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The rapid advancement of industrial technologies, data collection, and handling methods has paved the way for the widespread
adoption of Digital Twins (DTs) in engineering, enabling seamless integration between physical systems and their virtual
counterparts.

The current work presents a comprehensive framework for building robust and scalable DTs tailored for material testing
applications using a Universal Testing Machine (UTM), focusing on core challenges such as model fidelity, data integration,
and computational efficiency. Our goal is to build a DT of a material subjected to cyclic loading. A linear elastic material
model with its governing Partial Differential Equation (PDE) and discretization through the Finite Element Method (FEM) is
considered. The obtained high-fidelity solution is used within the framework of the Reduced Basis Method (RBM) to construct
a reduced model with the help of a well-known greedy method, which significantly improves the computational efficiency.
The solution is further improved by integrating data collected by sensors in real-time through the Parametrized-Background-
Data-Weak (PBDW) method.

The presented approach integrates physical knowledge, which is available in terms of constitutive or material modelling,
and real-time sensor data to construct and continuously update the DTs. Emphasis is placed on the knowledge available
through PDEs, which address the reliability and robustness of the DT model. This work highlights the advantages of the DTs
in predictive maintenance and health monitoring of assets or systems, which eliminates unexpected failures and downtimes in
engineering applications.
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1 Introduction

The Digital Twin (DT) paradigm has emerged as a cornerstone of Industry 4.0 and beyond, fundamentally reshaping how
engineers design, monitor, and maintain physical assets. At its core, a DT is a living, data-driven virtual replica of a physical
system that evolves in lockstep with its real-world counterpart, [3]. By fusing real-time sensor data, operational histories
along with underlying physics, DTs unlock unprecedented capabilities in performance optimization, anomaly detection, and
predictive maintenance, [8].

As an example, in the context of material testing, where understanding fatigue, damage accumulation, and mechanical response
under cyclic loading is critical, the DT concept offers transformative potential with the aforementioned outcomes in industry.
Standard test rigs can be augmented by DTs to enable continuous, in situ model calibration and real-time structural health
assessment to estimate the remaining useful life (RUL), [10].

Despite this promise, the practical deployment of robust DTs presents three interrelated challenges: (1) achieving sufficient
model fidelity to accurately capture relevant physical phenomena; (2) integrating heterogeneous data sources while maintai-
ning numerical stability and physical consistency; and (3) ensuring computational efficiency to support real-time or near-real-
time inference. High-fidelity numerical models based e.g. upon the Finite Element Method (FEM) offer detailed resolution
of generated stress, local strain concentrations, and boundary effects under cyclic loading, but are computationally expensive
and thus impractical for live updates. On the other hand, purely data-driven surrogates are computationally efficient, but may
deviate from the governing physics when operating outside their training regime, in the presence of sensor noise, or in the
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presence of even slight changes in the operating conditions, which happen all the time in the real-time scenario. Moreover,
such models often lack the required engineering precision and accuracy.

To bridge this gap, we propose a hybrid DT framework for a prototypical material subjected to cyclic tension using a Universal
Testing Machine (UTM). We begin with a linear elastic constitutive model governed by a Partial Differential Equation (PDE),
discretized via the FEM to generate high-resolution ,,snapshots* of displacement and strain fields across a range of loading
amplitudes and cycle counts. These snapshots form a Reduced Basis (RB) model, constructed using a greedy-type algorithm.
This RB surrogate offers orders-of-magnitude computational acceleration while maintaining a certified error bound relative to
the full-order FEM model.

To refine the RB surrogate to real-world observations, we employ the Parameterized Background Data Weak (PBDW) me-
thod [10, 16] for data assimilation. Within this framework, the RB solution serves as a background approximation, which
is continuously corrected using sparse, real-time measurements obtained from strain gauges and extensometers mounted on
the specimen. This approach synergistically combines the robustness of physics-based modelling with the adaptability of
data-driven updates, yielding a DT that is both accurate under nominal conditions and resilient to unanticipated perturbations.

The primary contributions of this work are threefold: i) A scalable methodology for constructing RB surrogates tailored for
cyclic material testing is presented; ii) a PBDW-based data assimilation mechanism that integrates sensor measurements with
reduced-order models is shown; and iii) a case study demonstrating the effectiveness of the proposed DT framework on a
UTM platform is performed.

The remainder of this paper is organited as follows: Section 2 is devoted to the problem setting and physical model we consider
in the current paper; Section 3 details the governing equations and the FE discretization, whereas the reduced-order modeling
strategy is presented in Section 4. Section 5 outlines the data assimilation framework and Section 6 presents implementation
details and experimental validation; Section 7 is devoted to the presentation of our numerical results and Section 8 concludes
with challenges and perspectives on extending the presented framework to nonlinear material behavior.

2 Problem Setting and Physical Model

Predicting the mechanical response and degradation of structural components under cyclic loading is a central task in many
engineering domains, including the automotive and aerospace industries, [8], and even for testing benches of vehicles, [9].
Components such as suspension arms, engine brackets, or control mounts are routinely subjected to repeated loading during
service, which over time leads to fatigue damage and eventual failure. Laboratory-based material testing provides a standardi-
zed way to evaluate the endurance of such material structures under controlled cyclic loading conditions.

A common experimental approach is to use a Universal Testing Machine (UTM) to perform tension-compression cycles on
standardized specimens. These tests help to characterize properties such as elastic modulus, energy dissipation, and fatigue
life under repeated loading, [2]. However, traditional testing procedures typically yield only global measures, for instance,
force-displacement or stress-strain curves, and provide little insight into the internal state of the specimen. In particular, they
do not capture spatially resolved strain distributions, stress concentrations, or evolving damage indicators. As a result, early
signs of failure or localized degradation may go undetected.

Digital Twins (DT) offer a promising solution by fusing simulation and data in real-time to create a continuously updating
virtual replica of the physical system. In the context of material testing, a DT enables high-resolution field predictions (e.g.,
displacement or strain) even from sparse sensor data, supports condition monitoring, and enables better fatigue life estimation.
Figure 1 illustrates the DT lifecycle applied to this context, including modeling, data acquisition, and model correction.

In this work, we develop a DT framework for a Polylactic Acid (PLA) polymer specimen subjected to cyclic tensile loading
using a UTM. The core of the model is a dynamic, three-dimensional linear elasticity formulation, which captures the evolution
of displacement and strain under time-dependent loads. The applied load varies only in one direction (typically axial), and even
though the 3D formulation is retained to capture transverse effects and boundary-layer phenomena, the material is assumed to
be isotropic, which discounts the potential anisotropies in material behavior.

The focus is on the elastic regime, consistent with early fatigue studies where plastic deformation is not yet dominant. This
assumption enables us to use linear models for efficient reduced-order modeling and real-time correction via data assimilation,
as described below.

3 Linear Harmonic Elastic Material Model and Finite Element Discretization

We consider a three-dimensional linear elastic solid undergoing small deformations and subjected to external cyclic loading.
The physical behavior of the specimen is assumed to be governed by the equations of dynamic linear elasticity, where the
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Fig. 1: Digital Twin lifecycle applied to material testing.

displacement field u : Q x [0,T] — R? evolves under external forces and inertia. Here, 2 C R3 denotes the spatial domain,
and [0, T is the time interval, ' > 0 being the terminal time. The strong form of the governing equations then reads:

pi(z,t) =V o(u)(z,t) =f(z,t), inQx(0,T), 3.1

with boundary and initial conditions on the Dirichlet I' 5 and Neumann I';y part of the boundary I' := 09 = I'pUTl'y, i.e.,
u(z,t) =0, onT'p x (0,7), (3.2a)
o(u)(x,t)-n=T(x,t), onTy x (0,7), (3.2b)
u(z,0) = up(x), u(z,0)=vo(x), in (2. (3.20)

Rather than solving the fully time-dependent dynamic elasticity problem, we exploit the periodic nature of the applied load
and adopt a time-harmonic formulation. This allows us to reformulate the second-order evolution problem as a parametrized
Helmholtz-type problem in the frequency domain, which significantly reduces the computational complexity while retaining
the essential dynamic behavior. We introduce a time-harmonic assumption. Let p > 0 denote the load period and w = 27 /p
the angular frequency. We assume

u(z,t) = R [a(z)e "], (3.3)

where @ : Q — C3? is the complex-valued displacement amplitude. Substituting into the momentum balance and neglecting
transients yields the frequency-domain (Helmholtz-type) problem, [1]:

—V - o(i)(x) = pw?i(z), in £, (3.4a)
a(x) =0, onIT'p, (3.4b)
o(i)(z) - = T(z), onTy. (3.4¢)

The stress tensor is defined by:
o(t) = Adiv(a) I + 2ue(a), (3.5)

with the strain () = % (Vﬁ + VﬂT) , where F is the Young’s modulus, v is the Poisson’s ratio and the Lamé parameters \
and p are given by:

\ Ev m E
=————— aswellas =—.
1+ v)(1—2v) =90+
3.1 Variational Formulation
Let V := [H&FD ()] be the space of admissible test and trial functions.! The variational (weak) form of the harmonic
elasticity problem then amounts to finding @ € V such that
a(t,v) — pw?m(t,v) = F(v), Yo eV, (3.6)
where the bilinear and linear forms are defined as:
a(u,v) := / o(u) : e(v)dx, m(u,v) := / u-vdr and F(v) := T - vds. 3.7)
Q Q I'n

1 By H, 5»1“1:) (€2) we denote the standard Sobolev space with homogeneous Dirichlet boundary conditions on I'p.
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3.2 Well-posedness: Existence, Uniqueness and Stability

The variational problem (3.6) is of Helmholtz type and involves a bilinear form that is not coercive but satisfies a Garding
inequality. We recall the classical result for such problems:

Satz 3.1 (Fredholm Alternative for Garding-type problems e.g. [1, Thm 3.10.5]) Let a(-,-) be a continuous bilinear form on
a Hilbert space V' and suppose there exist constants « > 0 and 3 > 0 such that:

a(v,v) + Bllvliz () = allvlly, VoeV. (3.8)
Then the associated variational problem
Find uw € V such that a(u,v) = F(v) Yv eV, 3.9)

has a unique solution for all F € V' if and only if the corresponding homogeneous problem admits only the trivial solution.
Moreover, the solution depends continuously on the data, i.e., ||ul|y < C||F|lv-. O

In our case, the bilinear form reads
aw(u,v) = a(u,v) — pw?m(u,v),

is continuous and satisfies a Garding inequality. Provided that the angular frequency w does not coincide with a resonance
frequency (i.e., the kernel of the homogeneous problem is trivial), the solution to (3.6) exists, is unique, and depends con-
tinuously on the data (stability). Hence, the problem is well-posed in the Hilbert space V' := [H&FD (£2)]? and suitable for
numerical approximation by the finite element method.

3.3 Finite Element Discretization

Next, we describe a standard FE discretization. To this end, let 7;, be a conforming mesh on {2 with mesh size h. We define
the discrete finite element space as

Vi, i= {vj, € C°()? | vn|x € P1(K)?, VK € Th, v, =00nT'p}.

Standard approximation properties and convergence results for such elements are provided, for example in [1]. The complex-
valued displacement field @ is approximated as:

Ny, .
an(x) = di(x) U,
i=1

where {¢; zN:"l are the nodal basis functions, and U; € C? are the unknown nodal displacement vectors. Substituting into the
variational formulation (3.6) yields the linear system:

(K(/\v /L) - pw2M)fJ =F,

where K € RV»*Nn g the global stiffness matrix assembled from the bilinear form a(-, -), M € RV»*Nn js the mass matrix
from m(-,-) and F € R™V" is the global load vector assembled from F(-).

4 Building a Reduced Order Model

In our context, the parameters u = (F, v, p,w) as well as loading data are treated as inputs for which rapid online evaluations
are required in the sense that given values of u (e.g. from measurements), the solution u () of (3.6) is required extremely fast,
namely in real-time. We only sketch the main ingredients and refer the reader to [6, 15, 17].

However, the FE discretization of the harmonic elasticity problem introduced above results in a large-scale linear system of
the form:

(K (1) — p(p)w*M(1))U(p) = F(p), @.1)

where p € P C RP (here p = 4, see above) is a vector of parameters, and I]'(u) € CN» is the complex-valued nodal
displacement vector. As above, but now stressing the parameter-dependence of the quantities, the matrices K () and M ()
are the stiffness and mass matrices of (large) size N, x Ny, respectively, and F(11) is the parameter-dependent load vector.

While this formulation accurately captures the system dynamics, solving (4.1) for many values of u (e.g., in a real-time DT
setting) is computationally infeasible due to the high dimension IV}, of the FE system. To overcome this, we suggest applying
model order reduction via the Reduced Basis Method (RBM).
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4.1 Reduced Basis Approximation and Solution Manifold

Let M% := {an(n) € Vi, | 4 € P} denote the (detailed) solution manifold of the parameterized PDE. The RBM seeks
to approximate the exact solution () in a low-dimensional subspace Z,, C Vj,, n < N}, generated from representative
solutions (snapshots) at selected parameter values. We can then write the reduced-order approximation as

n

(1) = Y i) Gis (4.2)

i=1

where {(;}"_, C V), is a reduced basis spanning Z,, (typically with n < N},), and o;(p) are the expansion coefficients
determined by the Galerkin projection onto Z,,.

4.2 Affine Parameter Dependence and Offline—~Online Decomposition

To enable efficient evaluation of the reduced system, we assume that the operators in (4.1) admit an affine parameter decom-
position:

Qx Qum Qr
K(p) =) 0%k, M) =) 0%,wM,,  Fu)=> 6LuF, 4.3)
q=1 q=1 q=1

where the functions ©% (1) are scalar-valued and parameter-dependent, and the matrices {K,}, {M,}, {F,} are parameter-
independent and precomputed during an offline phase. This separation allows the efficient assembly of the reduced system in
an online phase without re-accessing the full-order FE mesh.

4.3 Snapshot Generation and the Greedy Algorithm

The reduced basis {(;}1_, is generated using the Greedy algorithm. The snapshots @ (u) are determined by the detailed (,.full-
order*) model for selected parameter samples. Let E,in C P be a training set. The algorithm proceeds iteratively:

1. Initialize with an empty basis Zy = (.
2. Fori=1,...,n:
(a) Identify u(i) € Erain that maximizes a residual-based error indicator A;(p).
(b) Solve the full-order system (4.1) at u(*) to obtain ¢; := a(u¥).
(c) Possibly orthogonalize the snapshot set to extract dominant modes.
(d) Enrich the reduced basis space: Z; = span{Z;_1,(; }.

The orthogonalization step involves computing the singular value decomposition (SVD) of a snapshot matrix and retaining
the mode(s) that maximize energy content, based on a prescribed tolerance. The reduced basis is then {(1, ..., (, } and Z, is
spanned by this basis.

4.4 Reduced System and Computational Benefits

The reduced system is obtained by projecting (4.1) onto Z,,. Let Z,, € RN X7 be the matrix whose columns are the reduced
basis vectors. The reduced system reads

(Ko () = p(p) w? M, (1)) () = Fp (i), 4.4

where the reduced components K, (1), M, (1) € R"*™ and F,, (i) € R"™, are given by
Kn(p) = ZyK(1)Zn, Ma(p) = ZyM()Zn, Fn(n) = Z F(p). (4.5)

This system is of much smaller dimension n < N}, and can be solved in real-time, enabling fast predictions across a wide
range of parameter values.

4.5 Limitations of Reduced Models

Despite RBMs offering computational efficiency, they are not immune to limitations. In particular, the reduced basis is con-
structed based on a finite training set and idealized physics. As a result, the reduced solution may be unable to address errors
and outliers resulting from the presence of modeling errors, sensor noise, or operational changes that were not captured in the
training data. In the context of DT, this lack of robustness can limit the trustworthiness of the model, especially when sensor
data are abundant from real experiments. To address this, we can take advantage of the data assimilation technique, which is
introduced in the next section, that dynamically corrects the reduced model using real-time observations.
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Moreover, the RBM is a linear model reduction technique as it projects the original model onto a low-dimensional space. It
is known that such a linear reduction technique works well if the state depends smoothly on the parameter, which is, e.g. the
case for elliptic and parabolic problems, [13,17]. However, the error may decay very slowly for increasing sizes of the reduced
model for transport- and wave-type phenomena, [4, 13].

5 Data Assimilation via the Parametrized-Background-Data-Weak (PBDW) Method

While reduced-order models (ROMs), such as those built by the RBM via the Greedy algorithm, provide efficient surrogates
for high-fidelity simulations, they are fundamentally predictive. These models depend on a best-knowledge (bk) description
[12, 14, 18] of the system, including governing PDEs, boundary conditions, and constitutive laws, and they are also sensitive
to modeling errors, parameter uncertainties, and unmodeled physical effects. In the DT context, this mismatch can result in
significant deviations between model predictions and sensor observations.

To mitigate these discrepancies, we adopt the Parametrized-Background-Data-Weak (PBDW) framework, [5, 10, 16]. This
method enables online correction of reduced models by assimilating real-time sensor data. It views the reduced-order model
as a parameterized background field and augments it with a data-driven correction to produce an improved solution that is
both physics-informed and observation-consistent.

5.1 Problem Setting and Decomposition

Let H denote the Hilbert space in which the solution lives, e.g. H = H&FD (2)3. Let Z,, C H be the RB space obtained via
the above-described greedy method on the high-fidelity harmonic model. Let U,,, C H be a (reduced) observation space built
from the available sensor configuration. The goal is to reconstruct the true displacement field 4" (the complex amplitude in
the time-harmonic model) via the PBDW decomposition

0" ~ PPV = 2 4, withz € Z,, n € Uy, (5.1
where z represents the background (ROM) prediction and 7 is a corrective field inferred from sensor data.
Since the underlying PDE is harmonic in time, we assume that the displacement field admits the form
u(z,t) = R [a(z)e "],
and measurements are sampled over time. The observed data y;(t) are therefore modeled as
yj (1) & £;(a) - R(e™),
and data assimilation is carried out on the complex-valued spatial amplitude .
We assume the availability of N 5 M > m real-time sensor measurements, modeled as noisy bounded linear functionals:

ykzgk(,&true)_,'_ek, k=1,..., M, 5.2)

where ¢, € H' and €;, denotes additive sensor noise. To ensure that these functionals are well-defined on A, and to reflect
practical sensing physics (e.g., strain gauges or extensometers), we define the sensor functionals as smoothed spatial integrals
(see also [5]) by

2
l(u) == C’k/ exp (M> u(z) dz, (5.3)
Q

2
27z

where x, € €2 is the location of the k-th sensor, r,, is the sensor’s spatial support radius, and C, is a normalization constant.

5.2 Variational Formulation

The PBDW approximation 4"2PW = 2 4 1) is obtained by solving the following minimization problem:
M
. 2 2
i z;lfj(Z+n) ="+ Cllnllz ¢ - (54)
i=

where ¢ > 0 is a regularization parameter balancing measurement fidelity and correction smoothness. The first term enforces
consistency with measured data, while the second penalizes overfitting by regularizing the correction in the -norm.

In the limiting cases, as ¢ — 0, the solution tends to interpolate the data exactly (risking instability). As ( — oo, the correction
is suppressed and the estimate reverts to the background field z.
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Satz 5.1 (Well-posedness of the PBDW problem [10]) Let ‘H be a Hilbert space, Z,, C H a reduced subspace, U,, C H
an observation space, and {Ek},iwzl C H' a set of linearly independent bounded linear functionals. Then, for any data
y=(y1,...,ym) € RM and regularization parameter ¢ > 0, the PBDW problem (5.4) admits a unique minimizer u"®PV =
z4+n€ Zy+Up. O

5.3 Construction of the Observation Space

Let {zx }L | C Q be the sensor locations. We construct basis functions {1y }22, C H satisfying:
Ci(Yr) = 0j, forjk=1,..., M, (5.5)

i.e., each vy, is dual to the k-th functional and serves to interpolate corrections in the vicinity of sensor . In practice, 1, may
be defined using Gaussian radial basis functions, local finite element bubble functions, or empirical interpolation modes. The
correction field is then given by:

M
n="> Bt
k=1

with the coefficients §; determined by solving the minimization problem (5.4). This construction ensures that PBDW cor-
rections are localized and consistent with the available sensing configuration, while remaining physically meaningful in the
variational framework.

5.4 Data Assimilation by PBDW in the Digital Twin Framework

In our DT implementation, the background field z(u) € Z,, is computed from the reduced-order model for a given input .
Sensor observations 1, are then used to compute the PBDW-corrected field ¢"BPV. This results in an updated state estimate
that reflects both the best knowledge of physics and the most recent measurements.

The PBDW method enables the real-time assimilation of sparse and noisy data, resulting in improved accuracy and robustness,
particularly when the model deviates from reality due to aging, loading variations, or environmental effects. By dynamically
blending physics and data, PBDW closes the loop in the DT, transforming it from a passive simulator into an adaptive, real-time
predictive engine.

The observation points z, and the reduced update space U,,, are also constructed in a greedy manner following [11, 16].

6 Experimental Setup and Results

To validate the proposed DT framework, we conduct cyclic loading tests on a custom material testing setup using a Uni-
versal Testing Machine (UTM), as shown in Figure 2. The test rig was designed and assembled in-house using 3D-printed
components as shown in Figure 3, including the specimen grips and fixture supports. The test specimen itself is 3D-printed
using Polylactic Acid (PLA), a commonly used thermoplastic polymer with moderate strength and stiffness characteristics
suitable for laboratory-scale fatigue studies. Given the additive manufacturing constraints and the structural limitations of the

Fig. 2: Universal testing machine, originally construc-
ted by J. Henning (formerly at ATR Software, Neu-Ulm
(Germany).

Fig. 3: 3D printed testing Specimens, before and
after the testing.

printed fixtures, the test configuration is limited to applying uniaxial tensile loads only. Compression loading is avoided due
to stability issues and the risk of buckling or fixture damage.

To simulate the material’s fatigue behavior, the specimen is subjected to repeated asymmetric cyclic tensile loading with an
amplitude of 200 N. The load is applied over an approximately 21-second interval per cycle series, and the process is repeated
until the specimen exhibits irreversible plastic deformation or complete failure. The specimens are shown in Figure 3 before
and after their fracture.
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Fig. 4: Amplitude of force. ge

Figure 4 shows the applied force over time, and the corresponding displacement response of the specimen is shown in Figure 5.
These measurements are acquired in real-time using the UTM’s internal load cell and displacement transducer. The collected
sensor data serves two purposes: (i) to calibrate the reduced-order model offline, and (ii) to perform online data assimilation
using the PBDW method for state correction and health estimation.

7 Numerical Results

In this section, we present results of some of our numerical experiments.

7.1 Finite Element Method

For the implementation of the linear elasticity equations and their finite element discretization, we employ the open-source
finite element library FEniCSx, [19,20]. As described in Section 3.3, we use piecewise linear finite elements (IP;) on meshes
generated with Gmsh, [21]. Figure 6 illustrates the geometry of the specimen used for the numerical experiments from two
different perspectives.

To validate the correctness of the finite element implementation, we consider a Dirichlet problem with a known analytical
solution. Specifically, we solve the variational formulation given by (3.6), with the forcing functional defined as F(v) :=
f o f - vdx and with Dirichlet boundary conditions u = g prescribed on the entire boundary, i.e., 'p = 0Q and I'y = (). The
data is chosen as g(z) := [(x1 +7.5x1072)2, 0, 0] T, f(x) := [-2—2(21 +7.5x 1072)2, 0, 0] " and the Lamé parameters
are set to A = 0.5 and p = 0.25. For this setting, the exact solution reads u(z) = [(z1 + 7.5 x 1072)2, 0, 0] .

Figure 7 shows the convergence of the finite element solution towards the analytical reference. As expected for linear finite
elements, we observe first-order convergence with respect to the mesh size indicating that our code is reliable.

Fig. 7: Relative error achieved by the FE discreti-
zation of the equations of linear elasticity with Di-
richlet boundary conditions.

Fig. 6: Geometry of the specimen (distances in meters). Axes on the bot-
tom right indicate the corresponding perspectives.

7.2 Reduced Basis

The FE code is used as a backbone for model reduction in the sense that the snapshots selected by the greedy algorithm
(see Section 4) are computed by this full-order system using a mesh with characteristic size h ~ 10~3. The greedy method
itself is based upon minimizing a residual-based error estimator consisting of the product of the inverse of the coercivity
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constant (which is computable here) and the dual norm of the residual computed by solving corresponding Riesz problems.
The snapshots are then orthogonalized and possibly only the most energetic modes are kept.

The implementation is carried out using the library pyMOR, [22], which provides efficient tools for model order reduction
and offline—online decomposition. In our parametric model, we consider the material density p and the Young’s modulus F as
input parameters. While the density is treated as a fixed constant throughout the domain, the Young’s modulus is allowed to
vary spatially, reflecting inhomogeneities or material imperfections. In particular, we define E'(x) as:

By, if x; < —0.0375,
E(x):={ By, if —0.0375<z; < 0.0375,
Es, if 21 > 0.0375.

These variations are incorporated into the parameter space P C R? (u = (Ey, Ey, E3) ") and are sampled accordingly during
the offline stage of the greedy algorithm. This enables us to account for stochastic factors such as material inhomogeneities
and manufacturing defects that may occur in different regions of the specimen (see Figure 6 for details on the geometry of the
sample). We adopt the following material parameters corresponding to PLA:

v 1

v=035 A=Aty T aaaey

k
E=25x10"Pa, and p=1380—%.
m

Moreover, the time period of the applied cyclic load is set to 7' = 20 seconds.

Figure 8 illustrates the convergence of the reduced basis, where we plot the error of the RB approximation on a test set
Prest C P over the dimension n of the reduced model. We observe exponential convergence, reaching the prescribed tolerance
of ¢ = 10~ with a reduced dimension of n = 11, which shows the enormeous potential for computational speedup needed
for the realization of a DT.

Fig. 8: Convergence of the Reduced Basis obtained through pyMOR: error over size of the reduced model in semilogarithmic scale.

7.3 PBDW and monitoring

Finally, we present numerical results for data assimilation using the PBDW framework based upon displacement measurements
acquired in real-time. As described in Section 6, the specimen is subjected to a periodic tensile force with a peak amplitude of
200 N and a time period of 20 seconds. Displacement data is recorded at a single spatial location, Zpyess = [6.4x 1072, 0, 7.5
10~3] 7. Given the minimal number of available measurements, the PBDW update is performed in two steps per loading cycle:

1. Attimes T' = n - 20 sec, for n € N (after one cycle, i.e., when the external force vanishes), a first PBDW correction is
computed. At this instant, the background model predicts zero displacement, so the measurement is fully represented by
the observation space U,,.

2. At subsequent times of interest, the background solution combines the displacement recovered in step one with contribu-
tions from the reduced space Z,,.

This approach is motivated by the assumption that the model error largely arises from small permanent deformations not cap-
tured by the linear background model. Since only a single measurement is available, the observation space is one-dimensional
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(m = 1), resulting in particularly simple PBDW updates. Since n < m (due to the fact that we project the data onto a back-
ground space of dimension n), we also get n = 1. Hence, U,, and Z,, consist of only one single element each, m = n = 1.
Figures 9 and 10 display this single element (; of Z;, and its axial stress. Moreover, Figures 11 and 12 display the sin-
gle element of U; and its axial stress (in the figures, the functions have been scaled so as to have unit displacement at the
measurement point).

0.00 0279 0557 0836 111 A 4440409 1566410 2676410 3.78e+10 4.89e+10

Fig. 9: Sinlge element {; € Z;. Fig. 10: Axial stress of (1 € Z;.

000 0252 0504 0755 101 X v 823 1198410 2.38e+10 3566410 4.75e+10

Fig. 11: Single element of U;. Fig. 12: Single element of U;: Axial stress.

Having estimated the displacements, we monitor the axial stress at previously specified observation points. In our case, we
measure the stresses at ') = [—0.0375,0,0], 2 = [0.0375,0,0] and ¥ = [0, 0, 0], corresponding to the points in the

obs obs obs
specimen where high stresses are expected. Figures 13 and 14 show the measured and estimated displacements (on the mea-
surement point xpe,s) and stresses on the observation points, respectively. The projected displacements show an increasing
deviation from the measurements as time goes on, indicating that the current model cannot completely approximate the ob-
served behavior. Furthermore, the current model is unable (by itself) to model highly complex phenomena such as material

fatigue.
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Fig. 13: Comparison between measured and projected dis-

placements. Fig. 14: Projected stresses on the observation points.

These results, when combined with fatigue evaluation methods such as Miner’s rule [23] or other damage accumulation
models, provide a pathway for estimating the remaining useful life (RUL) of the specimen. In addition, the projected dis-
placements reveal a progressive deviation from the measured data over time, suggesting that the current model, despite data
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assimilation, cannot fully capture the observed (nonlinear) behavior. This limitation highlights the challenge of modeling
long-term degradation phenomena such as fatigue with a purely linear elastic background model.

8 Conclusions and Outlook

We have presented a general framework for constructing a Digital Twin (DT) environment for material testing using a Univer-
sal Testing Machine (UTM). The approach is built upon a linear elasticity model, discretized via the Finite Element Method
(FEM), which serves as the high-fidelity background model and can be solved to arbitrary accuracy. To enable real-time
predictive capability, we apply model order reduction using the Reduced Basis Method (RBM), significantly reducing compu-
tational cost while retaining essential parametric dependencies. To incorporate real-time measurement data into the simulation
framework, we employ the Parameterized-Background-Data-Weak (PBDW) method for data assimilation. This hybrid stra-
tegy allows us to combine physics-based reduced models with sparse sensor observations, yielding displacement and stress
field estimates that adapt dynamically to observed behavior.

Even though the presented methodology can be seen as a general road towards building DTs for material testing, we observe
some challenges that we will address in future research:

* The linear model cannot fully resolve plastic deformations even when coupled with data — the overall model remains
linear.

* We have only a very limited amount of data available. For a full application within a test bench, we see that much more
data is required in order to update a background model sufficiently well.

* One goal of a DT within material testing might also be the forecast of the material health, and in particular fatigue
and material failure. As those physical quantities can typically not be deduced from numerical predictions, we will also
develop a learning method to fill this gap.
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