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Abstract
Product development should cover product design, validation, and manufacturing. In traditional product development, 
physical validation based on physical trial manufacturing is the key step to confirm the design scheme before physical 
manufacturing. However, physical validation is costly and inefficient, which could be the main obstacle to achieving rapid 
product development. The emergence of digital twin provides an opportunity to accelerate product development by eliminat-
ing physical validation toward digital validation in the smart manufacturing era. Therefore, a framework of rapid product 
development based on digital twin is proposed in this paper. During product development, the new product is designed 
according to the new requirements in the virtual space, in which the existing digital twins of products can be referenced. 
Then, an ultrahigh-fidelity virtual manufacturing system is constructed for digital trial manufacturing based on the digital 
twin of the manufacturing system and the design scheme of the new product. An ultrahigh-fidelity digital prototype can be 
obtained from digital trial manufacturing for digital validation. The new product validation is executed on the digital proto-
type to test its performance. The digital validation results can be used to improve the design scheme of the new product and 
boost the corresponding manufacturing processes. In addition, the core characteristics and key technologies of rapid product 
development based on digital twin are discussed. Finally, a case study is presented to implement the proposed framework 
and to show the effectiveness of accelerating product development.
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1 Introduction

Product development is described broadly as the transforma-
tion of a market opportunity into a product available for sale 
[1–3]. The fierce competition of globalization and custom-
ized demands leads to a progressively shorter time window 
for product development, requiring rapid responsiveness to 
market fluctuations [4]. The core of product development 
includes product design, product validation, and product 
manufacturing [5]. Product validation is the key step for the 
success of product development to evaluate the feasibility 
of the design scheme and find the potential error and others.

With the development of information technologies and 
advanced manufacturing technologies, the digitalization of 
product development is accelerating, especially in the intel-
ligent/smart manufacturing era [6–8]. With the assistance of 
computer-aided design (CAD) software [9], product design 
can be executed in virtual space, becoming a mainstream 
approach in product development. Traditionally, product 
validation is executed on physical prototypes obtained 
from physical trial manufacturing to evaluate the feasibility 
and performance of the design scheme [10], that is, physi-
cal validation. Physical trial manufacturing is executed in 
a physical trial manufacturing system, resulting in a large 
investment cost. Besides, reiterating physical prototypes can 
be extremely costly as well [11]. The possibility of prod-
uct validation in the virtual space was explored through 
computer-aided engineering (CAE) [12], digital mock-up 
(DMU) [13, 14], and virtual manufacturing/prototype [15, 
16]. These technologies can boost the product develop-
ment process through rapid prototyping and validation in 
virtual space. However, regardless of the DMU or virtual 
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prototype (manufacturing), they all fairly consider real-
time data in physical space. Namely, the existing validation 
based on DMU or virtual prototype is executed under ideal 
situations, resulting in validation deviations from real situa-
tions. Therefore, physical validation based on physical trial 
manufacturing is still required to confirm the design scheme 
before product manufacturing. In addition, the trial manu-
facturing system for physical trial manufacturing is close to 
but still far different from the real manufacturing system. 
Thus, the corresponding physical validation results could 
also be incorrect. In summary, the product development 
process is shown in Fig. 1, where gray arrows connect the 
product design, product validation, and product manufactur-
ing. Product validation across two spaces (virtual space and 
physical space) becomes the major obstacle to rapid product 
development. The possibility of executing whole validation 
processes in the virtual space (white arrows in Fig. 1) should 
be investigated, in which the physical validation based on 
physical trial manufacturing can be eliminated to promote 
product development efficiency.

The emergence of digital twin [17, 18] provides an 
opportunity to remove the abovementioned obstacle [19]. 
The digital twin of manufacturing system [20] provides an 
ultrahigh-fidelity virtual manufacturing system to support 
the construction of digital trial manufacturing system for 
the trial manufacturing of new product in the virtual space. 
The virtual manufacturing system of digital twin is different 
from the abovementioned virtual manufacturing system of 
virtual manufacturing, which can maintain ultrahigh fidelity 
through seamless data transmission with the corresponding 
physical manufacturing system. So, it is possible to trans-
fer from traditional costly physical trial manufacturing to 
digital trial manufacturing based on digital twin. The digital 
prototype obtained from digital trial manufacturing is clos-
est to the real product and can achieve complete product 

validation in virtual space. It will significantly accelerate 
product development processes. Therefore, a framework 
of rapid product development based on digital twin toward 
digital validation is proposed in this paper.

The remainder of this paper is structured as follows: 
Sect. 2 reviews the related works, including DMU, virtual 
manufacturing, and digital twin. Section 3 introduces the 
concept of digital twin from the perspective of product and 
manufacturing system. Section 4 elaborates the framework 
of product development based on digital twin. Section 5 dis-
cusses the core characteristics and the key technologies of 
the proposed digital validation framework. Section 6 pre-
sents a case study to implement the proposed framework. 
Section 7 concludes this paper.

2  Related works

There are three concepts mentioned in the introduction, 
namely, DMU, virtual manufacturing, and digital twin. 
DMU used for design validation can improve product quality 
and reduce development costs simultaneously [21], which is 
particularly important for the early stages within the design 
process [22]. Virtual manufacturing can be used to con-
currently simulate all the activities and functions involved 
throughout the life cycle of a product using VR technology 
[23, 24], which aims to integrate diverse manufacturing-
related technologies under a common simulation environ-
ment [15]. DMU and virtual manufacturing attempted to 
excavate more rapid or accuracy modeling methods for vir-
tual prototype or virtual manufacturing system. However, 
they are all “static” models that cannot update to the lasted 
state of the corresponding physical counterparts resulting 
in low fidelity. Therefore, a thorough review of the recent 
literature with a focus on using digital twins for the entire 
product development process will be provided in this section 
to highlight the gap to be filled in this paper.

The concept of digital twin was firstly proposed by 
Grieves at 2003 for product lifecycle management [17]. 
In 2010, NASA constructed the first digital twin based on 
probabilistic simulation to mirror the lifecycle of its flying 
twin [25]. Tuegel et al. [26] adopted digital twin to predict 
the aircraft structure life and assure its structural integrity. 
And then, the study of digital twin entered a period of rapid 
development [27, 28], especially the study on digital twin 
of product. Some researchers have attempted to fill the gap 
between product design and manufacturing based on digital 
twin [29, 30], extending the investigation and application of 
digital twin to manufacturing domain [31–35]. In addition, 
Tao et al. [36] reviewed state-of-the-art digital twins in the 
industry. Qi et al. [37] summarized the enabling technolo-
gies and tools for digital twin. Digital twin–driven prod-
uct development synthesizes the study of product design, Fig. 1  Product developmentprocesses
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product validation, and product manufacturing based on 
digital twin. Lo et al. [38] reviewed product design and 
development based on digital twin.

Product design is the beginning of product development. 
As is known, digital twin is derived from the product domain 
[39, 40]. Digital twin–driven product design is an indispen-
sable piece of the digital twin landscape. Tao et al. [27] 
proposed a digital twin–driven product design method with 
the consideration of big data, which illustrates the future 
applications of digital twin for product design. Tao et al. [41] 
proposed a digital twin–driven product design framework 
for enabling designers to fully customize, easily compare, 
and better understand requirements. Sun et al. [42] devel-
oped a theoretical framework for the digital twin–driven 
assembly-commissioning of high precision products. Lim 
et al. [43] explored the engineering product family design 
and optimization method using digital twin. Huang et al. 
[44] proposed digital twin–driven reconfigurable machine 
tools design method to improve design accuracy and effi-
ciency. Lin et al. [45] addressed the evolution problem of 
digital twin and proposed an intelligent approach for product 
design based on evolutionary digital twin to provide a more 
precise approximated model of the physical world through 
supervised learning.

Product validation is crucial to ensure the feasibility and 
effectiveness of product design. High-fidelity validation 
conditions based on digital twin are necessary to eliminate 
costly and inefficient physical validation. Schleich et al. 
[29] investigated the reference model of virtual products 
to increase its fidelity based on Skin Model Shapes. Simi-
larly, Groen et al. [46] proposed an approach to predict the 
accuracy of the process chain and product shape changes in 
product validation based on digital twin. Digital twin–driven 
product validation should also address process planning 
problem based on product design results, which connects 
product design and manufacturing system to support prod-
uct validation through virtual manufacturing. Liu et al. [47] 
proposed a digital twin–based smart process planning by 
reusing and evaluating process knowledge. Wang and Wu 
[48] developed a planning and scheduling system based on 
digital twin to analyze the management and control method 
for achieving uncertain workshop factors. Liu et al. [49] 
proposed an intelligent scheduling method for digital twin 
workshops considering “Feature-Process-Machine Tool” 
Supernetwork. Yi et al. [50] provided a digital twin refer-
ence model for smart assembly process design, which an 
experimental test is established to apply to reality.

Product manufacturing is the last step of product devel-
opment. Product manufacturing will benefit from digital 
twin to increase manufacturing efficiency. Lu et al. [51] 
reviewed the recent development of digital twin technolo-
gies in manufacturing systems and processes, which the 
connotation, application scenarios, and research issues are 

discussed. Liu et al. [52] presented a digital twin–driven 
methodology for rapid individualized design of automated 
flow-shop manufacturing system. Digital twin–driven design 
of configuration, motion, control, and optimization for flow-
type smart manufacturing system was studied in their further 
work [53]. Leng et al. [54] addressed the individualization 
demands problem of manufacturing system based on digi-
tal twin. Li et al. [55] studied the manufacturing-resource 
recommendation method for digital twin shop-floor based 
on manufacturing tasks semantic modeling. Besides, Wang 
et al. [56] discussed the digital twin data-driven smart cus-
tomization resulting in a new paradigm. Wei et al. [57] pro-
posed a consistency retention method for the digital twin of 
CNC machine tool between virtual space and physical space. 
Liu et al. [58] investigated a digital twin–based machining 
process monitoring method to help field operators control 
product quality in real time (Table 1).

Overall, many studies focus on digital twin–driven prod-
uct development, including product design, product valida-
tion, and product manufacturing. The achievements of the 
digital twin make it promising to execute product validation 
in the virtual space completely. However, the existing lit-
erature tends to investigate the digital twin–driven product 
design, product validation, and product manufacturing sepa-
rately. Few studies have explored product design, product 
validation, and product manufacturing based on digital twin 

Table 1  Summary of existing literature

Reference Product development based on digital twin

Product design Product 
validation

Product  
manufacturing

Tao et al. [27] √
Tao et al. [41] √
Sun et al. [42] √
Lim et al. [43] √
Huang et al. [44] √
Lin et al. [45] √
Schleich et al. [29] √
Groen et al. [46] √
Liu et al. [47] √
Wang and Wu [48] √
Liu et al. [49] √
Yi et al. [50] √
Lu et al. [51] √
Liu et al. [52] √
Liu et al. [53] √
Leng et al. [54] √
Li et al. [55] √
Wang et al. [56] √
Wei et al. [57] √
Liu et al. [58] √
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together, which is more reasonable and necessary to acceler-
ate the speed of product development. Therefore, to fill this 
knowledge gap, a framework for rapid product development 
based on digital twin will be proposed in this paper.

3  Digital twin of product/manufacturing 
system

Although Grieves did not implicitly call it “digital twin,” the 
concept proposed in the presentation has all the elements of 
digital twin: physical space, virtual space, and the link for 
data transmission between physical space and virtual space 
[18, 59]. In addition, there are several definitions of digital 
twin that have been proposed by other researchers [60, 61].

The digital twin of product consists of three components, 
namely, physical product, virtual product, and the seam-
less data transmission between them, as shown in Fig. 2. 
The interaction between physical product and virtual prod-
uct triggers the vitality of digital twin of product. In other 
words, the data flow from physical product to virtual product 
updates the virtual product to the latest states of the corre-
sponding physical product to maintain its ultrahigh-fidelity 
characteristic, which can be used to monitor the performance 
of the corresponding physical product. Data feedback from 
virtual product to physical product can be used to support 

the performance optimization, maintenance scheduling, and 
other physical products.

Similarly, a physical manufacturing system, a virtual 
manufacturing system, and the data transmission between 
them constitute a digital twin of manufacturing system, as 
shown in Fig. 3. Although sharing the same basic philoso-
phy with the digital twin of product, the construction and 
execution of the digital twin of manufacturing system are 
more complicated due to the complex core facility (machine 
tools) and the intricate material handling system. In addition, 
data acquisition and analysis are more complicated since 
more sensors are required resulting in tremendous data to 
be processed.

4  A framework of rapid product 
development based on digital twin

Product development should concern product design, prod-
uct validation, and product manufacturing. Traditionally, 
product design is executed in virtual space; product manu-
facturing is executed in physical space, and product vali-
dation should be executed in both spaces. The concept of 
digital twin is introduced to completely support the product 
validation in virtual space, that is, digital validation. There-
fore, a framework of rapid product development based on 

Fig. 2  Digital twin ofproduct

Fig. 3  Digital twin of manufac-
turingsystem
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digital twin is proposed to accelerate product development 
processes, as shown in Fig. 4.

As the core of the rapid product development framework, 
the digital twin connects product design, product valida-
tion, and product manufacturing by fusing virtual space and 
physical space. Data flow from the physical space updates 
the digital twins of the manufacturing system and product 
in the virtual space separately, which is the foundation of 
completely executing product validation in the virtual space. 
Digital model carrying varieties of data flows among product 
design, product validation, and digital twin in the virtual 
space.

In the virtual space, the new product is designed accord-
ing to the new requirements, including concept design and 
detail design, in which the existing digital twins of products 
and the design suggestions obtained from physical manufac-
turing processes can be referenced. Once the design process 
is completed, the design model of the new product can be 
sent to the digital trial manufacturing system for trial manu-
facturing in the virtual space. The digital trial manufacturing 
system is constructed based on the corresponding digital 
twin of the manufacturing system, which is joint optimiza-
tion with process planning according to the design scheme 
of the new product. An ultrahigh-fidelity digital prototype 
can be obtained from digital trial manufacturing. Product 

validation experiments can be executed on the digital pro-
totype to test the performance of the new product, that is, 
prototype validation. If prototype validation is passed, the 
design scheme of the new product can be used for product 
manufacturing; otherwise, the validation result can be used 
to improve the design scheme of the new product in the next 
iteration (Iterative Optimization).

In the physical space, physical manufacturing can be 
adjusted according to the manufacturing guidance from 
product design and product validation in the virtual space. 
The digital trial manufacturing system for digital valida-
tion provides the best solution to prepare the manufacturing 
activities of new product. Afterward, physical manufacturing 
of the new product begins, and the physical product can be 
obtained. Finally, the new product can be launched when the 
quality test is passed.

4.1  Digital twin–driven product design

The existing digital twins of products can be used to improve 
the design scheme of the new product. The existing digital 
twins of products monitor the whole lifecycle of the cor-
responding physical products, where the product lifecycle 
data flow from physical product to virtual product and the 
data flow from virtual product to the physical product are 

Fig. 4  Rapid productdevelopment based on digital twin
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recorded. The abovementioned data is valuable for new 
product design. The results of diagnosis, analysis, simula-
tion, experiments, optimization, and others on the existing 
digital twins of products do help to avoid the drawback of 
existing products during new product design. Generally, 
design suggestions can be obtained in the form of parameters 
according to the results. In addition, product design is sensi-
tive to the market requirements. The new product should be 
designed to satisfy the new requirements. The new product 
design processes based on the digital twins of the existing 
products and the new requirements are presented in Fig. 5, 
where trade-offs could be made among them to achieve a 
satisfactory design scheme.

4.2  Product validation in the virtual space based 
on digital twin

4.2.1  The construction of digital trial manufacturing 
system

As mentioned before, the digital twin of manufacturing 
system is constructed to monitor and optimize the manu-
facturing activities of the developed products. Obviously, 
it is impossible to directly use an ultrahigh-fidelity virtual 

manufacturing system to execute digital trial manufacturing 
for new product, which will interrupt the normal operations 
of the digital twin of manufacturing system, resulting in 
unpredict disorder. In addition, the existing manufacturing 
system may not satisfy the manufacturing requirements of 
the new product. Therefore, an additional ultrahigh-fidelity 
virtual manufacturing system should be constructed based 
on the digital twin of manufacturing system for digital 
validation, that is, digital trial manufacturing system. The 
construction processes of the digital trial manufacturing 
system include replication and adjustment, as shown in 
Fig. 6. Undoubtedly, the digital trial manufacturing system 
should qualify for manufacturing of the new product. It is a 
process to map the ultrahigh-fidelity virtual manufacturing 
system to digital trial manufacturing system according to 
the design scheme of the new product. The replica of the 
ultrahigh-fidelity virtual manufacturing system permits the 
high-fidelity of the trial manufacturing system that should 
be as close to real manufacturing conditions as possible. So, 
the replica of the virtual manufacturing system should be 
adjusted according to the design scheme of the new product. 
The replica adjustment and process planning for the new 
product can be executed simultaneously to achieve global 
optimization through multiple iterations.

Fig. 5  Design process of 
newproduct

2514 The International Journal of Advanced Manufacturing Technology (2022) 119:2509–2523



1 3

4.2.2  Digital validation processes using digital trial 
manufacturing system

Once the new product design and the construction of 
digital trial manufacturing system for the new product 
are completed, the design model of the new product can 
be sent to the digital trial manufacturing system for digi-
tal trial manufacturing. Afterward, an ultrahigh-fidelity 
digital prototype of the new product can be obtained. The 
ultrahigh-fidelity digital prototype can be used for product 
validation in the virtual space to verify the performance of 
the new design, where the potential errors or drawbacks 
can also be found to improve the design scheme of the new 
product. Digital trial manufacturing for the new product 
is a process that integrates the data from the digital trial 
manufacturing system into the raw materials according 
to the design scheme of the new product through manu-
facturing simulation. The execution processes of digital 
validation are shown in Fig. 7.

First, the design model of the new product is sent to the 
digital trial manufacturing system, where all the opera-
tions needed for manufacturing a product will be executed 
in the digital trial manufacturing system to “manufacture” 
an ultrahigh-fidelity digital prototype of the new prod-
uct. Second, product validation will be executed on this 
ultrahigh-fidelity digital prototype (prototype validation). 

Third, if necessary, the validation results are fed back to 
the designer for design improvement. If the design scheme 
is changed according to the validation results, another 
round of digital trial manufacturing should be executed. 
Obviously, the adjustments of process planning and digi-
tal trial manufacturing system are required in this digital 
validation round. In other words, digital validation can 
be executed in more than one iteration to obtain an opti-
mal design scheme during product development. Because 
all activities of digital validation are executed in the vir-
tual space, the efficiency of digital validation could be 
extremely high. In addition, the digital validation based 
on digital trial manufacturing is cost-effective, where the 
costly physical trial manufacturing can be eliminated.

4.2.3  Digital validation‑as‑a‑service

During the entire product development process, there are 
many participators who play different roles, including 
product designer, manufacturer, and other assistant par-
ticipators. Each participator type consists of one or more 
persons. These participators are professional in their own 
profession but may not be aware of the knowledge of 
other domains. There are communication barriers among 
these participators, which may disperse their attention to 
their own work. This situation decreases the efficiency of 

Fig. 6  Constructionprocesses of digital trial manufacturing system
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product development and countervails the advantage of 
digital validation as well. To make each type of partici-
pator focus on their own work and promote the product 
development efficiency, the concept of digital validation-
as-a-service (DVaaS) is proposed in this section.

Here, the digital validation based on digital twin is a 
service for product designer and manufacturer. Profes-
sional participators prepare the digital trial manufacturing 
system and other necessary elements for digital valida-
tion. Under this situation, the product designers can only 
focus on the design works and use the DVaaS to validate 
their design scheme without concerning the details of 
digital trial manufacturing and validation. The validation 
results are fed back to the designer for product improve-
ment once the digital validation is completed. Addition-
ally, the manufacturer will benefit from the DVaaS, which 
can provide the digital trial manufacturing information on 
the new product to assist in manufacturing preparations. 
The relationships among the designer, manufacturer, and 
DVaaS are presented in Fig. 8.

4.3  Product manufacturing in physical space

Once the design scheme of the new product is confirmed 
by digital validation, the product manufacturing in physi-
cal space begins, including physical manufacturing system 
adjustment, physical manufacturing, physical product, qual-
ity test, and product launch. Digital validation is an inter-
mediate between product design and product manufactur-
ing. On the one hand, digital validation benefits from the 
high-fidelity digital twin of manufacturing system, where 
the digital trial manufacturing system is constructed based 

on the ultrahigh-fidelity virtual manufacturing system that 
guarantees high confidence level on the validation results. 
On the other hand, digital validation information, including 
the construction and adjustment of the digital trial manu-
facturing system and the other manufacturing preparations, 
can be used to prepare the physical manufacturing system for 
manufacturing the new product. It will accelerate the system 
ramp-up [4] process for manufacturing the new product and 
decrease the manufacturing lead time of the new product to 
seize the market opportunities.

In addition, the digital trial manufacturing system for 
digital validation can be directly adopted as the initial ultra-
high-fidelity virtual manufacturing system to monitor the 
manufacturing states of the new product, which increases 
the construction efficiency of the corresponding digital twin 
of manufacturing system. Moreover, the ultrahigh-fidelity 
digital prototype obtained from digital trial manufacturing 
can be referred to when constructing the digital twin of the 
new product, which will increase the efficiency of construct-
ing the digital twin of the new product.

5  Core characteristics and key technologies 
of digital validation

As mentioned in the introduction, the ultimate goal of the 
proposed rapid product development method based on digital 
twin is to eliminate the costly and inefficient physical vali-
dation during product development. The digital validation is 
valuable and promising for product development in the digital 
manufacturing era. The core characteristics and key technolo-
gies of digital validation will be discussed in this section.

Fig. 7  Digital validationprocess
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5.1  Core characteristics of digital validation

5.1.1  Ultrahigh‑fidelity digital trial manufacturing system

Traditionally, the manufacturing process simulations 
in virtual space are executed under ideal conditions, as 
shown in Fig. 9a. In other words, the real-time data of the 
physical manufacturing process is not considered. Unlike 
traditional methods, the digital trial manufacturing system 
integrates the data of the physical manufacturing system, 
increasing its fidelity, as shown in Fig. 9b. In the digital 
twin of manufacturing system, the ultrahigh-fidelity vir-
tual manufacturing system is continuously updated to the 
latest state of the corresponding physical manufacturing 
system through advanced information technologies. The 
digital trial manufacturing system is adapted from the 
ultrahigh-fidelity virtual manufacturing system according 
to the requirements of the new product, which maintains 

the fidelity of the ultrahigh-fidelity virtual manufactur-
ing system as much as possible. Therefore, the digital 
trial manufacturing system is an ultrahigh-fidelity virtual 
manufacturing system for manufacturing the new product 
as well. An ultrahigh-fidelity digital trial manufacturing 
system is the foundation to eliminate the costly and inef-
ficient physical validation.

5.1.2  Ultrahigh‑fidelity digital prototype

The digital prototype obtained from digital trial manu-
facturing is different from the existing concept of DMU. 
The DMU is enriched by all the activities that integrate 
the already known knowledge into the 3D model. Direct 
integration processes could neglect the interactions among 
Multiphysics. The construction of DMU involves “adding” 
processes that may lose some unaware but crucial things 
bringing about incorrect results. In addition, the DMU 

Fig. 8  Relationships amongde-
signer, manufacturer, and 
DVaaS

Fig. 9  (a) Traditionalmanufac-
turing simulation; (b) Digital 
twin-driven manufacturing 
simulation
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only describes the ideal situation of product lacking data 
transformation between virtual space and physical space. 
However, the digital prototype obtained from digital trial 
manufacturing is “manufactured” in the ultrahigh-fidelity 
digital trial manufacturing system. The digital prototype 
not only integrates the known things but also contains the 
unknown stuff through the “manufacturing processes” in 
the virtual space. For example, the surface roughness of the 
digital prototype can be simulated through the manufactur-
ing processes, as shown in Fig. 10. Definitely, the fidelity 
of the digital prototype is ultrahigh and much higher than 
that of DMU. The ultrahigh-fidelity digital prototype makes 
it possible to skip the product validation on the physical 
prototype.

5.1.3  Digital validation as a service

The DVaaS prepares everything needed for product trial 
manufacturing and validation in the virtual space (Fig. 8). It 
is very convenient and easy for product designer to validate 
the feasibility and test the performance of the design scheme 
of the new product through digital validation services. This 
process truly increases the efficiency of product design. 
Moreover, the elimination of costly and inefficient physical 
validation will considerably reduce the product development 
time. In addition, the reduction in manufacturing lead time 
benefiting from the system adjustment information of the 
digital trial manufacturing system from DVaaS can signifi-
cantly accelerate product development.

5.2  Key technologies for digital validation

5.2.1  Rapid adjustment of digital trial manufacturing 
system

The core of digital validation is the ultrahigh-fidelity 
digital trial manufacturing system. Rapid adjustment 
of the digital trial manufacturing system is the most 
important aspect considering the frequent product trial 
manufacturing during the iterations of product design, 
validation, and improvement. Due to the complexity of 
the manufacturing system, the adjustment of the digital 
trial manufacturing system in a short time is difficult, 
in which the ultrahigh-fidelity characteristic should 
be maintained during system adjustment. Therefore, a 
changeable architecture of the digital trial manufacturing 
system should be adopted at the outset of construction to 
support the rapid adjustment.

5.2.2  Intelligent process planning algorithm

Process planning is a preparatory step before product 
trial manufacturing or product manufacturing. Consid-
ering the frequent digital trial manufacturing within the 
iteration of product design and validation, process plan-
ning with high efficiency and validity is crucial for suc-
cessfully implementing the digital validation based on 
digital trial manufacturing. Intelligent algorithm combin-
ing the existing knowledge and the design information of 
the new product will promote the efficiency and validity 
of process planning for digital trial manufacturing to a 
higher level. Therefore, intelligent process planning algo-
rithm embedded into digital trial manufacturing should 
be considered to achieve digital validation, as shown in 
Fig. 11.

5.2.3  Highly effective and efficient validation method 
in the virtual space

The ultrahigh-fidelity digital prototype makes it possible 
to verify the design scheme of the new product in the 
virtual space. However, product validation in the virtual 
space requires more effective and efficient methods com-
pared with existing validation methods. For example, one 
of the most essential purposes of digital validation is to 
test the machining/assembly accuracy of the prototype 
to ensure product performance. The existing machin-
ing/assembly accuracy detection methods proposed for 
physical prototype are no longer suitable for the digital 
prototype. Therefore, the product validation method in 
the virtual space should be investigated thoroughly in 
the future.

Fig. 10  Surface roughnesssimulation through “manufacturing”
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6  Case study

Although it is too far to achieve the proposed framework 
based on current technical level, a prototype system is 
developed to tease out the implementation details of the 
proposed framework, as shown in Fig. 12. Also, a case 
study is presented in this section according to the devel-
opment processes of typical rotorcraft parts, as shown in 
Fig. 13. The product design, product validation, and prod-
uct manufacturing of the key part of rotorcraft will be 
elaborated in this section. The details of the digital twins 
of product and manufacturing system will be presented in 
this section as well.

There are many digital twins of the rotorcraft constructed 
for the operation states monitoring of the key part, as shown 
in Fig. 14. In the operation processes of the existing digi-
tal twin of the rotorcraft, a large quantity of data can be 
acquired via various sensors, especially the operation data of 
the key part. After data mining based on historical data from 
the existing digital twins, the fault reason of the key part can 
be diagnosed, which can be adopted to improve the design 
of the key part. Besides, potential issues of the existing key 
part could be found as well to enhance the operation security 
of the corresponding rotorcraft.

A manufacturing system is built for processing the key 
part of rotorcraft, that is, physical manufacturing system. 
Certainly, an ultrahigh-fidelity virtual manufacturing system 
is created in the virtual space according to the physical man-
ufacturing system. The seamless data transmission between 
the physical manufacturing system and the ultrahigh-fidelity 
virtual manufacturing system connects these two parts in 
different spaces. Therefore, the digital twin of the manufac-
turing system for the key part can be obtained, which can be 
used to monitor the manufacturing details of the key part, as 
shown in Fig. 15. It is also the most fundamental basis for 
digital trial manufacturing of the new design of the key part.

The core of the proposed rapid product development 
framework involves trying to remove the product validation 
in physical space before manufacturing to accelerate the 
product development. In other words, the most important 
part of the proposed framework is the digital validation 
based on digital twin. As shown in Fig. 16, the founda-
tion of digital validation is digital twin (bottom part of 

Fig. 11  Intelligent processplanning

Fig. 12  Prototype system forra-
pid product development based 
on digital twin
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Fig. 16). The digital twin of product can be referred to 
during the design of the new product (left middle part 
of Fig. 16). The digital twin of manufacturing system is 
the basis of the digital trial manufacturing system with 
ultrahigh fidelity, which will be used for the manufactur-
ing of new product after adaptation (right middle part of 
Fig. 16). As shown in Fig. 16, once the new product design 
is complete, the ultrahigh-fidelity digital trial manufactur-
ing system is constructed according to the digital twin of 
manufacturing system for the existing product, and the cor-
responding ultrahigh-fidelity virtual manufacturing system 

is replicated and adapted for the new product. The modified 
virtual manufacturing system (digital trial manufacturing 
system) is used for trial manufacturing of new product in 
the virtual space. Firstly, the process planning is executed 
automatically according to the design model of the new 
product and the corresponding digital trial manufacturing  
system (marked with red in Fig. 16), where the corre-
sponding digital trial manufacturing system can be fur-
ther adjusted to optimize the process planning and digital 
trial manufacturing system construction simultaneously. 
Secondly, the digital trial manufacturing of the new prod-
uct proceeds according to the abovementioned operation 
sequence (marked with red in Fig. 16), which an ultra-
high-fidelity digital prototype can be obtained. Thirdly, the 
prototype validation is executed on the virtual space based 
on the “manufactured” digital prototype to test the perfor-
mance of the new product in the virtual space (marked with 
red in Fig. 16). Finally, if the digital validation on the digi-
tal prototype of the new product is passed (marked with red 
in Fig. 16), the corresponding manufacturing suggestion 
can be adopted to accelerate the physical manufacturing 
processes of the new product.

In summary, the product validation of the new product in 
this case is executed in the virtual space completely, includ-
ing process planning, trial manufacturing, prototype valida-
tion, etc. The goal of the proposed rapid product develop-
ment framework is achieved through digital validation based 
on digital twin. The digital twin of manufacturing system 
provides an ultrahigh-fidelity virtual manufacturing system 
resulting in an ultrahigh-fidelity digital prototype for digi-
tal validation, which is really important for eliminating the 
costly and inefficient physical validation.

Fig. 13  A key part ofrotorcraft

Fig. 14  The existing digital-
twins of rotorcraft
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Fig. 15  Digital twin ofmanufac-
turing system

Fig. 16  Product developmentprocesses based on digital twin
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7  Conclusion

To achieve rapid product development, a framework of product 
development based on digital twin toward digital validation is 
proposed in this paper by compensating for the shortcomings of 
traditional product development. The digitalization of product 
design and manufacturing makes it possible to execute product 
validation in virtual space. The emergence of digital twin drives 
the product validation toward digital validation. The digital trial 
manufacturing system adapted from the ultrahigh-fidelity vir-
tual manufacturing system provides a less expensive and more 
precise solution for product trial manufacturing in the virtual 
space, which can support the entire product validation in the 
virtual space. The ultrahigh-fidelity digital prototype obtained 
from digital trial manufacturing can not only be used for digital 
validation and design improvement, but can also accelerate the 
construction of the digital twin of the new product. Moreover, 
the results of digital validation can promote the manufacturing 
preparation processes of the new product as well, which will 
decrease the ramp-up time of new product manufacturing. The 
core characteristics of the proposed rapid product development 
framework are analyzed. The key technologies for boosting the 
execution of digital validation to support rapid product develop-
ment are also pointed out. The case study implements the core 
contents of the proposed rapid product development framework, 
which a prototype system is developed as well.

It is very promising to eliminate costly and inefficient physical 
validation based on digital twin, which will significantly promote 
product development efficiency. However, research and develop-
ment on digital twin is still accelerating, and many issues remain 
to be solved before the digital twin can be applied easily and 
smartly. Many technologies (especially the key technologies men-
tioned in Sect. 5.2) associated with digital twin should be further 
conquered in future works. Also, it is necessary to development 
a software platform integrating all technologies and algorithms 
associating with the proposed framework when the time is ripe.
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