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Abstract. The shaving process is one of the most important steps in the production of leather, in which an even thickness
of the semi-finished product (wet-blue or wet-white) is adjusted by material removal on the rear side. This process is
carried out by means of a razor roller in a shaving machine. The success of the shaving process as well as the quality of the
resulting surface significantly depend on the long-time experience of the operators. The principles and mechanisms of the
underlying cutting process are still insufficiently understood. A current research project deals with the investigation of the
cutting process and the interactions between the shaving blade and the material to be processed. The aim is to gain a
competent knowledge of the physical processes involved in shaving, which will serve as a basis for the development of new and
more effective blades. For this purpose, the theoretical courses of the cutting edge, which describe the expected cut, are to
be determined experimentally with the aid of a test setup. The complex cutting behaviour of a knife roller with helical blades
will be reduced to a simple model with an exemplary blade. The expected forces can be applied to the cutting edge progressions
and their individual determination can be systematized by measurement evaluation. The present study describes the fundamentals
of the experimental setup an in addition to that the derivation of a material model for computer simulations.

1 Introduction

The process step of leather shaving involves the removal of material from the rear surface of the
flat semi-finished leather product (wet-blue or wet-white) in order to produce a homogeneous
thickness. Shaving is performed with the aid of cutting blades arranged helically on a knife roller so
the material is removed in the shape of small chips (“leather shavings”). The quality of the shaved
leather surface is evaluated, among other things, by the dimensional accuracy of the thickness and
the absence of optical artefacts. In general, the shaving process of leather is influenced by the
characteristics of the leather, the geometry of the cutting tool and the relative movement of the
leather towards the cutting tool. The mechanical properties of the semi-finished leather product
are strongly influenced by the preceding manufacturing steps, e.g. liming and tanning. Leather
shows viscoelastic properties [1] as well as a highly anisotropic material structure due to its fibrous
texture and the locally different orientation and density of the leather fibers [2] [3] [4] [5]. Leather
thus differs significantly from metallic or polymeric materials, whose anisotropy is much lower. The
geometry of the cutting tools and the guidance of the cut are determined by the given construction
of the commercial shaving machines and are limited in their variation possibilities. A key property
of cutting processes is a defined cutting edge, which is described in the literature by several
approaches concerning natural products. SCHULDT associates the defined cutting edge at the
beginning of the cut with an early cut initiation [6], which in turn is affected by the Blade Sharpness
Index [7]. A geometric model for material removal can be created under the prerequisite of a
defined cutting behaviour. This geometric model is used to apply forces that allow the energy input
to be modeled and serves as a fundament for experimental investigations. A test setup based on
this model must be able to reduce the cutting behaviour of a knife roll to the cut of a single blade.
Furthermore forces and effects occurring during the interaction between blade and leather have to
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be determined. From these experimental data, a model for computer simulations will be derived
which includes the anisotropy and viscoelasticity of leather and represents a realistic description of
the shaving process.

1.1 Approaches on the description of the cutting process

For the separation of materials by cutting, the cutting force can be determined for any point in time.
A first distinction in friction and deformation is made according to equation (1) [8] [9].

F¢ = Faghesion T Fdeformation- (1)

Since 1900 there has been a large number of investigations on the cutting of metallic, polymeric
and wooden materials. Compared to leather, these materials have a high bending stiffness. In the
field of natural materials, the deformation content of the elastic, plastic and viscous area is
considered. These properties are also very pronounced in leather, so that a strong similarity is
assumed. The term for the deformation is divided into elastic, plastic and viscous [10] contributions,
while the adhesion consists of breaking force and friction force [11]. This results in equation (2).

FC:FE+FD,V+FD,f+Ffract+Ffrict- (2)

Fe, Foy and Fps are the forces that deform the chip, Frace describe the force that separates the
material and Fgie identifies the friction between the cutting tool and the material. Regarding
metallic materials, the plastic deformation of the chip is dominant over the elastic deformation.
Based on the work of MERCHANT [8], models were developed to describe and predict the forces
occurring during orthogonal cutting [12]. Other models were developed and investigated for the
more complex oblique cutting [13] [14] [15]. The cutting of composite materials is even more
complex due to the existing anisotropy. In his experiments, KopLEv [16] showed that the fiber
orientation of carbon fibers in an epoxy matrix is decisive for the forces occurring and the progress
of the cut. Fig. 1 shows that in orthogonal fiber orientation no premature cut can be seen, which
significantly distinguishes the mechanical processing of composite materials and metals.

Fig. 1. Cross section of 'quick-stop' specimen showing the notch formed by the tool: (a) machined
perpendicular the fibers. (b) machined parallel to the fibers. [16]

Further experiments and modelling with different approaches allow better predictions [17] [18].
This shows that the mechanical machining of composite materials poses different challenges than
the machining of metals. The approach used so far for these materials is inadequate. The
orientation of the fibers in relation to the relative direction of movement of the cutting tool is of
particular importance. The investigations with fiber-reinforced plastic from SREEJNITH [19] showed
that the surface quality is dependent on the fiber orientation and must be taken into account during
processing. Fig. 2 shows the problem of fiber orientation for the shaving process of leather. An
undesirable effect when shaving leather is the formation of a staircase-shaped texture, which can
probably be explained with similar relationships.
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Fig. 2. Shaving under consideration of the fiber alignment.

In addition, SREEJITH's study found that with increasing cutting speed, both cutting force and cutting
temperature do not increase uniformly and there is a local minimum. Increasing the feed rate, on
the other hand, leads to a lower feed force and a higher temperature. CALZADA [20] presented a
fracture model for fibers in which different types of fracture could be detected depending on the
fiber orientation. The modelling of composite materials with fibers is still part of current research
[21] [22] [23]. The approach functions for modelling refer to geometric predictions for chip
formation. The work of BUSHLYA [24] provides a summary of the geometric determination of cutting
volumes and cutting lengths for milling work.

1.2 Shaving Process

Leather shaving machines are an integral part of a tannery and have been used in their basic design
since the end of the 19th century [25]. Their function is to produce a certain thickness of a flexible surface
material by chip removal. For this purpose, the flexible semi-finished leather product is guided over a
chrome-plated roller. On a second roller, the helix-shaped blades are arranged symmetrically with
reference to the center. The gap between the rollers determines the thickness of the product after the
process. The principle arrangement of the rollers and the directions of movement are shown in Fig. 3.

Fig. 3. Active unit for the shaving of leather with moving direction indicators. (a) Knife roller. (b) Chrome-
plated roller. (c) Leather.
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The blades are continuously sharpened with a grinding wheel in order to achieve a constantly high
sharpness. Due to the different sizes of different animals, machines are available in various working
widths. In addition, there are differences in the cylinder diameter of the chrome and knife roller as
well as different pitches of the blades. The pitch angle of the knife roller A« plays an important role
in this investigation and is calculated according to equation (3) from the pitch of the spiral per
revolution Py and the diameter of the blade shaft dx..
Pkr \ 180°

WKr) B

(3)

Ay = arctan(

Fig. 4 is derived on the basis of collected machine data. It shows the pitch of the blades in respect
to different core diameters of the knife roller. The data set includes the blades from two different
manufacturers.
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Fig. 4. Pitch angle of the knife roller in respect to different core diameters of the knife roller from two different
manufacturers and the mean value of the pitch.

The pitch angle of the knife roller A« of slightly less than 30° is dominant and corresponds
approximately to the mean value of the data set. Due to the pitch of the helix, the orientation of
the cutting edge is not orthogonal to the current feed direction. This results in an oblique cut. The
feed rate is set or indicated on the machine in meters per minute and the speed of the measuring
cylinder is specified in revolutions per minute (rpm).

2 Material and Methods
2.1 Exemplary machine data

For the analysis of the shaving process the machine Arenco-BMD type FM 1800 is used as an
example. The machine has a working width of 1800 mm. The cutting tool rotates at a speed of
1500 rpm and has a knife roller diameter of 252 mm, which is reduced by grinding. The lower limit
of the blade length is assumed to be 10 mm. The pitch of the knife helix is 330 mm per revolution
and thus has a pitch angle of about 30 degrees. The chrome-plated roller has a measured radius of
92 mm. A feed rate of 6 m/min to 21 m/min can be set. The number of blades varies depending on
the machine version with 9, 12, 15 or 18 pieces. A number of blades of 15 is assumed for further
consideration.
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2.2 Calculation of characteristic geometric quantities

To determine the basic geometric properties of a cut, the length of the cutting edge, the theoretical
maximum thickness of the chip and the displaced area per cutting operation are used. The
calculation of these values from metal processing is adapted for the feed movement on a circular
path to represent the process of leather shaving. The variables relevant for the calculation are
shown in the schematic sketch (Fig. 5).

Current cut
knife roller

h

Previous cut

knife roller

Tl
Surf Leather surface

I A on chrome roller
_ Chip
Chip

tChip
Fig. 5. Schematic sketch of the geometric structure with the relevant variables.

The radius of the surface of the leather is determined by the diameter of the chrome roller dc: and
the thickness of the leather ty.

d
Tsurf =~ + th. (4)

The initial contact of the cutting tool with the leather surface is described by the angle 8iit, which
is calculated according to the cosine theorem from the triangle of the surface radius rsus, the
distance of the pivot points of the knife roller and chromium roller rpist and the radius of the knife
roller r.

TDist2+rKr2_rSurf2) (5)

Bini —}—”—arccos(
Init 2 2:Tpist'TKr

The feed angle Oreeq is required to calculate the exit angle Beit. For reasons of clarity, the last section
of a spiral is also shown as a circle in Fig. 5. The feed angle can be calculated from the feed speed
of the leather veeeq, the rotation speed of the knife roller nk, the number of blades on the knife
roller ix and the radius of the surface rsur.

VFeed

(6)

a = —
Feed NKrlK'TSurf
The exit angle Beit at the point of exit of the helix is to be determined by the intersection of the
circles of the current cut and the previous cut. Two mathematical angles result from the solution of
the equation. Due to the given arrangement, the smaller angle is to be used.

3 . i L« a
Pexit = — + arcsm( DIt . sin Feed) — ZFeed )
2 TKr 2 2
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The upper and lower limits of the polar index variable ¢ are thus present. With the knife radius r
and the limits of the angle ¢ the curve y(¢) for the cutting edge is set up. The pitch in axial direction
per revolution py is added in the third spatial direction and set depending on ¢.

Tkr * COS @
Yedge () = Tie "SMQ ) gy < 0 < Pryie. (8)

Dkr |
2

The derivation of the curve according to the index variable ¢ is necessary for the application in the
curve integral.

—Tkr * SINQ

Y’Edge((P) = Tkr pl((:ros 4 s Bnit < @ < Pexit - (9)

2

The length of the cutting edge is formulated with a curve integral, which is formed according to the
rule in equation (10).

= 75|y gge () | dep. (10)

lChip Bmit

The radii of the edges of the knife roller and leather upper edge must be determined as a function
of the index variable ¢ in order to determine the thickness of the chips and the displaced area. This
requires a further integration limit. The upper edge of the chip is partly determined by the surface
of the uncut leather and partly by the previous cut. In a first step, the angle of the preceding cut
Oprev is determined in relation to the axis of rotation of the chrome roller.

rSurfz + rDistZ - rKr2> (11)

Aprey = arccos(
2 - Tsurf " TDist

The angle aprey determines the angle Bprey for the coordinate system of the current cutter roller.

37T sin(a -a )T
,BPreV =T34 arctan( Prev—%Feed/ T Surf ) (12)
2 TDist—COS(@prev—®Feed) TSurf

The first part of the surface has not yet been cut. There are two solutions, whereby in the given
arrangement the radius with the smaller amount must be used.

sin(—¢) * rpjst \/(Sinz (—p)—1)- rDistz + rSurfzt (13)

rredSurf(qo) =
,Blnit < @ < BPrev-

The maximum thickness of the chip tc: is determined using the reduced radius rredsurf(¢@) at the
location of the Bprey angle.

tchip = Tkr — Tredsurf(Bprev)- (14)
The second part of the upper edge is determined by the previous cut. The variable radius rredprev(¢®)

describes the upper edge within the limits Bprev to Bexit. The solution of the square equation gives
two results. The root term must be added for the given arrangement.
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. a OFeed
27Tpist SIN cos ((p + > )

= a
T'redPrev((p) i\/4 . TDiStZ . Sinz ( F2 d) COSZ ((p + Feed) + rKr2’ (15)

2
ﬁPrev < @ < ﬁExit-

In a final step, the formulation of the area integral for the displaced area Achjp is given in the form

of a double integral.
BExit TKr ’ pKr 2 +r2drd
.Blmt ¢

2
AChip = _fﬂ/iPrev frredSurf(q’) ( ) + r2dr d(p (16)

nit

Exit (TredPrev(®) ’ pKr 2
fBPrevf 271' tridr d(p

With equations (10), (14) and (16), the three characteristic quantities of the cutting process can be
calculated and used for sensitivity analyses.

S

2.3 Determination of the torque based on the rotational speed for an electric motor

The determination of the prevailing load in a processing operation can be determined on the basis
of the load acting on the driving motor. In the FM 1800 shaving machine, the knife roller and the
scraper roller are driven by a 225M three-phase motor with 45 kW and 1500 rpm. A motor of the
same design was procured and tested on a test stand to determine the torque as a function of the
speed of rotation of the motor. The test stand is presented in detail in the dissertation by WINDISCH
[26]. The test arrangement is shown in Fig. 6.

Fig. 6. Test arrangement for torque determination. (a) Brake motor. (b) Torque sensor. (c) Engine under test.

On the bench, the brake motor (a) is connected to the torque sensor (b) by a coupling and the latter
is connected to the motor (c) to be tested by another coupling. The motor runs under rated load
for 20 minutes to allow the motor to reach operating temperature. The test series is operated with
a software which sets a speed at the dominant brake motor and holds it for 10 seconds. The
measured torque values are recorded over the period for the rotational speed. Finally, the torque
curve is approximated by a linear regression in respect to the rotational speed.
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3 Results
3.1 Sensitivity analysis for a type FM 1800 machine

The sensitivity analysis is performed for a machine Arenco-BMD type FM 1800 with different
parameter variations. On the machine, settings can be realised with regard to the feed speed, the
shaving gap and the speed of the blade roller by means of a frequency converter added
subsequently. On the material side, the process is influenced by the initial thickness of the leather
and the target thickness. For the calculation, it is assumed that the thickness after shaving
corresponds exactly to the width of the gap. The calculation always assumes a thickness of 4 mm
to be manufactured, whereby the initial thickness of the leather is varied from 4.1 to 4.8 mm, which
consequently corresponds to a removed height of 0.1 to 0.8 mm. The influence of the removal and
the machine parameters (motor turning speed nmotor, diameter of the cutting cylinder rx, and feed
rate Veeed) are graphically shown in Fig. 7, Fig. 8 and Fig. 9. The cutting depth is plotted on the x-axis,
while the y-axis represents one of the three machine parameters. The change in the diameter of
the cutting cylinder is a consequence of the grinding of the knives. The range of variation of the
parameters is shown in Table 1. All other parameters are considered constant.

Table 1. Parameter variations.

Graph teut in mm NMotor iN 1/min rke in mm VFeed in M/min
| 0.1-0.8 1200 - 1800 115 12
I} 0.1-0.8 1500 105-125 12
11 0.1-0.8 1500 115 8-16

The results of the sensitivity analysis are displayed graphically as a surface plot. First of all, the
influence of the engine speed and the removal height are examined in Fig. 7.
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Fig. 7. Response variables as a function of cutting depth and engine speed.

The change in the rotational speed of the motor (Fig. 7) has a minor influence on the cutting edge
length. Both the maximum thickness of the chip and the cross-sectional area of the chip decrease
with increasing speed of the motor.
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Fig. 8. Response variables as a function of cutting depth and knife roll diameter.
The change in the diameter of the knife roller (Fig. 8) has very little effect on the quality criteria for

the area investigated. A tendency can be seen, but this is hardly noticeable with a knife roller
diameter of 200 mm or more.
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Fig. 9. Response variables depending on cutting depth and feed rate

An increase in the feed rate (Fig. 9) results in an increase in the thickness of the chip. The increase
is reinforced nonlinearly by an increase in the cutting depth. As in the previous cases, the length of
the cutting edge is only slightly influenced by the feed rate. The displaced area increases in a similar
way due to the increase in chip thickness.

3.2 Torque characteristics for the main drive of a machine of type FM 1800

The tests to determine the torque curve as a function of the rotational speed were carried out with a new
motor of size 225M with an output of 45 kW and 1500 rpm. The results of the tests are shown in Fig. 10.

250 A
200 A
150 A

100 ~

Torque Myotor in N'm

50 A

0]

T T T — T T T — T
1485 1490 1495 1500
Rotational Speed rnpotor in 1/min

Fig. 10. Motor torque in respect to rotational speed. The linear regression applies to the test points with
standard deviation.
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The equation (17) for linear regression does not lead through the idle speed of 1500. This is due to
fluctuations in the electrical grid.

MMotor(nMotor) = —15.121 - nyoror + 22673 . (17)

This enables to determine the mechanical load in the process by specifying the torque for the
turning frequency in the range of 1485 to 1500 rpm.

3.3 Torque during shaving of cattle hides

The tests were carried out on a machine Arenco-BMD type FM 1800 with half hides of cattle. The
machine was additionally equipped with a rotary position sensor. The process load is determined
from the encoder data and the determined relationship between torque and rotational speed. The
machine has 15 helical blades on both sides and was operated with a feed speed of 9 m/min. The
skins were tanned with glutaraldehyde and the thickness was measured before and after shaving.
The gap between chrome roller and knife roller was set to 0.8 mm. The shaved hides had a thickness
of 1.1+0.2 mm. Each individual leather was first shaved from the tail two thirds. Then the leather
was removed from the machine, turned and the remaining third of the skin was treated. The
experiments were carried out with hides. Fig. 11 shows the motor torque Mwotor curves for the first
side on the left and the 6 torque curves for the second side for the shaving process on the right.

£ 100 + 100 -
=
% 75 1 75 -
= 50 A 50 A
(]
3
g 25 25 1
|_
0 0 -
T T
0 3 6 9 12 9 12
Timetins

Fig. 11. Motor torque in respect to time during shaving. Process starting from the tail (left). Process starting
from the neck (right).

The curves are post-synchronized in Fig. 11 to obtain a comparable representation. The mean value
from the torque curve is determined for shaving on the tail side Mr.i and on the head side Myeaq for
thetimerange t=1.5 sto t=4.5 s for each curve. The torques as well as the maximum and minimum
thickness tmin and tmax for the hides are documented in Table 2.

Table 2. Thickness of cattle hides before shaving.

Hide I Il 1] Vi Vv Vi
tmin in MM 1.5 13 1.6 1.6 14 14
tmax in mm 1.7 15 1.8 1.8 1.6 1.6
Mraitin N - m 93.7 59.7 76.8 59.8 66.3 87.6
Mneck in N - m 53.4 40.7 59.2 59.8 43.8 54.0

Although the initial thicknesses are relatively similar, a strong divergence of the measured values
can be observed. This is due, among other things, to the different widths of the hides and the
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general inhomogeneity of the natural material. The mean value of all torques is 62.9 N with a
standard deviation of 16.0 N. No further statistical evaluation is carried out due to the small number
of hides examined and the low variance of the setting parameters.

4 Discussion

Based on the results, it can be assumed that the length of the active cutting edge cannot be
influenced to any relevant extent by variations in the machine settings. All investigated parameters,
on the other hand, show a very strong influence on the thickness of the removed chip. MERCHANT
already held that the mechanical work caused by forming accounts for a large proportion of the
cutting work. On the other hand, the investigations by SREEJITH and CALZADA show that the fiber
orientation is of great importance for the proportion of deformation work to cutting work. The
material to be processed is markedly viscoelastic. With a constant chip thickness and a higher
processing speed it is expected that a considerably higher deformation work is to be performed.
This is in line with practical experience, according to which the rotational speed of the motors
decreases more as the thickness of the leather to be shaved increases. The measurements of the
torque when shaving cattle hides give a first indication of the forces to be expected during the
shaving process. However, the number of tests must be increased considerably in order to be able
to make reliable statements. In particular, the differences due to moisture and the tanning process
must be investigated more extensively in order to provide a stable data basis for the simulation.
Nevertheless, the created data are sufficient to serve as a reference for the comparison with first
simulations.

5 Conclusions

The shaving of leather is comparable to the cutting of composite materials and therefore the
findings in this field can serve as a basic principle for the onward development of the shaving
process. The settings on the leather shaving machines plus the modification options of the cutting
geometry provide the basis for an experimental investigation on the shaving process. The execution
of designed tests combined with the developed geometric correlations will determine the most
important parameters influencing the shaving process. Initial tests have been used to determine
the essential values that will allow simulation results to be checked. An optimized geometry of the
cutting tools has to be determined by using a computer simulation of the cutting process.
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