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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. The DRITTO project aims at developing an easy-to-use digital
solution to support manufacturing of flexible axisymmetric components. The proposed support
system, starting from the not-optimized toolpath, stock geometry and tool parameters, it will
compute the optimized toolpath by integrating three different modules: a) workpiece FE
modelling, b) turning process modelling, c) toolpath optimization. The project is ongoing, but, at
the current stage, preliminary validation of the proposed solution has been carried out. DRITTO
is funded as an experiment of DIH-World Horizon2020 project, and the consortium is composed
by the machining services SME Meccanica Ceccarelli & Rossi and the University of Florence as
part of the Digital Innovation Hub ARTES4.0.

Introduction

Manufacturing slender axisymmetric components is still a challenging task even with modern
machining processes [1]. The turning process represents the main technology for the realization of
such components because of its versatility and the high-quality standards achievable (i.e., surface
roughness and geometrical/dimensional accuracy). However, demanding requirements in terms of
quality usually conflict with the achievable productivity rates. Therefore, defining a proper
machining cycle represents a crucial task in attaining the suitable trade-off between those two
aspects. While surface roughness mainly depends on cutting parameters (i.e., feed rate) and tool
geometry, the geometrical errors are influenced by the workpiece compliance: the deflection
induced by the cutting forces, indeed, impacts on the actual depth of cut, introducing form errors,
potentially leading to scraps or unacceptable defects [2]. This issue is critical for flexible
components (e.g., slender shafts), since significant workpiece deflection could occur during
machining. Therefore, the minimization of geometrical errors while maintaining high productivity
entails generating a machining cycle based on both the component stiffness and the cutting forces
(i.e., the cutting parameters and workpiece material). The simplest approach that could be pursued
to achieve such goal is based on trial-and-error procedures, that often reflect in uncertain
manufacturing lead times. Moreover, this method gets less acceptable as the batch dimension
decreases and the material cost increases, and it does not ensure the selection of an optimal
solution, feasible only by getting a deeper understanding of the process behavior.

Digital Twin (DT) of machining processes can be exploited to reach such a goal [3]. DTs are
virtual replica of a physical entity that could be used to analyze the process and make decisions
through interaction between physical and virtual world. In the specific case a DT that includes
cutting mechanism is required [3]. In this context, Zhu et al. developed a DT for machining process
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of thin-walled parts [4], while Afazov and Scrimieri focused their work on chatter vibrations [5].
This work presents a mechanism model for turning of slender workpiece that allows deflection
compensation and could potentially enable the development of a Digital Twin when connected
with the physical world (e.g., machine tool sensors).

On one side, the cutting forces can be estimated by means of simplified models based on cutting
conditions, tool geometry and material proprieties [1]. The most adopted approach is taking
advantage of mechanistic force models, tuned using experimentally identified cutting force
coefficients [6]. In turning such an approach is generally used to compute the cutting force (in the
cutting speed direction) and the rake face force. If decomposition of rake face force on feed and
depth directions is required, as in the case of deflection estimation, chip flow angle needs to be
computed. The simplest and most used approximation of such angle can be obtained by using the
formulation proposed by Colwell [7].

On the other hand predictive models of workpiece deflection have been proposed for turning of
slender shaft [8—10] The most effective methods are based on numerical analysis [2,11] (Finite
Element Method, FEM), that is nowadays a commonly used tool, but requires specific high level
knowledge and expertise.

This work presents the DRITTO (Deflection Reduction In Turning by Toolpath Optimization)
project that aims at developing a digital solution for turning of flexible components with the
purpose of generating optimized toolpaths to minimize geometrical errors, compensating the
workpiece deflection. First the paper presents the proposed digital solution, 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 and using Colwell formulation for chip flow.
Workpiece behavior is modeled using Timoshenko beam model, 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.

Proposed digital solution

The proposed digital solution in schematized in Fig. 1. At the background level, the digital solution
will include a toolpath generation model that will be interfaced with a simplified FEM environment
to simulate the workpiece behavior under the effect of cutting forces. The system is composed by
three modules: a) workpiece FE modelling, b) turning process modelling, c¢) toolpath optimization.
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Fig. 1 General overview of the DRITTO digital solution.

The modules will be configured as an integrated solution: only the stock geometry and material,
toolpath and tool geometry will be needed. The innovative idea underpinning the DRITTO solution
is to fully integrate the workpiece deflection predictive model, so that the toolpath computation
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can be performed considering workpiece compliance changing during the turning process, as effect
of material removal, and the instantaneous cutting conditions.

Input. The proposed approach requires the toolpath and the stock 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., cutting velocity and feed). The toolpath is then discretized to analyze the process
with the desired resolution.

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, tool geometry and workpiece material data are required. For the
tool, lead angle and corner radius are needed, while for the workpiece material both elastic material
proprieties (i.e., Elastic Modulus and Poisson Ratio) and cutting force coefficients should be input.

Turning process model. The cutting force model implemented in this work is provided below:

Fy = Kicbh + Kieb Frp = Ky pcbh + K pob (1)
Fy = Fypcos () Fap = Fypsin (Q) (2)

where F; is the cutting force in the cutting speed direction, while Fir on the rake face plane,
decomposed in feed force (Fr) and depth of cut force (Fap), Kic 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. In this work the Colwell approximation for such angle was used [7].

Workpiece FE model. Workpiece deflection is estimated by applying predicted cutting forces
on a FE model of the component. Since slender workpieces are the target of the proposed approach
Timoshenko beam 1D model [12] was selected as modeling strategy. A dedicated algorithm was
implemented starting from the workpiece geometry to create nodes distribution (i.e., mesh) and
element stiffness matrices, then assembled in the unconstrained component stiffness matrix K (Fig.
2). 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; chr Krotxc; Krotycr Krotzc) (1)

Kiqin = diag(Kye, Kyt Kzt) Krotxts Krotyts Krotzt) (2)
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Fig. 2 Stock and toolpath example.

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 1 degree of freedom for the j constraint. Kchuck 1S
then assembled to the unconstrained matrix K by adding such matrix to the last node, while Kil,
if present, is assembled to the first node (i.e., end of the workpiece).

Toolpath optimization. Using the predicted cutting forces and the proposed modeling strategy
it is possible to estimate workpiece deflection during the process by performing static analysis at
each step. 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, such cycle was repeated until convergence (minimization of the error on predicted
deflections). Workpiece deflections are then used to compute the effective machined geometry
(i.e., the effective workpiece radius, Refr) as follows:

where X is the commanded motion of the tool (i.e., desired radius), dx is the deflection on depth
of cut direction and dy is the deflection on the cutting direction. Starting from such values,
compensated toolpath is derived and written in a new file using ISO standard.

Integration. The different modules are integrated by exchanging data as highlighted in Fig. 1.
Toolpath analysis computes depth of cut and workpiece geometry at the different steps of the
machining operations, the first is input to the process modules to predict cutting forces, while
workpiece geometry is essential for the beam model generation. Cutting forces are applied to such
model to predict deflection. The first prototype of the digital solution was developed in MATLAB.

Experimental results

An experimental validation of the proposed approach was carried out at Meccanica Ceccarelli &
Rossi facility. Turning operations were performed on a CNC lathe Mori Seiki SL-2500Y, equipped
with a dynamometer (Kistler 9257A) to acquire cutting forces (Fig. 3).

Case studies. The proposed approach was tested on different geometries, using the same tool
and material (C45 Steel). A Sandvik Coromant CNMG 120408-PM 4425 insert was used (corner
radius 0.8 mm), mounted on a T-Max toolholder P DCLNL 2525M 12 (lead angle -5°). Four case
studies were machined starting from a 40 mm bar: 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. 4, Fig. 5, Fig. 6, Fig. 7). Tailstock was used
for all the case studies.
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Fig. 7 Shaft (overhang 287.5 mm) a) stock D: 40 mm b) after Ist pass D: 34 mm L: 280 mm, 2nd

pass D: 28 mm L: 210 mm and final pass D: 22 mm L: 50 mm.

Roughing operations were investigated using 200 m/min cutting velocity, feed 0.2 mm/r and

radial depth of cut 2 mm (case study B) and 3 mm (all the other case studies).

Cutting forces. Cutting force coefficients were identified for the specific tool-material couple
performing preliminary tests, acquiring cutting forces and using the procedure reported by Altintas

[1], results are summarized in Table 1.
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Table 1 Cutting force coefficients

Ki [MPa] Kie [N/mm] Kite [MPa] Kite [N/mm]
1748.5 99.2 703.0 92.5

Fig. 8 Impact testing a) free-free boundary condition b) constrained.

Workpiece. To test the proposed approach without the uncertainties of material proprieties and
constraints stiffnesses, some preliminary tests were performed to tune such values. Free-free modal
analysis on bar specimens was carried out to identify material properties (Fig. 8a) through impact
testing. Typical steel values were identified: Young Modulus: 210150 MPa, Poisson Ration: 0.28.

In addition, experimental modal analysis in the constrained configurations was used to estimate
chuck and tailstock stiffnesses (Fig. 8b). Results are presented in Table 2. The chuck was modeled
as a fixed end, while tailstock as a pinned end (i.e., free rotations).

Prediction results. To investigate the effectiveness of the proposed solution in estimating the
machined workpiece geometry, a comparison between predicted and measured diametral errors
was carried out and shown in Fig. 10. Results show good agreement between measured and
predicted values, 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 um in case studies a, b, ¢ and shaft
respectively). However, some discrepancies are found in the error shape, probably due to the
tailstock modeling. Indeed, it is worth to point out that in the tested scenarios, the tailstock stiffness
plays a crucial role in determining the error.

Toolpath compensation. The proposed approach was then applied to compute the compensated
toolpath for all the case studies and machined geometries were measured for both compensated
and non-compensated toolpath to evaluate its effectiveness. Results are shown in Fig. 10. As
clearly emerges from the results, the compensated toolpath has proven to be effective in drastically
reducing the errors, by at least halving the maximum error and by smoothing the shape. The
average reduction achieved was about 62%, 74%, 68%, 72%. in case studies a, b, ¢ and shaft
respectively.

Table 2 Constraints stiffnesses

Kx /Ky [N/mm] | Kz [N/mm] | Krotx /K roty [N mm/rad] | K rotz [N mm/rad]
Chuck 3.30e4 lel5 6.87¢7 3e7
Tail 5.50e3 lel5 0 0
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Fig. 9 Comparison between predicted and measured diametral errors and measured values with
compensation strategy on: a) case study A, b) case study B, c) case study C, d) shaft.
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The overall error appears to be well-compensated until the area close to the tailstock. This is
probably due to local effects of tailstock constraints and the non-modelled impacts of the cut entry.
These aspects need to be further investigated to improve the solution. However, even in this part
the reduction achieved was significant: about 45%, 53%, 50%, 55% in case studies a, b, ¢ and shaft
respectively.

Conclusions

The DRITTO project aims at developing a tailored solution for the computation of optimized
toolpaths for turning of slender workpiece. The project is still ongoing, and an intermediate
validation phase has just concluded. The solution developed is composed of different modules that
have been, at the current stage, individually validated. The prediction of workpiece deflection,
based on simplified FE models and cutting forces estimation, has shown to be adequate accurately
in estimating the overall shape errors. Further activities will be focused on investigating alternative
constraints modeling strategy for the tailstock to considering local effects and improve the
prediction accuracy. Such predictive module was exploited to compute the compensated toolpath
through a dedicated approach and results confirm that providing an accurate prediction of the shape
error could represent an effective approach for its reduction. The experimental validation shows
that the error is globally reduced by at least half 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, even at the
current stage the solution seems promising in drastically reducing the shape error in roughing
operations which could be exploited to avoid the need of semi-finishing phases, in line with the
goal of the DRITTO project.

Further developments will be focused on:
e Investigating the effects of the tailstock constraints.
e Extending the validation to finishing operations.
e Studying the potential synergies with machine tool sensors to build an actual DT.
e Developing a Graphical User Interface for the implementation of the solution in the SME
manufacturing environment.

Acknowledgements

This research was developed within the DRITTO project, funded as an experiment of DIH-World,
an Horizon2020 project (grant agreement 952176). The authors wish to thank all the project
partners.

References

[1] Y. Altintas, Manufacturing Automation: Metal Cutting Mechanics, Machine Tool
Vibrations, and CNC Design, (2012).

[2] Y. Altintas, O. Tuysuz, M. Habibi, Z.L. Li, Virtual compensation of deflection errors in ball
end milling of flexible blades, CIRP Ann. 67 (2018) 365-368.
https://doi.org/10.1016/j.cirp.2018.03.001

[3] S. Liu, J. Bao, P. Zheng, A review of digital twin-driven machining: From digitization to
intellectualization, J. Manuf. Syst. 67 (2023) 361-378.
https://doi.org/10.1016/j.jmsy.2023.02.010

[4] Z.Zhu, X. Xi, X. Xu, Y. Cai, Digital Twin-driven machining process for thin-walled part
manufacturing, J. Manuf. Syst. 59 (2021) 453—466. https://doi.org/10.1016/j.jmsy.2021.03.015

[5] S. Afazov, D. Scrimieri, Chatter model for enabling a digital twin in machining, Int. J. Adv.
Manuf. Technol. 110 (2020) 2439-2444. https://doi.org/10.1007/s00170-020-06028-9

493



Italian Manufacturing Association Conference - XVI AlTeM Materials Research Forum LLC
Materials Research Proceedings 35 (2023) 485-494 https://doi.org/10.21741/9781644902714-57

[6] N. Grossi, L. Sallese, A. Scippa, G. Campatelli, Speed-varying cutting force coefficient
identification in milling, Precis. Eng. 42 (2015) 321-334.
https://doi.org/10.1016/j.precisioneng.2015.04.006

[7] L.V Colwell, Predicting the Angle of Chip Flow for Single-Point Cutting Tools, Trans. Am.
Soc. Mech. Eng. 76 (2022) 199-203. v10.1115/1.4014795

[8] P.G. Benardos, G.C. Vosniakos, Prediction of surface roughness in CNC face milling using
neural networks and Taguchi’s design of experiments, Robot. Comput. Integr. Manuf. 18 (2002)
343-354. https://doi.org/10.1016/S0736-5845(02)00005-4

[9] G. Jianliang, H. Rongdi, A united model of diametral error in slender bar turning with a
follower rest, Int. J. Mach. Tools Manuf. 46 (2006) 1002—1012.
https://doi.org/10.1016/j.ijmachtools.2005.07.042

[10]J.R.R. Mayer, A.-V. Phan, G. Cloutier, Prediction of diameter errors in bar turning: a
computationally effective model, Appl. Math. Model. 24 (2000) 943-956.
https://doi.org/10.1016/S0307-904X(00)00027-5

[I1]M. Soori, B. Arezoo, M. Habibi, Tool Deflection Error of Three-Axis Computer Numerical
Control Milling Machines, Monitoring and Minimizing by a Virtual Machining System, J.
Manuf. Sci. Eng. 138 (2016). https://doi.org/10.1115/1.4032393

[12] A. Ertiirk, H.N. Ozgiiven, E. Budak, Analytical modeling of spindle—tool dynamics on
machine tools using Timoshenko beam model and receptance coupling for the prediction of tool
point FRF, Int. J. Mach. Tools Manuf. 46 (2006) 1901-1912.
https://doi.org/10.1016/j.ijmachtools.2006.01.032

494



	front matter
	Table of Contents
	Manufacturing processes design, optimization and engineering
	Additive manufacturing and reverse engineering
	Assembly, disassembly and circular economy
	Process and system simulation, optimization and digital manufacturing
	Materials processing technology
	Miscellaneous
	Work in progress

	Preface
	Editorial Committee
	Organizing Committee
	AITeM - Italian Manufacturing Association

	S1
	Manufacturing processes design, optimization and engineering

	1
	A bio-inspired reinterpretation of symbiotic human-robot collaboration in assembly processes
	Introduction
	Human-Robot interactions
	Reinterpreting Human-Robot Symbiosis
	Evaluating symbiotic human-robot collaboration in assembly processes
	Case study
	Conclusions
	References


	2
	Addressing idle and waiting time in short term production planning
	Introduction
	Literature Review
	Problem formulation
	Numerical results
	Conclusions
	References


	3
	A numerical methodology for improving the thermoforming process of complex thermoplastic composite components
	Introduction
	Methodology Outline
	Materials
	Thermoforming Simulation
	Results and Discussion
	Conclusions
	References


	4
	Study of compostable materials for the production of  transparent food containers
	Introduction
	Materials and methods
	Results and discussion
	Conclusion
	References


	5
	Manufacturing of a hybrid component in Ti6Al4V-ELI alloy by combining diffusion bonding and superplastic forming
	Introduction
	Material and Methodology
	Results
	Conclusions
	References


	6
	Comparison between two tailored press hardening technologies by means of physical and numerical simulation
	Introduction
	Materials and Method
	Results and discussion
	Conclusions
	Acknowledgments
	References


	7
	Workload and stress evaluation in advanced manufacturing systems
	Introduction
	Literature review
	Aim of the paper and research questions
	The designed protocol and the adopted methodology of analysis
	Validation of the protocol
	Conclusion and limitations
	References


	8
	Modelling the laser overageing treatment of a 6xxx Al alloy by means of physical simulation tests
	Introduction
	Calibration of the overageing heat treatment
	Experimental laser heating tests
	Numerical simulation of the laser heating
	Results from the calibration of the overageing heat treatment
	Numerical results.
	Conclusions
	References


	9
	An insight into friction stir consolidation process mechanics through advanced numerical model development
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References


	10
	On the role of intermetallic and interlayer in the dissimilar material welding of Ti6Al4V and SS 316L by friction stir welding
	Introduction
	Materials & Methods
	Result & Discussion:
	Conclusions
	References


	11
	Validation of charge welds and skin contamination FEM predictions in the extrusion of a AA6082 aluminum alloy
	Introduction
	Experimental Investigation
	Numerical and Analytical Investigation
	Results and Discussion
	Conclusions
	References


	S2
	Additive manufacturing and  reverse engineering

	12
	Comparison of specific cutting energy in dry and wet post- process turning of Ti6Al4V EBM parts
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References


	13
	Preliminary evaluation of an additive manufacturing procedure for producing patient-specific upper-limb orthotic devices
	Introduction
	Methodology
	Results
	Conclusions
	References


	14
	Additive foam manufacturing
	Introduction
	Process Parameters
	Materials and methods
	Conclusions
	References


	15
	Exploiting laser-direct energy deposition for customized components: H13 and 316L functionally graded materials
	Introduction
	Materials and Methods
	Results and discussion
	Conclusions
	References


	16
	LPBF process of Zn-modified NiTi alloy with  enhanced antibacterial response
	Introduction
	Experimental
	Results
	Conclusions
	Acknowledgements
	References


	17
	Effect of layer and raster orientation on bending properties of 17-4 PH printed via material extrusion additive manufacturing technology
	Introduction
	Material and Methods
	Results and Discussions
	Conclusions
	References


	18
	Non-Newtonian, non-isothermal three-dimensional modeling of strand deposition in screw-based material extrusion
	Introduction
	Materials and methods
	Results and discussion
	Conclusions and further works
	References


	19
	Influence of the energy density on the Young modulus and  fatigue strength of Inconel 718 produced by L-PBF
	Introduction
	Specimen production
	Surface roughness measurements
	Mechanical tests
	Results and discussion
	Conclusions
	References


	20
	Development of a 3D printer optimized for rapid prototyping with continuous fiber fabrication technology
	Introduction
	3D printer set up for neat polymer and short-fibre reinforced filaments
	Electronic and IT operations carried out on the 3D printer
	3D printer set up for continuous-fibre reinforced filaments
	Conclusions
	References


	21
	Reverse bending fatigue of 316L stainless steel components produced by laser powder bed fusion
	Introduction
	Experimental
	Materials and sample preparation
	Results and Discussion
	Quasi-static tensile characterization
	Load-unload tensile characterization
	Reverse bending characterization
	Conclusions
	References


	22
	Process parameters optimization in fused deposition modeling of polyether ether ketone
	Introduction
	Materials and methods
	Results and discussion
	Summary
	Acknowledgements
	References


	23
	Experimental analysis of FDM structures in  shape memory polylactic acid
	1. Introduction
	2. Materials and Methods
	3. Results and discussion
	4. Conclusions
	References


	24
	Dimensional and geometric deviations of parts in PA12 manufactured by selective laser sintering: numerical and experimental analyses
	Introduction
	Material and methods
	Experimental tests
	Result and discussion
	Conclusion
	Acknowledgments
	References


	25
	Mechanical properties and dynamic response of 3D printed parts in PLA/P(3HB)(4HB) blends
	Introduction
	Materials and methods
	Results and Discussion
	Conclusions
	References


	26
	In-process inspection of lattice geometry with laser line scanning and optical tomography in fused filament fabrication
	Introduction
	Materials and Methods
	Results
	Conclusions
	References


	27
	Effect of process parameters on the thermal properties of  material extruded AM parts
	Introduction
	Materials and methods
	Results and discussion
	Conclusion
	Acknowledgments
	References

	𝝀=𝜱𝟐×𝝅×∆𝑻× 𝒌

	28
	Robust in-line qualification of lattice structures manufactured  via laser powder bed fusion
	Introduction
	Case Study
	Methodology
	Results
	Conclusions
	References


	29
	Ductility and linear energy density of Ti6Al4V parts produced with additive powder bed fusion technology
	Introduction
	Materials and Method
	Results and discussion
	Tensile Strength and Elongation to Failure
	Conclusions
	References


	S3
	Assembly, disassembly and  circular economy

	30
	Circular economy strategies at the manufacturing system scheduling level: the impacts on Makespan
	Introduction
	Problem description
	Design of Experiment
	Results and discussion
	Conclusion
	Acknowledgement
	References


	31
	Laser welding with and without filler wire of  aluminum sheets produced by rolling and additive manufacturing  for e-mobility applications
	Introduction
	Materials and Methods
	Results and Discussion
	Summary
	Acknowledgements
	References


	32
	Application of high voltage fragmentation to  treat end-of-life wind blades
	Introduction
	Literature review
	Materials & methods
	Results and discussion
	Conclusions
	References


	S4
	Process and system simulation, optimization and digital manufacturing

	33
	The ranking-aggregation problem in manufacturing: potential,  pitfalls, and good practices
	Introduction
	Case study
	Methodology
	Discussion and general remarks
	References


	34
	Digital upgrade of a bandsaw machine through an innovative guidance system based on the digital shadow concept
	Introduction
	Machining efficiency evaluation in band sawing
	Materials and experimental setup
	Results and discussion
	Conclusions
	Acknowledgements
	References


	35
	The influence of material properties and process parameters on energy consumption in the single-screw extrusion of PVC tubes
	Introduction
	Materials and method
	Results and discussion
	Conclusion
	References


	36
	Numerical evidence of submerged arc welding at changing of  the main process parameters
	Introduction
	Material and Method
	Summary
	References


	S5
	Materials processing technology

	37
	Augmented multi-scale instrumented indentation test characterization of complex multi-layered coatings for tribological application
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References


	38
	Effect of sub-zero deformation temperatures and rolling directions on the formability of AISI 316 stainless steel sheets
	Introduction
	Experimental procedures
	Results & Discussion
	Summary
	Acknowledgements
	References


	39
	A novel application of cryogenics in dieless sheet metal piercing
	Introduction
	Materials and Methods
	Finite Element modelling
	Material modelling
	Model Simulations and settings
	Model Updating Strategy
	Design of Experiments and equipment description
	Results and discussion
	Conclusions
	References


	40
	UV picosecond laser processing for microfluidic applications
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References


	41
	Effect of carbon nanotube content on the mechanical behaviour of CFRP composite materials
	Introduction
	Materials and Experimental Procedures
	Results and Discussion
	References


	42
	Static indentation properties of basalt fiber reinforced composites for naval applications
	Introduction
	Materials and method
	Results and discussion
	Conclusion
	Funding
	References


	43
	Surface micro – texturing of tapping tools with complex geometry
	Introduction
	Materials and methods
	Results and discussions
	Conclusions
	Acknowledgments
	References


	44
	Influence of silica aerogel filler on strength-to-weight ratio of carbon/epoxy composite made by vacuum resin infusion
	Introduction
	Experimental details
	Result and discussion
	Conclusion
	References


	45
	PET foaming: development of a new class of rheological additives for improved processability
	Introduction
	Experimental
	Results and Discussion
	Conclusions
	References


	46
	Study of autoclave process to manufacture thermoplastic composites constituted by PP/flax fibers
	Introduction
	Materials and Methods
	Results and Discussions
	Conclusions
	References


	47
	A feasibility study to improve the processability of pure copper produced via laser powder bed fusion process
	Introduction
	Materials and Methods
	Results and Discussions
	Conclusions
	References


	48
	Mechanical recycling of CFRPs: manufacturing and  characterization of recycled laminates
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Reference


	S6
	Miscellaneous

	49
	A novel quality map for monitoring human well-being and  overall defectiveness in product variants manufacturing
	Introduction
	Case study
	Complexity analysis
	HRC system quality analysis
	Quality Map
	Conclusions
	References


	50
	Feasibility study and stress analysis of friction stir extruded  rods and pipes: a simulative model
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	References


	51
	Reinforcement learning for energy-efficient control of multi-stage production lines with parallel machine workstations
	1. Introduction
	2. Literature Review
	3. System Description
	4.  Literature RL for EEC Model
	5. Numerical Experiments
	6. Conclusions and Further Developments
	References


	52
	Tool path strategies for a new Agile incremental bending system
	Introduction
	Equipment and material
	Tool path and Forces
	Results
	Conclusions
	References


	53
	The effects of dry grinding processing parameters on  the electromagnetic and geometrical properties of  Nd2Fe14B permanent magnets
	Introduction
	Materials and methods
	Result and discussion
	Conclusions
	References


	S7
	Work in progress

	54
	Laser welding in e-mobility: process characterization and monitoring
	Introduction
	Materials and Method
	Methodology
	Results and Discussion
	Conclusions and future work
	References


	55
	Development of depositions strategies for  edge repair using a WAAM process
	Introduction
	Aim of the study
	Material and method
	Preliminary results
	Conclusion and future perspectives
	References


	56
	Measurement and analysis of tooth movements during  orthodontic treatment with clear aligners
	Introduction
	Materials and Methods
	Results and discussion
	Acquisition of Aligners
	Teeth Alignment
	Assessment of Movements
	Error Considerations
	Conclusions
	References


	57
	A digital solution for slender workpiece turning: the DRITTO project
	Introduction
	Proposed digital solution
	Experimental results
	Conclusions
	Acknowledgements
	References


	58
	Influence of long and short glass fiber on the mechanical behaviour  of a single cell metamaterial
	Introduction
	Materials and Methods
	Results and Preliminary Conclusion
	References


	back matter
	Keyword Index
	About the Editors


