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Abstract

The sharpness of a blade is a key parameter in cutting soft solids, such as biological tissues,
foodstuffs or elastomeric materials. It has a first order effect on the effort, and hence energy
needed to cut, the quality of the cut surface and the life of the cutting instrument. To date,
there is no standard definition, measurement or protocol to quantify blade sharpness. This
paper derives a quantitative index of blade sharpness via indentation experiments in which
elastomeric materials are cut using both sharp and blunt straight edge blades. It is found that
the depth of blade indentation required to initiate a cut or crack in the target material is a
function of the condition or sharpness of the blade’s tip, and this property is used to formulate
a so-called “blade sharpness index” (BSI). It is shown theoretically that this index is zero for
an infinitely sharp blade and increases in a quadratic manner for increasing bluntness. For the
blades tested herein, the sharpness index was found to vary between 0.2 for sharp blades and
0.5 for blunt blades, respectively. To examine the suitability of the index in other cutting
configurations, experiments are performed using different blade types and target materials and
it is found that the index is independent of the target material and thus pertains to the blade
only. In the companion Part II to this paper a finite element model is developed to examine

the effect of blade geometry on the sharpness index derived herein.
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NOMENCLATURE

dA increment of newly created surface area

dU  strain energy

dx increment of blade displacement

dr work absorbed (energy dissipated) in remote plastic flow
dA elastic strain energy stored during indentation

E energy

F applied force

h length of cut surface

Jie mode I fracture toughness

P friction force

t thickness of substrate material
u blade displacement

X force acting on blade

) depth of blade indentation
Subscripts

i initiation



1. Introduction

The sharpness of a cutting instrument is a fundamentally important parameter in all
cutting applications because it strongly influences the forces generated and hence energy
required during the cutting process, as well as the life of the cutting edge, and surface finish
or quality of the cut surface. A number of studies in diverse areas such as general surgery [1-
3], forensic medicine [4-8], meat processing [9-13], zoology [14-15] and cutting tool
evaluation [16] have loosely used the term sharpness to describe the performance of a cutting
instrument. However, in these studies the definition of blade sharpness differs significantly.
For example, in [1, 2, 9], sharpness is identified by a force level exerted by the cutting
instrument during a cutting trial. [14-16] define sharpness as the radius of the cutting edge,
while [3] define it by the power required to incise corneal tissue. There is, as yet, no

acceptable definition for the sharpness of a cutting edge.

Despite the lack of standardisation, there are many industries in which blade sharpness
plays an important role and affects not only the cutting process, but often has a direct
influence on human life. In the medical industry, for example, studies have shown that a sharp
scalpel blade will produce a wound of high quality, which will be less painful for the
recovering patient, and will heal with less scaring than a blunt blade [17, 18]. These findings
are in agreement with similar studies carried out using suturing needles [19, 20]. In the food
processing industry, a number of studies conducted by McGorry et al. [9-11] have show that
musculoskeletal disorders of the upper extremities could easily occur to workers using blades

that are not sufficiently sharp.

A considerable number of studies have been carried out to measure the forces

generated during cutting and piercing of soft solids [9, 20-22]. These force measurements



have been used in the development of robotic assisted surgery and minimally invasive surgery
[20, 21], assessing the performance of scalpel blades [22] and investigating the force levels
transmitted to butchers during routine meat cutting operations [9]. Common to all these
studies is that a specialist cutting rig was developed, where the cutting instrument was pushed
through a low stiffness substrate or target material, and the resulting forces measured with a

load cell mounted either on the blade or the substrate fixing.

In forensic medicine, the assessment of force required to inflict a stab wound plays an
important role [4, 5, 8], because the exact degree of this force is often the cause of
disagreements in criminal proceedings regarding the murderous intent of an assailant, or the
possibility that a victim accidentally fell against a weapon held in a fixed position by the
assailant. It is extremely difficult to assess the force needed for penetrating a body because it
is dependent on the sharpness of the weapon, nature of clothing, depth of wounds and type of
tissue penetrated [4]. In a forensic suicide study, Ueno et al. [4] found that for a given blade
impact energy, the sharpness of the tip was the most important factor in predicting skin
penetration. This finding is in agreement with the works of Knight [6, 7] and Green [8], who
described in detail the dynamics of stab wounds based on experiments on cadavers, and found
that the sharpness of the tip of the weapon was the most important factor for penetration of

skin.

A number of studies have considered the effect of cutting blade geometry on the
forces generated during a cutting trial [11, 16, 23]. McGorry et al. [16] examined the effect of
blade angles (ranging from 20 — 50 degrees) on cutting tool grip forces and moments exerted
by professionals during two different meatpacking operations and found that blade angle did

not have a significant effect on these measures. However, this finding is in disagreement with



the work of Moore et al. [23] who found, while carrying out cutting tests on sugar beet, that
the cutting force increased as the wedge angle increased. Studies that have examined the
effect of the cutting tool tip radius have found that as the radius increases, the cutting forces

also increase [16, 24, 25].

The above studies highlight the need to accurately determine blade sharpness across
very different fields of science and engineering. The fact that there is no standard definition,
measurement or protocol to quantify the sharpness of a cutting instrument is largely due to the
complexity and diversity of variables associated with cutting edge profiles [26]. However, a
recent international standard addresses sharpness and proposes an edge retention test for
cutlery [27]. This standard specifies the sharpness and edge retention of knives which are
produced for professional and domestic use in the preparation of food of all kinds, specifically
those knives intended for hand use. The standard describes a test procedure to evaluate blade
“performance”: the principle of the procedure is to reproduce a cutting action, by forward and
reverse strokes, against a synthetic test medium under controlled parameters. The depth of cut
produced by a 50 N load in the synthetic material per cutting cycle is used to evaluate the

blade performance.

While this cutlery standard does provide a good starting point for a general definition
of blade sharpness, much work is needed to investigate the fundamental mechanisms
controlling the sharpness of a cutting instrument. Hence, the aim of this paper is to firstly
propose a new definition of blade sharpness and subsequently quantify this measure for
different blade types and target materials. In the companion Part II to this paper, a detailed

finite element model is constructed to investigate the mechanics associated with indentation



type cutting. This model is subsequently used to examine the effect of blade geometry on the

proposed sharpness index derived in this present paper.

2. Problem Description

This study is concerned with the analysis of indentation type cutting with straight edge
blades. This cutting action is common to many processes such as chopping, slicing, carving
and guillotining [26]. An idealisation of the indentation type cutting process is shown in Fig.
1. A blade is held perpendicular to a target or substrate material and pushed through it under
an applied load F. The substrate material deforms initially to a penetration depth 6 before
cutting initiates. Depending upon the substrate material, this initial deformation can consist of
both elastic and plastic components. Upon further loading, a cut or crack initiates, the
substrate opens and the blade moves into this newly created volume. This process continues
with increasing force until steady state cutting is established. The length of the cut surface is
denoted by / and the substrate material thickness by ¢, as shown in Fig. 1. For the materials
considered in this study, it should be noted that upon unloading, (i.e., retracting the blade) the

initial deformation & was generally fully recovered and the final cut length was equal to 4.

Following a general procedure used in previous research in cutting soft solids [9, 20-
22] as discussed above, the approach taken here in quantifying blade sharpness involves
pushing a straight edge blade through a substrate material at a fixed velocity and observing
the forces generated. Most of the experiments are performed using a No. 16 straight edged
surgical scalpel blade, manufactured by Swann-Morton, as shown in Fig 2(a). This blade will
subsequently be referred to as the SM blade. To examine the suitability of the proposed

sharpness index to other blade types, a second set of experiments are performed using a razor



blade, manufactured by CAMB Machine Knives International (type CMK 152), as shown in

Fig. 2(b). This blade will subsequently be referred to as the CAMB blade.

A 2.25 mm thick polyurethane sheet with a Shore hardness of 40 A was used as the
cutting medium in most of the experiments. This material was chosen as it has a similar
constitutive form to that of most soft bio-materials (i.e., a J-shaped stress-strain curve), thus
rendering this analysis suitable for applications in cutting biological tissues. This
polyurethane material will subsequently be referred to as the PU substrate. To investigate the
independence of the proposed sharpness index on the substrate material used, additional
cutting experiments were performed using a 1.6 mm thick silicone rubber sheet with a Shore

hardness of 60 A. This material will subsequently be referred to as the SI substrate.

This paper is set out as follows. Firstly, indentation type cutting experiments are
performed using sharp and blunt SM blades and PU substrates. The results from these tests
are used to formulate a suitable criterion for a blade sharpness metric, and a corresponding
sharpness index is then derived from first principles. The proposed index consists of a number
of parameters which are necessarily determined by a series of experiments. The index is then
calculated for sets of both sharp and blunt blades. Finally, to illustrate the generic
applicability of this index to other cutting configurations, experiments are performed using

different blade types and substrate materials.

3. Experimental Cutting Trials
The test rig used for the experimental cutting trials is shown in Fig. 3. The rig was
connected to a 50 kN Tinius-Olsen universal testing machine. The lower part held the

substrate material tightly between two anti-buckle guides. No pre-stress was applied to the



substrate. However, in order to minimise slipping, emery paper was inserted between the
substrate and the clamps. The upper part of the rig held the blade via a blade handle (also by
Swann-Morton) and the whole system was attached to the moving cross-head of the testing
machine. Lake & Yeoh [28] carried out a study on cutting rubber sheets with razor blades and
found that slow cutting rates produced relatively constant steady state cutting forces, while
medium and fast rates produced a saw-tooth pattern, which was associated with a stick-slip
behaviour caused by the substrate material splitting ahead of the blade. Following this study,
in the experiments performed here the blade was pushed through the substrate material at a
quasi-static rate of 10 mm/min. For a study on varying cutting rates, see [29]. The reaction
force was measured by a 100 N load cell mounted above the blade clamp. Due to the
relatively high rigidity of the blade clamping apparatus and low cutting forces observed, it
was assumed here that the cross-head displacement was an accurate measure of the blade
displacement and was thus used. The sampling frequency for both the load and displacement
data was 6 Hz. The following sections describe the results from testing both sharp and blunt

blades.

3.1 Sharp Blades

For this test series the term ““sharp” refers to a virgin blade in an unused state. For each
test, a new SM blade was removed from its protective packaging and fixed onto the blade
handle of the test rig. For repeatability, three tests were performed and the corresponding
load-deflection curves are shown in Fig. 4(a). As can be seen, all three curves rise initially in
a non-linear manner to a blade displacement of approximately 2 mm. The three tests are in
very close agreement up to this point. The curves then become linear until approximately 12
mm blade displacement. Again, good agreement is obtained in the linear region with only

small differences in load and gradient being observed. After approximately 12 mm blade



displacement the loads become relatively constant and oscillate around the 30 N level, which

is a result of using a quasi-static loading rate, as discussed above.

In order to examine the characteristics of the cutting process, the gradient of each
load-deflection curve in Fig. 4(a) is plotted as a function of blade displacement in Fig. 4(b).
These curves were generated by calculating the tangent modulus as a moving average of the
values from twenty-seven adjacent pairs of data points in the load-deflection curve. This level
of averaging was chosen as it sufficiently smoothed the initially noisy data, without masking

any of the salient features of the cutting process.

The stiffness curves highlight some very interesting features of the cutting process.
Firstly, they rise linearly up to approximately 2 mm blade displacement, at which point they
become essentially constant. From a separate test in which the blade was progressively
lowered in 0.05 mm increments and then retracted to allow the substrate to be examined, it
was found that the point where the stiffness curves just deviate from linearity (i.e., Point A in
Fig. 4(b)) corresponds to the point were a cut initiates in the substrate. It will be shown later
that this point is, in fact, a function of the blade condition and can thus be used to formulate a
blade sharpness metric. The level of blade indentation at the onset of cut formation is shown
in Fig. 5. As can be seen, extensive deformation has occurred in the substrate, which is due to
its highly elastic nature. This has significant relevance in the development of a finite element
model in Part II of this paper, where a three-term Ogden [30] strain energy density function is

needed to capture this non-linear material behaviour.

The locations marked A, B, C and D in Fig. 4(b) correspond to the cutting

configurations shown schematically in Figs. 6(a), 6(b), 6(c) and 6(d), respectively. After the



cut initiates, the stiffness curves remain relatively constant (region B of Fig. 4(b)) until
approximately 9 mm blade displacement. This region of constant stiffness represents the
newly created cut surface passing over the side of the blade, as illustrated in Fig. 6(b). It
should be noted that the blade height is 7 mm. After 9 mm blade displacement (i.e., 8 + h=2
+ 7 =9 mm; see Fig. 1), the stiffness curves start to reduce (region C of Fig. 4(b)) and this
region represents the onset of steady state cutting. This means that the initial portion of the
newly formed cut surface has completely passed over the sides of the blade and re-contacted
above the back of the blade, as shown in Fig. 6(c). After approximately 16 mm blade
displacement, the stiffness curves approach zero stiffness (region D of Fig. 4(b)) and this
represents the point where steady state cutting is fully established, i.e., where the cutting
forces become constant (around a mean value of approximately 30 N), as shown in Fig. 4(a).
During steady state cutting the blade and substrate reach an equilibrium state, as illustrated in
Fig. 6(d).
3.2 Blunt Blades

Following the same procedure, a series of tests were carried out with a new blade
being used for each repeat of the test. However, differently from the sharp blade tests of
Section 3.1, each blade was artificially blunted by lightly rubbing a strip of fine silica glass
paper (180 Grit) along the tip of the blade, in a direction parallel to the blade handle. One pass
was sufficient to blunt the blade. The corresponding load-deflection and stiffness plots for
these cutting tests are shown in Figs. 7(a) and 7(b), respectively. The load-deflection response
for each test shows excellent agreement until approximately 22 mm blade displacement, after
which Test 1 shows a severe downturn. This was due to the substrate material buckling out of
plane in a wrinkling type manner, causing the material to bend rather than be cut. This
phenomenon was also observed by Lake & Yeoh [28] when cutting rubber sheets with blunt

knives.
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As can be seen in Fig. 7(a), the load-deflection responses for the blunt blades are
considerably different in form and magnitude to those of the sharp blades (Fig. 4(a)).
However, initially the blunt set of curves (Fig. 7(a)) are identical to the sharp set (Fig. 4(a)),
and both display a non-linear behaviour associated with the indentation process before the cut
initiates in the substrate. Turning to Fig. 7(b), it can be seen that the stiffness plots for the
blunt blades rise in an essentially linear manner until approximately 4 mm blade displacement
(Point E, Fig. 7(b)) at which point they rapidly drop off to zero stiffness before rising again. It
was found in separate retraction experiments (again, by lowering and retracting the blade in
small increments to inspect the substrate surface) that Point E corresponds to (as with Point A
for the sharp blades) the point where the cut initiates in the substrate. Hence, it has been found
that the point where the stiffness plot just deviates from linearity corresponds to the point
where a cut initiates in the substrate.

However, clearly Point E in Fig. 7(b) occurs at a considerably higher blade
displacement and load level than that of Point A in Fig. 4(b) for the sharp blades. As the
testing conditions were identical (apart from the condition of the blade tip) for both sets of
experiments, it can be concluded that the point where a cut initiates in the substrate is a
function of the condition of the blade tip or the “sharpness” of the blade. This point can thus

be used to formulate a blade sharpness metric.

4. Derivation of a Sharpness Metric

Before deriving a new sharpness metric, it is important to state some axioms which
such a criterion should meet. First and foremost, such a metric should clearly identify
differences between sharp and blunt cutting edges. Second, it should ultimately pertain to the

blade only, and not be affected by the substrate material. Third, it should be related to the

11



mechanics of the cutting process, such as mode of opening of the substrate; this is necessary
in order to distinguish between different types of cutting processes, such as those
characterised by mode I, II and III fracture mechanisms. Finally, it should be intuitive and

easily obtained from experimental data or analysis.

As discussed in Section 3 above, the point where a stiffness plot first deviates from
linearity corresponds to the point where a cut initiates in the substrate. This point is a function
of the condition or sharpness of the blade tip and can be uniquely determined from the amount
of blade displacement required to initiate a cut in the substrate. By mapping back to the load-
deflection curve, the energy required to initiate a cut in the substrate can be determined. It is
postulated here that this energy can be used to quantify differences between sharp and blunt
cutting edges. This energy, referred to here as the “cut initiation energy” or E,, can be
obtained by integrating the load-deflection curve from the start of the test up to the point

where a cut or crack just initiates in the substrate, i.e.,
= 1
E, = [, fdx 1)

where: F'is the cutting force, dx is an increment of blade displacement in the loading direction
(see Fig. 1 for coordinate system used) and 9, is the blade displacement or indentation depth at
which a cut initiates in the substrate. This blade displacement 9, is determined from Points A

and E in Figs. 4(b) and 7(b) for sharp and blunt blades, respectively.

The cut initiation energy, E,, is dependent on the thickness of the substrate used. In

order to eliminate this dependency, the cut initiation energy is normalised with respect to the

substrate thickness. Hence, a cut initiation energy per unit thickness, £, is defined as:

12



. J;Fdx
E = it 2)

where: ¢ is the thickness of the substrate, as shown in Fig. 1. It is important to consider the
substrate material in any sharpness metric, but ultimately such a metric should pertain to the
blade only since the blade’s intended function is in general, not known a priori. The influence
of the substrate material can be introduced by normalising the cut initiation energy per unit
thickness (i.e., Eq. 2) by the substrate’s fracture toughness, i.e.,

g b
tJ.

ic

(€)

where: E,-* is the normalised cut initiation energy per unit thickness of substrate and J;. is the

Mode i fracture toughness of the substrate. For this analysis the opening mode (i.e., Mode I)
fracture toughness, J;., would be used, as this is the mode in which the substrate is being cut.
However, normalising with respect to the mode of fracture allows this particular metric to be
used for other cutting modes such as scissors cutting, which produces a tearing Mode I1I
fracture [31, 32] or a combined opening tension and sliding shear Mode /11, present when

hand carving meat with a knife, for example.

Finally, it 1s further hypothesised that the sharpness of a blade is inversely
proportional to the indentation depth to initiate a cut or crack in the substrate, d;. This
postulate is suggested by the results of the experiments performed in Section 3, where it was
found that the sharp (i.e., new) blades required approximately 2 mm indentation to initiate a
cut, while the blunt blades required approximately 4 mm. Hence, a measure for blade

sharpness, or more appropriately a blade sharpness index or BS/, can now be written as:

f Fdx
BSI = ;U @)

13



This metric relates the energy required to initiate a cut in the substrate to the substrate’s
fracture toughness and thickness and to the indentation depth of cut formation. The numerator
is a scalar energy quantity, while the dominator is related to the material, geometric and
indentation depth to fracture of the substrate, thus providing a simple formulation to evaluate
blade sharpness. It should be noted that the sharpness index of Eq. 4 is a dimensionless

quantity.

5. Blade Sharpness Index Evaluation
In this section the parameters of the BSI (Eq. 4) are first evaluated using test data from
Section 3. Additional tests are also necessary to determine some BSI parameters and these are

described. The BSI is then calculated for different blades and substrates.

5.1 Evaluation of o;

As discussed previously, the blade displacement required to initiate a cut in the
substrate, i.e. 0;, can be determined by progressively lowering the blade into the substrate and
then retracting it to examine the substrate surface for evidence of cut formation. However, it
was found that this point corresponds to the point where the stiffness curves just deviate from
linearity. Hence, 0; was determined for both the sharp and blunt blades from the stiffness plots

of Figs. 4(b) and 7(b), respectively, and the results for these tests are summarised in Table 1.

5.2 Evaluation of E;
After determining 0;, the cut initiation energy E; can be determined by integrating the

load-deflection response from a cutting experiment from the start of the test (i.e., where the

14



load just starts to rise) up to 0;. This was done by numerically integrating the load-deflection

test data of Section 3 according to the following equation:

: 1
E - f’ Fdx~52F/(xj+l -x,,) )
£

where: Fj and x; are the force and displacement values at experimental data point j,
respectively, x, is the displacement where the force just starts to rise and N is the total
number of data points up to cut initiation. Table 1 lists the results for the cut initiation

energies E; for each test.

5.3 Experiments to Determine Mode I Fracture Toughness, Jj.

This paper i1s concerned with the sharpness of blades for applications in cutting soft
solids. Due to the very ductile nature of these materials, it is difficult to determine their
fracture toughness using standard fracture toughness tests. One approach that has been used to
evaluate the fracture toughness of “soft” solids such as biological materials and foodstuffs is

to carry out a cutting test [31-33].

A recent paper by Doran et al. [31] proposed a simple model to determine the fracture
toughness of thin biological membranes. The approach used was to transversely load a thin
strip of chicken skin and then force a surgical blade through it. The resulting load-deflection
characteristics were used to calculate the fracture toughness J;. or the so called “resistance to
fracture” using the following equation:

J]C=(Xu—dA)+dU—aT ©
dA

where: X is the force acting on the blade and u is the blade displacement. The term dA
represents the elastic strain energy stored in the membrane during indentation (i.e., before

cutting initiates), dU represents the strain energy stored in the substrate, dI" represents the

15



work absorbed in remote plastic flow and dA4 is an increment of newly created surface area
due to cutting. As a starting point, this model 1s adopted here in an attempt to determine the

Mode I fracture toughness of the PU substrate material.

The experimental cutting rig described in Section 3 was used to carry out the cutting
trials to determine the PU fracture toughness. This rig is similar in functionality to that used
by [31]. However, it does not induce any transverse loading into the substrate material, and as
a result the stored strain energy term dU in Eq. 6 is zero. However, a consequence of not
applying any transverse pre-stress is that the substrate material remains in contact with the
sides of the blade during cutting, as illustrated in Fig. 6. Hence, energy is dissipated due to
friction between the sides of the blade and the substrate. To account for this, Eq. 6 is modified
to include energy dissipation due to friction, Pu:

Xu-—-dA - Pu-dI’
P — = )

where: P is the total friction force acting between the blade and substrate.

Doran et al. [31] stated that if a sharp blade is used during the test, the level of remote
(from the tip) plastic flow can be regarded as negligible and dI" can be ignored. In the
experiments performed here, when the blade was retracted after cutting, the substrate material
returned to its initial position without any apparent plastic deformation. Hence, it was
assumed here that the energy dissipated due to plastic flow, dI", was negligible and so this

term in Eq. 7 was ignored.

If the analysis is confined to a region where steady state cutting is occurring, the
energy due to initial indentation dA can be ignored since this energy is restored elastically

when the blade is retracted. From the cutting trials carried out in Section 3, it was found that

16



steady state cutting started at approximately 16 mm blade indentation for sharp blades. Hence
for this analysis, only experimental information after 16 mm blade indentation is considered

in the calculation of J;.. The final equation used to calculate Jj. is:

Jie = % @®)

with the caveat that it is only valid if the analysis is confined to a region of steady state
cutting. Otherwise, the dA term must be considered. The product Xu in Eq. 8 can be
determined by integrating the load-displacement curve obtained from a cutting trial. An
additional set of cutting experiments to those reported in Section 3 were carried out to

measure J;. and a typical load-deflection curve is shown in Fig. 8.

An approach used to estimate the energy due to friction when determining the Mode
III fracture toughness of a soft biological tissue using a scissors cutting test [32] was to first
carry out a cutting test, and then repeat this test with the cut substrate still in place. In this
way, all test parameters are identical to the initial cutting trial except that in the second or free
pass no energy is needed to cut the material, since it has been cut previously in the cutting
pass. In this way, the energy due to friction can be determined. Brown et al. [34] used a
similar approach to determine the friction forces generated when cutting foodstuffs.
Following these studies, it was decided to adopt this approach in order to determine the
friction energy term, Pu in Eq. 8. The approach taken here was to first carry out a cutting
experiment as normal. The blade was then retracted after the cutting pass and the substrate
material allowed to settle back to its initial position. Finally, the experiment was repeated with
the cut substrate left in the lower part of the test rig and the load-displacement data was
recorded. Fig. 8 shows the results from this free pass and it can be seen that significant force
and hence energy is needed to push the blade though the pre-cut material. The area under this

curve determines the energy dissipated due to friction. By differencing the load-deflection

17



curves for the cutting pass and the free pass, the (X-P) term in Eq. 8 can be determined as a

function of blade displacement and this is also plotted in Fig. 8.

The term (X-P)u in Eq. 8 is the area under the difference curve (X-P) in Fig. 8 and can
be evaluated by integrating this curve with respect to the blade indentation depth. This was
achieved here by integrating the test data using an equation similar to Eq. 5. However, to
avoid the dA term in Eq. 7 the integration must exclude the initial indentation energy and this
was achieved by only considering the portion of the curve representing steady state cutting
(i.e., 16 mm blade displacement onwards). The resulting (X-P)u term is plotted as a function
of the cut area dA4 in Fig. 9 for three repeats of the tests. The cut area was determined by:

dA = 2ht )
where: ¢ is the thickness of the substrate (which is 2.25 mm for the PU material), /4 is the
length of the cut and the factor 2 represents the new surfaces that are created on the two sides
of the blade. Following Eq. 8 and Fig. 9, the fracture toughness J;. is obtained from the slope

of best-fit linear curves to this data and the resulting values are shown Table 2.

5.4 Evaluation of Blade Sharpness

At this point, all the necessary data to calculate the BSI (Eq. 4) for the sharp and blunt
blades have been determined and are listed in Table 1. However before doing so, a closed
form expression for the BSI is derived in order to help understand its attributes. By examining
the initial portion of the load-displacement curve (i.e., from 0 to 0;) for both the sharp and
blunt blades in Section 3, it was found that they can be represented almost exactly by the

following closed form expression:

F = Ax* + Bx 10)

18



where: F'is the load, x is the blade displacement and 4 and B are both empirical constants
(and are equal to 0.24 N/mm” and 1.44 N/mm for the PU substrate, respectively, regardless of
whether the blade is sharp or blunt). Substituting Eq. 10 into Eq. 4 and carrying out the

integration yields the following closed-form expression for the blade sharpness index:

246} + 3B,
61/,
From this equation, it can be seen that the BSI is a quadratic function of blade indentation

BSI = a1
depth to cut initiation 0;. For an infinitely sharp blade, §; would tend towards zero, i.c.,

6, — 0 and so, in the limit the BSI would equal zero (i.e. Lim(BSI), _, = 0). Hence, for an

infinitely sharp blade the BSI would be zero, thus providing a lower bound. The BSI is

unbound for J, > 0 and so increasing values of BSI represent increasing levels of blade

bluntness.

By entering the parameters listed in Table 1 into Eq. 4 the BSI was determined for
both the sharp and blunt blades, and the results are also listed in Table 1. The average BSI
value for the sharp SM blade is 0.216 with a standard deviation of 0.016, while the average
value for the blunt blade is 0.514 with a standard deviation of 0.012. The sharp blades
produce a lower BSI than the blunt blades, as expected, and they differ by a factor of
approximately 2.4. It should be noted that the BSI scale is non-linear. However, for the BSI
range measured here (0.216 < BSI < 0.514), the linear term in Eq. 11 dominates since the B
coefficient is six times greater than the A coefficient (A = 0.24 N/mm’, B = 1.44 N/mm), and
so the BSI suggests that the sharp blades are approximately 2.4 times more effective than the

blunt blades.
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In Part II of this paper a finite element model is used to investigate the effect of
different blade geometric factors, such as wedge angle and tip radius, on the blade sharpness

index and so a discussion on this aspect is omitted here.

5.5 Verification of Substrate Independence

For this study, silicone (SI) rubber was procured from a local prosthetic implant
manufacturer and used as the substrate material in a new set of experiments. These
experiments were carried out in order to demonstrate that the BSI is independent of the
substrate material used. The composition for the SI material was a standard formulation of
polydialkylsiloxane propane, as used in the medical device industry [35]. It had a Shore
hardness of 60A and a thickness of 1.6 mm. Following identical procedures to those outlined
in Section 3, this sharpness study yielded the results shown in the last rows of Table 1. The
first thing to note is that the indentation depth to cut initiation, 0;, is considerably lower than
that for the PU substrate, and as a result the cut initiation energy, E;, is also considerably
lower. The fracture toughness for this material was determined following the procedure
outlined in Section 5.3 and the results are listed in Table 2. The average value of this fracture
toughness is in broad agreement with values for Si18800 and B452 type silicone rubbers

obtained using a trouser tear test [36], thus verifying the validity of the current approach.

The results for the BSI when cutting the SI substrate are listed in Table 1. The average

BSI value is 0.216 with a standard deviation of 0.018. This value is, on average, very close to

that obtained when cutting the PU substrate, thus demonstrating that the BSI is independent of

the substrate used, at least for the two material types examined here.

5.6 Application to Other Blade Types
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In order to show that the BSI is generically applicable to other blade types,
experiments were performed using a CAMB blade to cut a PU substrate. These blades are
designed differently to the surgical scalpel blades used thus far, and have an aluminum spine
on the back of the blade (as shown in Fig. 2(b)) for fixing, rather than a slot for a blade handle
as used in the fixing of SM blades. As a result, the sharpness-testing rig shown in Fig. 3 had

to be modified in order to test these razor blades.

Following the procedure outlined in Section 3, a set of new CAMB razor blades were
tested against the PU substrate and the results are shown in Table 3. Differently from before,
seven repeats of the test were performed. It should be noted that the load deflection curve for
these blades was very similar to that for the SM blades. However, it can be seen in Table 3
that §; for this blade is approximately 0.3 mm greater than that for the SM blade and, as a
result, £; is higher. Consequently the BSI for this blade is higher by a factor of approximately

1.16, indicating that the SM blade is a sharper instrument.

To investigate this hypothesis, the reaction forces for SM and CAMB blades are
examined at 2 mm blade displacement (i.e., 0; for the SM blade) and the results are listed in
Table 1 and Table 3, respectively. As can be seen, there is virtually no difference in the loads
at this displacement level for both types of blade. This highlights that the proposed BSI can
distinguish between blades that produce similar load levels, but have different levels of
indentation to cause a cut to initiate in a substrate, thus suggesting that force alone is not a

complete indicator of blade sharpness, as currently used in a number of professional areas.

6. Discussion and Conclusion
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This paper has set out to develop a new measure or metric for quantifying the
sharpness of a blade for applications in cutting soft solids. This index may be useful in a wide
range of applications, including the meat processing industry, general surgery, forensic

medicine, zoology, and some machining processes.

The blade sharpness index, or BSI, was derived by means of a set of experiments
where sharp (or new) and blunted straight edged No. 16 Swann-Morton scalpel blades were
forced through a polyurethane elastomeric substrate at a constant velocity. By plotting the
slope of the force-displacement curves from these tests as a function of blade displacement, it
was found that the point where a cut initiates in the substrate corresponds to the point where
the stiffness plots first deviate from linearity, and that this point is a function of the condition

or sharpness of the blade tip.

Following these experiments, a blade sharpness index was derived based on the
energy and blade indentation depth required to initiate a cut in the substrate material, and on
the substrate’s fracture toughness and thickness. This dimensionless index was evaluated for
both the sharp and blunt blades and had an average value of 0.217 and 0.514, respectively. By
writing closed form expressions for the force acting on the blade as a function of blade
displacement, it was possible to determine a closed form expression for the BSI. By
examining this expression, it was shown that the BSI varies in a quadratic manner with blade
indentation depth to cut formation, 0;, thus highlighting that the BSI scale is non-linear. It was
also possible to theoretically determine the BSI index for an infinitely sharp blade by
assuming that 9; for such a blade would approach zero, and hence in the limit the BSI would
be also be zero. This provided a lower bound for the sharpness index and suggests that the

closer the BSI is to zero the sharper the blade is. The closed-form expression used here was
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based upon experimental results using a polyurethane substrate, which is unlikely to be valid
for other substrate materials. However, once the load deflection curve can be expressed as a
first or higher order polynomial in blade displacement, x, then the BSI — 0 as §; — 0 for all

substrate materials.

It was postulated that the BSI should be independent of the substrate material used,
and should thus only pertain to the blade. This was shown to be true for the polyurethane and
silicone substrates tested. However, the question arises “Is a blade that is considered sharp
when cutting a soft solid, such as natural rubber or skin, for example, still sharp when
required to cut a metallic material, such as steel or aluminum?”. It is quite obvious that any
blade designed to cut a soft solid would be completely inadequate to cut a metal for any
significant length of time, if at all. However, to answer this question, one must consider the
micromechanical deformation that takes place at the blade’s tip during cutting. If the material
properties, such as stiffness, strength, fracture toughness and hardness are comparable
between the blade and substrate, extensive plastic deformation will occur at the blade’s tip
(due to the high concentration of stress at that point), before 9; is reached in the substrate. As a
result, the geometry of the blade tip would flatten out to a point where the physics of the
problem would change from a cutting phenomenon to a contact phenomenon. By using the
BSI, it would appear then that the blade is blunt, since it would now take a significant amount
of energy to reach §; (if attained at all). However, this blunting occurs as a result of the
measurement process and not because the blade was initially blunt. Hence, blade sharpness is
independent of the substrate used, but in order to measure it, the material properties of the
substrate should be orders of magnitude less than that of the blade, so as to avoid changing the

geometry of the blade tip.
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Some approaches in determining the performance of a blade require that the blade
undergo a significant amount of cutting and this obviously leads to some degradation of the
blade’s cutting edge. The approach developed herein has the advantage that the blade is only
required to indent the substrate once by a small amount, thus minimising wear on the blade.
This approach, therefore, may be useful to blade manufacturers when carrying out quality

control tests before sending blades out to market.

Finally, this paper has not considered the effect of blade geometry, such as wedge
angle, tip radius or surface finish on the BSI. Manufacturing one-off blades with custom
designed geometric ratios would be extremely difficult and expensive and is outside the scope
of this paper. However, to overcome this, a finite element model is developed in Part II of this

paper and used to investigate the effect that these geometric factors have on the proposed BSI.
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FIGURE CAPTIONS
Figure 1: An idealisation of the indentation type cutting process.

Figure 2: Photographs of the blades used in this study, (a) SM Scalpel Blade, (b) CAMB
Razor Blade.

Figure 3: Experimental rig used for the cutting trials.

Figure 4: Indentation cutting with sharp SM blades; (a) Load-deflection curves, (b)
corresponding stiffness-deflection curves.

Figure 5: Photograph showing the level of blade indentation at the point of cut formation in
the substrate.

Figure 6: Different stages of the indentation cutting process; (a) Initial indentation at the point
of cut formation, (b) Intermediate cutting where the cut material travels up the side of the
blade, (c) onset of steady state cutting where the substrate material re-contacts above the back
of the blade, (d) Steady state cutting, (a), (b), (c) and (d) correspond to locations A, B, C and
D of Fig. 4(b).

Figure 7: Indentation cutting with blunt SM blades; (a) Load-deflection curves, (b)
corresponding stiffness-deflection curves.

Figure 8: Load-displacement curves for a cutting pass (X), a free pass (P) and the difference
(X-P).

Figure 9: (X-P)u term as a function of cut area dA4.
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Table 1 Experimental data for evaluating the BSI for SM blades

Substrate Blade Test 0; F at o; E; t Jie BSI
Material  Condition  No. (mm) (N) Nmm) (mm) (kJm?)
1 2.03 4 3.87 0.231
Sharp 2 1.97 3.76 3.58 2.25 3.67 0219
PU 3 2.08 3.6 3.41 0.200
1 4.07 9.9 17.65 0.526
Blunt 2 4.10 9.5 17.04 2.25 3.67  0.504
3 4.07 9.6 17.05 0.512
1 0.43 0.98 0.257 0.202
SI Sharp 2 0.44 0.92 0.273 1.6 1.85  0.210
3 0.44 0.99  0.3082 0.237
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Table 2 Jy. values for the PU and SI substrates

ch

Material Test No. (kJ m'z)

Average Standard Deviation

3.816
3.481 3.67 0.172
3.713

PU

1.974
1.739 1.85 0.118
1.850

SI

W N =W N =




Table 3 Experimental data for evaluating the BSI for sharp CAMB razor blades

Substrate Test 0; Fat Fat2 E; t Jie BSI BSI
Material  No. (mm) S; mm (Nmm) (mm) (kJm?) Ave.
(N (N) (S.D.)
1 232 448 3.8 4.77 0.249
2 234 46 3.9 4.92 0.255
3 232 456  3.86 4.88 0.255 o
PU 4 231 448 3.8 484 225 3.67 0254 (0'006)
5 228 418  3.54 4.52 0241
6 234 44 373 4.75 0.246
7 227 435  3.78 4.83 0.258
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Figure 1 An idealisation of the indentation type cutting process
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Figure 2 Photographs of the blades used in this study, (a) SM Scalpel Blade, (b) CAMB

Razor Blade
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Figure 3 Experimental rig used for the cutting trials
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Figure 4 Indentation cutting with sharp SM blades; (a) Load-deflection curves, (b)
corresponding stiffness-deflection curves
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Figure 5 Photograph showing the level of blade indentation at the point of cut formation
in the substrate
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Figure 6 Different stages of the indentation cutting process; (a) Initial indentation at the
point of cut formation, (b) Intermediate cutting where the cut material travels up the
side of the blade, (c) onset of steady state cutting where the substrate material re-
contacts above the back of the blade, (d) Steady state cutting, (a), (b), (¢) and (d)
correspond to locations A, B, C and D of Fig. 4(b)
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