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Abstract Machining simulations of material removal
that predict workpiece quality are a key factor in gain-
ing an understanding of the possible causes of manu-
facturing defects. Particularly in the case of thin-walled
workpieces, as are frequently produced in the aerospace
industry, the workpiece stiffness is of utmost impor-
tance. Form deviations on the final workpiece can re-
sult due to the the process force or the clamping sit-
uation. This article presents a method for modelling
the deformation due to the clamping force in dexel-
based material removal simulations. To prevent distor-
tion of the dexel model, triangulated surface meshes
are generated separately for the start and end points
of a dexel field by means of a Delaunay triangulation
for the final contour. With the help of an FE simulation
of the near contour state, the resulting displacements
for the corner points of the triangles are determined
and then inversely displaced. Subsequently, the new
start and end points of the machined dexels are deter-
mined through a 2D interpolation. The method is vali-
dated for flatness and roundness deviations using two
specimen workpieces. It shows that the prediction can
be significantly improved, especially for thin-walled
components.
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1 Introduction

Clamping systems are used in production for position-
ing and fixing workpieces. This can be done for both
production and quality control by means of a friction
and/or a form fit. In addition to accessibility to the
component, it is important to ensure that the clamping
force is large enough to prevent any movement due to
external forces, e.g. process forces. At the same time,
it must be guaranteed that the deformations occuring
as a result of the clamping force do not exceed the per-
missible tolerances.[1]
In the course of increasing digitalisation, process plan-
ning with the help of CAM systems has become an in-
dustrial standard. In addition to path planning, they
usually include both a material removal simulation and
a collision detection based on geometric-kinematic ma-
chine models. The clamping situation can also be taken
into account. By integrating the control behaviour, pro-
duction times can also be predicited. All this offers po-
tential for process optimisation even before the begin-
ning of production. [2–4]
While analytical/continuous approaches, such as con-
structive solid geometry representations (CSG) [5], are
mainly used for process planning, e.g. for the simula-
tion of material removal, discrete approaches are pre-
ferred for process modelling. Especially the modelling
by means of contour lines, dexels and voxels should
be mentioned here. [6] Possible areas of application of
process modelling are quality-predictive CAM simu-
lations [7] or the monitoring of processes [8–11]. Here,
different effects such as thermal and mechanical in-
fluences can be mapped [10,12–14]. Mechanical influ-
ences can lead to deformations on the tool side as well
as on the workpiece side and cause shape deviations
on the component. Especially with thin-walled work-
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Fig. 1: Clamping Deflection Errors

pieces, such as those found in aerospace, the work-
piece stiffness affects on the resulting component qual-
ity. Form deviations can occur due to the process force
[15] and due to the clamping force [16,17]. The present
article presents a method for modeling the deforma-
tion due to the clamping force in dexel-based material
removal simulations. Since dexels can only be length-
ened or shortened and not distorted, a direct three-
dimensional deformation of the workpiece is not pos-
sible. The method presented in this article circumvents

this problem by transforming the dexel model into a
boundary point cloud (BPC) model and then transform-
ing it back.

2 Related Work

Modelling of influences on the accuracy of machin-
ing processes as a result of the clamping situation of
workpieces is subject of many research papers. In ad-
dition to effects arising due to incorrect adjustment of
the component, the focus is primarily on work that
uses FE simulations to determine the deformation of
the part and its resulting stiffness due to the clamp-
ing [1,16,18,19]. In many cases, iterative methods are
used to minimise the clamping force/deformation or
to realise a uniform deformation [20,21]. Huang and
Yoshi compensate the deformation caused by process
heat by specifically modifying the clamping force [22].
More recent work deals with an adjustment of the cut-
ting parameters or the tool path at locations with low
stiffness or high deformation of the workpiece [17,23].
In [24], Knape et. al. present a method for modelling
the workpiece deformation due to the clamping force
in a dexel-based material removal simulation. With the
help of an FE simulation, the dexels are initially length-
ened/shortened at the beginning of the process and
shortened/lengthened at the end of the machining pro-
cess. In a first step, the prediction accuracy regarding
the flatness is improved. In a later work, this method-
ology is validated for further tolerances [25]. The dis-
advantage of this method, however, is that it is only
suitable for modelling the effect in the near-net-shape
state, or for machining operations in which the defor-
mation of the workpiece does not change significantly
during the process. This article therefore presents a method
making it possible to model the effect of workpiece de-
formation as a result of the clamping force indepen-
dently of the raw state of the workpiece.

3 Principal Modelling Approach

The present work uses the existing machining simula-
tion from [10]. Machine-internal data is read out paral-
lel to the process from the NC control to determine the
material removal. The machine behaviour can be mod-
elled with the help of the available data. In addition,
data can be used to execute a process force estima-
tion [26]. Together with background information such
as the machine and tool stiffness, the displacement at
the tool centre point (TCP) can be determined. In con-
trast to [24], the simulation is initially executed with-
out taking the clamping situation into account. After
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machining is completed, the Dexel model is converted
into a BPC model. Separate point clouds are generated
for the start and end points for each Dexel direction.
Furthermore, the individual point clouds can be fur-
ther segmented/clustered. This can be done feature-
or position-related and is necessary, for example, if a
dexel has several start and end points. Possible position-
related segmentations can be done with manually, de-
fined, equal or geometric interval or also using natu-
ral breaks (Jenks) [27,28]. Subsequently, the individual
point clouds are meshed by a Delaunay triangulation.
The triangulation is done in the respective dexel plane
so that a triangular net is created. For the individual
corner points of the triangles, the displacements due to
the clamping forces are now determined using a scat-
terd interpolant [29] and the FE simulation. By mov-
ing the corner points in the negative displacement di-
rection, the component distortion due to the clamping
forces is reproduced. If no further production step fol-
lows after declamping, the displaced point clouds can
be used directly for quality evaluation, e.g. according
to ISO 1101 [30]. If further production steps follow, the
point clouds must be transformed back into a Dexel
model. By means of a 2D interpolation and the corre-
sponding triangular net, the new start and end points
of the processed Dexel are determined. Finally, a Dexel
model in a declamped state results that can be used for
further processing.
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Fig. 3: Modeling Clamping Deflection in Dexel-Based
Material Removal Simulations

4 Experimental Validation

To validate the approach, two different specimen work-
pieces were machined. Here, attention was paid to the
fact that the workpiece distortion has a relevant influ-
ence on the workpiece quality. On the first part the
clamping deformation was validated based on the flat-
ness of the part. For the second part, the roundness
was used. Both parts were manufactured from a (100
mm x 100 mm x 40 mm) C45 steel block, as seen in Fig.
4, and with a clamping force of 20 and 40 kN. Produc-
tion was done on a DMG Mori DMU65 Monoblock,
a 5-axis machining centre. In order to reduce thermal
effects in the cutting zone and to keep the influence
of the process force as low as possible, all processes
were executed with cooling lubricant and a finishing
process with low depth of cut. In addition, to param-
eterise the material removal simulation, the machine
was measured before the first and after the last ma-
chining operation to determine the axis alignment er-
rors using a double-ball bar (DBB), as these errors are
particularly relevant for roundness [31]. A Zeiss Con-
tura coordinate measuring machine (CMM) was used
to measure the parts in the declamped state. It was
shown that the simulation could be significantly im-
proved with the help of the developed method.
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4.1 Flatness Error

To validate the effect on flatness, the blanks were ma-
chined to a height of 20 mm. The parts no. 1-6 were
manufactured with a clamping force of 20 kN and the
parts no. 7-12 with a clamping force of 40 kN.
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Fig. 5: Flatness Part

For validation, similar to [32], the point clouds from
the material removal simulation and the CMM mea-
surement are compared using a point cloud registra-
tion and flatness deviation. First, the point clouds are
mapped using the 3D Normal Distribution Transform
(3D-NDT) algorithm [33]. This is particularly suitable
for point clouds with different resolutions and is ro-
bust against outliers [33,34]. The first occurs due to the
fact that the dexel density of the simulation is usually
significantly higher than the resolution of the measure-
ment using CMM. After the point clouds are mapped
to each other, the flatness and the resulting deviations
in the Z-direction are determined for the congruent
area.

Fig. 6: Comparsion Flatness
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Fig. 8: Resulting Chord Error with Deflection - Flatness Evaluation



6 Christian Brecher et al.

1 2 3 4 5 6 7 8 9 10 11 12

Part Number

0

10

20

30

40

50

C
h

o
rd

 E
rr

o
r 

[µ
m

]

1 2 3 4 5 6 7 8 9 10 11 12

Part Number

0

10

20

30

40

50

A
b

s
o

lu
te

 C
h

o
rd

 E
rr

o
r 

[µ
m

]

Fig. 9: Resulting Chord Error without Deflection - Flatness Evaluation

Fig. 7 shows the results of the consequent flatnesses
of the individual parts for boh the CMM measurements
and the simulation. For the simulation results, in addi-
tion to the flatness of the declamped part in the con-
gruent area, the flatness of the entire surface, neglect-
ing the centring hole, and the flatness in the congru-
ent area of the part without taking the clamping con-
ditions into account are also shown.

Since the flatness is only represented by the dif-
ference between the upper and lower deviation from
the reference plane and does not give any conclusions
about the form similarity of both surfaces, this approach
is only sufficient for validation. One possibility to com-
pare both surfaces is the resulting chord error. Since
outliers, as seen in Fig. 7 at part no. 1 and 12, can also
strongly influence the evaluation here, boxplots of the
resulting chord error between CMM measurement and
simulation are generated for the individual parts. Due
the convexity in the present application is much lower
compared to the remaining part dimensions, it is as-
sumed via small-angle feeding that the resulting chord
error is equal to the difference of the Z-values.

Comparing the resulting cord errors between a consid-
ered (Fig. 8) and a neglected clamping situation (Fig.
9), it becomes apparent that the prediction quality of
the simulation is improved significantly. Therefore, the
interquartile range and the whiskers show that the de-
viations of the (absolute) chord error are significantly
reduced.

4.2 Roundness Error

While mainly the displacements in Z-direction influ-
ence the workpiece quality for flatnesses, the displace-
ments in the X- and Y-direction are relevant for the
roundness. Here, in addition to the displacement of the
circle edge, there is also a displacement of the centre
point. To validate the approach, the blank was face-
milled to a height of 20 mm first, as in the case of the
flatness validation. Then, a hole with a diameter of 60
mm was milled in the centre of the part using a Ø16
mm end mill.Twelve parts were produced with a clamp-
ing force of 20 kN (parts no. 1-6) and 40 kN (parts no.
7-12), respectively.
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After production, the roundness of the parts was
measured on the CMM at three different heights. The
three measurements are aggregated to a total point cloud.
Afterwards, this is aligned to the relaxed BPC model
using the 3D-NDT algorithm so that the relevant points
of the simulation can be identified. For each measure-
ment, a separate point cloud from the simulation is
selected for both the clamped and declamped states.
With the help of a circle fitting according to [35], the
centres of the respective circles are determined so that
the resulting radius can be derived over the angle. By
comparing the deviations between the radii of the mea-
sured and the simulated parts, here the interquartile
range and the whiskers also show that the deviations
are significantly reduced. Fig. 11 and 12 illustrate this
for all measurements.

5 Conclusion

In the machining process, various effects can compro-
mise components that influence the quality of the work-
piece. Especially parts with a low stiffness in the final
state are deformed by clamping forces. In this article, a
method was presented that makes it possible to repro-
duce this effect in dexel-based material removal sim-
ulations. The presented approach has the advantage
that it works independently of the raw part and the
virtual workpiece can be used for successive process
simulations. In addition, three-dimensional deforma-
tions can be modelled. Furthermore, it offers the pos-
sibility of a more precise error breakdown in process
monitoring with the help of machine-internal data. A
disadvantage of this approach is that only the start and
end points can be changed while new/old start and
end points cannot be added/removed. Nevertheless,
it was shown that the presented approach can improve
dexel-based material removal simulations for parts with
a relevant clamping force deflection. The approach was

validated on the basis of two specimen workpieces, so
that the effect could be reproduced in all three direc-
tions.
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Fig. 11: Resulting Radius Error with Deflection - Roundness Evaluation

1 2 3 4 5 6 7 8 9 10 11 12

Part Number

-50

0

50

R
a

d
iu

s
 E

rr
o

r 
[µ

m
]

1 2 3 4 5 6 7 8 9 10 11 12

Part Number

0

10

20

30

40

50

A
b

s
o

lu
te

 R
a

d
iu

s
 E

rr
o

r 
[µ

m
]

Fig. 12: Resulting Radius Error without Deflection - Roundness Evaluation



Modelling Clamping Force Deflection in Dexel-Based Material Removal Simulations 9

6. B. Denkena, H.K. Tönshoff, Spanen: Grundlagen, 3rd edn.
VDI-Buch (Springer Fachmedien, Wiesbaden, 2011). DOI
10.1007/978-3-642-19772-7

7. C. Brecher, F. Wellmann, A. Epple, Procedia Manufacturing
11, 1519 (2017). DOI 10.1016/j.promfg.2017.07.284

8. B. Denkena, M.A. Dittrich, F. Uhlich, Procedia CIRP 57, 487
(2016). DOI 10.1016/j.procir.2016.11.084

9. Y. Altintas, D. Aslan, CIRP Annals 66(1), 349 (2017). DOI
10.1016/j.cirp.2017.04.047

10. M. Königs, C. Brecher, Procedia Manufacturing 26, 1087
(2018). DOI 10.1016/j.promfg.2018.07.145

11. Y. Altintas, J. Yang, Z.M. Kilic, CIRP Annals 68(1), 377 (2019).
DOI 10.1016/j.cirp.2019.04.019

12. E. Ungemach, T. Surmann, A. Zabel, Ad-
vanced Materials Research 43, 89 (2008). DOI
10.4028/www.scientific.net/AMR.43.89

13. B. Denkena, A. Schmidt, J. Henjes, D. Niederwest-
berg, C. Niebuhr, Procedia CIRP 8, 69 (2013). DOI
10.1016/j.procir.2013.06.067

14. M. Witt, M. Schumann, P. Klimant, The International Jour-
nal of Advanced Manufacturing Technology 105(5-6), 2321
(2019). DOI 10.1007/s00170-019-04418-2

15. A. Agarwal, K.A. Desai, Procedia CIRP 93, 1411 (2020). DOI
10.1016/j.procir.2020.04.101

16. S.P. Siebenaler, S.N. Melkote, International Journal of Ma-
chine Tools and Manufacture 46(1), 51 (2006). DOI
10.1016/j.ijmachtools.2005.04.007

17. B.L. Tai, D.A. Stephenson, A.J. Shih, International Journal
of Machine Tools and Manufacture 51(6), 483 (2011). DOI
10.1016/j.ijmachtools.2011.02.006

18. G. Qin, W. Zhang, Z. Wu, M. Wan, Journal of Manufac-
turing Science and Engineering 129(4), 789 (2007). DOI
10.1115/1.2336260

19. P. Chavan, C. Brecher, M. Fey, M. Loba, in Dynamic Sub-
structures, Volume 4, ed. by A. Linderholt, M.S. Allen, R.L.
Mayes, D. Rixen, Conference Proceedings of the Society for
Experimental Mechanics Series (Springer International Pub-
lishing and Imprint: Springer, Cham, 2020), pp. 47–56. DOI
10.1007/978-3-030-12184-6 5

20. W. Chen, L. Ni, J. Xue, The International Journal of Ad-
vanced Manufacturing Technology 38(9-10), 860 (2008). DOI
10.1007/s00170-007-1153-2

21. B. Li, S.N. Melkote, The International Journal of Ad-
vanced Manufacturing Technology 17(2), 104 (2001). DOI
10.1007/s001700170198

22. Y. Huang, T. Hoshi, Precision Engineering 24(4), 364 (2000).
DOI 10.1016/S0141-6359(00)00047-7

23. M. DOBRZYNSKI, D. CHUCHALA, K.A. ORLOWSKI,
Journal of Machine Engineering Vol.18(No.1), 81 (2018).
DOI 10.5604/01.3001.0010.8825

24. S. Knape, M. Königs, A. Epple, C. Brecher, in Advances in
Production Research, ed. by R. Schmitt, G. Schuh (Springer
International Publishing, Cham, 2019), pp. 72–80. DOI
10.1007/978-3-030-03451-1 8

25. C. Brecher, M. Fey, M. Loba, ZWF Zeitschrift für
wirtschaftlichen Fabrikbetrieb 114(11), 753 (2019). DOI
10.3139/104.112181

26. Y. Yamada, Y. Kakinuma, The International Journal of Ad-
vanced Manufacturing Technology 87(9-12), 3337 (2016).
DOI 10.1007/s00170-016-8710-5

27. Statistics for Thematic Cartography (2021). URL
http://www.gitta.info/Statistics/en/html/StandClass learningObject2.html

28. G.F. JENKS, F.C. CASPALL, Annals of the Association
of American Geographers 61(2), 217 (1971). DOI
10.1111/j.1467-8306.1971.tb00779.x

29. I. Amidror, Journal of Electronic Imaging 11(2), 157 (2002).
DOI 10.1117/1.1455013

30. DIN Deutsches Institut für Normung e. V. Geometrische
Produktspezifikation (GPS) - Geometrische Tolerierung
- Tolerierung von Form, Richtung, Ort und Lauf (ISO
1101:2017); Deutsche Fassung EN ISO 1101:2017 (2017)

31. C. Brecher, M. Weck, Werkzeugmaschinen Fertigungssysteme
(Springer Berlin Heidelberg, Berlin, Heidelberg, 2017). DOI
10.1007/978-3-662-46567-7

32. H.S. Park, U.M. Tuladhar, International Journal of
Automotive Technology 17(1), 119 (2016). DOI
10.1007/s12239−016−0011−3

33. M. Magnusson, The Three-Dimensional Normal-Distributions
Transform: An Efficient Representation for Registration, Surface
Analysis, and Loop Detection, Örebro Studies in Technology,
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