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Abstract
Mechanical metamaterials such as open- and closed-cell lattice structures,
foams, composites, and so forth can often be parametrized in terms of their
microstructural properties, for example, relative densities, aspect ratios, mate-
rial, shape, or topological parameters. To model the effective constitutive behav-
ior and facilitate efficient multiscale simulation, design, and optimization of
such parametric metamaterials in the finite deformation regime, a machine
learning-based constitutive model is presented in this work. The approach is
demonstrated in application to elastic beam lattices with cubic anisotropy, which
exhibit highly nonlinear effective behaviors due to microstructural instabili-
ties and topology variations. Based on microstructure simulations, the relevant
material and topology parameters of selected cubic lattice cells are determined
and training data with homogenized stress-deformation responses is generated
for varying parameters. Then, a parametric, hyperelastic, anisotropic constitu-
tive model is formulated as an artificial neural network, extending a recent
work of the author extending a recent work of the author, Comput Mech.,
2021;67(2):653-677. The machine learning model is calibrated with the simu-
lation data of the parametric unit cell. The authors offer public access to the
simulation data through the GitHub repository https://github.com/CPShub/
sim-data. For the calibration of the model, a dedicated sample weighting strat-
egy is developed to equally consider compliant and stiff cells and deformation
scenarios in the objective function. It is demonstrated that this machine learn-
ing model is able to represent and predict the effective constitutive behavior
of parametric lattices well across several orders of magnitude. Furthermore,
the usability of the approach is showcased by two examples for material and
topology optimization of the parametric lattice cell.
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1 INTRODUCTION

Metamaterials offer today a wide spectrum of tunable mechanical, thermal, optical, acoustic, and electromagnetic proper-
ties, see, for example, References 1,2. Thus, typically, families of parametric metamaterials are developed and investigated
in order to tailor their specific functionality controlled by material, geometric, or topological design parameters of the
unit cell, see, for example, References 3,4. Inclusion of parameter-dependence in linear elastic effective constitutive mod-
els for metamaterials, foams, composites, and so forth has already been greatly exploited for multiscale simulation and
optimization approaches, compare References 5-9. However, in recent years, also soft, compliant, flexible mechanical
metamaterials with multi-functional capabilities have been developed, see, for example, References 10-15. To enable effi-
cient simulations of macroscopic structures and to optimize mechanical properties related to the underlying unit cells
of those metamaterials, nonlinear material models are required, which should consider the specific material symmetries
and parametric dependencies of the microstructures. However, nonlinear and anisotropic constitutive modeling at finite
deformations is, in general, much more challenging and representation of parameter-dependence is less explored in this
context.

In particular, open-cell foams, that is, truss- or beam-based lattice metamaterials, exhibit highly nonlinear effective
mechanical behavior due to microstructural instabilities (strut buckling) and tension- or bending-dominated unit cell
topologies, see, for example, Reference 16. In this context of nonlinear metamaterials with instabilities, the material
response is, strictly speaking, not unique due to the dependency on the manifesting instability. Still, for many applications,
pragmatic approaches based on path-independent, that is, state-dependent material models show excellent agreement
with experiments and simulations. For instance, a parametric hyperelastic constitutive model for honeycomb-like and
re-entrant 2D lattices was developed in Reference 17 and a nonlinear micropolar continuum model with an incre-
mental representation of the constitutive behavior was proposed in Reference 18. In References 19,20, also generalized
state-dependent continuum formulations were employed for multiscale modeling of 2D and 3D beam lattices subject to
finite deformations, however, in a concurrent, FE2 setting without an explicit representation of the effective constitutive
relationship between macro- and microscales. Thus, for efficient multiscale simulation and optimization, compare Ref-
erence 21, it is of great importance to develop generic material models that can represent the constitutive behavior of
nonlinear, anisotropic metamaterials and include their parametric dependencies. An attempt to highly nonlinear struc-
tural optimization in the presence of nonlinear path-dependent microstructured materials was proposed in Reference 22
using GPU-accelerated reduced order models (ROM) to boost the efficiency of the nonlinear microscale problem.

In recent years, a wide variety of highly flexible material models based on modern data-driven and machine learn-
ing methods have pushed forward the boundaries of constitutive modeling. In the field of isotropic and anisotropic
hyperelasticity, novel approaches have been developed by fitting either strain energy densities or stresses obtained from
microstructural simulations and interpolating or approximating response surfaces. For instance, Reference 23 introduced
a neural network approach for the approximation of nonlinear hyperelastic behavior at small deformations. In Reference
24 a polynomial ansatz was developed for the identification of the constitutive manifold, but also only at small deforma-
tions. Using ROM to generate large scale datasets allowed to identify rapid feedforward neural networks in Reference 25,
where an adaptive switch between the more robust ROM and the computationally more efficient ANN allowed the result-
ing surrogate model to extrapolate also outside of the training range. An approach for finite hyperelasticity was developed
in Reference 26 through a model-free ansatz, but showcased only for one- and two-dimensional problems with isotropic
behavior. Material anisotropy was considered in Reference 27 for cubic Nickel through machine learning approaches
based on data augmentation and group invariants, but without illustration of the actual nonlinear material behavior. A
neural network model accounting for the isotropy of the material has been introduced in Reference 28: any data sam-
ple from the training is augmented by adding five permutations of the principal stress and strain components in order
to obtain a database that accounts for the isotropy, but no concept regarding an extension towards anisotropy was given.
In Reference 29 an approach for the correction of finite hyperelastic models was presented and then showcased in inter-
esting biomechanical applications in Reference 30, but again limited to isotropic material behavior. Molecular dynamics
simulations of polymers have been used in Reference 31 in order to generate data and train a feed-forward neural network
(FFNN) as a constitutive model in the context of isotropic finite hyperelasticity. Starting from a small strain highly nonlin-
ear model, the radial numerically explicit potentials were suggested in Reference 32 as an extension of the NEXP proposed
first in Reference 33 which employs a tensor decomposition into amplitude and direction followed by kernel interpo-
lation. The method was later refined, compare References 34,35, and combined with ROM for the creation of efficient
surrogate models for finite strain hyperelasticity in two- and three-scale simulations. In Reference 36, microstructural
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simulations have been conducted to generate data for the calibration of a FFNN identifying the constitutive behavior of
nonlinear elastic structures at finite strains, but without consideration of material symmetries. Incorporation of struc-
tural information can be enabled through, for example, geometric learning as in Reference 37, where polycrystals were
represented by graphs and processed through graph convolution networks extracting relevant features for subsequent
networks predicting the hyperelastic material behavior. A recent approach developed in Reference 38 demonstrates how
machine learning models for anisotropic finite hyperelasticity can be constructed at minimal intrusion. The approach
shows good flexibility and accurate predictions for lattice structures with pronounced nonlinear behavior due to beam
buckling. In the context of a data-driven design optimization and manufacturing process for nonlinear metamaterials,39

demonstrated parametrized constitutive formulations based on radial basis functions. Recently, Reference 40 included
pattern information into a neural network-based, nonlinear elastoplastic model in order to characterize and design 2D
network-like cellular metamaterials.

The present work extends the machine learning approach of Reference 38. Hereby, it is assumed that a solely
state-dependent material model is able to capture the main constitutive response of lattice metamaterials showing insta-
bilities. The present approach develops an anisotropic hyperelastic material model with parametric dependency for the
representation and optimization of metamaterials with respect to the cell material and topology. For this aim, paramet-
ric unit cells of the considered anisotropic beam lattice metamaterials are simulated with periodic boundary conditions
using a finite strain framework, exhibiting highly nonlinear behaviors due to instabilities. Hereby, the cell topology and
the material properties of the elastic beams are varied in order to identify the quantities and properties relevant for a
potential constitutive model. Then, the machine learning approach of Reference 38 is extended by including the paramet-
ric dependency in the artificial neural network (ANN) formulation. This elegant and flexible, non-intrusive extension is
considered as a key property of the approach taken here, since material and, especially, topological dependency of mate-
rial behavior is non-trivial in its incorporation in constitutive models. For the training of the model, a universal sample
weighting strategy is developed such that the calibrated machine learning model approximates equally well the material
response for stiff and compliant structures and independently of the loading scenario. The authors offer open access to the
calibration data through the GitHub repository https://github.com/CPShub/sim-data. Finally, the calibrated parametric
material model is used for the optimization of unit cell material and topology in two examples, showcasing its potential
applications for prescribed deformation and stress data, even in the case of incomplete data. In summary, the novelties of
the present work are:

• the simulation-based investigation of parametric lattice unit cells subject to large deformations and instabilities, and
the analysis of the influence of material and topology parameters in tension and compression regimes,

• the formulation of a generally applicable model for anisotropic hyperelasticity by extending the work of Reference 38
in a non-intrusive form for arbitrary-dimensional parametric dependency,

• the design of a sample weighting strategy for calibration data in order to obtain a uniform model prediction quality
across topology variation and corresponding magnitude of material response, and

• the applicability of the calibrated model for the optimization of topology and material for prescribed material behavior
with complete and incomplete data.

The outline of the manuscript is as follows: In Section 2 the microstructural modeling of the lattice cells and their
behavior with respect to topology and material parameters is outlined. In Section 3 the parametric hyperelastic mate-
rial model based on ANNs is formulated, its training using a dedicated sample weighting strategy is described and its
prediction quality for various loading cases is demonstrated. The application of the calibrated model for microstruc-
tural optimization with respect to cell material and topology is illustrated in Section 4 through two examples. The article
concludes in Section 5 with a summary and remarks.

1.1 Notation

A direct tensor notation is preferred throughout this work. Scalars (zeroth-order tensors) are denoted by italic charac-
ters, for example, a, b, W . First-order tensors are represented by lower case Latin characters, for example, a, b, at what
an orthonormal basis {e1, e2, e3} of the three-dimensional physical space is used for the representation of all tensors.
Second-order tensors are denoted by upper case Latin characters, for example, A, B. The tensor product is denoted as ⊗.

https://github.com/CPShub/sim-data
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F I G U R E 1 Simple cubic (SC), body-centered cubic (BCC), and face-centered cubic (FCC) basic lattice RUCs and example of a
parametric unit cell (pRUC) with topology parameter vector t = (0.7, 0.5, 0.3)

The composition of two second-order tensors is denoted as AB =
∑3

i,j,k=1AikBkjei ⊗ ej. The transpose of a second-order
tensor is denoted by AT . The Frobenius norm of a second-order tensor is denoted as ||A|| = (

∑3
i,j=1A2

ij)
1∕2. Vectors not

connected to the physical basis are simply denoted as underlined characters, for example, a, b. The notation of phys-
ical quantities is leaned on standard continuum mechanics, that is, W is used for the elastic energy density, F for the
deformation gradient, and P for the first Piola–Kirchhoff stress tensor.

2 MICROSTRUCURAL MODELING AND SIMULATION

2.1 Parametric beam-lattice metamaterials

The present investigation considers beam-lattices with periodic microstructure as a representative of compliant, elasti-
cally deformable metamaterials. The repeated unit cell (RUC) of this class of metamaterials is composed of beams and is
taken into account for the identification of the effective material behavior. Each beam in the RUC is assumed to be com-
pliant with elastic material behavior under large deformations, meaning that the effective material behavior of the RUC
is hyperelastic, that is, an effective elastic energy density W exists. Here, only metamaterials with cubic symmetry are
considered and, without loss of generality, the RUCs are chosen as cubic with an edge length of L = 10 mm. The beams
have circular cross-sections with a maximum radius of r = 0.5 mm, that is, a maximum aspect ratio of a = 2r∕L = 0.1,
which justifies the use of beam theories for microstructural modeling.

In the present work, a parametric RUC (pRUC) is considered in the sense that material and topology/morphology
influences are taken into consideration. In terms of material, all beams in the RUC are assumed to have the same isotropic
material properties, that is, Young’s modulus E and Poisson’s ratio 𝜈, which will be considered in the effective material
law. In terms of topology, three types of lattice structures are considered: simple cubic (SC), body-centered cubic (BCC),
and face-centered cubic (FCC) cells, see Figure 1A–C.

The topology and morphology of a parametric RUC is represented by the parameter vector t = (t1, t2, t3) ∈  =
[0, 1]3 ⧵ [0, 0.2)3. The exclusion of a combination of very small topology parameters from  is owing to aspects
such as manufacturability and too soft overall response. The union of these three basic lattice types is formed
with each component of t ∈  scaling the beam radius of the respective basic RUC (starting from 0.5 mm), t1
representing the SC, t2 the BCC, and t3 the FCC cell contribution to the pRUC. As an example, consider t =
(0.7, 0.5, 0.3), as depicted in Figure 1D. In this illustrated pRUC, the radii of the beams in the SC, BCC, and FCC
cells are 0.35 mm (= 0.7 ⋅ 0.5 mm, orange), 0.25 mm (= 0.5 ⋅ 0.5 mm, yellow), and 0.15 mm (= 0.3 ⋅ 0.5 mm, green),
respectively.

In conclusion, the pRUC focused on within this work is hyperelastic, subjected to finite deformations and it can
be influenced by a total of 5 scalar parameters: E, 𝜈, and t = (t1, t2, t3) ∈  . These parameters will be addressed by the
parameter vector p as follows

p = (E, 𝜈, t1, t2, t2). (1)
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The effective behavior of such a microstructure is represented by an effective potential (referring to the effective elastic
energy density) as

W = W(F, p) , (2)

where F denotes the effective deformation gradient of the pRUC and p describes the parametric dependency. Conse-
quently, the effective stresses are given in terms of the corresponding first Piola–Kirchhoff stress as

P(F, p) = 𝜕W
𝜕F

(F, p) . (3)

2.2 Numerical homogenization of beam-lattices

For the evaluation of the effective behavior of a pRUC, microstructural simulations with periodic displacement fluctuation
boundary conditions are to be conducted in order to numerically quantify, that is, homogenize, the relation between F,
W , and P for selected parameters p.

For this purpose, the beam-lattices are mechanically modeled as geometrically exact, shear-deformable 3D beams
and numerically simulated using an isogeometric collocation method, see Reference 41 for details. This beam model
is geometrically nonlinear and, thus, it considers large deformations and rotations of the cross-sections, but employs a
linear elastic, isotropic constitutive model with parameters E, 𝜈, which limits the use to moderate strains. Furthermore,
a rigid coupling of the beams is enforced at joints. For lattices with moderate aspect ratios, joint stiffening or weaken-
ing approaches may be necessary to achieve a good agreement of the model and physical experiments with (additively
manufactured) lattice structures, see References 16,42. However, such approaches are not covered in this work, since
the numerical methods presented are not tied to any specific materials and manufacturing technologies, and only aspect
ratios a ≤ 0.1 are considered.

For the homogenization of the metamaterial, effective deformation gradients F are prescribed on the pRUC in the form
of periodic displacement boundary conditions. Thus, for two beam centerline end-points or joint nodes x1, x2 located on
opposite boundaries of the pRUC, periodic centerline displacements u1,u2 and consistent cross-section rotations R1,R2
are constrained by

u2 − u1 = F(x2 − x1), R2 = R1. (4)

From the computed deformed configuration for prescribed F, the potential energy W(F) can be directly evaluated
from the beam model. Furthermore, the effective first Piola–Kirchhoff stress tensor P(F) is computed in a column-wise
fashion as

Pei =
3∑

j=1
Pjiej =

1
L2 fi, i = 1, 2, 3, (5)

where fi is the sum of all internal forces of the beams at the xi-direction boundary of the pRUC and L is the edge length
of the cuboidal pRUC (L = 10 mm in this work), compare Reference 19. Due to periodic rotations, bending moments
vanish and do not contribute to the energy and stresses. It would also be possible to homogenize the resulting effective
stress tangent tensors C = dP∕dF from the beam model,19 however, this is not pursued here for various reasons, see also
Section 3.3.2.

In the finite deformation regime, microstructures with slender struts, such as the beam-lattices considered here, can
be subject to mechanical instabilities in the form of buckling and snapping of the struts. In numerical simulations, these
instabilities occur in the form of diverging incremental nonlinear solution processes once a critical load level is reached.
Since, in practice, the onset of buckling is impacted by—for example, manufacturing-related—imperfections, nonlinear
post-buckling analyses are often performed using perturbation approaches, see, for example, References 43-45. That is,
first a linear buckling analysis is carried out and then some of the eigenmodes are prescribed as perturbations on the beam
centerlines for the nonlinear analysis, see for instance.16 However, this approach requires a lot of manual interference,
such as selecting specific eigenmodes and choosing suitable scaling factors. Here, we use a simple stochastic approach
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based on random geometric perturbations of the centerline. For this purpose, the initially straight centerlines of the beams
are represented as B-Spline curves of degree 4 and their 5 control points are randomly perturbed within the cross-section
plane. The amplitude of the perturbation is chosen as normally distributed with a mean of 0 and a variance of 0.01L, and
the direction of the perturbation is assumed to be uniformly distributed in the cross-section plane. In principle, for given t
and based on the results of multiple random instances, the corresponding average values of the effective potential W and
effective stresses P could be computed. However, as it will be demonstrated in Section 2.3, the simple lattice perturbation
approach yields negligible deviations and sufficient accuracy and reliability for the characterization of the effective cell
behavior already using a single random instance.

2.3 Influence of perturbations and lattice parameters

In order to simulate the effective behaviors of the pRUC also in the post-buckling regime, the stochastic perturbation
approach is employed. Since simulating a large number of random instances for each given pRUC (see Section 3.3.1)
to average the W and P would be computationally very expensive, the question arises, how much variation is actually
encountered by different random instances of the same cell compared to the variation between different values of the
topological parameters t ∈  .

To investigate this in a clear and simple example, t1 = 0 (SC cell) and t2 = 1 (BCC cell) are kept constant and only t3 ∈
{0.8, 0.9, 1.0} (FCC cell) is varied. The cells for the corresponding parameter t ∈ {(0.0, 1.0, 0.8), (0.0, 1.0, 0.9), (0.0, 1.0, 1.0)}
are illustrated in Figure 2 from left to right.

The values for F, W , and P for the selected cells are depicted in Figure 3. The plot range for the potential and stress
values is kept constant over the rows in Figure 3 in order to visualize the impact of t3 on W ∈ [0,250] J∕m3 and Pij ∈
[−400, 1200] Pa. For each t ten random instances were simulated, the material parameters of the beams being E = 1 MPa
and 𝜈 = 0.45. The boundary conditions are implemented such that all off-diagonal deformation components are set to
zero but F12. The deformation components F11 and F12 are prescribed through linear functions, (see, blue and orange
lines in Figure 3), F22 and F33 are free, and P33 = P22 = 0 is imposed. The results are displayed in Figure 3 over F11. This
simulation case is interesting from the point of view that structural instabilities are triggered in both tensile (F11 > 1) and
compressive (F11 < 1) regimes, as it can be seen by the abrupt change of stress tangents, in particular for the P12 and P21
stress components. From this point on, potential and stress values will be addressed and illustrated in all figures in Joule
per cubic meter (J∕m3) and Pascal (Pa), respectively. Only values for E will be addressed in megapascal (MPa) due to their
standard order of magnitudes for various materials relevant in additive manufacturing of soft, flexible metamaterials.

In the first column of Figure 3 all nine components of F for all ten instances of each t are depicted and colored as
indicated by the legend. The second and third columns show the corresponding potential values W and all nine compo-
nents of P, respectively. The first row shows the ten instances for t = (0.0, 1.0, 0.8), the second one for t = (0.0, 1.0, 0.9),
and the third one for t = (0.0, 1.0, 1.0). These results show that the specific random instances only exhibit minor quantita-
tive differences and in all cases closely reflect the highly nonlinear qualitative effective behavior. Further, the quantitative
influence (in terms of energy and stress amplitudes) and the qualitative influence (in terms of buckling points and stress
paths) of the topology parameters on the constitutive behavior is clearly visible in Figure 3, even though only t3 is slightly

F I G U R E 2 Considered cells for: t = (0.0, 1.0, 0.8) (left), t = (0.0, 1.0, 0.9) (middle), and t = (0.0, 1.0, 1.0) (right)
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varied. For instance, for t3 = 0.8 (top row in Figure 3) the potential and stress values are much lower than for t3 = 1.0
(bottom row in Figure 3), visible due to the common plot ranges of all rows. Further, for t3 = 1.0 the qualitative behavior
of P11 clearly changes since in the compression regime (F11 < 1) it crosses the path of the P12 in all ten instances. This is
not the case for t3 = 0.8, where P11 stays above the P12 path in all ten instances. This simple example already indicates
that changes in t do not only affect the magnitude of corresponding 3-dimensional stresses at the onset of the structure
instability, but also their qualitative behavior.

Furthermore, these results suggest that the variation between random instances may be considered negligible in prac-
tical situations. This observation is in agreement with the findings of Reference 16, where buckling eigenmodes were
applied for post-buckling analysis. There, a minor influence of the perturbation factors could be observed, too, and the
results were validated against experiments with PolyJet 3D printed lattices, which showed a very reproducible behav-
ior. Thus, instead of computing and averaging several instances, or training a constitutive model on all instances for a
single t, we only use a single randomly perturbed instance for quantifying the effective behavior of each pRUC. This
greatly reduces the computational effort and the amount of calibration data for the material models to be developed
in Section 3.

For further illustration of the influence of the topology parameters t, in Figure 4, a relatively soft structure with
t = (0.125, 0.345, 0.255) (top) and a stiff one with t = (0.995, 0.885, 0.975) (bottom) are considered. It can be clearly seen
that the topology parameters drastically affect the effective behavior of the pRUC in terms of the absolute magnitudes and
qualitative properties, in particular with respect to the stress values. Between the stiff and the soft illustrated cells, roughly
a factor of≈ 4000∕80 = 50 between the maximum absolute P11 stress values is encountered. If, for instance, the maximum
absolute stress value in compression (F11 < 1) of the compliant structure (top row in Figure 4) and the maximum stress

F I G U R E 3 Effective behavior of ten instances for three topology parameters: first row t = (0.0, 1.0, 0.8), second row t = (0.0, 1.0, 0.9),
and third row t = (0.0, 1.0, 1.0). The first column illustrates all nine components of F of all ten instances, the second and third columns
represent W (in J∕m3) and all nine components of P (in Pa), accordingly
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F I G U R E 4 Effective behavior of a single instance for two topology parameters: first row compliant cell behavior with
t = (0.125, 0.345, 0.255), and second row stiff cell behavior with t = (0.995, 0.885, 0.975). The first column illustrates all 9 components of F,
the second and third columns represent W (in J∕m3) and all 9 components of P (in Pa), accordingly

F I G U R E 5 Components of F, effective potential W (in J∕m3) and components of P (in Pa) for a single instance with t = (0.8, 0.6, 0.0),
E = 106 Pa = 1 MPa and 𝜈 = 0.45

value in tension (F11 > 1) of the stiff structure (bottom row in Figure 4) are compared, then a relative deviation over sev-
eral orders of magnitude is immediately obvious. These large changes in the qualitative and quantitative stress response
depend on the topology parameters and the loading case of the cell. Capturing these effects in a compact substitute model
for the parametric metamaterials is considered the most challenging task in the present work.

2.4 Influence of material parameters

In addition to the topology parameters t ∈  , also the isotropic material parameters of the beams E, 𝜈 influence the effec-
tive behavior of the pRUC. To investigate their qualitative influence, a fixed topology t = (0.8, 0.6, 0.0) and variable linear
elastic material parameters for the beams are considered: E ∈ [0.1, 10] MPa and 𝜈 ∈ (−1, 0.5]. The boundary conditions
stated in Section 2.3 are implemented. All nine components of F and P of a specific random instance for E = 1 MPa
and 𝜈 = 0.45 are depicted in Figure 5. Again, it can be seen that instabilities may occur in both tension (F11 > 1) and
compression (F11 < 1).

First, we are interested in the influence of the Young’s modulus E. For E ∈ {0.1, 1, 10} MPa and fixed 𝜈 = 0.45, the
effective behavior of the pRUC is simulated using four random instances per E-value. In Figure 6, the potential W and
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F I G U R E 6 Variation of E: Effective potential W (in J∕m3) and stress components P11 and P12 normalized by E for t = (0.8, 0.6, 0.0),
𝜈 = 0.45 and E ∈ {0.1, 1, 10} MPa (four instances per E-value)

F I G U R E 7 Variation of 𝜈: Effective potential W (in J∕m3) and stress components P11 and P12 (in Pa) for t = (0.8, 0.6, 0.0), E = 1 MPa
and 𝜈 ∈ {−0.9, 0.0, 0.4, 0.49} (four instances per 𝜈 value)

the stress components P11 and P12, all normalized by E, are depicted for all twelve simulations, that is, four instances
for each of the three E-values. It can be clearly seen, that—ignoring the negligible influence of the random instances—a
master curve exists. This means that the constitutive behavior of the pRUC is linear in E. This is expected, since the linear
elastic constitutive model of the beams is linear in E and all beams in the pRUC have the same E and, therefore, rescaling
E simply rescales the potential and stress values. Moreover, this hints at an instability behavior of the pRUC dominated
by geometric and not constitutive effects. Note that, so far, these observations are limited to the present load case and to
𝜈 = 0.45.

Now, the influence of 𝜈 is to be examined. With fixed E = 1 MPa and varying 𝜈 ∈ {−0.9, 0.0, 0.4, 0.49}, the effective
behavior of the pRUC is simulated for four random instances per 𝜈-value. The results are illustrated in Figure 7, showing
16 simulations in each plot, that is, four instances for each of the four 𝜈-values. It can be seen that for 𝜈 ≥ 0 almost all
curves can be described by one master curve. For 𝜈 = −0.9, the beams have a dominant bending behavior due to large shear
modulus values G = E∕(2(1 + 𝜈)) = 5E. This seems to affect a part of the effective behavior in buckling, compare the blue
curves for P12 in Figure 7. However, engineering base materials such as polymers and metals have positive Poisson’s ratios,
while auxetic materials are typically also metamaterials and thus impractical for use as constituents of a microstructure.

Based on the observations in this section, it can be concluded that a single pair of chosen E0 > 0 and 𝜈0 > 0 suffices
for practical cases, since E enters linearly in the constitutive behavior and for materials with 𝜈 ≥ 0 the deviations appear
to be negligible. Material models calibrated on simulation data based on chosen E0 and 𝜈0 can then be rescaled for new E
and may be of pragmatic use for materials with different 𝜈.

3 CONSTITUTIVE MODELING FOR PARAMETRIC METAMATERIALS

Having introduced the pRUCs of cubic beam-lattices as a specific example for a parametric metamaterial along with their
numerical modeling at finite deformations, a parametric anisotropic hyperelastic constitutive model is to be formulated
such that it can represent their highly nonlinear effective behavior.
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3.1 Basic theory of anisotropic hyperelasticity

The potential of an anisotropic hyperelastic material under finite deformations with parametric dependency is addressed
by the function W(F, p) as defined in (2), where F ∈ Inv+ and p ∈ P ⊂ R

dp denote the deformation gradient and the param-
eter vector, respectively. The set of invertible tensors with positive determinant is denoted by Inv+, while P represents the
set of admissible parameters, which will be specified later on. The dimension of the parameter variable is addressed by dp.

In order to fulfill the principle of objectivity, see, for example, Reference 46, the potential W is expressed through a
function Ŵ in terms of the right Cauchy-Green tensor C = FTF and the parameters p according to:

W(F, p) = Ŵ(C, p) . (6)

The material symmetry group is described by the collection G of symmetry transformations Qi (i = 1, 2,…)

G = {Q1,… } ⊂ SO(3), (7)

forming a subgroup of the manifold of proper rotations SO(3) and fulfilling, see, for example, Reference 47,

W(F, p) = W(FQ, p) ∀Q ∈ G,F ∈ Inv+, p ∈ P . (8)

For instance, the material symmetry of a cubic hyperelastic material is then described by the Schönflies octa-
hedral group Oh with 24 rotations, see, for example, Reference 48. Note that the symmetry transformations Q ∈
G do not affect the parameter vector p of the present work: the material parameters are invariant under symme-
try transformations and t comprises topological parameters which, by definition, are invariant with respect to affine
transformations.

The second Piola–Kirchhoff stress tensor S is related to P and to Ŵ compare (6) as follows

P = FS , S = 2𝜕Ŵ
𝜕C

. (9)

The above relation is gained from application of the chain rule to the hyperelastic relation (3). The material symmetry
conditions for the first Piola–Kirchhoff stress are, see, for example, Reference 49,

P(F, p) = P(FQ, p)QT ∀Q ∈ G,F ∈ Inv+, p ∈ P . (10)

Note that (10) is automatically induced by W fulfilling (8) and that the presented framework is applicable to extended
parameter dependency as long as the material symmetry transformations do not affect the considered p.

3.2 Parametric material modeling based on machine learning

To formulate a parametric anisotropic hyperelastic constitutive model, the present work extends one of the machine
learning (ML) approaches recently introduced in Reference 38. More specifically, the ML potential approach with
group symmetrization is considered in this work due to its excellent properties in fitting the constitutive behavior of
beam-lattices with highly nonlinear behaviors triggered by instabilities induced by buckling on the level of the struts.
This ML potential approach is now extended to include a parametric dependency p, namely on the material parameter E
and the topological parameters t.

Following,38 we first consider a ML core model W̃ML(C, p), which depends on a total of 6 + dp scalar
inputs (six degrees of freedom of C and dp parameters in p). The ML core model W̃ML can be, in principle,
any twice continuously differentiable function with respect to C. We then perform a group symmetrization as
follows

ŴML(C, p) = 1
#(G)

∑
Q∈G

W̃ML(QTCQ, p) . (11)
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The potential of the parametric ML-potential approach is then defined through

WML(F, p) = ŴML(C, p) . (12)

The group symmetrization (11), originally introduced in Reference 38 in terms of F, ensures that the final potential
(12) fulfills all material symmetry group conditions (8) by construction, that is, independent of any further paramet-
ric extension of the core model W̃ML. This approach offers a non-intrusive and highly flexible ansatz for any given
(finite-dimensional) anisotropy group G. Furthermore, the incorporation of the parametric dependency through exten-
sion of the approach of Reference 38 is as straight-forward as humanly possible through a simple increase of number
of inputs in the underlying machine learning approach. The simplicity of this approach makes it not only non-intrusive
but highly adaptable to even higher-dimensional parametric dependencies, as long as these are not affected by symmetry
transformations.

Compared to alternative approaches relying on the usage of structural tensors and invariants of groups, see, for
example, Reference 27, the present approach does not require the search and definition of a specific set of invariants. For
instance, if cubic materials are of interest, invariants involving at least structural tensors of second- and fourth-order are
necessary. Since the vast majority of material symmetry groups in material science are very well studied, the collection
G is most probably available for a high number of practical cases, such that the approach of the present work is easily
implementable.

As in Reference 38, the present approach considers ANNs for the ML core model W̃ML. Since the constitutive behavior
of the pRUC under investigation is solely state-dependent and not path-dependent, it suffices to use FFNNs for the core
model. Based on the examinations of the pRUC in the previous section, the present work considers a dimensionless scaling
parameter Es ∈ (0,∞), that is, the Young’s modulus of the beam material E = Es ⋅ E0 for a yet to be chosen reference E0,
and the topology parameters t. The parameter vector p is from this point on re-defined as

p = (Es, t1, t2, t3) ∈ P = (0,∞) ×  (13)

with  = [0, 1]3 ⧵ [0, 0.2)3 and dp = 4. The constant reference parameter 𝜈0 = 0.45 is excluded from p for simplicity. The
core model for the present work is now formulated based on a FFNN taking in Green’s strain tensor E = (C − I)∕2 and
the translated topology parameter 𝜏 = t − (0.5, 0.5, 0.5) as follows

W̃ML(C, p) = EsE0 FFNN(E, 𝜏) . (14)

We consider the usage of E and 𝜏 in order to provide input features around the origin for better calibration of the
networks. The dimensionless parameter dependency with Es is explicitly used in order to rescale the output of the FFNN
based on the observation of the previous section that the constitutive behavior is linear in Young’s modulus E. More
explicitly, the final model (12) can be calibrated with data based on a reference Young’s modulus, for example, E0 = 5 MPa,
and later on evaluated for a different elastic modulus, for example, E = 7.5 MPa = EsE0, by simply using the appropriate
dimensionless Es for rescaling, for example, Es = 1.5 in the current example. The parameter dependency p = (Es, t1, t2, t3)
then provides the ability of the final model (12) to be of use for cell material and topological variations.

For the pRUC considered explicitly in this work, the material symmetry group G is the group for cubic objects. Thus,
the cubic group with 24 rotation matrices is used. However, it should be emphasized that the non-intrusive approach
(12) could be used for any given G, for example, for a finite subgroup of transversely isotropic materials in the context of
pseudo-unidirectional fiber-reinforced hyperelastic materials.

The FFNNs considered in this work are composed of nH hidden layers and a homogeneous number nNH of neurons in
each hidden layer. The network architecture is shortly denoted as  [nH ,nNH]. For instance,  [3,128] refers to a FFNN
with 3 hidden layers and 128 neurons per hidden layer. The layers are supposed to be fully connected throughout. In all
hidden layers, the softplus function

s(x) = log(1 + exp(x)) (15)

is used as activation function in order to ensure (infinite) differentiability of the model. In the output layer of the model,
a single neuron and the identity activation function Id(x) = x are used in order to get a scalar output out of the linear
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combination of the functions of the last hidden layer. After fixing the architecture of the core model, the weights and
biases of all layers must be calibrated. The collection of all weights and biases is referred to as 𝜔 ∈ Rn𝜔 . The total number
of calibration parameters n𝜔 in the model (12) is given by

n𝜔 =
nH+1∑

l=1
(nl−1 + 1)nl with n0 = 9 , nl = nNH (l = 1,… ,nH) , nnH+1 = 1 , (16)

where n0 = 9 denotes the number of network inputs (six degrees of freedom of E and three shifted topology parameters 𝜏)
and nnH+1 = 1 the scalar output in the output layer. For instance, the network  [3,128] has n𝜔 = 34,433 calibration
parameters. As mentioned above, the incorporation of the parametric dependency through a simple increase of the size
of the input in the underlying FFNN is straight-forward in the present approach. This non-intrusive property is consid-
ered a major advantage compared to analytical mechanical models, for which the incorporation of complex topological
dependencies is far from trivial.

Finally, it should be noted that the present approach based on a core FFNN with the softplus activation func-
tion is differentiable not only with respect to F, but also with respect to p. Implementations of this approach
with modern ML libraries, for example, TensorFlow 2.4, can take advantage of automatic differentiation rou-
tines in order to obtain the corresponding gradients. This makes the computation of the stresses, stress tan-
gents, and topological sensitivities trivial and computationally highly efficient on GPU-based systems, especially
for a large number of inputs. In contrast to real experiments and structures simulations, where the extrac-
tion of gradient-based quantities as, for example, the effective stress tangent C = dP∕dF = d2W∕dF2 is technically
involved (if possible at all), the presented differentiable FFNN-model offers clear computational advantages once
calibrated.

3.3 Training approach

3.3.1 Data generation strategy

For the calibration of the parametric ML-potential model WML (12), or the training of the underlying FFNN model
W̃ML (14), respectively, data involving variations of the inputs, that is, F and t, and the corresponding system
response, that is, W (and P), are required. The dependency on E and Es is trivial such that only calibration data
for E0 = 1 MPa will be generated and Es = 1 will be fixed during model calibration, if not otherwise explicitly
stated.

For the generation of calibration data involving F, W , and P, the present work relies on the homogenization of
the pRUCs as described in Section 2.2. In the following, eight experimentally motivated mechanical scenarios partially
prescribing some deformation and some stress components are considered. Hereby, a simulation process parameter
𝜆 ∈ [−1, 1] is introduced such that all deformation and stress components depend at least implicitly on 𝜆. This depen-
dency is explicitly given for the components with prescribed linear dependency on 𝜆, while omitted for the rest. The eight
experimentally motivated scenarios are defined as follows:

Scenario 1 - uniaxial stress state:

F =
⎛⎜⎜⎜⎝
1 + 0.3𝜆 0 0

0 F22 0
0 0 F33

⎞⎟⎟⎟⎠ ei ⊗ ej , P22 = P33 = 0 . (17)

Scenario 2 - biaxial deformation with ratio of 1 (axis 1 vs. 2)

F =
⎛⎜⎜⎜⎝
1 + 0.3𝜆 0 0

0 1 + 0.3𝜆 0
0 0 F33

⎞⎟⎟⎟⎠ ei ⊗ ej , P33 = 0 . (18)
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Scenario 3 - planar deformation

F =
⎛⎜⎜⎜⎝
1 + 0.3𝜆 0 0

0 1 0
0 0 F33

⎞⎟⎟⎟⎠ ei ⊗ ej , P33 = 0 . (19)

Scenario 4 - volumetric deformation

F =
⎛⎜⎜⎜⎝
1 + 0.3𝜆 0 0

0 1 + 0.3𝜆 0
0 0 1 + 0.3𝜆

⎞⎟⎟⎟⎠ ei ⊗ ej . (20)

Scenario 5 - simple shear deformation

F =
⎛⎜⎜⎜⎝
1 0.3𝜆 0
0 1 0
0 0 1

⎞⎟⎟⎟⎠ ei ⊗ ej . (21)

Scenario 6 - biaxial deformation with ratio of 2 (axis 1 vs. 2)

F =
⎛⎜⎜⎜⎝
1 + 0.3𝜆 0 0

0 1 + 0.15𝜆 0
0 0 F33

⎞⎟⎟⎟⎠ ei ⊗ ej, P33 = 0. (22)

Scenario 7 - biaxial deformation with ratio of 3 (axis 1 vs. 2)

F =
⎛⎜⎜⎜⎝
1 + 0.3𝜆 0 0

0 1 + 0.1𝜆 0
0 0 F33

⎞⎟⎟⎟⎠ ei ⊗ ej, P33 = 0. (23)

Scenario 8 - combined uniaxial and shear deformation

F =
⎛⎜⎜⎜⎝
1 + 0.3𝜆 0.24𝜆 0

0 F22 0
0 0 F33

⎞⎟⎟⎟⎠ ei ⊗ ej, P22 = P33 = 0. (24)

These eight scenarios have also been considered in Reference 38 and provide mechanical scenarios mostly repro-
ducible in experiments. The last mechanical scenario with prescribed paths for F11 and F12 was already applied in the
previous Sections 2.3 and 2.4, since it shows that beam buckling and structural instabilities—reflected by abrupt changes
of stress gradients—can be present in both compression and tension scenarios, compare Figure 4. For a given topology t,
each of the mechanical scenarios is simulated for 𝜆 ∈ [0, 1] (tension) and 𝜆 ∈ [−1, 0] (compression) separately. This yields,
strictly speaking, eight tension and eight compression cases, respectively. These will be referred to as the 16 simulation
cases

C = {scenario 1 in tension (𝜆 ∈ [0, 1]) , scenario 1 in compression (𝜆 ∈ [−1, 0]) ,
scenario 2 in tension (𝜆 ∈ [0, 1]) , scenario 2 in compression (𝜆 ∈ [−1, 0]) ,
scenario 3 in tension (𝜆 ∈ [0, 1]) , scenario 3 in compression (𝜆 ∈ [−1, 0]) ,
scenario 4 in tension (𝜆 ∈ [0, 1]) , scenario 4 in compression (𝜆 ∈ [−1, 0]) ,
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scenario 5 in tension (𝜆 ∈ [0, 1]) , scenario 5 in compression (𝜆 ∈ [−1, 0]) ,
scenario 6 in tension (𝜆 ∈ [0, 1]) , scenario 6 in compression (𝜆 ∈ [−1, 0]) ,
scenario 7 in tension (𝜆 ∈ [0, 1]) , scenario 7 in compression (𝜆 ∈ [−1, 0]) ,
scenario 8 in tension (𝜆 ∈ [0, 1]) , scenario 8 in compression (𝜆 ∈ [−1, 0])} . (25)

For every topology t and each of the #(C) = 16 cases c ∈ C, a fixed number of #(S) = 151 simulation steps (indexed by
s ∈ S) with corresponding F, W and P are recorded. Thus, for a single t, 16 ⋅ 151 = 2416 data points are computed and the
values of the strain energy density and the stresses are collected for the training of the ML model.

Sampling of the topology parameters t ∈  is conducted based on Latin hypercube sampling (LHS). In this work, 100
sampling points in the interior of the admissible domain  are considered with LHS. In addition to these LHS samples,
the edges and facets of the star-shaped domain are discretized manually, leading to an additional 158 points comprising
also the seven admissible corners of the domain  . Thereby it is guaranteed that all admissible parameter vectors can be
obtained by convex combinations of training samples. The set T ⊂  refers to these #(T) = 258 topologies t. It shall be
noted that the solid volume fraction ranges from 0.0942% up to 14.5%, that is, the ratio between the volume fraction of
these extremal pRUC is larger than 150, which illustrates the variety of the design space considered. Finally, the calibration
dataset

DC = {(F, t,W ,P) ∶ (F, t,W ,P)[t,c,s], t ∈ T, c ∈ C, s ∈ S} (26)

contains then #(DC) = #(T) ⋅ #(C) ⋅ #(S) = 258 ⋅ 16 ⋅ 151 = 623,328 data points with varying values for the inputs F and t
and corresponding outputs W and P.

To confirm the accuracy of the machine learned model and its generalization capabilities for non-training queries,
additional validation data is needed. In order to not grow the number of required samples too much, 20 topology parameter
vectors maximizing the nearest neighbor distance to the set T are chosen. A similar approach was used successfully for
ROM in the past.50 The number of only 20 validation samples (each undergoing 16 loading cases at 151 steps) is justified by
the previous non-parametric work,38 where it was shown that the core of the hyperelastic model generalizes well for lattice
metamaterials and is very well able to improve with growing datasets. The set of the 20 validation topology parameters
is referred to as V ⊂  and the resulting validation dataset DV contains #(DV ) = #(V) ⋅ #(C) ⋅ #(S) = 20 ⋅ 16 ⋅ 151 = 48,320
data points for the inputs F and t and the corresponding outputs W and P.

These calibration and validation datasets are made openly accessible by the authors through the GitHub
repository https://github.com/CPShub/sim-data. The locations of all points from both datasets are visualized in
Figure 8.

3.3.2 Objective function and sample weighting

A standard objective function for the calibration of surrogate models is the mean squared error (MSE). In terms of the
potential and stress data, we thus here consider the following two weighted error measures

F I G U R E 8 Sampled topologies: boundary points in blue (left), inner points in black from LHS (middle), and validation topologies in
red (right)

https://github.com/CPShub/sim-data
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wMSEW = 1
#(T)#(C)#(S)

∑
t∈T

∑
c∈C

∑
s∈S

wW
[t,c,s](W[t,c,s] − WML

[t,c,s])
2 (27)

wMSEP = 1
#(T)#(C)#(S)

∑
t∈T

∑
c∈C

∑
s∈S

wP
[t,c,s]

1
9

3∑
i1=1

3∑
i2=1

((P[t,c,s])i1i2 − (PML
[t,c,s])i1i2)

2, (28)

where the index [t, c, s] denotes the correspondence to the topology t, case c and simulation step s, for example, WML
[t,c,s] =

WML(F[t,c,s], (1, t1, t2, t3)). The weights wW
[t,c,s] for the potential error wMSEW and wP

[t,c,s] for the stress error wMSEP can
be used to balance large differences in the output data and enhance the prediction quality of calibrated models. This
is particularly important in the present work, since the potential and stress values of different structures can vary over
several orders of magnitude, depending mainly on t (which governs the solid material content inside of the pRUC) and on
the applied load case c. Consider, for instance, Figure 4 again, illustrating the uniaxial-shear scenario for tension (F11 > 1)
and compression (F11 < 1) for two substantially different topologies. Not only the maximum tension values of the stresses
differ for these two topologies by a factor of around 50, but also the magnitudes of tension and compression cases vary
significantly. This poses serious challenges for any material model required to yield accurate predictions, for example, for
stiff structures (high values for the components of t) in the tension case, as well as for compliant structures (low values
in t) in the compression case, for any of the 8 scenarios. A key driver for the pronounced dependency of the strain energy
and the stresses on t is due to the volume fraction of the solid: The cross-sections scale with t2

i and the length of the struts
is constant.

In order to better quantify the constitutive behavior for a fixed topology t and loading case c, we define the following
l2-norms for the simulation sequences of the potential and stress values

||W[t,c]||l2 =
√∑

s∈S
W2

[t,c,s] (29)

||P[t,c]||l2 =

√√√√∑
s∈S

3∑
i1=1

3∑
i2=1

(P[t,c,s])2
i1i2

. (30)

Evaluation of the #(T)#(C) = 1712 l2-norms for all topologies and cases in the calibration dataset DC is illustrated by
their corresponding cumulative distribution functions in Figure 9 over a logarithmic scale. As shown in Figure 9, the
l2-norms of the potential and stresses posses a wide range over five orders of magnitude, depending on the considered t
and c. This makes it very clear that a proper weighting strategy is required in the formulations of the MSEs in (27) and
(28). Consequently, the present work introduces the following weights, which are formulated using the l2-norms for fixed
topology t and loading case c, and are thus independent of the step s:

wW
[t,c,s] =

(
1

#(S)
||W[t,c]||2l2

)−1

(31)

wP
[t,c,s] =

(
1

9#(S)
||P[t,c]||2l2

)−1

. (32)

Inserting this particular choice of weights into (27) and (28), respectively, yields the weighted MSEs as relative errors

wMSEW = 𝜖W = 1
#(T)#(C)

∑
t∈T

∑
c∈C

𝜖W
[t,c], 𝜖W

[t,c] =

(||(W − WML)[t,c]||l2||W[t,c]||l2

)2

, (33)

wMSEP = 𝜖P = 1
#(T)#(C)

∑
t∈T

∑
c∈C

𝜖P
[t,c], 𝜖P

[t,c] =

(||(P − PML)[t,c]||l2||P[t,c]||l2

)2

, (34)

using the squared norm over the load path defined by (29), (30). These relative error measures allow the quantification
of relative model deviations from the expected behavior based on the most influential changes for the problem at hand,
that is, topology and loading case. Naturally, values far below unity for 𝜖W ∈ [0,∞) and 𝜖P ∈ [0,∞) are expected for high
quality models. In order to consider the errors of both the potential and stress data, the present work uses



592 FERNÁNDEZ et al.

F I G U R E 9 Cumulative distribution functions of the l2-norms ||W[t,c]||l2 (left) and ||P[t,c]||l2 (right)

𝜖 = 1
2
(
𝜖W + 𝜖P) = 1

#(T)#(C)
∑
t∈T

∑
c∈C

𝜖[t,c], 𝜖[t,c] =
1
2
(𝜖W

[t,c] + 𝜖P
[t,c]) (35)

as objective function for the calibration of the following ML models.
Above, the wMSEs and total error 𝜖 are formulated for the training dataset DC, that is, for t ∈ T, but they can in the

same fashion also be formulated for the validation dataset DV , that is, for t ∈ V.
Besides potential and stress values, also the wMSE of the stress tangent tensor C(F) = d2W∕dF2 could be added to

the objective function 𝜖 from (35), which might further improve accuracy or regularity of the calibrated models, compare
Reference 37. However, this approach is not pursued here, because (i) the homogenization of C from the beam model
is rather elaborate,19 (ii) for other applications, C might not be available from the microstructural simulations and is
generally not available for experimental characterization data, and (iii) it would increase the computational effort for
evaluating 𝜖 tremendously, since d2WML∕dF2 would have to be evaluated for each parameter [t, c, s] in each iteration of
the optimization, including the symmetrization resulting from (11).

3.4 Results

The machine learning-based parametric constitutive models introduced above have been implemented in Python 3.8.5
with TensorFlow 2.4 on a Windows system with a GeForce RTX 2080 Ti graphics card for GPU acceleration. The gradient
of the ML models is obtained in TensorFlow 2.4 through automatic differentiation.

An architecture sweep is performed with the calibration dataset DC and the validation dataset DV . Different
network architectures  [nH ,nNH] with nH ∈ {3, 4} and nNH ∈ {8, 16, 32, 64,128} are tested. Each architecture is ini-
tialized three times and trained for a maximum of 3000 epochs with a batch size of 214 = 16,384. Early stopping
is used such that the model calibration is stopped if no improvement is achieved with respect to 𝜖 for the valida-
tion dataset DV in a patience window of 500 epochs. The results for the objective function 𝜖 for the architecture
sweep are tabulated in Table 1. The prediction qualities in terms of 𝜖 for DV of the trained networks are shown
in the middle column of Table 1 and range from 16% to 23% for  [3, 8] down to 4.7%–5% for  [4,128]. The
analogous results for DC in the right column are slightly better than for DV , demonstrating that overfitting has
been avoided and that the networks are able to generalize well. Of course, overfitting is mainly avoided through
the early stopping of the trained networks and the use of training batches is also helping in avoiding pronounced
overfitting.

For instance, the evolution of the objective 𝜖 for the largest and best performing model instance with  [4,128] is
illustrated in Figure 10. A maximum of 3000 epochs is allowed during training, but since 𝜖 for DV is monitored and does
not continue to improve over the patience window of 500 epochs, the training is stopped and the best performing state of
the network with respect to DV is restored, yielding 𝜖 = 0.0466 for DV and 𝜖 = 0.0367 for DC. This best performing instance
of  [4,128] is chosen for the rest of the section for an in depth examination. The chosen model is referred to from now
on simply as . Naturally, as visible in Table 1, smaller networks achieve comparable quality. The present work simply
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T A B L E 1 Range of objective function 𝜖 for network
architectures in initial sweep

Architecture 𝝐 (validation) 𝝐 (calibration)

 [3, 8] 0.1564 … 0.2345 0.1368 … 0.1561

 [3, 16] 0.0615 … 0.0742 0.0542 … 0.0690

 [3, 32] 0.0558 … 0.0641 0.0442 … 0.0561

 [3, 64] 0.0493 … 0.0528 0.0328 … 0.0505

 [3,128] 0.0467 … 0.0565 0.0336 … 0.0619

 [4, 8] 0.1030 … 0.1343 0.0969 … 0.1050

 [4, 16] 0.0576 … 0.0729 0.0528 … 0.0594

 [4, 32] 0.0497 … 0.0531 0.0381 … 0.0506

 [4, 64] 0.0475 … 0.0542 0.0316 … 0.0460

 [4,128] 0.0466 … 0.0505 0.0308 … 0.0367

F I G U R E 10 Development of 𝜖 for the best performing instance of  [4,128] yielding 𝜖 = 0.0466 for the validation dataset and
𝜖 = 0.0367 for the calibration dataset

chooses the best performing instance  with  [4,128], since a quality saturation with respect to 𝜖 for DV seems visible
in Table 1 and internal tests with  [3,256] did not show any major improvement with respect to the validation data.

As a first evaluation of the chosen model  with 𝜖 = 0.0367 for DC and 𝜖 = 0.0466 for DV , we consider the cumulative
distribution function (cdf) of 𝜖[t,c], compare (35). It is evaluation for DC and DV is illustrated in Figure 11 in blue and red,
respectively, and the vertical lines correspond to 𝜖 accordingly. Obviously, the model shows a better performance with
respect to DC with a smaller average (𝜖) and higher initial gradient, compared to DV . Nevertheless, these cdfs show an
acceptable accordance. Hereby, it should be noted again (i) that the model is required to yield good results over 5 orders of
magnitude for W and P, compare Figure 9, and (ii) that DV was specifically designed in order to maximize the distance to
DC in order to obtain a challenging validation set. Based on these considerations, the model is believed to generalize well.

The chosen model  is now evaluated for selected topologies of the calibration dataset and simulation cases. We con-
sider the topologies t1 = (0.125, 0.345, 0.255) and t2 = (0.995, 0.885, 0.975) in order to evaluate a compliant (t1) and a stiff
cell (t2). Further, in order to make clear the advantages of the newly proposed weights (31) and (32), specially for compli-
ant structures, an additional instance of  [4,128] is trained with uniform weights equal to 1 with the analogous objective
function (wMSEW + wMSEP)∕2. This model is referred to from now on as u. For each topology, t1 and t2, we evaluate
for  and u the simulation cases 1, 2, 7, 8, 15, and 16, corresponding to the tension and compression scenarios for
the scenarios 1 (uniaxial), 4 (volumetric), and 8 (uniaxial-shear). The evaluation of the six selected cases for the compli-
ant cell t1 = (0.125, 0.345, 0.255) is illustrated in Figure 12, while the analogous evaluation for t2 = (0.995, 0.885, 0.975) is
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F I G U R E 11 Cumulative distribution functions of the error 𝜖 (truncated up to 𝜖 = 0.5) of the chosen model : calibration dataset DC

(blue) and validation dataset DV (red); the vertical lines mark the corresponding averages, that is, 𝜖 = 0.0367 for DC and 𝜖 = 0.0466 for DV

displayed in Figure 13, with  on the left columns and u on the right columns, respectively. The dotted lines denote
the simulation data, while the continuous lines correspond to the evaluations of  and u. For the sake of a compact
illustration, only the stress values P11∕12∕21∕22∕33 are shown. A more detailed graphical illustration of  and u showing
all stress and potential values is provided in Appendix A.

We first consider the model , compare left columns in Figures 12 and 13. The evaluation of the compliant cell with
t1 = (0.125, 0.345, 0.255) depicted in Figure 12 shows that  achieves not only qualitatively but also quantitatively very
good results over a wide range of cases. Here, it is important to note that the model is expected to deliver good results for
a compliant cell yielding very low values in terms of magnitude for the potential as well as for the stresses. For instance,
consider the uniaxial compression and tension cases, illustrated in the first and second rows of Figure 12. In compression,
the selected cell yields a maximum absolute value of the stress of around maxs∈S |Pij| ≈ 4 Pa. Now, consider the uniaxial
tension case in the second row, with maxs∈S |Pij| ≈ 40 Pa. The trained model yields qualitatively satisfactory results for
these cases as well as for the uniaxial-shear compression and tension cases (cf. last two rows). For the volumetric case,
compare third and fourth row, the model achieves a good agreement with the buckling stress of the perturbed cell, with
maxs∈S |Pij| ≈ 4 Pa, and a good agreement with the stresses in volumetric tension, with maxs∈S |Pij| ≈ 1000 Pa. Based on
these results, already for the compliant cell t1 one can observe that yields good results over several order of magnitudes.
For immediate comparison, the additional model u trained with uniform weights is displayed in the right column
of Figure 12. It can be clearly observed that that u does not achieve the prediction quality of , especially for the
compression cases and for soft structures (i.e., small values in t). This is an implication of the uniform weights, which in
(wMSEW + wMSEP)∕2 cannot amplify the errors with values in small orders of magnitude, as for the uniaxial, volumetric
and uniaxial-tension compression cases.

The analogous evaluation for the stiff cell with t2 = (0.995, 0.885, 0.975) depicted in Figure 13 further shows not
only the good agreement between the model prediction and the calibration data, but also that the model indeed is
able to perform well over several orders of magnitude in the output. For instance, consider again the uniaxial com-
pression and tension cases for the compliant and stiff structures in the first and second rows of Figures 12 and 13,
respectively. The stress values of these two topologies have a difference of roughly two orders of magnitude. The cali-
brated model  is able to achieve a good performance in most cases, showing its flexibility and accuracy over several
orders of magnitude in the output space. Only in the volumetric tension case it is clearly visible that  does not per-
form accurately for higher load amplitudes. The additional model u shows a good performance for this stiff topology.
But this is immediately clear, since the stress values for the stiff topology t2 are orders of magnitude larger than for the
compliant topology t1. These values induce large errors in (wMSEW + wMSEP)∕2, which then dominate the calibration
of u.

In summary, it is concluded (i) that the proposed hyperelastic parametric model can generalize well over sev-
eral order of magnitude for the highly nonlinear buckling behavior of the parametric cells and (ii) that the newly
proposed weights (31) and (32) transforming the standard weighted MSE to the relative error 𝜖 incorporating func-
tion (W) and gradient (P) information enhances the prediction quality over the entire range of weak and stiff
structures.
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F I G U R E 12 Evaluation of trained models with architecture  [4,128] for t1 = (0.125, 0.345, 0.255): model trained with newly proposed
wMSE with non-uniform weights (left column) and model trained with commonly used uniform weights (right column)
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F I G U R E 13 Evaluation of trained models with architecture  [4,128] for t2 = (0.995, 0.885, 0.975): model trained with newly proposed
wMSE with non-uniform weights (left column) and model trained with commonly used uniform weights (right column)
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4 PARAMETRIC MICROSTRUCTURE OPTIMIZATION

A parametric effective constitutive model for a family of microstructures can be used to select a specific microstructure
that exhibits a desired constitutive behavior, that is, solve the inverse problem of identifying a suitable parameter set p.
This can be done by optimizing for p, where practical applications would typically require constraints, for example, the
range of Young’s modulus of available materials or manufacturing related constraints regarding minimal and maximal
radius parameters t. Here, we demonstrate how the calibrated model WML(F, p) (for which we use the best performing
instance  of  [4,128] from the previous section, compare Figures 12 and 13) can be used to solve such optimiza-
tion problems and identify the parameter vector p = (Es, t1, t2, t3) of a beam-lattice pRUC that best approximates a given
effective behavior.

4.1 Optimization based on given deformation, energy, and stress

For this first example, we consider the behavior of the pRUC for t = (0.535, 0.065, 0.885) in the uniaxial-shear
scenario, which is contained in the calibration dataset DC, but amplified with Es = 3 as the desired objec-
tive, for which we want to identify a pRUC that exhibits this uniaxial-shear behavior. The original data and
model predictions for Es = 1 are displayed in Figure 14, while the amplified objective behavior is illustrated in
Figure 15.

The calibrated model is now used to search for the optimal parameter vector p for material and lattice topology based
on the given data {(F1,W1,P1),… , (Fn,Wn,Pn)}, in this example corresponding to the data displayed in Figure 15 with
n = 2 ⋅ #(S) = 302, that is, for all simulation steps of the uniaxial-shear scenario, that is, concatenating its compression
and tension cases. For that we consider the error function

e(p) = 1
n

n∑
i=1

1
(J∕m3)2 (Wi − WML(Fi, p))2 + 1

9 Pa2 ||Pi − PML(Fi, p)||2 (36)

F I G U R E 14 Simulated data and model prediction for p = (1.000, 0.535, 0.065, 0.885) in the uniaxial-shear case

F I G U R E 15 Objective data for por = (3.000, 0.535, 0.065, 0.885) in the uniaxial-shear case
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as a pragmatic choice. Alternatively, weights as for the wMSE could be considered, but are not the focus of this example.
From a practical perspective, not all materials may be available for production, such that limitations on Es can be imposed.
Therefore, we consider the compact set P = [E−

s ,E+
s ] ×  ⊂ P, compare (13), and the optimization problem

min
p∈P

e(p). (37)

For the current example we set E−
s = 0.1 and E+

s = 10.
Depending on the optimization algorithm used, algorithms settings and, most importantly, the behavior of the

material model, several different acceptable solutions may be found. For instance, in the current example the trivial
solution is por = (3.000, 0.535, 0.065, 0.885) ∈ P, which are the parameters used to generate the objective data. However,
also other reasonable solution parameters corresponding to local minima of the error function e(p) may be encoun-
tered. For the present example, the initial guess is set to p0 = (1.0, 0.5, 0.5, 0.5) ∈ P and the derivative-free Powell
algorithm as implemented in the SciPy package, see Reference 51, in Python 3.8.5 is used. It returns the deviating
solution

p∗ = (3.796, 0.520, 0.506, 0.739). (38)

The evaluation of the model for the optimized parameters p∗ is displayed in Figure 16 and a good agreement of the
optimized behavior for p∗ with the desired behavior given by the data for por can be observed.

4.2 Optimization based on incomplete data

In some situations information obtained through experimental measurements may be limited, such that, for example,
only certain components of the effective deformation and stresses may be accessible and one may have to work with
incomplete data. The most basic example for this kind of scenario is the uniaxial stress experiment with explicit mea-
surement of only the F11 and P11 components. The evaluation of material models solely based on F11 is only possible if
assumptions are made for the remaining deformation components, especially for F22 and F33 in the uniaxial case for cubic
materials. Here, for example, incompressibility may be one option, which may or may not be realistic, depending on the
actual material.

If material and/or topology parameters are to be optimized based on a desired material behavior solely dictated by F11
and P11 in a uniaxial tension case, then parametric material models as the one introduced in this work, compare (12),
may be used as follows. Given a set of n values Duni = {((F1)11, (P1)11),… , (Fn)11, (Pn)11)}, corresponding to a uniaxial
case, the model (12) requires the complete F and p for its evaluation, at what p is the later optimization variable. For the
pRUC of this work, incompressibility is of course out of question, since the pRUC can be compressed and shows highly
nonlinear behavior, for example, in the volumetric compression case. But since simulation data is available, we can use
this data as a resource for a second ML model. For the cubic pRUC, for the uniaxial stress state the deformation gradient
Funi is assumed to be represented as

F I G U R E 16 Objective data for por = (3.000, 0.535, 0.065, 0.885) and evaluated model for optimized p∗ = (3.796, 0.520, 0.506, 0.739) in
the uniaxial-shear case
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Funi =
⎛⎜⎜⎜⎝
F11 0 0
0 𝜑(F11, p) 0

0 0 𝜑(F11, p)

⎞⎟⎟⎟⎠ ei ⊗ ej, (39)

where the function 𝜑(F11, p) represents the parametric dependency of F22 and F33 on F11 (and p).
Here, one point requires a short discussion. The deformation behavior of the hyperelastic pRUC of this work has been

found to be trivially linear in E. This implies that for any boundary conditions implicitly defining components of the
deformation gradient, as in the uniaxial stress state, the implicit dependency of the deformation on the parameters of the
pRUC can be reduced to t, excluding Es and, strictly speaking, neglecting the minor dependency on 𝜈 ≥ 0 as discussed in
Section 2.4. The argument is simple, since if F would implicitly depend on Es, then the material behavior would not be
linear in E, which leads to a contradiction. Therefore, the implicit parametric dependency of the deformation is reduced
to t, not only for the uniaxial stress case, but for any case. This implies that the different deformations of the pRUC can be
characterized based on a single material (with reference E0) and the deformation of any other material (with a different
E = EsE0) is immediately obtainable. Based on this reasoning, we condense the parametric dependency for the uniaxial
case to

Funi(F11, 𝜙(F11, t)) =
⎛⎜⎜⎜⎝
F11 0 0
0 𝜙(F11, t) 0
0 0 𝜙(F11, t)

⎞⎟⎟⎟⎠ ei ⊗ ej, (40)

from this point on.
This new function 𝜙(F11, t) is, of course, difficult to grasp due to the complex behavior depending on t. But since

simulation data is available, we set up a second ML model for it as 𝜙ML(F11, t), which is trained with data extracted from
the dataset DC used for the calibration of WML(F, p). The objective function MSE𝜙 for the calibration of 𝜙ML is defined as

MSE𝜙

22 = 1
#(T)

∑
t∈T

1
2

∑
c∈{1,2}

1
#(S)

∑
s∈S

((F[t,c,s])22 − 𝜙ML((F[t,c,s])11, t))2 (41)

MSE𝜙

33 = 1
#(T)

∑
t∈T

1
2

∑
c∈{1,2}

1
#(S)

∑
s∈S

((F[t,c,s])33 − 𝜙ML((F[t,c,s])11, t))2 (42)

MSE𝜙 = 1
2
(MSE𝜙

22 + MSE𝜙

33), (43)

where c ∈ {1, 2} refers to the uniaxial tension and compression cases. The function 𝜙ML itself is formulated as

𝜙ML(F11, t) = (1 + (F11 − 1)FFNN(F11 − 1, 𝜏))2 (44)

with a FFNN, with the softplus activation function, taking F11 − 1 and 𝜏 = t − (0.5, 0.5, 0.5) as input. The formulation (44)
ensures 𝜙ML(1, t) = 1 for all t, 𝜙ML(F11, t) ≥ 0 for all F11 and t, and differentiability with respect to F11 and t. An identical
architecture sweep as for the material model has been conducted, that is, a maximum of 3000 epochs is allowed with 500
epochs patience and the objective function is monitored for DV . The architecture  [4,128] yielded the best results and is
used from this point on.

Now, based on the calibrated 𝜙ML, for given set of n values Duni = {((F1)11, (P1)11),… , (Fn)11, (Pn)11)}, the material
and topology can be optimized based on a simple composition of the ML models. The F11 values can be inserted into 𝜙ML

to obtain predictions of the unknown F22 and F33, for given t. Then, these values can be used to build the deformation
gradient Funi, which is then evaluated with given p in the WML model in order to get the stress PML. The (PML)11 component
can then be compared to the desired stress value (P)11. Thus, we formulate the objective function as

e𝜙(p) = 1
n Pa2

n∑
i=1

[
(Pi)11 −

(
PML(Funi

i (t), p)
)

11

]2
, Funi

i (t) = Funi ((Fi)11, 𝜙
ML((Fi)11, t)

)
, (45)

and the corresponding optimization problem as
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min
p∈P

e𝜙(p). (46)

In the following, we consider again the parameters of the previous optimization example, namely por = (3.000, 0.535,
0.065, 0.885) with the topology t = (0.535, 0.065, 0.885) ∈ T and material amplification Es = 3, but now for the uniaxial
case. The simulated data is displayed in Figure 17.

For the optimization problem of this example, we solely consider the F11 and P11 values. But it is still of interest, if the
ML models provide good predictions of the F22∕33 and P11 values. Evaluation of the given F11 and t = (0.535, 0.065, 0.885)
with the calibrated 𝜙ML model yields the black curve displayed in the left plot of Figure 18. The prediction follows closely
the data for F22 and F33, which deviate only slightly from one another due to the introduced cell perturbations. The
corresponding data for P11 is illustrated in Figure 18 on the right plot by the blue dotted line. The black line depicts the
composition of 𝜙ML and WML, which agrees sufficiently well with the evaluation of WML based on the original F data
(blue line).

Based on these observations, it can be concluded that the optimization problem (46) will have, from a practical point
of view, a chance to find at least one acceptable solution, being the original por.

It should be noted that due to the usage of the softplus function, which is infinitely differentiable, in both ML models
WML and 𝜙ML, the error function e𝜙(p) is differentiable in p, as in the previous optimization example. Thus, in contrast to
the previous optimization example, we now use a gradient-based optimization algorithm with constraints for the problem
(46). This is easily achievable in Python 3.8.5 with several algorithms from the package SciPy, see Reference 51. Here, we
use the Trust Region algorithm with Jacobian information. The Jacobian of e𝜙(p) is easily obtained based on the automatic
differentiation routines of TensorFlow 2.4. Starting from p0 = (1.0, 0.5, 0.5, 0.5), the optimization yields the solution

F I G U R E 17 Objective data for por = (3.000, 0.535, 0.065, 0.885) in the uniaxial case

F I G U R E 18 Evaluation of data corresponding to por = (3.000, 0.535, 0.065, 0.885). Left: data for F22 (purple, dotted), F33 (olive, dotted)
and prediction of calibrated 𝜙ML (black). Right: data for P11 (blue, dotted), predictions based on the full F with WML and corresponding PML

(blue) and predictions based on F11 and 𝜙ML evaluated then with WML and corresponding PML (black)
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p∗ = (1.299, 0.979, 0.429, 0.587). (47)

Evaluation of the model composition for the optimized parameters p∗ is depicted in Figure 19 in red. It can be observed,
that for p∗ the predicted behavior of F22 and F33 (red line) deviates significantly from the behavior for por (dotted lines),
compare the left plot in Figure 19. Nevertheless, it still yields a stress behavior very close to the desired one, compare right
plot in Figure 19. The pRUC corresponding to p∗ was not contained in the calibration dataset DC and has been simulated
for verifying the results. The corresponding new data is illustrated by the dashed-dotted lines in Figure 19. It can be seen
that 𝜙ML predicts qualitatively well the F22 and F33 behavior for the cell corresponding to p∗, compare left plot. The trend
of the P11 stress for p∗ is fairly close to the one for por, compare right plot. Evaluation of the WML model with the F values
collected from the new simulation yields the orange curve shown in the right plot of Figure 19. It can be seen that the
composition of the models (red curve) and the evaluation of WML based on the exact deformation (orange curve) are very
close the each other. Further, all stress component based on the ML model composition and the optimized parameters p∗

are depicted in Figure 20, corresponding to the red curves of Figure 19. Here, it should be noted that model evaluation
through the composition of𝜙ML and WML yields a uniaxial stress state, to a reasonable degree, even though neither P22 = 0

F I G U R E 19 Evaluation of data and models corresponding to por and p∗: Left: data for F22 for por (purple, dotted), F33 for por (olive,
dotted), prediction of calibrated 𝜙ML for p∗ (red), data for F22 for p∗ (purple, dashed-dotted) and data for F33 for p∗ (olive, dashed-dotted);
Right: data for P11 for por (blue, dotted), predictions for p∗ based on F11 and 𝜙ML evaluated then with WML and corresponding PML (red), data
for P11 for p∗ (blue, dashed-dotted) and predictions for p∗ based on the full F with WML and corresponding PML (orange)

F I G U R E 20 Evaluation of all stress components: objective data (dotted lines), model evaluation (continuous lines) based on the
calibrated 𝜙ML and the optimized parameters p∗, corresponding to the red lines in Figure 19
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nor P33 = 0 were imposed in the objective function (45). This is due to the reasonable approximation of the corresponding
uniaxial path in the deformation space, see Figure 19.

Depending on pragmatic tolerances on the desired (F11,P11) behavior, the obtained solution p∗ may offer an accept-
able compromise obtained through the calibrated ML models. Of course, further improvements could be achieved, for
example, by accumulation of more training data for the ML models or a weighting of crucial points of the desired (F11,P11)
behavior. This may be important for some applications, since in the present example the behavior in the vicinity of the
undeformed state contributes smaller error values in the objective function (45), compared to values for large tension.
The present approach simply showcases that, in principle, the calibrated material model WML can be used in combination
with further ML models for optimization problems with incomplete data.

5 CONCLUSIONS

The present work presents an anisotropic, hyperelastic constitutive modeling approach for parametric nonlinear meta-
materials and demonstrates its application to beam lattice microstructures and their optimization. For this purpose, the
machine learning-based method of Reference 38 is extended by including the parametric dependencies into the FFNN
formulation in a straight-forward and non-intrusive fashion.

In view of the computational performance the most relevant statements are (i) that the evaluation of the machine
learned model has an explicitly and a priori known computational cost, (ii) arbitrary load states in the admissible range
can directly be evaluated without running a simulation involving small load increments and (iii) the computational cost is
independent of the resolution of the discrete pRUC model and, generally, distinctly lower. We are not providing speed-up
information as the latter would depend heavily on software, hardware and so forth.

As an example of a parametric metamaterial, a highly nonlinear cubic beam-lattice microstructure is investigated,
for which topology and morphology are controlled using three parameters. The influence of material parameters due
to modeling assumptions is examined and the dominance of the lattice parameters has been shown. Based on these
observations, the parametric anisotropic hyperelastic material model is formulated as a FFNN. The model is trained on
a fairly sparse and pragmatic data generation strategy with corresponding sample weighting connecting the weighted
MSE with a sensible relative error measure depending on the cell topology and loading case. The objective function
𝜖 incorporates potential and stress information and forces the model to yield good predictions for stiff and compliant
structures in tension and compression loading cases. The complete calibration dataset is made openly accessible by the
authors through the GitHub repository https://github.com/CPShub/sim-data.

The calibrated model is then showcased in two optimization problems, in which the material and the topology of
the parametric metamaterial are tailored for a desired nonlinear behavior. The first example concerns the identifica-
tion optimal cell parameters based on fully prescribed deformation, energy and stress data. Here, it is demonstrated that
the calibrated model works well with standard, gradient-free optimization algorithms. In the second example, incom-
plete data is prescribed for the uniaxial behavior in terms of (F11,P11). For this scenario, an auxiliary machine learning
model is trained for predicting the deformation behavior for uniaxial deformation and then coupled with the full model.
Here, a gradient-based optimization algorithm is used, which demonstrates the versatility of the proposed material
modeling approach, since not only the stresses can be obtained from the neural network-based strain energy density
W through automatic differentiation (P = 𝜕W∕𝜕F), but also the gradients with respect to the lattice parameters (e.g.,
𝜕P∕𝜕p = 𝜕2W∕𝜕F𝜕p).

In principle, the constitutive modeling approach introduced in this work can be applied to any kind of nonlinear
elastic (meta-) material with a known class of material symmetry, for which parametric dependency is of interest, for
example, fiber-reinforced composites, multi-material microstructures, open- and closed-cell foams, bio-materials, tex-
tiles, and so forth. It facilitates the investigation of micro-macro topology optimization, in which an effective constitutive
model can be used on the macro level. In this way, topology optimization algorithms can make use of the present
work and optimize not only the macroscopic material distribution, but a also a micro-parameter field, corresponding
to p. This would enable future macroscopic parts with varying, highly dedicated material and topology at the micro
level.

As pointed out in Section 1, the present approach assumes that the material behavior is well approximated by a
state-dependent hyperelastic model. The investigation carried out in Section 2.3 and the evaluation of the calibrated mod-
els support the assumption for the structures and range of material parameters taken into consideration. Nevertheless,
other structures and a wider range of material parameters and perturbations may show higher discrepancies and violate

https://github.com/CPShub/sim-data
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many homogenization assumptions. Future work could concentrate on a dedicated investigation of these aspects, while
pragmatic approaches could consider the present work as a starting point for parametric structures in the meantime.
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APPENDIX A. DETAILED EVALUATION OF BEST PERFORMING MODELS

The chosen model instance  with  [4,128] and calibrated with the newly proposed weights (31) and (32) illus-
trated in the left columns of Figures 12 and 13 is shown with further details in Figures A1 and A2. The left columns
show the components of the deformation gradient, the middle columns correspond to the potential values and the
right columns illustrate the stresses. The analogous evaluation for the model u with uniform weights is shown in
Figures A3 and A4.
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F I G U R E A1 Evaluation of trained model  based on network  [4,128] and 𝜖 for t1 = (0.125, 0.345, 0.255)
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F I G U R E A2 Evaluation of trained model  based on network  [4,128] and 𝜖 for t2 = (0.995, 0.885, 0.975)
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F I G U R E A3 Evaluation of trained model u based on network  [4,128] and (wMSEW + wMSEP)∕2 with uniform weights for
t1 = (0.125, 0.345, 0.255)
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F I G U R E A4 Evaluation of trained model u based on network  [4,128] and (wMSEW + wMSEP)∕2 with uniform weights for
t2 = (0.995, 0.885, 0.975)


