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Abstract 5

In the context of the aeronautics industry, aluminum alloy structural parts are manufactured in

several stages, from forming processes and heat treatments to final machining. Some process steps

may generate residual stresses. Thus, material removal during machining releases these residual

stresses, which induces part deformation. Such deformations can lead to geometric nonconformity

of the machined part. It is therefore essential to control this phenomenon. Due to the variability

in residual stress distribution in each raw part, the modeling approaches must to be coupled with

experimental measurements. This article thus aims to define a reliable experimental technique for

measuring in-plane deformation of large aeronautical parts during their machining. The backbone of

the technique relies on Digital Image Correlation (DIC), which enables the contactless measurement

of part deformation during machining. Moreover, DIC provides a full-field measurement and a direct

evaluation of part deformations. This work discusses more specifically problems related to the use

of DIC during machining, the latter corresponding to a particularly harsh environment. Indeed,

optical systems undergo undesirable movement and metal chips hide areas of the observed part.

These unwanted events corrupt the results. In order to control these problems and consistently

apply DIC part deformation measurement during machining, specific methods are proposed in this

paper. Finally, DIC measurements are performed during the same machining sequence of two parts.

The excellent agreement of the two measurements confirms the reliability of the technique. Finally,

measurements are discussed, emphasizing the contribution they provide to the machining community.

Keywords: DIC, Global DIC, milling, residual stresses, metal chips. 6

1. Introduction 7

The increase in air traffic undeniably leads to a boost in the production of aeronautical parts. 8

Although the use of composite materials is becoming increasingly widespread in an aircraft, most 9

of their structural parts remain made of aluminum alloys. Moreover, in the aeronautical context, 10

during conventional manufacturing of an aluminum block, nearly 90% of the volume of material 11
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is removed [10]. Such material removal represents new challenges for manufacturers because the1

geometrical quality of the the machined part is of high expectation. Geometrical machined part2

defects often lead to the scrapping of high added value parts, up to 47 % when considering the3

manufacturing of thin-walled parts [10].4

Sources of inaccuracy are numerous [31, 32] and is often the summation of various phenomena. As5

example, in the aeronautical context, residual stresses are present in the raw material due to thermal6

loads or plastic deformations [14] required for reaching their high mechanical performances. These7

residual stresses are then redistributed during the material removal of machining and lead to an8

elastic deformation of the part during and after machining. During machining, these deformations,9

combined with the large size of the workpiece, induce significant displacements and without special10

attention, these displacements highly contribute in turn to over-cuts or under-cuts in some areas11

of the part. After machining and unclamping, the release of residual stress leads to deformation of12

high magnitude. Several studies have already been conducted to determine the origin of residual13

stresses [42, 48, 21] and their impact during machining [49, 50, 51]. Specific numerical tools have14

been developed to predict the impact of the reorganization of residual stresses on part deformation15

during machining [11, 12]. These studies take into account the initial residual stress map, the16

machining sequence and the clamping of the part. The phenomena involved, are complex and17

localized. Thus the measurement of displacements induced by the reorganization of residual stresses18

during machining is essential to improve the simulation-experience dialogue and to validate numerical19

prediction.20

Thoroughly observing and quantifying the behaviour of a part during its machining is necessary21

for properly studying the modelling of these phenomena. Usually, measurements are performed22

off-line by probing a few specific points [29, 23, 3]. Other measurement methods exist, but these23

only provide point-wise measurements of the part. Recently, [44] smartly uses laser sensors to24

retrieve the workpiece deformation machined by turning. The rotation of the workpiece allows the25

laser to scan the complete workpiece. To initiate a robust simulation-experience dialogue, full-26

field measurements appear therefore particularly relevant. Considering the results obtained by the27

experimental mechanics community [18], the generalization of new kind of instrumentation to the28

machining community appear promising.29

This article focuses on the development of an experimental method for measuring the in-plane30

displacement fields of a part during its machining. Several full-field measurement methods exist31

[18, 25], but the constraints of the machining environment quickly led us to use the Digital Image32
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Correlation method. Since the seminal work of Sutton [41], Digital Image Correlation (DIC) has 1

been the subject of many developments [5, 6, 9, 36, 35, 46, 47] but it is still rarely used in a machine 2

tool context. In this context, most works concern the analysis of the orthogonal cut [40, 28, 16, 20, 3

2, 22, 27, 4, 52]. In these studies, full-field measurements are performed in order to observe ship 4

formation during a planing operation or during the cutting of a disc or tube. In most cases, the 5

observed surface area is only a few cm2 and these works focus on the study of chip formation and 6

the cutting phenomena. 7

The ambition of this paper is the measurement of the behavior of an entire part during its 8

machining. Initial tests were carried out as a prospect in the work of Cerutti [12]. Then, the work 9

[33] investigated methods to calibrate the optical system in the machining context. This allows 10

the proper setting of the measurement mean in order to conduct an accurate measurement of the 11

machined workpiece deformation between two machining steps. The instrumentation with DIC of a 12

machining-tool during part machining requires that two main issues be circumvented: (i) vibrations 13

caused by the machining easily corrupt the measurements; (ii) metal chips hide the surface of 14

interest observed by the camera. Thus, the aim of this paper is to define the principle of this in-situ 15

machining part deformation in-plane measurement, to quantify the obtained measurement accuracy 16

and to apply this measurement method to measure the deformation of an application part during 17

its machining. 18

The first section of this paper introduces the main principles allowing the use of DIC in the 19

machining environment. The second section presents a study case in which the measurement tool is 20

applied. The results obtained are compared to measurements made with a usual and well-defined 21

off-line probing system. Finally, the article is finalized by in-plane measurements of the workpiece 22

during machining. 23

2. Methods 24

DIC is used to measure the displacement fields that occurs on a surface of a specimen, by 25

comparing a reference image and a current image of this surface [41]. DIC is conventionally used in 26

experimental mechanics laboratories, where the environment is usually well-controlled. This section 27

presents an extension of the usual DIC measurement tool dedicated to the context of an in-situ 28

measurement of the deformation of a part during its machining. 29
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(a) (b)

Figure 1: Illustrations of the CRENO machining-tool (a) and of the experimental set-up (b). The camera, the lightning
system and the workpiece (block #1) can be seen in (b). An extra workpiece, denoted Block #2 is also illustrated.
This latter is used in the validation procedure proposed in this paper. Two regions of interest ωmz and Ωrz are defined
in the imaged area.

2.1. Experimental set-up1

In this paper, machining is performed with the machining center CRENO, a 5-axis machine-2

tool illustrated in Figure 1(a). This machine-tool was chosen because it offers sufficient room for3

the instruments, and in particular the opportunity to attach the camera to the machining table.4

The movement along the e3-axis is achieved by the table movement. The other two translations5

are carried out by the gantry (e1-axis and e2-axis). Finally, the two rotations are located in the6

spindle. The machine spindle has a maximum power of 12 [kW] and a maximum rotational speed7

of 24, 000 [rpm]. The workpiece, which is used to illustrate this article, is beam-shaped and made8

of aluminum alloy 7010.9

One side of this workpiece is imaged with a Canon 5DSR reflex camera, featuring a 24 × 32 [mm2]10

CMOS sensor with 50 million pixels. A Tamron 90 macro lens provides a field-of-view of width11

404 [mm] with a pixel size of 48 [µm]. Because the distance between the camera and the machined12

workpiece shall remain constant for consistent DIC measurements, the camera is fastened to the13

machining table with a specific support, cf [33]. Specific attention is paid to ensure the correct locking14

of the focus of lens during machining whose vibrations might corrupt, cf [33]. This is illustrated in15

Figure 1(b). Table movements and machining vibrations naturally generate loads and impair the16

data acquisition of the observed surface. The next section highlights this impairment and a strategy17

is proposed to minimize it. Moreover, metal chips fly in the camera’s field-of-view. Thus, the DIC18

principle, i.e. brightness conservation, loses its consistency. An on-line methodology to detect and19

to define a consistent DIC criterion is then presented.20
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2.2. DIC adaptation for the machining context 1

DIC measurements are here performed in the machining environment. Such a harsh constrained 2

environment calls for specialized algorithmic developments in order to ensure consistent measure- 3

ments. This is the purpose of this section. First, DIC basics are recalled. Further information about 4

the minimization scheme is thus detailed. Next, two dedicated strategies to circumvent measurement 5

impairments caused by the camera movements and flying metal chips are introduced and discussed. 6

2.2.1. DIC basics 7

DIC is a numerical method that processes material surface images to retrieve its displacement

field. The two images considered here collect the gray level intensities quantified by the camera at

times t1 and t2. It1 and It2 denote the gray level intensities at each pixel location. The imaged

surface is assumed to be planar, and its displacement between t1 and t2 lies in the same plane. Let

u be the desired displacement field. For all material points m of the imaged region of interest, the

displacement u satisfies:

m(t2) = m(t1) + u(m(t1)). (1)

Consequently, assuming that the surface texture of each material point remains constant during

machining, the gray level intensities Iti of images at times t1 and t2 satisfy, for all pixels xp in the

Region of Interest ω:

It1(xp) = It2(xp + u(xp)). (2)

In practice, many phenomena corrupt this gray conservation law, such as light fluctuations, camera

sensor acquisition noise or pixel discretization. A spatial regularization is thus introduced, and

the problem is written as a minimization one, over a domain ω. The conventional Sum Squared

Difference criterion is implemented here, written as follows:

φt2t1(ω, u) =
∑
xp∈ω

Rt2
t1

(xp, u)2 with Rt2
t1

(xp, u) = It1(xp)− It2(xp + u(xp)). (3)

The residual φt2t1 is then minimized over a kinematic space U in order to determine the optimal

displacement field uopti. Usually, the kinematic space U is elaborated with a set of N shape functions

(ϕ
i
)1≤i≤N defined over ω. The minimization problem is defined as follows:

uopti =

N∑
i=1

aoptii ϕ
i

with aopti = ArgMina∗∈<N

{
φt2t1

(
ω,

N∑
i=1

a∗iϕi

)}
. (4)
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Bold font is used for vectors. Vector a thus collects the N degrees of freedom ai, i ∈ {1, ..., N}. This

problem is incrementally solved. From an initial guess a0, often chosen as null, the increment δait

is computed at each iteration it in order to satisfy the stationarity of φt2t1 for ait. This writes:

ait+1 = ait + δait, with δait|∀j ∈ {1, ..., N}, ∂

∂aj

[
φt2t1

(
ω,

N∑
i=1

(aiti + δaiti )ϕ
i

)]
= 0. (5)

The first term of the Taylor expansion of φt2t1 is considered, and the problem writes:

Mitδait = bit with


Lj(xp,a

it) = ∇It2
(
xp +

∑N
i=1 a

it
i ϕi

(xp)
)
· ϕ

j
(xp)

bitj =
∑

xp∈ω
Lj(xp,a

it)Rt2
t1

(xp,
∑N

i=1 a
it
i ϕi

)

M it
ij =

∑
xp∈ω

Lj(xp,a
it)Lj(xp,a

it)

. (6)

Interested readers can refer to [45, 26] for further information.1

In the literature, two main versions of DIC have emerged, i.e. the local and global versions. The2

mathematical formulation of the problem given in Eq.(2) is identical for both versions. Local DIC3

refers to implementations that rely on small regions of interest ω, called subsets, in combination with4

a low displacement description U . Only the retrieved displacement of the center of the subset is con-5

sidered, and the problem is repeated for another subset. The pixel-wise displacement is determined6

by interpolating the displacement obtained at each subset center. Global DIC, on the other hand,7

relies on a large region of interest Ω, in which the displacement field U is defined for describing the8

kinematics of the whole domain Ω. The next section focuses on the implementation of our proposed9

methodology , combining both versions of DIC, to correct impairments due to unwanted camera10

movements.11

2.2.2. Strategy for determining and for compensating uncontrolled camera movement12

The idea consists in defining two regions of interest ωmz and Ωrz in the camera’s field-of-view:13

• ωmz corresponds to the measurement zone. It is the workpiece surface whose displacement field14

needs to be retrieved. From the camera’s point of view, this displacement is the composition15

of the displacement due to deformation mechanisms that occur during material removal, plus16

the one corresponding to uncontrolled camera movement.17

• Ωrz is an imaged zone of the workpiece support and is named the reference zone. This surface18

remains unaffected during machining and is fixed relative to the machine-tool table. From19

the camera’s point of view and in the absence of camera movement, displacement in this20
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Figure 2: Reference image, which defines the reference state. Two regions of interest are defined here. ωmz is defined
on the workpiece surface and corresponds to the measurement zone. A speckle has been painted on this surface. Ωrz

is the workpiece support surface, a speckle has also been painted on it.

region of interest shall thus remain null. If displacement is observed in this region, this is the 1

consequence of uncontrolled camera movement. 2

Figures 1(b) and 2 show these two zones. Particular attention was paid when clamping the workpiece, 3

in order to ensure that the two regions of interest remain in the same plane. 4

A new DIC criterion Φt is consequently defined as follows

Φt(ωmz,Ωrz, u, urz) = φtt0(ωmz, u+ urz) + φtt0(Ωrz, urz). (7)

where u ∈ U corresponds to workpiece displacement due to machined material removal. urz ∈ Urz 5

reflects the uncontrolled camera movement. Time t0 corresponds to the initial time of the machining 6

and time t to the time of the current state. Kinematics space U and Urz are defined such that : 7

• definition of the workpiece kinematic space U - the goal here is to avoid the use of any restrictive 8

description for defining the kinematics of a workpiece during its machining. Indeed, any 9

advanced description can also act as a filter. U is thus defined as the set of low-order polynomial 10

functions, defined on a small domain called subset. In other words, u is retrieved using the 11

Local version of DIC. Subsets are squares of size 25×25 pixels. Because illumination is difficult 12

to control in our machining context and also because reflex camera features a high noise-floor, 13

matching functions are 0-order polynomial functions. In the present case study, displacement 14

fields of low spatial frequencies are expected. Measurement is unlikely to be affected by the 15

filtering effect of DIC, this latter being considered as a Savitzky-Golay low-pass filter [37, 17]. 16

In other words, only the subset translations of directions e1 and e2 are described here; 17

• definition of the reference kinematic space Urz - Displacements associated with the unwanted 18

camera movements affect the whole images. A global version of DIC is consequently preferred 19

here. Expected displacements are translations of directions e1 and e2, but also rotation of axis 20

e3 and expansion with respect to the e1 direction. The hypothesis is taken considering the 21
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manner in which the camera is attached to the machining table.1

In practice, the determination of displacements u and urz are dissociated for reducing the compu-2

tational cost. φtt0(Ωrz, urz) is indeed first minimized to retrieve urz. Then, φtt0(ωmz, u + urz) is3

minimized to retrieve u.4

The proposed strategy is implemented and two specific procedures are performed to validate it.5

This validation relies on a study of the measurement uncertainty. In these tests, the workpiece is6

not machined, and the retrieved displacement field shall consequently be null. The measurement7

here corresponds only to the effect of camera movements or machining vibrations.8

The first procedure, denoted here Procedure A, focuses on the influence of movement. It con-9

sists in picturing the workpiece without machining. Nevertheless the machine-tool is turned on10

(the spindle is rotating) and the highest acceleration is assigned to the table to quickly reach11

10, 000 [mm/min]. The second procedure, denoted Procedure B, is intended to reproduce the vibra-12

tions generated by machining. As illustrated in Figure 1(b), an extra workpiece, denoted Block #2,13

is clamped to the machining table, close to the observed workpiece, denoted Block #1. In the14

second procedure, machining is performed on Block #2 while the camera is imaging the surface of15

Block #1. For each procedure 100 images are acquired. 99 DIC calculations are thus performed us-16

ing the same reference image for each procedure. Because the purpose is to evaluate the consistency17

of the measurement in the harsh environment of machining, there is no synchronisation between18

camera acquisitions and the machining sequence. Consequently, table accelerations or decelerations,19

but also machining singularities such as the time when the tool enters the material will affect image20

acquisition and thus impair displacement evaluation. Measurement uncertainties for Procedures A21

& B without and with uncontrolled camera movement compensation are illustrated in Figure 3.22

Several remarks can be drawn from these results:23

• Considering Procedure A, results are shown in Figure 3(a). The normalized histograms of the24

raw measured displacement are presented in blue. Red histograms correspond to the measure-25

ments obtained with the same set of images but when the proposed strategy for compensating26

camera movements is applied. For each histogram, the red line highlights the mean data27

value. The observed workpiece is not machined. The measured displacement shall thus be28

equal to zero. Camera movements primarily bias the horizontal component of the measured29

displacement, i.e. u1. Indeed, its average value, denoted here as 〈u1〉, is higher than that of30

the average value of vertical displacement 〈u2〉 which is almost equal to zero. Moreover, a high31

dispersion is noticeable in the raw measurements. Figure 3(a) highlights that the proposed32
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(a) Procedure A (b) Procedure B

Figure 3: Validation of the proposed strategy, which corrects displacement measurements from camera movements.
(a) is related to Procedure A, which focuses on measurement uncertainty due to machining table movements. (b) is
related to Procedure B, which focuses on measurement uncertainty due to machining vibration. Note that data from
pictures acquired when the cutting tool enters Block #2 are excluded. Indeed, tool entry into the material generates
high-frequency vibrations, also inducing the measurement of high-frequency displacement fields (see Figure 4).

strategy strongly reduces this dispersion. These results lead us to assume that the proposed 1

strategy correctly compensates for the measurement impairment due to uncontrolled camera 2

movements associated with table movements. 3

• For procedure B, the observed displacement fields mainly resemble the one displayed in Fig- 4

ure 4(a). Nevertheless, some displacement fields correspond to the one of Figure 4(b). It is 5

assumed that in this case, images were taken precisely when the tool enters Block #2. At 6

these times, the observed workpiece, i.e. Block #1, but also the camera sensor are subjected 7

to high dynamical loading. Figures 4(c) & (d) represent the measurements obtained with the 8

proposed compensation strategy when applied on the same set of images as Figures 4(a) & (b). 9

It is worth noting that this strategy also works well for the highly disturbed displacement field, 10

since the mean values are closer to zero. Nevertheless, in the following, images corresponding to 11

times where the cutting tool enters the material to be machined and thus in which the retrieved 12

displacement maps feature high spatial heterogeneity as illustrated in Figure 4(b) & (d), are 13

excluded from the uncertainty analysis. 14

The uncertainty analyses of the latter are presented in Figure 3(b). Yellow histograms are 15

given for the raw measured displacements. Purple histograms correspond to the measurements 16

obtained with the same set of images but when the proposed strategy compensating for camera 17

movements is applied. As expected, the proposed strategy corrects the unwanted camera 18

movements. This is confirmed by the high reduction in mean displacement values 〈u1〉 and 19

〈u2〉. 20
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(a) raw results, 〈u2〉 = 0.124 [px]
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(b) raw results, 〈u2〉 = 0.184 [px]
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(c) with the proposed compensation strategy, 〈u2〉 =
0.009 [px]
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(d) with the proposed compensation strategy, 〈u2〉 =
0.062 [px]

Figure 4: Observing Block #1 during the machining of Block #2. (a) & (c) are examples of retrieved displacement
fields during machining. (a) corresponds to the raw measurement and (c) to the one offered with the proposed
compensation strategy. (b) & (d) are the measurements obtained when the tool enters into Block #2. (b) corresponds
to the raw measurement and (d) to the one offered with the proposed compensation strategy.

These both strategies ensure to conduct a first repeatability in the harsh environment of machining.1

Images represent indeed independent measurements of an identical material state. Error is in average2

about 0.03 [px] (approx. 1.5 [µm]) and its standard deviation about 0.1 [px] (approx. 5 [µm]).3

This section revisited the original DIC formulation in order to introduce a method that com-4

pensates for uncontrolled camera movements. A study of measurement uncertainties validated this5

strategy. Nevertheless, the particularly harsh environment of machining requires further specifi-6

cation of the DIC algorithm to enable relevant full-field measurements. For instance flying metal7

chips also corrupt DIC measurements. The following section proposes a novel strategy to avoid such8

impairments.9

2.2.3. Online DIC domain definition for measurement in the presence of metal chips10

Machining and more specifically milling produces numerous metal chips. The DIC principle, as11

stated in Equation (2), relies on the conservation of the brightness. Flying metal chips corrupt this12

principle. This is illustrated in Figure 5. This is not, however, an issue for the Local version of13

DIC. Indeed, in the presence of metal chips, the minimization process diverges. No measurement14

is thus available at the metal chip location, as expected. Considering the global DIC version, its15

robustness appears here as a drawback. Due to the large support Ωrz used for the displacement16

calculation, convergence is indeed still ensured when metal chips raise the field of view, but the17

resulting displacement field is consequently corrupted. The idea proposed here consists in redefining18

the domain Ωt
rz, for each time t associated with each image It(xp), in order to exclude flying metal19

chips. The next paragraph details the elaboration of domain Ωt
rz.20
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Figure 5: Photo of the observed workpiece during its machining. (a) image captured by the camera. (b) close-up
corresponding to the red rectangle of (a). (c) absolute value of residual Rt

t0 ,
metal chips are evidently impairing the DIC principle: brightness is not conserved over time.

In practice, DIC minimization is performed through a modified Newton Raphson scheme. Resid- 1

ual Rt
t0 is an excellent indicator of the validity of the brightness conservation hypothesis. It easily 2

indicates whether the introduced kinematics are poorly defined or the DIC principle is not applica- 3

ble. Figure 5(c) shows the absolute value of the residual map Rt
t0(xp, u), for the first iteration of the 4

minimization scheme. This map is limited here to the red rectangular area defined in Figure 5(a), 5

in which a metal chip is obviously present. As expected, the violation of the brightness conservation 6

that this metal chip introduces is also clearly visible in the residual map. The proposed strategy for 7

determining the domain Ωt
rz relies thus on the residual map. Ωt

rz is initialized to Ωrz. Then, at each 8

iteration, a smoothed residual map is computed by applying a moving average filter of width ` on 9

the residual. This smoothing filter is introduced to avoid singularity results close to the metal chip 10

contour. Ωt
rz then gathers all pixels where the smoothed residual is below the threshold value Rlim. 11

Several illustrations of threshold Rlim and width ` of the averaging filter are given in Figure 6. The 12

white pixels of these residual maps correspond to the pixels removed from the initial domain Ωrz 13

to define Ωt
rz. Experience shows that the parameters Rlim = 5000 and ` = 14 [px] are conservative. 14

They are used in what follows. 15

The proposed strategy for taking into account the flying metal chips is then validated by investi- 16

gating the uncertainties of displacement measurements. 100 images of Block #1 are captured. The 17

machining-tool was turned off, though metal chips were nevertheless manually projected into the 18

camera’s field of view. Using the same reference image, 99 mixed Global-Local DIC are performed 19

to measure the displacement field of the imaged area of Block #1. Histograms of the displacement 20

distributions are displayed in Figure 7 for raw and corrected measurements by reducing Ωrz to 21
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0

5000

10000

15000

Figure 6: Illustrations of parameters Rlim and ` on the definition of Ωt
rz. Pixels whose residual exceeds Rlim appear

white on these maps. Only the area defined by the red rectangle in Figure 5(a) is represented. The set of parameters
chosen in what follows is highlighted with a green border.

Figure 7: Displacement uncertainties: raw results and results obtained after the application of the metal chip-specific
correcting filter to residual maps.

Ωt
rz. The average displacement obtained with the correction is closer to zero, with a slightly more1

concentrated distribution.2

This section proposed a time-dependent definition of the region of interest Ωt
rz, on which the3

Global version of DIC relies for measuring the displacement due to camera movements. This online4

definition of the DIC integration domain avoids measurement impairment due to violation of bright-5

ness conservation, due here to flying metal chips. A study of measurement uncertainties validated the6

proposed strategy. Expected measurements feature a standard deviation of approximately 1/10 of a7

pixel, which corresponds here to 5 [µm]. In what follows, any DIC measurements are performed us-8

ing the both strategies for taking into account unwanted camera movements along with flying metal9

12



chips. The harsh machining environment is thus controlled and reliable full-field measurements are 1

possible. 2

3. Measurement of large workpiece behavior during machining 3

The goal of the proposed measurement tool is to provide the deformation of a workpiece during 4

its machining. In its current version however, only in-plane displacements of planar surfaces are 5

considered. This limits the shape of studied workpiece and the machining sequence. Nevertheless, 6

these initial measurements provide a few observations of interest. The focus is thus made on analyses 7

that (i) highlight the machining thermal influence during machining, (ii) validate the proposed 8

tool thanks to a comparison with measurements provided by a traditional off-line measurement, 9

(iii) quantify workpiece deformation due to machining forces and residual stresses, and finally (iv) 10

illustrate the relevance of such instrumentation. 11

3.1. Geometry of the machined workpiece and machining sequences 12

The studied workpiece is presented in Figure 8. Figure 8(b) provides a 3D view and illustrates 13

the so-called top and bottom sides. This geometry was chosen because it is representative of usual 14

aeronautical parts. Pocket bases and thin walls, however, feature a greater thickness than con- 15

ventional aeronautical structural parts. This thickness increase was chosen for two reasons. First, 16

it still limits part vibrations during machining [1]. Moreover, the macro-effects of residual stress 17

induced by cutting or of the cutting tool itself become negligible [15, 43]. Indeed, several works 18

have been realized to measure and/or simulate the residual stress induced by cutting parameters 19

and tool geometry in aluminium alloys [30]. However, in all these studies the affected depth stays 20

below 250 [µm] [24]. Thus, as it is illustrated in Rambaud’s work [30], it influence on part deflection 21

can be neglected in our case since the minimum wall thickness is 4 [mm]. Finally, this geometry 22

has demonstrated its relevance for the study of part deformation during machining due to residual 23

stress in other studies [19, 13, 34]. Indeed, for this test part shape, expected displacements due to 24

residual stress release are readily observable since they are in the order of approximately 0.1 [mm] 25

during machining and a few millimeters when un-clamping the part. 26

The part is machined from a raw aluminum 7010 aluminum block of 886×100×100 [mm3] supplied 27

by Constellium. It is positioned and clamped on the machining table as shown in Figure 10(a). The 28

part is secured with four clamps and three cylinders ensure part positioning on the machine-tool 29

table. 30
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(a) workpiece geometry

(b) 3D view

Figure 8: Objective geometry of the machined workpiece. Its slender design, obtained after removing 90% of the raw
material, resembles the usual geometry of an aeronautical part.

Tool Diameter Z VC fz Vf ap N
mm (m.min−1) (mm.r−1.teeth−1) (mm.min−1) (mm) (r.min−1)

End-mill D32 32 3 1000 0.1 2984 2 9947
End-mill D100 100 6 1000 0.1 1911 1 3185

Table 1: Tools and cutting parameters: Z, number of teeth; Vc, cutting speed; fz, feed rate per tooth; Vf , feed rate;
ap, depth of cut; N , spindle speed.

The cutting conditions used are summarized in Table 1. Two cutting tools are used, an end-mill1

of 32 [mm] diameter and an end-mill of 100 [mm] diameter. Tool details and cutting condition are2

given in Figure 9. The machining sequence consists of three stages, called “Phase 02”, “Phase 10”3

and “Phase 20” and illustrated in Figure 10(b-d). Between each machining phase, the part is flipped4

upside down.5

Detailed descriptions of the three phases are given in what follows:6

• Phase 02. The first machining operation consists of a uniform 2 [mm] surface milling on the7

top side with end-mill D100 in order to obtain a planar surface consistent for part positioning8

Figure 9: Tool details.
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(a) Machining positioning

(b) Material removal performed in Phase 02

(c) Material removal performed in Phase 10

(d) Material removal performed in Phase 20

(e) Illustration of the machining sequencing. The yellow box corresponds
to the camera field of view.

Figure 10: (a): Machining positioning is achieved with three point contacts. (b-d): illustrations of the machining
performed during the three machining phases. Material removals are represented in red.

in phase 10. 1

• Phase 10. This phase consits of three machining operations, that generate the bottom side 2

shape of the workpiece, as shown in Figure 8(b). The first operation consists of a uniform 20 3

[mm] surfacing with end-mill D100. The notches dedicated to the clamping for Phase 20 are 4

then machined using a face and side milling cutter. The final operation consists in machining 5

two closed pockets at both ends of the part, along with a large open central pocket with 6

end-mill D32. The geometry shown in figure 10(c) is obtained. 7

• Phase 20. Clamping is performed with four clamps, which apply a pressure on notches 8

previously machined in the workpiece. A torque wrench is used to apply a torque of 60 9

[N.m] to each load screw. Phase 20 comprises two milling operations. The first one consists in 10

surfacing 18 [mm] of the top side of the workpiece with end-mill D100, as shown in Figure 8(a). 11

After this operation, the workpiece reaches the desired height of 60 [mm]. The second and 12

last machining operation consists in milling the 9 pockets of 43 [mm] depth with end-mill D32. 13

Each pocket consists of two sub-pockets; the upper sub-pocket is a 29 [mm] open pocket and 14

the bottom sub-pocket is a 14 [mm] closed pocket. The final geometry shown in Figure 8(b) 15

is obtained. The pocket machining sequence is indicated in Figure 10(e). During the final 16

passes of each closed pocket, the depth of cut is first reduced to 1.5 [mm], then to 1 [mm] when 17
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vibration phenomena appear. The camera’s field of view is also depicted in Figure 10(e).1

DIC relies on the comparison of two images to retrieve the displacement field that differentiates2

them. The resulting displacement is consequently defined relative to a reference image. The whole3

machining, clamping and un-clamping sequences are thus observed with DIC in order to accurately4

compute the displacement field at each moment. The image acquisition frequency is 0.2 [Hz]. It is5

worth noting that to perform this DIC measurement, lubrication is not possible. Consequently, the6

part heats up during machining. In order to limit the impact of the thermal expansion phenomenon,7

delays are implemented after each surfacing and pocketing operation. The image acquisition fre-8

quency is reduced to 1/30 [Hz] during these cooling periods. Approximately 2000 images are acquired9

during one complete part machining operation.10

3.2. Measurement of ahick workpiece behavior during surface machining11

Lubrication is here not performed, in order to limit the masking of the observed surface by the12

camera. This was taken into account for setting up cutting parameters. Nevertheless, the heat13

generated by machining is not dissipated and this leads to an increase in workpiece temperature,14

which in turn induces isotropic expansion. This is particularly true when the machining operation15

removes material over a significant length of the workpiece, as during the first surfacing operation16

of each phase. Thermal expansion is observed and studied for the first machining stage of Phase17

20. This initial study presents the kind of results obtained with our developed in-situ measurement18

method. Four images are taken at times t0, t1, t2, and t3. The corresponding times are defined in19

Table 2. Four DIC field measurements are computed, denoted ut1t0 , u
t2
t0
, ut2t0 and ut3t2 . Note that utbta is20

the displacement field between times ta and tb. These displacement fields are shown in Figure 11.21

t0 Initial time (unclamped raw part).

t1
Start of Phase 20, after clamping. Phase 02 and Phase 10
already realized.

t2 End of the first 18 [mm] deep surfacing of Phase 20.

t3
t3 = t2 + ∆t, with ∆t equal to 20 [min]. No machining has
been performed during ∆t.

Table 2: Definitions of times t0, t1, t2 and t3.

This gives rise to a few observations:22

• The order of magnitude of the displacement maps is higher than the uncertainties. The pre-23

ceding section concluded that the standard deviation of the measurement is approximately 0.124

[px]. This is below the spatial distribution of the retrieved displacements. When considering a25
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small region of interest, as illustrated in Figure 11(e), heterogeneities in the displacement fields 1

are related to noise propagation, from images to displacement fields or are due to the pattern 2

itself [7, 8, 38, 39]. Observed measurements are thus in their confidence range and correspond 3

to workpiece surface deformation. We can thus use this measurement of displacement fields to 4

analyze part behavior. 5

• Figure 11(b) displays the horizontal (left-hand side) and vertical (right-hand side) displace- 6

ments of the observed surface at time t1, i.e. after the clamping of the workpiece for Phase 20 7

(beginning of Phase 20). Thus, the measured displacement ut1t0 is due to the machining oper- 8

ations performed during Phase 02 and Phase 10, and to the clamping operations. 9

Between times t0 and t1, the workpiece was clamped three times and un-clamped twice. Such 10

workpiece movements mainly explain the measured horizontal displacement. Workpiece bend- 11

ing by more than 0.1 [mm] is also observed. This is the consequence of the residual stress 12

release due to the 20 [mm] thick material removal of Phase 10. It explains the measured ver- 13

tical displacement values which are near 20 [mm] due to a Phase 20 part positioning on the 14

Phase 10 machining plans at the two ends of the workpiece. 15

• Figure 11(c) shows the complete displacement ut2t0 of the workpiece from initial time t0 to 16

the first 18 [mm] machining operation of Phase 20. This is the first machining operation of 17

Phase 20. 18

In the measured field, we observed two phenomena. The slender geometry of the workpiece 19

ensures the separation of these two phenomena. The first one concerns the residual stress 20

release due to material removal by machining. This mainly affects the vertical component of 21

the displacement (right-hand side of Figure 11(c)), which consequently slightly unbends in this 22

machining case. Machining also generates heat that warms up the workpiece. Consequently, 23

this latter expands. Due to the particular geometry of the workpiece, this is observable in the 24

horizontal component of the displacement field (left-hand side of Figure 11(c)). In this figure, 25

we can see that the workpiece homogeneously deforms until 0.3 [mm]. 26

• A delay of 20 [min] is introduced to observe the displacement due to the thermal cooling 27

of the workpiece. Figure 11(c) shows complete displacement ut3t0 of the workpiece after this 28

thermal release. The color scales of horizontal and vertical displacement maps, resp. left- 29

hand and right-hand sides, are identical to the Figure 11(b). This allows us to focus on 30

the disappearance of the kinematic expansion associated with the cut-off of thermal heating. 31
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This is highlighted in Figure 11(d), which shows only incremental displacement ut3t2 due to1

workpiece cooling from t2 to t3. Because of the machining positioning elements, which are2

on the right side, thermal expansion stretches the workpiece to the left side (left-hand side3

of Figure 11(d)). Displacements related to the thermal release of the workpiece correspond4

to relatively homogeneous strain spatial distribution. This was expected because of the large5

surface that has been machined and the workpiece geometry.6

This initial analysis of the results provided by this in-situ measurement method validates the7

relevance of the measured displacement field during machining. In the following section, an analysis8

of part deformation after machining is conducted to validate the results obtained.9

3.3. Measurement of final geometrical features - validation of the DIC measurement tool10

The in-situ and contactless measurement technique is validated by comparing the estimated final11

machined workpiece geometry after unclamping with a measured one, obtained by probing using a12

Coordinate Measuring Machine (CMM).13

The vertical positions of the bottom surface of each pocket are estimated by DIC or measured by14

CMM. Figure 12 illustrates the vertical positioning error that is deduced with these two measurement15

tools. DIC measurements rely here on two cameras. Camera #1 is the same as the one studied until16

now. An extra one, denoted here Camera #2 has been added to extend the workpiece observation17

window to the left-end front clamp. There are no DIC measurements for x1 ∈ [20, 50] [mm] as18

the clamp hides the workpiece surface. Camera #2 is a Nikon D3, featuring a 12 Megapixels19

CMOS sensor, equipped with a Nikkor 105 [mm] lens. The same table movement and metal chip20

compensation strategies are implemented. For each pocket, the DIC estimation of its position is21

based on the comparison of the reference image, defined by an image of the raw workpiece, with the22

last available image taken during pocket milling. The position of a bottom pocket combines this23

estimation when the workpiece is clamped with the final displacement of the unclamped workpiece.24

Because the positions of 7 pockets are presented in Figure 12, it thus summarizes 7 different DIC25

measurements. These results show a relatively good agreement between in-situ DIC measurements26

and offline probing measurements. This agreement validates the in-situ DIC measurement tool.27

3.4. Workpiece deflection due to machining forces28

The proposed DIC measurement tool is used in this section to perform in-situ measurements.29

This first analysis is used in particular to study the effect of milling force on workpiece deformation.30

For this purpose, DIC compares an image taken at time tb, corresponding to the instant immediately31
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(b) ut2
t0
, with t2 corresponding to the end of first 18 [mm] surface machining of Phase 20.
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Figure 11: Observation of the first machining operation of Phase 20. See Figure 2 for the first picture of the machining,
which thus describes the initial state, at time t0. Grey value images, which are used in the background here, are the
current images used for each DIC measurement. Material was removed during Phase 10 on the bottom of the workpiece
from t0 to t1. From t1 to t2, the first material removal of 18 [mm] of Phase 20 was performed on the top side. (e)
illustrates the spatial distribution of the results in the small red box plotted in the right-hand side on (d). This
distribution shows the order of magnitude of the measurement uncertainty.

19



0 100 200 300 400 500 600 700 800
-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

Figure 12: Focus on the position of the top surfaces of the workpiece: gap between expected and measured posi-
tions. Measurements are performed with a conventional probing CMM (black crosses) or estimated thanks to DIC
measurement during workpiece machining (lines).

after the pocket is finished and when the tool is out of the material, with the one taken at time1

ta at the end of pocket machining operation when the tool is still removing material, tb > ta. The2

machining of Pocket #5 is studied here. The displacement field between these two times is illustrated3

in Figure 13 showing horizontal and vertical component of displacement utatb and an illustration of4

part displacement as a magnified deformed mesh. The magnification factor here is 150.5

These DIC measurement means serve to measure part deflection due to cutting forces. In this6

studied case, the maximum measurement vertical displacement value is near 0.05 [mm]. Thus, this7

in-situ measurement allows the collection of information about the macro-interaction between tool8

and workpiece.9

3.5. Full-field measurements during machining - studying the workpiece behavior10

The proposed DIC measurement tool is also used to observe workpiece deflection during ma-11

chining. Such observations are useful for the validation of the numerical simulations that propose12

predictions of workpiece deflection due to residual stress. Here, images are thus regularly taken and13

DIC applied to them. The focus is on Phase 20 during the pocketing operations, when the tool14

is out of the material and the considered reference image depicts the workpiece before clamping.15

Results are shown in Figure 14(a). Such fields would perfectly feed an inverse method, for instance16

the Finite Element Updating Method, to estimate the initial residual stress distribution.17

The workpiece is maintained clamped throughout the machining sequence. Consequently, the18

observed displacements are strictly induced by the removal of material and the milling process.19

It corresponds to thermal heating of the workpiece and to its elastic response after the release of20

residual stress. To minimize the thermal effect a delay ∆t, as discussed in Section 3.2, was allowed21

at the end of each pocket milling before taking the corresponding photo. This effect is omitted in22

what follows.23
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(c) Illustration of the displacement field represented as a magnified deformed mesh (magnifi-
cation = 150)

Figure 13: Displacement fields uta
tb

due to milling forces. DIC is inversely applied here on two consecutive images.
The reference image, taken at time tb, corresponds here to the first image taken once Pocket #5 is finished. The
current image, taken at time ta, is the last one imaging the milling of this pocket. (a) and (b) respectively show the
horizontal and vertical displacements, on top of the considered current. An illustration of this displacement field is
provided in (c), where a mesh is deformed with the displacement, magnified 150 times.
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Figure 14: (a) Horizontal component (left-hand side) and Vertical component (right-hand side) of the displacement
measured at the end of the machining of each pocket. The red line plotted on the ninth pocket maps shows the
position of the extracted displacements used for figure (b). Note the inverse direction of the y-axis, which has been
chosen for clarity and to remain consistent with the reference system of the problem (see Figure 2).

The largest displacements are observed once half of the machining sequence has been performed.1

Because the pockets are machined one after the other, the middle of the machining sequence coincides2

22



with the time when the workpiece is the least symmetrical. The flexure stiffness of the workpiece 1

is thus less homogeneous at this time, and the displacements reflect this singularity. The retrieved 2

displacements reveal a beam-like behavior of the workpiece, which is mainly explained by its beam- 3

like geometry. Despite their richness, full-field maps are difficult to interpret. For this purpose, the 4

workpiece is considered as a beam and the measured displacement fields serve to infer its movement 5

during machining. The considered neutral fiber is defined as the middle line of the unmachined part 6

of the bottom of the workpiece. This line is plotted in Figure 14(a) for the ninth pocket. For noise 7

reduction, line displacement is computed on a ±50 pixel vertical band width. Results are illustrated 8

in Figure 14(b). Measurement #1 is depicted with the red line. It consists of the preceding full- 9

map results, but reduced to the neutral fiber displacement and completed with the measurements 10

obtained thanks to the use of the extra camera #2 as in Section 3.3. The measurements of a second 11

machining workpiece, identical to the one described until now, were also performed for validation 12

purposes. This second machining is denoted here as Measurement #2 in Figure 14(b). The raw 13

measurement directly given by the DIC tool is the blue dashed line. A solid rigid movement occurs 14

between the workpiece and the machining table, certainly due to mispositioning of the workpiece 15

prior to clamping. A simple translation of the results has been introduced, giving the yellow line. 16

The displacement observed for this second machining is finally in excellent agreement with the one 17

corresponding to the first machining. 18

Since the reference image captures the workpiece before clamping, the retrieved displacements 19

sum the effects of the clamping, of the first 18 [mm] surfacing and of the pocket milling. The focus 20

is first made on the removal of 20 [mm] material on the bottom surface of the workpiece during 21

Phase 10. Once unclamped, the workpiece bent. Because Phase 20 processes the top surface of the 22

workpiece, this latter is flipped upside down and clamped once more. This last clamping forces the 23

workpiece to deform and induces an initial displacement of the workpiece, which is then observable 24

at the end of the first pocketing in Figure 14(b). The clamping system constrains a small area of the 25

workpiece bottom, and consequently a slight vertical displacement is observed above the clamping 26

system. The analysis of these measurements allows the determination of undercut or overcut during 27

machining, which are mainly due to the residual stress release. Such a study thus allows to choose 28

a machining sequence to be chosen with regard to the expected accuracy of the final workpiece 29

geometry. 30
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4. Conclusion1

Machining community calls for a better instrumentation of the machining tool. Multiple phenom-2

ena occur during material removal and machined workpiece deforms during machining operation,3

and does not satisfy the expected geometry constraints. In this paper, the DIC technique, widely4

used in the experimental mechanics community, has been generalized to the harsh context of ma-5

chining. A new in-situ DIC measurement tool is indeed proposed to quantify the deformation of a6

workpiece during its machining. The main advantages of the proposed tool consist in its contactless7

feature and the fact that it provides full-field maps.8

In order to ensure consistent measurements in the unusual environment of machining, a numerical9

compensation of camera movement and chip filtering is developed. These approaches are validated10

thanks to a thorough study of measurement uncertainty. Expected measurements feature a standard11

deviation approximately 1/10th of a pixel, which corresponds here to 5 [µm]. Moreover, two identical12

machining sequences are measured and are in excellent agreement.13

The measurement tool is then implemented to analyze workpiece behavior during machining.14

Various phenomena are observed and discussed, such as thermal expansion, residual stress release15

or workpiece deformation due to machining force. The outputs offered by this measurement tool16

provide the experimentalist with new perspective to assess workpiece position during machining.17

The perspectives of such a tool are numerous. Amongst others, it greatly facilitates the numerical-18

experimental dialogue required for characterization purposes or simply as validation of numerical19

prediction of workpiece deformation during machining. Further work will extend this 2D measure-20

ment tool to 3D.21
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