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ABSTRACT: The simultaneous puncture and cutting behavior of elastomers was investigated by pointed blades. Puncture/cutting tests

by three-pointed blades were performed with different elastomer membranes, including butyl, neoprene, and nitrile rubbers. The frac-

ture mechanisms associated to puncture/cutting were investigated. The quantitative material properties which control the puncture/

cutting resistance are obtained. The results have showed that the crack growth propagation is controlled by the material viscoelastic

and the fracture behaviors of material, as well as the friction between the pointed blade and material. As evidenced from the fracture

mechanism analysis, the friction contributes to the resistance of material against the simultaneous puncture and cutting by a factor of

more than 60%. It has also been that the penetration force and the global fracture energy depend on the blade tip angle, the cutting

edge angle, and the blade lubrication. Finally, an analysis of mixed-mode fracture based on puncture/cutting by pointed blades has

been described. The crack propagation is a synergistic interaction between the fracture modes I and III. VC 2015 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2015, 132, 42150.
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INTRODUCTION

Puncture-resistant materials for protective gloves are required for

a range of several industrial sectors, especially workplaces exposed

to knife tips, metal sharps, or glass splinters. Lacerations of cut

and puncture types cause more than 50% of hand injuries

according to various sources.1–3 However, the appropriated pro-

tective gloves against these hazards are not yet available up to

now. Therefore, resistance to puncture by pointed blades is con-

sidered a relevant mechanical property of materials used in pro-

tective gloves. The development of materials having a high

protection level for the puncture by pointed objects requires a

better understanding of the puncture and cutting mechanisms.

Various investigations of puncture and cutting have been per-

formed on specific cases involving different protective materials.

In some cases, new test methods have been proposed.

The puncture by normalized probes and cutting by a razor

blade are already published in the literature.4–11 Several test

methods have been adopted by ISO or by ASTM to characterize

the resistance of protective gloves to cutting and to punc-

ture.12–15 These test methods are designed for several types of

protective materials, including elastomer membranes, coated

fabrics, and textiles. It has been suggested that the puncture

resistance can be obtained through the measurement of the pen-

etration force, which equals to the maximal value of force curve.

In the case of cutting, the cutting force has been reported to

correspond to blade displacement of 20 mm.

The cut resistance of elastomer materials can be affected by two

mechanisms: the viscoelastic behaviour of material and the con-

tribution of the friction between the blade and the material.9,16

The friction contributes significantly to the cutting energy. The

puncture tests by a rounded probe showed that the penetration

force largely depends on the deformation of elastomer mem-

branes.8,17 However, in the case of puncture by medical nee-

dles,17–19 the material deformation is low. A linear relationship

between the penetration force and probe (medical needles and

conical and rounded probes) diameter is observed.17

From a fundamental point, the mechanisms of the simultaneous

puncture and cutting of elastomer membranes are still not

largely explored. It should be noted that no fundamental under-

standing of the mechanisms controlling the puncture/cutting for
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elastomer membranes is investigated. However, in the case of

textile composites, various practical studies have been per-

formed to evaluate the resistance to stab knife.

Gong et al.20 studied the fracture resistance of various layers of

Kevlar fabric by a stab knife. The fracture resistance is evaluated

by both the calculations of the impact energy and the penetration

depth of knife in the material. The results showed that the punc-

ture/cutting resistance is highly depended on the inter-yarns fric-

tion and the number of fabric layers. Therefore, the higher

puncture/cutting resistance of woven aramid fabric is observed

with thin laminated films.21 Alternative finite element analyses of

stab knife on composite materials have been also performed.22

The knife penetration force of material is influenced by the yarn

rigidity and yarn static friction. Other results showed that the

penetration force of composite materials is highly depended on

the sharp blade geometry.23 Two parameters: the cutting resist-

ance without deformation of material and the shear force of

fibers account for the creation of a new fracture surface.

The ultimate goal of this article is to propose a new approach

to evaluate the resistance of elastomer membranes to pointed

blades. The mechanisms responsible for the puncture/cutting

process are determined. The effects of blade lubrication, pointed

blade geometry, and cutting edge angle will be investigated. An

analysis of the synergy between puncture and cutting processes

is also discussed.

EXPERIMENTAL

Materials and Pointed Blades

Tests were performed on three different elastomer membranes

(McMaster Carr. Ltds.): neoprene rubber (1.6- and 3.2-mm

thick), nitrile rubber (0.4-, 0.8-, 1.6-, and 3.2-mm thick), and

butyl rubber (1.6-mm thick). These polymers are commonly

used in the manufacturing of protective gloves.

Three models of pointed blade with different tip angles have

been used to perform the puncture/cutting tests. The first blade

was a fine blade with a 22.5� tip angle (X-Acto, Model X211).

The second one was a medium blade with a 35� tip angle

(X-Acto, Model X224). The third one was a large blade with a

56� tip angle (X-Acto, Model X219).

Puncture/Cutting Process by a Pointed Blade

Force Measurement. The puncture tests by pointed blades were

performed using a test method similar to ASTM F1342-05

standard test method.14 The material sample was clamped

between two steel plates having 38 mm diameter holes [Figure

1(a)] to let the sample deform freely during the test. The

pointed blade was positioned perpendicularly to the sample in a

mechanical test frame machine (Alliance STM) equipped with a

25-N load cell. The test consists in moving down the blade at a

constant displacement rate of 100 and 250 mm/min against the

sample. The applied force is recorded with the pointed blade

displacement. As shown in Figure 1(b), the force-displacement

curve displays several peaks. To identify the peak corresponding

to the penetration force at which the blade tip reaches the

underside of the membrane, a thin film of aluminum was fixed

underneath of the sample and coupled with the pointed blade

by wire, to detect the blade tip by electrical contact.

Global Fracture Energy and Friction Energy Measurements.

The global fracture energy and the global friction energy, which

are responsible of the creation for a new fracture surface in rubber

materials, were measured by loading/unloading test at 100 mm/min

(Figure 2). These types of test are commonly used in several break-

ing methods to characterize the fracture energy.18,19,24–26 Rivlin and

Thomas proposed this approach to calculate the tearing energy of

rubbers.26 This approach was also used to study the tearing energy

of textile materials by trouser tear tests and tensile tests.27 Others

studies have characterized the puncture and cutting of rubber by

loading/unloading tests.18,19,24,25

In this work, loading/unloading test were performed at various

applied pointed blade displacement values. The first step is mov-

ing down the pointed blade through the sample, i.e., a maximum

of the applied blade displacement is reached (loading, step 1, Fig-

ure 2), and then pull out the blade from the sample (unloading,

step 2). Therefore, similar tests without crack propagation were

performed on the same puncture/cutting sample (reloading, steps

Figure 1. (a) Experimental measurement setup, (b) Typical force-displacement curve. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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3 and n�2), i.e., the pointed blade is slipped inside the fracture

surface to evaluate the contribution of friction.

These test cycles helps to characterize the global friction energy

and the global fracture energy. For each loading/unloading/

reloading test cycle, two curves of fracture and friction tests

were recorded at a pointed blade displacement of 7 mm, as

shown in Figure 3. The global friction energy UFriction and the

global fracture energy UFracture were calculated from the eq (1).

UFractureðFrictionÞ5

ð
FFractureðFrictionÞdl (1)

Where FFracture and FFriction are respectively the fracture and the

friction forces measured at a pointed blade displacement l.

The previous experimental formalism was used to evaluate the

contribution of friction and fracture energies in puncture/

cutting process. As shown in Figure 3, the puncture/cutting

energy UTotal can be given by eq. (2).

UTotal5UFracture1UFriction (2)

The fracture surface was measured to understand the crack

growth mechanisms. As the loading/unloading/reloading tests

were completed, the specimen was opened by a special cutter to

separate the two created crack faces. The crack face was then

observed in the underformed state of sample using an optical

microscopy. The fracture surface is triangular as the shape of

the pointed blade (Figure 4).

Effect of Experimental Conditions. The pointed blade was wet-

ted by thin layer of a metalworking fluid to study the lubrica-

tion effect. The penetration force and the friction and fracture

energies of non-lubricated blades are also inserted for reference.

In industrial working places, various attack angles between

pointed blades and protective material are possible. Thus, the

effect of this parameter on penetration force was investigated.

The setup used for measuring the simultaneous puncture and

cutting resistance was oriented to several sample angles (a 5 0�,
3�, 5�, 8�, and 11�) (Figure 5). The penetration force was

recorded in two orientations, X and 2X, of the cutting edge of

35� and 56� tip angles pointed blades.

Figure 3. Typical loading/unloading force–displacement curves of punc-

ture/cutting test and friction test with a 7 mm applied pointed blade

displacement.

Figure 4. Fracture surface created by a pointed blade (203 magnifica-

tion). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 5. Schematic representation of several setup orientation angles, (a)

cutting edge blade oriented in X direction, (b) cutting edge blade oriented

in -X direction.

Figure 2. Example of measured of fracture and friction forces of the same

material and pointed blade, (1) Loading test: Puncture/cutting test, (2)

Unloading test: extraction of blade, (3) Reloading test: Sliding blade in

fracture surface (10X magnification). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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RESULTS AND DISCUSSION

Fracture Mechanisms

Figure 1(b) displays the variation of the applied force as a func-

tion of pointed blade displacement for the neoprene membrane

(1.6 mm thick) and blade of 22.5� tip angle. Three peaks (peak

n�1, n�2, and n�3) and four inflection points, which character-

ize the puncture/cutting behavior of material (0–1, 1–2, 2–3,

and 3–4), are observed. The pointed blade gradually penetrates

in the material and produces crack growth propagation by

simultaneous puncture and cutting (Figure 6). The friction

between the pointed blade and material is continuously contrib-

uted during the puncture/cutting process.

The first part (0–1) corresponds to the resistance to viscoelastic

deformation of elastomer membrane. At position n�1 [Figure

7(a)], the deformation of material reaches a maximum and

then the blade tip begins to penetrate gradually into the mem-

brane (pointed blade displacement > 2 mm). This position cor-

responds to the first increment of crack growth propagation.

The change in the shape of applied force curve is related to the

viscoelastic behavior of material. It appears that the viscoelastic

behavior affects notably to the crack growth propagation

process.

Between positions n�1 and n�2 [Figure 7(b)], the pointed blade

continues to penetrate gradually in the material and produces a

crack by the simultaneous puncture and cutting processes.

Because the pointed blade remains in contact with material, the

friction plays a continuous role with respect to the puncture/

cutting process. The applied force has not yet reached the posi-

tion n� 2 (applied force < 1.95 N), i.e., the pointed blade is not

in contact with the lower face of elastomer membrane. How-

ever, the applied force is reached the position n�2, whereas the

pointed blade is in contact with the lower face of the sample.

From position n�2 (> 1.95 N), the pointed blade completely

crosses the lower face of elastomer membrane. Therefore, the

applied force continues to increase [Figure 7(c)].

When the pointed blade passes through the sample, the applied

force reaches to another peak (position n�3) [Figure 7(d)]. The

crack growth propagation is only assumed by the cut and fric-

tion forces. For this reason, the applied force is almost constant

as the shape of the force curve obtained during the cutting by a

razor blade.7,28–30 Therefore, the fracture process is largely con-

trolled by the friction in the cutting edge of the pointed blade.

According to the previous results, the large contributions of the

viscoelastic behavior and the friction between material and

pointed blade make them good candidates for the puncture/cut-

ting resistance materials.

Effect of Lubrication

An investigation of the effect of blade lubrication on the punc-

ture/cutting process shows a significant reduction of the resist-

ance to puncture/cutting by lubricated blade. As it can be seen

in Table I, a decrease of penetration force (approximately 50%)

was recorded with neoprene and nitrile rubber membranes

punctured by a lubricated blade of 35� tip angle. This result can

be attributed to the difference in the contribution of puncture/

cutting mechanisms for lubricated blade compared with nonlu-

bricated blade. The lubrication of pointed blade is eventually

leading to a reduction of friction during the puncture/cutting

process. The later will be investigated in the next section. The

effect of blade lubrication was also examined with the global

fracture energy and global friction energy at a pointed blade

displacement of 7 mm (Table II). The values of the energies

obtained with lubricated and nonlubricated blades of three

blade tip angles were compared. The obtained result clearly

indicates a reduction of the global fracture energy of neoprene

rubber with the lubricated blades. The similar trend was

observed in the case of the variation of the value of the penetra-

tion force as a function of lubrication effect (Table I). This

effect can be attributed to the friction contribution. As shown

Figure 6. Pictures of the puncture/cutting steps of elastomer membranes

by a pointed blade.

Figure 7. Typical force–displacement curves for puncture/cutting by a pointed blade of 22.5� and fracture surfaces created into a neoprene rubber mem-

brane (1.6-mm thick).
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in Table II, a significant decrease of the global friction energy

can be obtained with lubricated blade. Therefore, the presence

of a lubricant does not completely remove the friction force

between the blade and elastomer membrane.

Contribution of Friction

The relationship between the combined mechanisms of friction

and fracture was investigated to quantify the contribution of

friction to the puncture/cutting process (Figure 3). This friction

dissipation at crack propagation involves two friction phenom-

ena.9 The first one is associated with the lateral pressure of

crack tip surfaces on both sides of pointed blade. The second

phenomenon is due to the tangential contact between cutting

edge of blade and material.

As shown in Figure 3, a minor difference between the maxi-

mum friction force and the maximum fracture force is

observed. Because of that, the relationship between the both

maximum forces should not be used to characterize the friction

contribution. On the other hand, the global friction energy

UFriction is higher than the global fracture energy UFracture. The

UFriction represents about two-third of the UTotal. The similar

finding has been reported in the case of elastomer cutting by a

razor blade.9 Quantitatively, the global cutting energy dissipates

to cut a neoprene rubber basically derives from the friction

force. In addition, viscoelastic behavior of elastomer membranes

can affect the friction and the fracture energies.31–33 It has been

shown that the cutting energy with or without friction includes

a viscoelastic contribution. Figures 6 and 7 revealed that the

elastomer membrane is deformed by the linear viscoelastic

behavior, before initial crack growth occurs. This fundamental

property has not eventually a significant effect on the puncture/

cutting behavior, because of the continuous cutting edge of the

pointed blades.

To confirm the friction contribution, the global friction energy

was measured with several nitrile and neoprene rubber mem-

branes punctured by the three lubricated and nonlubricated

pointed blades. The results in Figure 8 allow us to prove that

the friction contribution to the puncture/cutting resistance is

almost constant with several puncture/cutting cases. It can also

be seen from this graphic that the relationship between the

global friction energy and the global fracture energy is almost

constant and all data point out the independent of the friction

contribution to the test conditions. Therefore the UFriction

increased by a factor of 2.45 with the increasing of the UFracture

for all experimental cases. Thus, it believes that the puncture/

cutting process of elastomers by a pointed blade is largely con-

trolled by the friction phenomenon.

Effect of Blade Tip Angle

An investigation of the variation of the penetration force as a

function of the blade tip angle (22.5, 35, and 56�) was per-

formed with nitrile and butyl rubber membranes of 1.6-mm

thick (Table III). An increase in the penetration force with the

blade tip angle is observed. The results could be attributed to

the increase of the tip angle, which in turn leads to an increase

of the friction as the contact surface between the blade and

material increases.

Table II shows the effect of blade tip angle on the global frac-

ture energy for a neoprene rubber membrane of 1.6-mm thick.

This global energy strongly increases with the decrease of blade

acuteness (increase of blade tip angle). The overall shape of this

trend is similar to that of the penetration force. The fracture

modes of material and the friction contribution can be given

here for explanation.

The crack associated to the puncture by pointed blades of tip

angle between 22.5� and 56� is monitored by fracture mixed-

modes (Figure 9). There are two fracture modes (mode I 1 III)

that can interfere in this process. The puncture with the acute-

ness blades promotes the fracture mode III, i.e., the crack tip

opening displacement, which performed by the shear stress, is

parallel with the crack tip face. The crack propagates at high

speed to create a new fracture surface and the pointed blade

rapidly penetrates into the material. By comparison, in the case

of the pointed blade with tip angle around of 90�, the crack

growth can be manifested by the fracture mode I. This crack

growth propagation is assumed by the normal stress that is per-

pendicular with the crack propagation plane. In this case, the

crack propagation is relative low and the crack growth occurs

more proucely in a superficial surface of the sample.

Effect of Cutting Edge Angle

The effect of cutting edge angle on the completely penetration

force is displayed in Figure 10. For the two pointed blades of

Table I. Comparison of Penetration Force Values Obtained at Displace-

ment Rate of 250 mm/min

Material
Thickness
(mm) Condition

Penetration
force (N)

Neoprene 1.6 Nonlubricated 3.42 (0.09)

Lubricated 2.49 (0.03)

3.2 Nonlubricated 11.03 (1.22)

Lubricated 6.69 (0.35)

Nitrile 1.6 Nonlubricated 5.31 (0.25)

Lubricated 3.84 (0.29)

Table II. Comparison of the Global Friction Energy and the Global Fracture Energy Obtained at Displacement Rate of 100 mm/min

Global fracture energy (N.mm) Global friction energy (N.mm)

Blade tip angle (�) Nonlubricated Lubricated Nonlubricated Lubricated

22.5 4.05 (0.21) 3.55 (0.25) 6.02 (0.08) 4.15 (0.11)

35 6.15 (0.05) 4.2 (0.06) 12.18 (1.01) 5.55 (0.06)

56 8.12 (0.04) 6.2 (0.09) 16.22 (0.49) 8.6 (0.13)
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35� and 56�, the curve, which describes the relationship between

the penetration force and cutting edge angle, are well superim-

posed on a single master curve. The penetration force abruptly

decreased with increasing of the cutting edge angle. The shape

of master curve is similar to both neoprene rubber membranes

of 1.6- and 3.2-mm thick. In accordance with the puncture/cut-

ting results obtained with large cutting edge angles or acuteness

blades, the effect of cutting edge angle on penetration force

appeared similarly to the effect of blade tip, as illustrated in

Table III. When the cutting edge angle is close to 90�, i.e., a

blade of fine tip angle, a lower value of the penetration force is

observed. The puncture/cutting process is assumed by the frac-

ture mode III. Otherwise, both the small cutting edge angles

and blades of large tip angles can give the same puncture/cut-

ting process. Indeed, a high value of the penetration force is

obtained (Figure 10). Therefore, the crack propagation is even-

tually controlled by the fracture mode I.

Discussion About the Difference in Fracture Mechanisms

Between Pointed Blades, Probes and Medical Needles

It has been reported in the case of puncture of elastomer mem-

branes by conical probe that the fracture mechanism is con-

trolled by the maximum deformation of material.18 Another

investigation on the cutting of rubber material by a razor blade

reported a large contribution of friction to the fracture energy.9

However, in the case of puncture by medical needle, the contri-

bution of friction played a minor role toward the fracture of

material.17 The puncture/cutting process has shown the simulta-

neous contribution of friction and viscoelastic behavior, during

the crack propagation. The material deformation by pointed

blades is much lower than that observed with spherical and

conical probes.

To compare the penetration force of puncture/cutting with that

of probes and medical needles,9,17,23 the results are illustrated

together in Table IV. The penetration force value for puncture

by a pointed blade is equal to twice of penetration force associ-

ated to the puncture by a medical needle, but it’s lower than

that recorded with conical probe. The results can be related to

the crack propagation modes.17,18 The crack tip diameter is

controlled by tip diameter of probes26 (conical probe, medical

needle, and pointed blade). Indeed, the crack tip radius of

Figure 8. Comparison of the UFriction and the UFracture values of several puncture/cutting tests at displacement rate of 100 mm/min.

Table III. Variation of the Penetration force as a Function of Blade tip

Angle Obtained at Displacement Rate of 250 mm/min for the Sample of

1.6 mm-thick

Penetration force (N)

Blade tip angle (�) Butyl Nitrile

22.5 6.01 (0.33) 3.42 (0.26)

35 13.65 (0.34) 6.09 (0.37)

56 17.03 (0.56) 9.23 (0.09)

Figure 9. Fracture mixed mode I1III, (a) crack growth dominated by

shear stress (mode III), (b) crack growth dominated by normal stress

(mode I).

Figure 10. Variation of penetration force as function of cutting edge angle

obtained at displacement rate of 250 mm/min.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4215042150 (6 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


pointed blade is bigger than that created by medical needle and

smaller than the crack tip associated to conical probe.

Puncture/Cutting Process

An analysis of the puncture/cutting process is proposed to

describe the crack propagation in elastomer materials (Figure

11). Two crack growth processes are observed during the punc-

ture by pointed blades. The first is the puncture in the normal

direction. The second is the cutting process, which is occurred

in the tangential direction. It seems that the change of blade tip

angle affects the fracture mode of material and consequently

modifies the puncture process and cutting process contribu-

tions. When the blade tip angle is acute (for example 22.5�),

the crack growth propagation created by puncture process and

by shear stress is dominated. The crack depth is therefore supe-

rior to the crack length in tangential direction [Figure 11(a)].

In addition, a major rule of cutting-process and normal stress is

revealed with the puncture/cutting occurred with larger blade

tip angles (for example� 56�). As a result, the cut length is

greater than the puncture depth [Figure 11(c)].

Contribution of Friction and Fracture Forces

An analysis of the distribution of puncture/cutting forces is per-

formed to provide a better explanation with respect to the frac-

ture mechanic and mechanisms associated to a puncture/cutting

by pointed blades. Figure 12 shows that the penetration force

includes both normal and tangential forces. According to the

fracture mixed mode, the penetration force in equilibrium can

thus be expressed by eq. (3).

FP5lFcosh1Fsinh (3)

Where FP is the penetration force, m is the coefficient of fric-

tion, h the blade tip angle, and F is the result of the response to

the applied normal force FP, including fracture of material and

the pressure of surfaces crack tip parameters.

The analysis of distribution forces clearly confirms that the fric-

tion force is mostly responsible for the crack growth propaga-

tion and puncture/cutting resistance. As it can be seen here, an

increase of blade tip angle causes a decrease in the friction force

mFcosh. However, an increase of the friction because of the lat-

eral pressure of material on the both sides of blade is observed

(Table II). As a consequence, the resistance associated to punc-

ture/cutting is the highest. The distribution of puncture/cutting

forces is proposed by eqs. (4–6).

h! 90� (4)

lFcos h! 0 (5)

Fp ! F (6)

On the other hand, the puncture/cutting test with the acuteness

blade, as low blade tip angles or high cutting edge angles, shows

a maximum value of friction force mFcosh at the cutting edge

blade. Consequently, the penetration force exhibits a minimum

value (Figure 10). Hence, the puncture/cutting forces are in the

form:

Sinceh! 0�, value of mFcosh is the highest value. Also, the

maximum penetration force Fp has a tendency to mFcosh.

Indeed, the resistance to puncture/cutting is the lowest value.

CONCLUSION

In this work, the fracture mechanic and mechanisms of the

simultaneous puncture and cutting associated to pointed blades

have been investigated.

Our results show that the puncture/cutting of elastomer mem-

branes is controlled by a macroscopic friction. The friction

Table IV. Comparison of the Values of the Penetration force of the Coni-

cal Probe, the Medical Needle and the Pointed Blade for Neoprene (1.6

mm-thick) Obtained at Displacement Rate of 100 mm/min9

Type of aggressors Penetration force (N)

Conical probe 19.2 (0.5)

Medical needle 2.2 (0.1)

Pointed blade 3.8 (0.5)

Figure 11. Fracture surfaces obtained with various pointed blades of:

(a) 22.5�, (b) 35�, and (c) 56�. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 12. Diagram of the distribution forces during the puncture/cutting

test by pointed blades for elastomer membrane.
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between pointed blade and material significantly contributed to

the crack growth propagation. The puncture/cutting energy

includes more than 60% of friction contribution. A decrease of

penetration force, global fracture energy and global friction

energy was also observed with the lubricated pointed blades. A

similar finding was obtained with the effects of the cutting edge

angles and the blade tip angles on the same mechanical proper-

ties. This result can be associated to the fracture mixed-modes

and the contribution of friction.

The puncture by acuteness blade shows a domination of shear

stresses and puncture-process. The crack is more propagated in

the normal direction. The friction between blade cutting edge

and material achieves a maximum value. The cutting-process,

which is assumed by normal stress, is dominated during the

puncture/cutting tests by a large blade tip angles. The friction

between blade cutting edge and material is rather small. There-

fore, the resistance to puncture/cutting is much higher than

that observed in the case of acuteness blades.
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