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Abstract

This research aims to develop a superior way of characterizing knife sharpness.
Current successful methods utilize contact destructive testing to develop a
measurement protocol for sharpness however; it is in my opinion that testing in
this manner, the instantaneous sharpness can never be known. Through-out this
work, | investigate what physical properties determine sharpness, how failures
occur in knives, the current state of art in knife sharpness testing, and then | seek
to develop a new novel way of measuring knife sharpness through optical

measurements.
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Chapter 1 - Introduction

Is it possible to measure the sharpness of a knife edge non-destructively? Current
commercial products measure sharpness by a physical cutting test, inadvertently
dulling the knife edge in the process. This is a flawed approach. This thesis
attempts to solve the question of a non-destructive measurement through
developing an understanding of what physical characteristics define a sharp knife
and then developing an optical based measurement approach to quantify knife

sharpness.
1.1 Thesis Layout

For the research to be meaningful, and to give context for the reader, a methodical
approach to the review and literature is presented in chapters 2, 3, and 4. This
approach serves to introduce the reader to the current state of art in the field of
knife sharpness line upon line, precept upon precept.

In the latter chapters, an approach to optically measuring sharpness is described

followed by results, comparisons and conclusions.
Chapter 2 - Background

To understand the need for knife sharpness and hence the measurement thereof, it
is important to know some of the basics to do with knives and their many
applications. This will also be beneficial when introducing literature in later
sections.

2.1 Anatomy of a Knife
There are as many types of knives and cutting instruments as there are

applications, so to typify its characteristics and for simplicity of explanation, a

generic commercial knife with a flat ground blade is used for a descriptive base



(Figure 1). For the purposes of this research, the majority of the knife is examined
however it will be later shown that edge radius and bevel angle play critical roles

in determining how sharp a blade edge is.

Figure 1: Graphic showing knife properties [38]

The knife mentioned above is a standard kitchen knife, forged for strength with a
bolster in between the heel and the handle to provide safety for the user and
overall good knife balance. The handle also known as the scales, provide a
gripping surface to allow for good leverage however grip is a function of handle
material.

For a long time, a wooden handle was common but of recent years, health
professionals have cautioned against the use of wood due to the ability of bacteria
being trapped in its surfaces. Pakkawood, a wood-plastic composite material is a
common replacement which is safe to use, and gives the look and feel of real
wood. Stainless steel is another common handle type which gives a very durable
finish and is easy to clean, but provides very little grip when the handle becomes
wet. In the meat processing industry, plastic handle knives are prevalent especially
handles made in white Polypropylene. Other common types of plastics used are
Fibrox, Nylon, Proflex, Resin, Styrene, Riveted Polyoxyethlene, Dexter-Russell
V-Lo and Santoprene; a synthetic rubber — polypropylene composite. Each plastic

composite offer small differences in comfort, grip, weight, and price.



The blade and tip have also been subject to design iterations and variations to
meet the many applications in food processing (Figure 2). Generally speaking
there is a trade-off between edge sharpness and edge durability. Typically, the
sharper a knife edge is, the more the edge will be susceptible to rolling and

cracking.

KNIFE EDGE TYPES

ARARA,

Cotivex \symmetrical *V™  Compound Hollow Ground Clusel
o1 Double Bevel ol o1
Flat Ground ol Concave Single Bevel
Flat Ground
with Back Bevel

Flat Ground

Figure 2: Graphic showing knife edge types [9]

Referring now to Figure 2, the “VV”’ edge is the preferred design for the majority of
kitchen knives as it is fairly durable and requires little skill to sharpen. The convex
design is like unto the “V” but stronger due to the sloping edges allowing more
steel to support the cutting edge. The hollow ground, asymmetrical “V” and the
chisel are all variations trying to achieve a very sharp edge at the cost of
durability. These designs all employ techniques to reduce the overall bevel angle

shown in Figure 3, which, as mentioned earlier directly affects sharpness.



A typical knife used in meat cutting applications often has a double bevel angle of
40 degrees, this allows for decent levels of sharpness and durability. Other
applications such as razor blades or scalpels used to cut soft solids benefit most
from a double bevel angle of 15 degrees. These edges are delicate whereas in
contrast, hunting knives can range from 44 to 60 degrees and are considerably

more durable [33].

20-25° Woodcarving knives.

Slicing, filleting and paring

25-30° .
knives, ﬂ_
Knives for butchers and cooks.
30-40° -
.

Hunting and sporting knives. C-IEF?

Figure 3: Graphic showing bevel angles for specific knives [36]

2.2 Knife types and Applications
In order to create a new knife sharpness test method that is broad enough to cover
a range of knife designs, a review of knife types and applications is required. This
is an important step in the design specification process as knives vary with

application and is senseless designing a test method for every application.

Boning Knife



Boning knives, as the name implies are used to remove bones in poultry, meat,
and fish. These knives have a straight edge with blade geometry for precise cuts
that is curved up towards the tip which can be made stiff or flexible. They are
generally 12 to 17 centimeters in length but can vary depending on culture. [38]
Bread Knife

Bread knives are used to cut bread but also sometimes used in the cutting of hard
rind fruits. These knives are made with a serrated edge and are typically 17 to 25
centimeters in length [38].

Butcher Knife

The butcher’s knife is an older style knife dating back to the 18" century.
Traditionally it was a multipurpose tool used in a range of different aspects from
chopping up food and meat, to defending oneself against unbecoming behaviour.
The butcher knife of today is predominantly used for cutting, sectioning and
trimming large portions of meat. It features a 17 to 30 centimeter slightly curved
blade, wide and heavy, ideal for cutting through large pieces of meat [38].

Chef’s Knife

A chef’s knife is among the most common knives used in the kitchen, because of
its ability to perform a wide range of cutting tasks, such as chopping, slicing, and
mincing. The knife features a 15 to 36 centimeter straight edge with a slight curve
towards the tip. The chef’s knife is often referred to as the “western” chef’s knife
as there are variants of the knife geometry in the Japanese Santoku and Gyuto
knives [38].

Cimeter

The cimeter is a large curved version of the butcher’s knife having a blade length

of 20 to 35 centimeters, ideal for cutting and trimming steaks [10]. The term



cimeter is ancient in origins and is referenced in some religious texts often used to
describe a weapon of war (Alma 43:18, Book of Mormon). Reviewing Etymology
the term cimeter is a variant in spelling of scimitar, a Middle Eastern curved
sword used during the Ottoman Empire [19].

Cleaver

The meat cleaver features a broad rectangular shaped blade made of soft steel
predominantly used to chop through thick bone and meat. The blade edge is thick
and the double bevel angle is in the range of 44 to 50 degrees. Because of the
blade geometry and use, manufacturers purposely incorporate softer grades of
steel so the cleaver resists chipping when chopping through coarse material [10].
The cleaver itself as a tool has origins in the Acheulean period made from stone
used as a handheld axe [31].

Paring Knife

Paring knives are comparable with chef’s knives as they are highly versatile in the
kitchen; however they are half the size and are mainly used for cutting fruits and
vegetables [38].

Scalpel

The scalpel is a small cutting instrument specifically designed for surgical
applications where an extremely sharp edge is needed to penetrate human flesh or
other biological materials. Historically, the great physician Hippocrates first
described a surgical instrument which he called the macairion. Later, an
adaptation of this early instrument by the romans called the “scallpellus” is where
the modern instrument has its etymology [29]. Scalpel blades are usually made

from hardened and tempered steel with a small double bevel angle of 15 degrees.



The bevel angle allows the blade to be extremely sharp, while the steel properties

give increased edge durability.

The geometries examined above are in no way exhaustive by any measure;
however they do provide an indicative baseline as to what is used in the kitchen
and in commercial practices. To sum up this brief review, it becomes apparent that
designing a test method for even this small subset of knives will be challenging.
The knives described above are of various lengths, ranging from 5 to 35
centimeters, featuring curved and straight blades, and bevel angles ranging from
15 to 50 degrees; so with this amount of complexity the problem of sharpness will
need to be reduced down to one or two variables in order for a testing device to be
developed that can handle a broad range, and not just a select type.

This summation correlated with a definition of sharpness found in a later section

will provide the necessary information to formulate a design specification.



Chapter 3 - Knife Sharpness

3.1 The Cutting Process

In every cutting process exists a material that is required to be cut which we will
define as the target. The target typically then defines what cutting instrument is
needed, and the process in how it is used. Quite often in other research, the
authors define what the cutting process looks like for their particular application.
[24] defines a sharpness testing device that simulates a deboning operation where
the cutting instrument penetrates the target with the tip and then draws the
instrument through the remainder of the target. The authors believe this is a
representative test of cutting red meat.

[22] defines a measurement process to simulate a scalpel blade penetrating
biological tissue. A scalpel blade is fixed in a device that forces the blade through
polyurethane, a substitute for biological material. The authors state that this type
of testing replicates the cutting action found in chopping, slicing, carving and
guillotining.

In order to account for the broad range of applications a cutting instrument can be
used for, a generalized model of a cutting process using a first principles approach
will be reviewed. Instead of basing a measurement technique around a cutting
model or technique found in industry, we will look at what is physically

happening when a cutting instrument penetrates through a material.

3.1.1 Fracture Mechanics
To comprehend what is happening at the cutting surface, a small understanding of
fracture mechanics is required. Fracture mechanics is the study of crack

propagation in solid materials. A fracture is a crack which grows in length with



increasing applied loading stress. It is an understanding of how a crack propagates
through a material and at what point the crack reaches its critical length before
completely fracturing. The following equation defines the stress intensity factor,
which is a value for when a crack in a material reaches the critical length [2].

K; =Yovra (31)
Where:
K. is the critical stress intensity factor
Y is the geometric factor (ratio of crack size to sample size)
o is the applied stress to the material
a is the length of the crack
The critical stress intensity factor is a function of the material property, so in the
case of a non-engineered material like red meat, this critical value would typically
be found through testing. This value defines how tough a material is when put
under a stress load, and the area under this curve on a stress-strain graph (Figure

4) defines how much energy is required to fracture said material.

B E OA : Proportional limit
A Elasticlimit
B :Yieldstress point/upper
A ¢ yield stress point
C : Lower yield stress point
D : Ultimate stress point
E : Breaking or rupture point

Stress

Strain

Figure 4: Graph showing points of interest for a material under loading [23]

In the study of fracture mechanics, three modes of fracture are defined (Figure 5):



e Mode | - Opening Mode, stress load applied orthogonal to material plane.

e Mode Il — Shearing Mode, stress load applied in material plane.

e Mode Ill — Tearing Mode, stress load applied out of material plane.
In applications in food processing, each fracture mode can be represented by a
given tool. The majority of cutting instruments will produce a mode | fracture;
however there are cutting instruments such as carving knives or scissors that
produce mode Il and mode Ill fractures respectively. For our purposes, we
examine the effects of a mode | fracture caused by indentation and penetration of

a cutting instrument.
—7 | -

T
< == =L
i — ) =

—
Mode | Mode Il Mode llI
Figure 5: Graphic showing the three types of fracture modes [19]

As the instrument contacts the target, atomic bonds are broken and the crack
slowly propagates under an increasing load [2].The target meanwhile exhibits an
idealized elliptical shaped incision with a stress concentration factor at the crack

tip defined by the following equation.

v Owax _ . |a (3.2)
r 0o p

K is the stress concentration factor

Where:

ouax 1S the maximum stress at the crack tip

0, is the applied stress from the cutting device

p is the radius of the crack tip
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a is the length of the crack

The radius of the crack tip as described by [2] is the small curvature at the peak
stress point seen in Figure 6. In a study done by [21], they present a side by side
geometric comparison between an experimental model, and a simulated model of
a scalpel blade incision into a biomaterial. The instrument penetrates the target
material inducing a mode | fracture, and it was shown that the target incision
geometry reflects the cutting instrument used. Reviewing equation 3.2, it becomes
clear that for the tip radius of the crack, which as just mentioned is the same
radius of the edge of the cutting instrument, is critical in localizing stress to help
fracture the target material. [2] points out that as the radius of the crack
approaches zero, there lies an infinite stress concentration below the crack
propagation. It becomes easy to see, from these deductions in fracture mechanics
that cutting ability and cutting sharpness is highly correlated to the cutting edge

radius.

Figure 6: Graphic providing a visual representation of loading stress [23]
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3.2 Failure Modes

Now that an understanding of how a cutting edge causes failure in a target
material, we will now look at the physical properties of a cutting edge and
determine failure modes and what failures look like. From the literature, there
exist evidence of failure modes in two planes; the frontal plane (across the cutting
edge) and the sagittal plane (cutting edge to spine).

The failure mode specified in the frontal plane is related to the curvature of the
cutting edge. This failure is characterized by the “rolling” of the cutting edge
which is evident in Figure 7. This “rolled” edge from a target perspective, sees a
greater edge radius and frontal plane area than that of a straight edge. In an
attempt to characterize these failure modes, high resolution images were taken of
knife edges in various states of distress, using a Hitachi S-4700 cold field
emission Scanning Electron Microscope (SEM). Due to the small capacity of the
SEM, the blade sample size was reduced from full profile length knives, to 20mm
x 10mm sub-sections. Unfortunately some of the samples became magnetized in
the cutting process and hence caused drifting and resolution errors in the images.
To minimize these effects, the samples were coated with both a liquid carbon ink,
and plasma which increased the conductivity of the samples, and provided a

greater path to the cathode.
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5.0kV 12.0mm x450 SE(M)

Figure 7: SEM photograph showing “rolling” on a dull edge

Referring now to Figure 7, the white line represents the true edge of the sample
and the black line shows the “rolled” edge. To give a correlation between the
straight edge and the “rolled” edge, the straight edge has a frontal plane width of 5
micrometers while the rolled edge ranges from 20 to 24 micrometers. Figure 8

presents a better illustration of a “rolled edge” provided by another researcher.

13



UWO CrossBeam EHT = 5.00 kV Signal A = SE2 Date :16 May 2014 2 pm
Mag= 5.00 KX WD = 6.5 mm FIB Imaging=SEM  Time :11:54:03

Figure 8: SEM photograph of a “rolled edge” [3]

The failure mode specified in the sagittal plane is that relating to abrasion,
attrition, chipping, and fracture (Figure 9). This failure mode gives a classification
to the wear experienced by a knife edge. As the depth of wear increases, the
damage classification moves from light abrasion to a fracture and crack
propagation. In the ecarly stages of wear damage, the edge “rounds off” and
provides an increased edge radius. In the later stages of wear damage small chips
occur which lead to greater fractures. In Figure 9, [14] provides a classification for
this sagittal plane failure mode; however, after reviewing SEM images collated
through-out this research, it appears that this classification is in an order of

magnitude too stringent.
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Figure 9: Graphic showing a scale for feature size failure modes [14]

3.3 Defining Sharpness

Sharpness, in a logical sense, would be the absence of the failure modes
previously defined. The failure modes mentioned earlier, all point to the health of
a cutting edge profile; in particularly, the edge radius. In the literature, we find
that the measured applied force on a cutting instrument, as it penetrates the target
material is by far the most common method of defining sharpness. However, it
stands to reason that this contact destructive testing approach of defining
sharpness seems counter-intuitive, as the instantaneous sharpness can never be
known.

Mentioned earlier, [24] defines a sharpness testing device that simulates a
deboning operation in a meat processing factory. The device measures the force
along the full edge of a knife, as it is driven through a target material. The knife is
then given a score based out of ten, ten theoretically would indicate that it took no
force to cut the target material and that the knife edge was infinitely sharp, the
opposite being true for a score of zero, being infinitely dull.

[22] defines a measurement process to simulate a scalpel blade penetrating

biological tissue. A device is used to push a scalpel blade into a target material,

15



creating an indentation inducing modal fractures. The authors quantify a cutting
metric based on the force and energy required to induce a mode | fracture, this
energy being a function of the area under a curve on a stress strain graph. This
metric called Blade Sharpness Index (BSI), does not discriminate locations of
sharpness on a blade, but relates one sharpness value for an entire length. It is
interesting to note that the authors attribute edge radius and bevel angles, citing
Figures 10, 11 as determining factors in cutting sharpness, but “of the variables

studied, blade sharpness was found to be most sensitive to the tip radius” [21].

1.4 + T 18
Wedge b
Angle 4
12 + - 18
T+ 14

“Tip Radius T 12

z
c
)
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£
L +10 ©
w (1N
o : -
—= Force =
| +8 O
0.6 1 -5~ BSI =
©
16 @
0.4 + g
¢ L i
2
9 + 2
0 - 0

1 2 3 4 5
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Figure 10: Graph showing the relationship between sharpness index (BSI)
and edge radius (wedge angle constant at 25 degrees) [21]
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Figure 11: Graph showing the relationship between sharpness index (BSI)
and wedge angle (edge radius constant at 1 micrometer) [21]

In a review of this original work by [22], [32] replicated the measuring technique
to see if it could be applied to larger knives of different geometries found in the
food processing industry. They concluded the technique “is suitable for
characterizing the sharpness of blades for food processing”, however in contrast to
the original work, they found blade sharpness only depends on the cutting edge
radius itself and is independent of wedge angle. Furthermore, they also discuss the
idea of the technique failing when measuring materials with a more isotropic
microstructure, such as cheese. Rounding off the review of force based
measurement techniques; studies in the medical field were also reviewed and
confirmed the relationship between force and sharpness with surgical equipment,
in particularly suturing needles. [35] [37].

In the manufacturing industry, measurement techniques have been developed for

tool wear monitoring. [39] performed a study on precision instruments confirming

17



cutting forces vary significantly with variations in the cutting edge radius. The
study also confirms the theories presented in the section on fracture mechanics
stating; the effect of cutting forces are linked to the localized stresses at the tool
tip. In other tool wear associated research, [15] also confirms other theories
regarding equation 3.2, relating the effect of the ratio of cut depth and tip radius.
They state that these are important factors in tool wear, and have established that
the correlation between the two is linear.

In order to visually confirm the differences between a sharp and dull knife edge,
two boning knives were visually sampled using a SEM (Figure 12). Before the
knives were reduced to a usable size for the SEM, each knife was put through a
commercial knife sharpness testing device to confirm the levels of sharpness of

each edge.

5.0kV 11.6mm x3.00k SE(M) 10.0um 5.0kV 12.1mm x450 SE(M)

Figure 12: SEM photographs showing radii of sharp and dull edges

The comparison shows the radius of the dull edge is significantly greater, being
approximately 30 times larger. From equation 3.2, the sharper edge would
produce four times the amount of stress concentration compared with the dull

edge; significantly increasing the ability to cut the material.
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3.4 The Effect of Knife Sharpness

3.4.1 Health and Safety

The cutting edge profile has great impact on grip forces and cutting
moments experienced by professional meat cutters. [25] performed field tests and
observed correlations between knife sharpness and cutting performance
concluding an increased knife sharpness yields reductions in cutting times, mean
cutting moments, and in mean and peak grip force. In a later review by [34] lists
repetition, speed, force and posture are key risk factors for musculoskeletal
disorders in the meat processing industry, knife sharpness being a critical sub-
factor. [25] suggests with improved knife sharpness, the cutting times would
allow meat processing staff longer or more frequent "micro-breaks". These breaks
could then serve as a time to maintain knives or to recuperate from repetitive and
awkward postures imposed by meat cutting techniques.
3.4.2 Fruits and Vegetables

Knife sharpness also impacts the quality of fresh cut fruit and vegetables.
As an injury response mechanism due to being cut, fresh fruit and vegetables
exhibit an abiotic stress potential that significantly impacts the quality of the
freshly cut produce. A dull knife increases this stress potential which exhibits
greater "discoloration (e.g. browning of fresh-cut surfaces), increased respiration
and ethylene evolution, loss of flavour and texture, weight loss, decline in levels
of ascorbate, development of off-odours, membrane breakdown, and tissue

softening™ as observed by [13].
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Chapter 4 - Current State of Art

4.1 Contact Measurement Methods

4.1.1 Anago Knife Sharpness Tester

Anago has a range of knife sharpness testing devices that are specifically designed
for the medical and meat processing industries. The inventor attributes industry
health and safety as motivation for creating these devices [24]. The original
device patented in 2005, emulates a cutting motion that is common in meat cutting
processes, such that the target material being cut is penetrated by the knife tip
first, and followed by the full blade edge; the knife being situated in a cradle on a
45 degree slope (Figure 13). The target material is a polypropylene-coated
fiberglass rectangular mesh with a grating size of 1.0mm x 1.7mm and a strand

thickness of 0.8mm.

Figure 13: Graphic of the Anago knife sharpness tester [1]

As the knife is brought through the target material, a load cell measures the

amount of force used to cut each strand. While a linear potentiometer tracks the
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position of the knife, the cutting force is sampled by an analog to digital converter
at a sampling rate of 100 Hz. As the knife moves down the 45 degree decline, the
full knife length is sampled.

Based on an idealized micro-scale model (Figure 14) of the measuring process,

the following assumptions are made:

B o,

Figure 14: Diagram of idealized model of Anago measuring device

x=ytan@ 4.1)

2=y 152 (4.2)
Where:
@ = 45° (declination angle)
y = 1.7 mm + 0.8 mm (mesh length + strand depth)
x is the knife edge resolution
z is the lateral knife movement
Resolving equation 4.1 and 4.2, we find the idealized measurement resolution to
be 2.5 mm and a lateral knife movement of 3.5 mm. With a sample rate of 100 Hz
and a cutting speed in the z direction of 40 mm/s, oscillations should be apparent
in the output data, reaching minimum force with singular or no strand cuts and

peak forces when the knife cuts through more than one strand (because of knife
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curvature) with a period of 2.5 mm. Figure 15 shows the raw data taken from a

knife sharpness test with a knife receiving an 8.5/10 score.

(kg)

0
2000 1800 180.0 170.0 180.0 150.0 1400 1300 1200 1100 100.0 800 80.0 70.0 80.0 50.0 40.0 300 200 10.0

Update graph Distance from start of tester travel (mm)

Figure 15: Graph of raw data from Anago measuring device showing
oscillations

Reviewing the data of Figure 15, it was found that the period of oscillation was
on average 1.9 mm. The 2.5 mm value was based on an idealized model of a
straight knife with no curve; however, factoring in the curvature of a standard
boning knife this could make up the discrepancy between the calculated and
measured values.

Referring now to the target material used with this product, the company employs
an ingenious method to help alleviate crack propagation by using a mesh based
material. Based on their internal research, the fracture properties of this material
are highly comparable to red meat having a mean correlation coefficient of 0.89;
this does call into question their claim of this method being non-destructive,
unless red meat itself doesn’t cause wear to the cutting edge which is unlikely.
Perhaps if a knife was only tested once in this device, the resulting wear would be
negligible, however, after performing more than 100 knife tests with this device, it
was necessary to test a knife more than once in order to get an accurate reading.
The variance between tests on a single knife can have an average difference of 5-

10% with spots along the knife reaching 30%. The variance is far more dramatic
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with dull knifes than with sharp knives. Figures 16 and 17 provide illustrations of

the variance in data for a knife with an average score of 5.68 and 8.69 respectively
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Figure 16: Graph from Anago measuring device showing sharpness levels of
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Figure 17: Graph from Anago measuring device showing sharpness levels of
a sharp knife

It is important to note that these knives performed these tests back to back without
being used in between, as such it can be concluded at lower sharpness levels, the
data becomes noisy.

Overall the Anago KST is perfect for the food processing industry, as it can
supply the industry with knowledge of a full knife profile, and use that data for

sharpening and training purposes.
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4.1.2 CATRA sharpness tester

CATRA (Cutlery & Allied Trades Research Association) have two styles of
sharpness testing machines, one performs sharpness and life tests (Figure 18)
while the other is only a sharpness tester for smaller blades (Figure 19). The life
tester uses impregnated synthetic paper as a target material which is lowered onto
the cutting edge and oscillated back and forth while the depth of cut is recorded.
This is repeated two more times and the sum of the three cuts give the cutting
index for the knife tested. Figure 18 presents sample data from this CATRA life

tester [5].

Catra Cutting Test to ISO 8442.5
@
w -
§ 3
40
£ N\ — 750
E ™, \ 7548
o == — 7543
g - 7533
Em — - g2
B e, -
a ~
10 N
~
o b . e
0 50 100 150 200 250 300 3\O 400 450 500
Curmslative card cul e (edge dursbiliy)

Figure 18: Graph from CATRA life tester showing results from four knives
[5]
As mentioned, the sum of the first three cuts determines knife sharpness, while the
other cuts show how the knife fairs over cumulative cuts and thus is a measure of
life. CATRA provide a baseline index in which a knife must meet a certain depth

of cut to be at a specific sharpness level.
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Figure 19: Graphic showing the CATRA life testing machine [5]

The second machine mentioned illustrated in Figure 20, is a smaller sharpness
testing machine which is based on the constant cut depth method. This testing
technique pushes the knife edge into the target material silicon rubber, and a load

cell captures the force data. This data is then compared with the following index

supplied by CATRA [6].

Blade Type Typical Sharpness Levels (N)
Razor Blade 0.3t0 0.4
Scalpel Blade 04t00.6
Utility Razor Blade 10to 14
Kitchen Knife 1.8t03
Hunting Knife 19t03.5
Well Worn Blade 6.0t0 11.0

Table 1 Force thresholds to determine sharpness for each knife type
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A couple of critiqgues about these CATRA measuring machines, both are
destructive testing methods, with the life testing machine dulling the blade until it
cuts no more. Both machines also present data for only a portion of the cutting

edge profile which is not representable for the entire length.

Figure 20: Graphic showing the CATRA sharpness testing machine [6]

4.1.3 Haida International Equipment

The knife sharpness performance test machine is like unto the CATRA life tester.
The machine uses a petroleum resin based synthetic paper as a target material and
the accumulative cut depth achieved is the sharpness level [12].

4.1.4 Edge on up

Edge on up have developed a series of small measuring instruments capable of
measuring the sharpness levels of razor blades and common kitchen knives
(Figure 21). The small profile of the device appears to be made for a household
kitchen. Edge on up employ a force based sharpness approach by measuring the

force it takes the knife to cut through a thin piece of string. This measurement is
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localized to a single point on the knife edge no more than the width of the string.
The testing method appears simple, however it is fairly subjective. The force
applied to the knife edge is manually controlled by the user and not by a

repeatable system. [4] [7]

Figure 21: Graphic of edge on up testing device [7]

4.2 Non-Contact Measurement Methods

4.2.1 Optical interferometry

[14] describes a tool wear monitoring technique using interferometry, which
classifies tool damage into two categories, abrasion, and attrition. The technique
uses a 5mW 633 nm laser diode to illuminate the tool surface and an avalanche
photodiode as a receiver. The authors define the term knife edge interferometry,
carefully denoting the differences between their interferometry technique, and the
main stream Michelson interferometry, but as it stands to reason the

interferometry they are defining, is clearly diffraction (Figure 22).
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Figure 22: Diagram of the knife edge interferometry device [14]

The authors characterize tool wear by measuring the fringes of the diffracted light

in the transmitted field of the diffraction pattern. They attribute a measured phase

shift (Figure 23) as evidence between a new tool and a tool with 1 — 5

micrometers of edge reduction.
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Figure 23: Graph showing attrition represented by a phase shift [14]

The authors attribute signal attenuation to very fine abrasive wear ranging from
less than 0.1 — 1 micrometers of damage (Figure 24). Although the authors of this
test method are not directly characterizing sharpness, but are measuring surface
roughness; it is fascinating to see the resolution capabilities of using a fine light
source to resolve sub-micrometer detail [14]. Other studies also show how

diffraction is a useful measurement technique to resolve displacement [8] [17].
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Figure 24: Graph showing abrasion represented by signal attenuation [14]

4.2.2 Optical sharpness meter

The optical sharpness meter is a device that measures and quantifies the degree of
sharpness along a blade. Light is directed at the sharpened edge and a measure is
taken of the intensity of reflected light. The reflected light varies with sharpness
(Figure 25). Robert, the inventor believes that the duller the blade, the greater the

radius of the blade will be, therefore more surface area for light to be reflected

[16].
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Figure 25: Diagram of the sharpness meter [16]
An interesting beginning point in this research was to experimentally reproduce

this sharpness meter in a lab setting. Figure 26 shows a dulled boning knife under
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a light microscope. It is interesting to see how easy it is tell if the knife was dull
and at which moments along the blade were affected, due to the reflected light

because of the increase in radius.

Figure 26: Photograph showing experimental results of light reflection study

4.3 Conclusions

Only the most relevant findings were reported in this section as there were a host
of other measuring devices reviewed, however most had the same fundamental
measurement technique. Of the technologies presented in this section, Anago’s
knife sharpness tester is by far the most complete measurement technique on the
market today. Although a great product, the Anago knife sharpness tester can be
improved on; appearing to be an opening in the market for a high quality, non-

contact, high resolution sharpness tester.
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Chapter 5 - Design of Measurement Device

5.2 Design Specification
A culmination of the research presented in this thesis, drives the design
specification process in designing a new measurement technique and device.

Table 2 presents the specification.

Specification Description

Measuring Variable Cutting edge radius (edge width)

Target Material NA

Measuring Capability | Full profile, tip to heel, left and right bevels. 0.1 to 200

micrometer damage size.

Contact Type Non-contact
Testing Type Non-destructive
Size Small manual version, larger automated version, suitable

for house hold kitchen use.

Table 2 Design specification

5.3 Concept

To meet the needs of the design specification, an optical based prototype will be
conceptually produced and verified. In relation to work performed by [14], we
will describe an optical diffraction measurement technique for the quantifying of
sharpness through a frontal plane radius measurement; parting from, and separate
to the work performed by [14].

Diffraction is defined as the bending of light around obstacles into its geometrical
shadow (Figure 27). The founding principles of diffraction come from the wave

nature of light, formally called Huygens’ theory, after Christiaan Huygens.
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Huygens’ stated that “Each point on a wave front acts as a source of secondary
wavelets, the combination of these secondary wavelets produces the new wave
front in the direction of propagation” [40]. Diffraction, as applied in
electromagnetic wave theory, aptly termed the Knife-edge effect, gives
estimations about path loses when electromagnetic waves come in contact with
objects, such as hills and mountain peaks. When an obstruction is introduced
between a transmitter and a receiver, the transmitting signal is required to run a
longer path length in order to complete the transmission (Figure 28). This
additional path can incur signal attenuation or diffraction losses depending on the
complexity of the obstacle. Any additional losses are added to the total

transmission loss.

Advancing
wavefront
New
wavefront
\ Shadow region

Knife edge

Figure 27: Graphic showing wave fronts interacting with knife edge
underpinning Huygens principle of light propagation [40]

In order to understand the mechanics of signal loss, a discussion including
formulae will be used to establish an understanding of diffraction attenuation
about basic shapes. If we recall the basic model of diffraction loss which is based
on a knife edge (Figure 28), the additional path length as shown can be

summarized by the following equation:
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d, + d, (5.1)

Ad = h?
d=h~iq,

Where:

Ad is path length difference

h is the height of the obstacle above the line of sight reference

d, and d, are the distances from the transmitter to the obstacle and from the
obstacle to the receiver respectively.

From equation 5.1 we observe that the path length difference is a squared
relationship with obstacle height, therefore, to reduce path loss; a reduction in

obstacle height above the line of sight reference is required.

d1 d2

Figure 28: Diagram showing a model of a sharp knife edge with a new path
with a height denoted by h and Fresnel zones in red.

An increase in path length difference can also be attributed to the shape of the
obstacle. Figure 29 illustrates a dull knife edge with the signal running a
tangential path along the radius of the top surface; this not only increases the
overall path length difference but also causes loss due to the interaction of the

signal with the surface of the obstacle producing tangential attenuation [26].
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Figure 29: Diagram showing a model of a dull knife edge with a new path
with a radius denoted by r and the transmitted angle denoted by a.

Tangential attenuation is the excess loss incurred by the signal contacting the

surface of the obstacle and is defined as [11]:

nr (5.2)
Loy =11.7a X -

L., 1S the excess loss due to the tangential path

Where:

a is the angle of the path in radians

r is the radius of the obstacle

A is the wavelength of the signal

To find the total loss by the diffracted path, we add the excess loss to the solution
to the Complex Fresnel Integral, F(v). A good approximation for this integral is

described by the following equation [26].

F(v) =69+20log/(v—01)2+1+v—-01 v (5.3)
—-0.7

Where:

v is the Fresnel-Kirchhoff parameter which relates path length difference and

wavelength shown by the following:
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(5.4)

Where:

|Ad| is the path length difference from line of sight

A is the wavelength of the transmitted signal

We find that if the path length difference |Ad| equals zero, this is known as
“grazing path” and the solution to the Fresnel Integral equals ~ 6dB, so even just
coming in contact with the surface of an obstacle degrades the signal by one half
(Figure 30). This segues into a related concept mentioned previously and
illustrated in Figure 28, Fresnel zones are a good way to maintain signal quality
using ¥ wavelengths as boundary conditions. They are related to path length
difference with each zone an integer multiple of a %2 wavelength. For odd integer
multiples, the multipath interference from the diffracted signal is destructive,
whilst even multiples produce constructive interference.

For this purpose, industry uses a rule of thumb for microwave links of a minimum
60% of the first Fresnel zone to remain clear of obstacles [40]. To calculate the
amount of phase shift related to the Fresnel zone for a given path length difference
is defined by the following equation [26]:
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Figure 30: Graph illustrating Equation 5.3 showing at v=0 (“Grazing path”)
the signal loss equals 6 dB

Reverting back to knife sharpness and the measurement of edge radius, we will
define our measurement technique as the amount of signal intensity at a given
measurement angle and attempt to establish a relationship between knife edge
radius and signal intensity. The parameters for the proof of concept design will be
set as follows:
e The offset angle a at which the intensity measurement will be taken is 7
degrees. This specific angle was chosen to match the halfway point on our
test prototype measuring system cable of measure from 0 — 14 degrees, 0
degrees being grazing path.
e The height h at which the knife edge will protrude into the laser beam will
be 0.26mm, being approximately half of the Gaussian beam diameter.
e The laser will be located 0.1 meters from the knife sample
e The receiver will be located 0.23 meters from the knife sample

From these parameters we can deduce the following:
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0.1m + 0.23m (5.6)
Ad = (0.00026m)? =4
d = (0.00026m)" o= o3y — 485 mm

B 485 nm — 175 (6.7)
633nm
F(v) = 6.9 +20log+/(1.77 — 0.1)2 + 1+ 1.77 — 0.1 (5.8)
=14.22 dB
_r 2 _ (5.9)
0 =-1.77“ =282 degrees

2

~ 360 — 282 = 78 degree phase lag

L. (sharp knife) = 117 x 0.1222 |7—>00mm .
ex(sharp knife) = 11. . 33

=2.25dB

T X 50000nm (5.11)

Lox(dull knife) = 117 x 01222 j 633nm

=22.52dB

From equations 5.6 — 5.11 we can theoretically predict a difference in path length
of 485 nm with a multipath phase lag of 78 degrees giving constructive
interference with a 1.56 times increase in gain. Neglecting any changes in path
difference that might arise from a dull edge we calculate a diffraction loss of
14.22 dB. The tangential excess loss calculated at a 7-degree offset will give a
range of 2 — 22 dB depending on the sharpness of the knife edge.

These calculations are only indicative as there will be other factors at play
including measurement noise, errors in test setup, and other light interference.

The measurement technique will be validated through cross-correlation of the data

from a proof of concept prototype, the Anago knife tester, and SEM images. The
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equations introduced in this section will be later used to verify and clarify the

results obtained.
5.4 Proof of Concept Design

5.4.1 Concept Validation Design

In order to carry out a proof of concept, a completely new test set up was required
to be developed. The test set up required a monochromatic point source, a knife
sample holder on a linear translation stage, and an optical receiver on a rotational
stage (Figure 31). Early iterations of this proof of concept design involved the use
of an optical chopper and lock in amplifier. This was removed in the later stages
as testing was performed in a dark room providing very little noise on the

receiver.

Figure 31: Graphic showing experimental test set up model

5.4.2 Light Source

The light source selected was a ImW 633 nm He Ne laser placed atop of a stand
(Figure 32). The distance from the laser to the knife sample was carefully
considered as this has repercussions on sample resolution and Gaussian beam

intensity. A few experiments were carried out to obtain the beam waist radius as
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no documentation was available for our particular laser. The distance from the
laser to the sample was decided by the following calculations:

Twy? (5.12)
ZO = A

(5.13)

Where:

z, Is the Rayleigh range

wo = 0.25 mm (beam waist radius)

A=633nm

w(z) is the beam radius at an arbitrary point z

Resolving equation 5.12, we find a maximum Rayleigh range of 0.31 meters. A
distance of 0.1 meters was chosen for the distance between the laser and the
sample as to keep the sample within the Rayleigh range, allowing maximum beam
intensity, little to no divergence and a beam radius no bigger than w(z) x v/2. To
get an exact beam radius projected onto the knife edge, we resolve equation 5.13

and find the beam diameter to be 0.525 mm.

Figure 32: Graphic showing laser and stand module
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5.4.4 Sample Holder Translation Stage
A translation stage was built underneath the sample holder, which allowed for a
precise height adjustment (Figure 33). It was driven by a small Actuonix linear

actuator with a motion range of 30 mm and a minimum step of 1 mm.

Figure 33: Graphic showing the sample translation stage module

5.4.5 Receiver Rotational Translation Stage

The receiver was placed at the end of a swing arm coupled to a servo motor. This
meant each data point collected would be located at the same radius as the rest of
the data, making the data more comparable (Figure 34). It is noted however, there
is a small offset between the sample and point of rotation. This does not affect the

data in any way, as it is a constant seen by all data points.

Figure 34: Graphic showing the receiver module
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5.4.6 Signal and Data Acquisition
The signal data was captured by a photo diode and amplified through a trans-
impedance amplifier. This data was then sampled by an analog to digital converter

with 12 bits of resolution and stored on a PC.
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Chapter 6 - Instrument Tests and Verification

6.1 Instrument Tests

To confirm the validity of the diffraction measurement theory, three independent
boning knives were brought to three different sharpness levels through a wearing
process. Each knife was then tested in the Anago knife sharpness testing machine,
giving each knife a score out of ten. We will define these knives as A, B, and C
with respective sharpness scores of 8.5, 6.5, and 5.5.

Once the knives were formally tested, each knife was cut down to small 20 mm x
10 mm segments, being very careful not to ruin the cutting edge. Once cut, the
knife samples were examined and photographed in microscopic resolution to
ascertain each knives respective edge radius.

After scrupulously imaging each segment, the samples were then measured using
the new diffraction proof of concept prototype. One segment from each knife A,
B, and C which showed best correlation to their Anago sharpness value were
measured. The prototype device then took ten successive measurements in 1 mm
increments along the cutting edge. For each increment, three measurements were
taken so the data could be averaged to reduce the effects of noise in the system. In
total 1200 data points were obtained to classify these samples. Once the data had
been collated, the average was taken of the three datasets for each of the ten tests
and the gain was calculated using equation 6.1

Y2 (6.1)

dB =201
ogv1

Where:

v, is the measured diffracted signal intensity after subtracting background light.
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v, IS the maximum measured un-diffracted signal intensity after subtracting

background light.

Figures 35, 36, and 37 show the data obtained from knives A (8.5), B (6.5), and C
(5.5) respectively. To reiterate, the method of measuring sharpness as found in the
previous chapter, we measured the intensity of the received light at a 7 degree
offset angle. The value measured will be indicative of the knife sharpness at that
location on the blade.

The data has been manipulated to show the correlation between edge feature size
and gain measurement. The data has been illustrated in this way to show how
signal intensity varies with edge radius proving the validity of this measurement

technique.
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Figure 35: Graph showing the results from sample A (KST 8.5).
In Figure 35, we find that the data is situated within a 4-micron area which was
expected for a knife with a KST score of 8.5; being reasonably uniformly sharp.
The gain associated with these measurements also appears to decrease linearly
with increasing radius; noting a 10-dB difference between a 1 micron radius edge

and a 5 micron radius edge.
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Figure 36: Graph showing the results from sample B (KST 6.5)

In Figure 36 we find again a small spread in the measured values spanning 5
microns. This knife sample appears uniformly dull unlike that of the knife sample
presented in Figure 37. In the below Figure we find quite a wide spread in
sharpness values. This is what would typically be expected as a knife with a KST
score of 5.5 isn’t uniformly dull but has sections of sharp and dull spots along the
length of the blade. This was confirmed early on in the research by observing a
dull knife under a light microscope as shown in Figure 26.
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Figure 37: Graph showing the results from sample C (KST 5.5).
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Below in figure 38, we see the relationship between each knife sample set
showing a general linear decrease with increasing radius which is a great result for
this research, as this is what was expected. A sharp knife will diffract more light

than a duller a knife which is what we can see from the below figure
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Figure 38: Graph showing a comparison of feature size to diffracted light
between knife samples

We note the small gradient differences between the data of each sample, this
could be due to the sample positioning on the rotational stage causing a small
offset error. As an aside, referring to [14], the authors mention attrition wear is
characterized by a phase shift in the data. When setting the sample on the stage,
we notice the position was critical to minimize any additional variances in the data
caused by a phase shift. The small offset error mentioned earlier could be a result

of this.

We see that the sharper 8.5 blade has a stronger correlation with a linear trend

compared with the duller 5.5 blade. This could be in part due to the measurement

technique of the SEM. An image is captured at 1mm increments with each image
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spanning about 70um of the blade edge. This capture size would only allow for

about 7% of the knife to be imaged which would be inadequate for duller edges,

as variance would occur in the other 90% of the 1mm sections (Figure 44). This

could be addressed in future work.

Returning to the assumptions formulated in chapter 5.

1. We note from Equations 5.6 to 5.11 that a 14 dB diffraction loss is

estimated based on a path length difference of half a Gaussian distribution.

2. We expected gain from the constructive interference given by the

theoretical 78 degree phase shift between the obstructed and un-obstructed

beam (Figure 39).

3. We also expected excess loss due to the interaction with the surface of the

knife at offset angles.
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Figure 39: lllustration of phase shift between obstructed and unobstructed

paths

47



Speaking in general terms we observed the estimations given in the previous
chapter. We observed varying degrees of diffraction loss and gain from
interference. We also observed excess loss when sampling the knife at larger
offset angles.

It is also interesting to note the little variance in the raw data measured with a
standard deviation of 0.0134 (Figure 40). Comparing the noise level of the Anago
sharpness tester, which is arguably the best sharpness tester on the market we can

see markedly improved accuracy.
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Figure 40: Graph of the raw received data showing very little variance
between three tests at the same location. High repeatability

6.2 Verification of Results
In order to verify the results obtained from the prototype, we must review the data
given from the Anago knife sharpness tester (KST) and SEM images. The data for
knife A, B, and C are respectively presented in Tables 3, 4, and 5. The data is also

presented below each table graphically.

48



Distance (mm) Anago Score SEM Diameter Prototype
(um) Gain/loss (dB)
0 8.8 unclear 6.90
1 8.8 1.74 11.02
2 8.81 unclear 10.49
3 8.83 1.50 11.87
4 8.85 1.73 11.55
5 8.82 1.95 9.54
6 8.8 1.00 13.33
7 8.81 2.20 8.85
8 8.81 3.50 5.27
9 8.81 4.35 3.15

Table 3: Data comparison between the Anago KST, SEM images and
prototype measurement for sample A (KST 8.5)
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Figure 41 — Comparison for sample A.
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Distance (mm) Anago Score SEM Radius (pum) Prototype
Gain/loss (dB)
0 6.3 18.00 -1.31
1 6.3 23.50 -71.04
2 6.3 19.20 -2.91
3 6.4 25.00 -1.74
4 6.4 unclear -1.27
5 6.4 23.00 -5.48
6 6.4 19.00 -3.49
7 6.4 22.20 -4.09
8 6.5 20.00 -5.26
9 6.5 unclear -6.02

Table 4: Data comparison between the Anago KST, SEM images and
prototype measurement for sample B (6.5)

—_ 25 A

2] 4 A A

S 2 A A 4

c A

‘® 15

O

—g‘ 10

S ;¢ ¢ ¢ s s s s s s 0 * KST

() m Prototype

N

wv) [ ] A SEM

(] L [

= 5 u . ]

3 u ] | ] .

D -10

L 0 2 4 6 8 10
Distance (mm)

Figure 42 - Comparison for sample B.
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Distance (mm) Anago Score SEM Radius (pum) Prototype
Gain/loss (dB)

0 5.7 34.00 -28.56
1 5.7 5.20 1.56

2 5.7 10.40 -5.08
3 5.7 30.00 -18.8
4 5.3 13.00 -9.68
5 5.2 20.90 -2.94
6 5.2 13.90 -3.56
7 51 unclear -35.36
8 5.0 29.10 -17.65
9 5.0 unclear -12.48

Table 5: Data comparison between the Anago KST, SEM images and
prototype measurement for sample C (KST 5.5)
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Figure 43 - Comparison for sample C.
It was difficult to compare the SEM and prototype data to the Anago device as the
small variations are not apparent in the final score out of ten. This could be in part

due to the algorithm used or the mesh target material.
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Figure 44: SEM photograph showing the scale that can be observed at a
given point
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Chapter 7 - Conclusions and Proposals for Future Work

In conclusion, in this work we have developed a testing technique using knife
edge diffraction to quantify the sharpness of blades. The results positively
conclude that sharpness can be measured by measuring the intensity of diffracted
light in the shadowed region of the knife. From the data presented herein we may
conclude that this technique has been successfully validated and the results are
repeatable. However, to gain further reassurance, future work could include
developing a more suitable receiver so that the measurements are more reliable.
The receiver appears to clip the upper signal values above that of 3 Volts. This is
an issue because sharper knives will have higher gains than those that are dull, but
that cannot not be seen because of the clipping. The effects of diffraction could be
measured closer to the grazing point if we could remove the clipping and therefore
simplify the process of the measurement.

Future work could also include a better method to correlate the physical radius of
a cutting edge to the diffracted results measured. It is critical to completely
validate this research that more data is collected from SEM images that is more
representable of the knife edge and not just a small fraction of it.

In a future iteration of this prototype, | suggest developing a more stable prototype
that removes variations in receiver rotation with a capable trans-impedance
amplifier to eliminate the low level saturation found in the current prototype.
Once these issues have been cleared up, Equation 5.10 may be used to deduce the
radius of a knife edge using the excess loss measured from the system.
Through-out this work, we classify sharpness and what a knife failure mode looks
like. From there we have been able to positively identify the leading cause of dull

knives used in industry.
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Following this work, a manuscript will be prepared for publication for the IEEE

Transactions on Instrumentation and Measurement journal.
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