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Abstract
Molecular surface mesh generation plays a vital role in molecular modeling and visualization. However, meshes extracted
directly from Protein Data Bank files have several issues such as small and large triangles, redundant elements, self-
intersections, and irregular vertices. The state-of-the-art mesh improvement methods often fail to deal with these issues.
In this paper, we present a novel method for valence optimization and angle improvement. For valence optimization, we
remove the bad valence vertices with its neighbor triangle making regular holes in the mesh. The holes are filled in a care-
ful manner to improve their valences as well as angle quality. We also use a segmentation-based surface remeshing which
segments the mesh into random segments and then each segment is independently remeshed. In addition, a point insertion
scheme is applied to minimize the ratio of obtuse triangles. Experimental results show that our method not only improves the
maximal and minimal angles to an angle bound of [30◦ 120◦] but also improves the vertices’ regularity, reduces the ratio of
obtuse triangles, preserves the area and volume, and always succeeds with downstream applications.

Keywords Molecular surface remeshing · Mesh quality · Valence optimization · Molecular modeling

1 Introduction

Molecular surface meshing and molecular modeling are an
interesting research direction used in many fields includ-
ing computer graphics, mathematics, molecular biology,
biophysics, and chemistry. It plays a vital role in various phe-
nomena such as protein folding, docking, implicit-solvent
modeling, structure prediction, interaction of molecules, and
measuring their areas/volumes [1,2]. However, meshes gen-
erated directly from molecular data have several defects
including self-intersections, small and large angles, and
redundant and irregular vertices. There are several methods
to improve themesh quality prior to its use in the downstream
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applications. Some of these defects such as self-intersections
have been addressed in SMOPT [3]. However, SMOPT fails
in maximal and minimal angle improvements. Similarly,
small and large angles have been improved up to an accept-
able level by a recently proposed cut-and-fill (CAF) method
[1]. However, CAF fails to achieve a considerable improve-
ment in valence optimization.

Figure 1 shows the main steps in molecular surface
remeshing. Protein Data Bank (PDB) files are download-
able from their online repository (https://www.rcsb.org/).
PDB2PQR [4] is a tool used to convert these files from PDB
format to PQR format. The next step is mesh generation,
where the mesh generating tools such as TMSmesh [5] are
used to generate surface mesh from a PQR file. Unfortu-
nately, these meshes are generated in raw form, thereby con-
taining low-quality elements including zero degree angles,
large angles, and irregular vertices [1]. Such raw meshes
with low-quality elements are difficult to be directly used in
downstream applications such as TetGen [6] or visualization
(Fig. 2).
Therefore, remeshing for quality enhancement is desired at
this stage to refine the rawmesh. However, previous methods
have no significant improvement in mesh quality. Figure 2
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Fig. 1 The main pipeline of the molecular surface mesh generation and
surface remeshing. The red color boxes represent the protein files (PDB
and PQR), the magenta color boxes are surface meshes, the brown box

represents tetrahedral mesh, the green boxes are processes, and the blue
boxes are examples of available tools for each particular process

Fig. 2 Electrostatic potential on
molecular surface, calculated
with AFMPB [7]

shows an example of the molecular surface mesh in the
downstream applications, i.e., the electrostatic potentials cal-
culated with AFMPB [7] mapped on the molecular surface.

Typically, a triangle with an angle smaller than 30◦ or
obtuse angle (i.e., ≥ 90◦) is called a bad triangle [8]. Simi-
larly, it has been shown in the previous research that valence
optimization can speed up the convergence. A vertex with
valence (no. of adjacent edges) equal to four for a boundary
vertex and valence 6 for an interior vertex is called optimal or
regular vertex, while the others are non-optimal. Generally,
valence 5, valence 6, and valence 7 vertices are treated as
optimal valences and are found easy for surface remeshing
[1,8,9].
In generic surface remeshing, the state-of-the-art methods
have a significant improvement in themesh quality.However,
these methods from generic remeshing fail in molecular sur-
face meshes due to additional issues of these meshes. Like
generic meshes, it is challenging to preserve the area and
volume as well as features and topology during molecular
surface remeshing. Unlike the generic meshes, the meshes
generated from molecular data have additional challenges
including:

• The existence of very small and large angles (the small
angles are equal to or nearly to 00).

• High ratio of the defective elements such as isolated ver-
tices, self-intersections, and redundant elements.

• Complexity of the molecular surface meshes in their
shapes and number of vertices.

In this paper, we present a simple method for valence
optimization and angle improvement of molecular surface
remeshing. We start with centroidal Voronoi tessellation
(CVT) [10] initialization. The bad valence vertices are
removed with their adjacent triangles in a careful way to
create holes in regular structures. The holes are refilled
with insertion of new vertices in the calculated feasible
position which improves the vertices regularity and avoids
the creation of small and large triangles. Then, we apply
mesh segmentation to divide the mesh into random inde-
pendent segments. Each segment is independently remeshed
using real-time adaptive remeshing (RAR) [11]. After, the
segment-wise remeshing, we remove small-angle triangles
(θ < 30◦). Then, we apply a point insertion scheme that
inserts a new point near each obtuse triangle to eliminate
the obtuse triangle. In this manner, the ratio of obtuse tri-
angles is significantly reduced. Finally, we apply Laplacian
smooth and RARmethod to the bad triangles and their neigh-
bor triangles locally, with constraints to avoid the creation
of new small triangles. We compared our results with four
existingmethods. Experimental results show that ourmethod
performs better than existing molecular surface remeshing
methods in terms of angle improvements and valence opti-
mization. In addition, there is no failure of the downstream
applications for our output mesh. In summary, we have the
following contributions in this paper.

• We propose a novel mechanism for valence optimization
of molecular surface remeshing that improves vertex reg-
ularity without losing the mesh quality.

• A divide-and-conquer strategy is used for segment-based
surface remeshing which improves the mesh quality
without introducing self-intersections or other defects.
It preserves the input area and volume.

• Our method not only improves vertex regularity, but also
achieves an angle bound of [30◦ 120◦], and improves
other mesh quality parameters. It reduces the ratio of
obtuse triangles significantly.
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2 Related work

In generic surface remeshing, numerous methods have
been proposed. These methods can be classified as mesh
simplification-basedmethods [12], Delaunay insertionmeth-
ods [13], advancing front-based method [14], field-based
approaches [15], and local operators-based mesh optimiza-
tion [11]. Recent methods have a significant improvement in
minimal andmaximal angles andmeshing quality for graphi-
calmodels. For example,Yan andWonka [16] used additional
operators with CVT to avoid short Voronoi edges and remove
obtuse and small triangles (< 30◦). However, their method
does not work for noisy meshes.
The use of edge-based operators (edge split, edge collapse,
vertex translation) [17] also has a significant achievement
in meshing quality. These methods can improve the mesh
quality for common graphical models, such as CAD models
and human-made meshes. However, as molecular remeshing
as additional challenges, these methods are often failed. The
meshes generated from protein files have complex structures
with many defects. Therefore, the generic meshing methods
do not work to improve these meshes.
Researches reveal that small and large triangles badly affect
the simulation results, and even a single bad triangle can
affect the results [1,8,18]. To the best of our knowledge,
a recent method of non-obtuse remeshing [8] in computer
graphics better performs for angle improvement achieving
an angle bound [30◦ 90◦]. However, for molecular sur-
face remeshing, there is no significant achievement in angle
improvement with consideration of their area and volume
preservations, valence optimization, and features preserva-
tions. Irregular vertices are also problematic in remeshing
algorithms [9,19]. In this regard, Aghdaii et al. [9] intro-
duced regular meshes called 567meshes, which was recently
improved with a low budget method [19], achieving compar-
atively higher geometric fidelity.
Molecular surfaces have different structures such as the van
der Waals (VDWs) surface [20], the solvent accessible sur-
face (SAS) [21], the solvent excluded surface (SES) [22],
the minimal molecular surface [23], the molecular skin sur-
face [24], and the Gaussian surface [25]. TMSmesh [2,5]
is an efficient tool used for generating the triangular mesh
of the Gaussian surface of biomolecules. Similarly, SESs
are efficiently generated using alpha-shapes [26], marching
tetrahedra [27], and analytical expressions [28].
In the context of molecular surface remeshing, several
methods have been proposed. For example, SMOPT [3]
is a tool specially designed for molecular surface mesh
refinement which eliminates all redundant elements and self-
intersections from the rawmesh. However, mesh refinedwith
SMOPT still contains small angles. Recently, Khan et al. [1]
proposed a method that starts with initialization using real-
time adaptive remeshing (RAR) [11] followed by aspect ratio

enhancement and a cut-and-fill module to eliminate invalid
regions and small triangles. These selected regions are fur-
ther improvedwith edge splitting, edge collapsing, and vertex
translation. The results show that this method [1] better per-
forms than SMOPT and other previous methods and that this
method is able to generate a good quality mesh with an angle
bound of [30◦, 120◦]. However, it fails to achieve a signif-
icant improvement in vertices regularities and it has a high
ratio of obtuse triangles. Valence optimization can speed up
the convergence. Vertices regularity is also a quality param-
eter used in surface remeshing [29].
Decherchi and Rocchia [30] proposed a ray-casting method
for the triangulation of complex manifold surfaces in the
nano-bioscience field. They summarized various applica-
tions of molecular surfaces in implicit-solvent modeling and
simulations using the boundary element method (BEM) and
the finite element method (FEM). Ray-casting methods [31]
can also be used for fixing facet orientations. ISO2mesh [32]
is a free available MATLAB/octave-based toolbox used for
mesh generation and processing. It is used to create tetra-
hedral meshes from surface meshes, and 3D binary and
grayscale volumetric images such as segmented MRI/CT
scans. However, it fails to handle self-intersecting triangle
pairs and small-angle triangles.
Wang and Yu [33] proposed amesh smoothing scheme based
on surface fitting used for discrete, general-purpose mesh
models. Initially, this smoothing scheme starts with the pro-
jection of each vertex onto the fitted surface. For a detailed
study of molecular mesh generation and molecular visual-
ization, please refer to the recent survey paper [34]. The
curvature is used to label all the vertices into four categories.
Finally, post-processing modules are used to improve mesh
quality. The experimental results reveal that this method [33]
can handle different types of meshes, including molecular
meshes, imaging data, and industrial models with mesh qual-
ity improvement and removal of small angles and short edges.
However, there is no specific limit for small or large angles
that this method can achieve.

Similarly, Cheng and Shi [36] used the restricted union
of balls to improve the quality of molecular surface meshes.
The method is able to improve the quality of large molecu-
lar meshes; however, it has a comparatively lower efficiency
than other alternative methods. Similarly, Quan and Stamm
used the advancing front approach and proposed a patch-wise
molecular surface remeshing method [37] which is based on
another previousmethod [38]. In addition to quality improve-
ment and handling self-intersections, their method [37] fills
the holes in molecular surface meshes. However, it fails in
complex molecular surfaces.
In summary, there is a significantwork on angle improvement
and obtuse triangle removal in generic graphical models.
However, there is no such algorithm for molecular surface
remeshing. To the best of our knowledge, CAFmethod is the
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Fig. 3 Results from the state-of-the-art methods in molecular surface
remeshing. Blue color indicates triangles with angle(s) smaller than
30◦. From left to right, the input mesh (i.e., the mesh generated by

TMSmesh 2.0 [5]), ISO2mesh [32], the Taubin method [35], CVT [10],
the SMOPT method [3], and CAF method [1]. (PDB ID/ Molecular
name NaR1R4)

latest method that is specifically focused on angle improve-
ment (see Fig. 3). However, CAF also has a high ratio of
obtuse triangles. Furthermore, it has no significant improve-
ment in vertices regularity.

3 Ourmethod

The main steps are given in Algorithm 1. Our method starts
with CVT [10] initialization followed by valence optimiza-
tion. Then, we segment the mesh into random patches and
apply RAR [11] method to each patch independently. After
this, we eliminate small angles (θ < 30◦). Then, we use a
point insertion strategy to minimize the number of obtuse
angles. Finally, the segmentation is merged back to a sin-
gle mesh and local refinements are applied using RAR and
Laplacian method. The submodules are described in more
detail as follows.

Algorithm 1 Molecular Surface Remeshing
1: CVT [10] Initialization.
2: Valence Optimization. // Algorithm 2.
3: Segment and apply RAR to each segment
4: Remove small angles
5: Queue all obtuse angles in pentagonal structures
6: Make holes in pentagonal structures
7: Fill holes
8: Merge segments
9: Repeat steps 4 to 7
10: Apply RAR Locally
11: Local Smooth
12: END

3.1 Initialization

The mesh generated from the PQR file is typically found
with different issues including zero degree angles, redundant

CollapseFlip

Fig. 4 Valence optimization with edge flip and collapse

vertices, and self-intersection, whichmakes the failure of dif-
ferent remeshing operators. Therefore, we apply CVT [10]
as initialization (42 iterations as a default value). We select
CVT for initialization since it provides a smooth distribu-
tion of the vertices in an efficient manner avoiding the major
defects.Variousmethods including [1,39–41] haveusedCVT
either for initializations or to improve it.

3.2 Valence optimization

The valence optimization method is presented in Algo-
rithm 2. For valence optimization, first, we apply two
operators including edge flip and edge collapse operators
(Fig. 4) with condition that it does not create an angle smaller
than 30◦.

Algorithm 2 Valence Optimization
1: Valence Flip
2: Edge Collapse
3: Delete vertices with bad valences (make holes)
4: for each hole do
5: if (boundary vertices are 5 or 6) then
6: Calculate feasible position and insert a single vertex
7: else
8: Insert two vertices
9: Repeat step (1) and (2) (if required)
10: Apply RAR [11] on newly filled hole
11: end if
12: end for
13: END
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Fig. 5 Vertices removal and filling strategy. From left to right: holes with 5, 6, and 7 boundary vertices

Fig. 6 Two phase vertices removal. First, bad valence vertices (not
V567) are removed, and then, bad vertices directly connected to holes
are removed.Making a hole with 5 (left) and 6 (right) boundary vertices

Fig. 7 Hole filling with angle
improvement

In addition, we apply a vertex removal and refilling strat-
egy for further valence optimization. We remove all vertices
having non-optimal vertices (i.e., not v567). The holes cre-
ated with vertices removal are filled in a careful manner to
improve the regularity of the vertices (see Fig. 5). The ver-
tices are removed in two phases (see Fig. 6). In the first phase,
we remove the bad valence vertices with their adjacent edges.
In the second phase, we remove vertices directly connected
to the holes created in phase 1 and satisfying two conditions.
(1) Vertex is a bad valence vertex (not V567). (2) The total of
area triangles removed (in both phases) is lesser than 9× A,
where A is the average area of a triangle. These holes are
filled carefully as shown in Fig. 5. For the holes with five or
six boundary vertices, we insert one vertex, whereas for holes
with seven or more boundary vertices, we insert two vertices.
In case of the two vertices insertion, if the valence of the ver-
tices at the hole boundary is not optimal, it is optimized with
edge collapse and edge flip operators.

The new points are inserted carefully tomaintain the angle
quality, i.e., to avoid the creation of small or large angles. In
this regard, for a single point insertion (i.e., v5 and v6 ver-
tices) we draw circles/sphere around each boundary edge of
the hole. The region outside all these circles/spheres is called
feasible region for vertex insertion. Figure 7 shows a v5 ver-
tex insertion in a calculated feasible region (the green color).
Vertex insertion at this feasible position improves the regu-
larity as well as the angles. For two vertices insertions, we
also try to follow the same rules with an additional constraint
that the edge between the two vertices must long enough that
the opposite angles on both sides are 30◦ or above. In case,
if these conditions are not satisfied, we filled the holes and

Fig. 8 Mesh segmentation for patch-wise remeshing. The red lines are
locked, and each segment is independently remeshed

apply the RAR method to the newly filled regions for angle
improvements.

3.3 Mesh segmentation

Themolecularmeshes are typically generatedwith high com-
plexity, where the common operations sometime either fail
or create new issues such as self-intersections. Similarly,
deformation and shrinkage are another issue which causes
decreasing the area/volume of the input model (see results of
the ISO2mesh [32] in Fig. 3). To solve these issues, we fol-
low a divide-and-conquer approach [42] of segment-based
surface remeshing. We divide the mesh into random patches
and apply the remeshing operations (RAR method [11]) to
each patch independently. The lines drawn for segmenta-
tions are locked during this patch-wise remeshing. We used
RAR method [11] for the segment-based remeshing because
this method is optimal for local modification. It is a sim-
ple method with easy implementation. More importantly, it
is computationally efficient. RAR uses an adaptive module
L(x) which calculates edge length L . Edges having a length
longer 4

3 L are split, whereas edges shorter than 4
5 L are col-

lapsed.
Figure 8 shows themesh segmentation used in ourmethod.

Segment-based surface remeshing on one side addresses the
issue ofmesh complexity by dividing the inputmesh into seg-
ments. It preserves the area and volume of the input model,
by locking the segmentation boundaries and thereby avoid-
ing the possible deformation and shrinkage during surface
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Fig. 9 Vertex translation

remeshing. Furthermore, it helps in features and topology
preservations. After remeshing each segment with RAR
method, and angle improvements, the segmentation bound-
aries are unlocked and the mesh is further refined with local
smoothing (Sect. 3.6).

3.4 Small angle improvement

Our method eliminates all angles smaller than 30◦. For small
angle removal, we used edge-based operators including edge
collapse, edge flip, and vertex translation. Initially, short
edges having an opposite angle smaller than 20◦ are col-
lapsed. Then, we locally apply the Laplace smoothing to the
vertices having small angles (< 30◦). Finally, we delete all
vertices with small angles and refill the holes by directly con-
necting the boundary vertices of the holes. Then, we apply
RAR and Laplace smooth to newly filled holes. Similarly,
we apply vertex translation to each vertex of each small tri-
angle. For vertex translation, we calculate the new position
via Laplace operator. In case, if it improves the small angle,
the translation is applied, otherwise the new position is cal-
culated near the old position of the vertex. The translation
is only applied if it improves the small angle and does not
introduce a new small angle. This process is repeated until
all small angles (< 30◦) are removed.

3.5 Maximal angle improvement

One of our research aims is to improve the maximal angle
and minimize the ratio of obtuse triangles. The angles have
been generally improved via RAR (Sect. 3.3) and further
refined via small angle improvement (Sect. 3.4). With small
angle improvement, the maximal angle is also improved, and
all the triangles with angle ≥ 120◦ are removed. To further
improve the maximal angle, we label the angles greater than
the maximal angle threshold as bad angles. Similarly, the tri-
angles with a bad angle are labeled as bad triangles. Then, we
apply special operators (vertex translation and point inser-
tion) to each bad triangle. The maximal angle threshold is
changed dynamically. First, we set themaximal angle thresh-
old as 110◦ and translate one vertex (i.e., the central vertex
of the bad angle) of each bad triangle randomly around its
old position to reach a feasible position where the triangle
has no angle ≥ 110◦. The same process is repeated for max-
imal angle threshold of 100◦ and 90◦, respectively. Figure 9
shows the vertex translation, where the circle indicates the
feasible region for vertex translation and red triangle is the
bad triangle. For each bad triangle, the vertex is translated

Fig. 10 Making a hole (to be
refilled) for obtuse triangle (red
color) removal

Fig. 11 Pentagonal structures and obtuse triangle removal. Top: an
example from a 2D non-obtusemeshingmethod [40]. Bottom: an exam-
ple with a molecular surface mesh. Bottom left: before point insertion.
Bottom right: after point insertion

if it improves the maximal angles and does not introduce a
small angle (< 30◦), otherwise the translation is skipped. For
each of these thresholds, the process is iterated 20 times.

In addition to vertex translation, we also use hole-filling
strategy in pentagonal structures to minimize the ratio of
obtuse triangles. Inspired by a recent 2D non-obtuse remesh-
ing method [40], we design pentagonal structures around
each obtuse triangle [see Fig. 10 (left)]. The pentagon con-
tains three triangles including an obtuse triangle, its adjacent
triangle on the longest edge, and the next adjacent on the
longest edge. The two inside edges of the pentagonal struc-
ture are removed, which makes a hole [see Fig. 10 (right)].
Like hole filling for valence optimization (see Fig. 7), the hole
is filled with a new vertex insertion in a calculated feasible
region. We draw circles/spheres around each boundary edge
of the pentagon and calculate the feasible region where a new
vertex is inserted. Figure 11 shows an example of pentago-
nal structure design and point insertions for obtuse removal.
Unlike 2D meshing [40], we use surface normal to ensure
the three triangles are on the same plane. Our method easily
eliminates all angles greater than or equal to 120◦ and also
significantly reduces the ratio of obtuse triangles. However,
due to the complexity of molecular meshes and several other
challenges, we are unable to eliminate all obtuse triangles.
For example, if the obtuse triangle has no adjacent triangle
on the same plane to make a pentagonal structure for point
insertion. Similarly, if the pentagonal structure is not regular
enough, the feasible region (see the green region in Fig.7)
for new vertex insertion might be empty.
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Fig. 12 Valence optimization results. The red color represents irregular
vertices (i.e., not V567). From left to right: Top (1bl8): Input (V567:
75.84%), SMOPT (V567: 76.19%) [3], CAF (V567: 79.27%) [1], RAR

(V567: 72.88%) [11], CVT (V567: 99.57%) [10], and Our (V567:
99.81%). Bottom (NaR1R4): Input (63.51%), SMOPT (64.96%), CAF
(83.95%), RAR (76.52%), CVT (99.92%), and Our (99.96%)

3.6 Local smoothing

We flag the obtuse angles and small angles (if any) and apply
local smooth. The local smooth is applied to the obtuse tri-
angle and the triangle directly adjacent to it. The vertices are
translated with a Laplace operator if it improves the maxi-
mal/minimal angles and does not create small angles.We also
apply the RAR with the same constraints of small angles.

4 Experiments and results

We implemented our algorithm using Graphite [43]. We per-
formed the experiments using Intel Core i7 3.60 GHzwith 32
GBRAMona64-bitWindows10operating system.Wecom-
pared our results with relevant methods including SMOPT
[3], CAF [1], RAR [11], and CVT [10].

4.1 Meshing quality parameters

For results analysis, we used different statistical parameters
to measure the mesh quality. These parameters include the

minimal and average quality of triangle(s) denoted by Qmin

and Qavg., respectively. The quality of a triangle t is calcu-
lated as: Q(t) = 6√

3
At
pt ht

, where At is the triangle area, pt is
half-perimeter, and ht is length of the longest edge of trian-
gle [44]. The percentage ratio of the regular vertices (vertices
with valence 5, 6 or 7) is also calculated which is denoted by
V 567.
Similarly, minimal angles (θmin), the average value of mini-
mal angles θmin, maximal angle (θmax), and the aspect ratio
(AR) of triangles (maximum and average) are noted. AR
represents the ration of the circum-radius to the twice of the
in-radius of a triangle. It is calculated as:

AR = abc

8(S − a)(S − b)(S − c)
;

where a, b, and c are the lengths of three sides of a triangle

and S = a + b + c

2
. An equilateral triangle has AR equal

to 1. A high AR suggests low triangle quality. The smaller
value indicates good quality unless AR = 1 [42].

In addition, the percentage ratios of the obtuse trian-
gles (≥ 90◦) and the triangles with small angle (< 30◦)
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Fig. 13 The % value of regular vertices (V567), and comparison with
the state-of-the-art methods using different molecular surface meshes

are also calculated. Furthermore, the number of atoms for
each molecule, the area, volume, genus, self-intersections,
and applicability in the downstream application (TetGen and
AFMPB) are also recorded. In summary, our results are in
three main categories including vertices regularity (valence
optimization), mesh quality (Q(t), θmin, θmax, etc.), and
applicability in the downstream applications.

4.2 Valence optimization results

The state-of-the-art methods often fail for molecular surface
remeshing. To the best of our knowledge, a recent method
called CAF [1] gives comparative good results achieving
an output mesh with an angle bound of [30◦ 120◦]. How-
ever, this method has no significant improvement in valence
optimization. Furthermore, the ratio of obtuse angles is also
high. Our method attempts to handle these two issues with
consideration of area and volume preservation and avoiding
self-intersections. Figure 12 shows the valence optimization
results where the bad valence vertices are highlighted in red.
The results show that our method can achieve better results
than CAF [1] with a considerable improvement in valence
optimization. Similarly, Fig. 13 shows a chart of comparison
of our method with existing methods in terms of the regular
vertices (V567). The ratio of regular vertices is found higher
than CVT. The quantitative results are shown in Table 1.

4.3 Mesh quality results

From the state-of-the-art, we found that some methods have
improvements in angle quality, while others have signifi-
cant improvements in vertex regularity. Some methods fail
to remove self-intersections. Our method attempts to give
an optimal output mesh having a significant improvement in
all these parameters. Table 1 shows the quantitative results
of our method and few existing methods including SMOPT,
CAF, RAR, and CVT. Figure 14 shows the visual results in
the form of different molecular meshes. The obtuse triangles
are highlighted in red color. Our method not only maintains
the angle bound of [30◦ 120◦] like CAF [1] but also has a sig-

nificant improvement in obtuse angle removal and provides
higher regularity than CVT.

4.4 Applicability in the downstream applications

Table 2 shows results concerned with area and volume
preservation during remeshing, and the success/failure of the
downstreamapplications on the outputmeshes.AFMPB(sol-
vation energy calculation) and TetGen (volumetric meshing)
are used as downstream applications. Furthermore, we noted
the Genus and counted the number of self-intersecting tri-
angles. We found our method has no self-intersection and
always succeeds in the downstream applications. Further-
more, it has minor changes in the area and volume of the
inputmesh.However, RARmethod preserves the input genus
better than our method.

4.5 Discussion

The literature review reveals that molecular surface remesh-
ing is an active research area with special challenges. For
general graphical models, there are very good methods to
improve mesh quality. However, these methods often fail for
molecular surface remeshing. There are a number ofmethods
specifically used for molecular surface remeshing. However,
the molecular surface meshing has no significant improve-
ments. For example, SMOPT is a recent molecular surface
remeshing method that can remove all intersecting elements;
however, it fails to remove small and large angles. Similarly,
CAF is another recent method for molecular surface remesh-
ing that improves the minimal and maximal angles; however,
the valence optimization is not satisfactory.
The results reveal that our method improves the angles to an
angle bound of [30◦ 120◦]. The ratio of the obtuse triangles is
also significantly reduced. Furthermore, our method outper-
forms in terms of vertex regularities than existing methods
including CVT. There was no defect found that causes the
failure in the downstream applications.
Our method improves mesh quality in an optimal way and
provides better mesh quality than CAF and other molecular
surface remeshing methods. Furthermore, it gives a higher
valence regularity than CVT and removes all defects that
may cause the failure of the downstream applications. Simi-
larly, the area and volume preservations are also significant.
However, unlike RAR, the input genus is not preserved with
our method. Furthermore, there are two main limitations of
our current work. First, our method significantly reduces the
number of obtuse triangles; however, it is unable to remove all
obtuse triangles. Second, our method is strongly dependent
on the previous methods including CVT (for initialization)
and RAR.
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Fig. 14 Surface remeshing results. The red color represents obtuse triangles. From top to bottom, the protein ID or molecular names are: 1bl8,
NaR1R4, Connexin, and AChE
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Table 2 Results concerned with area (unit: A2) and volume (unit: A3) preservation and applicability in the downstream applications (AFMPB
(unit: kcal/mol) and TetGen). The model names are the PDB IDs/molecular names

Model Natoms Method Area Volume Genus Self-intersect. TetGen AFMPB (solv. energy)

1MAG 552 Input 2807.82 4531.35 −1 0
√

4.07610e+01

CVT 2625.30 4499.45 3 0
√

3.22092e+01

SMOPT 2195.70 4174.41 3 0
√

2.63009e+01

CAF 2624.00 4499.73 2 0
√

3.22525e+01

RAR 2771.85 4530.85 −1 0
√

3.44965e+01

OUR 2705.92 4529.30 −1 0
√

3.42362e+01

2JK4 4393 Input 14,787.54 37,962.87 4 0
√ −1.59041e+03

CVT 14,307.57 37,908.52 5 0
√ −1.68641e+03

SMOPT 12,770.33 37,284.66 6 0
√ −1.63068e+03

CAF 14,286.88 37,911.41 5 0
√ −1.65811e+03

RAR 14,721.21 37,964.70 4 0
√ −1.61630e+03

OUR 14,623.46 37,920.88 5 0
√ −1.60238e+03

1bl8 5892 Input 22,094.98 50,919.54 103 0
√

Failed

CVT 21,166.78 50,688.84 97 0
√ −1.34629e+03

SMOPT 19,673.38 49,935.09 103 0
√ −1.50455e+03

CAF 19,629.99 50,901.04 58 0
√ −1.39705e+03

RAR 21,612.95 50,918.6 103 50 × Failed

OUR 21,312.46 50,823.17 32 0
√ −1.34286e+03

NaR1R4 7443 Input 21,301.15 76,894.66 −1 0
√ −1.54776e+03

CVT 20,480.95 76,807.18 14 0
√ −1.59706e+03

SMOPT 18,574.04 75,558.13 14 0
√ −1.85589e+03

CAF 18,723.79 76,881.15 8 0
√ −1.74595e+03

RAR 20,924.04 76,970.50 −1 2 × −1.56296e+03

OUR 20,511.28 76,811.54 0 0
√ −1.59712e+03

AChE 8280 Input 37,653.08 69,058.97 225 0
√

Failed

CVT 35,760.42 68,699.76 341 0
√ −2.07574e+03

SMOPT 33,222.25 67,940.30 345 0
√ −2.48270e+03

CAF 30,099.40 70,371.76 93 0
√ −2.37904e+03

RAR 36,734.38 69,081.50 225 385 × Failed

OUR 35,978.74 69,011.32 93 0
√ −2.14293e+03

Connexin 19,883 Input 55,604.89 209,415.59 31 0
√

Failed

CVT 53,272.10 208,731.02 94 0
√ −1.04865e+04

SMOPT 49,695.69 206,505.02 96 0
√ −1.08436e+04

CAF 50,806.90 209,318.82 68 0
√ −1.06104e+04

RAR 54,600.48 209,396.56 31 36 × Failed

OUR 53,938.17 209,232.45 74 0
√ −1.04332e+04

5 Conclusion

We proposed a novel method for valence optimization and
angle improvement of the molecular surface remeshing. Our
method searches for bad valence vertices and removes it with
its neighbor vertices making holes in the mesh. The holes are
filled based on the boundary vertices of each hole. In addition,
we segment the mesh into random patches and improve the
minimal angle and maximal angles in a divide-and-conquer

fashion. To minimize the ratio of the obtuse triangles, we
extended a 2D non-obtusemeshing algorithm [40].We found
our method with better performance in terms of mesh qual-
ity, vertices regularity, area/volume preservation as well as
applicable for the downstream applications.
In the future, we are planning for non-obtuse molecular sur-
face remeshing to remove all obtuse triangles. We are also
planning to develop amesh extraction algorithm that extracts
surface mesh from PQR files without any major issues.
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