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Abstract

The present work is a comparative study of different data transfer techniques in the context of the finite cell method (FCM) in
combination with remeshing for hyperelastic problems undergoing large deformations. The FCM is an immersed-boundary
method that uses Cartesian grids for the discretization so as to avoid the generation of boundary conforming meshes. To
overcome problems with heavily distorted meshes at large deformation states, we apply a remeshing procedure. During
the remeshing, the data containing the deformation history has to be transferred between the meshes. In the present study,
different methods are considered and compared: radial basis functions without and with polynomial extension, inverse distance
weighting, and Ly-projection applying the shape functions used in the FCM for the trial and test functions.
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1 Introduction

Numerical simulations of complex structures are widely
applied in the field of product development. In static anal-
ysis, often the main interest is to identify stress hotspots
relevant for static strength requirements and to check the stift-
ness/deformation given specific loads. With the development
of new manufacturing techniques, the designers have gained
more freedom, further supported by structural optimization
techniques. This leads to increased complexity of the model
and, hence, the effort to create boundary conforming meshes
of good quality increases as well.

On the other hand, the simulation of structures obtained
from 3D- or CT-scans, such as foams or bones, can be chal-
lenging for the same reason. Therefore, fictitious domain
or immersed-boundary methods are an attractive alternative
to standard finite element discretization methods. Different
immersed-boundary methods exist: the finite cell method
(FCM) [1, 2], cutFEM [3-5], or cutlGA [6].

The FCM has already been further developed for vari-
ous fields of application. Thermoelastic [7], geometrically
nonlinear [8, 9], and elastoplastic [10—12] analyses have
been performed in previous works. Moreover, the FCM has
successfully been applied to biomechanics [13-16], vibroa-
coustics [17], as well as to implicit [ 18] and explicit structural
dynamics [19].
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In the present work, we focus on the data transfer that is
required during the remeshing procedure presented in [9] in
the context of large deformation analysis. The remeshing is
applied to overcome problems caused by severely distorted
cells, which could otherwise lead to convergence problems
in the incremental/iterative solution procedure. Whenever
a new mesh is generated, some of the data stored at the
integration points has to be transferred to incorporate the
deformation history. To this end, radial basis function (RBF)
interpolation can be used for the data transfer. In other
research fields—like level-set-based topology optimization
[20, 21] or the RBF finite difference (RBF-FD) method [22,
23]—it is common practice to use RBFs with polynomial
extension. The combination of polyharmonic splines (PHS)
with the polynomial extension tends to yield improved accu-
racy for different numerical examples, especially in RBF-FD.

Nevertheless, the RBF interpolation methods come at the
price of having to solve additional linear systems of equa-
tions. Therefore, we further test the accuracy of the inverse
distance weighting function (IDW) in order to consider a
numerically cheaper approach to data transfer.

The IDW as well as the RBF are point-based interpolation
methods. Another possibility is to use a mesh-based approx-
imation. Thereby, the data is first projected onto the finite
element/cell ansatz space using an L»-projection and then
evaluated at the required integration points of the new FCM
mesh.

The rest of the paper is organized as follows: in Sect. 2, the
FCM is introduced for non-linear problems of solid mechan-
ics. Then, the remeshing is explained, followed by a detailed
explanation of the different data transfer techniques men-
tioned before. In Sect.3, several numerical examples are
presented in order to investigate the properties of the dif-
ferent approaches to data transfer. Finally, the conclusions
are presented in Sect. 4.

Physical domain Fictitious domain

d 0.\ Q

2 Finite cell method for problems with large
deformations

2.1 Basic formulation

The basic idea of the FCM is to extend the physical domain
2 such that the resulting domain €2, is simply shaped. Then,
the extended domain can be discretized using Cartesian grids
in 2D or 3D, see also Fig. 1. To distinguish between the phys-
ical and the fictitious domain, an indicator function o (x) is
introduced

1 ,VxeQ
a(x) = (D
ap ,Vx e\ Q.

Thereby, « is typically a small positive value, e.g., ¢y =
{ 1076, ..., 1073 }, used to stabilize the fictitious domain [2].

To solve problems of solid mechanics, the weak form of
equilibrium is defined as

Gg‘:/ aP(d)~Gradr[dQ—/ {-9dl =0 2)
Qe

where P (d) is the first Piola—Kirchhoff stress tensor depend-
ing on the displacement field d. The tractions £ are applied on
the boundary I'y, and n represents the test function. Please
note that, for the sake of clarity, volumetric loads are not con-
sidered but could be included without any problems. From
Eq. (2), it can be seen that if oy = 0, the weak form of the
extended domain (2) reduces to the weak form of the physical
domain [1].

The Newton—Raphson procedure is applied to solve Eq.
(2). Thus, the weak form is linearized w.r.t. the displacement
increment Ad at deformation state d. The directional deriva-
tive is given by

Extended domain FCM mesh

] ¢

..\
‘j- ~NO=

T~

Qe 77V d

Fig.1 Visualization of the finite cell method. The physical domain €2 is embedded into an extended domain €2 that can easily be discretized. Cells
that are completely empty are disregarded. In the fictitious domain, o is a small positive value for stabilization purposes
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DGY(d, ) - Ad = / aA(d)GradAd - Gradn dQ  (3)
o8

where
Ad) = aF |, “)
This leads to the linearized weak form
fQ aA(d)GradAd - Grady dQ
=/ t‘-ndr—/ aP - Grady dQ. 5)
I'n Q.

Then, the displacement field and the test functions are
approximated by d=NUandyp =NV, respectively, where
N denotes the shape function matrix. The approach is very
similar to the standard non-linear finite element procedure,
see for example [24, 25].

To evaluate the integrals, different quadrature schemes
are available. Thereby, the immersed interface has to be
taken into account. One approach is the spacetree method
[1, 26, 27] where cells are subdivided if they are inter-
sected by the boundary. This division is performed until a
certain spacetree depth is reached. This method, however,
introduces a lot of integration points and can, therefore,
increase the overall simulation time drastically. Another
approach is the so-called moment-fitting method [28-31],
where new integration weights are computed for each broken

cell. Even though this procedure requires the spacetree inte-
gration method during the computation of the new weights,
it is appealing especially if applied to time-dependent or
nonlinear problems. Then, the overhead of the moment fit-
ting method is distributed across the time/load steps, and the
reduced number of integration points increases the efficiency
significantly. However, this method may introduce nega-
tive weights that can be problematic for nonlinear analysis.
Therefore, non-negative moment fitting (NNMF), as intro-
duced in [31, 32], ensures that all weights remain positive.
In the present investigation, we employ the octree method,
which is a three-dimensional version of the spacetree method,
and the NNMF method. For further details, we refer to the
cited literature.

2.2 Material model

The applied hyperelastic material model in the present study
is based on the Neo-Hookean strain energy function [25]

v="wc—3+ 02— (5 >1J 6)
_2(r—)+4 ——2+Mn,

from which the first Piola—Kirchhoff stress tensor can be
obtained:

p=2rl¥ _ (12 DF T4+ u(F—F ). @)
aC 2 H

The material parameters are set to A = 28.846 MPa and
= 19.231 MPa. Additionally, the derivative of the first

n
n . J T_,
di=Fido 0 ' on €
op ¢ [/ oN ! —
! Hi =T (H,)
—
Fy, Hy Jo = Fady
Jo
F, H, h
dy dy
Ty
Qo
Z X
O

Fig.2 Visualization of the remeshing procedure and the involved kinematic relations. The structure is deformed until deformation state €2,,. Then,
the displacement gradient is transferred to the new mesh applying the transfer method 7
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Piola—Kirchhoff stress tensor w.r.t. the deformation gradient
is required for the tangent stiffness matrix computation. To
this end, the computer algebra software Mathematica [33]
is used with the AceGen extension [34].

2.3 Remeshing

Remeshing has been successfully applied in the context of the
finite cell method in [9]. The principle procedure is shown in
Fig.2. The initial configuration is discretized, and the load is
applied incrementally until deformation state €2,, is reached.
Then, a new mesh is created based on the deformed struc-
ture, and the data is transferred to the new mesh by applying
the data transfer 7. In the present study, we transfer the dis-

placement gradient H from the old to the new mesh. Note that
one could also consider the deformation gradient F instead.
However, this increases the error during the transfer, caused
by the constant offset that may not be recovered by the data
transfer method. A more detailed discussion regarding this
aspect is given in Sect.3.1.

2.4 Data transfer

The data transfer is one key aspect of the present paper. There-
fore, the different methods that are applied in the present
study are briefly introduced in this section. Additionally, the
different methods are visualized in Fig. 3.

Fig.3 Visualization of the data - - - - -~ -"~>"=>"=>"=-=-~=-~ - - - === o
transfer process for the different ; Point based S T \
methods. The point-based v/

methods rely only on the = IDW

information stored at the source = RBF

points. Then, the source values = RBF + Pn

v® are weighted based on the
radial distance r, either by
distance weighting (IDW) or by
solving a linear system of
equations (RBF, RBF + Pn) to
compute the target value v'. In
contrast, the mesh-based method
first projects the values to the \

degrees of freedom and, then, an S - - ==

inverse mapping to evaluate the
shape functions at the target
point location in the old mesh

Undeformed
x x x x
x x
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2.4.1 Radial basis function interpolation with polynomial
extension

Radial basis functions are applied for various applications.
Surface reconstruction [35], strain determination for addi-
tively manufactured parts [36], level-set-based topology
optimization [20, 21], and RBF finite difference (RBF-FD)
schemes [22, 23] are only a few examples. In the present
study, we use the RBF for data interpolation. The compu-
tational speed can be increased by following the local RBF
approach, where only the N® nearest neighbors for each tar-
get point are chosen.

The standard RBF interpolation approach can be derived
as follows: We start by expressing the interpolated value v
at a specific target point x' by the basis functions ¢ (r) with
radial distance from source point at 7 = ||x® — x'||. This can
be written as

NS
v =Y wip(llx; — x'|) ®)

i=1

The weights are initially unknown but can be computed by
assembling the matrix, specifying the interpolation for each
source point value v®. This can be denoted in matrix—vector
notation as

Ow=2»> 9
where

QU:(t)(”x?—xg/H) ivj:19"'1NS

bjzvj, j=1,...,N?

Next, we want to extend the interpolation by a polynomial
term, i.e.

N NP

') =) wip(lx} —x'Il+ D b Pr(xh (10)

i=1 k=1

Following the same steps as before, this would lead to an
underdetermined system of equations of size N° x (N4 NP).
By introducing the constraint

NS
D LkPi(x) =0 ¥ &, (11)
k=1

the system can be written as follows

EHEN

where P contains the polynomial terms.

Table 1 Polynomial extensions that are added for each polynomial
degree

degree 1D 2D 3D
1 1 1
X X,y X, ¥,2
2 x2 x2, y2, xy x2, ¥, xy, vz, 2x

In a previous study [9], we applied the inverse multi-
quadric (invMQ) RBF

. 1
o) = —. (13)
V14 (cF)?
The normalized radius 7 is thereby defined as
. T
F== (14)
;

with 7 being the mean distance of the N' nearest neighbors. In
the present work, the parameter c is set to one in all examples.
In [22], it was shown that applying a polyharmonic spline
(PHS) of the form

P(r)=r" 15)

as RBF with polynomial extension is of advantage for RBF-
FD simulations, where m is an odd number, e.g. m = 3,5, 7.
One benefit of using PHS with polynomial extension is that
this does not require any additional parameters that have to
be set to specific values. Therefore, we will investigate the
PHS as well as the invMQ RBF in combination with the
polynomial extension (Pn) of polynomial extension degree
n, see Table 1.

2.4.2 Inverse distance weighting

Another point-based interpolation method is the inverse dis-
tance weighting (IDW) method, sometimes also referred to
Shepard’s interpolation method [37]. In contrast to the RBF
interpolation, no system of equations has to be solved to
obtain the weighting of source point values v*(x}). For each
target point x!, the value v' is computed by

NS

> wi(xh) v (x})

= Jf 7 (x5, x0) #0
w; (x*)

i=l1

t
v'i(xh) = foralli =1,..., NS

v (x3})

foranyi =1,..., N®

Jif r (x5, xY) =0

(16)
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where the weights w; are obtained from the inverse distance
by

w; (x) = a7

r (xl?,x‘)ﬁ'

The parameter § can be modified to control the influence
of the neighboring points. In the present work, we apply
B = 2. Likewise, again only the N® nearest source points
are considered for the interpolation to increase the efficiency
of the method.

2.4.3 L,-projection

In contrast to the previous interpolation schemes, the L;-
projection for the data transfer is an approximation method
and works on a global level, meaning that data from the entire
model is taken into account. Thereby, the data is projected
onto the ansatz space of the FCM and then evaluated at each
target point x' by an inverse mapping from the new mesh to
the old mesh. The L;-projection is computed as follows:

/ NINdQw :/ NTv3(x) dQ (18)
Q Q

where again, N is the matrix of the shape functions. The
integral on the left-hand side can be identified as the mass
matrix of the physical domain. To evaluate the integral on
the right-hand side, the source values v® are required at loca-
tion x. However, since the integral is evaluated numerically,
those values are known because they are stored and, there-
fore, available at each integration point. After solving the
system of equations, the inverse mapping is carried out for
each target point x' using a Newton—Raphson scheme. Then,
the value at the target point is computed by

3 Numerical examples

In the subsequent sections, we will present different numer-
ical examples. First, we will investigate the RBF with and
without extension in the 1D case with the invMQ and the
PHS RBE. Secondly, we will discuss different 3D exam-
ples, starting with a simple cube followed by the well-known
perforated plate. Lastly, we will address the simulation of a
single pore of a foam obtained from a 3D-scan.

3.1 Interpolation of functions

This example investigates the influence of using polynomial
extension along with RBF interpolation. We start by defining
two functions

fi=1+0.1x
£ =0.1x.

(20)
2n

These two functions are then interpolated by means of RBF
and RBF + Pr with a constant polynomial extension denoted
by RBF + PO. First of all, the invMQ function is chosen as
the RBF in this example, where N® = 10 neighbors are used
for interpolation and three neighbors N' are used to compute
the radial distance scaling 7 according to Eq. (14).

The results of the interpolation are shown in Fig.4. One
can clearly see that the error increases by adding the constant
term to the function to be interpolated. This also supports the
results of previous investigations [9, 38] where it was found
that interpolating the displacement gradient

_8u

= — (22)

is preferable compared to the deformation gradient F defined

v'(xh) = N(xhHw. (19 by

1.5 ® ° o 10° o

_ —_ = 10° 8 p 1'! g

1lp———" - = 0 *7 ‘l'}ﬂ: { '

— = |
= | 1010 |
38 = }
05}t 8 |
2100 !

M kil 0 ot M
0 / 10-2 ] ] ]

0 0.5 1 1.5 2 0 0.5 1 1.5 2

X x
o Source Points — f; invMQ — fo invMQ f1invMQ + PO

- --fo invMQ + PO

fi invMQ + P1 — f5 invMQ + P1

Fig. 4 The plot on the left shows the interpolation of the functions applying the different methods. The other plot shows the error between the
interpolation and the exact function. The circles at the top indicate the position of the source points
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Table 2 Error for the different Function invMQ PHS
functions defined in 100 100
Egs. (24)-(27)
= =
3 =~
—10 -10
fs 1m 10 L) 10
= =
b - Wt e el
0 0.5 1 1.5 2
xr
10° 100
= =
= =
—10 -10
fa L« 10 L 10
= =
0 0.5 1 1.5 2
xX
10°
= =
—10
fs L10 L
= =
X
10° 10°
_ Iy m
< S vy
3 =
—10 —10
fe L’ 10 L 10
= =
0 0.5 1 1.5 2 0 0.5 1 1.5 2
x X

[ o Source Points —invMQ

RBF —RBF + PO —RBF + P1 —RBF + P2

ol il
_x1+u

F=—= —.
X X

(23)

From the above equation, it is evident that the only difference
is the second-order identity tensor I, which adds a constant
term to the main diagonal. Note that using the L-projection
could also recover the constant offset because the linear shape
functions can represent the constant properly.

Next, we investigate the PHSs and compare them to the
invMQ functions. Thereby, we set N = 6 and disable the
scaling with 7. Thereby, the following functions are consid-
ered for interpolation:

f3 =1+x (24)
fi =14+@-1)7° (25)
fs =1+@x-1)7° (26)
fo =14 0.5x + 0.5tanh(1000(x — 1)). 27)

The RBFs are tested with different polynomial extension
degrees Pn.

The absolute error for the different functions is shown
in Table 2. For functions f3 and f4, the error is reduced to
machine accuracy whenever the polynomial extension is at
least the polynomial degree of the function. For the present
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3 . T T
2.5¢F
2
B 15} 1
=
1 - — 5] ]
—fa
0.5 151
—f6
0 1 1 1
0 0.5 1 1.5 2

x

Fig.5 Functions (24)—(27) used to test the data transfer

examples, the invMQ is always slightly better than PHS.
None of the suggested methods can exactly represent fs.
Even though the extension reduces the error, it cannot reach
zero because the polynomial extension has lower degree than
the function to be interpolated.

The last function fg includes a jump induced by the hyper-
bolic tangent function. This jump may also occur in the FCM
analysis because the displacement gradient is discontinuous
at the cell boundary. Again, the extension reduces the error,
but the error in the regime close to the jump cannot be reduced
further. Nevertheless, the error is again zero if the majority of
the nearest neighbors lie in the continuous part of the func-
tion, see also Fig.5. Note that the results are similar if the
exponent of the PHS is set to 5 or 7.

3.2 Cube

The first example is a simple cube, as shown in Fig. 6. The dis-
placements are prescribed at all boundary faces. All surfaces
are fixed in normal direction, and a displacement boundary
condition is applied at the top surface. In doing so, we mimic
a 1D compression test that leads to a constant deformation
and displacement gradient across the entire structure.
Thereby, the displacement is applied in six equally spaced
load increments until c?y = 12mm is reached. The physical
domain is discretized by 64 finite cells with shape function
ansatz order p = 2. In this example, we apply the invMQ
RBF with and without polynomial extension. The number of

xr dy:0

Fig. 6 Cube model discretized by 64 cells. Displacement in normal
direction is prescribed at all faces

nearest neighbors is set to N° = 40 for RBF interpolation
and to N* = 4 for the IDW interpolation.
The relative error in energy norm is thus computed by

| — U

llelly = x 100% (28)

where U/ and U* are the strain energies of the system before

and after remeshing, respectively. The error in the reaction
force is computed by

~ | % 100% (29)
F,

‘Fr—F*
ef, = |————

with F, and F} being the reaction force before and after
remeshing. The results of this study are summarized in
Table 3. All methods except the RBF data transfer have zero
error in energy norm as well as in the reaction force. There-
fore, the methods work as expected, since the polynomial
extension should be able to capture the constant distribution.
Similarly, the IDW and the L,-projection-based data trans-
fer are able to represent a constant distribution, thus showing
zero error for the present example.

3.3 Plate with a cylindrical hole

The second example is shown in Fig.7. The domain in dis-
cretized using 79 cells, and the zero Dirichlet boundary

Table3 Summary of the error

Data transfer
for the cube example under

Error energy norm ||el|zs [%]

Error reaction force e, [%]

uni-axial displacement

IDW 0.0
RBF 5.3
RBF-PO 0.0
RBF-P1 0.0
L,-Projection 0.0

0.00
0.14
0.00
0.00
0.00
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Fig.7 Model and boundary
conditions of the plate with
cylindrical hole

a = 100 mm

conditions are defined as shown in the Figure. Additionally,
the model is considered as plane strain by fixing the degrees
of freedom (DOF) in y-direction. The load is applied incre-
mentally by Ad, = 1.5mm until , = 15mm is reached.
After applying remeshing, an equilibrium step is performed
following the data transfer to ensure that the structure is in
equilibrium. In the equilibrium step, the structure is recom-
puted without introducing any additional loading. This serves
to remove the error in equilibrium due to the data transfer.
For the RBF data transfer, the invMQ RBF is applied in all
cases.

3.3.1 Preliminary investigations

To find appropriate settings for the data transfer, we first
investigate the influence of the tuning parameters for the
point-based interpolation methods. First, we investigate the
influence of the number of nearest neighbors N* on the error.
Secondly, we fix N® while varying N*. In both models, the
shape function ansatz order is fixed to p = 3. In all cases, we

measure the relative error in energy norm between the results
before and after remeshing.

The investigations are performed for both quadrature
methods—the octree and the NNMF. This is of interest
because the number and positions of the integration points
in the broken cells are completely different. To this end, it is
not clear how the parameters and accuracy change between
the two methods.

To begin with, we fix the number of neighbors N% used to
compute the scaling 7 to N* = 3 and vary the number of near-
estneighbors intherange N = {5, 10, ..., 50}. Thereby, we
compute the relative error in energy norm between the results
before and after remeshing to capture the error introduced by
the remeshing process, see Eq. (28). The results of the study
are shown in Fig.8a. As can be seen, the extension with a
constant (RBF + PO) reduces the error for both the octree
and the NNMF integration. Additionally, the error remains
constant for a wide range of N compared to the default RBF
without extension. If the octree integration scheme is applied,
the first order polynomial extension (RBF + P1) increases the
error. This is not observed if the NNMF quadrature is used.

30 T r T T 30 - T T
X S
25 41 — 25k
g g
g -~ g
= S Octree NNMF = Octree NNMF
s 20 F ~ {1 . 20F
o0 b— \\ —e—RBF —-o- RBF 80 —e—RBF —o- RBF
g Q —e—RBF + P0 =& RBF + PO g —e—RBF + P0 — e RBF + PO
© - N RBF + P1 RBF + P1 4 © RBF + P1 RBF + P1
o 15 N = 15F
= o
e o
Z 10 5 10
E g F===== I e p-gn
= B IS R S O FZ-c-c-coc 3
E 5 E 5F - - = == - =
T 3 - S p—— - ==
~ ~ e
0 1 1 1 1 O T
10 20 30 40 50 1 2 3 4 5
J\fS Nr

(b)

Fig.8 a Error in energy norm after remeshing source points N* and b when varying the number of neighbors for scaling N*
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Fig.9 Strain energy evaluated
at the integration points after

Target points

remeshing. In the highlighted
area, artificial energy was

introduced for the data transfer
with RBF + P1. The source
points for that region can be seen

on the lower right. In the critical
regime, the source points form a
plane where the y-coordinates
are almost constant. This leads
to an ill-conditioned system of
equations, leading to increased
error during the interpolation

.Z‘(

Strain energy (J)

L =3

00 050 1.0 15 20 25 30 35 40 45 50
— e —

|

This indicates that the error may be introduced by the
location of the source points. As shown in Fig.9, the octree
quadrature refines towards the edge, leading to a high number
of points close to the boundary. The problem is that some
target points only have neighbors that are nearly in-plane.
Therefore, the linear term in y-direction is almost constant—
which leads to ill-conditioning of the system, and, hence, has
a negative impact on the accuracy of the interpolation.
Next, we investigate the influence of the number of nearest
neighbors N' chosen for scaling in order to compute the
scaling radius 7. This time, N°® is fixed and N" varies between
one and five.

Again, Fig.8b shows the results for both integration
schemes. For both quadrature methods, the error varies only
slightly when N changes. Adding the constant polynomial
extension leads to a reduction in error. For all methods, it can
be seen that the simulation is less sensitive to the choice of
NT than to the choice of the number of nearest neighbors N°®

From this investigation, we see that adding the constant
polynomial extension helps to improve the accuracy of the
data transfer. Additionally, the constant extension reduces the
sensitivity to the number of nearest neighbors N*. However,
adding the linear extension can reduce the accuracy when it
is applied in combination with the octree quadrature.

3.3.2 Data transfer comparison
Now that we have a parameter set that gives good results for

the point-based data transfer, we will further investigate how
well the methods perform when the shape function ansatz

@ Springer
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Table 4 Overview of the degrees of freedom and source points for
different shape function ansatz orders p

Ansatz order p DOF Source points
Octree NNMF
1 600 7,376 998
2 1,968 30,504 3,696
3 3,336 68,832 9,143
4 5,712 130,956 17,562
5 9,096 244,278 29,668

order varies from p = 1 to p = 5 and, hence, the number
of available source points for the interpolation is changed.
In order to capture the influence of the integration method,
we apply the octree and the NNMF integration method. The
number of source points given for each shape function ansatz
order and the number of degrees of freedom in the initial mesh
are shown in Table 4.

The relative error in energy norm as well as the relative
error in the reaction forces are shown in Figs. 10 and 11,
respectively. First, we consider the relative error in energy
norm shown in Fig. 10. Note that all methods introduce some
error in the energy norm. All methods except for the RBF +
P1 produce errors around 5%. For both quadrature schemes,
the constant extension PO reduces the error compared to the
pure RBF data transfer. The L-projection falls between the
two of them, while the IDW sometimes performs better and
sometimes worse than the other methods.

Next, Fig. 11 shows the error in the reaction forces induced
during the remeshing. The error is significantly reduced when
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Fig. 11 Relative error in the reaction forces induced by the remeshing

p > 1for all methods, and it stays below 0.5% in most cases.
For the NNMF integration, the RBF + PO and the RBF + P1
data transfer show a slightly lower error than the RBF without
extension in most cases.

Lastly, Fig. 12 visualizes the error in the displacement
field. The shown displacements are caused by the error intro-
duced during the remeshing step. If the data transfer were
exact, the displacement would have to be zero since equilib-
rium is fulfilled. As this is not the case, some displacements
occur to balance out inaccuracies. The RBF and IDW tend
to show oscillations in a wide part of the structure. On the
other hand, the other methods show a smoother distribution
where the hotspot at the circle radius is smoothed out. Inter-
estingly, the displacements field of the L,-projection-based
data transfer is quite similar to that of the RBF + PO and the

RBF + P1 data transfers. This may indicate that the ability
of representing constants similarly affects the result for both
methods.

As explained in the previous parametric study, the error in
energy norm is increased if RBF + P1 is applied. From the
displacement fields, it can be seen that some displacements
occur on the inner circle at the leftedge. As already discussed,
the reason for this behavior is influenced by the location of
the source points.

3.4 Single pore of a foam
Lastly, the single pore of a foam shown in Fig. 13 is analyzed,

and, again, the different data transfer methods are compared.
The boundary is given as a triangulated surface generated

@ Springer



Computational Mechanics

(a) IDW

(b) RBF

y
L

(c) RBF + PO

(d) RBF + P1

(e) La-Projection

Displacement Magnitude
0.00 0.005 001 0015 002 0.025 0.03 0.035 004 0.045 0.05

| —

Fig.12 Resulting residual displacement field after the equilibrium step
for p = 5. On the left, the octree quadrature is applied for the numer-
ical integration, while the right side shows the outcome of the NNMF
quadrature
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from a 3D scan. Here, we only apply the NNMF quadrature
scheme for spatial integration. The domain is discretized by
438 finite cells, and the shape function ansatz order is var-
ied between values p = {1, 2,...,5}. The bottom of the
foam is clamped, and the top surface is fixed in the in-plane
direction. Then, a compressive displacement LZy = 2mm is
incrementally applied where the displacement increment is
set to dy = 0.02mm.

The error in energy norm and the reaction forces are given
in Fig. 14. The RBF-based data transfer leads to the smallest
error in energy norm, and the IDW and the Lj-projection-
based interpolation show significantly larger errors. Most
significantly, the L,-projection-based data transfer failed for
p = 2 during the inverse mapping.

In contrast, the reaction forces are more accurate for the
IDW interpolation, while the other methods show slightly
larger but similar error. With increasing number of degrees
of freedom, the error is reduced to less than 2.5% for all
methods.

4 Conclusion

We considered different schemes for data transfer, to be per-
formed during remeshing, to overcome problems with mesh
distortion. From the investigations carried out in this contri-
bution, we conclude that in case of pure RBF interpolation
the displacement gradient should be considered for interpola-
tion. At this point, however, we can already see the beneficial
influence of the polynomial extension. When adding the con-
stant part, the choice of the interpolated data (deformation
gradient or displacement gradient) is arbitrary because the
offset of 1 can be recovered by the constant part of the
polynomial extension. Based on the comparison between
the different approaches for data transfer (RBF, RBF + Pn,
inverse distance weighting, least squares fit) for the consid-
ered problems of hyperelasticity, we recommend to apply the
RBF + PO, i.e. radial basis functions with a constant poly-
nomial extension. In most of the cases, this approach turned
out to be the best strategy to transfer the history data during
the remeshing procedure.
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Fig. 13 Single foam pore with
boundary conditions and the
initial mesh
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Fig. 14 a Error in energy norm and b error in the reaction force after remeshing for the single pore of foam example for different shape function

ansatz orders
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