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Abstract. X-ray Computed Tomography (XCT) combined with Digital Volume Correlation (DVC) enables
for internal displacement and strain measurements in deforming materials. The long acquisition time of
tomographic scans restricts analyses to a few static loading steps and prevents from time-dependent or
nonlinear mechanism quantification. Projection-based DVC (P-DVC) addresses this limitation by exploiting
projections acquired during continuous loading, providing substantially higher temporal sampling.

This study assesses a spacetime framework of projection-enhanced DVC for the in situ investigation of
a 3D-printed lattice. Global DVC displacement fields are used to construct reduced spatial bases, namely,
(i) a pure data-driven basis, (ii) a mechanics-only basis derived from an elastic compression solution, and
(iii) a hybrid mechanics-data basis combining both. P-DVC then exploits the projections to identify the
temporal amplitudes associated with these modes, thereby reconstructing the time-resolved kinematics with
aresolution of 3.7 s, nearly two orders of magnitude faster than conventional 3D-to-3D DVC.

Nonlinear mechanisms were detected ahead of their clear expression in tomographic reconstructions.
The hybrid reduced-order approach provided interpretable kinematic fields while preserving the predictive
accuracy of data-driven strategies. The projection-enhanced DVC framework thus enabled for temporally
dense and spatially resolved in situ measurements, providing the type of rich datasets required for the
identification and learning of complex constitutive models.

Keywords. In situ tests, Digital Volume Correlation (DVC), projection-based DVC (P-DVC), spacetime analy-
ses, model reduction.
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1. Introduction

X-ray Computed Tomography (XCT) has become a widely used imaging technique in experi-
mental mechanics as it enables for the non-destructive reconstruction of three-dimensional mi-
crostructures from series of X-ray radiographs [1]. When combined with Digital Volume Correla-
tion (DVC), XCT provides access to full-field displacement and strain measurements within the
bulk of materials [2-4]. This capability has considerably advanced the study of heterogeneous
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materials and architected structures, allowing for the quantitative characterization of deforma-
tion mechanisms and the correlation of the local kinematics with evolving microstructural fea-
tures. With the development of dedicated in situ loading devices compatible with X-ray scan-
ners [5,6], it has become possible to probe mechanical responses under complex loading condi-
tions.

Despite these advances, standard DVC procedures suVer from a fundamental limitation,
namely, each tomographic volume requires hundreds to thousands of projections to be collected
while the specimen is maintained static. Depending on the imaging system, a single scan may last
from several minutes to several hours [7]. Consequently, DVC analyses are restricted to a limited
number of discrete and static loading steps. The material response between two consecutive
scans is not accessible, and time-dependent phenomena such as viscosity or crack propagation
cannot be adequately captured. Moreover, motions during long scans may introduce artifacts
that deteriorate the reconstruction quality [8]. To mitigate this eVect, acquisitions are typically
started only after the measured force stabilizes [9].

Two main strategies have been explored to alleviate these limitations. One approach, on
the hardware side, consists in performing very fast scans at synchrotron facilities using high-
brilliance X-ray beams and high-speed detectors [8,10]. Although this route allows for 20
to 1000 Hz temporal resolutions (i.e. volume acquisitions per second), it comes with drawbacks
such as limited accessibility, limited field of view, high radiation doses, and reconstruction arti-
facts caused by vibrations and motion blur. In addition to improving the image acquisition (or
optimizing current systems [11]), an alternative route, on the software side, relies on projection-
based methods that exploit the temporal richness of radiographs without reconstructing full vol-
umes. Projection-based Digital Volume Correlation (P-DVC) belongs to this class. These meth-
ods make use of a reference reconstructed volume and a series of 2D X-ray radiographs recorded
during continuous loading. By correlating these projections with the 3D reference image, P-DVC
enables for the measurement of internal kinematic fields at intermediate loading states, eVec-
tively extending DVC into the temporal dimensions by several orders of magnitude [4,12]. In this
way, P-DVC enables for four-dimensional (3D in space + 1D in time) kinematic measurements
over complete loading histories with significantly shorter acquisition times and lower radiation
doses.

Recent studies have highlighted the potential of P-DVC for capturing the full spatiotempo-
ral evolution of deformations of complex materials. DiVerent formulations have been proposed,
either based on spacetime discretizations of the displacement fields [12], or on spacetime ap-
proaches in which spatial modes are obtained from scan-wise DVC and only the temporal am-
plitudes are identified from radiographs [13,14]. These strategies have been successfully ap-
plied to fiber-reinforced polymers [15], polymer composites [14], and mechanical metamateri-
als [13,16,17], showing that a limited number of spatial modes was suY cient to reconstruct the
kinematic history up to specimen failure.

In parallel, architected materials fabricated by Additive Manufacturing (AM) have attracted
growing interest for their ability to decouple geometry and material properties [18]. Lattice struc-
tures in particular may exhibit highly tunable deformation behaviors such as bending, buckling,
and controlled collapse [19]. However, their mechanical performance is strongly aVected by
process-induced features, including surface roughness, porosity, and residual stresses induced
by Selective Laser Melting (SLM) [20]. These imperfections introduce variability and may trigger
premature failure [16,17], underscoring the importance of detailed in situ investigations. While
DVC is well suited for such analyses, the limited temporal resolution of classical approaches re-
stricts its ability to capture fast or nonlinear events such as damage initiation and growth [4,14].

The present study addresses this challenge by projection-augmenting DVC to investigate
the mechanical response of an SLM-fabricated body-centered cubic (BCC) lattice made from
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AlSi10Mg powder. Full 3D volumes acquired at selected loading steps are analyzed with finite-
element based DVC to measure high-resolution displacement and strain fields. In parallel, time-
resolved radiographs acquired throughout the loading history are exploited via P-DVC to interpo-
late the deformation states between scans. This spacetime approach yields temporally dense and
spatially resolved measurements, enabling for the identification of deformation mechanisms as
they develop.

The objective of this work is to demonstrate, on a BCC lattice subjected to uniaxial com-
pression, that a projection enhanced DVC framework recovers the time-resolved (4D) internal
kinematics for each treated projection while preserving the spatial fidelity of scan-wise FE-DVC.
Three reduced kinematic descriptions are benchmarked, namely, (i) a data-driven SVD basis,
(ii) a mechanics-only elastic basis, and (iii) a hybrid basis that complements elasticity with SVD
modes of the residual motions. The performance is assessed against DVC results in terms of am-
plitude monitoring, displacement error, projection residuals, computational cost, and sensitivity
to the onset of shear banding and damage. To the best of the authors’ knowledge, this is the first
study to unify DVC and P-DVC with side-by-side, mechanically-enhanced mode-truncated kine-
matic models. This combination enables not only for early monitoring deviation from elastic-
ity between each projection, but also provides physically interpretable, yet data-rich, kinematic
models that open new possibilities for the identification of advanced constitutive models.

2. Material and methods

This section presents the studied lattice and the in situ XCT compression test that was carried
out. Last, the DVC and P-DVC protocols are described.
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Figure 1. CAD model of the studied BCC lattice.

2.1. Studied sample

The sample considered herein is a Body Centered Cubic (BCC) lattice of outer dimension 40£40£
40mm?3 (Figure 1). The unit cell, of outer dimension | £1 £1 ~ 10£10£10 mm?, contains 8 beams



498 Pierre Latil et al.

of circular cross section of diameter 2 mm and of length I, ™ (1/2) p§ ... 8.66mm that connect
the center of the unit cell to its corners. These nominal values were used to design the lattice
in the CAD software. The resulting CAD file was then used to produce the sample by Selective
Laser Melting (SLM) using an EOS M290 LPBF (EOS GmbH) machine with AlSi10Mg powder. The
printing parameters and material composition are reported in Appendix A.

2.2. In situ compression test

The compressed sample was imaged using X-ray computed microtomography (CT) [1]. Such
imaging technique is non-intrusive and provides 3D images of samples tested in situ [21]. The
test was carried out under displacement-control and the force was measured by the load cell
of the testing machine (Figure 2(a)-(b)). Compression platens, made of commercial aluminum
alloy, were used (Figure 2(b)) to transmit the load from the in situ testing machine to the sample.
Unlike many other in situ testing machines [21], the one used herein does not entirely rotate,
only the inner platens are rotating. No specific surface preparation was performed prior to
the compression test. The sample was loaded up to failure (Figure 2(e)), with scans taken
at 0.25 mm stroke intervals, the load velocity being 5&m/s. The hardware parameters of the
in situ setup are gathered in Appendix B. Series of 1000 radiographs over 360~ revolutions
were acquired in a little more than 10 min to reconstruct 3D images from the CT scans using
the Simultaneous Iterative Reconstruction Technique (SIRT) [22] after flat field [23] and beam
hardening corrections. The reconstructed volumes covered 98.0 £ 98.0 £ 77.4mm?® with a voxel
size of 100.8 &m (972 £972 £ 768 voxels).

The in situ test consisted of sequences with a loading part (when the crosshead was moved
but with no rotation of the turntable), followed by dwell (i.e. no motion of the crosshead and the
turntable), and then by a tomographic scan (no motion of the crosshead and full rotation of the
turntable). During each step, which includes loading and dwell, radiographs were acquired on
the fly. Two temporal bases are considered. First, the time t since the start of the experiment.
Second, the time duration for scanning, which corresponds to turns T. The turns are gray
shaded in the figures where temporal histories are reported (Figure 2(c)). Figure 2(a) shows the
force F vs. prescribed displacement U after a preload of about 1 kN was applied to maintain the
sample during the reference scan acquisitions corresponding to turns 0 and 00, not shown here).
This curve exhibits a linear regime until turn T ™ 2, i.e. U ... 0.75mm, then a nonlinear regime
between turns T ~ 3 and 7, and finally a small softening regime between turns T ~ 7 and 9
until failure (between turns T ~ 9 and 10 (Figure 2(a) and (e)). Load drops are visible at each
interruption (Figure 2(a)); they reflect relaxations that occurred when the loading was stopped
before scan acquisitions. The non monotonic decrease of force during scan acquisitions (see
inset of Figure 2(a)) was due to minute misalignment of the compression platens with respect
to the rotation axis. Twelve tomographic scans were acquired, namely, two in the reference
configuration for uncertainty quantification (i.e. T ~ 0 and 00), nine in deformed configurations
(T 71§ 9) and one after failure of the specimen (T ™~ 10).

Figure 2(c) shows the testing machine crosshead displacement U history since the start of
step 1. If the loading time is 50 s at each step (i.e. 0.25 mm at 5&m/s), the total duration of each
step is variable, between 2 and 12 min, because it includes some time to setup the projection
acquisition and launch the testing machine crosshead displacement, the dwell — manually
interrupted when the force seemed to be stable — and some time to get back in scan acquisition
mode. The experiment lasted 2h and 49 min. Besides the CT scans, a total of N ~ 9362
projections was acquired during the nine steps at a constant projection angle (t) ~ 0 (i.e. in
the y j z plane, Figure 2(b)).
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Figure 2. (a) Force F vs. crosshead displacement U. Inset: force F vs. time t for step 4 composed of loading with

(1)~ 0, dwell where U ~0and (t) ™ 0, and (gray shaded) scan acquisition T with 0= (t) = 2.... (b) Picture of the
sample during the in situ testat ~ 0. (c) Crosshead displacement U vs. time t (the gray shaded areas highlight
the scanning turns). (d)-(e) 3D renderings of the sample for U = 1 mm stroke (T ~ 4) and at failure (T ~ 10),

respectively.

Projection enhanced DVC [13] generally consists of first performing DVC analyses on the
3D reconstructed volumes. The corresponding time frame is thus parameterized by the turn
number T. From these DVC fields, a singular value decomposition is performed to extract the
dominant spatial components [16]. The corresponding temporal components are then obtained
via P-DVC, which registers each individual radiograph, whose time frame is defined by t. In the
present study, diVerent spatial bases are constructed and P-DVC is run to measure the associated
temporal amplitudes. If a quantity depends on t, it is related to P-DVC, and if it is a function of T,
it generally corresponds to DVC analyses.
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2.3. DVC stage

In DVC, the conservation of gray levels of image | is assumed throughout the experiment. This
hypothesis states that the gray level (absorption) of each material point X is considered constant
between di Verent 3D reconstructions. Hence, for each deformed image I+ (x) &l (x,T), thereis a
displacement eld u(x,T) such that

IT(x)/Eloixi u(x,T)¢, 8T 2[0,Tengl, Q)

where lg is the 3D image of the reference state (i.e. when the displacement u(x,T A0) A£0).
Note that, contrary to standard DVC procedures written in Lagrangian setting, this equation is
written in the Eulerian framework. This formulation eases the transition toward P-DVC and only
requires a straightforward change of frame in the implementation. The measured displacement
eld umeas is determined by minimizing the sum of squared gray level di  Verences
P PP T T T 1 ¢
©DVC {A} £ lo xi ux{A} i IT(x) ", (2)
ROI

where {A} denotes the column vector that gathers all nodal displacements, ROI the selected
region of interest, and the gray level residual Ypyc(X, T) at each voxel x reads

i i .. ¢c¢
Yove(X, T) AElo xi u x,{A} i IT(x). 3

Note that this DVC residual is the only quantity that will be displayed in the reference coordinate
system k (with u(x,t) ://Exi k/AEb(k,t)).

The DVC solution is penalized by mechanical regularization expressed with the equilibrium
gap

S N N R
A2,'{A}Y EAY [K]” [KHAL, (4)
such that
O NN PP ,i . 6¢
AT) meas #EArY 4 Opbvc (A} Awm©Op, {@Y (5)

where {@\} denotes the column vector of incremental nodal displacements, and[ K] the rectangu-
lar sti Vness matrix associated with bulk and free surface nodes. The relative contribution of both
terms is controlled by the weighting of the mechanical regularization term. This weight, W, IS
proportional to the regularization length  * 1, raised to the power 4 [24].

2.3.1. Mesh of the reference con guration

In the present case, unstructured meshes made of 4-noded tetrahedra (T4) are chosen to al-
low for a faithful description of external surfaces [25]. This T4 mesh was obtained directly from
the surfacic STL le of the sample (Figure 1) using Matlab PDE toolbox. Therefrom, the nodal
coordinates were scaled with respect to the CT resolution (i.e. 100.8 &m/vx, Figure 3(a)). It re-
sulted in N noge Z££30155 and N gem Z£97893 (Figure 3(a)) with an average element length of
Y.4.6vx (¥40.5mm), which allows for a rather good description of the beams within the sample
(Figure 3(b)). The mesh size was chosen as a compromise between an accurate description of
the lattice surfaces and computational cost. In the present case, the average element length re-
mained much smaller than the selected regularization length, so that the measured kinematics
was mainly controlled by the mechanical regularization rather than by individual nodal uctua-
tions.

To take into account (i) the possible 3D printing uncertainty, (ii) the small preload in the
reference con guration T A0 and T A00, and (iii) the image (voxel) coordinates, backtracking
was performed using DVC so that the mesh was perfectly superimposed onto the image g [26],
see Figure 4.
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