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Abstract

This publication presents required steps for the realization of the pre- and post-processing for the isogeometric analysis and
the isogeometric B-Rep analysis, with a focus on the collection of required data. It reveals the essential prerequisites for the
preparation and the collection of geometrical information, which are merged with physical information for the creation of
numerical models. It addresses both the direct computation on existing CAD drawings and the geometrical design during the
preparation of the numerical models. The developments are presented through the example of the open source Rhino plugin

Cocodrilo, which shall bring IGA to a larger community, including research and industrial facilities.

Keywords IGA - IBRA - CAD-integrated analysis - Pre- and post-processing - NURBS-based analysis

1 Introduction

Ever since the introduction and the subsequent further
developments of finite element methods (FEM), computer
aided design (CAD)-integrated simulation became a major
avenue in the field, as it does provide eased modelling and
visualization facilities for complex problems [3, 9, 22]. Ini-
tially, CAD has been seen as the tool to digitize the drawing
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board. However, it is nowadays employed to fulfill much
more tasks, as for example providing a pre- and post-pro-
cessor for FEM. For classical computer aided engineering
(CAE) workflows, the drafted geometries would be meshed
or extracted into geometrical primitives, such as triangles
or quadrilaterals, which are common base forms within
FEM. Generating a FE-suitable, meshed geometry can be
very complex and error prone, whereby the developments
have been enormous to automatize this process. However,
meshing is still time consuming and it does recreate shapes,
which corrupts the original bodies and complicates iterative
operations. In opposition to generating FE models by con-
verting the geometry description from CAD, Hughes et al.
[20, 36] have introduced isogeometric analysis (IGA). It is
a FEM approach directly relying on Non-Uniform Rational
B-Splines (NURBS), which is a standard representation
within CAD models.

The initial concept of IGA was the use of full,
untrimmed NURBS patches, like curves, surfaces and
solids. NURBS maintain a high continuity, which allows
a very efficient simulation with typically a moderate num-
ber of degrees of freedom. However, shaping complex
geometries with single entities appears to be demand-
ing, resulting repeatedly in badly conditioned FE models.
One avenue to circumvent this restriction has been the
introduction of T-Splines [70, 71, 82], hierarchic splines
[83], and other spline technologies within the scope of
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IGA, which allowed modeling more sophisticated shapes.
However, CAD systems do typically rely on an alternative
approach in the shape description, the so-called boundary
representation (B-Rep) [73].

B-Rep geometrically defines objects by their circumscrip-
tion, meaning a solid is being described by a set of enclosing
surfaces, which themselves have trimming curves, and those
have start and end points. With this methodology, many pos-
sibilities arise for the description of objects. This approach
eliminates the restriction of NURBS being topological rec-
tangles (or cuboids). New shapes can be generated by adding
different boundary curves to the surfaces, i.e. trimming, and
joining them to more complex objects. To allow an imme-
diate simulation upon those descriptions, IGA needs to be
enhanced by facilitating trimming and the consideration of
multiple patches and their interaction, which results in the
isogeometric B-Rep analysis (IBRA) [11, 12]. In contrast to
the application of certain spline technologies, this approach
permits the direct usage of common CAD models without
any re-discretization and allows seamless back and forth
integration into CAD.

Cohen et al. [16] proposed a guideline for an analysis
aware design with IGA. It provides comprehensive sugges-
tions about the quality of NURBS-based models, whereby
it relies on untrimmed forms. Therefore, an extension study
towards the applicability of IGA with trimming and multi-
patches of more generic CAD models is required.

Since the introduction of IGA and IBRA, many simula-
tion tools have been developed, which contain some of the
apparent methodologies, as well as complete workflows as
e.g. gismo [29], LS-DYNA [53], CoreForm Software/IGA
[19], Carat++ [14] and Kratos Multiphysics [21, 47]. Those
tools mainly address the solver-side of the technique. How-
ever, a vast part of the model preparation, as enhancement of
data and geometrical cleaning, happens on the CAD side to
enable a numerical simulation. This is a vital part in indus-
trial applications, however, academically not covered com-
prehensively. Perduta and Putanowicz [62] and Hsu et al.
[35] present some innovative approaches and necessities for
the pre- and post-processing and integration of IGA in CAD,
specifically with a focus on parametric design and [72] pre-
sents some avenues for a seamless post-processing. Core-
Form IGA [19], Ansa [13], LS-PrePost [54], and Kiwi!3d
[44] are currently popular pre- and post-processing tools for
IGA. An open-source data consistent CAD-based pre- and
post-processing is to the best of our knowledge not available.

A concept for analysis-enhanced geometrical information
is presented within this publication. Additionally, a classifi-
cation of CAD-models is being discussed, which shows the
possibilities and limitations of the simulation within current
CAD systems. Alongside this methodological discussion,
the Rhino plugin Cocodrilo [75] is presented, which has
multiple user interaction possibilities, including a GUI and
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graphical programming interface for parametric design with
IGA-based simulations.

From a formal perspective, this paper is structured as
following:

Data enhanced CAD-systems provides a possible avenue
for the merge between drafts and physical entities within
CAD.

CAD based geometry description reveals solvable issues
and current limitations within CAD-integrated analysis.
Interaction with the CAD-data presents user interfaces for
CAD models to enhance them with the required physics
and user information.

Software architecture features a suitable software archi-
tecture to achieves a full CAD-integrated design con-
sidering all peculiarities discussed within the previous
sections.

Application Examples shows some possible applications
of the presented engineering software.

2 Data enhanced CAD-systems

Commonly, two directions are imaginable for merging geo-
metrical shapes and physical objects. One is by structuring
physical objects as entities of a selected type and defining
specific geometrical expansions and scaling, with which the
shape is extrapolated upon a single or multiple geometrical
bodies. Second, the vice versa direction is possible, whereby
a set of geometries is grouped and defined as part of a cer-
tain object.

The first approach has its benefits once the focus is set on
highly repetitive objects within a model where the specific
forms do not highly vary. This is the case for classical civil
engineering purposes, for e.g. buildings with a high number
of similar doors or windows. This manner of defining the
model would allow multiple ways of deriving alternative
geometrical representations, whereby design and engineer-
ing needs may be fulfilled simultaneously. Accordingly,
many known Building Information Modeling (BIM) models
typically rely on this type of data acquisition. However, the
restrictions of those types of data collectors are that they
may become complex once sophisticated shapes are involved
or objects cannot be individually identified.

As this publication is focused on the detailed assessment
of IGA, where a strict communication and control of the
shape is more important than a fast data treatment towards
non-structural results, it is preferred to rely on the latter
mentioned approach of enhancing geometrical entities with
physical properties.

Accordingly, various possibilities exist for enhancing
the geometrical shapes with the essential physical infor-
mation for accurate numerical simulations considering a
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Fig.1 Analysis enhanced CAD model

model that follows the suggestions from Sect. 3. Initially,
user-defined properties may be assigned to various topol-
ogy items of the draft, which can be virtually connected.
The respective data types involve kinematic formulations
for all geometries and additionally include a set of load
and support conditions. In contrast, some entities are gen-
erally not directly accessible for the user interface, which
are, for e.g., geometry couplings. This crucial group is
mostly controlled indirectly via connected user-provided
information, which in practice turns out as a complex
operation.

Figure 1 shows an example of a generic building that is
enhanced by various entities, which shall display the pos-
sibilities and the facilities that have to be enabled by the
proposed pre-processing approaches.

Trimmed patches
(see section 3.7)

Patch coupling, Varying
discretization (see section 3.6)

Enhancing the model with additional information results
also in the need for novel interfaces to correctly communi-
cate with the respective numerical solver. A possible avenue,
including required data and feasible formatting, is presented
within [74]. Apart from the pure geometrical description, a
major focus is set on the correct identification of the con-
nections between the individual geometries, physics, and
materials. This makes it challenging to directly apply stand-
ardized CAD formats.

For some types of simulations, it may not be required to
acquire information other than the geometric entities iden-
tified by e.g. a type or group. This is e.g. the case for an
embedded simulation using the CAD model for boundary
conditions (for example IGA in interaction with the discrete
element method (DEM) [76], or embedded IGA within com-
putational fluid dynamics), where all provided geometries
of a specific type are considered. In this scenario, the solver
could be also addressed with common standards as step
[38] or iges [77]. Accordingly, the pre-processing would be
reduced to generic solver settings which do not require a
CAD-based data acquisition.

3 CAD based geometry description

Figure 2 presents the CAD model and the displacement
results of an IGA simulation of a airplane structure. The
model is taken from [78] and has initially been designed for
CFD purposes and as such, it is frequently used for bench-
marking. The model appears to be suitable for structural
analyses with IGA, however, requires special attention on

Small inter-connect patch
(see section 3.6)

Patch coupling, Tolerances
(see section 3.3 and section 3.4)

Fig.2 Airplane common research model geometry [78] with apparent description issues
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some details for reliable analyses results. Among others,
those cover: trimming, patch coupling of 28 patches with
varying discretization, small inter-connection patches, and
significant tolerances. If treated inadequately, those issues
may result in unfeasible solutions.

Although the CAD-integrated analysis with IGA is based
on the exact geometrical shapes provided from the CAD
software, the description might not be well-suited for simu-
lations. One of the key challenges in using CAD-provided
geometries is that the design and visualization typically need
a different, usually lower, level of refinement in the shape
description since the model has to represent only the static
geometry. Whereas the numerical model and its mathemati-
cal description have to represent various sets of information,
such as the undeformed and deformed shape and stresses.
Accordingly, some issues in the CAD-based context with
respect to direct use for structural analysis shall be discussed
within this section.

It shall be noted, some of the critical challenges resulting
from poor geometry descriptions are intrinsically present in
the model and would manifest themselves equivalently in
an automated meshing process prior to classical FEM-based
simulation [74].

3.1 Solid model

B-Rep-based CAD models are constructed with 1D curves
or 2D surfaces, which is especially suitable for fast and sta-
ble graphical design purposes. Accordingly, the simulations
may rely on 1D or 2D shapes, which can be the description
for dimension-reduced formulations such as beams, e.g. [6,
55, 81] and shells, e.g. [8, 24, 43, 57, 58]. Those come along
with reduced computational efforts, however, are limited in
the representation of very complex structural behaviors.

If 3D solid-based computation is inevitable, increased
efforts are required as CAD does not intrinsically provide
a mathematical volumetric solid description. One possible
avenue is the embedding of the enclosing surfaces into a lin-
earized mesh, or a 3-dimensional NURBS-cube background.
This technique is frequently applied within the Finite Cell
Method (FCM) [23, 60] and allows for handling various
types of geometries such as trimmed solid models [65], CSG
models [79], B-Rep models which may be flawed [80], or
point cloud based models [48].

Another possible method for the computation of sol-
ids within boundary representation has been introduced
and described by [15, 45, 46]. They propose to construct
a NURBS-based solid from the radial scaling center of the
physical domain towards the NURBS description of the
faces. Both approaches seem to be promising, however, it
shall be noted that they are in controversy of the initial IGA
concept of using the CAD-initiated shape description and
thus limits multi-stage analyses.
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(b) Wall intersection.

Fig. 3 Model reduction using mid surfaces

Further references present different possibilities for an
automated solid simulation from a CAD-model, such as the
construction of solid T-Splines [52, 85].

3.2 Surface model vs. mid surface model

Thin-walled structures, which are suitable for the compu-
tation of dimensionally reduced FE-elements, are often
expressed as B-Rep solids in industrial applications since
the enclosing surface is decisive in the design. This obstructs
a direct evaluation with common surface-based formulations
since many of them rely on the mid surface of a thin-walled
structure. Figure 3a shows two steel plates that are welded
together. The model is displayed as boundary surface model
and its reduction to the mid surface. It shows that the solid
surfaces appear to have matching faces of adjacent compo-
nents, whereas the mid surface model has severe gaps. An
automated detection of coupling lines is highly dependent
on the user-defined threshold. This tolerance can be chosen
for certain types of structures. However, it is not possible to
automate this process if there are gaps within the same cho-
sen tolerance that should remain open or if other objects are
close but should remain uncoupled. Another example, which
appears frequently in civil engineering, is the corner case of
two intersecting walls as Fig. 3b shows.! If the volumes do

! Horger et al. [34] present a Mortar-based approach to model such
corners and [59] is presenting the numerical simulation of a timber
connection, where the interface itself is enhanced by a material law to
represent an elastic material layer.
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(a) Uncoupled.

(b) Coupled for visual purposes.

Fig.4 Coupling of two patches with large model tolerance

not overlap, which would be the correct volumetric model-
ling, the mid surfaces do not intersect and coupling cannot
be detected in an automated way beside a certain tolerance.
If they do overlap, the mid surfaces intersect and the cou-
pling is detected but the correct modelling of joined curves
in the corner point is still not gained.

To summarize, the extraction towards mid surfaces needs
additional understanding of the specific geometrical issue
and accordingly manual work load or very sophisticated,
problem dependent algorithms, especially at intersections.
Note that this challenge is similar for classic mesh-based
FEM approaches.

3.3 Model tolerance

Dirty CAD descriptions with high model tolerances can
lead to gaps between the provided patches, which might be
filled visually by the software using an internal triangulated
visualization mesh. Consequently, it becomes difficult to
visually detect unsuitable geometry (see Fig. 4). The model
quality may be such poor that the CAD utility cannot set
up the coupling conditions within appropriate tolerances.
Additionally, with unbridgeable gaps between patches some
coupling methods fail or converge towards wrong solutions
and a proper physical description is not ensured (see also
[5, 11]).

3.4 Inter-patch connections for geometrical
continuities

Some CAD programs intrinsically provide operations to
join geometry items to fewer objects if there is a geometri-
cal connection. Intersections are detected within a given

accuracy, and model tolerance and additional interface
shapes are appended. Those operations are typically carried
out in a way helping to seamlessly and efficiently visualize
the drafts, however, for engineering purposes, it is often not
suitable or not sufficient.

Considering a broad model tolerance, the join operation
would find many coupling edges or points, which indeed
are decently distanced and it would visualize them as a gap-
free object. An example of the coupling edge between two
visually non-matching patches is shown in Fig. 4. Figure 4a
is displaying the original shape of the two patches. Within
Fig. 4b, the same configuration after a join command is
depicted. It shows that the visible discrepancy between the
two patches is disappearing, even though the discretization
does not match. The analysis, however, would not be suit-
able to perform a stable simulation or maybe does not even
detect the ordinary integration. The gap might also be eccen-
tric for unproper modelling, which introduces not existing
stresses into the structure. Furthermore, the gap is assigned
with a certain behavior when a coupling condition is added.
This typically involves different behavior in the area of the
gap than inside the material domain, which might affect the
results depending on the gap size. Choosing a suitable model
tolerance (see Sect. 3.3) avoids this or decreases the error to
a tolerable level. Considering this while modeling or repair-
ing the geometries in a way that the wanted connections do
not consider overly large gaps would lead to better solutions.

Furthermore, CAD-integrated join operations do typi-
cally just consider coupling among the boundaries of the
shapes and each edge usually has only one other counterpart
since the software structure is adjusted to handle bound-
ary models. It may happen that e.g. T-joints (as shown in
Fig. 1) remain undetected and get discarded. This concerns
joints at the boundary involving three surfaces or one surface
intersecting with another one inside its domain. Undetected
couplings, especially those manifold joints, are usually not a
big problem in CAD software if the geometry is constructed
with sufficient accuracy since the geometries are still close
and visually connected. However, the necessary information
for the engineering part is not retrieved. Consequently, it is

suggested, even though often computationally very expen-
sive, to run additional intersection checks.

Bauer et al. [7] present a range of possible applications
for 1D structures, whereby intersection checks between the
presented beams are processed to obtain all required cou-
plings. Some shell-based problems with T-joints are pre-
sented by Hirschler et al. [32, 33] or Herrema et al. [31].

3.5 Geometrical discontinuities

Shapes can be modeled with a defined geometric continu-
ity. However, this does not imply a respective continuity in
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(a) Problem description with (b) Deformed problem.
discontinuity at top.

Fig.5 C® and G' continuous geometry with possibly unde-
tected G' discontinuity in middle of the patch, due to dupli-
cated knots. The knot vector of this example for p =2 may read:
2=1[0,0,0,%, %, x,x, ], whereby the inner knot (orange) is dupli-
cated (for further notes about NURBS see [64])

the mathematical description.” One may obtain unexpected
results, once the geometrical G! continuity (rotation) is used
to express the bending stiffness, as e.g. within the Kirch-
hoff—Love-shell [43] or the Bernoulli-beam [6].

Among various scenarios, this happens frequently in the
description of geometrically exact circular shapes, as shown
in Fig. 5a. The middle knot is duplicated, which results in a
CY continuity in geometry space ensuring only that no gap
evolves at the specific position. The same rotation on the
left and right side of this point, i.e. G! continuity, cannot be
automatically guaranteed. This discontinuity will still exist
after any type of refinement. The outcome of a simulation
with this specific problem is given within Fig. 5b. Note that
the mid line along the duplicated knot shows a significant
discontinuity in rotation, which should not exist if there is
no specifically modelled hinge in the shell.

Various different geometry descriptions may be found,
which would describe the same shape, without the discon-
tinuity. However, this would corrupt the initial description.
Accordingly, the discontinuities may be enforced by the
bending strip approach [42] or by weakly applying rotational
stiffness in order to not change any geometries, similar to
patch-couplings [12, 31, 51].

3.6 Patch conditioning

Many CAD programs provide operations to visually elimi-
nate gaps between existent patches. Those operations are
optimized for visual purposes. However, the additional
patches are repeatedly showing difficult mathematical
properties for structural analysis purposes. Those patches
have often substantial differences in the geometry exten-
sions of the knot spans causing badly conditioned numeri-
cal elements. Efficient automated refinement operations and
robust integration techniques are recommended to prevent

2 Discontinuities are frequently introduced in NURBS-based

domains by duplicating knots.
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Fig. 6 Badly conditioned, connected patch

this issue. The refinement derives from the respective span
length. However, in some of those patches, boundary effects,
introduced by weak coupling approaches might predominate
the kinematic properties of the surface formulations, which
may lead to an artificial stiffness.” A further critical issue is
that even if solving appears to converge, the solution might
still be unreliable. The assessment of the result quality may
become difficult, which may conclude in a loss of trust of
the numerical method.

This happens for example if a rounded connection patch
between two patches is created by an automated process.
Figure 6 is presenting such a problematic patch. The patch
has been constructed during a smoothening corner operation.
It contains only six control points. Thus, by connecting it to
the neighboring patches it would create a numerical stiff-
ness. Sometimes it is hard to detect those patches in larger
models, as they are very slim and tiny. However, their effect
may have severe impacts on the solution accuracy. Figure 2
is showing a similar problem. Connecting patches have been
created at the corner of the wings between the top and bot-
tom to obtain a tight model. The coarse discretization makes
the wings almost entirely stiff, while the remaining patches
have a very large refinement and respective deformability.

3.7 Trimming

Trimming is independent of the knot span description of the
NURBS surface and can therefore arbitrarily cut through
them. Knot spans with a small physical domain may result
from this operation and cause additional challenges for the
FE solver regarding the stability of the system. There are
control points that have minor influence on the shape/solu-
tion resulting in very small entries in the respective stift-
ness matrix, which is consequently badly conditioned. The

3 E.g. the penalty approach is achieving continuity by indicating a
spring between the domains. The selected spring stiffness, namely
penalty factor is apparent in the solution. With patches of small sizes
this effect might dominate the results.
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(c) Sufficiently refined between the two

domains.

Fig.7 Trimmed example with possible unwanted interaction within
the domain

resulting solution may contain close to infinite values. Fur-
thermore, the results for the degrees of freedom on those
control points may differ a lot in all iterations and obstruct
the convergence in the solver. Different technologies have
been proposed to limit the deflections of those control
points, e.g. modifying basis functions [37, 69, 84], stabili-
zation terms [49] or conditioning of solvers [39]. Another
issue of trimming descriptions is presented in Fig. 7. A
rectangular cantilever plate split in the middle is modeled
by one trimmed patch generating two almost independent
cantilevers. One of them is loaded at the tip and should con-
sequently deform whereas the other should not. Figure 7b
shows the simulation results with an unwanted interaction
between the two ends, whereas Fig. 7c is sufficiently refined
to properly simulate this problem. This example shall point
out the apparent problem, which becomes even more severe
if the trimming is not aligned with the knot span descrip-
tion since the necessary refinement to generate independ-
ent knot spans that do not share control points and conse-
quently to decouple the boundaries may spread out over the
whole domain due to the tensor product structure of NURBS
surfaces.

Another problem with trimmed domains is that even
though analysis may be resolvable for some models, the
given geometry description might be unsuitable, e.g. not

sufficiently refined or distorted, which would directly
affect the solution accuracy [11, 12, 17].

In the following, two examples shall be discussed,
which illustrate this problem. First, a plate, which is sim-
ply supported on two sides, is tested under bending with
four different parametric descriptions, whereby all have
the same geometric shape of a rectangle (see Fig. 8). The
refinement convergence of the maximal displacements
is shown in Fig. 8e. The convergence of the trimmed
example (see Fig. 8c) is slightly faster compared to the
untrimmed configuration (see Fig. 8a). The patch with
a highly distorted NURBS representation shows signifi-
cantly worse results for a similar amount of control points
(see Fig. 8b), whereas here the trimmed counter part is
slightly better (see Fig. 8d). It shall be noted that compar-
ing the degree of distortion is not included in this study.
This example shall point out that the solution of a trimmed
problem is not necessarily weaker than the one from a
untrimmed example. However, it needs to be considered
that the results may vary, whereby it is important to know
the reasons for this difference.

Another example containing a similar issue due to trim-
ming and eventual quantitatively weaker results than the
untrimmed model is the formfinding problem [10] of a
membrane plate with out-of-plane loads [1, 63]. Given that
the radius of the support and the pressure load relate via
the boiler formula, the outcome of this problem should be
a perfect hemisphere. This solution is approximated almost
perfectly as for the untrimmed configuration Fig. 9a. In
contrast, the trimmed-multipatch scenario shows severe
problems in the description of the wanted shape Fig. 9c.
With an increased refinement this problem may be smooth-
ened out, but will always be slightly apparent. Addition-
ally, the multipatch coupling is implemented by the pen-
alty approach (see [12, 18, 50, 51, 63] for IBRA), which
results, dependent on the selection of the penalty factor in
a corrupted stiffness at the interface. Accordingly, if the
solutions are not satisfactory it may be advantageous to
use different coupling approaches (see e.g. [2, 4, 30, 74]),
or a more advanced penalty computation [61], to improve
the numerical conditioning and results.

As a summary, it shall be noted that trimming intro-
duces flexural limitation, which may require a higher
refinement levels including more sophisticated solution
procedures and stabilization. However, it still presents as
a great feature which allows the direct simulation of com-
plex models without any re-discretization.

3.8 Preparation of the model
Some of the previously mentioned issues may suggest

a revision of the B-Rep-based CAD model before even-
tual simulation. One proposed possibility is the patch
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Fig.8 Comparison of trimmed,
untrimmed, and trimmed and

distorted configurations. All N
patches are modeled with a o
polynomial degree of the shape N

functions of p = 2. A con-
tinuous surface load of [ = 2 is
applied on the physical domain,
pointing out of plane, to apply
bending to the system

(a) Untrimmed. (b) Distorted.

(c) Trimmed. (d) Trimmed and distorted.
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—%‘ —_ distorted
< 1F — trimmed .
5 —— trimmed & distorted
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10° 10! 102

number of elements per direction [-]

(e) Convergence study of the maximum displacement v .

degeneration of many patches towards few patches [68].
Typically, this introduces slight chordal errors, however,
the positive effects may outweigh the instabilities from
the original model. The outcome of this operation is a
continuous distribution of control points throughout the

(a) Problem description: round patches and a reasonable polynomial order. The model
Eiit;ériurfiice ioad’ andarlj;‘”zr preparation improves the stability of the simulation for
direction at the 7boryd:3rs. many scenarios. However, it creates a modification of the

original CAD model. It is generally not trivial to reverse
this operation and therefore, updates such as optimizations
or form-findings may not be included properly in the origi-
nal model. Accordingly, it shall be noted that this proce-
dure adds complexity in the CAD-integrated (automated)
workflow and opposes the original isogeometric concepts.
The long-term goal should be to incorporate the require-
(b) Untrimmed. (c) Trimmed and coupled. ments for an eligible simulation within the design phase and
not as part of the pre-processing in the analysis step since

Fig. 9 Formfinding [10] under pressure load [1, 63]
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one model would be sufficient and iterations between the two
disciplines become simplified.

Accordingly, knowing about the mathematical properties
of a chosen design path, as explained within this chapter,
shall help to select the appropriate methods for a quantita-
tively good and seamless design-through analysis workflow
within CAD.

4 Interaction with the CAD-data

Generally, multiple approaches exist for the user interaction
with a CAD model, which are also dependent upon when
the interaction with the models happen, as e.g. design and
simulation related user interaction at the same time or first
design second user interaction by physical data enhance-
ment. Most script-based CAD software would allow to genu-
inely add the entities within the geometry creation process,
as the user data enhancement can happen at the same time.
Most systems rely on a graphical interface and do not pro-
vide access to their internal data management for the user.
Additional procedures have to be incorporated. Within this
publication, three possible ways shall be outlined and dis-
cussed: the command-based, the GUI-based and the visual-
programming-induced process.

4.1 Command-based enhancements

Commands are the least complex interaction possibility.
Each command is provided in such a form that it demands
certain input, as e.g. the selection of specific geometry
objects of defined types, or simpler inputs as strings or num-
bers. The output is either saved as a user data enrichment
of the geometrical entities or as a general data collection at
the plugin level.

Commands are typically interesting once few operations
need to be processed, however, they might appear heavy
and blocking if much information needs to be collected.
Additionally, an overview of all conducted steps and the
supplied information is not available without additional data
visualization in the viewport or reporting commands, which
is generally suitable, however it lacks a bit of overview.

4.2 GUl-based enhancements

A GUI shall help the user to quickly get an overview of
the available options and modification parameters. This
allows a fairly easy introduction to a novel software, helps
the unlearned user and should also reduce possible misun-
derstanding within the modeling process. An example of a
GUI for the structural analysis with thin-walled structures
is presented in Fig. 10a.
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Fig. 10 User interaction avenues within the pre-processing for the
trimmed example of Fig. 7

Within Rhino, it turned out that having a hybrid format
between the GUI and the commands results in a very effi-
cient workflow. Accordingly, the button of the GUI would
call certain commands and provide selected properties,
which were supplied in the GUI. The command collects the
missing information by letting the user select the respective
geometrical items.

4.3 Visual programming-based enhancements

Lately, parametric design has evolved significantly allowing
to make models dependent upon defined parameters [56, 67].
This allows to easily adapt to changing needs throughout the
design process. Consequently, it helps to streamline certain
drafts by defining the relevant sizes as parameters and later
on only adjust those parameters for an automatic update
without having to manually redraw the entire structure.

A popular parametric design tools is the Grasshop-
per [28], belonging to Rhino [66]. It comes along with a
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Table 1 Summary of usability of user interfaces

Simplicity Overview Consist-  Extensi-  Design-
ency bility through-
analysis
Com- + 0 - - = 0
mands
GUI ++ 0 o o 0
Paramet- + ++ ++ ++ ++

ric

— — = high effort; - = extra effort; o = achievable, not optimal; + =
good; ++ = very good

so-called visual programming platform, which allows to
include various components, being e.g. geometrical entities
or physical properties. It is upon the user to connect those,
by the developers defined interfaces, without, or with barely
interacting with the source code, which gives simplified but
enormous possibilities.

Within the scope of Grasshopper-based CAE, there
already exist many structural analysis tools such as Kan-
garoo [40], Karamba [41] and Kiwi!3d [441,* whereby the
latter is also based upon IGA. Within architecture and some
fields of engineering, those plugins have been established as
essential parts within the design process.

Within the scope of visual programming, the previously
discussed commands are exchanged by objects. Those take
certain geometrical entities as inputs and pass them along
with the physical enrichments. Finally, all data is collected
within a model object, where all entities are combined and
an exchange with the solver may be processed.

4.4 Discussion about the various interaction
processes

It shall be noted that each of the previously mentioned pro-
cedures has its advantages and accordingly, use cases. The
command and GUI-based approaches are typically essential
once the design of the CAD model has been completed and
is only imported and processed for the analysis model. In
that scenario, selecting the according geometries is pretty
simplified and fast, even for untrained users. A summary
of some of the features of the interfaces is discussed within
Table 1. Simplicity shall cover the questions of how fast a
model may be set up and how simple it is to get started with
it. The overview gives insight into how easy it is to over-
see all selected options. Where Commands and GUI may

4 Kiwi!3d is based upon a similar Rhino-plugin concept as Cocodrilo
and was designed and optimized to work seamlessly with Carat++
[14], whereby Cocodrilo relies on the application of KratosMul-
tiphysics.
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only visualize part of the setting options, parametric design
allows to always see the chosen parameters. Consistency
defines how difficult it is to set up all parameters for a simu-
lation and maintain them during the design process. Once a
model is done and needs to be extended, diverse possibilities
arise in the different avenues. Finally, IGA comes with the
advantage of design-through-analysis features while keeping
the original CAD model. Those features can be applied to a
full extent with the parametric design.

On the other end, once the analysis shall be included
within the design process and the model variations are more
than moving some control points, the visual programming
turns out as the most efficient way. Specifically, once topol-
ogy is changed, Rhino might have issues in keeping the
correct data in place. In contrast, Grasshopper rebuilds the
whole analysis model from the changed parameters. This
is possible since the relation between the geometries and
physics is not stored w.r.t. to an object id but as a function
of the geometric input.

5 Software architecture

Consequently, a possible avenue to realize the proposed fea-
tures, required for a consistent pre- and post-processing of
IGA shall be discussed.

5.1 Data structure

The groups of classes (in object-oriented programming man-
ner) are presented within Fig. 11. There are the global mem-
ory, which is accessible from any place, the local memory,
which is attached to specific entities and the model interac-
tions, which describe the possibilities to enhance, or modify
data trees. Global memory means that data is stored once
and accessible from a specific location. Local memory is
attached to specific geometrical items and can respectively
easily be connected. However, it may appear to create a data
overhead for multiplicative data. Additionally, if certain
information is changed, it needs to be ensure that all entities
are modified, which in contrast is easier within the global
memory.

The groups of classes shall be outlined within the
following:

Plugin The plugin is the namespace and place of the
entire code, which shall be discussed here. Additionally,
it is the address for global memory, which is accessible
from any instance. Some of its entities are attached to
specific geometries, however, some data is not specific for
an individual geometry object but appears multiple times.
To avoid unnecessary large exchange file sizes due to data
duplicates, it is beneficial to store the information once in
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Plugin
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Materials Properties Analysis Post-Processing
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Model
Commands GUI GH-Objects Interactions
Exchange and
10 Visualizer visualization

Fig. 11 Software architecture of Cocodrilo

the global memory and access it by pointers. This is e.g.
the case for Materials and Properties.

Properties Those contain the kinematic formulations and
their respective characteristics. Furthermore, the proper-
ties might also indicate global solver attributes, as e.g.
required types of degrees of freedom, post-processing
values, linear-solver suggestions and compatibilities,
and more.

Materials Within the finite element software, those are
often not copied but passed as reference to all elements,
because depending on the chosen constitutive law this
might contain many parameters. Accordingly, the plugin
tries to reduce the amount of duplicated information by
referencing it at the geometry level and storing it globally
to avoid redundancies.

Analysis Defines the selected analysis type, e.g. structural
analyses, transient analyses, and optimizations or form-
finding.

Post-Processing The post-processing can generally be
implemented either within the local memory and attached
to the respective geometries or it can be collected at
global memory level and then be distributed once specific
options are selected. Within the presented implementa-
tion, it was chosen to use the global memory, as it turned
out as less complicated to structure the available post-
processing options for the user. This avoids large lists of
possible post-processing options that are only partially
filled by the respective analysis. This becomes especially
useful when the initial analysis set-up, i.e. the pre-pro-
cessing, is not available to filter the options.

The post-processing operations are typically quite heavy
objects since those may contain the result information
of the whole model with a large set of control points, or
evaluation points.

UserData Directly connects Materials, Properties and
additional geometrical information with the respective
geometry items.’ Furthermore, it may be used to attach
additional, mostly embedded entities, as points or curves.
It is also used to provide identical identifiers to the objects
which is for example beneficial to internally maintain
consistent coupling information.

Commands Are designed with the respective needs of
the corresponding CAD program and should follow the
suggestions from Sect. 4.1.

GUI The GUI should be adapted according to the respec-
tive use case as described in Sect. 4.2. Within Cocodrilo
in Rhino, this GUI is a Windows form providing all fea-
tures. Essential for a seamless work is a guidance through
Delegates, which keeps all GUI-forms up-to date after
data updates.

GH-Objects The grasshopper objects are a generalization
of the previously defined Commands, which take inputs
and allow outputs. In that way, a complete simulation
with pre- and post-processing can be established. Accord-
ingly, it allows a great flexibility within a still reliable and
greatly observable frame.

10 The IO functions are the main function for the inter-
faces with the solvers. Those transfer the previously
collected data into appropriate input files. Accordingly,
once multiple solvers would be required, those can be
enhanced by implementing an additional IO-class.

5 It shall be noted that within certain transform operations, as cop-
ies up to trimmings in some cases the user data might get lost. Sta-
ble copy constructor operations are required. Within Cocodrilo this is
processed within the EventWatcher class as onReplaceObject.
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Fig. 12 Steps towards an output/solver exchange

Visualizer The visualizer shows entities as element for-
mulations, supports, loads or other features to have an
visual impression of the selected options and conducted
assignments. This happens within the display conduit and
does not add geometries to the document but only adds
them to the view port, to avoid problems with the user
interaction.

5.2 Algorithms

Within this section and Fig. 12, some of the most crucial
steps towards a creation of feasible input files, which require
additional attention, shall be briefly discussed.

5.2.1 Data acquisition

One of the major challenges within the pre- and post-pro-
cessing is the data acquisition, which is one of the biggest
differences between the Rhino-based commands and GUI
and the Grasshopper induced GH-objects. Within the Rhino-
based plugin, the geometrical data can be obtained from the
active document. The geometries contain the user data with
all required information. On the other side, within Grass-
hopper, it turned out as feasible to collect all simulation-
relevant geometries within a final Model GH-object. This
collection may then be processed with the same procedures
as the active document collected selection.

5.2.2 Model preparation

Some of the essential model preparation issues are men-
tioned within Sect. 2, whereby it shall be noted that some of
the discussed points may be resolved, whereas others remain
limitations within CAD-integrated analysis.

The input within this operation is typically a list of
B-Reps, containing mostly single or connected faces,
curves and points. At this stage, it is recommended to pro-
vide unique identifiers to all entities.® This is essential to

6 It has been investigated to provide identifiers at the geometry con-
struction stage, or once user data is defined and enhanced. Keeping
the information consistent during the pure design process is rather
complex since even simple operations as e.g. move, scale would rec-
reate such a user data and would consequently disturb the system.
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consistently store and transfer all information, including
topology, to the solver.

This step is accompanied by the detection of additional
coupling cases, as described in Sect. 3.4. It shall be noted
that there are significant differences between the Rhino-
and the Grasshopper-based approaches. Whereas, within
Rhino, most of the connection cases may have been provided
already, within Grasshopper, those may often be undefined.
In Grasshopper, it is possible to join geometries, similarly
to Rhino. However, it is fairly difficult to select embedded or
trim geometries, as those are defined in the parameter space
and can only be selected by an index. This index may not be
determined in the beginning, or may change through joins
or when iteratively running the system with slightly changed
parameters. This implies difficulties for the user. Since infor-
mation is stored on separate geometries and not attached to
the same objects using e.g. edge properties, the connectivity
between geometries have to be found in an additional step.
Accordingly, the number of intersection scenarios within
the Grasshopper implementation are often more extensive.
However, due to differences within the needs of visual con-
nectivity and physical connections, it is still inevitable to
do checks if geometries are intersecting, also for the Rhino
approach.

5.2.3 Solver-dependent output

Once the data is collected and the model is prepared, the
output may be processed in a solver specific way. A pos-
sible implementation for the essential geometric informa-
tion is shown in [74], whereby, the solver specific settings
would inevitably need to be taken into account within the
data enhancements.

5.3 Post-processing

The aim of the proposed CAD-integrated analysis environ-
ment is a visualization upon the initial and the deformed
geometries. The general shapes may be expressed by apply-
ing the resulting displacements on the control points. Fur-
thermore, to express the magnitudes of the results a color
plot shall be introduced. This contour plot is constructed by
a mesh to have a fast and continuous visualization, similar
to the rendering. This mesh is connected to the integration
points of the simulation. Those points are often not defined
upon the borders since it is not required for the integration
of a surface using Gauss interpolation. Thus to complete
the mesh further points need to be introduced at the borders
of the shapes (Ideally, those additional points are generated
by the solver and stocked with respective results to avoid
an extrapolation of information). With this set of points,
a meshing operation is processed. The possible outcome
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(a) Undeformed post-processing mesh (knot spans are

displayed in orange).

(b) Deformed post-processing mesh.

Fig. 13 Post-processing mesh

is displayed within Fig. 13a. The corresponding deformed
shape is shown in Fig. 13b.

This post-processing mesh may be used for nodal and
integration point variables. The nodal variables are interpo-
lated to the respective locations, whereas integration point
variables can be applied directly from the post-processing
of the elements. Generating a direct mesh of the integration
point variables turned out as more beneficial than mapping
analysis results to the program inherent visualization mesh
since costly search operations can be omitted.

6 Application examples

Cocodrilo has initially been developed for research pur-
poses, mainly with a focus on methodological developments
within the isogeometric analysis. The plugin Kiwi!3d [44]
evolved for the in-house FE-kernel Carat++ that contains
the initial IGA developments. The presented open-source
software Cocodrilo relies on KratosMultiphysics, which is
open-source and covers additional isogeometric analyses
developments.

Some research, which has been conducted with Kiwi!3d,
is e.g. the parametric design of membranes [26, 27] or light-
weight structures generally [25].

In the following, some application examples making use
of the CAD-integrated simulation will be shown.

6.1 Kite structure

The first example is a kite structure (see Fig. 14) showing the
application of several different structural elements within a
geometrically nonlinear analysis. It consist of:

1D cable elements for the ropes.

e Pre-stressed 2D membrane elements for the bars of the
kite. Those tube-like parts of the kite are prestressed with
internal pressure, which provides the expected stiffness.

e 2D shell elements with a very low curvature stiffness
for the sails. The sail of the modelled kite is made of a
very thick material which does provide a little stiffness
in curvature direction.

e Coupling of 1D with 2D elements.

e Coupling 2D elements, between membrane and mem-
brane, membrane and shell, and shell and shell. The con-
nection between the kite bars and the sails are mostly
T-joints.

e The accuracy of the connections have been varying,
which required a very accurate design of the connections.

¢ The kite has been modelled in a numerical wind-channel
with CFD. The obtained pressures from the simulation
have been applied on the sails with a dependency on the
global x-, y-, and z-coordinates.

e The structure has been modelled in a geometrically non-
linear analysis.

For this example, two interfaces have been employed: the
GUI and parametric GH plugin. It turned out that the para-
metric interfaces had great advantages to study effects of
different chosen discretizations (e.g. different patch crea-
tions, varying refinements) since the geometry is only one
parameter that is added to a structural element or boundary.
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(a) Deformed and undeformed - front.

(c) Bottom. (d) Front.

L

(b) Undeformed and deformed - per-
spective.

(e) Top.

Fig. 14 Kite structure with static pressure. The color plots are indicating the displacements within the sails

In contrast, the GUI-based modeling is set up on a existing
geometry as data container. The stored physical information
has to be regenerated.

6.2 Masonry wall

This example is presented to show the various post-pro-
cessing possibilities upon the geometrical NURBS-based
entities. The physical correctness shall not be examined.
Therefore, a masonry wall with hole, which is sheared
off until damage, is chosen. The respective results are
presented within Fig. 15. The result plot of the total dis-
placement is shown in Fig. 15a and only the horizontal
displacement in Fig. 15b. Additionally, two internal stress
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properties are presented, the von-Mises stresses, Fig. 15c,
and the discrete tensile damage parameter, Fig. 15d. It
shows that variables upon integration points may be dis-
played (damage and stresses) equally as evaluated values
of the degrees of freedoms, such as the displacements,
but also selected displacement directions. Continuous and
discrete result behavior can be depicted.

6.3 Sandwich panel

The subsequent example treats a sandwich panel where the
upper and bottom surfaces are coupled by a honeycomb
pattern. The shape of the bottom NURBS surface shall be
form found with a shape optimization procedure (see [10]),
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(b) y-displacements.

(a) Displacements.

(c) Von-Mises stresses. (d) Tensile damage.

Fig. 15 Various results for a masonry shear wall test

with a minimization of the strain energy amid constant
pressure load (see Fig. 16b). The result of the shape opti-
mization is then used in a second analysis to determine the
structural behavior of the sandwich panel under a uniform
surface load on the upper surface (see Fig. 16c¢).

This example shall demonstrate the features of a paramet-
ric staged analysis, which involves many of the benefits of
a CAD-integrated IGA analysis. The respective setup of the
example is displayed in Fig. 16a. It shows the two consecu-
tive analyses, the structural optimization (see Fig. 16b) and
the structural analysis (see Fig. 16¢c). The latter applies the
outcome of the first one and automatically constructs the
corresponding honeycomb pattern for the connection to the
upper plate. The resulting displacement plots (qualitative)
of the whole sandwich panel are displayed in Fig. 16d-i for
different settings of the initial form-finding and respectively
varying shapes of the bottom plate. In this way, material may
be reduced, while keeping displacements similar or even
lower.

It shall be noted that also different optimization/form-
finding techniques (e.g. hanging models) could be embedded
easily in the design. The parametric model would enable a
simplified exchange between the varying results. Hereby,
the chosen algorithm could be selected empirically or
even by defined criteria (e.g. intended load case classifica-
tion). A selection may also involve visual features. Further

parameters, which may be applied in the model, could cover
e.g. variation of the internal filler of the panel structure
with different size or patterns such as quads, diamonds, free
forms. Therefore, the influence of distinctive shapes or a
varying amount of reinforcement could be studied easily.

This example has been selected to present the embed-
ding of certain analysis procedures in the CAD-integrated
design environment. It shows that by parametric design and
analysis modeling it is possible to combine various simula-
tions within a single workflow. Changes are adopted without
effort, and the final model considers them including all cor-
responding changes in the design chain. This makes it easy
to erect structures that adapt to varying environments and
load cases.

7 Conclusion and outlook

While IGA is gaining significant attention within the previ-
ous years, yet few pre- and post-processing tools exist. Even
though, those tools are essential for proofing the applicabil-
ity of the newly developed methods in a larger context. To
help other developers to integrate IGA inside their industrial
projects, required procedures and a software architecture
have been presented within this publication.

Challenges and complexities within the geometrical
assessment have been presented along the experience from
practice, including eventual avenues for possible fixes. Addi-
tionally, this paper provides some geometrical implications
which are required for a flawless design-through analysis
workflow with IGA. When considering these principles,
extensive model cleaning becomes obsolete. Thus, those
may be used as recommendations for an IGA suitable geo-
metrical design.

The open-source plugin Cocodrilo [75] is discussed,
which implements the introduced approaches and shows
the possibilities within architecture and engineering that
are arising alongside the developments with IGA and IBRA.

The presented pre- and post-processing tools are currently
available for thin-walled 1D and 2D structures. Additional
custom element formulations for these geometries can easily
be added to both the solver and the pre- and post-processing
tool. The solver requires the corresponding stiffness matrix
and residual force vector at the integration points. Func-
tions regarding NURBS and standard (Gauss) integration
are already provided. The pre-processor requires additions
in the GUI and the IO functions to gather complementary
information and transfer them to the solver.

An extension towards solid formulations would enhance
the usability significantly and shall be suggested to immedi-
ate subsequent research. Furthermore, the implementation
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Fig. 16 Parametric staged design of sandwich panel
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and accordingly coverage of different physics, towards a
CAD-integrated multiphysics plugin shall be proposed.
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