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Abstract  Three-dimensional (3D) printing technology is an excellent tool for implementing 
multi item, small scale production or for manufacturing objects of complex shape, and has been 
utilized in many areas of daily life. One typical application is parts maintenance. For a partially 
damaged part to be repaired using a 3D printer, it is essential to generate a delta volume for the 
damaged area. A typical method of delta volume generation is to create a mesh using Delau-
nay triangulation or Poisson surface reconstruction from the point cloud of a laser scan of the 
damaged part and to perform a boolean subtraction operation with the mesh of the original part. 
However, when generating the delta volume, this method is prone to error due to noise, non-
uniform sampling, and missing data in the point cloud. To address this problem, we propose a 
mesh offset based method capable of robust delta volume generation despite point cloud 
noise. This method consists of four steps: preprocessing, point cloud extraction, mesh extrac-
tion, and delta volume extraction. To experimentally validate the proposed method, a prototype 
system was developed and a numerical implementation was performed for a partially damaged 
ball valve.  

 
1. Introduction   

Three-dimensional (3D) printing technology, which has recently gained attention in the manu-
facturing industry, has greatly improved productivity in the product development process. 3D 
printers, unlike conventional machining processes, produce a 3D object by successively adding 
material layer by layer-a process that is interchangeably known as “rapid prototyping” or “addi-
tive manufacturing” (AM) in academic circles [1]. 

The most salient features of 3D printing technology are multi-item, small scale production and 
fabrication of objects of complex shape, which are difficult to implement with a conventional 
manufacturing method. Driven by this advantage over conventional manufacturing processes, 
3D printing has been expanding its field of application across various industrial sectors, reach-
ing far beyond the manufacturing industry [2]. Apart from its primary function of pre-production 
prototype manufacturing, 3D printing technology has evolved into a direct means of business 
involving individual design, manufacturing, and online marketing [3]. In addition to manufactur-
ing applications, 3D printing technology also supports parts maintenance for repairing the dam-
aged components of any part using a 3D printer [4]. In particular, maintenance of a partially 
damaged part by 3D printing is effective if the parts to be replaced are discontinued or expen-
sive. For example, a partially damaged part in the high-pressure turbine cover of an F-15K 
fighter engine was maintained by 3D printing, thereby reducing costs by 93 % and improving 
procurement time by 78 % compared to purchasing new parts [5]. 

The first step in repairing a partially damaged part using a metal 3D printer is to generate the 
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delta volume for the damaged area. The delta volume genera-
tion process usually comprises the following steps: point cloud 
generation for the partially damaged area using a laser scan-
ner; mesh generation from the point cloud using Delaunay 
triangulation or Poisson surface reconstruction; delta volume 
generation via a boolean operation to determine the difference 
between the 3D computer aided design (CAD) model (mesh) of 
the original part and the mesh of the partially damaged one. 
However, this method is prone to error. When creating a mesh 
model from a point cloud using Delaunay triangulation, the 
reconstructed mesh model fails to accurately represent the 
target surface if there is noise or if the number of points in the 
cloud is insufficient. Poisson surface reconstruction requires 
the normal vector of each point to reconstruct a mesh model; if 
there are no normal vectors in the point cloud, normal estima-
tion can still be conducted, but the calculated normal vectors 
will not be accurate. For example, when using the point cloud 
library (PCL), the normal is calculated using the nearest points. 
The normal estimation result varies depending on the number 
and distribution of the nearest points. The direction (+/-) of the 
normal is affected by the viewpoint. In addition, it is difficult to 
reconstruct a watertight mesh model in either method if points 
are insufficient in the point cloud. This error is due to noise, 
non-uniform sampling, and missing data in the point cloud [6]. 

To address this problem, we propose a mesh offset based 
method to generate the delta volume for the partially damaged 
area from the input data of the mesh model of an original part 
and the point cloud of a partially damaged part. The proposed 
method consists of preprocessing, extracting the point cloud of 
the damaged area, extracting the mesh segment correspond-
ing to the damaged area, offsetting the mesh, and flattening the 
mesh boundary. The novelty of the proposed method lies in the 
algorithm that generates a volume by offsetting internal nodes 
of the mesh corresponding to the partially damaged area, to 
the points of the partially damaged area while keeping the 
mesh boundary at its original position. Contrary to the conven-
tional methods in which the deviations in a point would result in 
mesh generation failure or the inaccurate generation of a mesh, 
the proposed method has the advantage of robustly generating 
a volume in mesh format. The features of the proposed method 
are verified through a delta volume generation experiment for 
the partially damaged part. 

The rest of this paper is organized as follows: Sec. 2 ana-
lyzes previous studies on 3D printing technologies and mesh 
reconstruction using point cloud; Sec. 3 presents the mesh 
offset based method for generating the delta volume for the 
partially damaged area; Sec. 4 provides detailed explanations 
for each delta volume generation step; Sec. 5 discusses the 
experimental validation results of the proposed method; and 
Sec. 6 presents the conclusion. 

 
2. Review of related studies 
2.1 3D printing technology 

The layer-based AM characteristic of 3D printing has advan-

tages over conventional systems such as computerized nu-
merical control (CNC) or machining center tools when it comes 
to fabricating complex shapes. Moreover, with continual ad-
vances in 3D printing technology, it offers an increasingly high 
level of precision [7, 8]. Fused deposition modeling (FDM), the 
most popular 3D printing method, manufactures models by 
extruding filaments, a material for AM of layers upon layers 
through a heated nozzle [9]. In FDM, the quality of a model 
depends on the hot end design and the characteristics of the 
material, because the product is produced by melting the mate-
rial through hot end, which includes a nozzle and a heating 
device. Anitha et al. [10] defined layer thickness, road width, 
and speed deposition as variables that affect the results pro-
duced by FDM and determined that the layer thickness has the 
most effect through the Taguchi method. Another advantage of 
3D printing is that the industry achieves cost reduction by using 
less material than CNC, which involves material removal in 
production [11].  

As per the definitions set by the American Society for Testing 
and Materials (ASTM), there are currently seven categories of 
3D printing technology: binder jetting, direct energy deposition 
(DED), material extrusion, material jetting, powder bed fusion 
(PBF), sheet lamination, and vat photopolymerization [12].  

In binder jetting technology, a powder adhesive is selectively 
joined with powder particles to form a product [13]. This tech-
nique can use various materials such as plastics, ceramics, 
sand casting materials, and metals [14, 15]. The binder jetting 
method does not require a heat source such as a laser or elec-
tron beam for printing, and has the advantages of low cost and 
high manufacturing time compared to the PBF method [16]. 
However, this method also has a disadvantage in that it re-
quires post processing to deal with the uneven surfaces and 
weakness of the product [17]. DED uses focused thermal en-
ergy to form an object by melting the material; it lends itself well 
to producing large parts due to its advantages of high deposi-
tion speed, high material efficiency, and easy repair, but has 
the limitations of being unsuitable for producing objects of 
complex shape and having poor surface treatment and low 
resolution [18]. 

 
2.2 Advantages of maintaining partially dam-

aged parts by 3D printing 

Kenney [19], who performed 3D printing based ship mainte-
nance and assessed its cost reduction effects, reported that it 
achieved a 221.24 % increase in return on investment in com-
parison with conventional methods and reduced maintenance 
costs by USD 6.8 million. Antony and Goward [20] divided the 
lifecycle of an aircraft gas turbine blade into four stages and 
statistically analyzed the ratio of repair to replacement time at 
each stage to be 70 %, 93 %, 94 %, and 97 %, respectively. 
They argued that repair occupied the greatest proportion of 
maintenance time throughout the entire life cycle of a gas tur-
bine blade and that defective parts could be repaired using 3D 
printing. Kim et al. [4] proposed a system that supported 3D 
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printing based maintenance of parts, whereby a partially dam-
aged part was replaced by a new part fabricated using a 3D 
printer after inspection. They also developed a database of 3D 
printable parts (parts library), a shape-based information re-
trieval system, and a shape error inspection technology that 
supported this system. 

Related studies show that maintenance of parts using a 3D 
printer is effective. However, maintenance is not always possi-
ble for all damaged parts. If a part is severely damaged from 
cuts or huge cracks, it is difficult to repair the damaged part 
using a 3D printer. In this case, it is more effective to order a 
new part than to repair the part. The proposed method deals 
with repairable damages in operation, such as volume changes 
caused by wear and local damage to the surface. 

 
2.3 Mesh generation based on point cloud data 

A point cloud representing positions in 3R , normal vectors, 
and colors is utilized in a wide variety of fields such as engi-
neering, mesh generation, and computer graphics. In particular, 
reverse engineering using point cloud generated via 3D laser 
scanning of products or parts is a representative application in 
the field of mechanical engineering [21, 22]. 

Studies related to mesh reconstruction from point clouds 
such as radial basis functions (RBFs) [23, 24], Delaunay trian-
gulation [25], and Poisson surface reconstruction [26] are still 
active research fields. Lee et al. [27] generated stereolithogra-
phy (STL) files for 3D printing using the point cloud data ob-
tained with laser scanning. After the initial point sampling and 
noise removal, they generated the mesh using Delaunay trian-
gulation. However, this method has the problem of inconsistent 
results from Delaunay triangulation that depend on the values 
input by the user. And also, there is a limitation in that a large 
amount of computing power is used to generate a mesh model 
via Delaunay triangulation [28]. Zhou et al. [29] generated a 
mesh using Delaunay triangulation. This was done after gener-
ating a convex hull using point cloud data and a watertight 
mesh by removing low quality mesh points from the mesh pre-
viously generated and filling in the voids growing the neighbor-
ing mesh point. Kazhdan et al. [30] performed space segmen-
tation of point cloud data into an octree structure and defined 
the vector field. They also performed Poisson surface recon-
struction to generate the mesh by extracting the iso surface by 
solving Poisson’s equation for the vector field. This method 
requires a lower computational time than Delaunay triangula-
tion, which generates a mesh using a point cloud. However, it 
has a disadvantage in that the quality of the resulting mesh 
model varies according to the normal vector of the point cloud 
and the calculation time increases along with octree depth. 

Piya et al. [31] proposed a method for generating a model for 
a partially damaged area based on a point cloud. After generat-
ing a defective region model using the point cloud data of the 
partially damaged area and an original area model based on 
the prominent cross sections (PCS) of the non-defective area 
point cloud, they generated a model for the partially damaged 

area using boolean operations. The drawback of this method 
was the necessity of manually post processing the PCS data 
when calculating the PCS for original model generation. 

Tootooni et al. [32] obtained the point cloud by scanning a 
part manufactured by a 3D printer with a laser scanner, com-
paring the CAD model for that part with the point cloud, and 
computing the root mean square of the dimensional deviation. 
Thus, dimensional variation classification of the part generated 
by a 3D printer was performed via supervised machine learning. 
Khanzadeh et al. [33] measured the geometric deviation by 
comparing CAD models with the point cloud obtained by scan-
ning a 3D printed part with a self-organizing map, an unsuper-
vised machine learning algorithm. 

The mesh offset based delta volume generation method pro-
posed in the present study calculates the distances between 
points of the segmented cloud and triangles of the segmented 
mesh to create a delta volume for the damaged area, which 
requires less computing power than Delaunay triangulation or 
Poisson surface reconstruction. Furthermore, the proposed 
method is capable of robust delta volume generation despite 
point cloud noise. The noise can be categorized into two types: 
a set of points in a point cloud scattered away from the target 
area and deviations in points comprising a point cloud due to 
limits in scanner precision. The former can be removed by an 
outlier removal process. But the latter remains even after the 
preprocessing, which makes it difficult to generate a delta vol-
ume using conventional methods. The proposed method has 
the capability of robust generation of a delta volume even when 
there are deviations in points comprising a point cloud. 

 
3. Delta volume generation method for a 

partially damaged area 
3.1 3D printing-based maintenance process 

for partially damaged parts 

As presented in Fig. 1, 3D printing based maintenance of 
partially damaged parts includes the following processing 
steps: 1) acquisition of the point cloud of a partially damaged 
part and retrieval of the 3D CAD model (mesh) of the original 
part; 2) generation of the delta volume for the damaged area 
and 3D printing using this volume for part maintenance; 3) 
inspection and application of the repaired part [34]. Shape error 
will occur between the surfaces of a partially damaged part and 
those of the generated delta volume due to limits in the preci-
sion of a 3D printer if the shape of the partially damaged area 
is complex and irregular. Therefore, surface smoothing proc-
esses such as machining, buffing, and blasting were conducted 
to reduce the shape error prior to the maintenance process. In 
addition, this study targets maintenance of the slightly dam-
aged part. 

First, when abrasion or cracking is observed on a part during 
operation, the point cloud of the damaged part is acquired by 
laser scanning. Then, the 3D CAD model (mesh) of the original 
part is retrieved from the part library based on part classifica-
tion or shape comparison. Next, the shape difference between 
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the point cloud of the partially damaged part and the mesh of 
the original part is calculated for delta volume generation of the 
damaged area. Based on the delta volume thus generated, the 
tool path necessary for 3D printing is generated, followed by 
part maintenance. Maintenance is performed by filling in the 
damaged area using a 3D printer instead of fabricating the 
whole part. In the third step, once the repair is completed, 
shape error is inspected by comparing the difference in shape 
between the repaired (i.e., 3D printed) part and the original 
design. The repaired part is made available for use if the shape 
error falls within the tolerable range. 

The mesh offset based method for delta volume generation 
proposed in this study is employed when calculating the shape 
difference between the point cloud of the partially damaged 
part and the mesh of the original part. A brief explanation of the 
process of generating the delta volume is given in Sec. 3.2. 

 
3.2 Mesh offset based delta volume generation 

A traditional method for delta volume generation involves 
mesh generation from the point cloud of a partially damaged 
part using Delaunay triangulation or Poisson surface recon-
struction, followed by delta volume generation using the mesh 
of the original part with Boolean operations. The main limitation 
of such a traditional method is its dependence upon point cloud 
quality. The Delaunay triangulation has mesh related limitations 
such as an error prone target surface representation due to 
noise and missing data in the point cloud, and requires expo-
nentially increasing time for mesh generation with respect to 
the number of points in the cloud [35]. Poisson surface recon-
struction requires a separate step for computing normal vector 
of the point cloud, because it has a great effect upon the resul-
tant mesh. Even after the removal of outliers from the point 
cloud of the partially damaged part, the mesh generation proc-

ess is prone to error because of the point position error (noise) 
inherent in laser scanning. Fig. 2(a) illustrates an inaccurate 
target surface representation caused by noise, and Fig. 2(b) 
illustrates a shape error caused by an insufficient number of 
scan data points. 

In contrast, the proposed mesh offset based delta volume 
generation method aims for robustness by using the laser 
scanned point cloud of the partially damaged part and the 
mesh of the original part in the maintenance process. Fig. 3 
shows a block diagram of this process. The input values for this 
process are the point cloud of the partially damaged part (Pd) 
and the mesh of the original part (Mo), and the output value is 
the delta volume for the damaged area (DVdamaged). This proc-
ess consists of preprocessing, point cloud extraction, mesh 
extraction, and delta volume extraction. 

As shown in Fig. 4, Pd is pre-processed in the first step to ob-

 
 
Fig. 1. 3D printing based maintenance process for partially damaged parts. 

 

(a) 
 

(b) 
 
Fig. 2. Problems with mesh generation using a point cloud: (a) low shape 
quality due to noise in the point cloud; (b) shape error due to lack of a point 
cloud. 
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tain a point cloud without outliers (Pd’), and to register to Mo. 
First, outliers are removed from Pd. Points are then sampled 
(Psampling) from Mo for registration. Finally, Pd’ is registered to 
Psampling, and the registered point cloud of the partially damaged 
part (Pregistered) is output. Details on the preprocessing of an 
input point cloud are described in Sec. 4.1. 

As shown in Fig. 5, the point cloud is extracted in the second 
step. First, the point cloud of the damaged area (Psegmented) is 
extracted using Pregistered and Mo; then, the distance values are 
calculated by projecting Pregistered onto Mo and the points with 
distance values below the user’s input values are removed in 
preparation for the extraction of Psegmented. Details on the extrac-
tion of a point cloud of the damaged area are described in Sec. 
4.2. 

As shown in Fig. 6, the mesh segment (Msegmented) corre-
sponding to the damaged area is extracted from Mo in the third 
step. First, Pregistered is projected onto Mo to identify the mesh 
segment that corresponds to the damaged area; then, the 

segmented mesh is extracted from the entire mesh. Details on 
the extraction of a mesh corresponding to the damaged area 
are described in Sec. 4.3. 

As shown in Fig. 7, DVdamaged is generated in the fourth step. 
First, each point of Psegmented is projected onto Msegmented to gen-
erate the distance map. Then, individual vertices of the mesh 
segment corresponding to the damaged area (Msegmented) are 
offset by the respective points in the cloud using the distance 
map, thus generating the mesh of the damaged area (Moffset). 
This process is iterated until the number of inputs or the aver-
age distance moved by all vertices falls below the input value in 
order to improve the accuracy of the mesh of the damaged 
area. Thus, Moffset and Msegmented are merged, and the initial 
delta volume is generated. Finally, delta volume boundary flat-
tening is performed to reduce the boundary error between the 
initial delta volume and the damaged area, and DVdamaged is 
generated. After delta volume boundary flattening, DVdamaged is 
stored as an STL file. Details on the mesh offset and boundary 

 
Fig. 4. First step: preprocessing. 

 

 
Fig. 5. Second step: point cloud extraction. 

 

 
 
Fig. 3. Overall process for generating the delta volume of a partially damaged part. 

 

 
Fig. 6. Third step: mesh extraction. 

 

 
Fig. 7. Fourth step: delta volume generation. 
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flattening are described in Secs. 4.4 and 4.5. 
The proposed mesh offset based delta volume generation 

method consists of the following technological elements: point 
cloud preprocessing, damaged area point cloud extraction, 
extraction of the mesh segment corresponding to the damaged 
area, mesh offset, and delta volume generation including mesh 
boundary flattening. These processes are explained in detail in 
Sec. 4.  

 
4. Technologies involved in partial dam-

age model generation for part mainte-
nance 

4.1 Point cloud preprocessing 

Point cloud filtering is a technique for removing outliers to re-
duce error in the process of registering Pd to Mo. Outliers are 
unnecessary datapoints that occur far from the surface during 
scanning. As an outlier removal algorithm, we used the radius-
based method available in the PCL [36]. This method requires 
that the user input the radius of sphere used for searching 
points and the number of points. Computation is performed on 
all points in the cloud, and the selected points having a smaller 
number of points than the input value within the input radius 
are removed. 

Because Pd has a different reference coordinate system from 
the one used in the original design model, the coordinate sys-
tems should be synchronized in the registration process. A 
translation and rotation matrix is computed to minimize the 
distance error d between the points of Pd’ (X = {xi ∈ R3}) and 
the sampling points from Mo (P = {pi ∈ R3}). For the registra-
tion, we used the iterative closest point (ICP) algorithm. The 
distance error d was calculated by Eq. (1) as [37] 

 

( ) 2

1

1,
PN

i i
iP

d R t x R p t
N =

= − ⋅ −∑   (1) 

 
where t is the translation matrix, R is the rotation matrix, and Np 
is the number of sampled points. ICP computes the distance 
error d between two pointsets using singular vector decomposi-
tion. The calculated translation and rotation matrices are then 
applied to X and the distance error d is calculated. This proc-
ess is iterated until d is smaller than the threshold. Fig. 8 illus-
trates the process of ICP based registration of two point sets. 

 
4.2 Extraction of the point cloud of the dam-

aged area 

Extraction of the point cloud of the damaged area is the 
process by which Psegmented is extracted from Pd’. In order to 

extract Psegmented, the distances between points of Pd’ and Mo 
are found by projecting Pd’ onto Mo. If the distance is smaller 
than the threshold, the point is removed by judging it not to be 
in the damaged area. 

The distance between a point belonging to Pd’ and Mo is cal-
culated with an algorithm for calculating the minimum distance 
between a point and a mesh in 3D space [38]. The minimum 
distance Q between any given point P in a 3D space and a 
point in T within a triangle (V1, V2, V3) constituting the mesh is 
expressed by Eqs. (2) and (3): 

 

( ) ( ) 2
, ,= −Q s t T s t P ,  (2) 

( ) ( ) { }0 1, for , 0, 0, 1= + + ∈ ≥ ≥ + ≤T s t B sE tE s t s t s t   (3) 
 

where B is the vector from point P to vertex V1 of the triangle, 
E0 is that from V1 to V2, and E1 is that from V1 to V3. 

However, the computational time increases with the increase 
in Pd’ and the number of triangles constituting Mo. To solve this 
problem and reduce computational time, we compute the 
bounding box around each triangle constituting the mesh, as 
shown in Fig. 9, and calculate only the distance between points 
within the bounding box. Moreover, to expand the bounding 
box enclosing the mesh, the expansion coefficient α is added 
to each dimension of the box as follows: width = width * (1+α), 
length = length * (1+α), and height = height * (1+α). The ex-
panded bounding box contains all significant points belonging 
to the damaged area. 

 
4.3 Extraction of the mesh corresponding to 

the damaged area 

Extraction of the mesh corresponding to the damaged area is 
a process by which the non-damaged area, i.e., the mesh ex-
cept for Msegmented, is removed from Mo. First, the Psegmented ob-
tained by the previous process is projected onto Mo, as shown 
in Fig. 10(a). The direction and position of projection of     
Psegmented are the minimum distance between Psegmented and Mo 
obtained by calculation, and information about the mesh con-
taining the projected point is stored. Once the projection of 
Psegmented is completed, we observe whether each mesh contain 
the projected point. If there are no projected points in the mesh, 

 
Fig. 8. Registration result using the iterative closest point algorithm. 
 

 
 
Fig. 9. Point separation using the bounding box. 
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the mesh is removed from Mo, thus yielding Msegmented, which is 
a set of meshes containing projected points, as shown in Fig. 
10(b). 

 
4.4 Mesh offset 

Moffset is generated by offsetting the Msegmented to Psegmented. Be-
fore offsetting Msegmented, a data structure is adopted for the 
mesh. A mesh contains coordinate information for the vertices, 
vertex normals, and indices of triangles; this is sufficient for 
visualization, but insufficient for generating, updating, and de-
leting the mesh. In this study, we adopted the data structure 
proposed in Ref. [39], which defined a single triangular face 
constituting the mesh as an element, and edges and vertices of 
the triangular face as element edges and nodes, as shown in 
Fig. 11(a). Each element has three edges and three nodes, 
which have information about adjacent elements. Based on this 
data structure, when a specific element, element edge, or node 
is selected, information about the adjacent element, element 
edge, and node can be efficiently obtained. 

To offset Msegmented, Psegmented is projected to Msegmented, as 
shown in Fig. 12(a), and each element stores the position of 
the projected point and projected distance. When a distance 
map is generated for all elements of Msegmented, the moving dis-
tance of each node is calculated. If a node is a boundary node 
of Msegmented, it is excluded from the calculation. The pseu-
docode for calculating the distance moved by each node is as 
follows. 

The distance moved by each node is shown by Eq. (4): 
 

( )
1 1

1
*

n m

offset j
i j

d d
n m = =

= ∑∑ .  (4) 

Here, n represents the number of adjacent elements of a 
node and m represents the number of projected points on each 
adjacent element. For example, a single node has six adjacent 
elements in Fig. 11(b). Adjacent elements store the number of 
projected points, projected positions, and projected distances 
from Psegmented. The offset distance of each node is calculated 
by averaging the projected distances stored in adjacent ele-
ments. At this time, boundary nodes are determined to keep 
the boundary of Msegmented. If there is one adjacent element in 
an element edge, this element edge becomes a boundary 
edge and two nodes belonging to the element edge become 
boundary nodes. On the other hand, if an element edge has 
two adjacent elements, two nodes of the element edge are 
identified as internal nodes. A delta volume is generated in the 
way of keeping boundary nodes and offsetting internal nodes. 
This ensures keeping the boundary of Msegmented in its original 
position. 

After calculating the offset distance of all nodes included in 
Msegmented, Moffset is generated by moving nodes as shown in Fig. 
12(b). 

To reduce the error between the damaged area and Moffset, 
the mesh offset process is iterated until the number of itera-
tions (user inputs) or doffset is smaller than the maximum toler-
able margin of error. In the second iteration of the mesh offset, 
Psegmented is projected onto initial Moffset, as shown in Fig. 13(a), 
and the distance map is computed again. Moffset is updated 
based on the thus computed distance map, as shown in Fig. 
13(b), by repeating the mesh offset process. After finishing the 
mesh offset process, DVdamaged can be generated by merging 
boundary nodes at the same position in Moffset and Msegmented, 
because these meshes have the same boundary nodes there. 

 
4.5 Mesh boundary flattening 

The DVdamaged generated in the mesh offset process has a 

                  (a)                                  (b) 
 
Fig. 10. Extraction of the mesh corresponding to partially damaged area:
(a) Psegmented projection onto Mo; (b) Msegmented including projected Psegmented. 
 
 

 (a)                         (b)                 (c) 
 
Fig. 11. Mesh data structure: (a) element; (b) node with adjacent elements;
(c) edge with adjacent elements. 

 

Algorithm 1. Calculating the distance moved by each node. 
 
Input: All nodes in Msegmented 
Output: Distance 
1. for i = 0 to # of nodes in Msegmented 
2. if node i is not boundary node then 
3. for j = 0 to # of adjacent elements 
4. total points += projected points onto j-th element 
5. for k = 0 to # of projected points onto j-th element 
6. distance += projected distance of k-th point 
7. end for 
8. end for 
9. distance /= total points 
10. end if 
11. end for 
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zigzag shape, and the boundary of the delta volume differs 
greatly from the real boundary of the damaged area. Therefore, 
mesh boundary flattening is conducted to reduce the error 
between the boundary of DVdamaged and the real boundary of 
the damaged area. As shown in Fig. 14, such flattening com-

prises the following process steps:  
1) Search for a boundary node (Nb); 
2) Search for a non-boundary node (Nnb) in the element con-

taining the boundary node (Nb); 
3) Search for elements adjacent to the non-boundary node 

(Nnb);  
4) Search for nodes other than the non-boundary node (Nnb) 

selected from the adjacent elements; 
5) Generate an initial adjacent plane using the initial node 

positions and an offset adjacent plane using the post offset 
positions, and then project the boundary node (Nb) along the 
intersection line of the two planes. 

 
5. Implementation and experiment 

We developed a prototype system (see Fig. 15) to validate 
the damaged area delta volume generation process. The pro-
posed prototype system consists of a point cloud preprocess-
ing module, point cloud and mesh extraction modules, and a 
delta volume extraction module. 

The prototype system was developed with C++ and a Micro-
soft Foundation Class (MFC) was used to implement the 
graphic user interface. PCL and the visualization toolkit (VTK) 
[40] are used to process point cloud and mesh data, respec-
tively. An ACIS modeling kernel [41] was used for 3D CAD 
data processing, and HOOPS [42] was used for 3D visualiza-
tion of the 3D CAD, point cloud, and mesh data. 

For the experiment to generate the delta volume of the par-
tially damaged area, two test cases, a ball valve and a cylinder 
model, were used, as shown in Fig. 16. The entire experimen-

(a) 
 

 
(b) 

 
Fig. 12. Mesh offset process using the distance map between Psegmented and 
Msegmented: (a) projection of Psegmented onto Msegmented to calculate distance; (b) 
mesh offset using the average distance. 

 

    (a)                                (b) 
 
Fig. 13. Iterated update of Moffset: (a) projection of Psegmented onto offset mesh;
(b) updated Moffset. 

 

(a)                    (b)                        (c) 
 

                (e)                            (d) 
 
Fig. 14. Flattening the boundary of a mesh: (a) search for a boundary node 
(Nb); (b) search for a non-boundary node (Nnb); (c) search for adjacent 
elements; (d) search for nodes in adjacent elements, except the selected 
boundary node; (e) make adjacent planes using nodes and move the 
boundary. 

 
Fig. 15. Mesh offset based delta volume extraction system. 

 

 (a)                                 (b) 
 
Fig. 16. Test case: (a) ball valve model; (b) cylinder model. 
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tal procedure and the result of using a ball valve model (Fig. 
16(a)) are presented in Fig. 17. 

The point cloud of the partially damaged ball valve part used 
in the experiment is composed of 100000 points, and the mesh 
of the original part is composed of 101220 elements and 
303660 nodes. First, outliers were removed from the point 
cloud of the partially damaged ball valve model. Then, the ini-
tial point cloud was prepared for registration to the mesh of the 
original part using the preprocessing module. Using the radius 
based outlier removal method, 3027 outliers were removed 
under the configuration of a 1 mm search radius. From the 
mesh of the original part, 100000 points were sampled and 
registered to synchronize the coordinate systems of the point 
cloud of the partially damaged part with the mesh of the original 
part. 

During the process of point cloud extraction, a segmented 
point cloud for the damaged area was generated using the 
registered point cloud of the partially damaged part and the 
mesh of the original part. If the threshold value is too high to 
remove points outside of the partially damaged area, the seg-
mented point cloud of this area has not been adequately ex-
tracted. This adversely affects the shape of the delta volume. 
To address this, the threshold value was set to 1 mm and the 
bounding box expansion coefficient was applied. In conse-
quence, a segmented point cloud of 1613 points was extracted 
for the partially damaged area.  

In the process of extracting the mesh corresponding to the 
damaged area, the point cloud of the damaged area extracted 
was projected onto the mesh of the original part (as illustrated 
in Fig. 18(a)) to acquire the mesh corresponding to the dam-
aged area. Fig. 18(b) represents the results of the extraction of 
the mesh reflecting only the projected points of the damaged 
area. 

The delta volume of the damaged area is generated using its 
segmented point cloud and the corresponding mesh segment. 
This volume is generated concurrently with a mesh offset and 
mesh boundary flattening, and the user can store the result as 
an STL file for 3D printing. Fig. 19 shows delta volume extrac-
tions with and without mesh boundary flattening. 

 
 
Fig. 17. Experiment on delta volume generation for the partially damaged ball valve model. 

 

            (a)                                   (b) 
 
Fig. 18. The result of extracting the mesh corresponding to Psegment. 

 

(a) 
 

(b) 
 
Fig. 19. The result of delta volume generation for a ball valve model: (a) 
without boundary flattening; (b) with boundary flattening. 
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We validated the efficacy of the proposed mesh offset based 
delta volume extraction system for robust generation of the 
delta volume for a point cloud with noise by performing a mod-
ule based experiment using a prototype system and a partially 
damaged ball valve specimen. Table 1 compares the results of 
the proposed method to those of conventional methods for 
reconstructing mesh models from a point cloud. For compari-
son, MatLab was used to calculate the volume of the Delaunay 
triangulation after generating a tetra mesh, and Poisson sur-
face reconstruction was calculated by the PCL library. The 
ground truth volume was calculated from the original 3D CAD 
model. Compared to Delaunay triangulation and Poisson sur-
face reconstruction, the advantages of the proposed method 
include high robustness against noise in the point cloud and no 
need for normal estimation of the point cloud. As shown in 
Table 1, the delta volume of the partially damaged area recon-
structed by the proposed method has an error rate of 0.15 %, 
which is better than that of conventional methods.  

The results of the experiment for the cylindrical model (Fig. 
16(b)) are shown in Fig. 20. This model is a cloud of 267496 
points. The time required for delta volume construction in the 
cylindrical model on a computer equipped with an i9-9900k 
CPU was 0.143 seconds. When we reduced the number of 
points for the cylindrical model to 133748, the reconstruction 
time was 0.079 seconds. As we can see from this result, the 
reconstruction time is proportional to the number of points in 
the proposed method.  

The proposed method has a shape limitation in that, if there 
are sharp edges in the extracted segmented mesh that is 
mapped to the partially damaged area (as shown in Fig. 21(a)), 
it is difficult to generate a delta volume for this area. This is 
because the points comprising a segmented point cloud are 
difficult to uniformly projected to triangles near the edges. In 
addition, this study targets the maintenance of slightly dam-
aged parts; the points are projected in the wrong direction 
when the damaged area is relatively large compared to the 
size of a part, as shown in Fig. 21(b). 

 
6. Conclusion 

3D printing technology can be employed not only to produce 
parts, but also to maintain them. Damaged area delta volume 
generation is essential for a metal 3D printer to be used for the 
maintenance and repair of a partially damaged part. However, 
the process of generating the mesh from the point cloud of 
such a part is prone to error due to the noise, non-uniform 
sampling, and missing data in the point cloud.  

To resolve this problem, we proposed a mesh offset based 
delta volume generation method. This method aims at robust 
delta volume generation for a partially damaged area using its 
point cloud and the mesh of the original part in the mainte-
nance and repair process. The main technological processes 
employed in the proposed method are point cloud preprocess-
ing, damaged area point cloud extraction, extraction of the 
mesh segment corresponding to the damaged area, mesh 
offset, and delta volume generation, including mesh boundary 
flattening. We developed a prototype system and processing 
modules, constructed a scenario using a partially damaged ball 

Table 1. Comparison of the proposed method with other existing methods from the viewpoint of delta volume generation for the ball valve model. 
 

 Delaunay triangulation 
(MatLab) 

Poisson surface reconstruction 
(PCL) 

This research 
(in-house) 

Input data Point cloud 
(points: 1559) 

Point cloud 
(points: 1559) 

Point cloud + mesh 
(points: 1559 / triangles: 472) 

Necessity of 
vertex normal X O X 

Robustness against 
point cloud noise X O O 

Calculated volume 
[mm3] 4315.6 4314.49 4484.05 

Error rate [%] 3.9 3.93 0.15 

Ground truth volume: 4491 mm3

 (a)                                (b) 
 
Fig. 20. The result of delta volume generation for the cylindrical model: (a) 
ISO view; (b) side view. 

 

     (a)                            (b) 
 
Fig. 21. The limitation shapes: (a) partially damaged area containing a 
sharp edge; (b) part with large damaged area. 
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valve specimen, and performed an experiment to validate the 
efficacy of our proposed method. The experimental results 
confirmed that our method was capable of robust delta volume 
generation for a point cloud with noise. 

The mesh model generated by the mesh offset based 
method has an error in final shape due to two approximation 
processes. The error in the first approximation occurs when 
converting a boundary representation (B-rep) 3D CAD model 
into a mesh model. An error in the second approximation oc-
curs when offsetting the mesh repeatedly. The shape error due 
to conversion from the B-rep model to the mesh model can be 
reduced by generating a finer mesh. The error in the offset 
process can be minimized by increasing the number of itera-
tions.  

In the future, we plan to upgrade the main technological 
processes comprising the proposed method. Since each node 
of the segmented mesh is offset by averaging distances be-
tween the node and the points in a segmented cloud that are 
projected to triangles adjacent to the node, there is an error in 
the offset result even after several iterations. To solve this 
problem, the offset algorithm needs to be improved so that a 
delta volume with greater accuracy can be generated by opti-
mizing the offset distance. And improvements in algorithms are 
needed to reduce runtime. To accomplish this, we will apply 
spatial partitioning techniques such as binary space partitioning 
and octree, as well as parallel-computing techniques such as 
OpenMP and CUDA. 
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Nomenclature----------------------------------------------------------------------------------- 

Pd : Point cloud of the partially damaged part 
Mo : Original mesh model 
DVdamaged  : Delta volume of the partially damaged area 
Pd’ : Point cloud with outliers removed 
Psampling  : Sampled points from original mesh 
Pregistered : Registered point cloud 
Psegmented : Point cloud of the partially damaged area 
Msegmented : Mesh of the partially damaged area 
Moffset : Offset mesh 
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