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Abstract
With great changes in production requirements, in-service machine tools may be unable to 
meet new production requirements. Aiming for this problem, a sustainable resource-saving 
and high-valued recovery approach for in-service machine tools is proposed, which inte-
grates remanufacturing and product-service systems (PSS). In-service machine tool reman-
ufacturing is defined as a new remanufacturing model based on condition monitoring and 
diagnosis, which is different from traditional used machine tool remanufacturing and new 
machine tool manufacturing mentioned in the current literature. Procedure framework of 
in-service machine tool remanufacturing is proposed, including condition monitoring and 
diagnosis, matching analysis, remanufacturability evaluation and decision-making, identi-
fication of potential problems, individualized redesign, disassembly, cleaning, inspection 
and classification, performance improvement as well as reassembly and inspection. Com-
bining the remanufacturing practice of an in-service heavy-duty horizontal lathe, the com-
prehensive resource-efficient benefits of in-service machine tool remanufacturing are illus-
trated. The results show that the proposed remanufacturing model can restore in-service 
machine tools to like-new or better performance and upgrade their functionality, with great 
economic and social benefits. For the implementation of this remanufacturing model, an 
in-depth analysis of the supporting technologies such as condition monitoring and diag-
nosis, decision-making analysis, etc., should be done in future research to guarantee the 
production capacities of in-service machine tools.
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1 Introduction

According to statistics, the worldwide market for machine tool manufacturing is approxi-
mately more than $80 billion (Gardner Research, 2016), still growing every year. There are 
so many machine tools in service, and the quantity is still increasing for that machine tools 
have a long lifetime, about 10–15 years or more. Machine tools are the most significant 
capital investments for manufacturing companies and represent their manufacturing capaci-
ties and technological level. It is important to keep in-service machine tools at peak or nor-
mal performance with regular inspection and maintenance. However, production require-
ments have dramatically changed and some in-service machine tools are unable to meet the 
new requirements. 1) Accuracy degradation of in-service machine tools for heavy manu-
facturing tasks may be serious because of a long period of wear (Fan et al., 2012), affect-
ing product quality and consistency. 2) Automation and intelligence degree of in-service 
machine tools are low; it is difficult to meet the requirements of intelligent manufacturing 
and higher productivity. Such as some older machine tools have no Computer Numerical 
Control (CNC) or the electrical system, and CNC system are aging. 3) In-service machine 
tools are not in a resource-efficient manner, with high-energy consumption and various 
environmental pollution (He et  al., 2015). For new production requirements, remanufac-
turing is a new way of low costs and less downtime to upgrade in-service machine tools, 
instead of the purchase of new machine tools (Ardente et al., 2018; Du et al., 2012).

Machine tool remanufacturing has become an important part of the remanufacturing 
industry in developed countries such as Europe, the USA, and Japan. The Remanufactur-
ing industry makes up 2% of the European manufacturing sector and has an annual turno-
ver of approximately 30 billion euros (Parker et al., 2015). The UK’s remanufactured out-
put is estimated at more than 5.6 billion pounds, of which machine tool remanufacturing 
is mainly based on large and heavy machine tools (worth not less than 25,000 lb), with 
an annual turnover of more than 45 million pounds (Butler, 2006). The US remanufac-
tured production had reached $43 billion, supporting approximately 180,000 full-time jobs 
(United States International Trade Commission, 2012), including more than 300 compa-
nies specializing in machine tool remanufacturing (Aronson, 2003), such as Busch Preci-
sion Inc., The Daniluk Corp., Machine Tool Research, Inc., NASA Machine Tools, Inc., 
Texas Machine-Tool International, GCH Machinery, and so on. These remanufacturers of 
machine tools can provide services of machine tool repair, refurbishment, CNC retrofit-
ting and remanufacturing for all types of machine tools. However, most remanufacturing 
companies for machine tools are mainly aimed at discarded or used machine tools, that is, 
products of end of life or end of use, and have not yet conducted an in-depth analysis of the 
business model of in-service machine tool remanufacturing.

Compared with the remanufacturing of used machine tools (Du et al., 2012; Gupta et al., 
2013), the cores, remanufacturing process and remanufacturing technologies for in-service 
machine tools are more complicated, and the requirements for remanufactured in-service 
machine tools are much higher. Nevertheless, traditional remanufacturing methods of used 
machine tools are no longer applicable to in-service machine tools, because of the diver-
sity of its function, design, and structure. Here, this paper aims to propose a new model of 
in-service machine tool remanufacturing based on condition monitoring and diagnosis to 
achieve sustainable resource-saving and high-valued recovery. In order to reach the goal of 
this paper, the following methods are adopted. Through the analysis of the existing litera-
ture, different remanufacturing models are summarized. By integrating the advantages and 
disadvantages of the current business models, the definition and connotation of in-service 
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machine tool remanufacturing will be carried out. Using the methods of system analysis 
and process analysis, the procedure framework and implementation model of in-service 
machine tool remanufacturing will be proposed.

The paper is structured as follows. In the following section, a literature review will be 
provided to illustrate the general background and context of the study. In the third section, 
material and methods are proposed in detail, including the definition and connotation of in-
service machine tool remanufacturing, the procedure framework of in-service machine tool 
remanufacturing, and a case study. In addition, results and benefits of in-service machine 
tool remanufacturing are analyzed. Then, a section of discussions will be provided. Con-
clusions and an outlook on further research goals are afforded in the final section.

2  Literature review

2.1  Remanufacturing business model

Remanufacturing can save costs, reduce resource, and energy consumption and have sig-
nificant economic and social benefits. Many companies and research institutions have con-
ducted in-depth research on remanufacturing. Matsumoto et al. (2016) mentioned that busi-
ness models are critical for remanufacturing and an adequate business model can increase 
customer acceptance of remanufactured products. The majority of companies engaged in 
the remanufacturing industry are independent remanufacturers (IRs) and Original Equip-
ment Manufacturers (OEMs) (Kapetanopoulou & Tagaras, 2009). Independent remanufac-
turers are also called third-party remanufacturers (TPRs). IRs and OEMs often adopt dif-
ferent business models to implement remanufacturing. OEMs implement remanufacturing 
mainly to provide a service for end-of-life products, while independent remanufacturers 
obtain profits through remanufacturing. There is a competitive relationship between TPRs 
and OEMs, and in some cases TPRs are harmful to OEMs. Facing with TPRs competi-
tion, whether the OEM is affected by remanufacturing depends on the interactions between 
remanufacturing and perceived value of new products (Fang et al., 2020). Different types 
of companies and different products should lead to a variety of different business models 
and implementation models for remanufacturing. Moreover, the concerns of various stake-
holders in the remanufacturing industry are different, and the motivation for implementing 
remanufacturing is different, which directly affects the implementation difficulty and ben-
efits of remanufacturing.

Various business models of remanufacturing are conducted based on the different 
sources of cores, such as buy-back, ownership-based, voluntary-based, service-contract, 
credit-based, deposit-based, and direct-order (Lind et al., 2014; Östlin et al., 2008). Gal-
breth and Blackburn (2006) analyzed the acquisition and sorting policies of used products 
for remanufacturing to determine how many used products to acquire and how selective to 
be during the sorting process. Rashid et al. (2013) mentioned that remanufacturing has not 
achieved the status of the mainstream manufacturing industry and the major reason is the 
lack of interest or participation of OEMs in the remanufacturing business. Remanufactur-
ing service is provided mainly by independent remanufacturing firms of small or medium 
sizes (Hauser & Lund, 2008; Sun et al., 2019). To booming the remanufacturing industry, 
more OEMs are needed to get involved in this industry. Zhou and Yuen (2021) investi-
gated the optimal remanufacturing engagement strategy (i.e., engage a contract manufac-
turer or an independent remanufacturer) and remanufacturing mode (i.e., authorization and 
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outsourcing) that should be taken by an OEM. Sakao and Sundin (2019) analyzed both 
OEMs and independent remanufacturers in theory and practice to find that product, service 
personnel, customer, and business model are relevant to the means to improve customer 
value in remanufacturing. Prendeville and Bocken (2017) discussed the lack of detailed 
design and business cases on remanufacturing and showed a multi-strategy approach in 
combination with an exploration of design and business model strategies for remanufactur-
ing. Vogtlander et al. (2017) tried to solve a problem of how can remanufacturing become 
a viable business solution for mainstream consumer markets and proposed five aspects that 
are keys to the development of viable business models based on combined analyses of the 
costs, market value, and eco-costs. Barquet et  al. (2013) organized the knowledge about 
remanufacturing and treated remanufacturing as a system, offering a vision of remanufac-
turing system and contributing to an integrated view about the theme. Hong et al. (2020) 
embedded value-added service into remanufacturing models and investigated how the 
value-added service influences profits and other decision variables in a closed-loop supply 
chain.

At present, a large number of literatures have analyzed the applicable scenarios, benefits 
and cases of various remanufacturing business models. Different products are suitable for 
different remanufacturing business models, and various innovative ideas at different stages 
of products also have an important impact on remanufacturing business models. In order 
to improve the efficiency and effectiveness of remanufacturing, it is still necessary to con-
duct an in-depth analysis of the remanufacturing business model and introduce more new 
concepts.

2.2  Remanufacturing model and Product‑Service Systems

Besides, an innovative business model for remanufacturing is proposed utilizing both 
remanufacturing and Product-Service Systems (PSS) characteristics. The acceptance and 
demand for remanufactured products would be improved for that the end customers only 
use the products without having their ownership (Guidat et al., 2014). The related concepts 
of PSS can promote the development of remanufacturing models and help improve the 
effects of remanufacturing. PSS’s promotion of remanufacturing and the integration model 
of PSS and remanufacturing have been discussed in many literatures.

Sundin and Bras (2005) pointed out that Product-Service Systems connected with prod-
uct remanufacturing could bring both economic and environmental benefits and analyzed 
the promotion of design change to remanufacturing from a remanufacturing perspective. 
Lindahl et al. (2014) investigated three real-life business cases in industry, quantified envi-
ronmental and economic benefits of the PSS in real practice from a life cycle perspective 
and presented the engineering activities contributing to those advantages under the PSS 
were design, recycling, reuse, maintenance, holistic planning and operation. Lindkvist and 
Sundin (2016) explored two industrial cases and concluded that PSS allowed better control 
of the products during their use and remanufacturing phases, but the full potential of PSS 
was not yet utilized at the companies, for their products were neither designed for PSS 
nor remanufacturing. Chierici and Copani (2016) proposed a new business model for the 
implementation of remanufacturing with Upgrade PSS, together with a coherent configura-
tion value proposition, supply chain and reverse logistics, revenue model and ownership 
scheme. Priyono (2017) mentioned that PSS would shift the focus of companies from how 
to manufacture products to how to fulfill customers’ needs and analyzed the benefits of 
PSS for interested parties in remanufacturing, including manufacturing companies, OEMs, 
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and customers. Fadeyi et al. (2017) proposed an improved remanufacturing-product service 
system, pointed out that an effective remanufacturing-PSS synergy is mainly dependent on 
the product development decisions, and identified that core cleaning and product servicea-
bility are critical for the success of remanufacturing and PSS. Xia et al. (2020) built a two-
period game-theoretical model consisting one OEM and one TPR to study the economic 
and environmental effects of the combination of remanufacturing and product service sys-
tem. The results show that a product-oriented product service system acts as a coordinating 
mechanism between the OEM and TPR.

2.3  Remanufacturing model of machine tool

Machine tools are important industrial equipment with durability and high added value, 
suitable for remanufacturing, and have become an important part of the remanufacturing 
industry. Similarly, many business models of circular economy, resource recovery, and PSS 
can be implemented in machine tool remanufacturing (Velenturf & Jopson, 2019), involv-
ing OEMs and IRs, as shown in Table 1.

Du and Li (2014) proposed three industry models of machine tool remanufacturing by 
OEMs, including recycling-based machine tool remanufacturing, solution-based machine 
tool remanufacturing, and trade-in machine tool remanufacturing. Such as SKODA 
Machine Tool can offer flexible overhauling, remanufacturing, and modernization of 
machines to improve machining performance and enhance productivity (Skoda Machine 
Tool, 2019). Chongqing Machine Tool can provide remanufacturing service for gear cut-
ting machine tools and lathes produced by itself or other manufacturers (Du et al., 2015). 
Mazak can provide spindles repair and rebuild for machine tools to ensure reliable and 
high-quality spindle service (Mazak, 2019). However, due to concerns that remanufactured 
machine tools affect the sale of new products, OEMs are not active in developing remanu-
facturing services of machine tools. In reality, successful remanufacturing of machine tools 
is often done by independent remanufacturing firms. From the case studies, more and more 
OEMs and independent remanufacturers are beginning to provide machine tool remanu-
facturing. Plenty of literature mention that machine tool remanufacturing has very good 
benefits for various stakeholders, regardless of various models (Du & Li, 2014; Ullah et al., 
2016).

The current literature does not mention the integration of PSS and machine tool remanu-
facturing. While, concerns of machine tool users are whether the performance of in-service 
machine tools can meet production requirements, regardless of whether they are new ones 
or remanufactured ones. Machine tool remanufacturing is an important supplement to the 
product-service system of machine tool. The relevant concepts of PSS can be incorporated 
into machine tool remanufacturing, especially for the large number of machine tools cur-
rently in service. Then, the integrated model of in-service machine tool remanufacturing 
can be proposed, which is regarded as a way to guarantee manufacturing capacity. When 
in-service machine tools fail to meet the production requirements, potential problems can 
be identified quickly and processing capacity can be recovered rapidly by remanufacturing 
with less downtime and high resource efficiency. In-service machine tool remanufactur-
ing provides manufacturing companies with a product service of manufacturing capacity 
guarantee. This service or remanufacturing model is based on condition monitoring and 
diagnosis of machine tools, which is also a path of resource saving and high value-added 
recovery for machine tools.
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3  Material and methods

3.1  Definition and connotation of in‑service machine tool remanufacturing

In tradition, machine tool remanufacturing is considered as a new manufacturing model 
of machine tool, in which the used machine tools and parts as the blanks of remanufactur-
ing are restored to like-new or better performance by the processes of remanufacturability 
evaluation, disassembly, redesign, part reconditioning, machine-based upgrading, and reas-
sembly (Du et  al., 2020; Du and Li., 2014). Under the traditional model, remanufactur-
ing is mainly aimed at products of End-of-Use (EOU) or even scrapped products. How-
ever, there are a large number of in-service machine tools in the factory that have not yet 
reached the scrap condition, but the production requirements cannot be met due to rapid 
advances in technology. These in-service machine tools also need to be remanufactured 
to restore and enhance their performance and expand their capabilities. Whether these in-
service machines need to be remanufactured and whether they can be remanufactured, they 
are closely related to their conditions. This requires monitoring, diagnosis, and analysis 
of the entire service process of these in-service machine tools. For such needs, in-service 
machine tool remanufacturing can be proposed, which is a remanufacturing model for in-
service machine tools based on condition monitoring and diagnosis, introducing the theo-
ries and methods of monitoring and diagnosis, fault prediction, and health management as 
well as active prevention to machine tool remanufacturing.

In-service machine tool remanufacturing can improve users’ willingness to implement 
remanufacturing because of their good economic and resource benefits. This remanufactur-
ing model gives the in-service machine tools a new life cycle, reuses the resources of origi-
nal parts and components, and enhances the value of the whole machines. It is a new sus-
tainable resource-saving and high-valued recovery approach for in-service machine tools. 
In-service machine tools with accuracy degradation, low reliability, low energy efficiency, 
low automation degree or backward technology, as remanufacturing cores, can be restored 
into like-new or better conditions to satisfy machining requirements as well as compre-
hensive improvement. It differs from the manufacturing of new machine tools and the 
traditional remanufacturing system which is mainly for used, old, and scrapped machine 
tools and emphasized the recycling of used machine tool resources. Because of advances 
in technology, in-service machine tools can achieve higher performance by adding more 
accessories that are new. The differences among in-service machine tool remanufacturing, 
traditional used machine tool remanufacturing and new machine tool manufacturing are as 
shown in Table 2.

3.2  Procedure framework of in‑service machine tool remanufacturing

In-service machine tool remanufacturing involves various processes, as shown in Fig. 1. 
Based on data acquisition and monitoring, the state of in-service machine tools, workpiece 
and workshop can be diagnosed and analyzed to establish a comprehensive state model of 
in-service machine tools. If the in-service machine tools cannot meet production require-
ments especially for resource efficiency, some works of remanufacturability evaluation and 
decision-making should be conducted to determine whether in-service machine tools be 
remanufactured or scrapped. When the machine tools have good remanufacturability, in-
service remanufacturing begins, including identification of potential problems, redesign, 
individualized disassembly, cleaning and inspection, performance improvement as well as 
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reassembly and inspection. Finally, after the in-service machine tools are remanufactured, 
they can meet the production requirements and start a new service life cycle.

3.2.1  Condition monitoring and diagnosis of in‑service machine tools

In-service machine tool remanufacturing is based on condition monitoring and diagnosis, 
including data acquisition and monitoring, data storage and data processing as well as con-
dition diagnosis and decision-making, as shown in Fig. 2. Machining condition information 

Fig. 1  Procedure of in-service machine tool remanufacturing

etc.

Fig. 2  Condition monitoring and diagnosis of in-service machine tools
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of in-service machine tools can be obtained by data acquisition and monitoring system, and 
then be transmitted to various databases through network communication means. These 
data can be stored, processed and analyzed in the cloud platform or other information man-
agement systems to support diagnosis and decision-making for in-service machine tool 
remanufacturing.

Data acquisition and monitoring: Based on the technologies of Programmable Logic 
Controller (PLC), CNC, Human–Machine Interface (HMI), etc., or the installation of 
sensors, data collectors, etc., in the machine tools (Luo et  al., 2019), signals such as 
force, heat, current, voltage, noise, etc., of key signal acquisition points can be col-
lected (Drake et  al., 2010, 2015; Ferraz & Coelho, 2005). Operation mode, spindle 
parameters such as load, speed and override, servo axis parameters such as speed, 
power and load, and feed rate override, etc., can be extracted. Also, machining infor-
mation such as working tasks, machining status, manufacturing progress, and work-
piece quality can be obtained (Chen et  al., 2015). At the same time, monitoring and 
analysis of noise, oil mist, and dust in the workshop environment are carried out. The 
acquired data and information are stored in a real-time database to monitor the health 
status and operation condition of in-service machine tools.

Data storage and data processing A large amount of data is generated during the 
operation of in-service machine tools. The entire workshop can even generate giga-
bytes of data every day, and the data have the characteristic of multisource, heteroge-
neity, dynamics, multi-relational, and multi-dimensional (Sivarajah et  al., 2017). To 
this end, it is necessary to use various data transmission interfaces/protocols, real-time 
databases, big data, cloud platforms, artificial neural network, time series analysis, 
multiple linear regression, and other new technologies to achieve data storage and data 
processing, including data retrieval, data validation, data sorting, data cleaning, data 
clustering, data conversion, data aggregation, feature extrusion, and so on (Wang et al., 
2018). Finally, data can be processed, interpreted and translated into information for 
condition diagnosis and decision-making of in-service machine tool remanufacturing 
(Lei et al., 2018).

Condition diagnosis and decision-making Diagnosis and decision-making of in-
service machine tool involve the diagnosis of machining condition, analysis, and judg-
ment of warning information, abnormal pattern recognition, predictive analysis, fault 
diagnosis, and individualized decision-making for in-service machine tool remanufac-
turing. Data acquisition and monitoring system of in-service machine tools continu-
ously collect various data and information from the workshop and machines. Based on 
technologies and methods of big data analysis, the data and information are compared 
with normal operation status through artificial intelligence and deep learning, includ-
ing operation conditions, machining information as well as the environmental condi-
tions of the workshop (Lee et  al., 2006). When the data and information are found 
to change significantly, it indicates that there are potential problems in the in-service 
machine tool, and further measures are needed. If the in-service machine tool can no 
longer meet the current processing requirements of the enterprise or the future require-
ments of enterprise transformation and upgrading, then it is necessary to implement 
in-service remanufacturing.
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3.2.2  Matching analysis of the comprehensive state of in‑service machine tools 
with production requirements

Production requirements generally change with time, especially for some key com-
ponents and parts, production requirements for productivity and quality are getting 
higher and higher. However, in-service machine tools are gradually degraded as their 
service time increases. In order to protect the manufacturing capacity of the factory, 
the comprehensive state of in-service machine tools should be matched with produc-
tion requirements. We set a series of indicators that indicate production requirements, 
such as quality, productivity, energy efficiency, environmental pollution, and cost. 
In addition, the comprehensive state of in-service machine tools can be determined 
by some condition indicators of monitoring and diagnosis, such as operation param-
eters, machining information, and workshop condition. These indicators can reflect 
the accuracy, reliability, automation, greenness, intelligence, and other performance 
of in-service machine tools. Then, the mapping relationships between the indicators of 
the comprehensive state of in-service machine tools and the indicators of production 
requirements can be established, together with the thresholds of each indicator.

When the comprehensive state of in-service machine tools does not meet the pro-
duction requirements of the factory or the factory intends to upgrade the technol-
ogy level such as intelligence improvement, greenness improvement, etc., we need 
to make decisions about the in-service machine tools. We can eliminate in-service 
machine tools that do not meet production requirements and replace them with more 
advanced machine tools. On the other hand, we can choose the way of remanufactur-
ing to improve the performance of in-service machine tools to meet their production 
requirements.

3.2.3  Remanufacturability evaluation and decision‑making for in‑service machine 
tool remanufacturing

When we choose to improve the performance of in-service machine tools through 
remanufacturing, the first step is to evaluate whether the machine tools can be reman-
ufactured and whether the remanufactured machine tools can meet our production 
requirements. Remanufacturability of in-service machine tools should be evaluated 
from the aspects of economic feasibility, technology feasibility, environmental and 
resource benefits, performance improvement, and so on (Du et  al., 2012; Omwando 
et  al., 2018). The data monitoring and diagnosis system of in-service machine tools 
provide data and information sources for remanufacturability evaluation. Economic 
feasibility evaluation should consider remanufacturing costs and expected economic 
benefits from an input/output perspective. Technology feasibility is evaluated from the 
views of failure diagnosticability, disassembility, feasibility of performance upgrading 
and structure adaptability for new components. Environmental and resource benefits 
are evaluated based on the environmental impact and resource consumption of in-ser-
vice machine tool remanufacturing. Performance improvement depends on how much 
the performance of a remanufactured machine tool would be improved and whether 
they can satisfy production requirements, such as accuracy, reliability, processing 
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range, automation and intelligence function, greenness degree, and other performance 
indicators.

3.2.4  Identification of potential problems for in‑service machine tools

When the in-service machine tool cannot meet the processing requirements, we need to 
find the reasons, such as low processing efficiency, poor processing quality, high process-
ing cost, and large pollution during processing. The performance of in-service machine 
tools is related to the accuracy, structure, and function of the machine tools themselves. 
In order to remanufacture these machine tools, we should identify potential problems of 
in-service machine tools in terms of what, where, when and extent. There are many causes 
of certain effects, and we need to determine the most fundamental potential problems at 
different levels and steps. Some methodologies and tools such as the root cause analysis 
(RCA), the cause-and-effect diagram can be used to determine potential problems for in-
service machine tools (Mahto & Kumar, 2008).

3.2.5  Individualized redesign of in‑service machine tools

Individualized redesign of in-service machine tools is a process of multi-objectives, multi-
constraints, multi-uncertainties, which not only needs to satisfy the diversified and individ-
ualized production requirements but also is influenced and constricted by the former struc-
ture, function, and performance of in-service machine tools (Du et al., 2013). For example, 
one redesign alternative is to replace or repair the faulty parts to resume production by 
rapid remanufacturing, another redesign alternative may be intelligent remanufacturing to 
improve the production efficiency of in-service machine tools or green remanufacturing to 
reduce energy consumption and environmental pollution of in-service machine tools.

Redesign and remanufacturing of in-service machine tools cannot be repeated, and sim-
ulation should be implemented in the redesign stage to analyze and verify the function, 
structure, and performance to satisfy design requirements. Individualized redesign of in-
service machine tools mainly includes stages of customer requirements and function analy-
sis, overall design and configuration, detailed design as well as alternative selection and 
optimization, as shown in Fig. 3.

It is necessary to use the CAD system and other design methods and means to acceler-
ate individualized design through 2D, 3D modeling and simulation. The software such as 
CAD/CAPP/CAM/CAE/PDM applied in the new machine tool development process can 
be used in the redesign of in-service machine tools (Lee & Suh, 2009). In the stage of cus-
tomer requirements and function analysis, QFD (Quality Function Configuration) method 
can be used to construct a mapping function between the customer requirements (CR) and 
the functions to determine reasonable functions and parameters of redesigned machine 
tools (Du et al., 2013). In the stage of overall design and configuration, it is necessary to 
complete the overall layout and scheme design, structure redesign, and determination of 
main design parameters of each component according to the working parameters, customer 
requirements and constraints. Some relevant analysis tools can be used to assist the calcu-
lation process to form the overall design scheme of remanufactured machine tools. In the 
stage of detailed design, it is necessary to use CAD and other technologies to complete 
feature modeling of components and parts, design of product assembly, and structure opti-
mization of parts.
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For the in-service machine tool remanufacturing, many alternatives may be acceptable 
to satisfy customer requirements. A total of alternatives may be more than five or ten, and 
it is difficult to identify the optimal alternative since there are no exact rules for doing that. 
Different objectives for decision-making will result in different selection, such as economic 
benefits, environmental benefits, resource benefits, technology improvement benefits, and 
so on. It is beneficial to determine a decision-making procedure of alternative selection 
and optimization by choosing proper objectives and determining reasonable measurement 
means for these objectives (Jiang et  al., 2016, 2019). Some performance indicators are 
quantified to measure the degree to which objectives are expected to be attained and indi-
cator weights are assigned based on the importance of indicators to the decision-making. 
By the end, the preferred alternative of in-service machine tool remanufacturing is identi-
fied for decision-makers.

3.2.6  Disassembly, cleaning, inspection and classification of in‑service machine tools

Disassembly is the first step of the remanufacturing system for in-service machine tools. 
Disassembly for in-service machine tool remanufacturing is different from that for remanu-
facturing of used machine tools, and it does not require a complete disassembly for the 
machine tools into individual parts. According to requirements and structural character-
istics, the in-service machine tools should be disassembled to appropriate components or 
parts with customized disassembly sequence and disassembly depth by certain tools and 
means. The components or parts that need to be reconditioned or reused are cleaned by 
removing the dust, grease, oil stains, rust, and paint coating.

The performance of in-service machine tools and their components needs to be tested. 
It is necessary to detect and analyze the defects such as local deformation, wear, oxidation, 

Fig. 3  Individualized redesign of in-service machine tools
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surface deterioration, cracks, pores, and strong stress concentration points of parts of in-
service machine tools, and divide the parts into three categories: directly reused parts, 
reused parts after reconditioning, and parts that need to be replaced. Some parts will be 
reused directly, and it is necessary to determine that their remaining life is sufficient for the 
remanufactured machine tools. Some parts will be reused after reconditioning and need to 
determine the feasibility of remanufacturing.

3.2.7  Remanufacturing and performance improvement of in‑service machine tools

Matching with new technologies such as CNC technology, static pressure technology, the 
mechanical structure of in-service machine tools needs to be redesigned and modified, and 
some functional components need to be replaced to meet requirements of performance 
improvement. In order to meet the needs in the construction of digital workshops and green 
factories, it is necessary to use the latest automation technology, intelligent control technol-
ogy, green manufacturing technology to improve the performance of in-service machine 
tools, such as processing efficiency, energy efficiency, intelligence and greenness level.

3.2.7.1 Quality improvement for  in‑service machine tools With the increasing improve-
ment of production demands of products and parts, higher requirements are placed on the 
geometrical accuracy, transmission accuracy, positioning accuracy and machining accuracy 
for in-service machine tools. Especially for some heavy-duty machine tools of the high load 
operation, accuracy losses and degradation are serious and it is urgent to implement in-
service remanufacturing to improve quality. Quality improvement plan can be redesigned by 
identifying the causes and key points affecting accuracy degradation as well as the potential 
of better accuracy, such as accuracy improvement of spindle, accuracy improvement of the 
transmission system, accuracy improvement of guideway, positioning accuracy improve-
ment, error compensation of machine tools, and so on. Clutch-type gearboxes and lead-
screws can be replaced by servo-gearboxes and preloaded ball-screws (Renton & Elbestawi, 
2000). CNC retrofitting can significantly improve the quality of in-service machine tools 
and reduce their MTBF by adding tools of error proofing (Lins et al., 2017).

3.2.7.2 Intelligence upgrading for in‑service machine tools With the development of tech-
nologies in industrial IoT (Internet of Things), big data, cloud computing, and so on, many 
manufacturing companies are actively implementing the transformation of intelligent manu-
facturing and building intelligent workshops and factories to improve processing efficiency 
and reduce the impact of human factors (Zhong et al., 2017). Most of the machine tools 
have been in service for many years, and they cannot be connected with the new intelligent 
manufacturing system by interconnection. However, it costs a lot to replace these machine 
tools with new equipment. To make full use of existing resources and retrofit conventional 
machine tools to intelligent ones, some intelligence functions and intelligent systems can be 
equipped to in-service machine tools. Machine tools can be updated with the latest control 
technologies via a CNC retrofit. Some intelligent accessories can be added for new function 
applications of real-time intelligent monitoring and diagnosis, automatic error measurement 
and compensation, automatic prevention of tool and workpiece collision and intelligent fault 
prevention, to support workshops to achieve production transparency, efficiency improve-
ment, quality traceability of total process and lean production (Ming et  al., 2008; Wang 
et al., 2014).
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3.2.7.3 Greenness improvement for  in‑service machine tools Most of the in-service 
machine tools did not consider the environmental pollution and energy consumption dur-
ing original design and manufacturing, resulting in high energy consumption and serious 
pollution in oil mist, noise, dust, and so on (Santos et  al., 2011). The magnitude of the 
manufacturing sector’s environmental impact calls for an emphasis on energy consumption 
reduction and pollution reduction strategies to support green performance improvements of 
in-service machine tools. Energy consumption can be reduced by more than 15% through 
energy efficiency improvement based on high-efficiency motors, frequency converter, cur-
rent digital drives, and transmission system change by new components as well as energy-
saving improvement based on energy management and monitoring (Zhou et al., 2016). By 
upgrading or enhancing the functionality of in-service machine tools, it can cut environ-
mental pollution by 20%-90%. Chip removal and recycling systems can be added to avoid 
potential contamination with cutting fluid or tramp oil. Oil mist eliminators can be equipped 
for abatement of oil mist, coolant mist, and smoke. Dust control and processing systems 
can be added to reduce dust in workshops. The minimal quantity lubrication system can be 
applied to eliminate large quantities of water and oil-based coolants (Debnath et al., 2014).

3.2.8  Reassembly and inspection

The original parts, remanufactured parts as well as newly added components and parts 
of in-service machine tools are assembled to form remanufactured machine tools. Every 
component, including remanufactured components, original components, and newly added 
components, needs to ensure that its performance meets the requirements. The assembly 
process of each component of the remanufactured machine tool needs to ensure assembly 
accuracy; especially for some matched parts, it is necessary to pay attention to the match-
ing accuracy. After the components of the remanufactured machine tool are assembled, 
the various indicators and performance of the machine tool need to be inspected to ensure 
that the remanufactured machine tool meets the user’s requirements, including appear-
ance inspection, inspection of accessories and tools, parameter inspection, inspection of 
machine tool (including geometric accuracy, positioning accuracy, etc.), idle running test 
and load test of machine tool, etc.

3.3  Case study of remanufacturing of in‑service TCA 125 heavy‑duty horizontal 
lathe

A hydropower equipment company mainly produces water turbines and their parts. The 
company has hundreds of machine tools in service, including more than 20 heavy-duty 
machine tools. These heavy-duty machine tools are of high value and are mainly respon-
sible for the processing of the company’s bottleneck process, and their manufacturing 
capacity represents the processing level of the company. In order to ensure manufacturing 
capacity, the company cooperated with a third-party remanufacturer to explore a remanu-
facturing model for in-service machine tools. The operation condition of these heavy-duty 
machine tools is monitored and diagnosed in real time and compared with the process-
ing requirements of the company. If it is found that the manufacturing capacity is reduced 
or the processing requirements cannot be met, it is necessary to determine whether the 
machine tool in service needs to be remanufactured. Let us take TCA 125 heavy-duty 
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horizontal lathe as an example to illustrate the process of the company’s implementation of 
in-service machine tool remanufacturing.

TCA 125 heavy-duty horizontal lathe mainly undertakes the processing of large-diam-
eter heavy-duty parts and has served for more than 10 years. The monitoring and diagno-
sis data show that: 1) surface roughness of finished parts is poor due to the vibration of 
this machine, about Ra 6.3 ~ 3.2; 2) taper of outside cylindrical surface is 0.05 ~ 0.1/100; 3) 
finished flange has a convexity, about 0.03; 4) automation and intelligence degree is low. 
After monitoring and diagnosis, it was found that the machining accuracy of the machine 
tool was degraded, and the productivity was low due to the low level of automation, which 
could not meet the current production requirements of the hydropower equipment com-
pany. In order to guarantee the company’s manufacturing capacity and not affect the com-
pany’s production schedule, the state of the machine tool is evaluated and analyzed. The 
mechanical parts of the machine tool are also relatively good in performance, and this 
machine has good remanufacturability. After analysis, it is found that the main potential 
problems of the machine tool are the wear of mechanical parts, poor geometric accuracy 
and transmission accuracy, the aging of CNC system, and its low automation degree. For 
this reason, in order to meet production requirements, the in-service machine tool is rede-
signed and remanufactured mainly from two aspects: quality improvement and intelligent 
promotion, together with procedures of individualized disassembly, cleaning and inspec-
tion, and so on. The implementation procedure of in-service TCA 125 heavy-duty horizon-
tal lathe remanufacturing is shown in Fig. 4.

3.3.1  Quality improvement for TCA 125 heavy‑duty horizontal lathe

The main cause for machining accuracy deterioration of this machine tool is the serious 
wear of mechanical parts as well as bad geometric accuracy and transmission accuracy. 
In order to restore in-service TCA 125 lathe to like-new accuracy, mechanical system and 
related components and parts are redesigned and remanufactured.

Main drive system redesign The original Alternating Current (AC) motor is designed to 
be driven by AC variable frequency speed control motor, and then the main drive chain is 
redesigned and optimized to be a secondary or four-stage mechanical gear to meet the orig-
inal spindle speed range. The front and rear journal bearings in lathe spindle are replaced 
and the supporting journal for these bearings as well as the taper hole of the spindle are 

Fig. 4  Procedure of in-service TCA 125 heavy-duty horizontal lathe remanufacturing
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reconditioning by finish grinding. The rotation precision of the spindle is restored by elimi-
nating radial runout and axial turbulence error of spindle. Couplings, brakes, and encoder 
of the spindle should be redesigned. Worn and damaged parts should be replaced, such as 
drive shafts, bearings, gears, fasteners, and so on.

Feed system redesign and remanufacturing The surface of each carriage is reconditioned 
by finished grinding or manually scrapping. Z-axis transmission (longitudinal movement 
feed for the large carriage of tool holder) and X-axis transmission (transverse movement 
feed for the carriage of tool holder) are redesigned to semi-closed loop control. For the 
transmission and control mechanism, the Z-axis is from AC servo motor to zero-backlash 
drive with double gear and rack, the X-axis is from AC servo motor, high-precision gear-
box to anti-backlash ball screw drive with double ball nut.

Bed rail and tailstock redesign Rail surfaces of the bed are restored to precision require-
ments by finish grinding. The rack of large carriage for longitudinal movement chooses 
a precision rack after finish grinding and should be realigned and repositioned. The lon-
gitudinal guide rail of the tailstock is rebuilt and matched with the bed rail, and its trip is 
replaced and scraped by matching.

Hydraulic lubrication system redesign The lubrication system of headstock and tailstock 
is inspected and cleaned, replacing the vulnerable hydraulic components and parts. The 
lubrication system of slide carriage is redesigned, and automatic detection and quantitative 
lubrication systems are used for the guide of large carriage, guide of middle carriage, ball 
screw and bearing of the ball screw.

3.3.2  Intelligence improvement for TCA 125 heavy‑duty horizontal lathe

CNC redesign CNC system is redesigned by Siemens 828D CNC system, which combines 
the CNC, PLC, and operating and axis control functions into one compact unit and offers 
machine-enhancing performance capabilities that are normally reserved for the high-end 
control segment. The MICROMASTER 440 inverter and 1Vpp 1024P/R encoder are 
equipped in the remanufactured lathe. X-axis and Z-axis equipped Siemens 1FT6 AC servo 
motor and S-120 digital AC drive device.

Intelligent acquisition and monitoring system In order to support data acquisition as 
well as monitoring and diagnosis of operation conditions, a data acquisition and monitor-
ing system is installed in remanufactured TCA125 lathe to connect with the Manufacturing 
Execution System (MES) of the company. The system can collect spindle speed, tempera-
ture, feed rate, vibration, power, and other parameters of the machine tool in real-time and 
can feedback information such as machine utilization rate, idle rate, machining status, and 
production progress to the management system.

3.4  Results and benefits of in‑service machine tool remanufacturing

3.4.1  Performance improvement and value‑added benefits of in‑service machine tool 
remanufacturing

The mechanical parts of machine tools have durability and stable performance, especially 
for castings such as beds. The longer the aging, the better the performance, which helps 
to ensure the stability and high reliability of remanufactured machine tools to improve 
machining accuracy. In-service machine tool remanufacturing involves redesign and per-
formance improvement with the latest technologies, and it will improve the performance 
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of machine tools beyond their original specifications. Some mechanical or electrical acces-
sories may be added to re-purpose in-service machine tools for a new application and 
new functions. The function and performance of the machine tools will be improved after 
remanufacturing, and the added value of the machines would be significantly improved.

For the case of TCA125 heavy-duty horizontal lathe in service, it is redesigned and 
remanufactured to like-new condition. The geometric accuracy, position accuracy, working 
accuracy, noise, temperature and temperature rise, speed and feed rate, origin return, and 
other indicators of remanufactured TCA125 heavy-duty horizontal lathe meet the origi-
nal factory standard requirements. Table  3 shows the test results of geometric accuracy 
and position accuracy of the remanufactured lathe. In addition, the intelligence of machine 
tool has been significantly improved, and then production efficiency increased by 10–20% 
and fault response time decreased by 30%. Remanufacturing costs about only 20–30% of 
the cost of new machine tools with the same performance, extending the service life and 
increasing the added value. Due to the performance improvement and the extension of the 
service life of machine tools, the process cost of machine users has been greatly reduced, 
and the users can obtain more profits.

3.4.2  Resource benefits of in‑service machine tool remanufacturing

The increasing responsibility of companies for green manufacturing of their products 
requires a resource-efficient and energy-efficient use of a machine tool (Mert et al., 2014). 
If we use new machine tools to replace in-service machine tools to meet the process-
ing requirements, it will cause a great waste of resources. For in-service machine tools, 
remanufacturing is a green process and a powerful way of sustainable resource-saving and 
resource recovery. Over 80% of components and parts by weight of in-service machine 
tools such as existing foundations can be reused, which can cut back on the raw materials 
and energy required to extract materials and process them, resulting in less demand for raw 
materials and less landfill waste (Gutowski et al., 2011). Reused and remanufactured com-
ponents and parts of in-service machine tools conserve not only approximately 85 percent 
of the resource and energy but also much of the value-added expended in the manufacture 
of the original product.

The resource efficiency and energy efficiency can be improved by optional alternatives 
of increased spindle speed, extended axis travels, increased cutting feed rates, adding tool 
changers or pallet shuttles, converting manual machines to CNC, optimized cooling unit, 
deduction of sealing air, pneumatics system, low-loss gear motor, high efficiency motor, 
auxiliary drives by frequency inverter, and so on. When combined with the more effi-
cient machining processes provided by remanufactured machine tools with performance 
improvement, resource efficiency and energy efficiency could be improved by as much as 
20% to 40%.

From the case study of remanufacturing of in-service TCA 125 heavy-duty horizontal 
lathe, it is shown that:

Resource recovery The mechanical parts of headstock, tailstock, base, bed, car-
riage, etc., have been reused in the remanufactured TCA125 heavy-duty horizontal lathe, 
accounting for more than 80% of the total weight of the machine. The raw materials saved 
through in-service remanufacturing can cut back on the energy required to extract materi-
als and process them. At the same time, the value of the TCA125 heavy-duty horizontal 
lathe has been improved, which proves that in-service remanufacturing is a high value-
added resource recovery method.
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Energy-saving By using the new servo and spindle drive systems, the upgraded hydrau-
lic and lubrication system, a new CNC system, the electrical energy consumption of 
remanufactured TCA125 heavy-duty horizontal lathe is greatly reduced by more than 20%. 
Besides, through the CNC and intelligent system, data of real-time energy usage can be 
recorded for further analysis to achieve reasonable energy management for the remanufac-
tured lathe.

Resource efficiency improvement For the case of TCA125 heavy-duty horizontal lathe, 
by updating the electrical system and installing a new CNC system, the machining effi-
ciency of the machine tool is improved, the unit time for machining parts is shortened, 
and the cost is reduced. The machining accuracy of the machine tool has been improved, 
resulting in that the material consumption of the blank is decreased. Remanufacturing can 
upgrade the machine tools with the latest technologies and can extend the productive life 
cycle of in-service machine tools. From the perspective of the entire life cycle of remanu-
factured TCA125 heavy-duty horizontal lathe, its resource efficiency has been increased.

4  Discussions

The proposed remanufacturing model and methodology of machine tools above can pro-
vide important guidance for in-service machine tools to satisfy production requirements 
from the view of the whole life cycle. Nevertheless, some issues about how to implement 
in-service machine tool remanufacturing should be discussed.

1. Machine tool users are concerned with how to bring in considerable revenue during 
their life cycle. From the perspective of the life cycle, remanufacturing has changed the 
product life cycle, and in-service machine tool remanufacturing is different from the 
traditional machine tool remanufacturing. Traditional machine tool remanufacturing is 
mainly targeted at used machine tools and can provide a new life cycle, while in-service 
machine tool remanufacturing will extend the life cycle of those machine tools in ser-
vice.

2. The core of in-service machine tool remanufacturing is to integrate condition monitoring 
and diagnosis with remanufacturing, and to combine the business model of product-
service systems with remanufacturing, resulting in a new remanufacturing model. A new 
business model requires the support of many key technologies, and related technologies 
need to be changed and adjusted accordingly, including condition monitoring and diag-
nosis, matching analysis, remanufacturability evaluation and decision-making, identifi-
cation of potential problems, individualized redesign, disassembly, cleaning, inspection 
and classification, performance improvement as well as reassembly and inspection.

3. After analyzing the case, it is found that it is very difficult to implement the remanufac-
turing of in-service machine tools and it is also concerned with the total organization of 
the production process. All stakeholders in the design, manufacture, use, and remanufac-
turing of machine tools need to make changes in processes, technologies, and concepts. 
The most critical of these is the judgment of remanufacturing timing, which has a direct 
impact on the implementation of remanufacturing of in-service machine tools. For this 
reason, it is necessary to adjust the threshold value for judging the remanufacturing 
timing in accordance with the characteristics of the machine tool and the production 
requirements.
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4. Product-service systems connecting remanufacturing have been proved to have advan-
tages such as the performance of the equipment can be fully utilized and the manufac-
turer has ownership of the equipment so that they can recycle the equipment which needs 
to be remanufactured more efficiently according to the service contract (Sundin & Bras, 
2005). Different from the PSS with remanufacturing and other remanufacturing business 
model mentioned earlier, in-service machine tool remanufacturing provides a new model 
that transformed the traditional “remanufacturing after using” into “remanufacturing 
during using.” The motivation for remanufacturing comes mainly from the users who 
have ownership of the machine tools in this business model. In the view of the users of 
in-service machine tools, this model has a more comprehensive performance from a full 
lifecycle perspective.

5  Conclusions

Manufacturing companies are not concerned with the in-service machine tools them-
selves, but with the manufacturing capabilities of the machine tools. A large number of 
in-service machine tools have gradually experienced problems such as loss of precision, 
functional degradation, frequent failures, etc., with the increase in service time. The auto-
mation, intelligence, and greenness level of these machines can no longer meet the pro-
duction requirements of the factory. If these machines are scrapped, it will cause a great 
waste of resources, especially the added value of the manufacturing process of machine 
tools. Remanufacturing not only can restore the functionality and performance of in-ser-
vice machine tools but also can improve their performance and increases new functions. 
Remanufacturing for in-service machine tools differs from remanufacturing for used 
machine tools, emphasizing the recovery and improvement of manufacturing capabilities 
undertaken by machine tools. In order to satisfy the changing and increasing production 
requirements, the procedure framework of in-service machine tool remanufacturing is pro-
posed to standardize the remanufacturing process and to elaborate and analyze the methods 
and tools of the remanufacturing process.

Through the analysis of the remanufacturing process and the case study of TCA125 
heavy-duty horizontal lathe remanufacturing, it can be shown that in-service machine tool 
remanufacturing has significant technical, economic and social benefits, especially the 
resource benefits. Through remanufacturing, the life cycle of in-service machine tools is 
expanded and a material movement cycle is completed. In-service machine tool remanu-
facturing is a sustainable resource-saving and high-valued recovery approach, which not 
only realizes the resource reuse and saving of components and parts of in-service machine 
tools but also realizes the recovery and reuse of the added-value of these components. In 
addition, through remanufacturing and performance improvement, the resource efficiency 
of in-service machine tools has been significantly improved.

Today, some new technologies, such as artificial intelligence, big data, cloud computing, 
etc., have a significant impact on the remanufacturing industry. In-service machine tool 
remanufacturing involves a wide range of theories and technologies such as machine tool 
design and manufacturing, fault prediction and health management, and remanufacturing. 
In-service machine tool remanufacturing provides a new idea for equipment management 
and manufacturing capability assurance. However, some of the methods and techniques 
involved in in-service machine tool remanufacturing need to be further investigated and 
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improved. Based on condition monitoring and diagnosis, the comprehensive state of in-ser-
vice machine tools requires a more accurate judgment. The mapping of the comprehensive 
state with the changing production requirements is very difficult; hence, some intelligent 
algorithms and software tools need to be developed to support matching analysis automati-
cally. In addition, the processes of remanufacturability evaluation, redesign, disassembly, 
reconditioning and performance improvement require appropriate methods and tools to 
support in-service machine tool remanufacturing.
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