (Mpa) Strain(%)| Load (N)  Stress (Mpa) Strain (%)
S11 158,1 14,9 42,7 186,7 17,5 36,6
S12 177,53 16,0 26,1 I 195,5 17,0 34,1
S13 132,0 12,2 39,8 | 1550 13,6 40,4
S14 163,8 15,0 45,9 | 150,9 13,6 32,2
S15 151,4 15,1 293 | 1429 14,3 35,3
S16 129,9 10,9 31,9 151,0 12,8 30,9
S17 170,5 16,6 47,8 | 160,2 14,3 26,4
S21 374,7 17,6 47,6 404,4 19,0 45,2
S22 441,0 21,9 45,5 331,3 16,8 2,4
S23 480,4 23,3 63,7 428,2 20,8 45,8
S24 341,7 16,0 618 | 4014 19,0 45,9
S25 361,1 19,0 41,4 | 333,0 17,5 41,4
S26 364,3 19,3 44,6 396,6 20,2 52,2
S27 410,3 21,8 45,5 414,3 22,0 40,4
S31 421,9 41,0 39,2 290,0 29,0 43,5
S32 369,1 31,8 46,8 331,5 28,8 43,2

Tests performed under standard conditions, extension rate of 0.52 mms™, whenever rupture
occurred close to the jaws, tested specimen was replaced by similar specimen cut from
“HW” or “"GW" specimens.
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3.6 Apparent Density Measurements
The standard ASTM D2346-91 defines a method for measuring the apparent density of

leather. This method is based on two other ASTM standards, ASTM D1813-89
Measuring Thickness of Leather Test Specimens and ASTM D2347-91 Measuring Area

of Leather Test Specimens.

Measurements of apparent density comprehend four steps, measuring weight, measuring

area, measuring thickness and perform calculation of apparent density.

The measurement procedure starts with accurate measuring of the mass of the specimen

with an electronic balance (METTLER Toledo PB302, resolution + 0.01 g).

Next, the area of these circular specimens 1s obtained by measuring the diameter of the
specimen with a steel ruler. The ruler i1s placed across its widest girth and four

measurements are taken at radii approximately 45° to each other.

Next, eight thickness values are taken at radii approximately 45° to each other,

equidistant from the rim and the centre of the specimen.

Finally, all data is introduced in MATLAB and a script averages the four diameter
measurements as well as the eight thickness values, computes the area and apparent
density. Apparent density is computed by dividing the weight of the specimen in
kilograms by the product of the area in square metres by the average thickness in
metres. The MATLAB script also saves all data in a MATLAB format file.

Despite specimens “I” being larger than recommended by the ASTM standards for

apparent density measurements, their apparent density was measured.

The plot of Figure 3.12 presents the apparent density values of the tested “I” specimens
measured according to the procedure described above. In Figure 3.12, the apparent
density of, for instance, specimen S141 (side 1, position 4, specimen 1) is read from the

curve S1I “Sample position” 4,
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Figure 3.12-Apparent Density of “I” specimens.

3.7 Surface Roughness Tests

Surface roughness can be measured in two ways, either using a contacting method or a
non-contacting method. A non-contact method based on laser has here been chosen to
profile the surface because of the much higher accuracy and the fact that no pressure is

applied on the specimen.

372 Instrumentation and Measuring Method
The test arrangement seen in Figure 3.13 consists of a laser sensor that is firmly

attached to a fixed stand pointing downwards onto the slowly moving surface of a piece
of leather which is placed on the X-Y table. The laser uses the triangulation technique

(see Appendix B) to measure the distance between itself and the leather surface.
Triangulation has the advantage of not being susceptible to colour changes or patterns
providing that sufficient light is reflected back from the surface and is therefore well
suited for leather testing. A beam of red light (675 nm) with a 300 um diameter spot is
projected from a laser diode onto the surface of the leather. Part of the emitted light is
scattered back onto a photosensitive detector, which then signals the position of the
image from it. As the reflected light strikes the detector at different locations depending
on its distance from the fabric surface, the signal strength indicating the location of the
reflected light is converted to distance. The sensor used for the present work (LD1605-4
by p-Epsilon®) is capable of measuring a distance range of 4 mm with a resolution of

1 um. Further technical specification of the laser sensor can be found in Appendix B.
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Bearing in mind that the total measuring range corresponds to a linear voltage output of
+/- 10 V, a 12 bit A/D conversion (using a PC30AT data acquisition card), as used in
these measurements, will have a 5 mV resolution. Hence, the minimum detectable

analog voltage 1s identical to the resolution of the laser sensor (i.e., 5 mV represents

| um).
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Figure 3.13-Sketch of the surface roughness test.

Leather specimens are measured eleven times in the forward X direction by the laser
sensor over a 1 cm length, at Y step size of 0.1 mm. The specimens are placed stress
free on the rubber surface of the X-Y table with the grain side of the leather upwards.
The table is moved then at a velocity of 0.1 mms™ while the voltage signal from the
laser sensor is sampled at a rate of 500 Hz, giving 5000 samples in total for each pass in
the X direction. Next, whilst keeping the leather untouched, the table moves back to its
home position (in the X direction) and shifts 100 um in the Y position ready for the next
line scan. After a full test of eleven scans in one direction, the leather is turned 90° to
face along the other principal direction. Thus, all leather specimens are tested eleven

times in both directions (parallel and perpendicular to the backbone) covering a total

2
area of 1 cm”.

3.7.2 Roughness Testing Results
The surface roughness (SMD) of a leather specimen is calculated in accordance with the

KES-FB4 test [Kawabata 80]. Here, a well established method from the textile area is

used. The surface roughness is calculated from its height profile, 4;, obtained by the
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laser sensor at s different points and is defined as the mean deviation, which is given as

follows:

1§ -
SMD = Eéﬂhf - h| ds (3.7)

with /4 representing the mean value of the heights. In order to compensate for any
undulations of the leather, two mean heights and the local roughness based on them are
calculated for 4 mm subdivisions; (SMD1) was calculated between 2-6 mm and
(SMD2) between 6-10 mm as used by Ramgulam ef al. [Ramgulam 93] (see Figure
3.14). The area in Figure 3.14 between the mean value and the actual roughness curve

represents graphically the numerator of Equation 3.7.
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Figure 3.14-Profile scan perpendicular to the backbone.

Scanning the table, in an identical way as leather, produced an average surface
roughness of 2.6 um, indicating a smooth table surface. A two-dimension calibration
matrix was also produced in order to eliminate the effects of eventual inclination of the
X-Y table. Hence, the table will not superimpose any profile on the leather. As a
comparison, the rubber surface has also been measured with a stylus, giving however, a
ten fold lower surface roughness (0.2 um). This shows, as has been detected for fabrics
[Ramgulam 93], that a contact method gives a smaller roughness figure than a

non-contacting method.
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Six roughness values thus obtained from Equation 3.7 are averaged to give the mean

roughness of the leather along each principal direction (see Table 3.2).

Table 3.2-Mean roughness values of the three standard specimens.

Leather Parallel to Perpendicular to
Sample Backbone backbone

S14 | 8.6 um 1 46.4 pm

S24 3.7 um 20.2 um

S32 14.5 um 87.0 um

A first glimpse at Table 3.2 shows that all SMD roughness values are in the same order
of magnitude being greater in the direction parallel to the backbone. The mean deviation
of surface roughness of tested leather specimens perpendicular to the backbone is five
fold higher than parallel to the backbone. The orientation of hair shaft may explain such
result. Hand evaluation of the surface roughness is in close agreement with the trend

shown in Table 3.2. In general, one can conclude that the surface test gives a reasonable

discrimination between a rougher and a smoother specimen.
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4 Mechanical Scanning System

4.1 Introduction

This chapter presents the philosophy, design and implementation of a non-destructive
leather testing cell designated Mechanical Scanning System (MSS). The results of

experiments performed with the MSS are also presented.

The chapter begins with an overview of the concept of the MSS, followed by a detailed
description of its mechanical and electronic hardware. The most relevant parts of the
software specially written for this scanning system are described too. Finally, all results
are shown as well as a small evaluation of these. This system was object of a European

patent application that was published in September 1998 (see Appendix C).

4.2 Design Philosophy

The testing apparatus comprises two pairs of wheels, between which the leather passes.
By adjusting the speeds and spacings of the wheels and by measuring the torques and
positions of the wheels, various characteristics of the leather can be inferred, for
example: Tensile Modulus for low strain regions along scanning lines, softness along
scanning lines, compressibility across thickness and thickness. A laser sensor can be

provided to measure surface profile (roughness).

A simple sketch of a sectional view of the Mechanical Scanning System is shown in
Figure 4.1. A first nip 1s formed between wheel #1 & #2 (first pair of wheels) and a
second nip between wheel #3 & #4 (second pair of wheels). A DC motor can drive each
wheel. In order to measure the torque applied by the DC motors on wheels #3 & #4, two
torque sensors are used. Wheels #2 & #4 are fixed, while the vertical position of
wheel #1 1s variable and spring loaded. The vertical position of wheel #3 is also

adjustable and controlled by a stepper motor. A load cell is also provided for measuring
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the compression force between wheel #3 & #4. The distance between wheel #3 & #4 is

accurately measured with the aid of a very accurate displacement transducer.
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Figure 4.1-A sketch of the Mechanical Scanning System.
Using the available resources of the MSS 1t was then possible to perform several tests

on a sample of leather in order to obtain the required information for leather

characterisation.

The piece of leather to be tested is passed trough the nips at constant speed. In order to
obtain data for inferring the Tensile Modulus for low strain regions along the scanning
line, the speed of one pair of wheels 1s then modified with the purpose of stretching the
sample. This stretching causes an increase of torque, which is measured by the torque

sensors. It i1s this measurement that allows the computation of the above-mentioned

physical property.

The compressibility across thickness ot the leather can be determined by closing the nip

between the wheels #3 & #4 of the second pair of wheels, measuring the reduction in
the size of the nip and also measuring the force applied by the wheels #3 & #4. From

this, the measuring system can produce a measurement of compressibility of the leather

across its thickness and softness.

[t follows, from the previous test, that the testing apparatus can also measure the
thickness by measuring the distance between the wheels #3 & #4 at a predetermined

compression force.

Shear stress across thickness is also possible to obtain. The leather sample is clamped
between wheels #3 & #4 and these two wheels start to rotate in the same direction at the
same speed. By measuring the torque applied by wheels #3 & #4, shear stress across

thickness can be deducted.
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A laser sensor can also be used in order to obtain the surface profile of the leather. This
test is similar in every way to the surface roughness test described in the previous

chapter, consequently no further reference 1s made to this test.

Obviously, these tests cannot be performed simultaneously on the same sample location,
although the tests can be performed 1n sequence. It one assumes a smooth transition of
physical properties along the scanning line, representative results would be expected. If
an industrial device was to be built, a feasible test sequence would be the shear stress
test, followed by the compressibility test and finally by stretching. This test sequence

would be continuously repeated along the scanning line in order to obtain a map of the

desired properties.

4.3 Detailed Implementation

4.3.1 Components of MSS
With the purpose of implementing the concept presented above, a mechanical device

was built. The apparatus consists of a large aluminium framework (500 x 800 mm)

comprising several mechanical and electronic components (see Figure 4.2).

Figure 4.2-View of the Mechanical Scanning System.
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The aluminium framework is composed of a base plate and two gantries holding the two
pairs of wheels. The structure of the second pair of wheels 1s bolted to the aluminium
base plate in a permanent position. On the other hand, the structure supporting the first
pair of wheels is adjustable horizontally in order to enable the pre-setting of the distance
between the two pairs of wheels (direction of the length of the leather sample). This

distance ranges from 5 to 30 cm. The full system 1s mounted on rubber bobbins acting

as damping units.

The gantry supporting the first pair of wheels includes a fixed wheel (wheel #2) located
at the bottom. Wheel #1 is located immediately above wheel #2 and its position 1s
adjustable vertically. For this purpose, a self-aligning, high load, low friction sliding
system was adopted. A linear guide rail (LTH25-300 from NSK-RHP) is bolted to the
gantry; a ball slide (LAH25ANZ from NSK-RHP), based on a recirculating ball system,
is responsible for limiting the motion of wheel #1 and its driving system to one degree
of freedom. The sliding system is particularly resistant to overturning loads. This
characteristic is especially important in this application because when leather is
stretched, a rotational moment is generated on wheel #1 unit. This sliding system also
contributes for maintaining the vertical alignment of wheels #1 & #2. The compression
force between wheels #1 & #2 is manually adjustable; the combination of a screw and a
spring enables this adjustment. Rotating the screw clockwise compresses the spring,

which in turn increases the compression force between wheels #1 & #2.

The gantry supporting the second pair of wheels is more complex than the one just
described. Wheel #4 is fixed and located at the bottom of the gantry. Wheel #3 is
located immediately above wheel #4 and its position is adjustable vertically. For this
purpose, a similar linear guide rail is bolted to the gantry; two similar linear guides,
based on a recirculating ball system, are responsible for limiting the motion of wheel #3
unit (driving system and compression force sensor) to one degree of freedom (see
Figure 4.3). Because the compression force sensor (£50 Ibs single axis load-cell) should
not be subjected to out of line forces, the adopted solution was to use two linear guides
sliding on the same rail. The first linear guide holds wheel #3 unit and one end of the

load-cell, while the second linear guide holds the other end of the load-cell. The second

linear guide is also attached to a lead screw through a rectangular nut. This 300 mm

long lead screw in combination with a stepper motor enables precise computer

controlled positioning of wheel #3. The combination of a 1.8° stepper motor, driven in
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half-step mode, with a 2 mm lead screw pitch gives a theoretical linear displacement
precision of 5 um per step. Although, stepper motors can be run in open-loop mode with
sufficient accuracy, an extra sensor for measuring this displacement is provided. To
monitor the exact position of wheel #3 a displacement transducer (LVDT) is used, also
providing the distance between wheel #3 and wheel #4 in a direction along a line

normal to the axes of rotation of these wheels.
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Figure 4.3-Skectch of a sectional view of Wheel #3 unit.

Each of the four wheels has its own driving system, which includes the following
components: a DC motor, an encoder and a 500:1 ratio gearbox. In addition, each wheel
of the second pair (wheel #3 & #4) has an associated torque sensor for monitoring the
torque applied to the said wheel (see Figure 4.5). Furthermore, the position and velocity
of each wheel 1s computer controlled. All four wheels have the same physical

dimensions: 40.05 mm of diameter by 15 mm wide.

After performing some preliminary tests with the MSS, stretching leather in particular,
it was found that the friction coefficient between the aluminium wheels and the leather
specimens was too low. As soon as forces increased, slippage of the leather specimen

between both pairs of wheels would occur even for high compression forces on both
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nips. A solution had to be sought to increase the friction coefficient. The easiest way out
would be to cover all four wheels with emery paper. Other options, such as wheels with
small smoothed spikes and other kind of patterns, were also considered. However,
emery paper proved to be an adequate solution for this study, because no relevant
sample damage occurred even in extreme stretching conditions. Because friction
coefficients of grain side and flesh side are very different, two grades of emery paper
were used, a smoother grade (Ref. P1000) for wheels #1 & #3 and a rougher grade
(Ref. P120) for wheels #2 & #4. Obviously, leather samples should be scanned in the

MSS with the grain side facing both top wheels (#1 & #3).

Initially, it was expected that slippage would be detected if one looked at the torque
signals from wheels #3 & #4, i.e., sudden decrease of torque values while stretching
would mean slippage occurrence. This expectation was later confirmed in practice. Only
then was it realised that another means of measuring extension was required and useful
in order to confirm and measure the amount of slippage that really occurred. The
position of the wheels driven by the DC motors could not be taken as a reliable
measurement of the real extension. To overcome this initially overlooked problem,
Length Measuring Devices (LMD) were designed and put into place as shown on the
sketch of Figure 4.1. Their function 1s to measure the length of the material that trav