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Abstract

The work presented here, concentrates on experimental surface roughness analysis in the milling of hardened
steel using a monolithic torus mill. Machined surface roughness with respect to milling process dynamics has
been investigated. The surface roughness model including cutter displacements has been developed. Cutting
forces and cutter displacements (vibrations) were measured in order to estimate their quantitative influence on
Raand Rz parameters. The cutter displacements were measured online using a scanning 3D laser vibrometer.
The influence of cutting speed V. on surface roughness parameters (Ra R2 was also studied. The research
revealed that real surface roughness parameters are significantly higher than those calculated on the basis of a
kinematic-geometric basic model, and their values are strongly dependent on dynamic cutter displacements.
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1. Introduction

Surface roughness is one of the most important factors determining machined surface
quality, and thereupon its accurate estimation is the subject of a lot of research [1, 2].
According to the kinematic-geometric projection of the cutter into the work piece, one of the
most influential factors on machined surface roughness is feed per tooth f,
Many researchers report that an increase in feed per tooth f; induces surface roughness growth
after end milling in HSM conditions [3-6].

Nonetheless, on the basis of several works related to the machining of hardened steel [7, 8]
and tungsten carbide [9], the dominant factor affecting surface micro-irregularities is not feed
per tooth f,, but feed per revolution f, which is directly related to cutter radial run-out and
rotational speed n which affects centrifugal force. Feed (f, f,) cutting speed Vv [10-12], axial
and radial depth of cut (ap, 8¢) determine dominant factors in HSM process prognostic model
elaboration [13-16].

According to research [7, 8] related to the milling of hardened steel S55NiCrMoVé6, it can
be seen that real surface roughness parameters are from 15 to 20 times higher than theoretical
values resulting from kinematic-geometric projection. The displacements of the working parts
of the cutter (vibrations) are the main reason for these discrepancies. The above-mentioned
displacements are caused by various conditions. Thus, in the discussion of the most important
factors affecting machined surface roughness, it is necessary to include the effect of vibrations
[17-23]. Several works [24-27] are related to surface texture modeling (primarily surface
location error SLE and surface roughness) in the range of chatter occurrence (range of non-
stability). From the practical point of view, the estimation of surface roughness in a stable
process is essential, since in industry it is necessary to avoid the chatter. According to
research [28, 29] one of the most significant conditions affecting machined surface roughness
in a stable process is the cutter’s radial run-out. This phenomenon is caused either by tool axis
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tilt or displacement with reference to spindle axis. Furthermore in the range of high rotational
speeds, which induces high centrifugal force, the cutter’s radial run-out can be multiplied,
which in turn affects machined surface roughness.

In this paper, the surface roughness model including cutter displacements have been
adopted from the previous study [1] and extended for milling tools with varying numbers of
teeth z Cutter displacements were calculated on the basis of instantaneous maximal force
alterations substituted into the differential motion equation. These calculated displacement
values were compared to those measured using a 3D scanning laser vibrometer.

2. Surface roughness modeling in cylindrical milling process

According to the kinematic-geometric projection of the cutter into the work piece,
theoretical surface roughness height in the cylindrical milling process can be formulated by

the following equation [3]:
D D’ - f? f2
Rt =——— |——2 =2 1
b 2 4 4D M

where: Rfy— theoretical surface roughness, f, — feed per tooth, D — tool diameter.

From formula (1) it can be clearly seen that an increase in feed per tooth f, causes surface
roughness growth, whereas an increase in tool diameter D causes a decline in surface
roughness. However, theoretical models describing alterations of surface roughness
parameters in the function of kinematic-geometric parameters often vary from the real surface
roughness value, especially for low feed values. During the generation of surface irregularities
in the finishing process in HSM conditions, process dynamics (€.g. related to the cutter’s
radial run-out) has significant meaning. Figure 1 depicts the projection of the cutter into the
work piece, including the cutter’s displacement induced by the cutter’s radial run-out.
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Fig. 1. Projection of the cutter into the work piece including cutter displacement, where: R— tool radius, f —
feed per revolution, f, — feed per tooth, Yem.,, — maximum value of cutter displacement envelope, Rt(Yemax) —
surface roughness height including cutter displacement, Rf— theoretical surface roughness.
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Cutter run-out can be due to the tool itself (wear, asymmetry, insert setting, dynamic
imbalance and thermal deformation) but it is mainly due to the offset between the position of
the tool rotation axis and the spindle rotation axis. The consequence is a tool rotation around
the spindle axis with an eccentricity which induces cutter displacement Yem.. These
displacements relocate directly on the work piece (along the closed trajectory in X-Y plane),
generating surface roughness (see Fig. 1). Moreover, Yemax Values can be also affected by
cutting forces and, at higher rotational speeds n, by centrifugal forces.

The model depicted in Fig. 1 is related to the case when the tool rotates around the spindle
axis with an eccentricity and the cutter’s displacement Yemax is significantly lower than the tool
radius R, Yemax << R, as well as the radial depth of cut @e, Yemax << @e. For simplification it was
assumed that teeth location errors were neglected, which means that partial displacements for
consecutive teeth are uniform. It is necessary to emphasize that this assumption can be valid
only for monolithic tools. In the case of inserted tools, the influence of insert setting error
must be included. The developed model is not taking into account the problem of minimum
uncut chip thickness hmin, which can have an influence on the generated surface roughness,
especially in machining with low sectional areas of cut. Nevertheless in the machining of
hardened steels hpin values are very low and thus their influence can be neglected. From Fig. 1
it can be seen that the higher the displacements Yemax (Vibrations), the greater the surface
micro-irregularities values, and consequently surface roughness parameters (€.9. RU{Yemax))-
On the basis of the dependencies depicted in Fig. 1, surface roughness height including cutter
displacement R(Yemax) can be formulated as:

2(4Ye + )y - (OR4 g, 7+ jmg/ A4 R H-4 0
RU( Vo) = 2Z[q4yenmz+ fzz DZZ) -

_2(4yemax3—4RD)émaX2 Cz+ f 0y, 02- JORY
22[@4 Vorar F fj[li) ’

)

where: Ri(Yemax) — surface roughness height including cutter displacement, Yemax — maximum
value of cutter displacement envelope, z— number of teeth.

Formula (2) was developed on the basis of trigonometric dependencies presented in Fig. 1,
between feed per tooth f,, cutter radius R, displacement Yen,,, number of teeth z and surface
roughness height R(Yemax). In order to simplify the algebraic transformations, Derive 6
software was applied. This equation is valid only for an even number of teeth and when z> 2.
When cutter displacement Yemax 1S equal to zero, formula (2) simplifies to (1). The average
surface roughness parameter including cutter displacement R&(Yemax) can be calculated from
the following equation:

Ry, ) =~ 3TR e JBIRU ) +4R) BRIy, )’ +40R Y, ) (R-20R) o
ome 1000[R’ )

Formula (3) was developed on the assumption that the average surface roughness value is
equal to the mean arithmetic deviation of profile line from the average line. The surface
irregularity profile line is marked on Fig. 1 by the thick black line. In order to determine the
average line of surface irregularity profile, the center of gravity of area below the profile was
calculated. The Derive 6 software was applied once again to simplify the calculations.

The unknown quantity in formulas (2) and (3) is displacement Yemax. In order to calculate
total displacement of the cutter y which includes displacement induced by cutting forces Y
and displacement caused by dynamic run-out Ye (so-called cutter displacement envelope) it is
necessary to solve the differential motion equation:
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mOy() + Oy (B + KY(t) = Fpe(t). )

In the first step, the left side of formula (4) was identified, i.e. modal parameters (M, C, k —
for Fx and Fy directions) were determined using an impact test, and thus the following
parameters were received [7, 8]: my = 0,021 Ns?/m, my, = 0,019 Ns?/m, ¢ = 57 Ns/m, Cy =
45 Ns/m, ke = 10172940 N/m, k, = 8481764 N/m. It is worth indicating that the determined
values of modal parameters are valid only for a particular machine-collet-tool system. In order
to define the right side of the equation (dynamic force Fisg(t)) it was assumed that cutter
displacements are consequences of cutting forces and radial run-out which has an influence on
maximal force amplitudes for consecutive teeth.

In the mechanistic force model for a cylindrical milling tool with non-zero helix angle
(As>0), the cutting force F¢ and cutting normal force Fcy are proportional to active sectional
area of cut A{¢) and specific cutting pressures(ke, ken):

Fo=k AP, 5)
Fn =K IA(9). (6)

The F¢ feed force and Fyy normal feed force components can be calculated on the basis of
Fcand Fey values and instantaneous rotation angle of cutting edge value ¢:

F (Fci cos@ — Fysing, )a (7

[N

Foo = (Fci sing, + Fyy, Cos¢i)- ®

o

The method for the determination of cutting forces is described in [8], from which specific
cutting pressure K, kon equations in function of uncut chip thickness per tooth h, were selected
as: ko= 4869,5 h, *** [MPa] and ke = 0,0003 h, > [MPa].

The milling process, especially in HSM conditions, is accompanied by cutter radial run-
out. The radial run-out during the milling process causes Fs and Fg maximal force variation
between each tooth. It is a cyclic phenomenon and force variation per tooth is a sine function
(Fig. 2). With the purpose of taking into consideration the force variation per tooth, a new 4
constituent including tool radial run-out was introduced. In this relationship 46 constituent
was developed based on the harmonic motion equation without damping. In F; feed and Fsy
normal feed force direction, the following equations are valid:

-1 +1
ne, =| Ko 7! Bin(n it +“j of Ko *1) )
2Ky 30 2 2Ky
Kcoy —1 K. +1
AefN - dFfN Bln(n h + Tfj + Papn 71 , (10)
2Ky 30 2 2Ky
where: Kqrt, Kgrin — dynamics coefficient empirically determined.
Fig. 2 depicts the method for the determination of the dynamics coefficient kg, in the Fgy
time course when cylindrical milling with a 6-toothed milling cutter occurs. The dynamics

coefficient ky can be expressed by the following equation (where i denotes the direction of
operating force: Fin, Fy):

432



Metrol. Meas. SystVol. XVIIL, (2011), No. 3, pp. 429-440.

I:i ( yemax )
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(11)

where: Fi(Yemax), Fi(Yemin) — instantaneous force corresponding to maximum and minimum
cutter displacement envelope value.
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Fig. 2. The experimental time course of Fgy normal feed force component with the designation of instantaneous
force corresponding to maximum Fpy(Yenax) and minimum Fapy(Yenin) cutter displacement envelope.

Empirically determined ky values from formula (11) for various cutting speed V. values
can be expressed as a linear regression equation Ky = f(\). Finally, equations of feed and
normal feed force components including radial run-out of the cylindrical mill can be
formulated as:

Fo. =06 [F, (12)

Frae =€ Fy . (13)

Determined values of dynamic force Fi(t) were substituted into formula (4), which was
solved using a 4-th order Runge-Kutta algorithm in MatLab software. Displacements in feed
direction (originated from the F¢ component) were neglected because of their marginal
influence on the generation of surface roughness parameters (Ra R2. After the calculations,
total cutter displacements in the direction perpendicular to the machined surface y were
obtained. In order to determine instantaneous values of cutter displacement envelope Ye one
should transform the right side of formula (4). In the proposed model it is assumed that cutter
displacement envelope Ve is induced by the envelope of feed normal force Fie(t). This force
envelope Fingt) is defined as the difference between the instantaneous normal feed force
including radial run-out Fye(t) and the instantaneous force corresponding to minimum cutter
displacement envelope Fi(Yemin):

- _ _ _ Fau (D
Fine(D) = Faue(® = Fin(Yemin) = F e (t) K . (14)

dFfN

After the substitution of formula (14) into formula (4), the cutter displacement envelope Ye
can be obtained:

My (9 + clhy, (0 + KOV (t) = Fe (1) - (15)

Subsequently maximum values of cutter displacement envelope Yemax Obtained on the base of
formula (15) were substituted into formulas (2) and (3).
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3. Experimental details
3.1. Research range and method

In order to verify the proposed model a few series of milling tests with variable cutting
conditions were performed. The investigations have been carried out on hardened hot-work
tool steel coupons (55NiCrMoV6, hardness approx. 55 HRC). The monolithic torus mill (z=
6 number of teeth, D = 12 mm diameter, r,= 1 mm corner radius, As = 45° tool major cutting
edge inclination angle, ry = 10 pm radius of tool arc cutting edge) was selected as a milling
cutter (Fig. 3a). The cutting edges were made from fine-grained sintered carbide (mean grain
size approx. 0.4 pum) within TiAICN anti-wear resistance coating. Experiments were
conducted in free, down milling conditions, on 5-axes CNC milling workstation (DECKEL
MAHO Co., model DMU 60monoBLOCK, see — Fig. 3b). Cutting parameters applied in the
research are presented in Table 1.

<)

Piezoelectric force
Milling tool sensor

Workpiece < \ ?n /

& Fﬂv
Charge
i E = 4 amplifier
T

Fig. 3. Milling process experimental stand: a) the view of the employed tool; b) the view of DMG model DMU
60monoBLOCK milling center; c¢) block scheme of cutting force experimental apparatus.

In the research carried out, surface roughness parameters, cutting force components and
tool displacements were measured for various cutting speed V¢ values. In all investigated
instances, the active number of teeth z; was less than unity and tool wear per tooth was
VBg < 0.05 mm. Surface roughness measurements were made using a T500 portable
surface profilometer (Hommelwerke), equipped with TSE head and Turbo DATAWIN
software. A sampling length Ir = 0.8 mm, the evaluation length In = 5-Ir = 4.0 mm, the
length of cutoff wave Ac = 0.8 mm and an ISO 11562(M1) filter were applied.

Table 1. Cutting parameters applied in the research.

Ve [m/min] | f,[mm/tooth] | v [mm/min] | a,[mm] | 8.[mm]
100 1592
200 3185
300 0.1 4777 3 0.2
400 6370
500 7962

As a result of 2D measurements, surface profile charts were received. On the basis of
surface profile charts, Ra and Rzparameters (according to ISO 4287:1984) were calculated
using Turbo DATAWIN software. The measurement for each investigated cutting speed
value was repeated 3 times in order to calculate the mean arithmetic value and range of Ra
and Rz parameters. Parallel to surface roughness measurements, cutting force components
were measured (in machine tool coordinates — Fig. 3c¢), in the following directions:
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- dir. X — feed force F; [N],

- dir. Y — feed normal force Fq [N].

In order to verify cutter displacement values obtained from equation (4), appropriate
measurements of cutter displacement were made. The scanning laser vibrometer Polytec PSV-
400 was applied for measurements during the milling process (online). The measurements
were made for three cutting speeds: V. = 100, 200, 300 m/min. The diagram depicting
displacement measurement is shown in Fig. 4a. Fig. 4b shows a view of the laser head during
the calibration process. 3D cutter displacement measurements were conducted in the joining
part of the L2 tool. For obvious reasons it is impossible to conduct the measurement on the
working part of the tool during milling. In order to determine the displacement values on the
working part of the tool (Fig. 4c, length L1) it is necessary to approximate displacement
values on the joining part 4e2 to 4el values, assuming that the influence of L on Ae is
described by the following equation:

FOL
e=——
3EI

where: F — force acting on the tool, L — tool overhang, E — Young's modulus, | — moment of
inertia.

As a result of the 3D scanning laser vibrometer measurement, the time courses of
instantaneous total cutter displacement y=f(t) values were obtained. On the basis of these
y=f(t) courses, the mean arithmetic values, the range of maximum instantaneous
displacements Y per tooth as well as the maximum instantaneous displacement envelope Yemax
per revolution were calculated.

: (16)

Head 1

Laser beam

Head 2

14 Head 3

Fig. 4. Tool displacement measurement diagram: a) block scheme of 3D displacement measurement carried out
on a scanning vibrometer; b) the view of laser head (no. 1) during the calibration process; c) the scheme of cutter
displacement.

3.2. Experimental results and analysis

In Fig. 5a the time course for the feed normal component Fg =f(t) for cutting speed v =
300 m/min is presented. Fig. 5b depicts the dynamics coefficient for feed normal component
karen in the function of cutting speed V.. It was found (Fig. 5a) that maximal instantaneous
force Fiy values per consecutive tooth are not uniform. Alterations of these instantaneous
maximal forces produce the envelope (thick black line), which has a period equal to tool
revolution time. This is probably caused by the cutter’s radial run-out phenomenon, related
directly to the tool revolution period. Similar dependencies were observed for all remaining
cutting speeds V.. Fig. Sb shows that cutting speed growth causes a gentle increase of the
dynamics coefficient, namely an amplitude growth of the force envelope (Fsy). This means
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that the cutter’s radial run-out value is multiplied by the tool displacements caused by
centrifugal forces (related to cutting speed growth). Nonetheless, in the investigated cutting
speed range V., the growth of the dynamics coefficient Kyrsy values are small (from 1,56 to
1,68).

In Fig. 6a the surface profile chart for cutting speed Ve = 300 m/min is presented. Fig. 6b
depicts the surface profile chart with the superimposition of the Fy force envelope for cutting
speed Ve = 300 m/min. From Fig. 6a it can be seen that the surface micro-irregularities
wavelength is 0.6 mm, which corresponds to a feed per revolution value (f = zf,= 6-:0.1 = 0.6
mm/rev). Similar dependencies were observed for surface profiles generated for all the
remaining cutting speeds V.
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Fig. 5. a) time course for feed normal force component Fyy (thick black line denotes the envelope of Fyy force);
b) dynamics coefficient kyey in function of cutting speed V..
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Fig. 6. a) surface profile chart; b) surface profile chart (blue line) with superimposed envelope of Fy force (red
line) for V=300 m/min.

This dependence is inconsistent with the traditional kinematic-geometric projection of the
cutter into the work piece expressed by formula (1). This formula assumes that the surface
micro-irregularities wavelength is equal to the feed per tooth f, value. Significant divergences
are also found with reference to surface roughness height. According to formula (1), the
theoretic height of surface roughness R{ is equal to 0.21 pm, while the real surface roughness
Rz value is significantly higher, with a value of 3.4 + 7 um. Fig. 6b shows that some
qualitative similarities can be found between the time course of the Fsy force envelope and the
shape of the surface profile chart. This means that there is a clear relation between the
instantaneous maximal force alterations and the generated surface profile. Based on foregoing
observations one can indicate that the dominant factor influencing the machined surface
profile is radial run-out related directly to the tool revolution period (and hence to feed per
revolution f value).

Fig. 7a depicts the time course of total tool working part displacement y=f(t), measured
using a laser vibrometer with a cutting speed V¢ of 300 m/min. Fig. 7b shows the time course
of the envelope of cutter displacement Ye=f(t), calculated in MatLab software (based on
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equation (15)) for a cutting speed Ve = 300 m/min. It was found that (Fig. 7a) the cutter
displacement wavelength is connected with the feed per tooth value f, This kind of
displacement which has a frequency corresponding to the zf, (number of teeth multiplied by
spindle rotational frequency) is caused by cutting forces (F¢, Fen,) generated in the milling
process, that in turn cause displacements of each tooth. It is worth indicating that the above-
mentioned displacements affect the surface location error — SLE. From Fig. 7a it can be also
seen that maximal instantaneous displacement Yy values per consecutive teeth are not uniform.
Alterations of these instantaneous maximal displacements produce the envelope (thick red
line), which has a period equal to the tool revolution time. The shape of this envelope is
similar to the sine course (however to a lesser extent than for the force envelope). The
displacement envelope (Ye) is induced by cutter radial run-out.

a) ‘ ‘ b)‘
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Fig. 7. a) the time course of measured total cutter displacement Y (red line denotes the envelope of displacement
Ye) for V=300 m/min; b) the time course of simulated envelope of cutter displacement Y, for ve= 300 m/min.

The maximal height of the envelope (equal to double of its amplitude) has a direct
influence on force oscillations per tooth as well as machined surface roughness. The maximal
height of the envelope measured by the vibrometer is equal to 4+6 pm (Fig. 7a). This range of
displacements stays in agreement with the real surface roughness height range for cutting
speed Ve = 300 m/min (see — Fig. 6). From Fig. 7b it can be seen that the maximal height of
the envelope calculated in MatLab software is equal to Yemax= 4 pum. It stays in agreement with
the range of values measured by the vibrometer (Fig. 7a).

Fig. 8 depicts the maximum instantaneous displacement envelope Yemax per tool revolution
as well as the maximum instantaneous total displacement Yy, per tooth in the cutting speed Ve
function. Fig. 8a shows that mean arithmetic values of the maximum instantaneous
displacement envelope Yemax (measured by the vibrometer, and calculated on the basis of
formula (15)) are growing with an increase in the cutting speed V. It confirms the fact that
during the milling process, cutter displacement related to radial run-out is affected by
centrifugal forces, which grow as the rotational speed (and thus cutting speed) increases.
However, considerable values of error bars (especially for v¢ =200 m/min) confirm that the
cutter displacement envelope is also influenced by some random phenomena. From Fig. 8a it
can be also seen that Yemax values calculated based on formula (15) correspond with the
measured ones.

The average values of maximum instantaneous total displacement Ymax are growing in the
cutting speed V¢ function(Fig. 8b). This phenomenon is related to an increase in the feed
normal force Fgy within the function of the investigated cutting speeds (Fig. 8b). It can be
deduced from formula (4) that the resulting force generated in the milling process is
proportional to total cutter displacement. Total cutter displacement increase is an undesirable
phenomenon because it contributes to an increase in surface location error (SLE).
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Fig. 9 depicts the influence of cutting speed V¢ on measured (using surface profilometer)
and calculated (using formulas (2) and (3)) surface roughness parameters (Ra— Fig. 9a, Rz—
Fig. 9b). As can be observed (Fig. 9), the cutting speed has a small influence on real surface
roughness parameters Ra, Rz which is confirmed by considerable values of error bars, as well
as the low values of the correlation coefficients (R* < 0.24 for Raand R* < 0.37 for R2).
Nevertheless, for the highest investigated cutting speed (v =500 m/min), mean surface
roughness parameters Raand Rzwere higher than those obtained for the lowest cutting speed
(Ve = 100 m/min). This means that in the investigated range, measured surface roughness is
insignificantly affected by the displacements induced by centrifugal forces.

According to the kinematic-geometric basic model, theoretical surface roughness height
Rt is scarcely 0.21 um, on the other hand real and modeled surface roughness values are from
19 to 38 times higher. From Fig. 9 it can be seen that the developed surface roughness model
including dynamic cutter displacements significantly increases the estimation accuracy of the
surface roughness parameters R&Yemay, R4AYemay, In comparison with the theoretic basic
model RY. Both calculated and measured surface roughness Rz values are close to cutter
displacement envelope values Yemax (see Fig. 8a). This means that during the process of
finishing milling of hardened steel, the generated surface roughness is mainly affected by the
cutter’s radial run-out. This results from geometrical errors of the machine-collet-tool system.
Nevertheless some discrepancies between measured and calculated surface roughness
parameter values are found. The above-mentioned discrepancies are probably caused by
simplifications assumed in the model (e.g. negligence of minimum uncut chip thickness
problem), as well as some random phenomena occurring in surface roughness generation.
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Fig. 8. a) maximum instantaneous displacement envelope Yenax per tool revolution in function of cutting speed Vc;
b) maximum instantaneous total displacement Y, per each tooth and feed normal force Fiy_rmsin function of
cutting speed V.
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Fig. 9. a) surface roughness Rain function of cutting speed V¢; b) surface roughness Rzin function of cutting

4. Conclusions

This paper investigated the surface roughness generated in cylindrical milling of hardened

speed V.

steel. A surface roughness model including cutter displacements was also developed.
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As it is well known from the traditional kinematic-geometric model, surface roughness is

affected by the f, feed per tooth and tool diameter D values. However, the above-mentioned
model is not including many important phenomena occurring in a cutting process as: cutter
displacements, alterations of cutting edge shape, alterations of tooth immersion into the work
piece along the cutting path or the influence of chip formation discontinuities on the surface
texture.

The conducted research revealed that in the process of finishing milling of hardened steel,

dynamic cutter displacement related to radial run-out is the crucial factor affecting machined
surface roughness. This phenomenon induces the alterations of maximal instantaneous
displacements per consecutive tooth, as well as the oscillations of maximal instantaneous
force amplitude. Alterations of these instantaneous maximal displacements produce the
envelope whose period is equal to the tool revolution time. Therefore surface roughness
generated in the milling process is related to the feed per revolution value f instead of the feed
per tooth f, value (according to the kinematic-geometric basic model). It was also found that
cutting speed has a slight influence on real surface roughness parameters Ra Rz which was
confirmed by considerable values of error bars, as well as low values of correlation
coefficients. This means that in the investigated range, measured surface roughness is mainly
affected by the cutter’s radial-run-out resulting from geometrical errors of the machine-collet-
tool system instead of displacements induced by centrifugal forces.

The developed surface roughness model including dynamic cutter displacements

significantly increases the estimation accuracy of the surface roughness parameters RA(Yemay,
RZYemay, in comparison to theoretic basic model R§.
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