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Abstract

Turning slender components is a critical task since workpiece flexibility entails relevant deformations during the
process, leading to potential loss of accuracy, lower machining efficiency and higher manufacturing costs. In this paper a
compensation strategy for diametral error in turning of slender workpieces is presented. The proposed method computes
a toolpath that compensate diametral error based on the prediction of such error performed by a Finite Element based
approach. The developed algorithm automatically generates the compensated toolpath based on few inputs: nominal
toolpath, workpiece material, tool geometry, stock dimensions and fixturing system. First, nominal toolpath is analyzed
and discretized, then at each step workpiece deflection is estimated by coupling the. FE model of the workpiece
(automatically generated using Timoshenko beam elements) and the cutting forces model. Material removal is
considered in the process by updating the geometry of the stock at each step of the-machining cycle. Using the predicted
deformation of the workpiece the compensated toolpath is generated and the toolpath ISO-standard file is updated. The
proposed algorithm was experimentally validated on four case studies: three single diameter bars and a multi-diameter
shaft. The results demonstrate the accuracy of the proposed predictive approach, with small deviations in estimating
average diametral error (less than 6 Ym). Furthermore, it has beengd@monstrated that the compensated toolpath is
successful in reducing the diametral errors by at least 50%, as well as smoothing the error shape, confirming that
providing an accurate prediction of the shape error could represent'an effective approach for its reduction. The proposed
methodology could form the basis of a toolpath simulation and optimization software, useful for machining shops that
deals with slender shafts turning.

Keywords: Turning; Tool path; Stiffness; Diametral error; Compensation.

only be achieved by predicting the workpiece behavior
during the process. Two are the main detrimental effects
in machining high-compliance workpieces: i) chatter
vibrations and ii) deflections.

Chatter, a self-excited vibration phenomenon,
significantly affects surface finish, tool life, and overall
productivity [3]. Chatter in turning has been widely
studied [4]. Prediction of such instability is one of the
major investigated aspects [5]: Urbikain et al. proposes
two methods, a traditional single frequency model and a

1. Introduction

Manufacturing slender axisymmetric components is
still a challenging task even with modern. machining
processes [1]. Due to its adaptability and the achievable
high  quality (i.e., surface ' ‘roughness  and
geometrical/dimensional precision),-the turning process
stands out as the primary technology to manufacture such
components. Demanding standards for quality, however,
frequently contrast with [ feasible =~ production rates.

Determining an appropriate machining cycle is therefore
essential to achieving the right balance between those two
factors. Surface roughness is primarily influenced by
cutting parameters (e.g., feed rate) and tool geometry, but
geometrical errors are also induced by the compliance of
the workpiece. The deflection caused by cutting forces
affects the actual depth of cut, introducing form errors
that may result in scraps or unacceptable defects [2].
Creating a machining cycle based on both the component
stiffness and the cutting forces (i.e., the cutting
parameters and workpiece material) is necessary to
minimize geometrical errors while retaining high
productivity. The simplest strategy that may be used to
attain such a goal is based on trial-and-error techniques,
which frequently reflect in increased lead times.
Additionally, this strategy becomes less acceptable when
batch size lowers and material cost rises, and it does not
guarantee the selection of an optimal solution, which can

modern collocation method based on Chebyshev
polynomials integrated with multimode analysis, to
predict chatter in large horizontal lathes [6]. Focusing on
slender workpieces, the same authors addresses chatter
prediction in straight turning using the same stability
model developed through the Chebyshev collocation
method [7], while Sekar et al. [8] proposes an analytical
approach through a compliance model for the chatter
stability analysis in turning, focusing on tailstock-
supported workpieces. A similar work was proposed by
Lu et al. [9] examining the effect of cutting tool
movement along the workpiece's length on chatter
stability. In addition, special turning process are also
investigated: Wan et al. [10] proposed a method to study
the dynamic behavior of rotational truncated conical thin-
walled workpieces during turning, Nam et al. [11]
introduced the first analytical chatter stability prediction
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for low-frequency vibration-assisted turning and Beri et
al. [12] investigated chatter prediction in the turning
process of slender workpieces by applying time-periodic
axial loads as suppression method. Indeed, chatter
suppression is a promising approach to deal with this
detrimental effect [13].

Even in case chatter is prevented, dynamic and static
workpiece compliance could cause high deflections
leading to unacceptable errors. One of the widely adopted
solutions is predicting such error by using a cutting force
mechanistic model combined with workpiece behavior
modeling strategy [14]. In milling, due to its inherent
characteristics both static [15] and dynamic [16] effects
should be considered [17], while in turning static effects
are most prominent since cutting force are theoretically
constant, and generally lead to diametral errors.

Several works have been dedicated to diametral error
prediction in turning of slender shafts. Giorleo et al.
[18][19] proposed an analytical formulation for slender
workpiece based on beam theory for single diameter
turning, and later they extend such an approach to multi-
diameter condition [20]. Their work considers the most
adopted constraint solutions (i.e., cantilever, between-
centers, chuck-center) and highlights the importance of
considering shearing effect on the beam modeling.
Jianliang and Rongdi [21] proposes a similar model,
including the follow rest configuration and considering a
statistical model for cutting forces.

In order to consider more complex shape, finite
difference approach [22] and finite element method [23]
were applied to diametral error prediction. Finite'element
method could be an interesting approach to increase the
level of complexity and accuracy of .the workpiece
models, as also demonstrated by ithe ‘applications to
turning of thin-walled parts [24] and. tool deflection
prediction in milling [2,25]. Recently Bergs et al. [26]
proposed to adopt the segmentation method to predict
diametral error, including the'influence of tool wear.

Since all these works were focused on finishing, in
most of them material/ removal was neglected. Although
keeping diametral error inside tolerance is a requirement
of finishing operations, uniformity of machining
allowance in.roughing could be critical for the subsequent
finishing operations. Compensating diametral error along
the entire machining cycle (i.e., roughing and finishing)
could be exploited to avoid the need of additional phases
(e.g., semi-finishing). In such scenario, as shown by Kops
et al. [27], it is important to consider material removal
(i.e., emerging diameter) during the process for an
accurate prediction of the diametral error, at least when
depth of cut is over 2 mm. In Kops et al. work a method
to take this effect into account based on analytical
formulations was developed, limited to single diameter
bars. In addition to numerical/analytical approaches,
Artificial Neural Networks (ANN) were also applied to
diametral error prediction: Wang and Zhang [28]

proposed to train a neural network with hybrid genetic
algorithm for the purpose, while Benardos et al. [29]
developed both a numerical model using a stored energy
formulation and an ANN-based approach.

Once the diametral error is predicted, compensation
strategy should be developed, as proposed for milling by
Lopez de Lacalle et al. [14]. However, few works are
dedicated to compensating diametral error in turning of
slender workpieces and most of them are based on
experimental or neural network results instead of physic-
based models, increasing the number of experiments
required. Topal and Col[un [30] proposed a compensation
strategy based on an empirical model, while Suneel and
Pande [31] used ANN to generate compensated toolpath.
Li and Du [32] combined different error sources for their
compensation strategy but for force-induced error they
still rely on ANN.

To reduce the numberiof experiments, the physic-
based predictive ~.models” described above could be
exploited but most of them lack the capability of
automatically ‘compute diametral error with a minimum
set of parameters and directly analyzing and generating
toolpaths, considering multiple passes and workpiece
complex shapes.

This work presents an automatic solution for turning
of flexible components with the purpose of generating
toolpaths to minimize geometrical errors, compensating
the workpiece deflection. The proposed approach
combines all the required features for a comprehensive
analysis, prediction, and compensation of diametral error
in turning of slender workpieces.

Compared to the other approaches found in literature
the proposed method:

i) is based on finite element Timoshenko beam
models, including the shearing effect, and allowing
the accurate prediction of complex shape bars
behavior.

ii) Considers material removal of the stock, essential
in roughing operations, by updating the workpiece
geometry at each machining step.

iii) Starts directly from the programmed toolpath (i.e.,
G-Code) and it considers the evolution of the
diametral error for different operations and tools,
multiple passes, and hence multi-diameter
configurations.

iv) Automatically analyzes the nominal toolpath,
computes the diametral error, and provides a
compensated toolpath without the need of
additional parameters.

At the core of the proposed approach is the innovative
concept of seamlessly incorporating a predictive model
for workpiece deflection compensation. This integration
enables the computation of toolpaths to account for
variations in workpiece compliance throughout the
turning process, influenced by material removal and the
instantaneous  cutting  conditions. The proposed
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methodology forms the basis for the implementation of a
software for machining shops to reduce experimental trial
and error procedures and achieve first-right-time
manufacturing on turning of slender workpieces. The
proposed approach does not require additional inputs
from the operator and uses simplified models to simulate
the process, compute cutting forces, and predict deflection
and diameter of the component. The optimized toolpath
can be directly imported into a CNC lathe, reducing
diametral error.

First, the paper presents the proposed approach,
describing the different blocks in which is composed. The
numerical analyses involved in the toolpath optimization
process are simplified to make their automation feasible
and time effective. Cutting forces are estimated using a
mechanistic force model. Workpiece behavior is modeled
using Finite Element Method (Timoshenko beam
element), its generation and update during the machining
process are automatic, only toolpath and stock geometry
are needed. Second, experimental validation is presented,
specific tests were carried out of simplified case studies
focusing on roughing operations, where geometrical
errors are relevant, and the machined geometry could
affect the subsequent phases (i.e., semi-finishing and
finishing). Finally, conclusions are drawn, and future
activities described.

2. Proposed approach

The proposed predictive approach can be summarized
in Fig. 1. At the background level, the proposed algorithm
includes a toolpath analyzer module that will read the ISO
standard program (i.e., G-Code), identifying -cutting
parameters and distinguishing the different. passes. For
ecach pass the toolpath is discretized, /and Wworkpiece
behavior simulated through the interface between
workpiece FE and cutting force .model using a static
analysis.
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Fig. 1 General overview of the predictive algorithm
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Fig. 2 General overview of the compensation algorithm.

Material removal is considered by wupdating the
workpiece geometry at each step. Diametral error is
evaluated by comparing the expected diameter (i.e., the
one'commanded in the G-Code) with the computed one.
Compensation strategy starts from such prediction, as
schematized in Fig. 2. Diametral error is used to modify
the toolpath that is then written in the G-Code format and
used to update the original G-Code. The main difference
between prediction and compensation in the diametral
error definition is the depth of cut iteration, as detailed
below, and outlined in the flowchart in Fig. 3
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TOOLPATH DISCRETIZATION
AND ANALYSIS

@ ’ Fixture

Tool

Workpiece
material

parameters

CUTTING FORCE GEOMETRY

MODEL UPDATE

WORKPIECE FE
MODEL

STATIC ANALYSIS

DEPTH OF CUT (ap)
COMPUTATION ap_old=ap
A

|ap-ap_old| <error

TRUE

DIAMETER
COMPUTATION

Effective
Diameter

Fig. 3 Detailed flowchart of the depth of cut iteration




One of the innovative ideas underpinning the proposed
approach is to fully integrate the workpiece deflection
predictive model, so that the toolpath computation can be
performed considering workpiece compliance changing
during the turning process, as effect of material removal,
and the instantaneous cutting conditions. The developed
algorithm is implemented for X-Z traditional external
turning.

2.1 Inputs

The proposed approach requires the following inputs,
generally known by a turning shop operator:
Nominal toolpath (G-Code)

Stock geometry (2D representation)
Tool geometry

Workpiece material

Fixture configuration

The toolpath and the stock are used to compute and
update the actual geometry of the workpiece and estimate
the actual depth of cut. Toolpath is input as a standard
ISO code (i.e., G-Code), from which the system extracts
the actual toolpath and the cutting parameters (i.e., tool
number, cutting velocity and feed). Stock geometry is
included as a text file, written in a specific format:
starting from tailstock (or free end) of the workpiece the
segments with continuous radius variation along the axis
are identified. Each segment is characterized by outer and
inner radius at both its ends and by its length, hence every
line of the text file represents one segment. Text file is
reporting five different values for each line: initial outer
radius, initial inner radius, final outer radius, final inner
radius, length of the segment. This approach allows to
represent any axisymmetric workpiece geometry. Portion
inside the chuck should not be: included in this
representation.

In addition to these two inputs, fixture configuration,
tool geometry and workpiece material data are required.
Fixture configuration (cantilever, between-centers, chuck-
center) should be defined, in‘addition stiffness values of
the constraints are requireds Fixture configuration has a
major impact on thesdiametral error, e.g., switching from
cantilever to double sdpport scheme drastically increase
the stiffnesswof the workpiece, hence reducing the overall
error. Different fixture configurations are considered in
the proposed methodology as detailed in section 2.4.

For the tool, lead angle and corner radius are needed.
Indeed, tool geometry affect cutting forces as detailed in
section 2.3.

The workpiece material elastic material proprieties
(i.e., Elastic Modulus and Poisson Ratio) and cutting
force coefficients should be input. The firsts are required
for workpiece compliance estimation, while cutting force
coefficients are used to predict cutting forces.

EREEREERE
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Fig. 4 Stock and toolpath example.

2.2 Toolpath analysis

Starting from the G-Code the algorithm derives the
toolpath in the X-Z plane and divide the tool motion in
the different passes and operations (i.e., tool changes) by
identifying the single commands, as:shown in Fig. 4. Each
pass is then analyzed «separately. The toolpath is
discretized to analyze~the process with the desired
resolution, in this operation the actual lead angle is
estimated based on'the feed direction and the actual depth
of cut is extracted based on the workpiece geometry.

2.3 Cutting force model

The cutting force model implemented in the proposed
approach, and already adopted in other works [33,34], is
provided below:

Ft = Ktcbh + Kteb Frf = Krfcbh + Krfeb

Ff = Frrcos(Q) Fap = Frisin(Q)

where F, is the cutting force in the cutting speed
direction, while F,; on the rake face plane, decomposed in
feed force (Fy) and depth of cut force (F,,), Ki. are the
cutting force coefficients and K;. the edge coefficients, b
is the contact length and h is the chip thickness, Q is the
chip flow angle. Cutting force coefficients for the specific
material can be easily experimentally derived (e.g., using
the procedure reported by Altintas [1]) or taken from
literature. Such coefficients can be then used for different
cutting and tool parameters by exploiting the specific chip
flow angle that can be computed from the actual lead
angle, corner radius of the tool, actual depth of cut and
feed by just using a geometrical formulation. The Colwell
approximation for such angle was used in this work [35].
Analyzing forces formulations (eq. 1-2), the influence of
tool geometry and turning cutting parameters on cutting
forces can be highlighted. Two are the main contributions
of tool geometry: first, tool geometry (especially rake
angles) will affect cutting force coefficients, hence the
magnitude of the total cutting forces; second, tool
geometry (i.e., corner radius, lead angle) will affect the
chip flow angle (computed in this work with the Colwell
approximation) hence the cutting force direction, altering
the magnitude of F,,, main responsible for diametral error.
The main cutting parameters affecting cutting forces are
depth of cut and feed, since they directly influence b and
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h in the cutting force equation. This cutting force model
was selected for its simplicity that eases the
implementation of the proposed methodology and
subsequent industrial implementation. Alternatively, the
proposed approach allows for the incorporation of a more
complex cutting force model, which could encompass
additional factors like tool wear or be customized for
specific machining strategies [36]. This simply involves
changing the cutting force formulations and adding the
necessary extra parameters.

2.4 Workpiece FE modeling and analysis

Workpiece deflection is estimated by applying the
predicted cutting forces on a FE model of the component.
Since slender workpieces are the target of the proposed
approach Timoshenko beam 1D model [37] was selected
as modeling strategy. A dedicated algorithm was
implemented starting from the workpiece geometry and
material to create nodes distribution (i.e., mesh) and
element stiffness matrices, then assembled in the
unconstrained component stiffness matrix K (Fig. 4). At
each machining step the geometry is updated, and
stiffness matrix reconstructed.

Constrained stiffness matrix is obtained by considering
boundary conditions of chuck and tailstock (if present). In
this work constraints are not considered rigid, therefore a
6x6 diagonal stiffness matrices are adopted as follows:

Kchuck = diag(Kxc,Kyc,Kzc,Krotxc, Krotyc, Krotzc)

Ktail = diag(Kxt,Kyt,Kzt, Krotxt, Krotyt, Krotzt)

where diag() is the diagonal matrix. that is
characterized on its diagonal by the values provided in the
bracket and Kj; are the stiffness value on the i degree of
freedom for the j constraint. K, 1S then assembled to
the unconstrained matrix K by adding such matrix to the
last node, while K, if present, is assembled to the first
node (i.e., end of the workpiece): The boundary condition
model adopted is simplified@nd does not consider the full
machine tool behavior and/or other type of errors (e.g.,
assembly error [38]). However, such a model is the most
adopted selution ‘in=‘case static deflection of slender
workpiece 18 investigated, and it was the starting point for
the development of the proposed methodology. More
complex boundary condition model, especially for
tailstock, could be developed and included in the
framework, valid in general.

2.5 Geometry updating

The proposed workpiece modeling procedure allows to
consider emerging diameter and material removal by
updating the workpiece geometry at each time step, based
on the tool position and actual depth of cut. The tool
positions are analyzed in the toolpath analyzer to
determine if the tool is cutting or not. For each cutting

position geometry is analyzed: if required, a new section
is added to the geometry and geometry is updated with the
actual radius generated by the tool, as shown in the
example of single diameter bar of Fig. 5. Such geometry
update allows to create a node on the FE model of
workpiece, applying the predicted cutting forces to such
node, the workpiece deflection is estimated by performing
static analysis.

Such an approach is repeated for each cutting position
of the toolpath. An iterative approach was used to
consider the actual workpiece geometry and depth of cut:
first the deflection was estimated using the commanded
depth of cut, such first-attempt deflection was used to
update both workpiece geometry/and depth of cut, and a
new deflection was evaluated, suchcycle was repeated
until convergence (i.e., minimization of the error on
predicted deflections). Two iterations were often enough
to reach convergence.

2.6 Diameter and error prediction

Workpiece deflections estimated via static analysis on
workpiece “model” are used to compute the effective
machined . geometry (i.e., the effective workpiece
diameter, D.y) as proposed in [18] and written for the
specific case in the following equation:

Deff = 2\/(X - dx)? + dy?

where X is the commanded motidd of the tool (i.e.,
desired radius), dx is the deflection on depth of cut
direction and dy is the deflection on thé2htting direction.

2.7 Toolpath compensation

As shown in Fig. 2, toolpath compensation is carried
out following the same approach of the predictive
algorithm, adding at the end the compensation procedure.
The only difference between the two predictive parts is
related to the depth of cut iteration, not used in the
compensation algorithm.
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Fig. 5 Geometry update a) time step i b) time step i+a
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Fig. 6 Example of compensated toolpath

This is because, in case of compensated toolpath,
desired depth of cut becomes constant and there is no
need to consider the depth of cut variation. Such an
approach removes the need of depth of cut iteration in the
compensation algorithm, improving its efficiency. Based
on the effective workpiece diameter, a new toolpath is
derived and written in a new file using ISO standard, an
example is provided in Fig. 6. In such procedure only the
motion commands (i.e., X, Z) of the G-Code are
modified, keeping the basis of the compensated program
equal to the input one.

2.8 Integration

The different modules are integrated by exchanging
data as highlighted in Fig. 1 and Fig. 2. The proposed
approach was implemented in MATLAB. Timoshenko
beam FE models are constructed and solved inside the
algorithm without the need of an external FE solver.

3. Experimental results

An experimental validation of the proposed. approach
was performed on a Mori Seiki SL-2500Y CNC lathe
(Fig. 7) in an industrial facility (humidity,around 55-60%,
ambient temperature around 20° C[39,4071).

b)

Fig. 7 a) experimental set-up b) turning of a case study.

Table I Tool parameters

Rake angle Reliefangle Lead angle  Corner radius
[°] [°] [°] [mm)]
14 6 -5 0.8

Different workpiece geometries were tested, using the
same tool and material: C45 Steel. C45 Steel was selected
as common material for components that could represent
a potential industrial application of the proposed
methodology, such as shafts for general applications.
Indeed, C45 as a high-strength medium-carbon steel, can
achieve good mechanical properties (e.g., higher strength
and toughness) after quenching™and “tempering (or
normalizing), while keeping ¢ostlow.

A Sandvik Coromant CNMG 120408-PM 4425 insert
was used, installed on a“T-Max toolholder P DCLNL
2525M 12. Tool parameters, considering the insert
mounted on the toolholder,are provided in Table 1.

Four case studiespwere machined starting from a
cylindrical stoek of 40 mm diameter. Three simple single
diameter cylinders, (analyzing a single pass) and one shaft
with three different diameters (analyzing three subsequent
passes), their, geometries are shown in the figures (Fig. 8,
Figa9, Fig. 10, Fig. 11). For all the case study, chuck-
center wfixture configuration was used (i.e., chuck and
tailstock). In the experimental validation double support
scheme was used since it is the most adopted solution in
case of slender workpieces.
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Fig. 8 Case A (overhang 287.5 mm) a) stock D: 34 mm b)
final D: 28 mm.
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Fig. 9 Case B (overhang 287.5 mm) a) stock D: 28 mm b)
final D: 24 mm.



0 50 100 150 200 250 300

a) Z (mm)
40 — . . . . . .
B 20 1
E of K
X o i
40 , , , , , ,
0 50 100 150 200 250 300
b) Z (mm)

Fig. 10 Case C (overhang 299.5 mm) a) stock D: 34 mm
b) final D: 28 mm.
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Fig. 11 Shaft (overhang 287.5 mm) a) stock D: 40 mm b)
after 1st pass D: 34 mm L: 280 mm, 2nd pass D: 28 mm
L: 210 mm and final pass D: 22 mm L: 50 mm.

Table 2 Cutting parameters

Cutting velocity ~ Feed Depth of cut
V. [m/min] f [mm/r] a, [mm]
200 0.2 2 (case study B)

3 (case study A=C-shaft)
Table 3 Cutting force coefficients

K [MPa] K [N/mm] Ky [MPa] K. [N/mm]
1748.5 99.2 703.0 92.5

Roughing operations__ were/ investigated with the
cutting parameters provideddn Table 2.

3.2 Cutting forces

Cuttingforce prediction was carried out using cutting
force coefficients identified for the specific tool-material
couple performing preliminary tests. Cutting forces were
acquired by a Kistler 9257A table dynamometer and the
procedure proposed by Altintas [1] was used to extract
cutting force coefficients. Results, summarized in Table 3,
show values in line with the ones found in literature [41].

3.3 Workpiece model

Before  testing the  proposed  methodology,
experimental modal analysis was performed to identify
material properties and constraints stiffness. No
sensitivity analysis on such parameters was carried out.

Fig. 12 Impact testing a) free-free condition b)
constrained

Table 4 Constraints/stiffnesses

Kx /Ky Kz I;?;?y/ K rotz
[N/mm] [N/mm] [N mm/rad] [N mm/rad]
Chuck  3.30e4 lel5 6.87¢7 3e7
Tail  5.50e3 lel5 0 0

This weuld “allow the proposed approach to be
assessedqwithout such uncertainties. Material properties
were identified by using free-free modal analysis through
impact testing (Fig. 12a). Typical steel values were
derived: Young Modulus: 210150 MPa, Poisson Ration:
0.28+ Furthermore, chuck and tailstock stiffnesses were
calculated by means of experimental modal analysis in the
constrained configurations (Fig. 12b). The tailstock was
represented as a pinned end (i.e., free rotations) and the
chuck as a fixed end. Stiffness values are provided in
Table 4. Results for chuck are in accordance with values
reported in previous publications [19], while tailstock
stiffness values are lower than expected: the machine tool
used for the tests features a high-compliant tailstock
system.

3.4 Prediction results

A comparison of predicted and measured diametral
errors was carried out to examine the effectiveness of the
proposed method in estimating the machined workpiece
geometry. After manufacturing, diameters of the different
case studies were measured by means of digital
micrometer MAHR Micromar 40ER with 1 Y¥m of
resolution. Measurement uncertainty (i.e., error limit) of
the measuring instrument is 2 ¥m. Measurements were
repeated five times with very small deviations between
the different measurements (around 1-2 ¥m), hence the
average value was presented. Such results were compared
with proposed approach outcomes, obtained by using a
mesh size and a toolpath discretization of 10 mm. Using
such parameters simulations last about 5s for the first
three cases and 6s for the shaft on a laptop (2.4 GHz
Dual-Core Intel Core i5, 8 GB RAM). Simulations were
performed with and without considering material
removal. Fig. 13 shows the results for all the case studies.
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Fig. 13 Comparison between predicted and measured
diametral errors: a) case study A, b) case study B, c) case
study C, d) shaft.

Comparison between the predictive approach results
(including material removal) and experiments show good

agreement, especially in terms of overall error difference
between tailstock and chuck (average deviation on
predicting the errors of 6.0, 5.4, 4.7, 4.1 Ym in case
studies A, B, C and shaft respectively). However, certain
differences in the error shape are found, most likely
because of the tailstock modeling. It is important to note
that the tailstock stiffness in the investigated conditions is
a key factor in determining the error shape. Indeed,
maximum error is found to be similar for all the case
studies (about 0.1 mm) and it is located at the tailstock
end.

In addition, analyzing results &with and without
material removal it is possible to highlight.the importance
of the including such effect, both{in terms of error shape
and magnitude. Indeed, the proposed predictive approach
demonstrates significantly .higher aceuracy compared to
the version that excludes material removal. In case of
single diameter bars (Fig. 13a,b,c) the need of material
removal algorithmmis ericial to achieve an accurate
representation ofithe’error in the mid part of the cylinders.
This is because, inwthat region workpiece has already
significantly, change its geometry (i.e., diameter) and
cutting forees are still located on a high-compliance zone.
As expected, case study B is the more influenced by
considering material removal, since such case study
presents higher L/D ratio (i.e., 12).

In case of multi-passes (Fig. 13d) this influence is
even more prominent. Indeed, in this case the material
removal plays a crucial role since the workpiece
drastically changes its shape during the process. As
expected, the differences between prediction with and
without material removal are very high analyzing the final
pass: at the tailstock about 0.03 mm difference is found.

3.5 Toolpath compensation

The proposed methodology was subsequently applied
to calculate the compensated toolpath by considering
material removal in all the case studies, following the
algorithm presented in Fig. 2.

Geometries were machined wusing both the
compensated and non-compensated toolpaths to assess the
improvement achieved by the proposed approach. Results,
shown in Fig. 14, clearly indicate that the compensated
toolpath effectively reduces errors, at least halving the
maximum error and smoothing the shape. The average
reductions were approximately 62%, 58%, 70%, and 60%
for case studies A, B, C, and the shaft, respectively.

The overall error is well-compensated except in the
vicinity of the tailstock. Indeed, using the compensated
toolpath, diametral error was maintained under 0.02 mm
in the region 0-250 mm from the chuck for case C and
shaft, 0.04 mm for case A and B, while using the nominal
toolpath the error reached over 0.08 mm in the same
region.
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Fig. 14 Comparison between measured diametral errors
with and without compensation strategy: a) case study A,
b) case study B, ¢) case study C, d) shaft.

On the other hand, approaching the tailstock the
compensation algorithm fails in keeping the error under

control, since the error increases to 0.06 mm in case A
and B and 0.04 mm for case C and shaft. However, in the
same region (250-300 mm from the chuck), without
compensation significant higher error was obtained (over
0.1 mm for all case study).

This decrease of performance of the compensation
algorithm is probably due to local effects of tailstock
constraints and non-modeled impacts of cut entry. Further
investigation is needed to enhance the solution in these
areas. Nevertheless, even near the tailstock, significant
reductions were achieved: approximately 45% for case A,
53% for B, 67% for C, and 59% for'the shaft. Moreover,
in all the cases investigated compensation never impact
negatively on the diameter accuracy, always representing
an improvement in the quality of the product.

Conclusions

This work presents a. tailored approach for the
computation of toolpaths to compensate diametral error in
turning of slenderworkpieces.

The following conclusions can be drawn:

i The prediction of workpiece deflection, based on
simplified FE model and cutting forces estimation,
has shown to be adequately accurate in estimating
the overall shape errors, with small deviations in
estimating average diametral error, less than 6 Ym
for all the case studies.

i Material removal is essential to achieve an accurate
representation of the diametral error both in terms
of shape and magnitude, especially for multi-passes
cutting cycle.

i Such predictive approach was exploited to compute
the compensated toolpath and results confirm that
providing an accurate prediction of the shape error
could represent an effective approach for its
reduction. Compensated toolpath significantly
reduces diametral error for on all the case studies
with an average reduction between 58% and 70%,
as well as smoothing the error shape.

i The proposed approach still needs an accurate
representation of the boundary conditions (i.e.,
fixture stiffnesses), experimentally derived in this
work.

The experimental validation shows that the error is
globally reduced by at least 50% compared to the non-
compensated tests. Such results were consistent for all the
case studies investigated. Although some residual errors
could be highlighted approaching the tailstock, the
proposed approach seems promising in drastically
reducing the shape error in roughing operations which
could be exploited to avoid the need of semi-finishing
phases. Even at the tailstock a reduction between 45% and
67% of the diametral error is achieved.

Further activities will be focused on investigating
alternative constraints modeling strategy for the tailstock
to considering local effects and improve the prediction
accuracy, including machine tool influence on stiffness
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and assembly errors [38]. Moreover, the proposed
approach will be applied to finishing operations to study
its effectiveness in such scenario. Finally, a procedure to
indirectly estimate fixture stiffness without the need of
dedicated experimental approaches will be investigated.

Once refined, the proposed methodology could find
useful application in machining shop in which turning of
slender workpieces is adopted, allowing to reduce
experimental trial and error procedures and achieve a
first-right-time  manufacturing. Since the proposed
approach is based on simplified models (e.g., mechanistic
cutting forces, workpiece as a beam, boundary condition
model), it can be easily implemented in a software that
starting from inputs already known by the operator (i.e.,
stock material and geometry, traditional toolpath, tool
geometry and machine characteristics) simulates the
process and compute actual depth of cut and cutting
forces. These first data are already interesting for the user,
simulating the toolpath could be useful for detecting
anomalies, programming errors and collisions. Predicted
cutting forces can be then applied to the workpiece FE
beam model to predict deflection and hence diameter of
the final geometry. If such geometry is not compliant with
the desired one (i.e., tolerances), compensated toolpath
can be computed. The optimized toolpath is written in
standard ISO language and can be directly imported in the
CNC lathe to machine the selected component, reducing
the resulting diametral error.
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