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The gradient theory for a dynamic analysis of interface crack
between two dissimilar dielectric materials
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1. Introduction

The interface crack between two dissimilar dielectric materials under a mechanical load is
investigated with including flexoelectricity effects. Layered structures are efficiently utilized in
many advanced engineering microelectronics applications, where a thin film coating technology is
applied. Due to different material properties of layers there are induced high stress gradients near
the interface. Therefore, a delamination and occurence of failure is often observed in the layered
structures. To predict the failure it is needed to analyze interfacial stress and strain fields along
the interface and mainly near the tip of interface cracks. The classical theory of elasticity is scale
independent and applicable only to large structures, where the microstructure of the materials can
be ignored [1]. The classical continuum model does not reflect the material microstructure [2].
In microelectronics it is a tendency to reduce size of devices/structures to nanoscale, where new
phenomena are observed. Therefore an advanced model has to be applied to small structures, when
the size of structure is comparable with the characteristic length of the material microstructure. In
the present paper the gradient theory of elasticity is employed where the characteristic length of the
material microstructure is involved in constitutive equations [3—4].

The flexoelectricity is the electro-mechanical coupling known as the generation of electric po-
larization by a strain gradient (direct flexoelectric effect) in solid dielectrics. The direct flexoelectric
effect is considered in constitutive equations for electric displacement and higher-order stresses
(gradient stresses) [5]. In many literature sources, one can find application of the gradient elasticity
theory to small-scale structures. However, most of the existing works ignore the contribution of
inertia gradient effect on structural kinetic energy [6].

The influence of flexoelectricity on an interface crack between two dissimilar dielectric mate-
rials under an impact load is investigated in this paper. The direct flexoelectricity is considered here.
The Hamilton's principle is applied to derive governing equations. The variational formulation has
been used to derive the mixed finite element method (FEM) equations. The CO continuous appro-
ximation is applied independently to displacements and displacement gradients. The kinematic
constraints between both approximated fields are satisfied by collocation at some internal points
of elements.

The publication is co-financed from the state budget under the programme
of the Minister of Education and Science called “Excellent Science” project no. DNK/SP/548041/2022

Ministry of Education and Science Republic

iRepubllcofPoIand - of Poland
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2. Gradient theory for an interface crack problem

In the direct flexoelectricity, the constitutive equations in dielectric materials can be written
as [7]

04 = Cyjui€n
Mg =— ﬁjklEi + G jrtmni 7 mni
Di= ayE;+ fiu 1)

where symbols O My and D, denote the Cauchy stresses, higher-order stresses and electric displa-
cement, respectively. Symbols a (al.j), c (CW), f (]fjk,) and g (gjk,mm_) are used for the permittivity, ela-
stic stiffness tensors, the direct flexoelectric coefficients and he higher-order elasticity coefficients,
respectively.

Strains €,, electric intensity vector £, and strain-gradient tensor 7,, can be expressed by the

displacements u, and electric potential ¢

(uw + Uji

e, = (gt

E;==¢, )
it W

Nip = iy — wfu) 3)

The higher-order elastic parameters &g ATC assumed to be proportional to the conventional
elastic stiffness coefficients ¢,

G jkimni = r Cj]cmnali 4)

where the internal length material parameter / is considered as the only one additional material
coefficient.

A similar approach is utilized for the direct flexoelectric coefficients £, which are represented
by only two independent parameters f, and f;:

ﬁf’C/:ﬁsiiail+ﬁ(6ij8kl+6ik6]’l) (3)

The governing differential equations for this problem are derived from the Hamilton's principle

6/ U—-W-=K)dr =0 (©6)

where 60U is the variation of potential energy, 6 W is the work done by external forces, K is the
variation of kinetic energy, and 7 is the time variable.

Consistently with the above constitutive equations in gradient theory, the variation of electric
enthalpy density U is given by

oU = 0‘17881‘/‘" /Jm«aﬁm« +Dk'8¢.lc

16



Assuming the micro-inertia according to Askes and Aifantis [6], the variation of kinetic energy
is described by

t

P) f Kdr = [ [ plidi+ 140, 8i,)dVdr =
0 14

o

= f f o (0w + s Ouiy)dVdr = .
:_j [ o+ 17, 0usy) Su.dVdr — f [ oty 6udvir

where o is the mass density and /, is the micro-inertia length scale parameter.
Then, the following governing equations can be derived

Sii—= on a.’If]‘ n;

Dk.k(xyz-): 0 ®)

The mixed FEM will be developed in the full length paper, where the displacements and stra-
ins are approximated by C° continuous interpolation with using correspondingly nodal values of
approximated fields.

The weak-form of a boundary value problem in gradient elasticity can be written as

[[(J,:j + 012 1i) Suiy + pi Otiyi + Dy S+ pdﬁui]dV =

v i ) 9

= fiAS’LLAiF"‘ fRMSSﬂiF"‘ fQ16¢1dF ( )
T Lo

Tr

where

du; _ Ou:
= R = RNy = Ny =D
8= 3, or, n, Ri:= mm;m Q:= n.Dy

Substituting the spatial approximations of elastic displacements and electric potential on each
element into the weak form (9), we get the discretized FEM equations as a system of ordinary
differential equations (ODE). The system of ODE can by solved by a time integration procedure.
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1. Introduction

This work focuses on the use of truss topology optimization to produce optimized designs
with respect to multi-objective heat transfer and mechanical compliance formulation for additively
manufactured components. Firstly, the motivation behind the problem is laid out, then, optimization
formulation and solver environments are presented, and finally, the results and discussion conclude
the manuscript.

A lot of scientific effort was put into researching topology optimization and its many different
subfields in the past 20 years, however, there are still uncharted, or little explored areas. Inspired by
a problem from an industrial partner, we focus on the multi-objective formulation, including heat
transfer and structural compliance. An example problem schematic is depicted in Figure 1 below.

Figure 1. The problem schematic. 1 denotes a testing machine,
2 labels the design area for a clamp, and 3 is a tested component.

There, we can see a testing machine, denoted by 1, measured component, which is denoted
by 3 and a design area, denoted by 2. Our goal is to design such a structure, that would be as stiff
as possible, meaning if the testing machine 1 were to move, the tested component 3 would move
as similarly as possible. At the same time, however, the tested component is heated to an elevated
temperature 7,. In order to maintain the proper functioning of the testing machine, its temperature
(7)) should be as close to ambient temperature as possible. In other words, we wish to isolate com-
ponent 3 from component 1 in terms of heat transfer.

The publication is co-financed from the state budget under the programme
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2. Problem statement

As has been mentioned previously, we shall tackle the problem of finding such optimized
component by the means of truss topology optimization. In particular, we use the so-called ground
structure approach, where one discretizes the design area by a ground structure and looks for the
optimized substructure with respect to the boundary conditions and optimization formulation [1].
For the present problem, we used a 9x9 node grid, where the neighbouring nodes are connected by
bars. The individual bars’ areas are our design variables, of which there are 272 for this particular
discretization.

2.1. The stiffness model

The stiffness model uses static analysis of the truss. Our cost function represents compliance
minimization by minimizing the work of external forces on the structure, with a constraint on the
maximum volume to reconstruct the truss. Taken as equations, we can write:
minimize:

f"ula)

subject to:
Zaili S V (1)
i=1

where a, denotes area of bar i of which there are n in the whole truss, similarly, /, denotes the length
of bar 7, f denotes the global force vector, which induces corresponding global displacement vector
u, and finally ¥ is the volume of available material to construct the optimized truss [1].

2.2. The heat transfer model

The heat transfer model is based on a steady state heat conduction analysis. In equation form,

we can write:
minimize:

ZQJ'(G'/)
j=1
subject to:

i=1

where the subscript j marks the bars, which are connected to the testing machine 1, 9, denotes heat
flux through bar ;.

3. Optimization and results
The presented optimization problem was solved by two evolutionary algorithms. The first one

being EvoDN2, complemented by cRVEA, which were written in Matlab [2]. The second one was
NSGA 11, which was running in Python [3]. The number of individuals for the optimization was

20



set to 1000 and the number of generations to 300. The optimization by NSGA II took on average
between 25 to 30 minutes, whereas the optimization by cRVEA took around 5 minutes for the same
parameters. However, the optimization by cRVEA was preceded by the training of the metamodels
by a deep neural network, which for this problem took up to 5 days. When a good enough fitness
was found for the metamodels, one could then only work with the cRVEA, which was fast. The Pa-
reto plot of the two optimization runs can be seen in Figure 2. There, we can see the filtered results
of the NSGA-II algorithm and the ones from EvoDN2, by removing the dominated results. It can
be seen that the results obtained through EvoDN2 have shown a lesser spread as compared to the
NSGA-II results, however, most of the non-dominated ones have reached a better optimum than
NSGA-IL Three results from the optimization are shown, two of them from the extremes, found by
NSGA-II and one intermediate results, which was found by EvoDN2 and cRVEA.

@ EvoDN2
* NSGA-II

Compliance 1]

smogmens oo eoames

0 5000 10000 15000 20000 25000 30000 35000 40000
Heat transferred to ground [J]

Figure 2. Pareto plot of both optimization runs.

4. Conclusion

In this work, a multi-objective heat transfer and compliance topology optimization was intro-
duced. The models, as well as problem statement were presented, and later used to solve an exam-
ple problem, inspired by an industrial problem. The optimization was solved by two algorithms,
EvoDN2 coupled with cRVEA, and NSGA-IIL. Finally, the results were shown and discussed.
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1. Introduction

Pressure vessels are essential for modern industry because many technical applications re-
quire the storage capacity for gas or liquid at a pressure significantly higher than the ambient.
However, conventional (metal) pressure vessels are not able to meet all requirements of modern
industrial applications (primarily aimed at achieving weight savings), especially in the aerospace
industry, automotive industry, etc... Possible solution of this problem is the use of composite
pressure vessels manufactured by means of filament winding technology. This method is widely
used because it allows manufacturing the entire pressure vessels (cylindrical part and the end
dome) in one manufacturing operation [1]. In the following sections, the solved problem will be
briefly described.

2. Solved problem

In this study a new end dome shape for filament wound pressure vessels was designed ac-
cording to the Hoffman strength criterion using a data-driven evolutionary approach along with
a classical mechanics-based analysis. The analysis of four end dome shells (a spherical shell, a geo-
desic-isotensoid shell [2], a shell based on minimizing of the Tsai-Hill’s criterion [3] and a newly
designed shell) of the revolution of double curvature manufactured by means of helical winding
were performed. The meridian curves and stresses were evaluated analytically and compared with
each other. The analytical solution is based on the classic lamination theory (CLT). However, in
this case it is possible to use a simplification in the form of the netting theory [4] for obtaining the
thickness of the dome. The netting theory assumes only fiber loading (there is no participation of
matrix to the load).

Multi-criterial optimization was used to find the optimal shape of the end dome. Surroga-
te models were created through two different evolutionary optimization algorithms: Evolutionary
Neural Net (EvoNN) and Bi-objective Genetic Programming (BioGP) and bi-objective evolutio-
nary optimization studies were carried out using them. The main task of this study was to design
the end dome shape, that would be able to carry the greatest possible internal pressure and have
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the shallowest end dome at the same time. Meridian curves of the newly designed end dome were
approximated by ellipses. This method is based on the approach proposed by Fukunaga in his
work [3]. The optimization task can be written as

maxF
} (D

r)=3 .
f(z) {mlnB
where x is the variable that represent the semi-minor axis of the ellipse (nine hundred end dome sha-
pes were created for x from 100 mm to 900 mm for both material systems), function I, represents
the damage pressure p, and function F, represents the depth of the dome at the polar hole. Hoffman
strength criterion is used for computing the damage pressure and can be written as

2 2 s F.—F F.—F ir
TR A 0 R 0 SR 0 TR 5 A TRl @
where F, is longitudinal tensile strength, 7, is longitudinal compressive strength, F, is transversal
tensile strength, F, is transversal compressive strength and F,  is shear failure strength along fibers.
The two objectives /| and F, that are presented in Eq. (1) were firstly calculated analytically for
different values of the decision variable x and the data were fed to two different evolutionary opti-
mization algorithms: Evolutionary Neural Net (EvoNN) and Bi-objective Genetic Programming
(BioGP) [5,6]. These algorithms are able to create lighter surrogate models which were passed on
to the optimization module of these paradigms to carry out their simultaneous optimization in order
to generate the Pareto front [7] between the two objective functions.

3. Results and discussion

Two different material systems, a glass/epoxy and a carbon/epoxy systems (volumetric fiber
content of 60 %) were considered in this study. Analytical solutions were obtained for them with
the elastic properties shown in Table 1 and the strength properties shown in Table 2. The other ana-
lysis input characteristics comprised a radius of the polar hole of r, = 200 mm, an equator radius of
R =500 mm (/R = 0.4), and a thickness on the equator of &, = 1.3 mm (obtained by netting analysis
of cylindrical part of the pressure vessel). The computations were prepared in the MATLAB code,
which allows both for the rapid determination of the results and the simple changing of the input
parameters (the material parameters, the polar opening and the equator radius and the thickness).

Table 1. Elastic properties of the lamina in the appropriate directions.

Material E, [MPa] E, [MPa] G, [MPa] v, [MPa]
Glass/epoxy 46 200 16 513 5998 0.31
Carbon/epoxy 139 800 9 830 6395 0.34

Table 2. Strength properties of the lamina in the appropriate directions.

Material F,[MPa] | F, [MPa] | F,[MPa] | F,[MPa] | F, [MPa]
Glass/epoxy 1200 600 45 145 65
Carbon/epoxy 2940 900 50 230 100

Pareto plots were obtained for each material system. An area close to the intersection point of
EvoNN and BioGP Pareto lines was chosen for detailed analysis in both material systems. The in-
tersection points of the Pareto lines obtained from EvoNN and BioGP were chosen as the preferred
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optimal solution for both material systems. Variable x =282 mm was chosen as the optimal solution
for the glass/epoxy system and variable x = 284 mm was chosen as the optimal solution for the
carbon/epoxy system. The optimal solutions are very similar for both material systems however the
damage pressure is almost two times higher when the carbon/epoxy system is used.

The meridian curves of the analyzed domes are shown in Figure 1 (glass/epoxy system is
shown in Figure 1 (a) and carbon epoxy system is shown in Figure 1 (b)). In the case of the geode-
sic isotensoid shell and shell based on minimizing the Tsai-Hill’s criterion only the analyzed wide

concave part of the curve is displayed. Interesting results were achieved, and the newly designed
end dome shapes are shallower than the known end dome shapes.
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Figure 1. Meridian curves of the analyzed domes.
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1. Introduction

The scope of application and reliability of classical molecular dynamics (MD) simulations depend
upon the development of suitable interatomic potentials, which is a significantly challenging job for
simulating complex materials like multi-component alloys. In this regard, Wang et al. have proposed
and demonstrated the idea of meta-atom molecular modeling, where the atoms of different elements
are replaced by the meta-atoms of a single type [1]. It is based on the concept that if meta-atoms effec-
tively emulate a material’s basic intrinsic properties, simulations using those meta-atoms should also
perfectly model the secondary properties, which in turn depend on the primary intrinsic characteristic
of metals. The existing studies with meta-atom potentials have explored the primary properties on one
hand [1,2], and the final deformation simulations on the other [3,4] while the intermediate properties
connecting them remain uncharted. Using the nudged-elastic-band approach and the meta-atom intera-
tomic potential, we perform atomistic computations to investigate the homogenous nucleation of dislo-
cation loops in TWIP steel. These results also present a chance to interpret the dislocation’s nucleation
mechanism in terms of the intrinsic length scale of the meta-atom potential.

2. Result and discussion

The EAM potential used in this study for TWIP steel was developed by matching it to the
results of DFT calculations [2]. The composition used for the DFT computations was Fe-22 wt.%
Mn-0.6 wt.% C is one of the most widely studied compositions of TWIP steel [5,6]. The proposed
intrinsic length scale for the meta-atom potential for its applications in the deformation behavior of
the alloy is 4-6 nm, at which both unstable and stable SFEs exhibit statistical variations below 10%
standard deviation. The findings of our calculations are compared and analyzed only in accordance
with this length scale. Energy barriers of the dislocation nucleation process have been measured
for a range of applied shear stresses, and an atomistically informed nucleation model is fitted to the
results for both Shockley and twinning dislocation loops. Figure 2(a) shows an example of NEB
calculations by showing the structural energy variations along the transition paths of nucleation of
Shockley and twinning loops, corresponding to the disregistry energies shown in Figure 1(a) and
(b), respectively. We find that the NEB results exhibit energy maxima representing the barriers to
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loop nucleation for both types of dislocation loops. Figure 2(b) shows the variation of energy bar-
rier measured at various applied shear loads.
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Figure 1. (a) GSFE and (b) GPFE profiles for the stress-free and stressed crystals.
The indicated non-zero shear stress values are the maximum stresses
at which the nucleation barriers have been estimated in this study.

The nucleation model shows excellent concordance with the direct atomistic data and predicts
the dislocation loop’s critical size. A comparison of the critical loop diameters with the intrinsic
spatial scale of the meta-atom potential reveals that the loop nucleation is driven by local com-
positional change. As a result, it is shown that critical analysis is crucial to fully comprehend the
simulation outcomes produced with a meta-atom potential.
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Figure 2. (a) Structural energies plotted against the reaction coordinates for the Shockley
and twinning loop nucleation in TWIP steel. (b) Energy barriers and the corresponding critical diameters
are displayed as the functions of applied shear stress.

3. Conclusion

In conclusion, the present study investigates the nucleation process of partial dislocation loops
in TWIP steel within the meta-atom framework. Atomistic calculations show that the computed
energy barriers for Shockley and twinning loops using the meta-atom interatomic potential are in
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very good agreement with the mathematical model. We further observe that the critical size of such
a loop is small enough for the chemical heterogeneity to play a role in its nucleation. A sequel of
this study may explore the process of heterogeneous loop nucleation, where the critical loop size
can exceed the intrinsic length scale due to smaller nucleation stress.
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1. Abstract

Optimal composite bone plate is designed for Periprosthetic Femoral Fracture (PFF) fixation
using multi-objective Genetic algorithm (GA) by varying fibre materials and orientations in the
laminate. The bone plate desires to be premeditated, that should allow higher displacement in axial
direction and minimum movement in shear direction without compromising the rigidity in the other
direction. The considerable movement in the fracture site is required for a better callus formation.
Composite material was considered for the bone plate, the most important constraint in this design
problem is that the axial movement and shear movement are limited to 2 mm and 0.5 mm, respec-
tively. The above attributes are achieved by varying the material and fibre orientation in the bone
plate to develop for PFF Fixation. The simulated data from the Finite Element Analysis (FEA) is
used to develop Artificial Neural Network (ANN) surrogate models for the bone displacements in
both the directions. The surrogate models are used as the objective functions for multi-objective
optimization. FEA is used to validate the solutions derived through the design optimization pro-
cess. The results showed only 10% deviation in the simulation output when compared to optimum
solutions achieved from GA.

2. Introduction

Fractured bone was fixed with a metal bone plate, and fragments decrease fractures, restrict
mobility, and protect fracture sites from stress for better healing [1]. However, stress shielding soon
after fracture fixation delays callus formation, bone regeneration, and causes periprosthetic frac-
tures (B1 type) around the implant, mostly in the femur following Total Hip Replacement (THR).
Most periprosthetic femur fractures happen after surgery because of stress shielding, which is cau-
sed by improper load sharing. This reduces bone stress and slows healing [2,3]. Several researchers
studied PFF fixation using metal plates in different structures. They did experiments and used finite
element analysis to find that metal plates carried more stress than bone, which could lead to stress
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shielding. Further, low-modulus composite bone plates were used to reduce stress shielding and
enhance the fracture site’s relative movement and compression force [4-7]. Relative movement
in the axial direction is important for better healing, anisotropic bone plate allows longitudinal
mobility and less shear movement on the fracture gap. To do this, the mechanical performance of
composite bone plates made of different materials needs to be studied so that a plate with selective
stress shielding can be made. Composite bone plate fabrication and trials cost more. The finite
element method (FEM) solves a complex three-dimensional geometry problem to analyse the inner
structural behaviour, which cannot be studied in-vivo. The author proposed guidelines for desi-
gning composite bone plates with the desired characteristics. The laminate stacking sequence and
material contributions in each layer were changed to construct bone plates using laminate theory
and FEM [8]. To find the optimum design, a Genetic Algorithm (GA) is employed. A surrogate
model (ANN) was developed using simulation results. GA-based optimization uses these models to
create materials and hybrid composites [9-11]. In the proposed work, using the simulated database
from carbon/epoxy, glass/poxy, flax epoxy and hybrid, ANN models were developed and used as
objective functions for GA-based optimization to find the optimal composite bone plate material
and fibre orientation.

3. Finite element analysis

The surface model extracted from dry femur bone using surface scanner machine and further
it was smoothen using Geomagic Design X software. The cemented hip implant was fitted in
proximal region after removing the cancellous bone. 4 mm fracture gap was created just below
the cement potting cube in transverse direction. FE model of Composite bone plate with 12 holes
was modelled with various material, orientation (14 configurations) and different combination
of material is shown in Figure 1. Material properties of composite bone plate, fibre orientation
and laminate stacking sequence are assigned based on published literature [8]. Only Immediately
Post-Operative (IPO) stage was simulated to extract the database from different combination.
The femur was loaded in the proximal section of the stem with maximum load of 2300 N and
the end of the femur was fixed in all the directions to study the behaviour of the PFF fixations
with different combination of composite materials and to observe the axial movement and shear
movement at the fracture site. Total of 126 numbers of FE analysis were carried out of IPO con-
dition [8,12]. The database generated from FE analysis results were used for generating a ANN
models for further process.

a) b)

?

Figure 1. (a) Periprosthetic femoral fracture fixation with 12-hole plate
(b) shows the stem and bone cement in the fixation and
(c) Shows the fracture gap of 4 mm.
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4. ANN modelling

The first ANN surrogate model, developed using the FE simulation data, consists of twenty-
-eight inputs of material properties (14) and fibre orientation (14) for fourteen layers and the one
output, i.e. axial movement. It has 15 hidden neurons in a single hidden layer. A trial-and-error me-
thod is used to determine the number of neurons that provide the best predictability (Figure 2(a)).
The second ANN model for shear movement had the same inputs. The scatter plot showing the
predictability of the model is shown in Figure 2(b). A sensitivity analysis can be used to find out the
influence of the input. It is possible to analyse the sensitivity of the input variables in many ways,
but here we used the connection weight approach to analyse the sensitivity of the neural network
trained model [13], Based on the results of sensitivity analysis (Figure 3), we can see there is a clear
indication that the relationships with the axial movement are different from that of shear movement
for most of the inputs.
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Figure 2. Scatter plot showing targets (T) vs. achieved output (Y) values
for (a) axial movement and (b) shear movement.
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Figure 3. Sensitivity analysis plot for Axial movement and Shear movement.

5. Multi-objective optimization
Using GA, multi-objective optimization is carried out using ANN surrogate models as objecti-

ve functions, which are developed for axial movement and shear movement for matching input va-
riables related to achieve optimal solutions that combine the material property and layer orientation
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effects of both. Optimization is performed with and without considering restraints of the total ma-
terial property. Pareto plots for both axial movement and shear movement on changing the material
property with and without constraints, which was shown in Figure 4. The material properties are
non-constrained and constrained based on the availability of the material for further studies in this
work, so that the problem of assigning the material properties which is not closer to the available
could be avoided during manufacturing.
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Figure 4. Pareto front for (a) Axial movement and Shear movement without 7 and material property control

(b) Axial movement and Shear movement without restraint with material property control.

Conclusion

The data generated through finite element simulation is successfully used to develop surrogate
models using ANN tool. The ANN provided the role of the fibre materials and directions in
determining the axial and shear movements in the composite bone plate.

GA-based multi-objective design optimization of the composite structure, for achieving high
axial displacement and low shear displacement, provides several solutions, which can be used
for future experimental trials.
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1. Introduction

Application of electric current pulses during plastic deformation of a material, commonly known
as electric-assisted forming (EAF) is known to improve the formability and, reduce the forming force
and springback. The process modelling and optimization of electrical assisted forming have gained
significant attention in recent times to understand the underlying physical phenomena [1].

The flow stress drop observed during EAF is due to the combined action of thermal effect
(Joule’s heating) and the independent effect of electric current interaction with moving disloca-
tions. Both the thermal and electrical effects exhibit similar trend (flow stress softening) during
loading. The electrical effect on mechanical behaviour should be decoupled from the thermal re-
sponse for effective modelling of the EAF. The primary concern in such attempt is the successful
prediction of temperature profile observed during EA deformation. In finite element simulation of
EAF process, the temperature profile due to Joule heating is predicted by providing various ther-
mo-physical material properties. Out of all the input properties for such an analysis, effective heat
transfer coefficient (hgff) and Joule heat fraction () are sensitive to the microstructure, geometry of
the specimen and the ambient conditions. As there is no established methodology to identify these
two coefficients available in open literature, these are identified through various iterations of FE
simulation. In the present work, a genetic algorithm based procedure is developed to predict these
coefficients with greater accuracy, by replacing the traditional iterative methods [2]. Subsequently,
FE simulation is carried out with the optimized coefficients to predict the time-temperature profile,
which is in reasonable agreement with the experimentally obtained result from the pulsed current
assisted uniaxial tension tests.

2. Methodology

A typical temperature vs. time profile during electropulsing is shown below in Figure 1.The
pulsating time-temperature behaviour of electric-assisted deformation can be defined using three
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parameters, (i) peak temperature (1), (ii) background temperature (7,) and (iii) rate of cooling (6),)
to the ambient temperature, as shown schematically in the Figure 1.
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Figure 1. A representation of time-temperature profile showing the three variables
(i) peak temperature (Tp), (ii) background temperature (Tb)
and (iii) rate of cooling (6T) in each of the applied pulses.

An efficient model should predict all the three parameters accurately in each pulse cycle. Al-
ternatively, the error between the modelled and experimental results of these parameters should
be minimized for the prediction of time temperature profile. Using this approach, three objective
functions are identified for the optimization procedure, as shown in Egs. (1)—(3).

o2 Vi)

= (D)= (D) \

?:= 2, ( (7)., ) @
N (@T)pmd, B (@T)m; ’

¢3 - i=1 /( (@T)wp ) (3)

Experimental data of EA tension test is used to verify the accuracy of the predicted coefficients
from the data driven modelling. Evolutionary algorithms such as BioGP (bi-objective genetic pro-
gramming) and EvoNN (Evolutionary Neural Network) are used to train the models with the objec-
tive functions for the subsequent optimization. After successful validation and testing of the trained
models, multi-objective optimization is carried out using BioGP, EvoNN and cRVEA techniques to
obtain the optimum solutions of the thermal coefficients [3,4].

3. Result and discussion

Hariharan et al., have suggested that the peak temperature was sensitive to 1 and the cooling
rate was influenced primarily by 4, [5]. Therefore, it is necessary to evaluate whether bi-objective
optimization using only two of the three identified objectives could give optimum solution. Initially,
only two-objective functions i.e., peak temperature error (@) and error in cooling rate (®,), are
used for the optimization of the trained dataset. However, the simulated temperature profile using
the optimizied coefficients does not match the experimentally measured one satisfactorily. There-
fore, a constraint-based reference vector evolutionary algorithm (cRVEA) is used for minimization
of all the three objectives (@, _,). The Pareto solutions generated from the tri-objective optimization
procedure are tabulated in the Table 1.
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Table 1. Comparison of modelling parameters obtained by genetic algorithm and reference [4].

Parameters n h,,
Genetic Algorithm 0.57 0.085
Reference (Iterative procedure) 0.6 0.1

The simulations carried out using the optimized thermal coefficients obtained by tri-objective
optimization process match reasonably well with the experimental results (Figure 2). Thus, it can
be concluded that the tri-objective optimization technique provides the best estimation of thermal
modelling parameters of EA deformation processes.

Temperature [°C|

35 = EvONN/cREVA |
===  Experimental

0 30 60 90 120 150 180 210
Time [s]
Figure 2. FE simulation results of electric assisted tension test carried out

with the optimized modelling parameters obtained using EvoNN
as training and cREVA as optimization technique.

4. Conclusion

It is shown that the evolutionary data-driven modelling and optimization approaches can be
utilized to identify the thermal modelling parameters of the EA deformation process. Usage of
genetic algorithm-based approaches is justified considering the complexities involved in analysis
of such a process. The proposed methodology provides best estimation of modelling parameters
required for FE analysis of an electric-assisted deformation process, highlighting the benefits of
using this novel approach.
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1. Introduction

In the last few decades, biodegradable Mg-based alloys have garnered huge attention in the
field of temporary implants owing to their close resemblance to natural bone in terms of density
and elastic modulus [1,2]. However, the hexagonal close packed (HCP) crystal structure of Mg-
-based alloys limits the slip activity in the material, leading to a difficulty in forming the intricate
shapes required for temporary fixtures [1,2]. Although the requirement of mechanical properties
varies depending upon the application site and design of the implant, a material should have at least
200 MPa yield strength (YS) and 10% elongation to be applicable for fabrication of temporary
fixtures [1,3]. Towards this, a novel Mg-4Zn-0.5Ca-0.8Mn alloy system has been developed which
has shown promising results in terms of in-vitro bio-corrosion resistance in homogenized condi-
tion (heat treated at 360°C for 24 h, referred as HT24 afterwards). However, the YS (132 MPa)
and elongation (~5%) were insufficient in this condition for temporary implant applications. After
carrying out hard plate hot forging (HPHF) at 300°C on the homogenized alloy (referred as F300
afterwards), a significant improvement in the YS (270 MPa) has been obtained along with a con-
siderable increase in the ultimate tensile strength (UTS, 334 MPa) and elongation (~10%) value.
Moreover, the F300 specimen shows basal texture, which is reported to significantly improve the
corrosion resistance of the alloy [1] and this makes the specimen highly potential for implant appli-
cations. Although some researchers have experimentally observed that HPHF process can improve
the mechanical properties, the role of slip systems and their relative activity in improving the Y'S
and ductility of this particular alloy through thermomechanical processing is not yet investigated.
Therefore, in this study, the critical resolved shear stress (CRSS) and related deformation mecha-
nism of the Mg-4Zn-0.5Ca-0.8Mn alloy has been simulated using a visco-plastic self-consistent
(VPSC) framework.

2. Results and discussion
In the VPSC model, HCP crystal structure with basal, prismatic, pyramidal slip systems and

tensile twinning has been considered. The micro-texture of HT24 and F300 specimens have been
analysed employing electron back scatter diffraction (EBSD) scans. These set of orientations
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have been discretized into 9000 orientations which has been used as input texture to the VPSC
model. The hardening behavior of the specimens have been characterized using modified Voce
hardening model. In order to match the experimental and VPSC simulated flow curves, a mono-
tonic velocity gradient of uniaxial deformation has been applied into the VPSC code. The expe-
rimental and VPSC simulated stress-strain curves of the HT24 and F300 specimens are presented
in Figure 1. The optimized hardening parameters used in the VPSC simulation are provided in
Table 1. From the stress-strain curves, it can be observed that the HPHF process has significantly
improved the YS, along with a moderate increase in UTS and ductility of the alloy.
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Figure 1. Experimental and VPSC simulated tensile stress-strain curve
obtained at 0.0001/s strain rate.

Table 1. Hardening parameters for the specimens used in VPSC simulation.

Specimens
Slip mode HT24 F300
7, 7, 0, 0, 7, T, 0, 0,
Basal 80 10 5000 [ 1200 150 70 4500 280
Prismatic 135 8 72 60 280 10 100 40
Pyramidal <c+a> 155 8 270 119 290 1 600 40
Tensile twining {1012} 75 40 2000 110 150 30 2 000 40

Figure 2 shows the relative activity of different slip systems and tensile twinning during ten-
sile deformation of the specimens, as obtained through simulation. The basal slip is considered
the predominant slip mode in HCP material and hence should be given the highest importance.
In the homogenized specimen, the basal slip activity is observed to be higher than that of the
forged specimen at the initiation of tensile deformation (Figure 2a). It can be attributed to the
random orientation of the grains present in the specimens. The weak texture of the specimen
easily activates the basal slip mode in each grain at the initiation of deformation [4]. However,
the activity of the basal mode is observed to decrease very steeply with increase in plastic strain
during deformation (Figure 2a). It can be attributed to the easier rotation of the grains present in
the specimen which alters the slip mode at later stage of deformation and limits basal slip [5,6].
Whereas, in case of the F300 specimen, the relative basal slip activity is lower than that of the
HT24 specimen at the start of deformation (Fig. 2b). It results in the high Y'S observed in the spe-
cimen (Figure 1). However, in this case, the activity of the basal slip is maintained at a constant
value throughout the complete span of deformation (Figure 2b). Since the F300 specimen shows
basal texture before deformation and the texture is maintained due to restricted grain rotation
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during the deformation process, the basal slip mode is observed to be quite active throughout
the deformation process and thus contributes significantly towards enhanced ductility [5,6]. The
ratio of CRSS,  to CRSS e is obtained as 1.68 and 1.80 for the HT24 and F300 specimens,
respectively. A low value of the ratio indicates that prismatic slip is activated very easily in mate-
rial. It indicates that the alloy system under consideration is highly potential for intricate forming
required for implant fabrication. Apart from that, the pyramidal <c+a> activity is much higher
in this specimen during the initiation of tensile deformation process. However, in both the spe-
cimens, the activity of this slip mode is considerably high throughout the deformation process.
Therefore, it also acts as an additional mode for non-basal slip, which increases the ductility of
the specimens. Nevertheless, further studies are being carried out to understand the implication
of this mode in deformation process.
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Figure 2. VPSC simulated relative activity plots of four main slip modes
as a function of applied strain in (a) HT24, (b) F300 specimens.

3. Conclusions

* The alloy depicts a very low CRSSbml/CRSSprm“iC value, indicating easier activation of pri-
smatic slip in material.

» The HPHF process improves the YS due to presence of strong basal texture at the initiation of
deformation.

» The HPHF process enhances the ductility from 5% to around 10%. This is mainly attributed to
the basal slip activity in the specimen which is maintained throughout the tensile deformation
process.
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1. Introduction

A robot can be considered as a universal kinematic structure which is driven by its drives and
can be programmed based on its application. The structure of robot can take many forms including
parallel or hybrid structures but the most commonly used structure is based on a serial arrangement
as shown in Figure 1. What is common for the technical requirements of robot is accuracy which
can achieved by the structure. The accuracy of the robot is influenced by many factors. To mention
the most important ones are namely the accuracy of the mechanical parts, accuracy and resolution
of sensors used for acquiring the real position of the robot and also the accuracy of the assembly in
the robot. Imperfections are often not known or are difficult to be described or even sources of these
imperfections are unknown. Also each robotic structure is manufactured individually and therefore
each particular robot has individual accuracy properties. Accuracy properties of robot also change
by the time and operation circumstances based on individual application. Therefore it is important
to identify real parameters of any robot, which is deployed in industry and manufacturing proces-
ses. The process of identification of real parameters of robot is called robot calibration.

Figure 1. Industrial robot with 6 joints.
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2. Robot calibration

The kinematic model describes relationship between parameters to be identified and required
position and spatial orientation of robot’s end point effector. The kinematic model of a serial robot
is based on extended transformation matrices as described for example in [3,4]. Schematics of the
robot is shown in Figure 2 and it’s kinematic description is given by matrix Equation 1.

Figure 1. Schematics of the robot with 6 joints.
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where parameters X, ¥,..» 25 describes required position of reference point of the end effector and
b on ¢yEN, ¢,y describe its orientation in the 3D space. The second part of the equation contains de-
sign parameters p,, set of independent joint’s coordinates g, The equation 1 gives vector of implicit
functions which can be written in generic form 2 where 6 required parameters of position

2, and orientation ¢ ., ¢yEN, @,y of end effector are denoted by s,.

xEN’ Y EN>
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2.1. Traditional calibration methods
Traditional methods for robot calibration uses set of over constrained Equation (2) to estimate
robot parameters in such a way that the required end effector position and orientation accuracy mi-

nimized. [terative methods based on Jacobi matrix are usually used for this purpose. The iterative
process is then based on iterations described by Equation (3).

F(p,q,8)+J,0p+...=0 (3)
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where J is Jacobi matrix of function F and 6. is correction factor for real robot parameters. The
Jacobi matrix is usually not square due to the different amount of design parameters to be identified
and amount of points used for calibration. process. Therefore matrix pseudo inversion is used to
compute 6., from Equation (4).

8p =—(J3.J,) ' F(p,q.s) “
2.2. Evolutionary calibration

Pseudo inversion for solution of matrix Equation 4 is usually used in traditional methods of
robot calibration. The reason of pseudo inversion is that the Jacobi matrix is usually not a square
matrix as the amount of identified parameters are smaller then the amount of coordinates describing
required positions in calibration points. Pseudo inversion gives results which does not correspond
to exact solution of the Equation 2. This leads into a question of optimal solution of the problem
using evolutionary algorithms. Multi-objective optimization methods are natural choice for this
purpose. For this purpose the EvoDN2 evolutionary algorithm was used together with cRVEA opti-
mization in order to find optimal estimates of the robot parameters. It is also well know that evolu-
tionary algorithms are capable of dealing with noisy data. In general any measured data are affected
by noise and inaccuracies therefore it is important capability of these methods for real applications.
Both algorithms EvoDN2 and cRVEA are originally described in [1].

EvoDN2 and cRVEA algorithms are implemented freely and are available in Matlab and Py-
thon languages. Simulation of the kinematic model of the kinematic model of the robot is perfor-
med in Matlab environment. Simulations were performed for two tasks:

» Simulate behavior of ideal model of robot kinematic for the purpose of traditional calibration
process,

+ Simulate behavior of the robot with imperfections and generate data sets for evolutionary
algorithms.

Data generated for evolutionary algorithms involves imperfections in two cases. In the first
case imperfections in dimensions of mechanical parts are simulated. The real dimensions of mecha-
nical parts of he robot are unknown but it is known vlaue is the accuracy the parts were manufactu-
red. This gives the range where the imperfections was simulated by adding realistic constant value
to nominal dimensions. The second significant source of imperfections are data from sensors used
to measure independent coordinates g, and end point position values s,. These data are simulated
with added noise in ranges of accuracy of sensors used. Based on simulations results from both,
traditional approach and approach based on evolutionary algorithms are compared and discussed.
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1. Abstract

The manufacturing industry prioritizes achieving high purity of material products. Distillation
is a commonly used purification process [1,2]. It is a well-known unit operation that works on
the concept of the relative volatility of different components of the liquid mixture and involves
vaporization and condensation [3]. It is an energy-intensive process that uses nearly 40% of the
given energy. Therefore, optimizing its operation is the main concern for all industrial sectors [4].
Distillation is utilized in synthesis and other fine and bulk chemical processes. One such process
is methanol synthesis. Syngas, primarily a mixture of H,, CO, and CO,, is used to make metha-
nol. Machine learning can help to model and then optimize the distillation column operations to
improve its economic performance. Such use of ANNs as a surrogate model for multi-objective
optimization (MOO) problems is also performed in literature [5]. Mitra [6] used a genetic algorithm
(GA) hybridized with ANN to enhance industrial sintering. Sarkar and Modak [7] used hybridized
simulated annealing with ANN for online control of a continuously stirred tank reactor.

In this work, the methanol-water separation in an industrial distillation column is modeled in
Aspen Plus 12.0 with 60% methanol and 40% water, fed to the distillation column. The decision
variables used are the molar reflux ratio, the number of stages, and the feed stage and their operating
ranges are selected using sensitivity analysis. This Aspen Plus simulation is then used for genera-
ting the data of 100 samples. The ANN-based surrogate model is first trained on 80 samples and
then validated on the remaining 20 samples. The regression coefficient of the ANN model with the
Aspen Plus model is found to be more than 99% which illustrates the suitability of the developed
ANN model for representing the complex non-linear process such as distillation. This trained and
validated ANN model is then used for the MOO of the process to minimize the economic objectives
of annual capital expenditure cost (ACAPEX) and annual operating expenditure cost (AOC). The
MOO is conducted using Artificial Neural Networks (ANNs) based genetic algorithm. The Pareto
optimal front is obtained for 200 generations 100 population size on Intel® Core™ i7-10700K
CPU" 3.80 GHz Windows PC with 32.0 GB RAM as shown in Figure 1 with corner solutions of
(0.2-107,2.72-10°%) and (1.45-107, 2.39-10°) $/year, for ACAPEX and AOC, respectively.

The optimal Pareto front obtained using ANN-based GA is found to be close to ASPEN-based
GA results as shown in Figure 1 which further illustrates the suitabil