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Abstract The molecular Gaussian surface has been fre-
quently used in the field of molecular modeling and sim-
ulation. Typically, the Gaussian surface is defined using
two controlling parameters; the decay rate and isovalue.
Currently, there is a lack of studies in which a systematic
approach in the determination of optimal parameterization
according to the geometric features has been done. In this
paper, surface area, volume enclosed by the surface and
Hausdorff distance are used as three criteria for the param-
eterization to make the Gaussian surface approximate the
solvent excluded surface (SES) well. For each of these
three criteria, a search of the parameter space is carried out
in order to determine the optimal parameter values. The
resulted parameters are close to each other and result in sim-
ilar calculated molecular properties. Approximation of the
VDW surface is also done by analyzing the explicit expres-
sions of the Gaussian surface and VDW surface, which
analysis and parameters can be similarly applied to the
solvent accessible surface (SAS) due to its geometric simi-
larity to the VDW surface. Once the optimal parameters are
obtained, we compare the performance of our Gaussian sur-
face generation software TMSmesh with other commonly
used software programs, focusing primarily on mesh quality
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and fidelity. Additionally, the Poisson-Boltzmann solva-
tion energies based on the surface meshes generated by
TMSmesh and those generated by other software programs
are calculated and compared for a set of molecules with
different sizes. The results of these comparisons validate
both the accuracy and the applicability of the parameterized
Gaussian surface.
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Introduction

Molecular surface plays a very important role in computa-
tional structural biology and chemistry, such as in visualiza-
tion, protein folding and structure prediction, docking and
implicit solvent modeling. In the field of implicit solvent
modeling and continuum modeling, the molecular surface
is used to model the dielectric interface between the low-
dielectric solute and the high-dielectric solvent. Consider-
ing the utility of knowing the molecular surface, research
in accurately representing the molecular surface has been
ongoing.

Various definitions of molecular surface exist, including
the van der Waals (VDW) surface, the solvent accessi-
ble surface (SAS) [1], the solvent excluded surface (SES)
[2], the molecular skin surface [3], the minimal molecu-
lar surface [4] and the Gaussian surface. The VDW surface
is defined as the surface of the union of the spherical
atomic surfaces with VDW radius of each atom within
the molecule. The VDW surface has the advantage of
allowing for the analytical calculation of the correspond-
ing area as well as allowing for the determination of the
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normal directions of the surface. However, the VDW sur-
face model contains numerous voids too small for discrete
water molecules to occupy. The SAS is defined as the sur-
face traced by the trajectory of the center of a rolling probe
on the VDW surface. The size of the solvent molecules,
which is typically water, is chosen as the radius for the
probe. Geometrically, the SAS is equivalent to the VDW
surface of the system whose VDW radius is increased by
the size of the radius of the probe. The SES, also referred to
as the Lee-Richards surface, is a highly utilized molecular
surface model and is represented by the locus of the inter-
boundary of the rolling probe. The SES has less crevices
and surface invaginations as compared to the VDW sur-
face. The molecular skin surface, proposed by Edelsbrunner
[3], is an implicit molecular surface based on a frame-
work of the Voronoi diagram, Delaunay triangulation and
alpha complexes of a finite set of weighted points with a
shrink factor s ∈ [0, 1]. The molecular skin surface can
be decomposed into a collection of quadratic patches. Each
patch is a portion of sphere or hyperboloid clipped within
a polyhedron obtained by shrinking the Minkowski sum
of the corresponding Voronoi and Delaunay polyhedron.
The molecular skin surface is smooth, tangent continuous
and free of self-intersections. The minimal molecular sur-
face is defined as the result of the minimization of a type
of surface free energy by minimizing mean curvature of
a defined hypersurface [4]. The hypersurface function is
defined with atomic constraints or obstacles from biomolec-
ular structural information. The minimal molecular surface
is probe independent, differentiable, and typically free of
singularities.

Different from the previous definitions, the Gaussian
surface is defined as a level set of the summation of the
Gaussian kernel functions; for which descriptions of the
specific forms will be given in the next section. The Gaus-
sian surface has been widely used in molecular geometry
calculation, visualization, and biophysics; such as docking
problems [5], molecular shape comparisons [6], calculating
SAS areas [7], solvation energy calculations based on the
generalized Born models [8] and Poisson-Boltzmann model
[9], and simulation of ion transport in ion channel [10]. In
some PB calculations, a smooth Gaussian-based dielectric
function are used [11, 12], which in some sense has as sim-
ilar influence as using a Gaussian surface because a surface
in PB calculation is only used to distinguish the high and
low dielectric regions. The Gaussian surface is smooth and
provides a realistic representation of the electron density of
a molecule as compared to other molecular surface defini-
tions [13]. The Gaussian surface is an implicit surface in
which the geometric shapes of the surface are controlled
by two parameters (see Eqs. (1)–(2)), the decay rate and
the isovalue. The decay rate controls the rate of decay
of each atom’s Gaussian kernel and the isovalue controls

the volume enclosed by the Gaussian surface. The VDW
surface, SAS and SES can all be approximated well by the
Gaussian surface given the proper parameters.

A variety of methods have been proposed to compute
molecular surface. A method for the analytical computation
of the SAS and SES was proposed in 1983 by Connolly [14,
15]. GRASP, proposed by Nicholls, is a popular program
used for the visualization of molecular surfaces [16]. The
software MSMS was proposed by Sanner et al. in 1996 to
mesh the SES and is a widely used program for molecular
surface triangulation due to its high efficiency [17]. Both the
SIMS [18] and LSMS [19] software were later proposed to
compute the SES. EDTsurf, a program used for generating
the three major macromolecular surfaces; the VDW surface,
SES and SAS was developed based on LSMS in 2009 [20].
A ray-casting-based software, NanoShaper, is proposed to
generate SES, skin surface and Gaussian surface in 2013
[21].

Some methods for meshing the Gaussian surface have
been proposed. A two-level clustering technique to generate
meshes for biomolecular structures was proposed in 2006
[22]. A later tool, GAMer, was developed for both the gen-
eration and improvement of Gaussian surface meshes [23].
The software MolSurf was designed to generate and manip-
ulate various molecular surfaces including the Gaussian
surface and other molecular surfaces [24, 25]. An efficient
mesh generation algorithm accelerated by multi-core CPU
and GPU was also recently proposed in 2013 [26]. We
recently developed a program called TMSmesh that has the
capability to generate manifold surface meshes for arbitrar-
ily large molecular systems [9, 27]. TMSmesh utilizes the
trace technique, which is a generalization of predictor cor-
rector technique. The algorithm contains two stages. The
first stage is to compute the intersecting points between
the molecular Gaussian surface and the lines parallel to
x-axis. In this stage, the molecule is placed in a three-
dimensional orthogonal grid. The upper and lower bounds
of the Gaussian kernal function in each box of the grid
is estimated in order to rule out the boxes having no sur-
face points. In the remaining boxes, the intersecting points
between the surface and the lines parallel to x-axis are found
through root finding algorithms. The second stage is to poly-
gonize the Gaussian surface by connecting the generated
surface points. The sampled surface points are connected
through technique of adaptive continuation to form loops,
and the whole closed manifold surface is decomposed into
a collection of patches enclosed by loops on the surface.
These patches are often non-single valued along at least one
of x, y, z directions, and may contain holes and tunnels.
In the step of triangulating the non-single valued patches,
these holes and tunnels may be missed, and intersections
may occur. To avoid these errors, we finally dissect each
patch enclosed by loop into single valued pieces in x, y, z
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direction through fold curves and then do the triangulations.
In TMSmesh issues such as overlapping, gap filling, and
the selection of initial seeds which are present in traditional
continuation methods are not found because the Gaussian
surface is polygonized by connecting presampled surface
points [27]. It is of note that TMSmesh succeeded to gener-
ate a surface mesh for biomolecules comprised of more than
one million atoms on a PC.

These software packages based on different surface def-
initions and meshing methods generate acceptable meshes
for visualization purposes, but lead to differences in the
performance of numerical calculation. When we develop a
meshing software for numerical modeling, the major con-
cerns are robustness, efficiency and mesh quality. Robust-
ness here means that the meshing method is stable and can
handle various, even arbitrary sizes of molecular systems
within computer power limitations. Efficiency is necessary
for simulations and computations that require frequent mesh
generation or meshes of large systems. Mesh quality here
not only refers to the uniformness but also to the mani-
foldness and faithfulness. Uniformness means that the mesh
should avoid the elements with very sharp angles or very
large/small areas. A few properties that are used to mea-
sure the uniformness of a triangular mesh include the ratio
of the shortest edge over the longest edge in each triangle
of the mesh and the distribution of angles. A prerequisite
in achieving convergence for finite element method (FEM)
in implicit solvent modeling is that the mesh should sat-
isfy certain criteria for uniformness. The manifoldness of a
surface means that each point on the surface has a neigh-
borhood which is homeomorphic to a disk in a real plane.
Meshing a manifold surface should also produce a man-
ifold mesh, and in turn a manifold mesh means that the
surface formed by all of the elements of the mesh is also a
manifold. A non-manifold mesh can lead to numerical prob-
lems in boundary element method (BEM) and FEM type
simulations of biomolecules; for example, a volume mesh
generation that conforms to the surface may fail due to a
non-manifold surface mesh. Faithfulness here is measured
by how accurately the surface mesh preserves the origi-
nal geometry and topology, such as surface area, volume
and curvature of the referenced molecular surface. Faithful-
ness is a basic requirement when calculating the molecular
physical chemical properties.

We have previously shown that TMSmesh, our triangu-
lar mesh generation software, is a robust tool for meshing
the Gaussian surface for arbitrarily large biomolecules. The
meshes generated by TMSmesh are manifold meshes and
are applicable to BEM/FEM simulations of biomolecu-
lar electrostatics. However, despite the progress that has
been made in the development of these mesh generation
software programs and considering the potential applica-
tions of Gaussian surfaces, there is a lack of detailed

and systematic studies on the issue of parameterization
of the Gaussian surface. Specifically, that means how to
choose the two parameters in the definition of the Gaus-
sian surface to approximate a specific type of traditionally
defined molecular surface in terms of some concerned geo-
metric and biophysical properties. The work in [28] reported
some studies on Gaussian surface by choosing different val-
ues of one parameter, the decay rate, in the Gaussian kernel.
But, to our knowledge, there still lacks of detailed param-
eterization study of Gaussian surface by searching the full
two-parameter space. The focus of this paper is to determine
the optimal parameters based on geometric characteristic
so that the resulted surface mesh generated by TMSmesh
is faithful to the SES and VDW surface (and to the SAS
as well which is geometrically similar to the VDW sur-
face). By definition, the VDW surface (and similarly, the
SAS) can be easily obtained from a Gaussian surface by set-
ting the decay rate parameter to a sufficiently large value
(as shown in this paper, d = 2.0 is enough). We then
use three global properties, the surface area, the volume
enclosed by the surface and the Hausdorff distance as three
criteria to determine how well the Gaussian surface approx-
imates the SES. In principle, if the Hausdorff distance is
infinitely small, the two surfaces can be considered identi-
cal. However, because Gaussian surface and SES are two
different types of molecular surfaces, there is no way by
choosing parameters to make their Hausdorff distance equal
to zero or infinitely small. Therefore, we also choose other
two criteria, area and volume, for a more extended explo-
ration. An issue is that a same area or volume value does
not correspond to a unique surface shape, which means
there exist ambiguities in surface determination through
the parameterization. In fact, the local information of each
atomic coordinate and the VDW radius has already been
contained in the Gaussian surface definition, which can
be considered as a constraint and hence largely reduces
the ambiguities. Comparisons between the performances
of TMSmesh and other commonly used molecular surface
meshing software are also done. In addition, the parameter-
ized Gaussian surfaces are also used in PB solvation energy
calculations, and the performances are demonstrated as
well.

In the following section we define the Gaussian surface
and present the methods to compute the surface area, the
volume and the Hausdorff distance. The parameter space
for each criterion and the results of the parameterization
are shown in the section of Results and Discussion. Addi-
tionally, using the optimal parameters we were able to
assess and compare the performance of surface meshes gen-
erated by TMSmesh and other meshing software; includ-
ing MSMS, Molsurf, NanoShaper, GAMer and EDTsurf.
Finally, we discuss the overall conclusions and implications
of our results.
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Methods

The Gaussian surface is defined as a level set of the summa-
tion of the Gaussian kernel functions with two parameters:

{�x ∈ R3, φ (�x) = c}, (1)

where

φ (�x) =
N∑

i=1

e−d(‖�x−�xi‖2−r2
i ), (2)

�xi and ri are the location and radius of the ith atom. d and
c are the two parameters that need to be set in the Gaus-
sian surface. d is the decay rate of the Gaussian kernel.
As d decreases, the surface becomes smoother and more
inflated. c is the isovalue and controls the volume enclosed
by the Gaussian surface. In several previous publications, c

has been set as 1.0 [22, 29, 30]. In the following parameter-
ization process in selecting optimal values of d and c, the
searching scope of d is set at {0.3, 0.4,...,0.9, 1.0} and the
searching scope of c at {0.8, 0.9,..., 2.4, 2.5}.

The purpose of the parameterization process is to find the
optimal parameters for the Gaussian surface to approximate
the SES and VDW surface. TMSmesh is used to mesh the
Gaussian surface and MSMS is used to mesh the SES and
VDW surface. The area of the surface, the volume enclosed
by the surface and the Hausdorff distance are the three cri-
teria used to judge whether two molecular surfaces are close
enough. For a triangular surface mesh, the surface area S is
determined using the following equation

S = 1

2

m∑

i=1

∥∥∥∥
−−−→
Ai

2A
i
1 × −−−→

Ai
3A

i
1

∥∥∥∥, (3)

where m is the number of triangle elements and Ai
1, Ai

2,
Ai

3 denote the coordinates of the three vertices for the ith
triangle. The volume V enclosed by the surface mesh is
determined using the following equation

V = 1

6

m∑

i=1

−−−→
Ai

2A
i
1 × −−−→

Ai
3A

i
1 • �ci, (4)

where �ci is the vector from the center of the ith triangle to
the origin.

The Hausdorff distance between two surface meshes is
defined as follows.

H(S1, S2) = max

(
max
p∈S1

e(p, S2), max
p∈S2

e(p, S1)

)
, (5)

where

e(p, S) = min
p′∈S

d(p, p′). (6)

S1 and S2 are two piecewise surfaces spanned by the two
corresponding meshes, and d(p, p′) is the Euclidean dis-
tance between points p and p′. In our work, we use Metro
[31] to compute the Hausdorff distance.

The method used in parameterization for the Gaussian
surface approximating SES is described as follows. A set of
biomolecules taken from the RCSB Protein Data Bank and
some small molecules in our former studies (the benchmark
can be downloaded from www.continuummodel.org) with
different sizes are chosen as a benchmark set (see Table 1).
The SES areas and volumes computed from MSMS meshes
are taken as references. For each set of parameters, the
corresponding Gaussian surface areas and volumes are com-
puted from the meshes generated by TMSmesh, and then
compared with those from MSMS meshes using the two
relative errors, which are calculated using the following
formulas

Area Error =
24∑

i=1

|AMSMS
i − AT MS

i |
AMSMS

i

, (7)

V olume Error =
24∑

i=1

|V MSMS
i − V T MS

i |
V MSMS

i

, (8)

where i is the index of biomolecules shown in Table 1,
AMSMS

i and AT MS
i denote the corresponding surface areas

of meshes generated by MSMS and TMSmesh respectively.
V MSMS

i and V T MS
i denote the volumes enclosed by the sur-

face meshes that are generated by MSMS and TMSmesh
respectively. Furthermore, for benchmark biomolecules, the
average Hausdorff distance is also used to compare the
meshes computed by TMSmesh and MSMS:

H = 1

24

24∑

i=1

H(SMSMS
i , ST MS

i ), (9)

where i is the index of biomolecules shown in Table 1,
SMSMS

i denotes the surface mesh generated by MSMS and
ST MS

i denotes the surface mesh generated by TMSmesh for
the ith biomolecule. Using the calculated relative errors or
average distances, the parameters corresponding to the min-
imal error or distance are taken as the optimal parameters.

Results and discussion

The results of the parameterization of the Gaussian surface
in the approximation of SES using three different criteria,
area, volume and Hausdorff distance are presented in the
first part of this section. A set of parameters is found for
each criterion by minimizing the corresponding total rela-
tive error or Hausdorff distance. A set of parameters for the
approximation of the VDW surface is also given by analyz-
ing the analytical expressions of the Gaussian surface and

www.continuummodel.org
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Table 1 Number of atoms for 24 test proteins

Index 1 2 3 4 5 6 7 8

Molecule GLY diALA adp 1PLX 3SGS 1OEH 2Y29 2M6C

Natom 8 20 39 75 94 103 116 124

Index 9 10 11 12 13 14 15 16

Molecule 2JP8 1N9V 2B0Y 1ALE 1EDN 2FLY 2Y3L 1B4I

Natom 126 146 285 294 328 355 444 470

Index 17 18 19 20 21 22 23 24

Molecule 1VA3 1BY6 2JM0 1BWX 2O3M bdna bpti fas2

Natom 505 557 589 643 714 778 882 906

the VDW surface. In the second part of this section, the per-
formance of different meshing software; including MSMS,
TMSmesh, Molsurf, NanoShaper, GAMer and EDTsurf is
studied and compared in mesh quality aspects such as man-
ifoldness, faithfulness and uniformness and in a biophysical
application aspect, i.e. solvation calculation.

Parameterization results to approximate SES

The searching scope of the parameter d is set at {0.3, 0.4,...,
0.9, 1.0} during the process of parameterization and the
searching scope of c is set at {0.8, 0.9,..., 2.4, 2.5}. Hence,
there are 144 sets of parameters for enumerating. For each
set of parameters, we can get the total area relative error, the
volume relative error and the Hausdorff distance which are
defined in the Method Section. For ease of representation,
we convert the relative error plot dimension from 3D to 2D.
Therefore, it is necessary to define the abscissa of the new
plot; parameter index. The parameter index is defined as:

I = 18(10d − 3) + (10c − 8) + 1. (10)

The scope of the parameter index is between 1 and 144,
where 144 is the number of (d, c) pairs. Within the parame-
ter ranges, each value of the parameter index is correspond-
ing to a (d, c) pair. All the (d, c) pairs form a 8×18 matrix.
Each row of the matrix corresponds to a d value and differ-
ent c values, and each column of the matrix corresponds to a
c value and different d values. We map the two-dimensional
parameter pair matrix to a one-dimensional index array by
sorting the elements of the matrix row-wise and the result-
ing indices of the (d, c) pairs in the one dimensional array
are defined by Eq. (10).

Figure 1a shows the relative errors of area between the
SES and the Gaussian surface as a function of the parame-
ter index for the benchmark biomolecules listed in Table 1.
The 29th set of parameters, d = 0.4, c = 1.8, minimizes
the area relative error. The total relative errors of volume
between Gaussian surface and SES as a function of param-
eter index is given in Fig. 1b. The 64th set of parameters,

d = 0.6, c = 1.7, minimizes the relative error of the vol-
ume and is determined to be the optimal parameter set. In
Fig. 1c, the 17th set of parameters, d = 0.3, c = 2.4,
makes the average Hausdorff distance minimal. However,
this set of parameter is not reasonable. For instance, for a
Hydrogen atom, if we take d = 0.3, c = 2.4 and r as
the VDW radius 1.2 Å, the Gaussian surface is defined as
{x ∈ R3, e−0.3(||�x−�xi ||2−1.22) = 2.4}, and this is an empty
set, since the maximum of e−0.3(||�x−�xi ||2−1.22) is less than
2.4. Therefore, the best choice is the 23th set of parameter,
d = 0.4, c = 1.2. Additionally, it is worth mentioning that
the 64th set of parameter, d = 0.6, c = 1.7, is also a local
minimum point in Fig. 1c and makes the Hausdorff distance
tiny.

Parameterization results to approximate VDW surface
(and the SAS as well)

The explicit formula of the VDW surface is

{
�x ∈ R3, min

i=1,...,N

‖�x − �xi‖
ri

= 1

}
, (11)

where N is the number of atoms, �xi and ri are the location
and radius of the ith atom. From Eqs. (2) and (11), it is easy
to see that the Gaussian surface is approaching the VDW
surface when c = 1 and d → ∞.

Figure 2 shows the Gaussian surface meshes of the fas2
molecule with different ds when c is 1.0. Increases in d can
lead subsequently to a decrease in inflation. To compare the
meshes of the Gaussian surface and the VDW surface, the
following average distance is defined and determined as

D = 1

M

M∑

k=1

(
min

i=1,...,N

‖�vk − �xi‖
ri

− 1

)
, (12)

where M is the number of vertices in the surface mesh, N

is the number of atoms of the biomolecule and �vk repre-
sents the coordinates of the kth vertex in the surface mesh.
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Fig. 1 Total relative error of
surface area and volume and the
average Hausdorff distance
between SES and Gaussian
surfaces with different
parameters for the biomolecules
in Table 1. The unit of
Hausdorff distance is Å
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Four biomolecules are chosen to compute the average dis-
tances between Gaussian surface meshes and the VDW
surfaces (see Table 2). Table 2 shows that the distances
decrease as d increases and the average distances for the
four biomolecules with d = 2.0, c = 1.0 are all con-
trolled within 5 %. This illustrates that d = 2.0, c = 1.0

in the Gaussian surface can be used as a set of reasonable
parameters to approximate the VDW surface.

Above analysis and parameters can be similarly applied
to the SAS, because it is geometrically the same as the VDW
surface. The only difference is that the ri in expression (11)
is replaced by the sum of ri and probe radius.

Fig. 2 Gaussian surfaces with different parameters for fas2.pqr. a d = 0.5 b d = 1.0 c d = 2.0
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Table 2 The average distances
between Gaussian surface
meshes and the VDW surfaces
for four biomolecules

Molecule Natoms Distance

d = 0.5 d = 1.0 d = 2.0

2JM0 589 0.263 0.087 0.029

fas2 906 0.364 0.134 0.043

4DUT 4410 0.274 0.105 0.036

ache 8280 0.386 0.148 0.046

Comparison of surface mesh generation software

In this section, the performances of the aforementioned
common mesh generation software programs; MSMS, Mol-
surf, NanoShaper, EDTsurf, TMSmesh and GAMer are
compared and discussed.

GAMer and EDTsurf

GAMer is a mesh generation software that is used to gen-
erate surface/volume meshes for the Gaussian molecular
surface. GAMer has been shown to generate a very smooth
and uniform mesh. However, the surface mesh generated by

Fig. 3 Surface mesh of fas2. a Surface mesh generated by MSMS.
b Surface mesh generated by GAMer using default parameters. c
Surface mesh generated by EDTsurf using default parameters. d
Gaussian molecular surface mesh generated by Molsurf using default

parameters. e Surface mesh generated by TMSmesh with d = 0.6, c =
1.7. f Gaussian molecular surface mesh generated by Nanoshaper
using default parameters. The green patch outside the mesh is VDW
surface
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GAMer is not always a manifold mesh and the surface mesh
often does not accurately reflect the topology of the orig-
inal molecular surface. For example, some structures like
holes and tunnels are often missed (see Fig. 3 b). Altering
the parameters in the Gaussian surface generation could also
result in the exclusion of detailed structures of the molec-
ular surface. Additionally, GAMer is unable to efficiently
handle macromolecules.

EDTsurf is an improved version of LSMS and was
developed for generating three major macromolecular sur-
faces; the VDWs, SES and SAS, using the technique of
fast Euclidean Distance Transform. It is a highly efficient
program and can handle macromolecules. The meshes gen-
erated by EDTsurf are uniform and smooth. However, some
parts of the VDW surface reach the outside of the enclosed
volume of the mesh produced by EDTsurf (see Fig. 3 c) and
some detailed structures, like holes and tunnels are missed
in the produced mesh. Our own observations indicated
that the programs Molsurf, NanoShaper and TMSmesh can
preserve the topology of the molecular surface relatively
well. Therefore, in the following subsections, further perfor-
mance comparisons are only made among MSMS, Molsurf,
NanoShaper and TMSmesh for Gaussian surface mesh gen-
erations. Molsurf and NanoShaper can also generate good
quality mesh for SES, but it is out of our current discussion.

Performance of MSMS, Molsurf, NanoShaper and
TMSmesh

MSMS is one of the most popular software programs used
for mesh generation. In MSMS, the SES is computed in
two steps. First, the Reduced Surface (which is a sort of
skeleton) is built. Then, after every patch of the surface is
identified, the triangulation is performed. MSMS has high

efficiency and the resulting mesh is a very close representa-
tion of the SES. However, the generated mesh is not always
a manifold mesh and is composed of irregular triangles.
Molsurf, a module in the software TexMol [32], is another
tool for generating various molecular surfaces including
SES, SAS and the Gaussian surface. The surface mesh gen-
erated by Molsurf plays good in quality and faithfulness in
spite of requiring a lot of memory for molecules with large
size. NanoShaper, is a new robust and efficient software to
triangulate three kinds of molecular surfaces including SES,
the skin surface and the Gaussian surface. The surface mesh
generated by NanoShaper has high quality. However, the
generated mesh based on Gaussian surface sometimes is not
manifold.

In this work, for MSMS, the node density and probe

radius are set at 10 Å
2

and 1.4 Å, respectively. In generating
the Gaussian surface mesh using Molsurf, we set the grid
size at 256 and the other parameters are set at the default
values. For NanoShaper, the grid scale for generating the
Gaussian surface is set 3.0 Å and also take default values
of other parameters. The grid space in TMSmesh is set at a
value of 0.2 Å. In the following sections, the performance of
Molsurf, NanoShaper and TMSmesh is compared with that
of MSMS.

Area, volume and Hausdorff distance The surface areas
and the volumes enclosed by the surface for each of
the biomolecules listed in Table 1 and another 40 test
biomolecules listed in Table 3 were calculated by MSMS,
Molsurf, NanoShaper and TMSmesh. The number of atoms
in these biomolecules range from hundreds to thousands.
These molecules were chosen randomly from RCSB Pro-
tein Data Bank, and no particular structure is specified. The
Hausdorff distances between the surface meshes generated

Table 3 Number of atoms for another 40 test proteins

Index 1 2 3 4 5 6 7 8

Molecule 2LWC 1GNA 1S4J 1CB3 1V4Z 1BTQ 1ZWF 1AIE

Natom 75 163 182 189 266 310 592 642

Index 9 10 11 12 13 14 15 16

Molecule adna 4HLI 2IJI 3IM3 3ES0 1COA 2AVP 2ONT

Natom 778 829 929 944 992 1153 1159 1218

Index 17 18 19 20 21 22 23 24

Molecule 375D 3ICB 3SZX 1SM5 3LDE 2YX5 1AYI 1DCW

Natom 1287 1317 1350 1376 1379 1418 1467 1534

Index 25 26 27 28 29 30 31 32

Molecule 1I2X 4GSG 3LOD 2CEK 3DFG 1TR4 1RMP 1IF4

Natom 1663 1715 2315 2660 2927 3423 3549 4264

Index 33 34 35 36 37 38 39 40

Molecule 4DUT 3SQE 1HG8 4DPF 3FR0 2H8H ache 1IL5

Natom 4410 5289 5980 6515 7390 7801 8280 8462
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by TMSmesh/NanoShaper/Molsurf and by MSMS for the
biomolecules were computed.

Figure 4 shows the surface areas for the 64 biomolecules
calculated by MSMS, TMSmesh, Molsurf and NanoShaper.
Figure 4a demonstrates that the surface areas computed by
TMSmesh with the parameters set at d = 0.4, c = 1.8 and
d = 0, 4, c = 1.2 are over all in good agreement with the
analytical areas computed by MSMS. Furthermore, the dis-
tribution of relative errors in Fig. 4b shows that the parame-
ter at d = 0.4, c = 1.8 works better than d = 0, 4, c = 1.2.
The linear regression in Fig. 4a for d = 0.4, c = 1.8 gives
the correlation coefficient r = 0.9991 and the slope of the
fitted line is k = 1.025. The surface areas computed by
both Molsurf, NanoShaper and TMSmesh with the param-
eters set at d = 0.6, c = 1.7 are close to each other and
deviate greatly from MSMS’s as the size of the molecule
increases. This could be due to the fact that larger proteins

0 0.5 1 1.5 2 2.5

x 10
4

0

1

2

3

4

5x 10
4

Area of MSMS

A
re

a 
o

f 
T

M
S

m
es

h
, M

o
ls

u
rf

 a
n

d
 N

an
o

S
h

ap
er

Area

 

 

TMSmesh(d=0.4,c=1.8), r=0.9991
TMSmesh(d=0.6,c=1.7), r=0.9946
TMSmesh(d=0.4,c=1.2), r=0.9960
Molsurf(Gaussian), r=0.9859
NanoShaper(Gaussian), r=0.9864

0 0.2 0.4 0.6 0.8 1
0

50

 

 

MSMS−TMSmesh(d=0.4,c=1.8)

0 0.2 0.4 0.6 0.8 1
0

50

 

 

MSMS−TMSmesh(d=0.6,c=1.7)

0 0.2 0.4 0.6 0.8 1
0

50

 

 

MSMS−TMSmesh(d=0.4,c=1.2)

0 0.2 0.4 0.6 0.8 1
0

50

F
re

q
u

en
cy

 

 

MSMS−Molsurf(Gaussian)

0 0.2 0.4 0.6 0.8 1
0

50

Area Relative Error

 

 

MSMS−NanoShaper(Gaussian)

Fig. 4 Comparison of area calculation. The unit of area is Å
2
. In

the legend, r represents the correlation coefficient. a Results of area
calculations for 64 molecules. b The distribution of area relative errors

have the potential to contain more crevices and invagina-
tions.

Figure 5 shows the volume calculation results by
MSMS, TMSmesh, NanoShaper and Molsurf for the 64
biomolecules. The results obtained from TMSmesh, Mol-
surf and NanoShaper are all similar to that of MSMS (see
Fig. 5a). The optimal result is obtained using TMSmesh
with the parameter d = 0.6, c = 1.7 (see Fig. 5b). r for
linear correlation of the results by TMSmesh with d =
0.6, c = 1.7 is 0.9998. Similarly, Molsurf plays well in the
volume calculation and the linear regression analysis gives
r = 0.9989. The volume calculated by NanoShaper are also
in very good agreement with the ones calculated by MSMS.
Additionally, the volume calculated by TMSmesh with the
parameter d = 0.4, c = 1.8 and d = 0.4, c = 1.2 are
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In the legend, r represents the correlation coefficient. a Results of
volume calculations for 64 molecules. b The distribution of volume
relative errors
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Fig. 6 Distribution of Hausdorff distance for 64 molecules. The unit
of Hausdorff distance is Å

slightly larger than the result obtained by MSMS whereas
the volume calculation results by TMSmesh with the param-
eter d = 0.6, c = 1.7, NanoShaper and Molsurf are slightly
smaller than the results obtained by MSMS.

Figure 6 gives the distribution of the Hausdorff distances
between the surfaces generated by TMSmesh and MSMS,
the distances between NanoShaper and MSMS, as well as
the distances between Molsurf and MSMS. Clearly, the
meshes computed by TMSmesh with d = 0.4, c = 1.2 are
closest to those generated by MSMS.

Taking the values for the area and the volume obtained by
MSMS as references, the relative errors for the area and the
volumes calculated via TMSmesh, Molsurf and NanoShaper
are shown in Figs. 4b and 5b and the average relative errors
are listed in Table 4. The relative errors of area calcu-
lated by TMSmesh with three different parameters are both
smaller than that of Molsurf and NanoShaper. And the vol-
ume results by TMSmesh with d = 0.6, c = 1.7 give the
lowest average relative error 2.98 %. The fourth column in
Table 4 shows that the results calculated by TMSmesh with
different parameters works a little better than Molsurf and

NanoShaper in terms of Hausdorff distance. These results
demonstrate that TMSmesh with the optimal parameters can
generate accurate molecular surfaces.

Mesh quality In this paragraph, the mesh qualities, in par-
ticular uniformness and manifoldness of meshes produced
by MSMS, Molsurf, NanoShaper and TMSmesh are com-
pared. The distribution of the ratios of the shortest edge
length to the longest edge length of each triangle and the dis-
tribution of the angles of each triangle are used to describe
the uniformness of a triangulated surface mesh. A ratio of
1.0 corresponds to an equilateral triangle, and a ratio close to
0 is indicative of a very poor uniformness. That is, the higher
the ratio, the better the quality of the triangle. The distri-
bution of ratios and the angles of each triangle produced
by TMSmesh, MSMS, Molsurf and NanoShaper for the 64
proteins are shown in Figs. 7 and 8. The results in Fig. 7
show that the ratios of meshes generated by TMSmesh and
NanoShaper are clustered around 0.75 and the ratios of
the meshes generated by MSMS and Molsurf both center
on 0.65. Additionally, there is no triangle whose ratio is
between 0 and 0.2 in the meshes from NanoShaper, which
means NanoShaper generates few triangles with very poor
quality. The distributions of the angles of the triangles in
meshes generated by those four softwares are shown in
Fig. 8. It signifies high quality that a large fraction of angles
center on 60◦ and fewer are close to 0◦ or 180◦. The distri-
bution of the angles are clustered around 40◦ to 100◦ and
also shows that the mesh generated by Nanoshaper has the
least amount of sharp angles.

In the following, we compare the manifoldness of meshes
generated by MSMS, TMSmesh, Molsurf and NanoShaper.
A surface is manifold means that each point on the surface
has a neighborhood which is homeomorphic to a disk in a
real plane. As we mentioned in Ref. [27], there are three
necessary conditions for a mesh to be a manifold mesh. a)
The first is that each edge should be and only be shared by
two faces (a face denotes an element patch) of the mesh.
b) The second is that each vertex should have and only
have one neighborhood node loop. Neighborhood node of
a vertex is a node connecting the vertex through an edge.
c) The third is that the mesh has no intersecting face pairs.
A high quality mesh has a continuous manifold. Examples

Table 4 Average relative errors of area, volume and Hausdorff distance

Method Average relative error of area Average relative error of volume Average Hausdorff distance

TMSmesh (d = 0.4, c = 1.8) 1.74 % 9.18 % 4.6437

TMSmesh (d = 0.6, c = 1.7) 10.35 % 2.98 % 5.1396

TMSmesh (d = 0.4, c = 1.2) 3.87 % 23.94 % 3.8907

Molsurf (Gaussian) 18.11 % 3.83 % 5.7013

NanoShaper (Gaussian) 15.6 % 3.35 % 5.7170
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Fig. 7 Distributions of ratio of
the shortest edge length to the
longest edge length of each
triangle produced by TMSmesh
with d = 0.4, c = 1.8,
TMSmesh with
d = 0.6, c = 1.7, TMSmesh
with d = 0.4, c = 1.2, MSMS,
Molsurf and NanoShaper
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of non-manifold meshes can be those where any case of
intersection, isolated nodes/triangles, holes (resulted from
missing face) and so on occurs (more details can be found in
Ref. [9]). Nonmanifold meshes can lead to numerical prob-
lems in BEM and FEM types’ simulations. The number of
non-manifold defects and the number of intersecting trian-
gle pairs in the meshes produced by TMSmesh, Molsurf,
NanoShaper and MSMS are shown in Table 5. For test of
the meshing software in this work, we use our previous PQR
benchmark [27] that can be found and downloaded from the
following website www.continuummodel.org. In this work,
we set the node density of MSMS to 10.0 Å and the grid size
in Molsurf to 256 while the grid space in TMSmesh is set at
a value of 0.2. The grid scale in NanoShaper is set at 1.0 Å
for 1K4R and 2.0 Å for other molecules. All computations
are run on Dell Optilex 960 with Intel(R) Core(TM)2 Quad
CPU Q9550 @ 2.83GHz and 8GB memory. It is shown in
Table 5 that TMSmesh and NanoShaper are robust tools
for meshing the Gaussian surface for large biomolecules

and the meshes produced by TMSmesh and Molsurf are
manifold meshes, while the meshes of large biomolecules
produced by MSMS and NanoShaper are not.

Solvation energy It has been a long existing arguable issue
in computational biophysics to ask which type of surface
should be used in molecular solvation energy calculations
(e.g. see Zhou et al. [33]). The topic is outside the focus of
current work. In this subsection, we will show that after the
optimal parameters are determined according to geometric
criteria, the Gaussian surface can also result in very close
solvation energy calculations compared with the SES. We
use a boundary element Poisson-Boltzmann solver, AFMPB
[34], to compute the corresponding PB electrostatic solva-
tion energies using meshes generated by TMSmesh, MSMS,
Molsurf and NanoShaper respectively. The solvation ener-
gies by AFMPB computed from the meshes for the 64
biomolecules are shown in Fig. 9. Figure 9 indicates that the
results calculated by TMSmesh and MSMS are very close

www.continuummodel.org


 113 Page 12 of 14 J Mol Model  (2015) 21:113 

Fig. 8 Distributions of angles
of each triangle produced by
TMSmesh with
d = 0.4, c = 1.8, TMSmesh
with d = 0.6, c = 1.7,
TMSmesh with
d = 0.4, c = 1.2, MSMS,
Molsurf and NanoShaper
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(with one exception). For a few biomolecules, the results
obtained from Molsurf are shown to greatly deviate from
the results obtained by both TMSmesh and MSMS, which
could be due to sharp topological changes. The results of
the NanoShaper showed in Fig. 9 are close to the ones
of MSMS. However, AFMPB failed to give the results of

the meshes of 6 molecules including 1IL5, 2CEK, 2H8H,
3DFG, 4DPF and 4DUT generated by NanoShaper because
of topological errors, such as self intersections. If the val-
ues of the solvation energy determined for MSMS are taken
as standard values, the average relative errors of TMSmesh
with the parameter d = 0.4, c = 1.8, with the parameter

Table 5 Number of non-manifold errors in meshes produced by TMSmesh, Molsurf, NanoShaper and MSMS

Molecule Number of atoms Number of non-manifold defectsa Number of intersecting triangle pairs

TMSmesh Molsurf NanoShaper MSMS TMSmesh Molsurf NanoShaper MSMS

FAS2 906 0 0 0 0 0 0 0 0

AChE monomer 8280 0 0 0 0 0 0 10 643

AChE tetramer 36638 0 0 0 30 0 0 17 1428

30S ribosome 88431 0 0 0 – 0 0 25 –

70S ribosome 165337 0 0 0 – 0 0 10 –

1K4R 1082160 0 – 0 – 0 – 947 –

aNumber of vertices whose neighborhood does not satisfy before mentioned necessary conditions a), b) for a manifold mesh
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Fig. 9 Comparison of solvation energy

d = 0.6, c = 1.7, with the parameter d = 0.4, c = 1.2,
Molsurf and NanoShaper are 11.39 %, 7.96 %, 24.49 %,
28.76 % and 6.53 %, respectively.

Conclusions

In this paper, the surface area, the volume enclosed by the
surface and the Hausdorff distance are used as three crite-
ria for the parameterization of the Gaussian surface in the
approximation of the SES surface. The results of the param-
eterization indicate that it is not possible to find a unique set
of parameters that satisfies all the different criteria. Param-
eter selection is determined by the criteria and properties
that are trying to be fulfilled. For the criterion of area and
using SES as a reference surface, the optimal parameter
is determined to be d = 0.4, c = 1.8 and for the crite-
rion of volume, the optimal parameter is determined to be
d = 0.6, c = 1.7, and for the Hausdorff distance, the opti-
mal one is d = 0.4, c = 1.2. But as also shown by our
results, the difference between two optimized sets of param-
eters is not big, and most of the calculated results do not
deviate far from each other when using different set of the
optimized parameters. In solvation calculation, we found
that the Gaussian surface with the optimal parameters d =
0.6, c = 1.7 based on volume criterion gives results closest
to those obtained with SES, of which the regression coef-
ficient is 0.9872. The Gaussian surface can reproduce the
VDW surface reasonably when d = 2.0, c = 1.0. It worth
noted that similar to VDW surface the solvent accessible
surface (SAS) can also be approximated by the Gaussian
surface with the same parameters and by simply increas-
ing each atomic radius by a probe radius. In this paper,
we also compared some mesh generation software; includ-
ing MSMS, EDTsurf, GAMer, Molsurf, NanoShaper and

TMSmesh in the aspects of robustness and mesh quality.
Among these software, EDTsurf and GAMer may result in
relatively lower mesh fidelity to the original molecular sur-
face. For example, some holes or/and cavities in a molecule
may be missed in their generated meshes, and the VDW sur-
face can apparently reach outside the meshes. Parameterized
TMSmesh, NanoShaper and Molsurf can generate Gaussian
surface mesh and produce similar and faithful surface prop-
erties as SES surface generated by MSMS. NanoShaper is
robust and the generated mesh is of high quality. However,
the mesh generated by NanoShaper is not always manifold
and some topological errors in mesh may cause difficulties
in numerical calculations. The mesh generated by Molsurf
is manifold and has good quality, but Molsurf seems not
so efficient to handle large molecules. TMSmesh is shown
as a robust tool for meshing Gaussian surface for large
biomolecules and the produced meshes are manifold. How-
ever, there exist relatively more triangles with very small
angles or short edges in the triangular mesh generated by
TMSmesh, this mesh quality may cause trouble or need
further improved in numerical simulations.
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