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Abstract 

The different conditions of use of a component result in a variety of damage levels. Therefore, excluding differences 
in shape and size, used parts show a high degree of uncertainty regarding failure characteristics, quality conditions, 
and remaining life, which seriously affects the efficiency of a remanufacturing scheme design. Aiming to address this 
problem, a remanufacturing scheme design method based on the reconstruction of incomplete information of used 
parts is proposed. First, the remaining life of the reconstructed model is predicted by finite element analysis, and the 
demand for the next life cycle is determined. Second, the scanned 3D damage point cloud data are registered with 
the original point cloud data using the integral iterative method to construct a missing point cloud model to achieve 
the restoration of geometric information. Then, according to reverse engineering and laser cladding remanufacturing, 
the tool remanufacturing process path can be generated by the tool contact point path section line method. Finally, 
the proposed method is adopted for turbine blades to evaluate the effectiveness and feasibility of the proposed 
scheme. This study proposes a remanufacturing scheme design method based on the incomplete reconstruction of 
used part information to solve the uncertain and highly personalized problems in remanufacturing.
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1  Introduction
Remanufacturing is a process that returns used parts into 
“new or better than new” performance and conditions 
and includes disassembling, cleaning, repair, reassem-
bly, and inspection [1]. However, in addition to differ-
ences in shape and size, used parts exhibit a high degree 
of uncertainty in terms of failure characteristics, qual-
ity conditions, and remaining life [2]. The sound design 
of the remanufacturing scheme is one of the key steps 
to improve remanufacturing efficiency and reduce pro-
duction costs. It not only allows the reutilization of used 
parts but also helps to save money and resources and 
protect the environment [3–5].

A remanufacturing scheme design uses advanced 
manufacturing techniques to repair used parts, so as to 
achieve low cost, high efficiency, high reuse rate, and 
performance recovery upgrade [6, 7]. A premise for the 
remanufacturing scheme is to understand the informa-
tion on the failure characteristics of used parts. In gen-
eral, the common failure modes of used parts include 
fracture, wear, and deformation, which account for more 
than 75% of the total failures of parts [8, 9]. Owing to the 
long-term service, wear, and loss of technical documen-
tation, it is difficult to obtain the technical information of 
the parts, which results in differences in remanufacturing 
schemes and affects the quality of remanufacturing [10–
14]. At present, the design of remanufacturing schemes is 
still based on personnel experience and manuals, which 
leads to difficulties in remanufacturing efficiency, cost, 
and energy consumption, and there are a series of scien-
tific problems that need to be solved [15–18]. Therefore, 
a reasonable remanufacturing scheme can effectively 
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improve the efficiency and reduce costs. Understand-
ing the failure characteristics of used parts is of great 
significance to achieve high efficiency and strict quality 
requirements.

The purpose of this study is to generate rapidly and effi-
ciently a remanufacturing scheme. Compared with previ-
ous studies, the novelty of this work lies in the following 
aspects: 1) A framework for a remanufacturing scheme 
design based on incomplete information reconstruction 
is developed. 2) By means of finite element analysis, the 
remaining life of the reconstructed model is predicted, 
and the requirements of the next life cycle are assessed. 
3) By using an integral iteration method, the 3D scanned 
damage point cloud data is registered with the original 
point cloud data, and the missing point cloud model is 
constructed to achieve geometric information recov-
ery. 4) A cladding path is generated for the recovered 
part model using the tool contact point path section line 
method.

This paper is organized in five sections. The first section 
introduces the remanufacturing design. The literature on 
remanufacturing scheme design is reviewed in Section 2. 
The third section explains in detail the method used. The 
fourth section takes a remanufactured turbine blade as 
an example to verify the effectiveness of the method. The 
fifth section summarizes and discusses the results of the 
case study to draw the conclusions of this study.

2 � Literature Review
The development of a remanufacturing scheme is essen-
tial for the remanufacturing processes. It directly affects 
the remanufacturing production efficiency, cost, and 
energy consumption, and it is important to maximize 
the utilization of the residual value of used parts. Owing 
to the differences in load conditions and environmen-
tal media during product service life, used parts possess 
varying failure characteristics such as wear, fracture, and 
corrosion, which affect the remanufacturing processes. 
Therefore, to maximize the remanufacturing efficiency 
and cost-effectiveness, it is of paramount importance to 
develop a remanufacturing scheme that fully considers 
the unique failure characteristics of the used parts to be 
remanufactured.

The remanufacturing process planning and optimiza-
tion and decision making over the remanufacturabil-
ity of used parts have been studied in the literature. Li 
et  al. [19] proposed a decision-making method for the 
remanufacturing process based on an improved fuzzy 
neural network, which comprehensively considered the 
uncertainty and ambiguity of the damage condition of 
used parts for remanufacturing and the quality require-
ments after remanufacturing. Jiang et al. [20] proposed a 
remanufacturing process planning method that combines 

rough sets and case-based reasoning and rapidly creates 
a process planning for used parts from the knowledge 
generated from existing parts remanufacturing. Zhang 
et  al. [21] studied the process planning and scheduling 
problem of a typical remanufacturing system based on 
the difficulties and complexities brought about by various 
uncertainties in the remanufacturing processes, and they 
developed a multi-objective genetic algorithm based on 
simulation. Zheng et al. [22] proposed a hybrid method 
that combines coordinate measuring machine data acqui-
sition, defect model regeneration, and repair process 
selection decisions for complex damage parts with vari-
ous defects. Jiang et al. [23] developed a process planning 
decision method considering the ambiguity of remanu-
facturing performance standards and the inherent com-
plexity associated with process planning decisions. A 
decision method combining quality function deployment 
and fuzzy linear regression was proposed to determine 
the most appropriate process plan. Kin et  al. [24] ana-
lyzed the conditions and defects of the core components 
and determined the optimal repair process of these com-
ponents. Chao et al. [25] established an effective method 
linking 3D point cloud reconstruction and laser metal 
deposition repair and proposed a method for remanufac-
turing damaged metal parts using the additive manufac-
turing technology. To improve the final quality of parts 
obtained by additive manufacturing, Um et al. [26] pro-
posed a method of additive manufacturing representation 
based on a step neural network and a series of geometric 
reasoning methods to realize the automatic derivation of 
the repair section. Zhang et al. [27] proposed a modeling 
method for the repair of wear, edge crack, distortion, 
creep, and corrosion of aero-engine blades, and the effec-
tiveness of the proposed method was verified by repair 
experiments. Wilson et al. [28] provided an attractive and 
cost-effective method for repair or remanufacturing of 
high-value engineering components through laser direct 
deposition techniques, in which turbine airfoil defects 
were successfully repaired using a new semi-automated 
geometric reconstruction algorithm and a laser direct 
deposition process.

Various fault characteristics lead to the need for 
customized solutions, and thus, a rapid and accurate 
acquisition of the fault characteristics can help improve 
the remanufacturing efficiency. Li et al. [29] targeting at 
the individuality of the failure condition and the com-
plexity of the structure and shape of the worn mechani-
cal parts in a remanufacturing system, proposed a 
reverse engineering-assisted remanufacturing integra-
tion method for the worn parts. Eyup et  al. [30] used 
a coordinate measuring machine to capture the impor-
tant scan lines on the surface of the damaged compo-
nent and then construct the feature outline of the parts 
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for remanufacturing. Zhang et al. [31] suggested a new 
approach that took into consideration the working con-
ditions, structural characteristics, and loading distribu-
tion and analyzed the causes of fracture failure based 
on the finite element method. Hou et  al. [32] investi-
gated the repair of worn blades. The manual acquisi-
tion of the target surface is very time consuming, and 
thus, an innovative adaptive maintenance strategy was 
proposed, covering the pre-inspection, welding, and 
machining processes.

The previous works have provided effective solutions 
addressing the uncertainty and individuality of the failure 
conditions of used products. However, there are several 
steps in the restoration that are isolated. There are limited 
interactions between the restoration steps, resulting in an 
ad-hoc remanufacturing restoration. This paper proposes 
a remanufacturing scheme design method based on 
incomplete information reconstruction of second-hand 
parts. First, through finite element analysis, the remain-
ing life of the reconstruction model can be predicted, and 
it can be determined whether the demand for the next 
life cycle is met. Second, by analyzing the incomplete 
and fuzzy component remanufacturing information, the 
missing point cloud model is constructed to recover the 
geometric information. Finally, the tool remanufacturing 

process path can be generated by the tool contact point 
path section line method.

3 � Remanufacturing Design Framework
Owing to the diversity in remanufacturing technologies 
and the complexity of the design of a repair solution, it 
is important to select a suitable remanufacturing process 
and design a repair solution. A design framework for the 
remanufacturing scheme design for used parts based on 
the reconstruction of defective information is established 
as shown in Figure 1.

The first step for remanufacturing used parts is to pre-
test before remanufacturing to assess whether they meet 
the remanufacturing requirements. Geometric informa-
tion reconstruction is performed on the used parts that 
meet the remanufacturing requirements. According to 
the principle of reverse engineering, the defect model of 
the part is extracted through 3D scanning, and the unit 
step integral iteration method is used to rapidly and effi-
ciently register the defect point cloud data with the origi-
nal data, and obtain the damage point cloud information 
through information reconstruction. Finally, the tool 
contact point path section line method is used to gen-
erate the repair path according to the identified missing 
point cloud.

Figure 1  Remanufacturing design framework for used parts
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3.1 � Analysis and Modeling of Incomplete Information

(1)	 Incomplete information classification

The information describing defects mainly includes 
geometric information, such as the wear state, and 
residual information, such as residual stress, as shown in 
Figure 2.

During the service period, the surfaces of the compo-
nent are affected by the inevitable wear, corrosion, and 
impacts, which lead to external damage, resulting in a 
change of the geometry and accuracy of the shape.

Besides, exposed to various working conditions, parts 
might fail due to residual stress, fatigue cracks, etc. This 
can be reflected in the internal microstructure of the 
material and macroscopic mechanical properties, such as 
strength, stiffness, wear-resistance, and corrosion resist-
ance. The remaining life of parts can be measured by the 
internal microstructure and macroscopic mechanical 
properties.

(2)	 Geometry modeling of defective parts

Defect information is obtained by comparing the defect 
model with the original model as a reference for size and 
shape recovery.

The used parts may have defects, such as partial frac-
ture, wear, or deformation. Thus, the point cloud model 
of the collected used parts cannot directly reflect the 
original shape of the used parts. The reverse modeling 
method can be used to perform the component averaged 
point cloud model using a Power Scan-Pro precision 3D 
scanner that combines the structured light, phase meas-
urement, and computer vision technologies. This 3D 
scanner, shown in Figure  3, enables high-speed, high-
density measurements of components and outputs a 3D 
point cloud for further post-processing.

3.2 � Restoration Technology for Incomplete Information
The reconstruction of incomplete information on used 
parts can effectively support the design of remanufactur-
ing solutions. Therefore, the restoration of incomplete 

information of used parts is a prerequisite for the design 
of the remanufacturing scheme.

3.2.1 � Prediction of Remaining Life
Used parts are affected by various working conditions 
during use that result in residual stress, fatigue cracks, 
and other factors affecting their quality and reliability. 
As a consequence, their remaining life may not meet the 
remanufacturing requirements.

The differences in working conditions of parts and 
components lead to uncertainty about their residual 
fatigue life. Therefore, the remaining fatigue life can be 
used to determine whether there is sufficient service life 
for the used parts. Life expectancy is critical for decision 
making of the remanufacturing worthiness; a remanu-
factured part without sufficient service life may lead to 
potential quality problems and safety hazards. Through 
life expectancy prediction and by judging whether the 
remanufacturing requirements are met, the quality 
problems and the probability of failure of remanufac-
tured products during their service cycle will be greatly 
reduced. Therefore, judging whether the next life cycle 
requirements are met based on the remaining fatigue life 
of the old parts will undoubtedly improve the remanu-
facturing quality and contribute to the design theory of 
remanufacturing and repair of used parts.

For modeling of life expectancy, the mechanical prop-
erties and residual fatigue life are examined by finite 
element analysis. The data obtained could be used to 
determine whether the used parts meet the next life cycle 
requirements.

Based on the fatigue life prediction method of finite 
element simulation, the corresponding fatigue life predic-
tion process of defective parts is established, as shown in 
Figure 4.

Through the finite element analysis, the local stress 
distribution and fatigue life parameters of the parts 
are obtained and compared with their service life. The 
remaining life information of the parts can be obtained, 
and accordingly, it can be judged whether the used parts 

Figure 2  Incomplete information of used parts

Figure 3  Data acquisition equipment and processing
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can satisfy the next life. The finite element analysis pro-
cess is shown in Figure 5.

3.2.2 � Geometric Information Recovery Model
Based on reverse engineering, the worn part data (point 
cloud or triangular mesh surface) are collected. The two-
dimensional planes of the three-dimensional model of 
the component are segmented and matched to determine 
the damaged area, and the damage depth is determined 
through three-dimensional reconstruction. The original 
point cloud model is reconstructed as shown in Figure 6.

First, the actual point cloud image of the damaged 
parts is obtained through three-dimensional scanning. 
Second, an average component model is constructed, the 
outer surface region is divided into a mesh, and the rela-
tionship between the original model and damaged region 
mesh nodes is established; the node data are divided into 
two-dimensional planes. According to the node matching 
of the two-dimensional planes, the damaged node infor-
mation is generated on the two-dimensional plane, and 
the damaged area is determined.

The unit step integration iteration method is used for 
differential registration. The error of the damage region 
is fitted by point cloud coordination to improve the accu-
racy of registration.

1)	 Establishment of the 2D model and determination of 
damaged area 

a.	 Definition of the damage-point coordinates

	 For the damaged component, the intersection 
of the mesh and the damaged section is defined, 
which can be represented by the geometry coor-
dinates: 

 where Pi represents a node, xi represents the x 
coordinate value of the ith node on the damaged 
plane, and yi represents the y coordinate value of 
the ith node on the damaged plane.

b.	 Definition of a linear equation between every two 
sets of nodes

	 As n + 1 different nodes are determined, a dif-
ferent function expression is obtained. The func-
tion expression Eqi between the nth and (n + 1)th 
nodes is defined as 

 where ki represents the slope of the ith equation; 
bi represents the point at which the ith equation 
intersects the y-axis.

c.	 Determination of location of the damaged area
	 The definite integral of the function expression 

is calculated to obtain the region separated by 
the linear equation. The values of the regions are 
summed to obtain the total area of the damaged 
portion and determine the location of the dam-
aged area, as presented in Figure 7.

2)	 Establishment of the 3D model and determination of 
damage amount

	 The integral iteration method is proposed to recover 
the surface defect information. The process is 
depicted in Figure 8.

	 The main steps are as follows:

Step 1: Generation of part grid.
The original model geometry is defined and meshed 

using SolidWorks. The grid size is defined, the grid is 
constructed based on the existing average point cloud 
model of parts, and the outer surface area is segmented 

(1)Pi = (xi, yi), i = 1, 2, . . . , n, n+ 1,

(2)fi
(

x, y
)

= kix + bi, i = 1, 2 . . . n,

Figure 4  Life analysis process of used parts based on finite element 
analysis

Figure 5  Finite element analysis process

Figure 6  Surface information recovery process based on reverse 
engineering
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to form the part model with known regional information. 
Its geometry is defined in the three planes of the x, y, and 
z axes.

Step 2: Extraction of data.
The defect model is preprocessed, and the three-

dimensional model of the used part meshes is generated. 
The corresponding relationship between the three-
dimensional coordinate axis and the model is established. 
The coordinates of the defective mesh nodes are derived.

Step 3: Determination of defective areas.
The original data and the coordinate set of the damaged 

area are exported. As the obtained original model and 
the damaged blade model have different coordinate sets, 
the three-dimensional plane of the component model is 
divided into two two-dimensional planes. The two sets 
of coordinates are compared using an integral iteration 
method to determine the damaged area. The flow of the 
integral iterative method is presented in Figure 9.

Step 4: Determination of the degree of matching.
If the matching degree is met, the next step can be per-

formed; if not, the model coordinate system is modified 
and then matched.

Step 5: Generation of the amount of disability.
According to the above steps, the node coordinates 

of the defective used parts are obtained, and the defect 
amount of the component can be calculated.

Step 6: Model reconstruction.
The damaged area on the Z-X cross-section can be 

expressed as

where Ai represents the damaged area in the Z-X cross-
section from the ith to the (i + 1)th nodes.

The depth of damage on the Y–X cross-section can be 
expressed as

(3)Ai =

∫ zmax

zmin

(

Z − Z′
)

dx,

Figure 7  Meshing and damage location meshing and identification

Integration iteration method for the 

identification of the damaged area

3D original CAD model 3D damaged CAD model

Reverse engineering

CAD digital reconstruction

Re-define the 

coordinates 

system 

(if required)

CAD digital reconstruction CAD digital reconstruction

Extract the coordinates system data

Excel reading

The unit step integral iteration method

Automatically perform integration steps using code 

developed for VBA

Repeat the 2 previous stages for the outstanding 2D 

cross-sectional area

Gather all the obtained set of coordinates into a unique 

cloud of points

Remove the duplicate set of coordinates (if applicable)

Obtain the coordinates system of the damaged area

Verify the results by importing the obtained set of 

coordinates into the original CAD model

Figure 8  Damage model reconstruction process based on the unit 
step integral iteration method Figure 9  Integral iterative process
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where Vi represents the volume of the damaged region 
from the ith to the (i + 1)th nodes.

The damage model reconstruction process is shown in 
Figure 10.

(3)	 Discrimination between matching model and 
source model

To judge the matching degree of the shape of the two 
models, the error is compared with the newly generated 
surface by the ranging method. Its form is defined as

where

The Hausdorff ranging method is used to compare 
the error of the reconstructed surface. On the surface 
S0(u, v) , the sample points are set to A = (a1, . . . , an) . On 
the surface S1(u, v) , the upper step sampling point is set 

(4)Vi =

∫ zmax

zmin

Aidy,

(5)H(A,B) = max(h(A,B), h(B,A)),

h(A,B) = max
a∈A

min
b∈B

∥

∥a− b
∥

∥ ,

h(B,A) = max
b∈B

min
a∈A

∥

∥b− a� .

to B = (b1, . . . bm) ; then, the Hausdorff distance between 
the two surfaces of S0 and S1 is H(A,B) . The basic steps 
are shown in Figure 11.

3.2.3 � Generation of Machining Paths
Taking laser cladding as an example, a cladding path is 
generated for the recovered part model using the tool 
contact point path section line method. A series of inter-
secting lines are obtained by cutting a parallel surface 
of a curved part into a plane or a curved set. These lines 
are the projection lines of the processing head trajectory 
on the surface of the parts. It is assumed that cladding 
occurs when the laser spot size remains the same, and 
the surface is evenly scanned in a certain order. In prac-
tice, isometric plane methods are available for determin-
ing the cladding track on the surface of projection line, 
as shown in Figure 12(a). The determination of the tan-
gent plane distance of the cladding trajectory is the key to 
finding the cladding trajectory. The flatness of the macro-
scopic surface of the cladding layer is mainly affected by 
the lap joint, and the theoretical lap joint model is estab-
lished as shown in Figure 12(b). The pitch of the tangent 
plane is analyzed and calculated. w is the width of a sin-
gle cladding layer, h is the height, the centers of the adja-
cent two claddings (the center of the spot) are O1 and O2, 
respectively, and d is the distance between centers of the 
adjacent two cladding tracks (O1O2). hS is the height dif-
ference between the peak and the trough of the surface 
after the lap, and d is the tangential plane spacing.

Figure 10  Schematic diagram of damage model reconstruction
Figure 11  Discrimination process of the reconstruction model and 
source model matching degree
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3.3 � Remanufacturing Scheme Design
Through the reconstruction of the missing information of 
the parts, the point cloud nodes that generate the damage 
can provide the coordinate basis of the processing path 
for the remanufacturing scheme design and rapidly and 
accurately develop the optimal remanufacturing scheme 
for different used parts.

By registering the damage model of the used parts 
obtained by three-dimensional scanning with the origi-
nal model, the defect amount of the damage model is 
obtained, and then the remanufacturing repair process 
path is generated by the point cloud information of the 
defect amount, as shown in Figure 13.

To accelerate and simplify the computational process 
of the remanufacturing repair, the code is generated by 
Microsoft Visual Basic for Applications and run on Excel. 
The routing is generated as follows.

a.	 Determination of the 3D graphics

The missing node coordinates for the cross-sectional 
area are collected and the node coordinates needed to 
repair the 3D graphics are extracted from Excel. The 3D 
graphics required to repair the used parts are determined 
by these nodes.

b.	 The geometric entities generated by the point cloud 
are imported into SolidWorks

This step converts the visual image of the node during 
the repair process into the required 3D graphics, recon-
structs the 3D graphics into a solid geometry, and then 
displays the entities in SolidWorks. As the entities repre-
sented by these points are the damaged parts, the dam-
age geometric entities are composed of point cloud data.

c.	 Laser cladding machining path generation

The thickness of the laser cladding layer required to 
reconstruct the damaged portion of the model is deter-
mined by the height difference between each point. The 
extent of the damage zone is determined by the missing 
point cloud on the same plane. Finally, the cladding path 
is generated for the recovered part model using the tool 
contact point path section line method, and the used 
parts are remanufactured as blanks.

4 � Case Study
Turbine blades are important transmission components 
in mechanical engineering. Due to the influence of ser-
vice conditions, materials, and structures, it is easy to 
cause tooth surface fatigue damage, tooth surface wear, 
and fracture failure. Turbine blades have a long manu-
facturing cycle with high added value. As shown in Fig-
ure  14, the design steps of the blade remanufacturing 
scheme are described by taking a certain type of tur-
bine blade as an example and the GH4133 alloy as its 
material.

Figure 12  (a) Trajectory generated with cutting plane method; (b) 
Theoretical lap mode

Figure 13  Schematic diagram of damage model reconstruction
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(1)	 Finite element analysis of reconstructed models

As can be observed in Figures 15 and 16, the design life 
of the turbine blade is 1000 SI, and the fatigue life of the 
finite element calculation reconstruction model is 1300 
SI, which can meet the remanufacturing requirements.

(2)	 Meshing

The original 3D scan model and the damage 3D 
model mesh of the used parts are shown in Figures 17 
and 18. According to the defined size, the original 3D 
scan model has 1974 nodes with different coordinates.

The mesh size selected for the used component model 
is 0.91 mm, and 6650 nodes are obtained.

(3)	 Identification of cutting coordinates

The coordinates of the original 3D model nodes are 
then exported to Excel, where the coordinates of the 1974 
different points of the blade are obtained. Some of the 
data are listed in Table 1.

The obtained damage model nodes and their respective 
coordinates are listed in Table 2.

Comparing the original and corrupted coordinate sets, 
the three-dimensional model of the blade is divided into 
two two-dimensional planes by the unit integral iteration 
method, as shown in Figure 19.

(4)	 Generation of tool path

The missing nodes are obtained by the algorithm to 
determine the original missing model of the turbine 
blade. Table 3 is an excerpt from the coordinates of the 

Figure 14  Physical drawing of turbine blade

Figure 15  Stress distribution cloud

Figure 16  Fatigue life cloud

Figure 17  Turbine blade original model
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nodes of the damaged blade. In total, 394 nodes of the 
original model are missing.

According to the identified missing point cloud, an 
incomplete entity is generated. The coordinates and nor-
mal vector of the welding points are calculated by the 
tool contact point path hatching method, and the coordi-
nates and attitude of the machine gun head at each point 

Figure 18  Turbine blade damage model

Table 1  Turbine blade original model node coordinate set

Node X (mm) Y (mm) Z (mm)

1 − 0.6321 − 0.8753 31.849

2 − 0.51 − 0.9314 31.83

3 1.1562 −1.2182 31.83

4 2.7987 − 1.4582 31.83

5 4.495 − 1.6579 31.824

6 6.2278 − 1.8425 31.824

7 8.0275 − 1.9403 31.824

8 9.6729 − 1.9945 31.824

9 11.394 − 1.9462 31.824

10 11.305 − 1.7262 29.983

Table 2  Turbine blade damage model node coordinate set

Node X (mm) Y (mm) Z (mm)

1 − 0.9546 − 0.7206 27.526

2 − 1.1327 − 0.6384 27.246

3 − 1.8623 − 0.5695 27.017

4 − 1.8623 − 1.1617 27.017

5 − 1.8733 − 1.7925 27.017

6 − 1.1243 − 1.9559 27.376

7 − 0.3278 − 2.1424 27.702

8 0.4678 − 2.3194 27.888

9 1.2987 − 2.3957 27.935

10 2.1582 − 2.4958 27.809

Figure 19  Two-dimensional display of turbine blade damage model

Table 3  Turbine blade damage part node coordinate set

Node X (mm) Y (mm) Z (mm)

1 − 0.6358 − 0.9025 31.946

2 − 0.52 − 0.9273 31.82

3 1.15901 − 1.2148 31.82

4 2.8173 − 1.5149 31.82

5 4.52 − 1.6726 31.864

6 6.3051 − 1.7986 31.864

7 7.9375 − 1.9503 31.864

8 9.5859 − 2.0164 31.864

9 11.394 − 1.9652 31.864

10 11.365 − 1.7562 29.98

11 11.217 − 1.1582 28.107

48 − 0.9248 − 0.7326 28.107

49 − 0.7828 − 0.8264 29.981

117 5.2036 − 1.3755 27.207

118 7.0358 − 1.4914 27.217

119 9.2251 − 1.5165 27.196

120 1.1517 − 1.1275 29.128

121 3.1528 − 1.3614 29.307

122 5.2527 − 1.5316 29.097

123 7.1678 − 1.6674 29.276
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are obtained. It is necessary to ensure that, with the robot 
processing attitude, the laser beam is perpendicular to 
the processing surface. However, in the actual machin-
ing, the laser beam axis and the normal of the processing 
surface should have a certain angle to avoid laser beam 
reflection into the processing head, which would cause 
damage to the optical path. The tip of the gun should be 
prevented from melting after the end of cladding. If the 
angle is too large, it would cause accumulation and jitter, 
thus affecting the surface quality. Generally, the path is 
extended outward by a distance, and then the points are 
sequentially connected to obtain the processing trajec-
tory, as shown in Figure 20.

The set of coordinates needed to repair the path is 
extracted from Microsoft Excel and is imported as a 
curve into SolidWorks through the XYZ point function 
to generate the final machining path, as presented in 
Figure 21.

In this study, iso-parametric tool-path planning [33] is 
used to plan the machining path. The tool trajectory map 
obtained by iso-parametric tool-path planning is used for 
the generation of machining, as shown in Figure 22.

The trajectory line length is an important parameter 
for evaluating the tool trajectory. Once the trajectory is 

generated, its length is easily calculated. The trajectory 
lengths of the iso-parametric tool-path planning and 
point contact methods are calculated separately, and the 
results are presented in Table 4.

It can be observed from Table  4 that the tool con-
tact point path section line method is shorter, mainly 
because the path spacing is determined by the curva-
ture of the processing surface when the other pro-
cessing parameters are the same. The iso-parametric 
tool-path planning is the minimum distance between 
two adjacent trajectory lines, and thus, the overall tra-
jectory line will appear dense and the number of trajec-
tory lines will increase significantly. Therefore, the total 
length will increase significantly.

(5)	 Error analysis 

a.	 Error analysis of simulation models

	 To verify the geometric quality of the digital 
model of the compressor blade after remanufac-
turing, several blade sections should be compared 
before and after repair. First, on the pressure 
and suction surfaces of the blade model before 
repair, leaf slices are taken with 10 planes and the 
boundary curves A and B are extracted. Then, it 
is rotated to the corresponding position of the 
blade repair target model by coordinate rotation. 
The normal distances from the boundary curves 

Figure 20  Determination of nozzle path

Figure 21  Laser cladding processing path

Figure 22  Machining path generated by iso-parametric tool-path 
planning

Table 4  Comparison of  a  key parameter of  the  blade 
between the remanufactured and manual’s data

Method Iso-parametric tool-
path planning

Tool contact point 
path section line 
method

Track line length (mm) 7311.82 6475.42
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A and B to the pressure and suction surfaces of 
the repaired blade model are found, and the max-
imum distance is taken to draw the error curve. 
In the same way, error curves are established for 
the leading and trailing edges of the blade model, 
as shown in Figures 23 and 24.

	 In Figures  23 and 24, it can be observed that, 
compared with the pre-repair model of the blade 
repair target model, the maximum deviation of 

curves A and B is 0.08  mm and the minimum 
deviation is − 0.002 mm; the maximum deviation 
of curves C and D is 0.12 mm, and the minimum 
deviation is − 0.008  mm. The results reveal that 
the 3D model not only has good smoothness but 
also reflects the shape characteristics of the blade 
edges.

b.	 Error analysis of blade after remanufacturing
	 Comparing some related parameters of the remanu-

factured blade with the error requirements in the 
engine manual, as presented in Table  5, the results 
prove the feasibility of the remanufacturing repair 
scheme proposed in this study.

	 From the analysis, the reasons for the errors are as 
follows. 1) The blade’s geometry has deviated from 
the original design shape for a long time in high tem-
perature and high-pressure environments. 2) The 
process of 3D model reconstruction data processing 
will inevitably generate a certain accumulation error. 
3) Different processing technology parameters will 
also affect the final repair accuracy of the blade.

5 � Conclusions

(1)	 By analyzing the failure characteristics of used 
parts, this paper proposes a remanufacturing 
scheme design method based on incomplete infor-
mation reconstruction by analyzing typical fail-
ure characteristics of damaged blades. Taking tur-
bine blades as an example, the results prove that 
it effectively solves a series of time-consuming 
and labor-intensive problems such as dimensional 
measurement, remanufacturability evaluation, 
and processing path generation, which improves 
the remanufacturing efficiency of used parts while 
ensuring the quality of remanufacturing.

(2)	 The residual life of the used parts is analyzed by 
the finite element method, and the evaluation of 
whether the used parts meet the remanufacturing 

Figure 23  Error of A and B curves

Figure 24  Error of C and D curves

Table 5  Comparison of key parameters of the blade between the remanufactured and manual’s data

Parameter Remanufactured blade Standard [34] Error Error limit [34]

Height 112.69 112.3 0.39 ± 1.27

Maximum chord length 31.46 31.2 0.34 ± 0.64

Axis chord length 30.84 30.5 0.34 ± 0.64

Maximum thickness 6.23 6.1 0.12 ± 0.32

Leading edge thickness 5.76 5.88 − 0.12 ± 0.32

Trailing edge thickness 1.57 1.7 − 0.13 ± 0.32

Trailing edge thickness (damaged area) 1.96 1.7 0.26 ± 0.32



Page 13 of 14Huang et al. Chin. J. Mech. Eng.           (2020) 33:41 	

standards can guide the use of the residual value of 
the parts.

(3)	 The integral iteration method is used to register 
the scanned 3D damage point cloud data with the 
original point cloud data, construct a missing point 
cloud model, and realize the restoration of geomet-
ric information. The results show that this method 
can effectively guarantee the remanufacturing qual-
ity of used parts.

(4)	 After remanufacturing, the blades are tested for 
accuracy and error analysis. The results show that 
the geometric accuracy can meet the requirements 
of the maintenance manual, thus proving the feasi-
bility of the method proposed in this paper.
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