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Abstract. To enable an accurate simulation of manufacturing processes, it is essential to characterise

and model the mechanical behaviour of metallic parts up to large deformations. However, after the

onset of necking, deformation becomes highly heterogeneous and the stress is triaxial. By combin-

ing full-field measurements and inverse methods, it is possible to calibrate the mechanical behaviour

beyond necking. A possibility is to use the virtual fields method, by extending its formulation to a

fully three-dimensional approach. However, measuring deformation in the bulk of the material is still

a challenge. To address this limitation, a volume reconstruction method able to estimate the deforma-

tion inside the specimen was proposed and successfully validated. The aim of this work is to estimate

the error of the volume reconstruction method by using a simulated tensile test and the measurement

chain associated with a virtual stereo-DIC setup composed of four cameras. A three-dimensional finite

element model is used to deform synthetically generated images. The DIC field maps obtained with

different setup configurations and DIC settings are used to estimate the error by comparing the recon-

structed volume with the reference finite element model. Results show that the impact of conditions

and DIC settings on the reconstructed volume is low.

Introduction

From a macroscopic point of view, it is essential to characterise and model the mechanical behaviour

of metallic parts up to large deformations, enabling an accurate simulation of manufacturing processes.

However, the occurrence of plastic instabilities at large deformations, such as diffuse and localised

necking [1, 2], introduces additional challenges to the constitutive modelling. Necking makes the de-

formation non-uniform and the stress state inside the specimen triaxial, eventually leading to fracture.

Besides, plastic deformation becomes highly heterogeneous and concentrates within the necking re-

gion. A classical method to characterize the mechanical behaviour is to use the information up to

necking, but it can limit the strain range drastically. Alternatively, by combining full-field measure-

ments with inverse methods, it is possible to calibrate a constitutive model beyond necking where

deformation is no longer homogeneous, such as using the finite element model updating (FEMU)

method [3]. The virtual fields method (VFM) can potentially be used as an alternative to FEMU, but

so far it has been mainly used in the two-dimensional space where plane stress conditions are as-

sumed, and therefore exploiting data beyond necking is not obvious. However, because the stress is

triaxial, using the virtual fields method considering plane stress assumptions is no longer valid, and a

three-dimensional (3D) analysis is required [4, 5].

In material testing and characterisation, the adoption of full-field optical techniques is increasingly

becoming the standard procedure [6]. The advantage of these techniques is the measurement of dis-

placement and strain fields on the specimens’ surface of complex shapes. It enables the transition from

Key Engineering Materials Submitted: 2021-12-01
ISSN: 1662-9795, Vol. 926, pp 2129-2136 Revised: 2022-01-27
doi:10.4028/p-abe455 Accepted: 2022-01-28
© 2022 The Author(s). Published by Trans Tech Publications Ltd, Switzerland. Online: 2022-07-22

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)

https://doi.org/10.4028/p-abe455


classical mechanical tests to more complex ones, leading to more data acquisition from a single test.

Consequently, it reduces the cost and effort of material testing and improves the accuracy of calibrated

constitutive models.

Among full-field optical techniques, digital image correlation (DIC) is the most widespread and

fast-growing method [7]. The most common optical setup nowadays is a two-camera setup that can

acquire the surface displacements in the 3D space (Stereo-DIC). However, using DIC to obtain in-

formation in the bulk of the material is still a big challenge [8]. In the lack of bulk measurements,

plane stress conditions can be assumed to estimate the deformation in the thickness direction. While

technology is still limited to surface displacements, efforts have been made to, at least, reconstruct the

3D displacement field over the whole external surface of solids [9–11].

Starting from surface full-field measurements, a volume reconstruction method, named internal

mesh generation, able to reconstruct the volume displacement field of a solid was introduced [12]. The

proposed method can potentially replace more advanced and costly techniques, and its feasibility was

already validated by numerical and experimental results. However, in-depth uncertainty quantification

of the method has not yet been performed.

The final aim of using the internal mesh generation method is to accurately reconstruct the strain

field over the whole volume of a specimen. To achieve that, first this work aims to estimate the error

of the volume reconstruction method by using synthetically generated images that mimic real experi-

ments. These synthetic images are generated from displacement fields obtained from a finite element

analysis, which are then used to deform a random speckle pattern of the specimen configuration [13].

The interest in using synthetic images is to reduce the gap to experimentally acquired measurements

without having to perform the real experiment.

Internal Mesh Generation Method

The internal mesh generation (IMG) method was proposed with the aim of reconstructing the volume

displacement field inside a solid by starting from surface measurements [12]. It can be applied to flat or

cylindrical specimens, but only the first one is considered here. In the undeformed configuration, flat

specimens are assumed to have a constant thickness and two opposite parallel faces. A requirement of

the IMGmethod is that the displacement field is known a priori on both surfaces, named here SurfaceA

and Surface B. A schematic illustration of the measurement points on SurfaceA and Surface B, both in

undeformed and deformed configurations, is shown in Fig. 1. The coordinate system is chosen so that

the z-axis is perpendicular to the thickness in the undeformed configuration. Additionally, NA and NB

are coordinate vectors representing points in SurfaceA and Surface B, respectively. NA and NB share

the same coordinates in the xy plane, but a different z coordinate.

The IMG method uses quadratic Bézier curves defined by one point on each surface, NA and NB,

and an internal point P inside the volume. The resulting Bézier curve B(t) is defined as

B(t) = (1− t)2NA + 2(1− t)P+ t2NB, (1)

with 0 � t � 1, so that B(0) = NA and B(1) = NB. Additionally, the Bézier curve is tangent to

segment NAP at B(0) and to segment NBP at B(1).
The methodology behind the IMGmethod is schematically illustrated in Fig. 2, for the undeformed

and deformed configurations. For the sake of clarity, the point of view is chosen perpendicular to the

x-direction, however, points and vectors are considered in the 3D space. The internal point P is defined

as the intersection between the straight line perpendicular to Surface A (or Surface B) in NA (or NB)

and the mid-plane perpendicular to segmentNANB. In the undeformed configuration, the internal point

P is simply defined as the average of the surface points NA and NB:

P = (NA + NB)/2, (2)

yielding a straight line from NA to NB. However, in the deformed configuration the specimen is not

flat anymore and two different internal points PA and PB are obtained by starting from NA and NB,
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Fig. 1: Schematic illustration of measurement points of surfaces in the (a) undeformed and (b) de-

formed configurations.

respectively. Then, according to geometrical considerations the internal points PA and PB are defined

as

PA = NA − jNA − NBj2

2 (NA − NB) � n̂A
n̂A, (3)

PB = NB −
jNB − NAj2

2 (NB − NA) � n̂B
n̂B, (4)

where � is the scalar product, and n̂A and n̂B are the normals to Surface A and Surface B, respectively,

at points NA and NB. The internal point P is then computed as

P =
PA + PB

2
. (5)

It can be pointed out that, if the deformation is symmetrical, as it theoretically occurs in isotropic

materials, PA, PB, and P will be coincident. However, because of measurement errors and possible

anisotropy of heterogeneous materials, the former is not usually true.

Fig. 2: Schematic of the internal mesh generation method for flat specimens in the (a) undeformed

and (b) deformed configurations.
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Choosing a suitable number of internal points and repeating this procedure for all the points of

the surfaces a 3D mesh is reconstructed. At the end, the volume displacement and strain fields are

computed using the shape functions of the hexahedral elements, as illustrated in the last schematic of

Fig. 2.

Finite Element Model

To evaluate the accuracy of the IMGmethod when applied to real experiments, a numerical simulation

is used for which the whole volume deformation history is known. The finite element model repro-

duces the necking evolution in specimens under severe plastic deformation. Here, a 20 mm thick flat

specimen is considered, under a plane strain tensile test and an initial rectangular section. The finite

element model is 3D and was built up using the commercial software Abaqus. An eight-node brick

element with reduced integration is used, as well as a large strain formulation. The global element size

is 1 mm and a structured mesh is used in the region-of-interest between 76� 20 mm2 in the xy plane.

The material parameters and constitutive law were chosen to resemble the behaviour of a metal

with high anisotropy. The Hill 48 yield criterion is used to describe the yield surface and Swift’s

power law is selected to describe the stress-strain hardening curve. The input constitutive parameters,

including Young’s modulus E and Poisson’s ratio �, are provided in Table 1.

Table 1: Material’s elastic properties and constitutive parameters used in Hill 48 anisotropic yield

criterion and Swift’s isotropic hardening law.

Elasticity Hill 48 Swift

E [GPa] � F G H N M L �0 [MPa] K [MPa] n
70 0.3 0.252 0.826 0.174 2.242 1.500 1.500 226.7 310.5 0.08

The undeformed and deformed configurations are shown in Fig. 3 where it is possible to notice

that a severe necking occurs at the centre of the specimen. The necking is associated to a complex 3D

deformation field as illustrated over the cross-sections of Fig. 3(c). The maximum strain is obtained at

the inner part of the specimen and, thus, cannot be directly evaluated by surface measurements. The

value of the equivalent strain is about 1, which falls in the range of the fracture strain observed for

ductile metals.

Next, the IMG method is used to reconstruct the internal displacement and strain fields and com-

pared to the reference from the finite element analyses.

Fig. 3: Finite element model of tensile test in the (a) undeformed configuration, (b) deformed config-

uration, and (c) 3D view cut of volume of interest (VOI) with the equivalent plastic strain distribution

in the deformed configuration. Dimensions in millimetres.
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Volume Reconstruction from Stereo-DIC Virtual Experiments

The volume reconstruction error coming from the IMGmethod itself has been established, however, in

real experiments, a large number of experimental conditions will influence the quality of the measure-

ments. To include these conditions in the volume reconstruction, virtual experiments are introduced

to evaluate the uncertainty of the IMG method under experimental conditions. In particular, virtual

stereo-DIC experiments are used to measure more accurately the out-of-plane displacements. To sim-

ulate the measurement chain associated with a virtual stereo-DIC setup, four virtual cameras are used

to measure the displacement field in the front and the back of the specimen, two for each surface.

Recall that one of the requirements of the IMG method is to start from surface measurements of back-

to-back surfaces. The virtual experiments are generated according to the procedure described in [14,

15] to retrieve the displacement fields by deforming a reference speckle pattern. It should be noted

that the procedure is performed for both surfaces of the specimen, and it is as follows:

1. Export FEA mesh and 3D displacement field;

2. Impose FEA mesh onto a reference speckle pattern image;

3. Generate synthetically deformed stereo-DIC images;

4. Perform stereo-DIC measurements;

5. Export stereo-DIC measurements to IMG method.

In real experiments using stereo-vision systems, many factors can influence the accuracy of the

final measurements. Evaluating the influence of all of them in the volume reconstruction would be a

hard and long task. Therefore, a design of experiments is performed by selecting five different factors

which can influence the final stereo-DIC measurements and consequently the volume reconstruction.

These factors can be introduced along the procedure chain presented above. Another factor is the

speckle pattern applied to the specimen. However, to simplify the analysis, an image of a real speckle

pattern, is used as reference to generate all virtual experiments, as shown in Fig. 4.

Fig. 4: Image of real speckle pattern used as reference to generate the virtual experiments.

In Table 2 are shown the selected factors, where for each of them, three different levels are eval-

uated in order to obtain a quadratic response. The design of experiments is composed of 243 virtual

experiments in total. It should be noted that the two stereo-angle values in each level correspond to

the front and back stereo-vision systems, respectively. The noise values correspond to the standard

deviation of a Gaussian distribution for an 8-bit image. MatchID software was used to generate the

synthetic images and perform stereo-DIC measurements [16].
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Table 2: Factors and levels for the design of experiments to evaluate the volume reconstruction from

virtual experiments.

Level Field of View Stereo-Angle Noise Subset Size Step Size

[mm2] [�] [grey level] [px2] [px]

1 76 � 112 15 / 16 0 17 3

2 76 � 148 20 / 21 5 21 5

3 76 � 160 25 / 26 10 25 7

To isolate the influence of introducing virtual experiments in the IMG method, the error is com-

puted as the difference between the reconstruction using FEA and virtual experiments. The results are

presented in Figs. 5 and 6, respectively, for the displacement and logarithmic strain components. The

presented results analyse the major effects of each factor, allowing a comparison of its influence on

the error. Therefore, each level within each factor corresponds to the mean result of 81 experiments.

Moreover, for the sake of simplicity, only the mean of error of all the points or elements in the volume

of interest (VOI) is represented. It is considered that the mean error can describe on an average way

the influence of each factor.

It is observed that an increase in the field-of-view leads to an error increase in all the components

of displacement and logarithmic strain. Moreover, it appears that the field of view is the factor with

the biggest impact out of the five factors evaluated, as variations between levels are more pronounced.

The same pattern can be observed for the noise, even though its impact on the displacement error is

low and is more evident in the logarithmic strain. On the other hand, the subset size appears to have

a low impact on the error. The impact of stereo-angle is not well understood and some conflicting

results are observed. Perhaps the stereo-angle should be analysed in function of lenses focal length,

because the choice of lenses will influence the stereo-angle. Overall, the influence of these factors

is quantitative low in the obtained error. However, these low variations can also be explained by the

range of values selected for each factor. Expanding the range of values can potentially yield different

results, but it is not expected that the error will increase drastically.

Fig. 5: Mean error between reconstructed volume of interest using finite element analysis and using

virtual experiments for the displacement components. Rows corresponds to the displacement compo-

nents and columns to the factors in the design of experiments.
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Fig. 6: Mean error between reconstructed volume of interest using finite element analysis and using

virtual experiments for the logarithmic strain components. Rows corresponds to the logarithmic strain

components and columns to the factors in the design of experiments.

Conclusions

This work estimated the error of a volume reconstruction method, name internal mesh generation,

able to estimate the deformation inside a solid. At first, the reconstruction method was applied to

surface data extracted from a finite element analysis of a tensile test. Stereo-DIC virtual experiments

were successfully applied to estimate the error of the volume reconstruction method. It was observed

that the virtual experiments have a low impact on the estimated error. To understand the influence of

experimental conditions and DIC settings, a design of experiments considering five different factors

with three levels each was performed. It was shown that the field-of-view influences the most the

estimated error, but that overall the influence of these factors is relatively low.
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