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Abstract

X-ray computed tomography (X-CT) is a prominent method to observe the internal
composition of objects. It requires solving the inverse problem of reconstructing
the 3d object from 2d X-ray projections. Thousands of projections are typically
needed to obtain a detailed reconstruction. Therefore, it has never been possible to
reconstruct material deformation under dynamic high-speed loading, which has
impeded our understanding of high-speed deformation processes. In this work,
we address this limitation by combining high-fidelity X-CT with differentiable
neural rendering. In our two-stage approach, we first reconstruct the canonical
volume and then use a neural network to predict a temporal deformation field
with a cubic spline output parametrization. We demonstrate the reconstruction of
deforming objects from very few (two) projections which enables a paradigm shift
in reconstruction of dynamic experiments.

1 Introduction

X-ray computed tomography (X-CT) is an established method in medical imaging and materials
research. [[1,22] To carry out X-CT, it is necessary to rotate the object or detector to obtain thousands
of projections of an object from different angles. In recent years ML methods have helped reduce the
number of required projections and the associated radiation dose. [7] However, while the number
of required projections can be reduced to a few hundred, 3d reconstruction of high-speed dynamic
experiments is still not possible due to the prohibitively high rotation rates which would be required.

Therefore, while much has been discovered about the behaviour of materials (bulk, composites,
architected) at quasi-static conditions using interrupted tomography, whereby deformation sequence
is interrupted at discrete steps [[16} 121], 3d characterization of dynamic deformations has never been
possible. Here we address this limitation. As key contributions, we:
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Figure 1: a) Projection geometry. b) Overview of the method.



* adapt neural radiance fields (NeRF) as a canonical model to capture volumetric density
under the assumptions of x-ray attenuation (Beer-Lambert law);

* introduce cubic spline-based deformation field with continuous time parametrization;

* develop a hybrid framework where the high-fidelity X-CT information is combined with
sparse projection views;

* and demonstrate experimentally that these techniques enable the reconstruction of dynamic
deformations from only 2 projections per intermediate timeframe.

2 Background and related work

Few-projection reconstruction Projection-based digital volume correlation was introduced by
Leclerc et al. [8] and Taillandier-Thomas et al. [18]] where the authors used a canonical reconstruction
of the initial volume and few projections during deformation in combination with a finite element
mesh and elastic regularization. The downside of elastic regularization is that a material model has to
be assumed a priori, which defeats the purpose of DVC if the goal is to find out the material model.
The identification of material model from projection was done by Jailin et al. [6]. However, their
sample was a thin quasi-two-dimensional dogbone specimen of low complexity.

NeRF-based approaches The use of neural rendering techniques has been demonstrated in X-ray
imaging, however most of the approaches rely on pre-training the network on a dataset of objects.
[L7, 2} 24] This is normally needed because of the ill-posedness of the problem and high number of
the degrees of freedom. However, we wish to circumvent this limitation. Our goal is to reconstruct
dynamic experiments without pre-training the model on pre-existing database and without assuming
a material model a priori.

Deformable NeRFs Neural radiance approaches for the reconstruction of dynamic scenes can be
broadly classified on the spectrum between full spatio-temporal networks on the one side and methods
which decouple canonical volume from deformation field on the other side of the spectrum. Full
spatio-temporal models are more difficult to optimize and many types of loss are needed, but they are
quite flexible in allowing the topology of the scene to change over time.[23, 3} /9] On the other hand,
two-component frameworks with a canonical field and a deformation field are computationally more
efficient. However, they are limited to scenes in which temporal changes in the scene are topology-
preserving. [12} 50120} 10} 13} [14] Other hybrid approaches exist such as low-rank decomposition of
the parameters of spatio-temporal field [[L1} 4] or higher-dimensional hyperspace [13]].

3 Methods

Overview The geometry of the X-ray projection setup is illustrated in Figure[Th. X-rays are emitted
from the source as a conical beam and pass through the sample, after which the attenuated X-ray
intensity is captured at the detector. Multiple projections X; are captured at corresponding angles
;. The data consists of projections recorded at 50 deformation timesteps (0 < ¢ < 1). At steps
t = {0, 1}, we record 1024 projections which enables full X-CT reconstruction, while at the other
timesteps only 2 projections separated by 90° are captured. For NeRF reconstruction we use a
two-component framework based on a canonical volume and a deformation field similar to the work
by Park et al. [12] (Fig.[Ib). The architecture of the canonical volume is based on the default nerfacto
method in nerfstudio framework [[19]]. Unlike in traditional scene reconstruction, there is no color
output and appearance does not depend on viewing direction. Therefore, the neural radiance field
in our case is a mapping from coordinates to density O (X7, X2, X3) — o. Rendering with the
Beer-Lambert law leads to the equation for transmittance along ray: T = Ag exp (— Ik a(s)ds).

Hybrid projection and volumetric reconstruction We develop a hybrid method in which we
combine projection loss and volumetric loss (with respect to high-fidelity X-CT reconstructions which
are available at t = 0 and ¢ = 1. The canonical volume is fitted first for ¢ = 0 using a combination
of 128 equispaced projections at ¢ = 0 and high-fidelity X-CT reconstructions (dashed lines in
Fig.[Ip). The deformation field is then trained (solid lines) using all available data (128 projections at
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Figure 2: Simulated experiment vertically stretching a Kelvin lattice. a) 3d model of lattice and
corresponding cross-sections at the highlighted plane. ») Simulated X-ray projections used as training
data. c¢) Reconstructed displacement field ug at various timesteps ¢. Locations near the top of the
object are stretched farther.

t = 0, 128 projections att = 1, 2 projections per timestep at 0 < ¢ < 1, and high-fidelity X-CT
reconstructions at ¢ € {0, 1}).

Spline-based deformation field Deformation can be expressed as three-component displacement
field u; which is a mapping between the reference (canonical) configuration, X,; and the deformed
configuration, x;, such that z; = X; + u; with ¢ = 1,2, 3 representing x, y, z axes. We model the
displacement field using cubic B-spline interpolation based on the work by Rueckert et al. [[15]]:
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where B;(x) is fixed cubic B-spline function, iy, 2,45 are indices of the relevant grid points,
Z1,Z9, &3 are modulo-subtracted coordinates, and w(t);, 4,4, iS a trainable weight of the corre-
sponding spline control point. We modified the standard B-spline field to obtain a time-dependent
deformation field u(z;,t) by extracting the weights from an MLP Q(t) — w(t), i,,i;- Enabling
continuous parametrization of time has practical implications; for instance, it relaxes the requirements
for temporal synchronization of multiple x-ray sources and detectors. While optimization of the
deformation field is done jointly on all available timesteps, it was found desirable to prioritize early
deformation timesteps during early training steps. Furthermore, the B-spline grid is gradually refined
during training.

4 Results

Data efficiency of neural rendering We first establish that NeRFs are an efficient representation
for X-ray data using simulated projections of a lattice (Fig.[Zh). Cross-sectional slices and normal-
ized correlation metric in Table[T]reveal that when relatively few projections are available, NeRF
reconstruction significantly outperforms traditional X-CT method SIRT.

# proj 3 9 16

NeRF (ours) 0.40 0.82 091
SIRT 029 048 0.61

Table 1: Normalized correlation metric for reconstruction of simulated lattice projections.
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Figure 3: Real-world experiments compressing lattices with a plane of defects (a,b) and randomized
microstructure (c,d). a) X-ray projections with arrow indicating localized deformation. ») NeRF and
X-CT reconstructions at ¢t = 0.6. ¢) X-ray projection of randomized lattice. d) NeRF reconstruction
att = 0.6. Surface deviations compared to withheld X-CT data shown as inset.

Verification with simulated data First we verified the optimization of the deformation field with
simulated data where the deformation field was known. In Fig.[Zb we show simulated projections at
t = 0and ¢t = 1. The fitted displacement u3 matched the ground truth closely not only at ¢ = {0, 1}
where high-fidelity volumetric data was available, but also at intermediate timesteps where only 2
projections were available (Fig.[2t). Ablation of the optimization method revealed that the hybrid
method with high-fidelity X-CT data at t € {0,1} and gradual refining of the B-spline grid are
important for the reliable convergence of the deformation to the ground truth.

Reconstruction of deformation experiments We applied the framework to two real-world defor-
mation experiments: Kelvin lattice with a plane of defects (Fig.[3p,b) and a lattice with randomized
microstructure (Fig. [Bc,d); both undergoing compression. Due to the plane of defects in the first
lattice, deformation is localized to a thin band (Fig. [3p). In Fig.[Bb we compare the reconstructed
NeRF with withheld X-CT data at an intermediate timestep ¢ = 0.6. Small deviations are perceptible
in the reconstructed surface but the overall match is excellent. The second lattice with randomized
microstructure is chosen to probe the capacity of the framework to discriminate between density
along occluded ray paths (cf. the lack of periodicity between Fig. [3h and c). NeRF reconstruction at
intermediate timestep ¢ = 0.6 is shown in Fig.[3d. A small cube from the centre of the specimen is
isolated and shown as a zoomed inset. The color map corresponds to the surface deviations between
the NeRF reconstruction and withheld high-fidelity X-CT. Considering the scale bar and that the
resolution of the X-CT is 76 um, the match between the two reconstructions is remarkable.

5 Limitations and conclusions

We adapted neural rendering techniques to the X-ray modality and introduced a two-component
method with NeRF canonical model and cubic spline deformation field with continuous time
parametrization. We make use of the high-fidelity reconstruction at the beginning and end of
the experiment to train the deformation field using only two projections at intermediate stages of
deformation. The framework is demonstrated with one simulated and two experimental datasets.

The two-component framework based on the canonical model and deformation field is limited to
capturing topology-preserving deformations. While it is not a problem for many experimental
systems, a more expressive framework should be used if damage and fracture are present in the
deformation.



Broader impact statement

The presented framework has the potential to achieve a paradigm shift in dynamic in-situ experiments
visualized by X-ray. Up until now, it was only possible to study materials in 3d under quasi-static
conditions using interrupted in-situ X-ray tomography in which X-CT reconstruction with thousands
of projections was acquired at every deformation step. Here we develop a framework in which few
(two) projections at intermediate stages of deformation are sufficient to obtain a 3d reconstruction. For
the first time, it will become possible to develop experiments where high-speed dynamic behaviour
of materials is studied in 3d using simultaneous acquisition from few detectors.
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