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Abstract
Hexahedral (hex) meshes can be generated for CAD models of complex thin-walled components by isolating thin-sheet and 
long-slender regions, quad meshing one of the bounding faces, and sweeping the quad mesh through the volume to create 
hex elements. Continuing the work in Sun et al. (Proc Eng 163:225–237, 2016), where an improved approach to thin-sheet 
identification was presented, an enhanced automatic method for long-slender region identification is proposed in this paper. 
The objective is to improve the efficiency and decomposition quality compared to existing long-slender region identification 
processes. Geometric measures such as the edge length and the face width are employed to generate sizing measures, which 
are in turn used to identify candidate long-slender regions. Careful consideration is given to the generation and positioning 
of the cutting faces required to isolate the long-slender regions by assessing a priori quad mesh quality on the wall faces. It 
is shown that a significant reduction in the number of degrees of freedom (DOF) can be achieved by applying anisotropic 
hex elements on the identified regions.

Keywords Long-slender region identification · Automatic decomposition · Hex-dominant meshing · Geometry reasoning · 
Efficient meshing · Sweep meshing

1 Introduction

There is a strong demand in industry for the automatic and 
efficient meshing of CAD models of complex components. 
Currently, fully automatic algorithms are available in 3D for 
the generation of tetrahedral (tet) meshes. However, a major 
shortcoming of tet meshing is the computational cost of the 
resulting analysis. In thin-sheet regions especially, where 
element size is constrained by the thickness of the region, 
the DOF can be excessive. For large scale nonlinear analysis 
such as bird-strike or fan blade-off analysis of a whole aero 
engine, the number of DOF can reach tens or hundreds of 
millions and reducing this number is an obvious ambition. In 
these cases, tet meshing is often eschewed in favour of hex 
meshing due to the superior performance of well-structured 
hex meshes in both accuracy and efficiency.

Fully automatic methods for hex meshing solid models 
with good quality elements have been under investigation 

for many years [2–8]. Although significant research has 
been carried out, the complexity of the models that can be 
automatically processed is very restricted. Recently pub-
lished methods such as PolyCube [9] and the 3D cross field 
[10–13] have shown great potential to automatically gener-
ate full hex meshes for complex geometries, but a general 
robust solution has yet to be realised. Common practice is 
for most geometry to be manually decomposed into a col-
lection of sub-volumes, to which automatic meshing strate-
gies can be applied. The time and human effort taken for 
this tedious decomposition process often outweighs the 
advantages offered by hex meshes in terms of accuracy and 
computational speed. It is therefore a worthwhile ambition 
to develop approaches to automatically identify and isolate 
regions where certain known meshing techniques can be 
applied. This allows partial automatic hex meshing of com-
plex geometries, and allows any manual preparation efforts 
to be focused on the characteristics of the remaining regions.

The most useful and widely applied semi-automatic 
meshing technique is sweep meshing [5, 14–16], where a 
collection of quad mesh elements is swept from source faces 
to target faces. Much research has been developed to auto-
matically decompose the model into sweepable sub-volumes 
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[17–20]. However, in general these methods only work on 
simple geometries. For many complex components in the 
aviation or automobile industry, a substantial fraction of the 
total volume is formed from thin-sheet regions. One reason-
able strategy which has been adopted is decomposing the 
model to isolate the thin-sheet regions [1, 21]. Once identi-
fied, hex meshes can be generated by quad meshing one 
of the bounding faces and sweeping the mesh through the 
thickness.

In this paper the approach is taken one step further by 
decomposing the model into three kinds of regions: thin-
sheet, long-slender and the residual regions, as shown in 
Fig. 1. Thin-sheet and long-slender regions can be easily 
meshed using sweeping algorithms. The residual regions can 
be manually decomposed into meshable blocks to generate a 
full hex mesh, or meshed with tet elements to create a hex-
dominant mesh.

The remainder of this paper is organised as follows: 
Sect.  2 introduces related work about automatic model 
decomposition for hex meshing; Sect. 3 details the process 
of the proposed long-slender region identification and par-
titioning strategy; Sect. 4 demonstrates the decomposition 
results on industrial models and comparison with results in 
[22]; Sect. 5 gives a discussion of the approach. Finally the 
conclusions are drawn in Sect. 6.

2  Related work

Much research has been carried out on model decomposi-
tion for hex meshing. Lu et al. [18] proposed an approach 
using a pen-based user interface to assist the mesh genera-
tion process. This approach takes a freehand stroke as an 
input and uses gestures to create the cutting faces to parti-
tion the model. It is a great challenge to understand the 
input stroke and the approach requires significant experi-
ence from the user to get a satisfactory result. Lu et al. [17] 
described an approach for feature recognition where, after 
the identification of features, cutting faces are created based 
on a set of identified edge loops. While these edge loops 

offer good guidance to the decomposition process they may 
generate unsuitable cutting faces. Wu et al. [19] presented 
a method for identifying a general swept volume in a CAD 
model. The method begins with extracting all potential 
sweep directions and identifying relevant face sets bounding 
the sweeps. Several criteria are set up and assigned a weight 
to evaluate the cutting faces. However, the source face of 
the swept volume in the work is currently limited to pla-
nar faces, and the moving path is assumed to be a straight 
line perpendicular to the source face. Boussuge et al. [20] 
developed a method for identifying extrusion primitives in 
a CAD model. A construction graph is generated during 
a recursive process to decompose a model into extrusion 
primitives. One limitation of this method is that the extru-
sion operation is only related to planar faces. Therefore, 
faces belonging to curved features will not be recognised 
effectively. Several assumptions are made to simplify the 
process and more effort needs to be spent on the range of 
shapes that can be robustly identified.

Robinson et al. [21] proposed a thin-sheet region identi-
fication process based on the medial object (MO) or medial 
axis transform of the CAD geometry. The medial faces of the 
geometry are first generated to decide the local thickness of 
a region. This is followed by the creation of 2D medial axis 
on each medial face which is used to approximate the lateral 
dimension for the region. Regions with an aspect ratio (lat-
eral dimension/local thickness) exceeding the specified value 
are identified as thin-sheets, with these regions of the model 
being isolated and replaced with shell elements. The thin-
sheet identification based on the MO is restricted by the lack 
of a robust and efficient implementation of 3D MO. A more 
robust and efficient approach to thin-sheet identification has 
been proposed based on interrogation and manipulation of 
face pairs [1], which are the opposite bounding faces of the 
potential thin-sheet regions.

Makem et al. [22] proposed an approach to identify long-
slender regions in a model, once the thin-sheets of material 
had been removed using method in [21]. A sizing ellipsoid 
is generated on each edge, centred at its midpoint. The edge 
length and edge curvature are measured to determine the 

Fig. 1  Example of the thin-
sheet and long-slender regions 
decomposition
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length of the ellipsoid axis in the edge direction. The width 
of the two adjacent faces and the local thickness are meas-
ured to represent the dimensions of the other two ellipsoid 
axes. Long-slender ellipsoids with one principal axis much 
larger than the other two are identified. A “closed loop” 
search is initiated, which uses the long-slender ellipsoids 
to look for closed loop of faces bounding a long-slender 
region. Cutting planes are generated using the edge tangent 
and surface normal at an offset away from the long-slender-
complex region interface.

To define a sizing ellipsoid, a centre point and three 
orthogonal vectors which define the principal axes are 
required. However, the metric vectors defining the edge 
length, face width and the thickness in [22] are not always 
orthogonal. As a consequence, a lot of effort was spent 
on transforming the metric vectors to get three equivalent 
orthogonal vectors which can correctly indicate the local 
shape property. In addition, an offset is made away from 
the long-slender and complex region interface for every cut-
ting face, an example of which is shown in Fig. 2a. This 
has two drawbacks. Firstly, it complicates the decomposi-
tion process, especially if the target is a hex mesh and the 
offset is not required. Secondly, if the long-slender region 
is adjacent to a thin-sheet region, making an offset of the 
long-slender region also requires effort when creating a con-
formal mesh between the two regions at the interface. The 
desired decomposition for this model is without an offset, as 
shown in Fig. 2b. In this paper a novel, simplified and robust 
approach for long-slender region identification is presented. 
The circumstances in which an offset is required have also 
been clarified.

3  Long‑slender region identification

3.1  Overview

Let D1, D2 and D3 represent the characteristic dimensions of a 
region in a CAD model in three directions. The long-slender 
region is defined as a region where the characteristic dimen-
sion in one direction is much larger than that in the other 
two, i.e., D1 ≫ D2 ≈ D3. A long-slender region consists of 

two cap faces (source and target for sweep meshing) and a 
collection of wall faces, Fig. 3. A cap face is an end face of 
a long-slender region which has similar lateral dimensions 
in every direction, while wall faces have large aspect ratios.

The process of identifying a long-slender region in 
a general solid is summarized here with reference to the 
model in Fig. 4 (which is a subset of the model in Fig. 1 
and is described in detail in the following sections). The 
input to the process is a model with the thin-sheets already 
removed, Fig. 4a. While the thin-sheet removal could be 
achieved in a number of ways, the work described in [1] was 
used here. For each edge in the model, the edge length and 
face width of the faces it bounds are measured. Edges which 
bound two faces with large aspect ratio (length/width) are 
selected, as shown in Fig. 4b. Faces bounded by more than 
one identified edge are identified by topology interrogation, 
as shown in Fig. 4c. Among these faces, those that bound 
a possible long-slender region (forming a closed loop of 
faces) are identified based on topological and geometrical 
checks described below. For the example model in Fig. 4, 
there will be two groups of faces, Fig. 4d. Cutting faces 
are calculated based on the selected points at the end of 
each group of faces, Fig. 4e, and are used to decompose the 
model. Regions with an aspect ratio [see Eq. (1)] greater 
than the pre-defined value are then identified as long-slender 
regions, shaded dark in Fig. 4f.

The approach for long-slender region identification 
described herein is implemented using the C# language and 
.NET framework APIs in Siemens NX 10 [23] on a 3.4 GHz 
Intel Core (TM) i7-2600 CPU machine with 16 GB RAM. 
Geometrical measures (e.g., edge length) and operations 

Fig. 2  a The long-slender iden-
tification with an offset; b the 
desired result without offset

Fig. 3  The concept of a long-slender region, D1≫D2≈D3
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(e.g., calculating intersections, fitting curves, splitting body) 
are achieved using the NX geometry engine via APIs.

3.2  Identify candidate edges and faces

A candidate edge is defined as an edge which bounds a pos-
sible long-slender region, as identified by the fact both of the 
faces it bounds have a large aspect ratio. The aspect ratio RE 
of an edge relative to a face is defined as the edge length L 
over the face width W, 

The edge length can be calculated using 

where � = �(t) is the underlying curve of the edge in R3, 
t ∈ [0, 1]. For a face, many different measures could be used 
to represent face width. In this work, it is defined as follows. 
Let F be a face and P be the midpoint of a bounding edge 
�1 , Fig. 5. T is the unit tangent vector of curve � at point P, 
given by 

Let П be a plane at point P with T being the normal, 
given by 

The face width W is approximated by the arc length of the 
intersection curve between П and F, as P̂Q in Fig. 5.

(1)RE =
L

W
.

(2)L =

1

∫
0

‖‖‖‖
d�

dt

‖‖‖‖dt,

(3)� =
�̇�1

||�̇�1|| .

(4)(Π − �) ⋅ � = 0.

Once all of the edges in the model have been assessed, a 
candidate face is identified as a face bounded by at least two 
candidate edges. Example candidate edges and candidate 
faces are shown in Fig. 4b and c, respectively. After the 
candidate edges and faces are identified, three dictionaries 
are constructed to store the topology relationships between 
them.

• Dictionary 1: stores the two bounded candidate faces of 
each candidate edge, i.e., {edge: face 1, face 2};

• Dictionary 2: stores the bounding candidate edges of 
each candidate face, i.e., {face: edge 1, edge 2, edge 3, 
...};

• Dictionary 3: stores the adjacent candidate faces of each 
candidate face, i.e., {face: face 1, face 2, face 3,...}. Two 
adjacent candidate faces share at least one candidate 
edge.

Figure 6 gives an example of the relationships stored in 
the three dictionaries where E1, E2, E3 are candidate edges 
(in bold) and F1, F2, F3, and F4 are candidate faces. In 

Fig. 4  Overview of the long-slender identification process

Fig. 5  Face width calculation
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Fig. 6b, the bounded candidate faces of E1 are F1 and F2; 
the bounding candidate edges of F2 are E1, E2, and E3; the 
adjacent candidate faces of F2 are F1, F3, and F4.

3.3  Identify T‑Loops and G‑Loops

A T-Loop is a set of candidate faces. Each candidate face in 
the set has at least two adjacent candidate faces. To identify 
a T-Loop, firstly one candidate face is selected. If it has 
more than one adjacent candidate face in Dictionary 3 then 
it is inserted into a set. Its adjacent candidate faces are then 
selected, and they are added into the same set if they have 
more than one candidate face in Dictionary 3. A face will 
not be added repeatedly if it is already in the set. The process 
continues until there are no new candidate faces identified. 
Figure 7a shows an example of a T-Loop which is comprised 
of nine candidate faces (F1–F9). The order in which the can-
didate faces are identified is illustrated in Fig. 7b.

Faces in a T-Loop may bound zero, one, or multiple long-
slender regions. Topological information alone does not 

offer enough information to determine if the faces bound a 
long-slender region. For example, in Fig. 8, for some aspect 
ratios, a T-Loop can be identified which does not form valid 
bounding faces for a long-slender region (e.g., F1, F2, F3 and 
F4), because while they are adjacent they do not span a loop 
of faces around a volume.

A G-Loop is a subset of a T-Loop which bounds one pos-
sible long-slender region. A G-Loop is identified based on a 
geometrical check. After obtaining a T-Loop, the candidate 
edges in a T-Loop are ordered based on the arc length. A 
slice is made at the midpoint of the shortest candidate edge 
using a plane which is oriented normal to the tangent vector 
at the midpoint, Fig. 9a. (The plane will be referred to as 
the “slicing plane” in the following section). For efficiency 
the slice is only made with faces in the current T-Loop. This 
slice will result in points being created on each edge, and 
curves being created on each face. For the slicing section, 
as shown in Fig. 9b, if a closed loop of curves is created by 
the split, then the candidate faces that these curves lie on 
comprise a G-Loop, as shown by the shaded faces in Fig. 9c. 

Fig. 6  a The candidate edges 
and faces in the model; b exam-
ple of the three dictionaries

Fig. 7  An example of identify-
ing a T-Loop. a The candidate 
faces; b the order that the candi-
date faces are identified

Fig. 8  A T-Loop that bounds 
zero long-slender region
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The faces and edges in a G-Loop are identified and stored 
using the following rules.

• Let P′
0
 be the midpoint of the shortest candidate edge;

• Start with P′
0
 and walk along the closed curves on the 

slicing section. The ith end point and curve on the path 
will be stored as P′

i
 and C′

i
 respectively, as shown in 

Fig. 9b;
• The candidate edge that P′

i
 lies on is stored as Ei and the 

candidate face that C′
i
 lies on is stored as Fi, as shown in 

Fig. 9d.

This process will identify one G-Loop, but there may be 
other G-Loops within the same T-Loop set. The slicing test 
is made again for the shortest edge among those that do 
not belong to any current G-Loop, and that have not yet 
been tested. For example, after the identification of the first 
G-Loop shown in Fig. 9, there are two residual candidate 
edges as shown in Fig. 10a. A slice is made at the midpoint 
of the shortest one to split all faces in the T-Loop. In this 
instance, another closed curve loop is identified, meaning 
another G-Loop exists, as the highlighted faces shown in 
Fig. 10b. The process continues until every candidate edge 
in a T-Loop has either been rejected or classified as belong-
ing to a G-Loop.

3.4  Group the end points of the edges of a G‑Loop

The G-Loop contains all the wall faces for a long-slender 
region, but it needs two cap faces to completely define the 
region. Here, the end points of the candidate edges in a 
G-Loop are classified into two groups, each of which cor-
responds to a specific cap face. As such, two end points 
of the same edge should be classified into different groups. 
The classification is performed based on the positions of 
the end points relative to the slicing plane generated during 
the G-Loop identification process. The relative position of 
a point to a plane can be calculated using the dot product of 
the normal of the plane and a vector which starts from the 
plane and ends with the point. Since the slicing plane always 
passes through the midpoint of the shortest candidate edge 
P′
0
 , a vector is created as P′

0
P
j

i
 as shown in Fig. 11a, where 

P
j

i
 is the end point of an edge Ei, {j = 0, 1}. For all edges, the 

end points for which the dot product  has the same sign (+ or 
−) will lie on the same side of the plane and be classified 
into the same group.

It is possible in some cases that the two end points of 
an edge lie on the same side of the slicing plane, as shown 
in Fig. 11b. If this happens, the intersection point between 
the edge and the slicing plane is used to define the relative 
position of the end point. To achieve this, two new points 

Fig. 9  Making a slice at the 
midpoint of the shortest candi-
date edge

Fig. 10  Identifying a new 
G-Loop from the residual candi-
date edges
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are created at the midpoints between the intersection point 
and the two end points, e.g., PA and PB in Fig. 11b. Vectors 
pointing to the midpoints will be used to calculate the dot 
product, e.g., P′

0
PA and P′

0
PB . The result will be used to 

indicate the sign of the corresponding end point which is 
closest to the midpoint.

3.5  Identify and assess edges at the end of the wall 
faces

In [22], the cap face of a long-slender region is either an 
existing face, or formed by a cutting face offset from the 
long-slender and complex region interface. One objective 
in this work is to use existing edges at the end of the wall 
faces as possible bounding entities for cutting faces, instead 
of making an offset for all possible edges. Here, a cap face 
can be one of three different types, which will be explained 
with reference to the model in Fig. 12.

• Type-1: is an existing face in the model;
• Type-2: results from an offset cutting face;
• Type-3: results from a cutting face bounded by one or 

more existing edges at the end of the wall faces.

The motivation of identifying long-slender regions is to 
enable a swept hex mesh to be applied to the regions. This 
means that once a long-slender region has been identified 
and a hex mesh is created by sweeping a quad mesh along 

its length, each wall face will have a good quality struc-
tured quad meshes on it. Therefore, for each candidate face, 
the edges joining the end points are assessed to determine 
whether a good quality quad mesh can be applied.

3.5.1  The net number of positive and negative singularities 
on a surface

A structured quad mesh has no mesh singularities. These 
are interior nodes where more or less than 4 elements meet. 
Negative singularities occur if < 4 elements meet at a node 
and positive singularities occur if > 4 elements meet at the 
node, Fig. 13. The net number of quad mesh singularities on 
a surface can be calculated using the following equation [24] 

Fig. 11  Classifying the end 
points of candidate edges into 
two groups

Fig. 12  Examples of three dif-
ferent types of cap faces

Fig. 13  a Negative singularity, b positive singularity
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where θi is the corner angle, Fig. 13; ni the optimum num-
ber of elements at a vertex; kg the geodesic curvature of the 
edges; K the Gaussian curvature of the face; n+ and n− the 
number of positive singularities and negative singularities, 
respectively. The termn+ − n− is used to indicate the net 
number of mesh singularities by setting either n+ or n− to be 
zero. The optimum number of elements ni can be calculated 
using 

Combined with the Gauss–Bonnet theorem [25], 

where χ(R) is the Euler characteristic of the region R and 
αi is the exterior junction angle, which is the change of the 
tangent vector of adjacent curves when walking around the 
boundary curves in a CCW direction, as shown in Fig. 13, 
then it can be shown that 

With the fact that, 

Eq. (8) can be simplified to 

3.5.2  Edge assessment and classification

To be suitable for sweep meshing, the wall face of a long-
slender region should be four-sided and contain no inner 
loops. In Eq. (10), let � = 1 and N = 4. To have a net number 
of zero singularities, 

To have a good quality, it is required that the number 
of elements at each corner should be greater than zero. 
Therefore, 

(5)

∑
vertices

(
�

2
ni − �i

)
+

∑
edges

∫ kgds +∬
faces

KdS +
(
n+ − n−

)�
2
= 0,

(6)ni = round

(
�i
�∕2

)
.

(7)∮
C

kgds +∬
R

K dS = 2��(R) −

N∑
i=1

�i,

(8)
N∑
i=1

(
�

2
ni − �i

)
+ 2��(R) −

N∑
i=1

�i +
(
n+ − n−

)�
2
= 0.

(9)�i + �i = �,

(10)n+ − n− = −4�(R) +

N∑
i=1

(2 − ni).

(11)
N∑
i=1

ni = 4.

(12)ni = 1.

The existence of a positive and negative mesh singularity 
pair may not be apparent purely by observing the corners 
of the domain, as shown in Fig. 14a. To solve this, sample 
points are created along the edge joining the two end points, 
e.g., S1, S2, S3, S′1 , S

′
2
 and S′

3
 as shown in Fig. 14b. Creating 

lines between the sample points allows sub-regions to be 
formed, e.g., P1S1S

′
1
P′
1
 . Equation (12) should hold for each 

sub-region. Let n1
s
 be the number of elements at a sample 

point in its first sub-region and ns the total number of ele-
ments at a sample point created along the edge, then 

For this example, n1
s
 at the sample point S1 is zero, which 

means that to achieve a good quality quad mesh singularities 
must be introduced in that sub-region.

Equations (12) and (13) are used to assess an edge at 
the end of the wall face, which is traversed in the process 
introduced in the following Sect. 3.5.3. If multiple edges 
lie between the end points they are treated as one edge. The 
assessment process is explained with reference to the exam-
ple wall face end conditions shown in Fig. 15, where in each 
case points P1 P2, the solid lines, and the dashed lines rep-
resent the end points, the candidate edges, and edges to be 
assessed, respectively. Let n1 and n2 be the optimum number 
of elements at the corner of the end points P1 and P2. P1 
represents the first point of an edge that is traversed. The 
traversed edge will be classified as one of the three types:

• Type-1 edge: it can be used for constructing the cap face. 
This decision is made if both Eqs. (12) and (13) are satis-
fied, e.g., Fig. 15a.

• Type-2 edge: it cannot be used for constructing the cap 
face and an offset is required. This happens if n1 = 0, e.g., 
Fig. 15b, or n1 = 1, but Eqs. (12) and (13) are not satisfied 
at the other end point or sample points, e.g., Fig. 15c–f.

• Type-3 edge: it cannot be used for constructing the cap 
face and no offset is required. This is the case when 
n1 > 1, e.g., Fig. 15g, h. The bounding edges of the cap 
face on this wall face will be determined later.

(13)nl
s
= 1, ns = 2.

Fig. 14  a The net number of mesh singularities is zero, but there are 
two pairs of positive and negative singularities; b sample points cre-
ated on the identified edges and the domain is subdivided into sub-
regions. The interval between sample points should be such that the 
curve does not turn too much between points, e.g., ∫ kgds ⩽

�

4
 , see 

Eq. (5)
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3.5.3  End point traversal

For each end point group, the end point with minimum arc 
length to the slicing plane is selected (it is referred to as the 
closest end point in the following section). This end point 
defines the furthest possible position of the cap face relative to 
the slicing plane. Starting from this point, the edges bounding 
it are traversed, assessed and classified. The process will stop 
if it comes to an edge classified as a type-2 or type-3 edge. In 
Fig. 16, the traversal starts from point P0. In one direction, it 
identifies edge e3, e4 as type-1 edges and e2 as a type-2 edge. 
In the other direction, it identifies e0 as a type-3 edge. Edges 
that are not traversed will be given a null type, as e1 in Fig. 16.

For an end point that is not in the above traversal loop, 
e.g., point P1 in Fig. 17, if the arc length to the slicing plane 
is close to that of the closest end point, i.e., within a defined 
tolerance T, the same traversal process can be performed. It is 
possible that the same edge is assigned two different type clas-
sifications if traverse starts from the two different vertices of 
the same edge. For example, in Fig. 15d, a traversal will start 
from both P1 and P2 if their arc lengths to the slicing plane is 

within the tolerance. It will be assigned as a type-2 edge in 
one traversal while a type-3 edge in the other traversal. In this 
case, the edge will take the type-2 as the final result.

3.6  Define the cap face

Based on the analysis in the last section, different types of cap 
faces are created following the logic in the diagram in Fig. 18.

The type-1 cap face can be easily identified, e.g., the 
highlighted face at the left end of the model in Fig. 12a. 
The type-2 and type-3 cap faces will both result from cut-
ting faces. The cutting face herein is defined based on a set 
of bounding edges. In the following section, the process of 
creating the cutting face is detailed.

3.6.1  Cutting face for the type-2 cap face

To create the cutting face for the type-2 cap face, sam-
ple points are created along each type-3 edge, as shown in 
Fig. 19a where the dashed line represents a type-3 edge, Si the 
sample points, P1, P2 the end points of the candidate edges 

Fig. 15  Different classification of the edges. The candidate edges are shown in solid lines while edges to be assessed are shown in dashed lines. 
a Type-1 edge; b–f type-2 edges; g, h type-3 edges

Fig. 16  Example of end point traversal from the closest end point Fig. 17  Traversal also starts from the end point P1, whose arc length 
to the slicing plane is close to that of the closest end point
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E1, E2. Let P0 represent the closest end point and E0 represent 
the edge it lies on. For each sample point and end point on 
the type-3 edge, its closest point on edge E0 are calculated, 
e.g., S2 → PS−2, S3 → PS−3, and P1, P2, S1, S4 → P0. The 
furthest one from P0 is identified and offset away from P0 at 
a distance of one element length L, as the point Poffset shown 
in Fig. 19a. A plane is created normal to the tangent vector at 
the offset point and the intersection curves with the candidate 
faces in the G-Loop are calculated. These curves are used as 
the boundary of the cutting face, as shown in Fig. 19b.

3.6.2  Cutting face for the type-3 cap face

As stated earlier, the type-3 cutting face is bounded by exist-
ing edges at the end of the wall face. The cutting face herein 
is defined based on a set of bounding edges, one on each face 
in the G-Loop. The bounding edge can either be an existing 
edge or a newly created curve. If all bounding edges are 
existing, the cutting face is created just by filling the bounda-
ries, e.g., the cutting face at the right end of the long-slender 
region in Fig. 20.

Otherwise, there is a need to determine other bounding 
points/edges of the cutting face using the information from 
the type-1 edges. The idea is to create a plane using the end 
points of the type-1 edges, and then to calculate the inter-
section points between the plane and the candidate edges in 
a G-Loop, on which the bounding point of the cutting face 
is not defined. After all bounding points are obtained, the 
bounding edge can be created by fitting a curve between 
two bounding points on a face. If there are at least three 
non-collinear end points, the plane is created using a least 
squares fit to these end points. Suppose the coefficient of x 
is not zero, a 3D plane is described as 

To calculate the coefficient a, b, c in matrix form 

A least squares fit is performed by pre-multiplying a 
transpose matrix to both sides 

(14)ay + bz + c = −x.
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Fig. 18  Different types of cap faces are created based on the edge 
assessment result

Fig. 19  a Calculate the offset 
point; b creating a cutting plane 
for a type-2 cap face

Fig. 20  A cutting face for a type-3 cap face where bounding edges are 
identified
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After the matrix multiplication 

Suppose the plane passes through the centroid of all 
points and x, y and z are defined as the coordinates relative 
to the centroid, then 

∑
yi =

∑
zi =

∑
xi = 0 . The equation 

can be simplified as 

The coefficients a, b and c can then be calculated. The 
above result is based on the assumption that the coefficient 
of x is not zero, which is not always true. But at least one of 
the coefficients must be non-zero if the points span a plane. 
The other two calculations are also carried out with the 
assumption that the coefficients of y and z are not zero. The 
one which has the maximum determinant of the left matrix 
in Eq. (18) is selected to determine the coefficients. For the 
model in Fig. 21, there are seven faces in the G-Loop, so it 
needs seven bounding edges to create the cutting face. Three 
of them are from existing edges, as shown in bold lines in 
the different orientations of the model given in Fig. 21a, b. 
A plane is fitted using the end points of the existing edges, 
Fig. 21c. The intersection points between this plane and the 
other three candidate edges in the G-Loop are calculated as 
shown in Fig. 21d. Four fitted curves are created as shown 
in dashed lines in Fig. 21e. The cutting face is generated by 
filling the region bounded by the fitted curves and existing 
edges, Fig. 21f.

For a fitted curve on the wall face, the same assessment 
as in Sect. 3.5 is carried out to make sure that a good quality 
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structured quad mesh can be generated if the wall face is 
divided by the fitted curve. If a good quality quad mesh 
cannot be generated, an offset will be made. Note, the gen-
erated plane does not need to pass through the end points 
of the existing edges of the candidate faces. Therefore, the 
intersection curves between the plane and the faces in the 
G-Loop do not guarantee to form a closed shape with the 
existing edges. Rather the above process is used to obtain 
the closed boundary of the cutting face.

If the number of end points of the identified type-1 edges 
is less than three, or more than three but collinear, a plane 
will be created at the closest end point and normal to its 
tangent vector, as shown in Fig. 22. The following process 
of obtaining the bounding points and bounding curves is the 
same as described above.

3.7  Volume decomposition and long‑slender region 
identification

After the cutting face has been used to partition the model, 
the resulting long-slender region will be identified. Different 

Fig. 21  a, b Existing edges as 
shown in bold; c fit a plane with 
the end points of the existing 
edges; d intersection points 
between the plane and other 
candidate edges; e fitted curves 
on the wall faces as shown in 
dashed lines; f the cutting face

Fig. 22  Creating a cutting plane using the tangent at the closest end 
point if the end points of the type-1 edges do not span a plane
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approaches are used to identify the long-slender regions 
based on the number of cutting faces required.

• No cutting faces required: no decomposition is required 
as the entire region is a long-slender region. The two cap 
faces will be the source and target faces in a swept mesh.

• One cutting face required: this means that one cap face 
for the long-slender region exists in the original model. 
After decomposition, the region bounded by the cap face 
is identified as a long-slender region. The existing cap 
face and the cap face resulting from the cutting face on 
the other end will be the source and target faces. For 
example, the left long-slender region in Fig. 4f has one 
cap face which exists and only one cutting face is gener-
ated.

• Two cutting faces required: this means that no cap faces 
exist in the original model (the right long-slender region 
in Fig. 4f). The region that contains the midpoint of the 
shortest edge in a G-Loop will be identified as the long-
slender region. The two cap faces resulting from the cut-
ting faces will be the source and target faces.

For the identified long-slender region, edges that come 
from candidate edges in the original model are identified. 
The average arc length LV of these edges is calculated and 
used to represent the dimension of the long-slender region 
along the axis direction. The slicing section during the pro-
cess of identifying a G-Loop is used to decide the dimen-
sions in the other directions. The smallest circle that contains 
all the end points of the curves in a closed loop is calculated, 
and its diameter 2r is used as the dimension of the long-
slender region in the other dimensions, as shown in Fig. 23. 
A volume aspect ratio RV is defined as RV = LV/2r. A region 
with a volume aspect ratio larger than the pre-defined value 
will be identified as a long-slender region.

4  Results

The long-slender region identification is implemented after 
the thin-sheet regions have been identified and removed 
as described in [1]. The long-slender region identifica-
tion results for models shown in [1] are given in Fig. 24, 
where the thin-sheet, long-slender and residual regions are 

coloured in dark grey, black and light grey, respectively. 
The time spent on the process, the number of the thin-sheet 
regions and long-slender regions are summarized in Table 1. 
For all examples, RE = 3 and RV = 1. Note the periodic faces 
(i.e., with only 2 continuous bounding edges) for the model 
in Fig. 24a are divided into two prior to the identification.

To compare the efficiency, the approach proposed in this 
paper is implemented on the same model as used in [22]. 
In [22], it is stated that it takes 10 min to identify the long-
slender regions, while it takes approximately 1 min using 
the approach described in this paper. The result is shown 
in Fig. 25.

In [22] an offset is made at every cutting plane, which in 
many cases is not necessary to support the creation of good 
quality hex meshes. In this work an offset is made only when 
it is needed to ensure a good mesh quality. Figure 26a, b 
compares the results where the offset is included in (a) and 
not included in (b).

4.1  DOF reduction

A representative industrial model, the CRESCENDO com-
pressor inter-casing [26], is used to demonstrate the DOF 
reduction using the anisotropic hex elements on the identi-
fied thin-sheet and long-slender regions. For clarity, 1/6 of 
the model is used. The original model and the decomposed 
model are shown in Fig. 27a, b, respectively. There are 46 
thin-sheet regions, 28 long-slender regions, and 4 residual 
regions. The identified thin-sheets and long-slender regions 
occupy about 97.9% of the total part volume. Four analysis 
models are created for comparison.

• Tet mesh: the model is meshed with 10-node tet elements 
of a size of 4 mm, Fig. 27c;

• Isotropic hex for thin-sheets: the thin-sheets are meshed 
with isotropic 8-node hex elements of 4 mm and the 
remainder is tet meshed, Fig. 27d;

• Anisotropic hex for thin-sheets: the thin-sheets are 
meshed with anisotropic 8-node hex element with an 
aspect ratio (lateral dimensions to thickness) varying up 
to 5 and the reminder is tet meshed, Fig. 27e;

• Anisotropic hex for thin-sheets and long-slender regions: 
both the thin-sheet and long-slender regions are meshed 
with anisotropic 8-node hex element with an aspect ratio 
varying up to 5 and with tet elements in the residual 
regions, Fig. 27f.

Note for the three mixed element analysis models, pyra-
mid elements are generated to transition between hex ele-
ments and tet elements. The meshes were created in NX.

The DOF of the four analysis models is summarized in 
Table 2. By applying anisotropic hex elements to the thin-
sheet regions, a DOF reduction of 82.3% can be achieved 

Fig. 23  The smallest circle that 
contains all the end points on 
the slicing section
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Fig. 24  Examples of the long-
slender regions identification 
result. The thin-sheet, long-
slender and residual regions are 
shown in dark grey, black and 
light grey, respectively

Table 1  The time spent, the number of the thin-sheet and long-slen-
der regions for examples are shown in Fig. 24

Models Time (s) Number of 
long-slender 
regions

Volume of 
long-slender 
regions (%)

Volume of 
thin-sheet and 
long-slender 
region (%)

a 1 4 17 100
b 6 11 9 90
c 1 2 1 100
d 1 2 2 98
e 59 72 8 99
f 480 93 7 99 Fig. 25  Long-slender identification result
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relative to the tet mesh. By further applying anisotropic hex 
elements to the long-slender regions, further reduction of 
11.8% can be achieved. The DOF of this analysis model is 
5.9% of the analysis model with an isotropic tet mesh.

A modal analysis was conducted for these analysis mod-
els. The analysis time for the different analysis models is 
given in Table 3. With the long-slender regions meshed 
with anisotropic hex elements, the analysis time reduces to 

Fig. 26  a Cutting face generated 
with an offset; b improved cut-
ting position from the proposed 
approach

Fig. 27  a The original model; b the decomposed model, thin-sheets 
in dark grey, long-slender regions in black, residual regions in light 
grey; c tet elements meshed model; d thin-sheet regions meshed with 

isotropic hex element; e thin-sheet regions meshed with anisotropic 
hex element; f anisotropic hex elements applied to both the thin-sheet 
and long-slender regions

Table 2  Degree of freedom of the four analysis models

Analysis 
models

Tet for 
the whole 
model

Isotropic 
hex for 
thin-sheets

Anisotropic 
hex for thin-
sheets

Anisotropic 
hex for thin-
sheets and 
long-slender 
region

DOF 2,191,611 572,706 388,803 129,897
% Tet 100 26.1 17.7 5.9
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1.4 min, which is 3.2% of the analysis time compared to the 
isotropic tet meshed model.

Figure 28 compares the discrepancy in the modal fre-
quencies of the mixed element meshed analysis models 
relative to the tet meshed model. The analysis model where 
thin-sheet regions are meshed with similar size isotropic hex 
elements shows similar accuracy. For the two models using 
the anisotropic hex elements, the maximum discrepancy is 
under 2%.

5  Discussion

A new approach for automatic identification of long-slender 
regions in general solids is described in this paper. There are 
four key parameters mentioned in previous sections, namely 
the edge aspect ratio RE, the volume aspect ratio RV, the 
offset distance L when creating the type-2 cap face, and the 
distance tolerance T when assessing edges. The aspect ratios 
RE and RV are used to down-select the candidate regions. 
Increasing the aspect ratio will result in fewer regions being 
identified as long-slender. As the purpose of this method 
is to support hex meshing, the aspect ratio RE and RV of a 
long-slender region does not need to be very high. For the 
included examples RE was 3 and RV was 1. The offset dis-
tance L is selected to be the maximum target element size 
and the distance tolerance T is selected as the minimum tar-
get element size. This guarantees that there will be no sliver 
volumes resulting in the residual regions.

When identifying a G-Loop, which is the loop of bound-
ing faces of a long-slender region, a slice is made at the 
midpoint of the shortest candidate edge. It is required that, 
on the slicing section, the intersection curves with the faces 
in the G-Loop form a closed loop and each end point of 
the intersection curve lies on a candidate edge. The present 
implementation does not consider the existence of any inner 
loops on the wall face. For example, there is no long-slender 
region identified for the model in Fig. 29 due to the existence 
of a feature on one candidate face, which results in an inner 
loop on that face. In future, features on the candidate faces 
in a G-Loop need to be isolated first. Another potential prob-
lem is when the edge dihedral angle changes significantly 
along the length of the long-slender region, e.g., from 90° 
to 180°, so that the optimum mesh topology is different on 
the source and target faces.

The described approach demonstrates a great improve-
ment in term of efficiency compared to Makem’s [22] 
approach. Part of the efficiency is due to the fact that dif-
ferent sizing metrics are used here. For each edge, only the 
edge length and the face widths are calculated without the 
need to calculate the thickness. No effort is spent on con-
structing three orthogonal vectors from the metric vectors to 
represent the principal axes of an ellipsoid. The character-
istic length of a region is compared to the minimum circle 
containing the cross section to determine whether it is a 
long-slender region. In addition, when deciding the cutting 
face in [22], a chain of circles called “bracelet” is initiated 
at the midpoint of the shortest candidate edge. It is reformed 
at intervals along the edge in opposite direction away from 
the midpoint. The process terminates if the bracelet is bro-
ken and the position of the cutting face is determined. This 
process is time consuming. By moving the bracelet along 
the edge, it can only guarantee the continuity of the edges 
rather than the faces. For the approach described herein, the 
cutting faces are generated directly at the end points of the 
edges. After decomposition, the wall faces can be checked 
to avoid the existence of internal face loops, such as bosses, 
if necessary.

Table 3  The analysis time for the four analysis models

Analysis 
models

Tet for 
the whole 
model

Isotropic 
hex for 
thin-sheets

Anisotropic 
hex for thin-
sheets

Anisotropic 
hex for thin-
sheet and 
long-slender 
region

Time/min 45 7 3 1.4
% Tet 100 15.6 6.7 3.2
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Fig. 28  Comparison of modal frequencies for the inter-casing model. 
The result of the tet meshed model is used as the reference

Fig. 29  An example where no long-slender regions are identified due 
to the existence of a feature on one candidate face which results in an 
inner loop on that face
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The creation of the cutting face has been considered care-
fully in this paper to determine whether an offset is required 
where the long-slender region meets the rest of the model. 
The decision of whether to make an offset of the cutting face 
is determined by the edge corner angle and the number of 
singularities on the wall faces of the long-slender region. 
An offset is made only when it is required to guarantee the 
resulting wall faces of the sweepable long-slender region 
will not contain any singularities.

It has been demonstrated that the DOF and analysis time 
can be significantly reduced by applying anisotropic hex ele-
ments in the thin-sheet and long-slender regions while simi-
lar accuracy can be achieved. The anisotropic geometrical 
characteristic of the identified long-slender regions can also 
facilitate the control of mesh element size and gradation so 
that the hex elements change from a highly stretched shape 
away from the interfaces to a size at the interface more com-
patible with the adjacent tet elements, as shown in Fig. 30. 
This ensures that transition elements at the interface have a 
proper aspect ratio and are, therefore, good quality. In future, 
an approach for automatically generating and sizing the hex-
tet mixed mesh applied to complex thin-walled components 
will be developed for the decomposition provided by this 
work. A non-manifold model will be created to capture the 
interfaces between adjacent sub-volumes, which will be used 
to guarantee a conformal mesh.

6  Conclusions

This paper describes an improved approach for the automatic 
identification of the long-slender regions. It has been shown 
that:

• New sizing metrics are used to identify the long-slender 
region, which has greatly simplified the process com-
pared to existing techniques;

• Procedures have been developed to assess if an offset 
is required at the ends of the long-slender region which 
terminate with complex geometry. The cutting faces are 
generated directly at the end of the long-slender region 
if no offset is required;

• Significant DOF saving can be achieved by applying 
anisotropic hex elements to the identified long-slender 
region.
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Fig. 30  Example of applying 
graded mesh along the long-
slender regions to control the 
mesh element size
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