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Featured Application: Prediction and selection of the clamping conditions of large-size workpieces
for the purpose of milling, based on modal tests and milling simulations.

Abstract: Vibrations occurring during milling operations are one of the main issues disturbing the
pursuit of better efficiency of milling operations and product quality. Even in the case of a stable
cutting process, vibration reduction is still an important goal. One of the possible solutions to obtain
it is selection of the favorable conditions for clamping the workpiece to the machine table. In this
paper, a method for predicting and selecting the clamping condition of a large-size workpiece for the
reduction in vibrations during milling is presented. A modal test of the workpiece is performed first
for a selected set of tightening screw settings. Next, one milling pass is performed to obtain reference
data which are then used to tune the hybrid computational model. In the subsequent step, milling
simulations are performed for a set of tightening variants, and the best one is selected, providing
the lowest vibrations, assessed as the root mean square (RMS) of vibration displacements. In this
paper, the description of the clamping selection procedure, key elements of the simulation model,
and simulation and experimental results obtained for the milling of the test workpiece performed for
a set of different clamping conditions are provided. The proposed method accurately predicts not
only the best but also the worst clamping conditions.

Keywords: face milling; vibration reduction; workpiece clamping; modal analysis; virtual prototyping

1. Introduction

During milling operations, the relative vibrations of the tool and the workpiece are the
main issues limiting milling efficiency, accuracy, and quality [1,2]. The level of vibrations
depends on various factors such as, for example, workpiece material, tool parameters (e.g.,
length, diameter, cutting insert geometry, and tool wear), milling process parameters (e.g.,
cutting speed, feed speed, and depth of cutting), dynamic properties of the tool, the milling
center and the workpiece, workpiece clamping conditions (which also affect workpiece
dynamic properties), and many more [3–5].

In the literature, in the context of vibrations occurring during milling, usually self-
excited chatter vibrations are recognized as the most significant issue, so various authors
concentrate on the development of chatter detection, reduction, and avoidance methods.
Some recent, interesting, in-depth reviews on this topic [6–9] show a large variety of
techniques applied to solve the challenges raised by chatter vibration occurrence. However,
focusing merely on the self-excited vibrations may lead to the depreciation of other dynamic
phenomena such as, for example, forced vibrations [10,11]. Thus, the chatter phenomenon
should not be treated as the sole challenge for the development of vibration suppression
methods [10]. Of course, chatter must be eliminated, but even in the case of a stable cutting
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process, vibration reduction is still an important goal [12]. It is also worth noting that
most of the methods proposed for milling vibration reduction are developed and tested on
rather small details machined in standard CNC centers. Meanwhile, machine tools used
for milling large-sized objects and the related process characteristics differ significantly
from the conventional ones [10]. This additionally justifies that the dedicated solutions
should take into account not only the dynamic properties of the system (represented by its
identified poles) but also the harmonic frequencies of time-varying non-stationary excited
vibrations of the whole tool–workpiece system [10,13]. The convolution of modal vibration
(associated with poles), usually having relatively low frequencies with vibration excited
by rotating tools, also plays a significant role [14]. Additionally, due to high costs and
low availability of large machining centers for scientific experiments, there is a gap in
the development of vibration reduction techniques for milling large workpieces. This
applies especially to simple and cheap methods that could be easily implemented in
industrial practice.

In this context, an interesting group of possible solutions for vibration reduction are
methods dealing with workpiece clamping to the machine table. Some of them concentrate
on the design of clamping elements such as, for example, a system of bilateral supports
for machining large aircraft engine components [15] or a modular system for flexible
clamping of large workpieces [16]. Others, however, try to minimize geometric errors
or milling vibrations by optimizing the layout of passive fixtures using, for example, a
table with clamping elements acting from the sides on the workpiece and a matrix of
supports from the bottom with the actual selection of active (attached to the workpiece)
supports optimized using the Genetic Algorithm [17], selection of the supports’ positions
for a geometrically complex object (engine block) for surface quality improvement [18],
selection of the supports’ positions to increase the static fixture stiffness using various
Machine Learning algorithms [19], and optimization of the supports’ positions to minimize
deformations of large ship elements using a modified direct stiffness method and improved
Particle Swarm Optimization [20]. An interesting set of examples of active and passive
methods and devices, mostly for milling thin-walled elements for the aeronautic industry,
is included in [21]. Also, in [22], a review of various approaches for fastening thin-walled
objects, including large-size ones, is presented. Unfortunately, many of the methods
discussed in the literature are supported only by simulations and are not verified by
experimental research, especially if they concern large workpieces.

Many of the fixture optimization methods rely on simulations of the workpiece defor-
mations and vibrations or simulations of the milling process, which is why some of them
are based on modeling the milling process dynamics along with the physics of elements
of the machine–tool–workpiece system [6]. Methods that take into account the dynamic
properties of the tool and/or workpiece (for example, in order to tune the Finite Element
Method (FEM) model or to determine the dominant frequencies of normal vibration) re-
quire the identification of these properties through experimental or operational modal
analysis [23]. Because the number of sensors used in experiments is always limited, in some
applications, there occurs the problem of how to determine the properties of the model for
every point of the machined workpiece without performing a large number of modal tests.
One proposed solution to this issue is to interpolate normal modes or modal shapes for
positions between the points where they have been identified. Such methods are used, for
example, in civil engineering to detect structural damage [24,25] or to optimize the location
of sensors used for modal tests in order to minimize errors of modal shape reconstruction
and increase the resolution of the FEM mesh [26].

The literature review unveils that there are various developments in preventing ge-
ometrical errors (deformations) of the clamped large-size workpieces, but the vibration
reduction problem is of less interest. Although a lot of progress has been made in terms of
fixture design optimization, proposed methods still have some important limits preventing
its wider applications [27]. From this perspective, fixture optimization techniques should be
a promising area of research because there is usually no need to modify machine tools nor
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to involve numerous, sophisticated, and expensive measurement and control equipment.
However, the latter does not concern active fixtures or active workpiece support devices.

The problem of searching for optimal conditions for mounting large-sized workpieces
on the machine table, while simultaneously ensuring the necessary repeatability of tight-
ening the clamping screws, has been of interest to the authors in recent years. For this
purpose, the following was proposed:

- Estimation of the minimum work of cutting forces in the direction of the cut layer
width, using only the experimentally determined frequency response function (FRF)
of the workpiece [28];

- Application of the experimentally determined FRF of the workpiece and simulated
plots of nominal cutting forces [29].

In both cases, however, the impact of dynamic changes in the geometry of the cut layer
was omitted, which significantly simplified the considerations.

As shown earlier in [30], only computational model simulations of the entire large-size
machining process, including the flexible workpiece, the cutting tool, and the dynamics of
the cutting process, taking into account the complex vibration state, are reasonable means
leading to an effective solution in order to search for the best implementation conditions.
However, the previously developed method of Experimentally Aided Operational Vir-
tual Prototyping (EAOVP) has now been significantly improved. And so the following
is ascertained:

- To create a modal model of the workpiece, frequency response functions (FRFs) were
determined at excitations in the vicinity of all accelerometers installed along the
machined surface.

- The influence of spindle speed on the dynamic properties of the rotating tool was
taken into account. The above results in the fact that, unlike a non-rotating system
(mainly characterized by double natural frequency and decoupled modes in two
mutually perpendicular planes), now we observe two different frequencies and the
corresponding coupled modes of natural vibrations.

- The assessment of compliance with the computational model of the machining process
was made based on the root mean square (RMS) assessment in the most dangerous
central zone of the surface, instead of the previously averaged RMS values from
all accelerometers.

The motivation for the presented research was to develop a reliable method for pre-
dicting and selecting the best clamping conditions during the face milling of large-size
structures. The new procedure presented in this paper is based on the modified EAOVP
procedure, which was successfully applied in an earlier version to select the optimal spindle
speed [30]. The paper includes a description of the new EAOVP procedure, modified for
the selection of clamping, key elements of the simulation model, the data and results of the
simulation and experimental research, and a description of the time-consuming nature of
the method implementation, as well as a discussion of the results and conclusions.

2. Description of the Proposed Method
2.1. Experimentally Aided Operational Virtual Prototyping

The procedure of Experimentally Aided Operational Virtual Prototyping (EAOVP)
was described in detail in [30]. However, in [30], this technique was applied for the selection
of the best spindle speed for vibration reduction. In this paper, it will be applied to predict
and select the best workpiece clamping conditions; thus, some modifications are needed in
the procedure (Figure 1). The steps of the modified procedure are as follows:

1. Clamping the workpiece on the machine table with tightening screws set for nominal,
standard conditions.

2. Performance of the Experimental Modal Analysis for identifying β = 1, . . . , mod
natural frequencies f e

β, dimensionless damping coefficients ζe
β, and the vectors of
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normal modes ψe
β of the workpiece along the desired tool path. Excitations are

applied near each sensor placed on the machined surface.
3. Selection of the dominant natural frequencies and calculation of the interpolated

modal shapes along the workpiece according to the planned tool path.
4. Preparation of a hybrid model of the milling process based on the modal model of the

machined surface.
5. Determination of the cutting process parameters kdl, µl2, and µl3 (their meaning will

be explained in Section 2.2.1) for further simulations, based on the assessment of the
compliance of the computational model with the nominal clamping conditions of
the workpiece.

6. Selection of the set of the considered clamping conditions.
7. For each of the clamping conditions selected in step 6, the implementation of steps 2, 3, and 4,

as well as the simulation of the milling process with the cutting parameters determined in
step 5.

8. Selection of the best clamping condition based on the evaluation of RMS values of the
simulated relative tool–workpiece displacements.

9. Performance of the real milling process with the selected best clamping condition and
resulting evaluation.
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Figure 1. A scheme of the EAOVP with linear interpolation of the vibration shapes for selecting the
best clamping conditions.

2.2. Simulation Model
2.2.1. Cutting Process Dynamics

In order to select the best clamping conditions, simulations of the face milling process
are performed. In the considered case, the workpiece is not perfectly rigid, and the tool is a
multi-edge milling cutter. The dynamics of the milling process is analyzed using the model
(Figure 2) and assumptions described in [30]. The most important of them are as follows:
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- The tool rotates at spindle speed n and the workpiece moves at feed speed vf.
- Only the tool (modeled as the Rigid Finite Element (RFE) and tool holder (connected

with the tool by Spring Damping Element (SDE)) and the workpiece are modeled.
Other elements of the milling machine and process dynamics are neglected [1,30].

- The dynamic properties of the workpiece are taken into account.
- The proportional and delayed feedback interactions caused by current and previous

passes of the cutting edge along the cut layer are included so the effects of internal
and external modulation of the layer thickness are accommodated [31].

- In the conventional contact points of the tool edges with the workpiece, coupling
elements (CEs) are located that model the dynamics of the cutting process [31]. The
positions of CEs relative to the workpiece change over time as the tool rotates at speed
n. The actual position of the cutter edge no. l is described by the immersion angle
φl = φl(t). It corresponds to the temporary position of CE no. l. Edges having, at a
given time, contact with materials that are called “active”.
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Other symbols included in Figure 2 are as follows:

- γ0—rake angle and α0—clearance angle as elements of the cutting edge geometry,
- κr—cutting edge angle, and in the presented case, κr = 90◦,
- ap—depth of cutting,
- Fyl1,Fyl2,Fyl3—forces acting in the direction of, respectively, the nominal cutting speed

vc, the cutting layer thickness hl, and current depth of cutting apl,
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- D—tool diameter and milling widths B1 and B2,
- local rotating coordinate system xr1, xr2, xr3 of the RFE,
- conventional point S of the tool—workpiece contact [28,30,31] and the non-rotating

coordinate system x1, x2, x3 for this point, which moves linearly with respect to
the workpiece.

For the temporary point of tool edge—workpiece contact—modeled as CE no. l, a
proportional model of the dynamics of the cutting process was adopted [30,31]:

Fyl1(t) =
{

kdlapl(t)hl(t), hl(t) > 0 ∧ apl(t) > 0,
0, hl(t) ≤ 0 ∨ apl(t) ≤ 0,

(1)

Fyl2(t) =
{

µl2kdlapl(t)hl(t), hl(t) > 0 ∧ apl(t) > 0,
0, hl(t) ≤ 0 ∨ apl(t) ≤ 0,

(2)

Fyl3(t) =
{

µl3kdlapl(t)hl(t), hl(t) > 0 ∧ apl(t) > 0,
0, hl(t) ≤ 0 ∨ apl(t) ≤ 0,

(3)

where
apl(t) = ap − ∆apl(t), (4)

hl(t) = hDl(t)− ∆hl(t) + ∆hl(t − τl), (5)

ap—desired cutting depth,
∆apl(t)—dynamic change in cutting depth for CE no. l,
hDl(t)—desired cutting layer thickness for CE no. l; hDl(t) ∼= fz sin κr cosφl(t),
∆hl(.)—dynamic change in cutting layer thickness for CE no. l,
kdl—average dynamic specific cutting pressure for CE no. l,
µl2, µl3—cutting force ratios for CE no. l, as quotients of forces Fyl2 and Fyl1, and forces

Fyl3 and Fyl1,
τl—time delay between the same position of CE no. l and of CE no. l–1,
fz—feed per tooth; fz = vf/(nz),
z—number of milling cutter teeth.
This model also takes into account the effects of the internal and external modulation

of the layer thickness and handles the situation when the cutting edge loses contact with
the workpiece material.

It is worth noting here that the interaction of the tool and the workpiece may also
result in a ploughing force. Unlike cutting force, it does not remove a layer of material but
causes local plasticizing. It results from the nose radius rt of assuming a perfectly sharp
cutting edge, and in a simplified mathematical description, its value is proportional to the
width of the cut layer. However, in the considerations presented in the article, the following
arguments led to the of the dynamic model of the cutting process.

1. The influence of the ploughing force is significant when hDl < rt [32]. In the case of
inserts of unblunt milling tools, the rt value does not exceed 10 µm, which in the case
of the experiment in question (fz = 0.115 mm) causes hDl = fz cos(φl) > rt in the range of
(−85◦; +85◦), so in almost the entire range of possible immersion angles ⟨−90◦; +90◦⟩.

2. The ploughing force is important, especially in light of possible non-linearities, at low
cutting speeds [33]. In the present experiment, at n = 1300 rpm and D = 44 mm, vc
values are estimated to be close to 200 m/min, which fully justifies the omission of
the ploughing force.

3. The mentioned plasticizing effect makes the proportionality coefficient necessary to
determine the ploughing force problematic and even difficult to estimate, especially
in real production conditions.

Due to the above, the authors decided on a more practical approach based on a
proportional mechanistic model (in Equations (1)–(3), there is a minimum number of
only 3 parameters: kdl, µl2, and µl3) and its validation with the actual machining process
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by comparing RMS values observed in the time domain during the real and simulated
process. Although these three parameters do not have a direct physical interpretation, their
accurately adjusted values during the simulation confirm the compliance of the adopted
model of the face milling process.

The description of the cutting forces for CE no. l in a 6-DOF space takes the following
form [30]:

Fl(t) = F0
l (t)− DPl(t)∆wl(t) + DOl(t)∆wl(t − τl), (6)

where
Fl(t) = col

(
Fyl1(t), Fyl2(t), Fyl3(t), 0, 0, 0

)
, (7)

F0
l (t) = col

(
kdlaphDl(t), µl2kdlaphDl(t), µl3kdlaphDl(t), 0, 0, 0

)
, (8)

DPl(t) =


0 kdl

(
ap − ∆apl(t)

)
kdlhDl(t)

0 µl2kdl

(
ap − ∆apl(t)

)
µl2kdlhDl(t)

0 µl3kdl

(
ap − ∆apl(t)

)
µl3kdlhDl(t)

03×3

03×3 03×3

, (9)

DOl(t) =


0 kdl

(
ap − ∆apl(t)

)
0

0 µl2kdl

(
ap − ∆apl(t)

)
0

0 µl3kdl

(
ap − ∆apl(t)

)
0

03×3

03×3 03×3

, (10)

∆wl(t) = col
(

qzl(t), ∆hl(t), ∆apl(t), 0, 0, 0
)

, (11)

∆wl(t − τl) = col
(

qzl(t − τl), ∆hl(t − τl), ∆apl(t − τl), 0, 0, 0
)

, (12)

and qzl(t)—relative displacement of edge tip and workpiece along direction yl1 at instant
of time t, and qzl(t − τl)—relative displacement of edge tip and workpiece along direction
yl1 at instant of time t – τl.

Relationships (9) and (10) take into consideration the non-linearity being an effect of
the dynamic change in the depth of cutting.

2.2.2. Hybrid Model of the Milling Process

The dynamics of the milling process is modeled as a hybrid system (Figure 2) which
consists of the modal and structural subsystems connected by coupling elements. The
modal subsystem represents a flexible workpiece moving with the feed speed vf. It is
described by the vector of its modal coordinates a. Parameters of the modal model are
identified during experimental modal tests. For a finite, selected number of normal modes
mod, the dynamic properties are defined by the following [30]:

Ω = diag(ω0i)—matrix of angular natural frequencies of the modal subsystem; i = 1,
. . ., mod. Its square is also called the stiffness modal matrix;

Ψ =
[
Ψ1 . . . Ψmod

]
—matrix of the considered mass-normalized normal modes of

the modal subsystem; i = 1, . . ., mod;
Z = diag(ζi)—matrix of dimensionless damping coefficients (also called modal damp-

ing) of the modal subsystem; i = 1, . . ., mod.
The structural subsystem represents a rotating milling tool. Its behavior is described

by the vector of generalized displacements q, in a local Cartesian coordinate system, xr1, xr2,
xr3 of the RFE, and subsequently, these displacements are transformed to the immovable
coordinate system x1, x2, x3. The movable coordinate system rotates together with the
milling tool. Thus dynamic properties of the structural subsystem are defined by inertia M,
damping L, stiffness K matrices [30], and additionally, matrices dependent on the effect
of the tool rotation, i.e., L̂r and K̂r [31] The above results in the fact that the first double
natural frequency f0 of decoupled transverse vibrations of the non-rotating system will be
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replaced by two natural frequencies f01, 02 = f0 ± n
60 , corresponding to the coupled modes

of vibrations. The way to define matrices L̂r and K̂r, in the case of RFE no. r, is described in
Appendix A.

The matrix equation of the dynamics of the non-stationary hybrid model of the milling
process in hybrid coordinates is described as follows:

[
M 0
0 I

]
..
ξ+

[
L + L̂r − L̂T

r 0
0 2ZΩ

]
.
ξ+


K − K̂r +

il
∑

l=1
TT

l DPl(t)Tl −
il
∑

l=1
TT

l DPl(t)Wl(t)

−
il
∑

l=1
WT

l (t)DPl(t)Tl Ω2 +
il
∑

l=1
WT

l (t)DPl(t)Wl(t)



ξ =


il
∑

l=1
TT

l F0
l (t) + TT

l DOl(t)∆w(t − τl)

−
il
∑

l=1
WT

l (t)F
0
l (t)− WT

l (t)DOl(t)∆w(t − τl)

,

(13)

where

ξ =

{
q
a

}
—vector of hybrid coordinates of the hybrid system,

Tl—transformation matrix of displacement vector q from the xr1, xr2, xr3 coordinates
of the RFE, to the coordinate system yl1, yl2, yl3 of CE no. l [30],

Wl(t)—transformation matrix between the displacement vector in modal coordinates
a and displacements in the coordinate system yl1, yl2, yl3 of CE no. l [30],

il—number of “active” CEs.
Equation (13) is used for time domain simulations of the cutting process. When the

tool (structural subsystem) and the workpiece (modal subsystem) are in contact with each
other, this hybrid model becomes non-stationary and time-varying due to tool rotation,
causing a continuous change in the geometric position of the instantaneous contacts of
the tool edge with the workpiece. However, contrary to the previous considerations [30],
due to the invariance of the position of CE no. l in relation to the rotating system xr1, xr2,
xr3 of the RFE, this time the matrix Tl has constant components. The latter significantly
reduces the required simulation time. To simulate the hybrid model of the cutting process
of the workpiece in accordance with the planned tool path, a computer with the proprietary
AMIKRO4 software version 4, developed in FORTRAN using the free MSYS2 MinGW
64-bit toolset, and the free GNU compiler, were used. The results were analyzed using the
MATLAB 2017 and 2022 (MathWorks, Natick, MA, USA) package.

To identify the modal model of the flexible workpiece, the matrix of normal modes
Ψ, dimensionless damping coefficients Z, and angular natural frequencies Ω of the modal
subsystem must be determined. By isolating the modal subsystem, the model size is
significantly reduced to a few essential modes. These modes remain unchanged during
machining, allowing for identification through Experimental Modal Analysis (EMA) on
the workpiece installed on the milling machine table. It must be noted, that in the case
of large or complex workpieces, different dominant vibration modes can be observed in
various zones of the milled surface. Thus, it is needed to perform EMA for a set of points
distributed on the structure, especially on the machined surface. The dominant modes
may be identified based on the frequency response function (FRF) and a chosen modal
identification method.

2.2.3. Normal Mode Interpolation

During milling, the tool moves along the workpiece, moving through successive areas
where different vibration modes dominate. Thanks to modal analysis, according to the EAOVP
procedure, the modal properties of the workpiece are known. However, they are identified only
for areas close to the accelerometers’ locations. For the purposes of simulation using hybrid
models, it is needed to provide modal parameters for each simulation point. This means that for
points between the known positions of sparsely distributed sensors, normal modes must also be
determined. To solve this problem, it is proposed to adapt the technique of linear interpolation
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of normal modes clearly described in [30]. For a position lying between locations where normal
mode no. i, i = 1, . . . , mod, has been identified (i.e., between the sensor positions for which a
FRF has been calculated), the appropriate value of this normal mode component is calculated
by the following formula (Figure 3):

Ψi(ξ(t)) = Ψij +
ξ (t)− ξ j

ξ j+1 − ξ j

(
Ψi,j+1 − Ψij

)
. (14)
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This means that in (13), the matrix of transformation Wl(t) becomes not only time-
but also position-dependent and takes the following form:

Wl(t, ξ(t)) =
[

Θl(t)3×3 03×3
03×3 Θl(t)3×3

]
CWΨ̂(ξ(t)), (15)

where

Θl(t) =

cos φl − sinφl 0
sin φl cos φl 0

0 0 1


Here, there is a matrix of directional cosines between the axes yl1, yl2, yl3 of CE no. l

and the axes of immovable coordinate system x1, x2, x3 (Figure 2).

CW = col(0, 0, 1, 0, 0, 0),

Ψ̂(ξ(t)) =



Ψ1j +
ξ(t)−ξ j
ξ j+1−ξ j

(
Ψ1,j+1 − Ψ1j

)
...

Ψij +
ξ(t)−ξ j
ξ j+1−ξ j

(
Ψi,j+1 − Ψij

)
...

Ψmod,j +
ξ(t)−ξ j
ξ j+1−ξ j

(
Ψmod,j+1 − Ψmod,j

)



T

.

Using the same approach, extrapolation is also possible for points beyond the outer-
most sensor positions.

In order to obtain an interpolated modal model along the workpiece in accordance
with the planned tool path, the original proprietary software written in C was used, as well
as the commercial FEGRAPH version 14 package (vMACH Engineering GmbH, Markt
Indersdorf, Germany).

2.3. Method Summary

The improved EAOVP method meets the serious need to simulate computational mod-
els of the entire large-size machining process, including the flexible workpiece, cutting tool,
and cutting process dynamics, as well as taking into account the complex vibration state.
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This method, compared to previous elaborations, has now been significantly improved.
The above concerns the following:

- Creating a modal model of the workpiece by determining the FRF with excitations in
the vicinity of all accelerometers installed along the machined surface;

- Taking into account the influence of spindle speed on the dynamic properties of
the rotating tool. Unlike the non-rotating system (characterized by double natural
frequency and decoupled modes in two mutually perpendicular planes), two different
frequencies and the corresponding coupled natural modes are observed now;

- Assessment of compliance of the computational model of the machining process based
on the root mean square (RMS) in the most dangerous zone of the central surface, and
not previously averaged RMS values for the entire milling pass.

This modified method provides a new quality in the simulation of a non-stationary
model of the hybrid milling process because it definitely guarantees better accuracy in
predicting the best clamping conditions for large-sized workpieces.

3. Results
3.1. The Workpiece and Milling Process Setup for the Experimental Research

The workpiece selected for experimental research had external dimensions of
2092 × 1116 × 540 mm and was made of STW22 03M steel (Figure 4). The mechanical
properties of this type of steel are [34]: yield strength Rp0.2 = 170–360 MPa, tensile strength
Rm = 440 MPa, and elongation A = 22–28%. Its chemical composition is up to 0.12% of C,
up to 0.6% of Mn, up to 0.045% of P, and up to 0.045% of S. The workpiece was clamped
on a table of the MIKROMAT 20V (VEB Mikromat, Dresden, Germany) portal machining
center. Despite very similar geometry and physical properties, the tested workpiece was
different from the one described in [28,30]. Moreover, the supporting structure’s scheme
(number of secondary supports and their positions) has been different as well. In Figure 4,
only the adjustable screws are indicated. The remaining 10 supports of the workpiece were
not marked to maintain the clarity of the figure. The tightening torques of those secondary
supports were not changed during experiments.
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Figure 4. Tested workpiece shown: (a) clamped on the machine tool table and (b) as a simplified
scheme with accelerometers (A1–A5) and adjustable fastening screw (I–IV) locations indicated.

Although the tested workpiece is not a typical thin-walled element, its dominant
forms of natural vibrations with frequencies in the 100–500 Hz band are observed in the
vicinity of the surface to be processed in the face milling process. Moreover, the method of
mounting it on the machine table using mounting screws that cause different values of the
tightening torques of these screws results in a change in the parameters of the modal model
of the workpiece, in various, but repeatable, mounting variants. The above, combined with
the unchanged model of cutting process dynamics, has a significant impact on the level of
tool–workpiece vibrations in the face milling process.
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For the milled surface (length 2092 mm, width 58 mm), full face milling was performed
from left to right (i.e., from the side of accelerometer A1 to A5). The milling tool was Sandvik
R390-044C4-11M060 (Sandvik AB, Stockholm, Sweden) having a diameter of ϕ44 mm, with
four indexable inserts, R390-11 T3 08M-PM 1130 having a corner radius of 0.8 mm, a helix
angle of the main cutting edge of 12◦, and a cutting edge angle of κr = 90◦. For all of the
passes, spindle speed was set to n = 1300 rpm and feed speed was vf = 600 mm/min. The
nominal cutting depth was ap = 1 mm. Such a significant value of the tool’s rotational speed
actually justifies the advisability of taking into account the influence of the spinning effect
on the dynamic properties of the structural subsystem.

The measurement points were distributed along the milled surface on the inner side of
the workpiece. Five IEPE DJB A/120/V 75g (DJB Instruments, Suffolk, UK) accelerometers
were used. For impact modal tests, the PCB 086C03 (PCB Piezotronics Inc., Depew, NY,
USA) modal hammer was used. The sampling frequency for all signals was 10 kHz. Signals
were acquired using a real-time NI (National Instruments, Austin, TX, USA) PXI 8861
controller with PXI 4496 dynamic signal acquisition card running proprietary developed
measurement and analysis software in NI LabView RT environment.

At first, the fastening screws were screwed with a torque of 90 Nm. This setting, which
was a standard according to the normal manufacturing scheme of the production company
for this workpiece, was later treated as a reference for selecting simulation parameters
and, later, for the evaluation of the simulations and milling experiments. For this setting,
modal tests for each sensor location were carried out, and later, the milling process was
performed. Then, after each modal test for a different screw setting, milling operations
were performed in order to compare its results with simulations to evaluate the method. In
practical application, only modal tests for different screw settings are needed to acquire
data (modal parameters) for the simulation model, and no milling must be performed
except one milling operation for a nominal clamping setting.

3.2. Experimental Modal Analysis

In order to determine the dominant natural vibration frequencies for different fixing
conditions and to select the best one, modal tests were performed for different support
configurations. A total of five tightening torque tests (50. . .130 Nm) of the fastening screws
(I–IV) were carried out. For a selected setting, all screws were tightened with the same
torque measured by a dynamometric spanner. Frequency response functions (Figure 5)
were obtained for each setting and for each accelerometer mounting point no. j (Figure 3).
Excitation (impact) was applied near each sensor. Thus, in the case of the selected support
configuration, the FRF for point A1 was obtained with the excitation applied close to A1,
for point A2—with the excitation applied close to A2, and so on (Figure 4). This reproduces
milling conditions, as during real milling, the main source of workpiece excitation is cutting
forces occurring in the actual location of the tool, which moves along the workpiece as the
process advances. For identification, a polyreference Least Squares Complex Frequency
Domain (p-LSCFD) method ([31,35]) was used, and six dominant natural frequencies in a
range up to 500 Hz and modal damping coefficients were identified (Table 1).

3.3. Clamping Screw Tightening Torque Selection

In order to prepare a hybrid simulation model, for the purpose of clamping screw
tightening torque selection, the parameters of this model must be determined. It is achieved
by performing simulations for a nominal clamping condition and searching for the set
of parameters kdl, µl2, and µl3 that provide a good agreement between simulation and
real cutting results, which is to say, a similar level of vibration expressed as the RMS of
displacements. For the presented experimental case, such compliance was achieved for
kdl = 5800 N/mm2, µl2 = 0.4, and µl3 = 0.66.
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Figure 5. Workpiece amplitude gains of frequency response functions (FRFs) and coherences for
screw tightening torques: (a) 50 Nm, (b) 70 Nm, (c) 90 Nm, (d) 110 Nm, and (e) 130 Nm.

Table 1. Identified natural frequencies and modal damping coefficients.

Tightening
Torque [Nm]

Mode

1 2 3 4 5 6

Frequency [Hz]
50

187.36 230.91 245.68 324.68 371.00 423.41
Modal damping [%] 1.66 3.04 2.91 1.57 1.48 1.35

Frequency [Hz]
70

186.71 233.54 249.81 323.15 374.03 426.08
Modal damping [%] 2.07 3.46 3.16 0.98 1.02 1.68

Frequency [Hz]
90

187.84 234.70 251.43 323.75 377.47 422.26
Modal damping [%] 1.55 3.85 2.55 1.98 1.16 2.79

Frequency [Hz]
110

187.80 235.49 255.49 326.04 377.99 421.72
Modal damping [%] 1.03 3.44 2.42 1.66 1.39 2.78

Frequency [Hz]
130

186.35 235.96 249.44 325.23 380.11 423.88
Modal damping [%] 2.26 4.17 2.92 0.76 1.16 2.35

In the EAOMA method, the computational model of the workpiece is created on the basis of modal tests of the
real object. No other abstract computational model (e.g., the FEA model) is created that would require validation.
Hence, the only way to assess the accuracy of the model of the workpiece itself is the coherence function, which
determines the repeatability of individual modal tests, with identical conditions of mounting the workpiece and
identical ways of excitation and recording of measurement signals. Such conditions have been met; modal model
parameters were identified in the range where the coherence function was >0.9.

At the nominal clamping condition, the screw tightening torque of 90 Nm was selected.
Next, using these parameters, a series of simulations for screw settings of 50, 70, 110, and
130 Nm were performed. For each setting, the appropriate dominant natural frequencies,
modal damping coefficients (Table 1), and accompanying normal modes identified by EMA
were applied in the simulation model for the selected settings. The results of the simulations
are presented in Figures 6 and 7 and Table 2. The RMS relative vibration displacements
between the tool and the workpiece for point S are calculated for selected time intervals.
The selection will be justified and explained in the next section of the paper.
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Figure 6. Simulated relative displacements between the tool and the workpiece for point S (Figure 2)
during full milling for selected screw settings.
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Table 2. The RMS values of relative vibration displacements between the tool and the workpiece
for point S (Figure 2) for time intervals equivalent to the surroundings of individual accelerometers
during full milling of the surface for different clamping conditions. The best results are shown in
bold, and the worst results are underlined; * marks the case used as a criterion of compliance of the
computational model.

Tightening Torque [Nm]
Time Interval for RMS Calculation [s]

20–40 45–65 95–115 145–165 170–190

RMS of Displacements [µm]

50 0.156 0.185 0.361 0.253 0.206
70 0.193 0.253 0.490 0.325 0.239

90 (nominal) 0.171 0.246 * 0.528 0.346 0.228
110 0.186 0.240 0.469 0.309 0.228
130 0.183 0.231 0.454 0.307 0.232

According to the EAOVP procedure, simulation results should allow for the selection
of the best clamping condition for vibration reduction. The results predict that setting the
clamping screws with the torque of 50 Nm should result in the lowest vibration during
milling, and setting them with the torque of 70, 90, or 110 Nm should result in a high level
of vibration. For the selected workpiece, vibration in its middle part is the highest; thus, it
is most important to reduce vibrations in this part. Taking this into account, it is apparent
that a setting of 90 Nm should be treated as the worst, and 50 Nm as the best one.

3.4. Experimental Milling Result

The most important goal of the EAOVP method is to accurately predict the best
clamping conditions for a workpiece, based on the observation of its behavior during
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standard clamping (Figure 1). Nevertheless, to further demonstrate the advantages of the
proposed method, the experimental results for other clamping cases are also presented.

For the workpiece described earlier in Section 3.1, the full face milling of the selected
surface was performed, and vibration acceleration was measured in five points (Figure 4b).
The acquired signals were later converted to displacements by its double integration. A
high-pass ideal filter (cut-off frequency set to 25 Hz) was applied to remove bias and
low-frequency trends from the signal. The experimental results for three selected clamping
conditions are presented in Figure 8. However, Table 3 and Figure 9 present the RMS values
of vibration displacements in the surroundings of individual accelerometers, for all variants
of clamping the workpiece.
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Table 3. The measured RMS values of vibration displacements in the surroundings of individual
accelerometers during full milling of the surface for different clamping conditions. The best results
are shown in bold, and the worst results are underlined; * marks the case used as a criterion of
compliance of the computational model.

Tightening Torque [Nm]
Sensor

A1 A2 A3 A4 A5

RMS of Displacements [µm]

50 0.188 0.176 0.255 0.149 0.131
70 0.186 0.194 0.268 0.154 0.124
90 0.180 0.310 * 0.528 0.260 0.130
110 0.184 0.207 0.319 0.173 0.127
130 0.184 0.225 0.345 0.183 0.116
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It must be underlined that the RMS values for simulations and experiments are not direct
equivalents. During simulations, vibration displacements are calculated for point S, along the
x3 direction (Figure 2). This point moves during milling with the tool, so that data regarding
the actual position of the tool center are obtained at each time step. Meanwhile, during
the real milling experiments, vibrations are measured by sensors placed at the workpiece
in fixed positions. The tool passes over these positions. In order to make the results of the
simulation and experiments comparable, only 20 s fragments of the signals around the sensor
positions were used for RMS calculations for both simulation and experimental data. These
time intervals are marked with yellow lines in Figures 6 and 8. For example, a simulation time
interval of 20–40 s approximately corresponds to the position of sensor A1 during real milling.
A time interval of 45–65 corresponds to the position of sensor A2 and so on.

3.5. Time Consumption of the EAOVP Method Implemented in Practice

In order to estimate the time consumption resulting from the implementation of the
EAOVP method, the relevant production standards of technological times were applied [36].
So let us analyze again the process of face milling of the surface of the large workpiece
on the MIKROMAT 20V portal machining center, where one pass (i.e., full milling) is
performed along the examined surface (see Section 3.1). The times needed to complete the
individual steps should be determined in accordance with the diagram presented earlier
(Figure 1). However, it should be emphasized that the routine processing of a specific
product is based on measuring equipment integrated at the implementation site and does
not require taking into account the time of a previously prepared simulation program. And
so, the steps are as follows:

- Step 1—Clamping the workpiece on the machine table with tightening screws set for
standard conditions (i.e., 90 Nm), and requires 1 min.

- Step 2—Performance of the Experimental Modal Analysis for identifying six natural
frequencies, dimensionless damping coefficients, and accompanying vectors of normal
modes of the workpiece along the desired tool path, and requires 5 min.

- Step 3—Obtaining an interpolated modal model along the workpiece according to the
planned tool path, using a laptop equipped with an Intel Core i7-6700HQ 2.60 GHz
processor and 32 GB RAM (Intel, Santa Clara, CA, USA), and requires 15 min.

- Step 4—Preparing a hybrid model of the milling process based on the modal model of
the machined surface does not require time. The appropriate computational model
and simulation program have already been prepared.

- Step 5—Determination of the cutting process parameters kdl, µl2, and µl3 for further
simulations, based on the assessment of the compliance of the computational model
with the actual behavior of the workpiece in nominal clamping conditions (i.e., 90 Nm),
and requires one actual milling (main time 3.5 min) plus one vibration measurement
(5 min) and performance of max. five simulations. Using a laptop similar to step 3,
each simulation takes 2.5 min for a total of 3.5 + 5 + 5 × 2.5 = 21 min.

- Step 6—Selecting a set of mounting conditions to consider does not require time.
- Step 7—For the four clamping conditions selected in step 6, implementing steps 1, 2,

3, and 4 and simulating the milling process with the cutting parameters specified in
step 5 requires 4 x (1 min + 5 min + 15 min + 2.5 min) = 94 min.

- Step 8—Selecting the best clamping condition based on the evaluation of the RMS
value of the relative tool–workpiece displacements takes only 1 min.

- Step 9—Performing the actual milling process with the best clamping conditions
selected requires 3.5 min (main time of one milling pass), and the result evaluation
requires 5 min.

As a result, we obtain a total time consumption resulting from the implementation of
the EAOVP method of about 150 min.

In the case of standard machining, without implementing the EAOVP method, the full
milling pass would have to be repeated six times (for each clamping condition), and the only
source of knowledge would be the measurement of vibrations during each pass. Based on the

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Appl. Sci. 2024, 14, 7346 16 of 19

measuring equipment already integrated on site, the standard time consumption would be
6 × (main time of 1 milling pass 3.5 min + clamping condition adjustment 1 min + vibration
measurement 5 min) = approx. 60 min.

4. Discussion

The experimental results show that clamping the workpiece with the screw’s tighten-
ing torque set to 50 Nm provides the best results from the point of view of vibration level
reduction. At the same time, for the case when screws were tightened with a torque of
90 Nm, the vibration level was the highest. This means that the proposed method is able to
accurately predict both the best and the worst clamping conditions. This is especially true
for the middle part of the workpiece. For the external zones of the workpiece, the results
are only apparently inconsistent. For zones around sensors A1 and A5, vibration levels
are very similar for each screw setting. For A1, the relative difference between the mean
value and the RMS results for each screw setting is less than 2%, and for A5, it is less than
6%. For comparison, in the middle of the workpiece, for sensor A3, it is 35%. This means
that for external workpiece zones vibration levels are eventually almost the same for any
clamping screw settings. This confirms that in the case of the considered workpiece, it is
important to focus on reducing vibrations in its middle part. Reduction in the vibrations in
external zones is less important.

Comparison of the calculated times shows that the implementation of the EAOVP
method results in approximately 2.5 times greater time consumption, with respect to
standard processing. For this reason, it may seem unattractive from the point of view of
its application. However, it should be remembered that standard machining requires a
much larger number (six) of actual milling passes, usually impossible due to the limited
machining allowance. The EAOVP method significantly reduces this number of passes
only to two, i.e., the standard and the best one. Drastically reducing the number of passes
during machining significantly limits the wear of cutting tools and reduces the amount of
material removed.

5. Conclusions

The considerations presented in the article showed that the proposed EAOVP method
correctly predicts not only the best but also the worst clamping conditions for the considered
workpiece. The above was confirmed by a comparison of RMS values simulated and
measured during the actual milling process.

Apart from the obtained results, there are two important advantages of the method.
Firstly, during simulation, it is not necessary to create a model of the workpiece in the
Finite Element Method convention, which shortens the time needed to prepare data for
simulation. Secondly, to perform Experimental Modal Analysis in its minimal version,
only a modal hammer, one accelerometer, and a two-channel data acquisition card would
be necessary which significantly reduces the costs of measurement equipment, especially
compared to methods requiring full modal identification and tuning of the FEM model of
the entire processed object.

The disadvantage of the proposed method is the need to prepare a hybrid compu-
tational model and software simulating the milling process. Despite the unquestionable
solid scientific and technical fundamentals, this is not an easy workshop method, and its
implementation is quite time-consuming. It requires special substantive preparation as
well as advanced professional knowledge and practical skills. Nevertheless, the key feature
of the method is the precise prediction of the best and at the same time the worst, variant
of clamping the workpiece on the machine table.
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Appendix A

1. The matrix of gyroscopic effects of RFE nr r, whose Cartesian coordinate axes xr1,
xr2, xr3 are central principal axes of inertia:

L̂r =
∫
m



1 0 0
0 1 0
0 0 1
0 −xr3 xr2

xr3 0 −xr1
−xr2 xr1 0


 0 −ω 0

ω 0 0
0 0 0

1 0 0 0 xr3 −xr2
0 1 0 −xr3 0 xr1
0 0 1 xr2 −xr1 0

dm

= ω
∫
m



0 −1 0 xr3 0 −xr1
1 0 0 0 xr3 −xr2
0 0 0 0 0 0

−xr3 0 0 0 −x2
r3 xr2xr3

0 −xr3 0 x2
r3 0 −xr1xr3

xr1 xr2 0 −xr3 xr1xr3 0

dm =

ω



0 −m 0 S12 0 −S23
m 0 0 0 S12 −S13
0 0 0 0 0 0

−S12 0 0 0 −J12 D23
0 −S12 0 J12 0 −D13

S23 S13 0 −D23 D13 0

 =

S12 = S23 = S13 = 0
D13 = D23 = 0

⇒ ω



0 −m 0 0 0 0
m 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 −J12 0
0 0 0 J12 0 0
0 0 0 0 0 0

,

(A1)

where m—mass of the RFE, S12—static moment of inertia with respect to the plane xr1xr2
of the RFE, S13—static moment of inertia with respect to the plane xr1xr3 of the RFE, S23—
static moment of inertia with respect to the plane xr2xr3 of the RFE, J12—mass moment of
inertia with respect to the plane xr1xr2 of the RFE, D13—deviation moment of inertia with
respect to the plane xr1xr3 of the RFE, D23—deviation moment of inertia with respect to
the plane xr2xr3 of the RFE, and ω—angular velocity around the xr3 axis of the RFE.
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2. The matrix dependent on the square of angular velocities of RFE nr r, whose
Cartesian coordinate axes xr1, xr2, xr3 are the central principal axes of inertia:

K̂r =
∫
m



1 0 0
0 1 0
0 0 1
0 −xr3 xr2

xr3 0 −xr1
−xr2 xr1 0


ω2 0 0

0 ω2 0
0 0 0

1 0 0
0 1 0
0 0 1

0 xr3 −xr2
−xr3 0 xr1
xr2 −xr1 0

dm

= ω2
∫
m



1 0 0 0 xr3 −xr2
0 1 0 −xr3 0 xr1
0 0 0 0 0 0
0 −xr3 0 x2

r3 0 −xr1xr3
xr3 0 0 0 x2

r3 −xr2xr3
−xr2 xr1 0 −xr1xr3 −xr2xr3 x2

r1 + x2
r2

dm =

ω2



m 0 0 0 S12 −S13
0 m 0 −S12 0 S23
0 0 0 0 0 0
0 −S12 0 J12 0 −D13

S12 0 0 0 J12 −D23
−S13 S23 0 −D13 −D23 J3

 =

S12 = S23 = S13 = 0
D13 = D23 = 0

⇒ ω2 diag(m, m, 0, J12, J12, J3),
(A2)

where J3 is the mass moment of inertia with respect to the xr3 axis of the RFE.
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