
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Towards automated remanufacturing process
with additive manufacturing

Aprilia, A.; Nguyen, Keith Wei Liang; Khairyanto, Ahmad; Pang, Wee Ching; Tor, Shu Beng;
Seet, Gerald Gim Lee

2018

Aprilia, A., Nguyen, K. W. L., Khairyanto, A., Pang, W. C., Tor, S. B., & Seet, G. G. L. (2018).
Towards automated remanufacturing process with additive manufacturing. Proceedings of
the 3rd International Conference on Progress in Additive Manufacturing (Pro‑AM 2018),
696‑701. doi:10.25341/D4SW2N

https://hdl.handle.net/10356/88725

https://doi.org/10.25341/D4SW2N

© 2018 Nanyang Technological University. Published by Nanyang Technological University,
Singapore.

Downloaded on 23 May 2023 10:19:43 SGT



 

 
ABSTRACT: Automated remanufacturing or repair is of great interest in many industries. Most of the 
current remanufacturing processes are carried out manually, and hence, they are prone to human error, 
inconsistent in quality, and costly. Several research works have been performed towards achieving an 
automated remanufacturing process. However, up until now, a fully automated remanufacturing process has 
not yet been achieved. This may due to some technical limitations in automating the process. Therefore, this 
paper attempts to review the current state-of-the-art developments of automating the remanufacturing process 
and aims to provide directions for the future works. A framework that describes the automated 
remanufacturing process flow is also proposed. 
 
KEYWORDS: Automated remanufacturing; Automated repair; Defect detection; Nominal model 
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INTRODUCTION 
 
Due to the harsh environments and long hours of operation, engineering parts often suffer from various 
defects such as wear, deformation and crack. Such defects usually cause changes in the part geometry which 
could deteriorate its overall performance. For some high-value engineering parts such as turbine blades, 
vanes, impeller and shafts, it is often profitable to extend the service life of these parts by 
remanufacturing/repair process, rather than replacing them with a new one.  

Remanufacturing is a strategy whereby a previously damaged part or component is restored to a like-new 
condition with a warranted functional state and quality (Matsumoto & Ijomah, 2013). This process has the 
potential to extend the lifespan of an engineering part without the need to replace it, thereby saving cost. 
Remanufacturing was found to only consume a fraction of the energy, cost and material needed for 
manufacturing a new part (Steinhilper, 2001). The ideal products for remanufacturing are those that are not 
likely to suffer from obsolescence and those whose recoverable value is high (Wang et al., 2002).  

Currently, most of the remanufacturing processes are carried out manually. Operator checks through the 
damaged region and fills materials to the damage cavity until the original shape is obtained. Subsequently, a 
post-process machining step is applied to remove the excess materials and also to give a good surface finish. 
Although some of these process steps have been updated towards automation, such as using a direct energy 
deposition technology for filling in materials, as well as incorporating an adaptive machining system for the 
post-process step, the whole remanufacturing process is still very manual. Operator inputs are still needed 
throughout the process, and hence, the remanufacturing process is prone to human error, inconsistent in 
quality, labour intensive and costly. In order to overcome the rising labour cost, shortage of adept labour and 
reliance on skilled workers, industries have been looking for the solutions to automate this remanufacturing 
process as well as to improve its productivity and consistency.  

Several studies have been performed towards achieving a fully automated remanufacturing process. Bremer 
(2005) has proposed an automated repair process of aero-engine components by using adaptive technologies 
for each step of the process chain and using a data management system to handle the data transferring 
between each step. Gao et al. (2005) have proposed an integrated system that consists of digitizing, building 
up and machining process step in order to achieve an automated blade repair process. Zheng et al. (2006) 
have presented a worn area modelling method for automating turbine blades repair process by using reverse 
engineering techniques. Even though the ideas and efforts of automating the remanufacturing process have 
been reported, up until now, a fully automated remanufacturing process is still not commercially available. 
This may due to some limitations of the technology in automating the whole process. Hence, this paper 
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attempts to review the current state-of-the-art developments in working towards achieving the automated 
remanufacturing process as well as to point out the direction of the future developments. 

This paper is organized as follows. First, an automated remanufacturing process framework is proposed. This 
proposed framework was designed by evaluating, reviewing and consolidating several process chains 
presented in the literature. It was designed such that an automation of the whole remanufacturing process 
chain is possible. In the subsequent section, the current research developments of automating each of the six 
main process steps identified from the framework, are reviewed. Based on the reviewed data, conclusions and 
outlooks for the future developments are concluded. 
 
AUTOMATED REMANUFACTURING FRAMEWORK 
 
The proposed framework of an automated remanufacturing process is as illustrated in Figure 1. It starts with 
collecting the surface point cloud of the damaged part by using a 3D surface scanning technology. 
Subsequently, a defect detection and identification algorithm are then applied to the obtained surface point 
cloud in order to acquire the defect location and type. Then, a decision on the reparability of the damaged part 
is made according to this obtained information. If the part is found to be beyond repair, the process stop and 
the part is to be discarded or sent to recycling. On the other hand, if the part is found to be reparable, the 
remanufacturing process chain continues. Next, the system would check for the availability of a nominal 
model. It is to be noted that sometimes, even if the nominal model is available, this nominal model may not 
be suitable for use due to the excessive distortion of the post-usage part. In this case, a nominal model 
reconstruction step needs to be carried out in order to obtain a more suitable nominal model. Once both the 
nominal and scanned damaged model are available, a registration process to aligned these two models is 
carried out. From this registration, the subtractive and additive machine toolpath are generated. First, the 
subtractive toolpath for cutting or cleaning the damaged region is generated. Then, the additive toolpath for 
adding or filling in the material is generated. Lastly, another subtractive toolpath for machining or finishing 
the excess deposited material is generated. Subsequently, the numerical control codes (such as G-codes) for 
driving the machine tools in the actual remanufacturing process are derived. A simulation of the 
remanufacturing process can be carried out before the actual process in order to validate the process.  

 
Figure 1.  Automated remanufacturing process framework. 
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CURRENT STATE-OF-THE-ART 
 
As shown in the proposed framework, there are six main process steps in an automated remanufacturing 
process. They are 3D surface scanning, defect detection and identification, nominal model reconstruction, 
damaged and nominal model registration, toolpath generation and toolpath simulation. In this section, the 
current research developments in automating each of these six process steps are presented.  
 
3D surface scanning 
This process is carried out to obtain the surface point cloud of the damaged part, which will be used to assess 
the reparability of the damaged part by analyzing the defect information such as the defect size and location. 
The obtained surface point cloud will also be used to reconstruct the nominal model of the part if needed. 
Various automated 3D surface scanning methods are already found in the literature. This includes automated 
laser triangulation method (Son et al., 2002; Xiong et al., 2017), automated structured light method (Yilmaz 
et al., 2010; Dung & Tjahjowidodo, 2017; Ukida, 2017) and automated coordinate measuring machine 
(CMM) method (Jones et al., 2012; Yau & Menq, 1995). For remanufacturing process application, a scanning 
method that can provide accurate data in a reasonably short time and can be easily integrated with another 
system is prefered. Therefore, the non-contact optical methods, such as laser triangulation or structure light 
method are found to be more suitable for use. Although CMM method could give a very accurate data and 
can be integrated easily into a numerical control machine, the measuring speed of this process is relatively 
slow. 
 
Defect detection and identification 
This process step locates the defect boundary and identifies the defect type based on its size and location. 
This defect boundary and type information is useful for deciding the reparability of the damaged part and also 
for deciding the algorithm to be used for the nominal model reconstruction. Figure 2 and Figure 3 present the 
different types of a defect according to its size and location.  

Defect boundary detection can be carried out with or without using a nominal model. Gao et al. (2005) and 
Zheng et al. (2006) have used the available turbine blade nominal model to locate the defect boundary by 
aligning and best-fitting it with the damaged model. Similarly, Kumar et al. (2014) and Zhang et al. (2017) 
have also used the available nominal model to locate the defect boundary. However, a layer-based 
comparison is used instead. Once best-fitted, both models are sliced to a number of layers and then the areas 
of each layer from both models are calculated and compared to detect the defect boundary. On the other hand, 
in most cases, the nominal model of the damaged part is unavailable or not suitable for use. Hence, the defect 
detection and identification have to be carried out solely based on the damaged model. Li et al. (2010) have 
presented a method of locating the defect boundary by thresholding the curvature values computed for every 
point of the point cloud. The curvature values are calculated by constructing a 4D Shepard surface and using 
a spatial grid. Similar to this, Li et al. (2017) have presented a method of revealing the defect boundary by 
thresholding the Gaussian curvature values of each point of the point could which are estimated by fitting a 
quadratic surface to it. Another method of detecting the defect boundary without using a nominal model is by 
thresholding the facet angle between two adjacent facets (Gao et al., 2013). Facet angle is defined as the angle 
between the normal vectors of two adjacent facets. Recently, Jovancevic et al. (2017) have presented a 
method of detecting a defect boundary by using both the curvature and normal information of the points. A 
region growing segmentation algorithm is also utilized to divide the point cloud into the defective and non-
defective region.  

For automated remanufacturing process application, the defect boundary detection without using a nominal 
model is an important process step to be developed as the nominal model is often unavailable or not suitable 
for use. As most of the developed algorithms still require human input and restrict the reparable part 
geometry, more future developments in developing the algorithms for detecting and identifying defects of 
various part geometry types and without involving human input, are needed.  
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Figure 2.  Defect types (based on its size): (a) wear; (b) cavity; (c) crack  
 

 
 

Figure 3.  Defect types (based on its location): (a)surface; (b)edge; (c)corner 

Nominal model reconstruction 
Generally, there are two ways of reconstructing the nominal model, locally or globally. In the local-based 
method, the surrounding information of the defect boundary is used to reconstruct the nominal model. Such 
algorithm does not consider the overall feature of the damaged part. Bonacorso et al. (2006) have 
reconstructed the nominal model of a damaged part by interpolating the points in the damaged area and fitting 
them with a Bi-cubic B-spline surface. Similarly, Gao et al. (2006) use Bezier surface for the fitting. A 
nominal model reconstruction method by using optimal energy models with boundary constraint was also 
reported (Gao et al., 2013). For the global-based method, the overall shape of the part is identified and by 
using the feature information, the nominal surface is reconstructed. For example, Piya et al. (2011) have 
extracted the prominent cross-section curve of a turbine blade and use it for extrapolation over the blade 
length, covering the damaged area. The current state-of-the-art algorithms for the local-based method are 
mostly dealing with surface defect types. For edge and corner defect types, more algorithm developments are 
needed as the current fitting and energy methods may not work. For the global-based method, although the 
method is efficient and effective for reconstructing the nominal model of a complex part, future development 
for accurately identifying the overall shape or feature of a damaged part, are still needed. These features 
include symmetry plane, revolution axis, extrusion cross-sectional plane, etc. While the defects are included 
in the damaged model, the usual feature identification algorithm in the literature may not be suitable for use. 
Hence, in order to accurately and automatically reconstruct the nominal model of a random damaged part, 
future developments of the nominal model reconstruction algorithm are needed. 
 
Damaged and nominal model registration 
Registration between the damaged and nominal model is an important step to extract the repair volume. By 
registering/aligning the damaged and nominal model, an error map can be generated to show errors between 
these two models. Subsequently, a Boolean difference operation is applied to extract the repair volume. If the 
nominal model was obtained by reconstructing the damaged model, the shapes of these two models would be 
similar and the registration could be done easily. However, if the nominal model is based on the original 
design model, then the shapes between the nominal model and the damaged model may differ slightly due to 
the post-usage distortions. In this case, the registration of these two models is not so straightforward. Bremer 
(2005) has proposed a two-steps method which consists of best-fitting and shape adaption step. Best-fitting 
step makes the relative position between these two models are as close as possible. Then the shape adaption 
step makes sure the shape of these two models matches perfectly. Shao et al. (2009) have adopted a coarse-to-
fine matching approach. The coarse matching makes sure that the matching will never be caught at a local 
minimum, and the fine matching assures the exact location of the global minimum. Rong et al. (2013) have 
used an alternate iteration optimization strategy that consists of registration and deformation of the template 
curve. This method fits the two models based on their cross-sectional layer and automatically transforms and 
deforms the template curve to best fit the cross-sectional points. Xiong et al. (2017) have proposed an AICP 
(adaptive iterative closest point) algorithm, an improvised ICP (iterative closest point) algorithm that utilizes 
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the Kalman filter model to improve the registration accuracy to a sub-millimetre level. Zhang et al. (2017) 
have proposed a four-steps best-fitting method. These four steps include surface best-fitting, convex-hull 
centroid best-fitting, cross-section best-fitting and model best-fitting. It should be noted that this proposed 
method relies on the feasibility of finding two planar surfaces on both models. Li et al. (2017) have proposed 
a modified ICP algorithm that integrates a curvature and distance constraint. This modified algorithm 
excludes the point cloud at the damaged region in order to achieve higher accuracy of registration. As shown, 
the algorithms to automatically register the damage and nominal model are already well investigated and 
developed.  
  
Toolpath generation 
The obtained repair volume represents the geometry required for filling in the damaged cavity in order to 
repair the damaged part. By using this information, the machine toolpaths for cleaning, depositing and 
finishing steps are generated. Machine toolpaths can be generated by using a commercially available CAM 
(computer aided manufacture) system, such as CATIA (Gao et al., 2008) or Delcam Automation software 
(Jones et al., 2012). For a successful automation, toolpath generation must be carried out based on the 
geometry of the post-usage part and that part must be clamped on a fixed fixture throughout the repair 
process. 
 
Toolpath simulation and actual remanufacturing 
After obtaining the machine toolpaths, the remanufacturing process is simulated. This simulation can be done 
by using any commercially available verification software, such as Vericut (Yilmaz 2010). During the 
simulation, the generated numerical control codes will be executed and the collisions, as well as the 
interferences, are checked. In addition, the simulation can also be used to estimate the total run time of the 
process. 
 
CONCLUSIONS AND OUTLOOKS 
 
In this paper, the current state-of-the-art developments of automating the remanufacturing process were 
reviewed. An automated remanufacturing process framework was proposed. In order to achieve a fully 
automated remanufacturing process, each step within the framework as well as the data and process 
integration between each step, need to be automated. Therefore, in this paper, the current research 
developments of automating each process steps within the framework were reviewed. It was found that the 
current defect detection and nominal surface reconstruction algorithms are still limited to a specific geometry 
of the damaged part and to a specific type of defect. Hence, in order to be able to successfully and 
automatically remanufacture or repair a random geometry part, more research developments in the defect 
detection and nominal model reconstruction process step are needed. 
 
ACKNOWLEDGMENTS 
 
This research is supported by the National Research Foundation, Prime Minister’s Office, Singapore under its 
Medium Sized Centre funding scheme. The authors acknowledge supports from the School of Mechanical 
and Aerospace Engineering and Singapore Centre for 3D Printing (SC3DP), NTU.  
 
REFERENCES 
 
Bonacorso, N. G., Goncalves, A. A., & Dutra, J. C. (2006). Automation of the processes of surface 

measurement and of deposition by welding for the recovery of rotors of large-scale hydraulic turbines. 
Journal of Materials Processing Technology, 179, 231-238.  

Bremer, C. (2005). Automated repair and overhaul of aero-engine and industrial gas turbine components. 
Paper presented at the ASME Turbo Expo 2005: Power for Land, Sea and Air. 

Dung, V. T., & Tjahjowidodo, T. (2017). Automatic weld bead detection on free-form surface parts for 
remanufacturing process. Paper presented at the International Conference on Advanced Intelligence 
Mechatronics, Munich, Germany. 

Chee Kai Chua, Wai Yee Yeong, Ming Jen Tan, Erjia Liu and Shu Beng Tor (Eds.)

700



 

 

Gao, J., Chen, X., Yilmaz, O., & Gindy, N. (2008). An integrated adaptive repair solution for complex 
aerospace components through geometry reconstruction. International Journal of Advanced Manufacturing 
Technology, 36, 1170-1179.  

Gao, J., Chen, X., Zheng, D., Yilmaz, O., & Gindy, N. (2006). Adaptive restoration of complex geometry 
parts through reverse engineering application 

Advances in Engineering Software, 37, 592-600.  
Gao, J., Folkes, J., Yilmaz, O., & Gindy, N. (2005). Investigation of a 3D non-contact measurement based 

blade repair integration system. Aircraft Engineering and Aerospace Technology, 77(1), 34-41.  
Gao, J., Zeng, X., Zhang, X., Chen, X., & Zheng, D. (2013). Cavity vertex regeneration through optimal 

energy model for restoration of worn parts. Telkomnika, 11(5), 2490-2501.  
Jones, J. B., McNutt, P., Tosi, R., Perry, C., & Wimpenny, D. (2012). Remanufacture of turbine blades by 

laser cladding, machining and in-process scanning in a single machine.  
Jovancevic, I., Pham, H. H., Orteu, J. J., Gilblas, R., Harvent, J., Maurice, X., & Brethes, L. (2017). 3D point 

cloud analysis for detection and characterization of defects on airplane exterior surface. Journal of 
Nondestructive Evaluation, 36, 74.  

Kumar, A., Jain, P. K., & Pathak, P. M. (2014). Study of tooth wear on spur gear performance parameters 
using reverse engineering. Paper presented at the International Conference on Production and Mechanical 
Engineering, Bangkok, Thailand. 

Li, J., Yao, F., Liu, Y., & Wu, Y. (2010). Reconstruction of broken blade geometry model based on reverse 
engineering. Paper presented at the Third International Conference on Intelligent Networks and Intelligent 
Systems. 

Li, L., Li, C., Tang, Y., & Du, Y. (2017). An integrated approach of reverse engineering aided 
remanufacturing process for worn components. Robotics and Computer-Integrated Manufacturing, 48, 39-
50.  

Matsumoto, M., & Ijomah, W. (2013). Remanufacturing. In J. Kauffman & K. M. Lee (Eds.), Handbook of 
Sustainable Engineering: SpringerReference. 

Piya, C., Wilson, J. M., Murugappan, S., Shin, Y., & Ramani, K. (2011). Virtual repair: geometric 
reconstruction for remanufacturing gas turbine blades. Paper presented at the International Design 
Engineering Technical Conferences and Computers and Information in Engineering Conference. 

Rong, Y., Xu, J., & Sun, Y. (2013). A surface reconstruction strategy based on deformable template for 
repairing damaged turbine blades. Proceedings of the Institution of Mechanical Engineers, Part G: Journal 
of Aerospace Engineering, 228(12), 2358-2370.  

Shao, W., Guo, J., Shi, E., & Zhang, T. (2009). Automation inspection of sheet metal parts for manufacturing 
applications. Paper presented at the International Conference on Industrial Technology, Australia. 

Son, S., Park, H., & Lee, K. H. (2002). Automated laser scanning system for reverse engineering and 
inspection. International Journal of Machine Tools & Manufacture, 42, 889-897.  

Steinhilper, R. (2001). Recent trends and benefits of remanufacturing: from closed loop businesses to 
synergetic networks. Paper presented at the Environmentally Conscious Design and Inverse Manufacturing. 
Proceedings EcoDesign 2001: Second International Symposium. 

Ukida, H. (2017). 3D shape measurement with defect detection. Paper presented at the Thirteenth 
International Conference on Quality Control by Artificial Vision. 

Wang, J., Prakash, S., Joshi, Y., & Liou, F. (2002). Laser aided part repair - a review. Paper presented at the 
Proceedings of the Thirteenth Annual Solid Freeform Fabrication Symposium, Austin, TX. 

Xiong, Z., Li, Q., Mao, Q., & Zou, Q. (2017). A 3D laser profiling system for rail surface defect detection. 
Sensors, 17(8), 1791.  

Yau, H. T., & Menq, C. H. (1995). Automated CMM path planning for dimensional inspection of dies and 
molds having complex surfaces. International Journal of Machine Tools & Manufacture, 35(6), 861-876.  

Yilmaz, O., Gindy, N., & Gao, J. (2010). A repair and overhaul methodology for aeroengine components. 
Robotics and Computer-Integrated Manufacturing, 26, 190-201.  

Zhang, X., Li, W., Cui, W., & Liou, F. (2017). Modeling of worn surface geometry for engine blade repair 
using laser-aided direct metal deposition process. Manufacturing Letters.  

Zheng, J., Li, Z., & Chen, X. (2006). Worn area modelling for automating the repair of turbine blades. 
International Journal of Advanced Manufacturing Technology, 29, 1062-1067.  

Proc. Of the 3rd Intl. Conf. on Progress in Additive Manufacturing

701




