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 e sales value of ready-made foods is determined to a large extent by the appearance of the individual pieces or slices. Breakouts
or deformations are perceived negatively and should be avoided. e quality of the cut surface is derived as an evaluation criterion
from the evaluation of the cutting force curve. is study examines the in�uence of friction during cutting. emethod developed
for this purpose deals with the problem of separating friction from breaking and deforming when cutting with wire. To test the
theoretical approach, cutting experiments with thin wires are carried out on various foodstu�s. When cutting with obliquely
oriented wire, force value curves are recorded in the feed direction and perpendicular to the feed direction.  e cutting force
curves are reduced to two characteristic values for the active unit depending on the cross-section geometry. In connection with the
result values, an explanatory model is proposed with which a quanti�ed statement on the proportion of friction during the cut is
possible.  e enhanced model elucidation by oblique cutting will be helpful for the comparison of cutting tools and for the
veri�cation of computer simulations.

1. Introduction

 e cutting process of food is in�uenced by product
properties, the geometry of the cutting tool, and the
technical parameters of the tool movement.  e texture of
food is characterised by a low Young’s Modulus and often
distinctive adhesive behaviour [1, 2]. Foodstu�s therefore
di�er signi�cantly from metallic and polymeric materials.
 e knives for cutting food are of small thickness and a
small wedge angle.  e oblique cutting movement with a
high push-slice ratio prevents crushing of the food [3].  e
appearance and roughness of the cut surface is an im-
portant quality criterion for foods [4], which is associated
with cutting force and sharpness [5, 6].  e Blade
Sharpness Index is determined by the tip radius, the wedge
angle, and the blade pro�le [7, 8]. In the case of wire
cutting, the tip Radii is equivalent to half the wire diameter.
After penetration into the material, additional friction
occurs between the tool and the sample [1]. Cutting with
wire is often used for products where the friction increases

rapidly as the contact surface increases. Despite the small
surface area of the wire, a residual friction remains [9].  e
present study deals with the experimental investigation of
wire cutting with oblique wire on foodstu�s.  e aim of the
present study is the quantitative description of the fric-
tional force that occurs during a cut.

Atkins [10] showed in his investigations on cheese
cutting that the interacting surface has a decisive in�uence
on the resulting friction force.  e friction coe�cient must
therefore be set in relation to the interacting surface and the
acting normal force.  e investigations of Kamyab [9] and
Goh [6] deal with the wire cutting of cheese under con-
sideration of friction. Kamyab determines the coe�cient of
friction by a classical friction test. Goh uses a substitute test
from the investigation of Charalambides [11]. In this study,
it is assumed that friction can only occur against the di-
rection of motion.  is assumption shall be used as an al-
ternative possibility to determine friction during cutting. In
the model of Atkins [10, 12], friction is considered in a
general equation (1) for work during cutting.
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W � Wfracture + Wplasticity + Wfriction. (1)

For food cutting, Dowgiallo [13] replaced the term for
plastic deformation by elastic and plastic deformation
during cutting. By van Vliet [14], further components for
viscous cutting have been introduced. )e simplified
equation according to Atkins et al. [10] for the pressing cut
includes the separation and displacement of the material in
one parameter R and the friction in another term. )e depth
of the material is considered in equation (2) in parameter w

and the travelled cutting path s. )e wire is considered as a
line in the model:

dW � R · w ds + d(friction). (2)

)ere are several studies that have investigated the
friction that occurs during the cutting of food [1, 10, 15].
Atkins found that by increasing the angle λ, the cutting
force decreases to a local minimum and then increases

again. )is property is attributed to the occurrence of
friction. )e forces in feed direction FMD and perpen-
dicular direction FCD are considered for further in-
vestigation of friction. )e directions of the forces are
shown in Figure 1.

)ere is no relative movement in the perpendicular
direction, which is why instead of mechanical work, the
force curves are compared on the basis of the fracture
toughness R. Equation (2) is therefore reduced to

dF � R dw. (3)

)ewidth to be cut depends on the feed distance sfeed of
the wire. By specifying the sample geometry in length wS
and height hS, the calculation of the cut sample width w can
be calculated as a function of the feed rate and the point of
first contact sI of the cutting tool with the sample. A di-
vision into three sections is necessary for the cutting
process. )e determination of the section boundaries is
demonstrated in

w sfeed(  �

wS ·
sfeed − sI

tan λ · wS
, sI ≤ sfeed ≤ sI + tan λ · wS,

wS, sI + tan λ · wS ≤ sfeed ≤ sI + hS,

wS · 1−
sfeed − sI − hS

tan λ · wS
 , sI + hS ≤ sfeed ≤ sI + hS + tan λ · wS.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

With w, equation (5) for FMD can be formulated:

FMD sfeed(  � RMD · w sfeed( . (5)

Chaiaia [16] postulates in his investigations a hydrostatic
core along the cutting edge. )e proportion of the hydro-
static pressure on the edge in perpendicular force-accepting
direction FCD requires the reference to projected cutting
edge length. )e projected cutting edge length is determined
in equation (6) by the tangent of the angle λ:

FCD sfeed(  � RCD · tan λ · w sfeed( . (6)

)e angle λ� 0° does not lead to a defined solution for the
calculation of w because of the division by zero.)e solution
of the problem by a case distinction is avoided by the in-
significant change from λ� 0° to λ� 0.1°. With the equation
approach, force curves for FMD and FCD are fitted to the
measured curves. Figure 2 qualitatively illustrates the force
curves for a pressing and an oblique cut.

)is model of cutting contains numerous simplifica-
tions.)e considerations do not take into account the special
features of the initial section and the compression present.
)e material is regarded as rigid in which the cutting tool
immediately creates a crack on impact. For the departing of
the cutting tool from the material, an occurring brittle
fracture or a drag of the material into the countersupport is
not mapped by the model.

2. Materials and Methods

2.1. Test Station forWire Cutting. )e test setup is based on
a universal testing machine type Zwick Z020 with a
uniaxial feed and is equipped with a force sensor type HP
011562. )e sensor has a measuring range of ±500N and
detects the force in machine feed direction FMD. Two
YCZ-133 bending beams with a measuring range of ±50 N
are used to measure the force orthogonally crossing the
feed direction. )e measured force in the cross direction
FCD is synchronized with the force FMD via a light barrier.
)e arrangement of the sensors within the module in-
stalled in the universal testing machine is shown in
Figure 3.

)e wire can be tensioned into the frame at three dif-
ferent angles λ. For an angle λ� 0°, the wire is orthogonal to
the feed direction. Figure 1 shows in position (d) an angle
λ� 45° with the solid line and in positions (e) and (f) the
angles of 30° and 0° as an interrupted line. )e specimen lies
on the countersupport, which has a gap width of 5mm.
During the test, the countersupport stands still, and the wire
with the sensors is moved at 1 or 2mm/s feed rate. All tests
are performed in an air-conditioned environment at an
ambient temperature of 296K and 50% humidity.)e videos
V1-V6 in the supplementary material are attached to vi-
sualize the experiment.
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3. Materials

)e experiments are carried out with sausage, Leberkäse,
Edam cheese, and bubble gum. )e selection of materials is
characterised by similar Young’s modulus [2, 17] and in-
dividually distinctive properties. Sausage has a high fat
content and fibres that are longer than the diameter of the
cutting tool. Leberkäse is finer chopped than sausage and has
only occasionally long fibres. Both are characterised by a low
Young’s modulus compared to metal and have been used in
similar investigations [18]. Edam cheese is tested because of
its relatively small holes compared to other cheeses and its

strong tendency to stick to blades [19]. Bubble gum also has a
strong tendency to adhere [20], is ductile, and shows a more
pronounced viscosity than the other test materials [21]. As
the mechanical properties of bubble gum are very
temperature-dependent [21], two temperatures will be in-
vestigated. Sausage, Leberkäse, and cheese are precondi-
tioned to 281.2 K, while bubble gum is heated to 308.2 K and
313.2 K, respectively. Due to the two temperatures for bubble
gum, there are a total of five different specimens, with bubble
gum at 308.2K hereinafter referred to as “bubble gum 1” and
bubble gum at 313.2 K hereinafter referred to as “bubble gum
2”. All samples are wrapped and stored for at least four hours
at the specified temperature in a cooled incubator. )e
individual samples shall have a length of at least 30mm.)e
cut surface has a width wS of 10mm and different heights
depending on the material. For Leberkäse, the samples are
13mm high, whereas all other materials have a height hS of
16mm.

3.1.Wires forCutting. Two different materials, each with two
different diameters, are used for the wires in the experi-
ments. For the diameters, 0.06mm and 0.10mm molyb-
denum and dimensions, 0.20mm and 0.40mm Kanthal are
used. Molybdenum has a Young’s modulus of elasticity of
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Figure 3: Design of the experimental unit. (a) Load cell HP 011562.
(b) Bending beams YCZ-133. (c) Frame. (d) Wire fastening po-
sition λ� 45°. (e) Wire fastening position λ� 30°. (f ) Wire fastening
position λ� 0°. (g) Specimen. (h) Countersupport of the sample.
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Figure 1: Schematic sketch of the cutting test. (a) Uniaxial
guidance. (b) Framework for tensioning the wire. (c) Wire.
(d) Wire clamping. (e) Specimen. Feed rate as a function of time
sfeed(t). Height hS and width wS of the sample. Cutting width w as a
function of the feed sfeed. Oblique angle λ. )e force in feed di-
rection FMD and the force in orthogonal cross direction FCD.
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Figure 2: Sketched plot of the calculated force as a function of the
feed distance. (a) Describes a typical curve for FMD with λ� 0°.
(b) Describes a typical curve for FMD with λ� 45°. (c) Describes a
typical curve for FCD with λ� 45°.
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310GPa [22] while Kanthal has a Young’s modulus of
220GPa [23]. Kanthal consists of >69% Fe, 20.5–23.5% Cr,
Al 5.8%, and <0.08% C. Due to the lower Young’s modulus
of Kanthal, a comparable elongation is achieved for the
thinner wires as for the thicker wires. )e wire tension is
calculated and adjusted as a function of the first harmonic
eigenfrequency. )e adjustment and gradual checking of the
eigenfrequency is indirectly ensured by striking the string
and evaluating the acoustics emitted. In screening tests with
a wire diameter of 0.80mm, strong sample deformations and
breakouts from the samples occurred. )e experiments are
therefore limited to wires with a maximum diameter of
0.4mm. )e choice of wires ensures comparability with the
work of Goh [6] and Kamyab [9].

3.2. Checking andCalibrating the Force Sensors. A significant
measurement uncertainty can be caused by the additional
load of a sensor due to lateral force, bending, or torsion. In
the test setup described, transverse forces and bending
moments occur due to a lever and force components that act
perpendicular to the direction of measurement. )e accu-
racy of the sensors is therefore checked by a reference
measurement with defined forces and defined force di-
rection. A wire is attached to the middle cutting point of the
cutting wire, which leads over a deflection pulley and has a
weight of known mass attached to the other end.)e cutting
wire is moved with the sensors, where the direction of pull of
the attached mass changes. )e pulley is considered fric-
tionless and the wire massless. )e test is carried out at low
speed to avoid inertial effects. Figure 4 shows a sketch of the
test setup.

)e parameter loffset is set to 200mm. )e stroke sfeed is
limited to 600mm. For the different weights of 20 g, 50 g,
100 g, 200 g, and 500 g, the test is performed five times each,
and the percentage error between expected and measured
value is calculated. Figure 5 shows an example of a com-
parison between the calculated and measured curves of force
FMD and force FCD for a weight of 100 g.)e result of the test
is plotted on the basis of a weight of 100 g. )e error is
calculated as a percentage of the expected and measured
value.

)e measured force in the feed direction shows a sig-
nificant difference to the calculated curve for small angles.
)e relative error between measured value and real value is
less than 4% for forces greater than 0.1N.

3.3. Consideration of Wire Deflection. )e deflection of the
wire by the effective force during cutting cannot be avoided
in the test setup described. A reduction of the deflection is
achieved by increasing the preload of the wire, although the
permissible force during cutting is reduced by the faster
occurrence of plastic deformation of the wire. To determine
the deflection of the wire as a function of the measured force
perpendicular to the wire axis, the specimen is replaced by a
needle bearing. )e wire will deflect on contact with the
bearing ring and generate a force on the sensors, as shown in
Figure 6.

For each combination of wire diameter and oblique
angle, five repetitions of the test are performed and a cor-
rection curve is derived. Using the curve, the true position of
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Figure 4: Schematic sketch of the test of the force sensors.
(a) Uniaxial guidance. (b) Framework for tensioning the wire.
(c) )ick wire. (d) Clamping wire. (e) )inner wire. (f ) Pulley.
(g) Test mass. Angle of the acting force in relation to the feed di-
rection α. Feed as a function of time sfeed(t). Distance between pulley
pivot point and feed axis loffset. Test mass m attached to a wire.
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Figure 5: Plot of the measured forces with respect to the feed
distance over 600mm path at 100 g weight. In black is FMD and in
grey FCD. )e solid lines represent the measured forces and the
dotted lines represent the calculated forces.
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the wire in the product is calculated back to the path
identification by the feed axis. Figure 7 shows the correction
for a selected example.

)e corrected force curves occur at a wire deflection of
0mm. A residual error in the correction remains due to the
averaging of five repetitions and leads to minor deviations.
)emaximum deflection is determined at a wire diameter of
0.06mm and an angle λ� 45°. )e deflection of the wire is
determined by the force vector in perpendicular direction to
the wire axis. A map for the compensation of the deflection
depending on the perpendicular force vector to the wire is
established after this experiment. )e data are used to
correct the measured cutting force curves in order to obtain
a force curve that is as representative as possible.

4. Results

4.1. Comparison of Model and Cutting Force Curve. )e
performance of the tests with sausage shows very large
differences in the cutting forces between the individual
samples. Sausage is therefore not considered in the further
evaluation. )e remaining test specimens show comparable
behaviour at similar cutting forces. )e comparison of the
measured force curve with the fitted force curve is shown
below. )e point of initial contact between wire and spec-
imen is determined according to the criterion of a force
threshold. By the known height and width of the specimen
and the angle λ, the interacting length w is determined for
each waypoint according to equation (4). )e force curves
should be approximated by equations (5) and (6). A fit
according to the criterion of the smallest error squares is

used to obtain the characteristic parameters RMD and RCD.
Figure 8 shows the force curves of the four remaining
materials next to each other with the same settings.

)e results of the fitting according to Figure 8 are for
RMD and RCD values of 77 J/m2 and 56 J/m2 for cheese,
114 J/m2 and 79 J/m2 for Leberkäse, 133 J/m2 and 55 J/m2

for bubble gum 1, and 84 J/m2 and 39 J/m2 for bubble gum
2.)e values for all tests are listed in the supplementary file.
)e differences between the measured and calculated curve
are smaller for cheese in Figure 8 than for the other ma-
terials. Leberkäse follows the principle course of the curve
with force jumps being visible. In the observation of the
experiments, an irregular speed of the wire can be seen
while passing through, which can also be seen in the video.
Shortly before the end of the cut, the remaining material
ruptures, which can be seen in the force curve due to an
abrupt drop in force. )e bubble gums show larger de-
viations from the calculated curve when the wire exits.
From the observations of the slip a stronger pulling of the
material into the countersupport is recognizable. )e
statistical comparison of the model and the measurement is
illustrated by the standard error of the estimation SEst.
Figure 9 shows the error values for the feed direction in
black and the error values for the perpendicular cross
direction in grey. )e different angles are distinguished by
different markers.

)e standard error of estimate for Edam cheese, Leb-
erkäse and bubble gum 1 is significantly greater for λ� 0°
than for λ� 30° and 45° with the same wire diameter. For
bubble gum 2 this difference cannot be shown. For the
respective materials and diameters for λ� 30° or 45° the
errors are on a similar level. Bubble gum 1 has an overall
higher average of defects. Edam cheese has increasing
errors with increasing wire diameter, while Leberkäse
shows this tendency only slightly for the transverse force.
As the wire diameter increases, the force error in bubble
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Figure 7: Plot of forces with respect to the feed difference with
λ� 30°. )e black continuous and dotted lines represent FMD for
measured and corrected trace. )e grey solid and dotted lines
represent FCD for the measured and corrected trace.
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Figure 6: Schematic sketch of the wire deflection test. (a) Uniaxial
guidance. (b) Framework for tensioning the wire. (c) Wire
deflected. (d) Wire clamping. (e) Wire not deflected. (f ) Pulley.
Feed travel sfeed(t). Wire deflection Δsfeed.
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gum increases in the feed direction, while the force error in
the transverse direction decreases. An increase of the
standard error by increasing the feed rate can be observed
especially with bubble gum. Edam cheese and Leberkäse, on
the other hand, show only slight increases. )e low-
temperature bubble gum 1 has a larger mean standard
error than the high-temperature bubble gum 2. )e
standard deviation of the standard error of estimate in-
creases with increasing standard error. For Leberkäse, the
standard deviation relative to the standard error is higher
than for the other materials.

4.2. Fracture Toughness in Feed Direction and Perpendicular
Direction. )e fitted values for the factors RMD and RCD are
shown in Figure 10 as a function of the feed rate vspeed, the
oblique angle λ, the wire diameter dWire, and the material. A
meaningful evaluation of RCD is not possible for press cuts.
)erefore, only RMD is displayed for λ� 0°.

)e characteristic factors RMD and RCD for the cutting
force curves are analysed with a regression for the influ-
encing variables. A mixed model that considers the material
as a random intercept is discarded due to poor elucidation.
Accordingly, a single model is generated for each material.
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Figure 8: Plot the force in respect to the feed during a cut. )e angle λ� 45° and the wire has a diameter of dWire � 0.1mm. )e feed rate
vspeed � 1mm/s. )e FMD is shown in black and the FCD in grey. )e dash-dot lines represent the fitted force curves and the continuous lines
result from the corrected measurements. (a) Edam Cheese. (b) Leberkäse. (c) Bubble gum 1. (d) Bubble gum 2.

0.60

v S
pe

ed
 =

 2
m

m
/s

v S
pe

ed
 =

 1
m

m
/s

St
an

da
rd

 er
ro

r o
f e

sti
m

at
io

n 
S E

st 
in

 N 0.40

0.20

0.00

0.60

0.40

0.20

0.00
0.06 0.10 0.20 0.40
Wire diameter dWire 

in mm by groups

(a)

0.60

v S
pe

ed
 =

 2
m

m
/s

v S
pe

ed
 =

 1
m

m
/s

St
an

da
rd

 er
ro

r o
f e

sti
m

at
io

n 
S E

st 
in

 N 0.40

0.20

0.00

0.60

0.40

0.20

0.00
0.06 0.10 0.20 0.40
Wire diameter dWire 

in mm by groups

(b)

0.60

v S
pe

ed
 =

 2
m

m
/s

v S
pe

ed
 =

 1
m

m
/s

St
an

da
rd

 er
ro

r o
f e

sti
m

at
io

n 
S E

st 
in

 N 0.40

0.20

0.00

0.60

0.40

0.20

0.00
0.06 0.10 0.20 0.40
Wire diameter dWire 

in mm by groups

(c)

0.60

v S
pe

ed
 =

 2
m

m
/s

v S
pe

ed
 =

 1
m

m
/s

St
an

da
rd

 er
ro

r o
f e

sti
m

at
io

n 
S E

st 
in

 N 0.40

0.20

0.00

0.60

0.40

0.20

0.00
0.06 0.10 0.20 0.40
Wire diameter dWire 

in mm by groups

(d)

FIGURE 9: Plot of the standard error of estimation SEst in respect to the wire diameter dWire.)e error for FMD is shown in black and for FCD in
grey. )e circles represent λ� 0°, rectangles for λ� 30°, and rhombus for λ� 45°. )e error bars represent the standard deviation of
measurements. (a) Edam Cheese. (b) Leberkäse. (c) Bubble gum 1. (d) Bubble gum 2.
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Equation (7) shows the model for the value of RMD created
for each material:

RMDMaterial λ, vSpeed, dWire 

� Intercept +
βλ
rad

· λ +
βv · s

mm
· vSpeed +

βd
mm

· dWire J/m2
.

(7)

)e regression coefficients and their significance are
listed in Table 1. )e significance is given in steps, where the
p value must be less than 0.001 for three stars and less than
0.01 for two stars. For the regression, the influences are
scaled to the range from 0 to 1 in order to be able to compare
the effect strength.

All oblique angles are taken into account when de-
termining RMD, whereas for RCD the pressing cut is not
taken into account. )e recorded influencing variables
are significant for RMD in almost all cases. )e influence
of speed in Leberkäse is not significant for any of the
factors. )e influence of the oblique angles is not sig-
nificant for RCD in several cases. )e quantitative values
for the coefficients reflect the expected increases
according to Figure 10. )e scaled coefficients of the
oblique angles are significantly lower compared to the
other coefficients.

5. Discussion

)e increasing standard errors of estimate with increasing
wire diameter are due to a stronger deformation of the
cutting quality at the entry and depart of the wire. )is

applies in particular to the pressing cut, in which the wire
rests on the entire line and the material is strongly deformed
before the cut is initiated. Bubble gum shows the largest
overall deviations. Experiments have shown that chewing
gum exhibits pronounced ductile behaviour compared to
other materials. Both the ductile and the elastic behaviour
are not represented by the regression and therefore lead to
higher standard errors.

Other studies have shown that Edam cheese and
bubble gum have high friction, whereas Leberkäse has
relatively low friction. )e comparison of RMD with RCD
for Leberkäse shows an approximate equality of both
factors. Edam cheese, on the other hand, shows a colinear
increase in RCD as RMD increases. Colinearity cannot be
assumed for bubble gum, which also has high friction. For
Edam cheese and bubble gum, there is a clear difference
between RMD and RCD. It is therefore assumed that this
difference can be explained by the occurrence of friction.
Figure 11 sketches the force ratios for a cut with an oblique
wire.

It is assumed that a surface load can be indicated on
the surface of the round cutting tool as a function of the
angle q(φ). Without loss of generality, the representation
is selected for a specific φ0. )e value for q(φ0) is expressed
as normal force dFN(φ0) for illustration purposes. )e
particles of the test material move in a plane that can be
determined by the coordinates of the contact point be-
tween the cutting tool and the test material and the
tangential plane at the contact point on the surface of the
cutting tool. In Figure 11, the plane is given by the vectors
cWire and tWire and the contact point. Perpendicular to the
plane in the contact point, the force dFN(φ0) is shown. )e
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Figure 10: Plot of the factors of the regression RMD, RCD in relation to the wire diameters dWire. )e values for RMD are shown in black and
for RCD in grey.)e circles represent λ� 0°, rectangles for λ� 30°, and rhombus for λ� 45°.)e error bars represent the standard deviation of
measurements. (a) Edam Cheese. (b) Leberkäse. (c) Bubble gum 1. (d) Bubble gum 2.
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direction of the feed sfeed forces the particle to move in the
tangential plane. Since there are other particles above and
below the particle, the movement on the surface will be
normal to the cutting surface. )e normal vector of the
cutting surface ex, the vector in feed direction sfeed, and the
contact point define the plane of motion. )e intersection of
the tangential plane and the motion plane of the particle
results in the motion line of the particle. )e line of motion is
parallel to the displayed tangent tWire. )e force vector
dFR(φ0) is located on this line. )e splitting of the force
vectors along the Cartesian coordinate system allows the
directional summation of the force components. )e com-
ponents in x direction cancel each other out due to symmetry.
)e part in z direction is generated exclusively by the normal
force, whereas the force in y direction is influenced by normal
force and friction force. Formulas (8)–(10) summarize the
dependencies for the x, y, and z directions:

Fx � FNx + FRx � 
π

0
q(φ) · sinφ dφ

+ 
π

0
q(φ) · μ · sin arctan

tanφ
cos λ

  dφ,

(8)

Fy � FNy + FRy � cos λ · 
π

0
q(φ) · cosφ dφ

+ 
π

0
q(φ) · μ · cos arctan

tanφ
cos λ

  dφ,

(9)

Fz � FNz � sin λ · 
π

0
q(φ) · cosφ dφ. (10)

An evaluation in x direction is not possible due to the
symmetry. Since q(φ) and friction coefficient μ are unknown,
the integral parts in equations (11) and (12) are substituted
by Ffric and Ffracdisp.

Fy � cos λ · Ffracdisp + Ffric, (11)

Fz � sin λ · Ffracdisp. (12)

)e friction force Ffric and the force corresponding to
fraction and displacement Ffracdisp can be determined if Fy
and Fz are known. )e force values were recorded in the
experiments. An equation of the force in motion righting by
the equation of the experiment 5 and equation of the model
approach 12 can be converted to equation (13). )e same
applies to perpendicular to the direction of motion by
equating equations (6) and (12) to equation (14).

Ffric � RMD · w sfeed( − cos λ · Ffracdisp, (13)

Ffracdisp � RCD ·
1

cos λ
· w sfeed( . (14)

)e methodical procedure enables the comparison
between active units with regard to their friction behaviour.
)e quantitative evaluation during the cut has the ad-
vantage that the friction can also be determined for normal
forces at which the material to be cut is destroyed. )e
method thus represents a possibility for determining the
friction. Computer simulations are recommended for
further investigation and confirmation of the methodo-
logical approach.

Symmetry
Plane: y × z

dFRy(φ0)

dFRx(φ0)

dFR(φ0)
z

x y

dFNy(φ0)

q(φ0)

φ0

dFNx(φ0)

dFNz(φ0)

dq(φ0)dφ = dFN(φ0)tWire

cWire

sfeed

sfeed

Figure 11: Half symmetrical sketch of the acting forces and their
Cartesian components on the surface of an oblique wire. )e
angle of the slope is indicated by λ. )e feed direction is rep-
resented by sfeed. )e line load q(φ0) describes the load along the
wire circumference. For a specific φ0, the normal force dFN(φ0) at
the incremental contact point is represented in perpendicular
direction to the wire surface. )e tangential wire surface is de-
scribed by the tangent tWire and the rotation axis of the wire cWire.
)e friction force dFR acts in the direction of tWire. )e forces
dFN(φ0) and dFR(φ0) are also given in their Cartesian
components.

Table 1: Model influences with significance rating.

Coefficient Edam cheese Leberkäse Bubble gum 1 Bubble gum 2

RMD in J/m2

Intercept −12.79 ∗∗ 71.24 ∗∗∗ 25.70 ∗∗∗ 17.80 ∗∗∗

βλ 12.21 ∗∗∗ 14.47 ∗∗∗ 17.99 ∗∗∗ 10.97 ∗∗∗

βv 25.33 ∗∗∗ −1.04 65.60 ∗∗∗ 42.05 ∗∗∗

βd 464.33 ∗∗∗ 54.22 ∗∗∗ 257.95 ∗∗∗ 131.84 ∗∗∗

RCD in J/m2

Intercept −9.47 51.02 ∗∗∗ 39.72 ∗∗∗ 12.96 ∗∗∗

βλ 4.58 −2.62 −18.89 ∗∗∗ 2.83
βv 19.77 ∗∗∗ −0.47 27.60 ∗∗∗ 19.09 ∗∗∗

βd 349.10 ∗∗∗ 109.29 ∗∗∗ 44.27 ∗∗∗ 37.35 ∗∗∗

∗∗∗p< 0.001; ∗∗p< 0.01.
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6. Conclusions

)e additional recording of the force curve in orthogonal
direction to the cutting direction enables the evaluation of a
second equation and a higher clarification in the model
approach for the description of cutting. )e implementation
and evaluation of a test series provides quantitative values
for testing the discussed model approach. )e limits of the
model are investigated in experiments, whereby especially
materials with high tensile strength and low complex
modulus are insufficiently represented. )e proportion of
friction during cutting can be determined by evaluating the
force curve in the feed direction and the force curve in the
perpendicular direction. )e methodical approach makes it
possible to identify measures for reducing the cutting forces
associated with an increase in cutting quality.
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