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Abstract: Product-service system (PSS) complexity is rapidly increasing in order to meet complex
user requirements. Increased complexity leads to PSSs failing to meet sustainability requirements
in their initial design. To enhance PSS sustainability and support social benefits, this paper pro-
poses a sustainable PSS development framework based on design-centric complexity (DCC) theory.
In the early design stage of a PSS, DCC theory is used to analyze the complexity of the system.
Determination of the types of complexity in the system and the corresponding problems is then
performed. By combining the sub-field model of TRIZ, the problems can be converted and solved,
and the functional periodicity may be established to reduce system complexity. By using this devel-
opment framework, the conflicts and potential problems of design attributes can be reduced and
the possibility of achieving PSSs functional requirements (FRs) can be enhanced. This will maintain
the long-term operation stability for the system and enhance the sustainability of the PSS. Finally,
the feasibility of the development framework is verified here through the case analysis of a bicycle
sharing service and management system.

Keywords: product-service system; sustainability; design-centric complexity; TRIZ

1. Introduction

Due to the pressure brought about by intensified competition and resource shortages,
a growing number of manufacturers have begun to adopt a strategic approach for product
and service integration [1,2] to provide customers with high value-added products and
services [3,4]. These approaches relate to the production of products and the use of product-
service system (PSS) management methods. On the one hand, PSSs can generate specific
solutions through the combination of physical products and intangible services [5,6] to
meet the needs of individual customers [7,8]. On the other hand, as a sustainable business
strategy [9], PSSs have the potential to promote a social circular economy and sustainable
development [10,11]. Although research on PSSs [9] is becoming increasingly popular,
there are still some difficulties in developing sustainable PSSs [12]. For manufacturers, it is
not easy to switch from producing products to providing sustainable PSSs. If the problems
faced by manufacturers in developing PSSs can be solved to the maximum extent, this will
help manufacturers to upgrade their operations and promote sustainable development.

In this context, researchers in different fields have proposed frameworks and meth-
ods for the development and design of sustainable PSSs, including the business model
design process and the technical product and service design process [13,14]. For exam-
ple, Kuo et al. [15] proposed product sales and leasing model design suggestions from
a business perspective to promote the sustainable development of PSSs. Li et al. [16]
proposed a modular design framework for the large-scale personalization of PSSs. Chiu
and Tsai [17] proposed a multiagent-based personalized PSS (MAPPSS) system and a
PSS development methodology that responds quickly to external changes and customer
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requirements. Baines et al. [18] provided a theoretical explanation for the use of digital
technology to realize servitization. Different PSS design paths have been proposed in these
studies, reflecting the value and importance of integrated product-service solutions. At the
same time, many researchers have also explored the enhancement of PSS sustainability. For
example, Sakao et al. [19,20] proposed a design approach for the integrated improvement of
product life cycle-related activities in conjunction with product life cycle theory to enhance
the value of service-based product usage. These studies show that a good design process
will be propitious to ensure the successful use of PSS to meet sustainability requirements.

However, in the process of developing PSS solutions, in order to meet the diversified
needs of both suppliers and customers [21], and realize the integration of user requirements
and operation environment [22], the complexity of the product and its implementation will
be increased. It is often reflected in the coupling and potential conflict between the design
properties of the system [23], so that some FRs of the system cannot be satisfied normally,
making the product life cycle unable to meet the design requirements. The complexity
is a significant issue that affects both the rewards and the challenges associated with a
PSS tactics [21]. Hence, it is of great significance in taking the complexity factors into
consideration when developing sustainable PSSs to achieve sustainable growths.

In the theory of design-centric complexity (DCC) proposed by Suh [24], the complexity
was defined as “the measure of uncertainty in achieving the functional requirements (FRs)
of a system within their specified design range.” It regards complexity as a design concern
and focuses on various ways to create and improve technical systems with the least overall
difficulty. The DCC theory can been applied to the field of engineering design, and further
to PSS design guidance. For example, Cavique et al. [25] used DCC theory to propose a
framework for identifying system failures. Chen et al. [26] used DCC theory to model
and analyze design and system ranges to perform sustainability assessment for a PSS. All
reviewed above suggests the significance of designing from the perspective of FRs. In the
aspect of functional economy, the manufacturer’s role has shifted to provide a service, and
what the customers buy is the function rather than product [5]. Therefore, it is important to
satisfy the FRs of the design scheme. The DCC theory mainly focuses on the functional
domain, and can greatly reduce the possibility of complexity in the physical domain [24].
Thus, it can be used to guide the designer to achieve design ideality.

In solving and researching the complexity of PSSs, Zou et al. summarized from the
perspective of system theory [27], which was beneficial for the manufactures to search for
design ways to address complexities pertaining to PSSs. Schuh et al. [28] introduced quali-
tative and quantitative models to analyze complexity challenges in PSS design. Eloranta
and Turunen [29] pointed out that service-driven manufacturers aim to use a platform
approach to exploit the inherent complexity in the solution network. These studies give
effective analysis of PSS complexity from the perspective of physical domain; however,
research on how to reduce complexity in the early design process is still of great necessity.
In terms of acquiring solutions for potential problems in a system, Song and Sakao [30]
reviewed the existing literature for PSS customization and proposed a design framework
for resolving design conflicts during the design process by using different TRIZ methods.
Wu et al. [31] proposed the construction of an intelligent PSS conceptual scheme integrating
TRIZ and hierarchical analysis (AHP) to obtain the optimal solution for the system design.
These studies have effectively explained how to resolve conflicts within a PSS using design
methods, but they fail to effectively identify problems at the early stage of design, resulting
in that the practical use of a PSS cannot last as long as expected. Therefore, it is important
to find an approach to analyze the complexity problems and obtain the corresponding
solutions in the early conceptual design process.

Consequently, this paper intends to analyze the complexity of PSS through DCC,
which will detect potential conflicts in a system early in the design process, and reduce
subsequent problems due to poor design decisions, thus extending the product life cycle.
Based on this, this paper aims to establish a sustainable PSS development framework, which
can help the designers/engineers to develop PSS taking into account complexity factors.
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The engineering case of this study comes from Beijing Xing Chen Ao Shi Technology
Development Co., Ltd. (Beijing, China) The company hopes to obtain new sustainable
operation model to deal with complex market environment, and provide customers with
integrated product-service solutions. Therefore, this study hopes to construct an approach
to develop PSSs to help the company achieve sustainable industrial development.

The following part of this paper is organized as follows: Section 2 introduces the
theoretical basis of DCC and TRIZ. Section 3 illustrates the construction process of the
development framework for sustainable PSS. The case study presented in the Section 4 is
used as an example for the methods proposed here. Section 5 discusses the research results
and verifies the effectiveness of the proposed framework. Section 6 discusses the meaning
of the research results and presents directions for future research.

2. Theoretical Foundations

This section aims to determine the research methods for PSSs and the theoretical
application methods of DCC. In Section 2.1, a brief PSS review is presented to determine
the type of study in this paper as focusing on use-oriented PSSs. In Section 2.2, the DCC
theory from Suh is introduced. In Section 2.3, the problems are transformed and solved
based on the sub-field model in TRIZ after DCC theory is used to analyze the complexity
to promote the development and research of sustainable PSSs.

2.1. PSS

A PSS can be defined as a system that contains products, services, a network of
participants, and supporting infrastructure [32,33]. In the literature, different methods
for classifying PSSs have been proposed and there are three main methods: (1) Product-
oriented PSSs, where products are sold and additional services are provided and the
ownership of the product is transferred from the PSS provider to the customer; (2) use-
oriented PSSs, where ownership of the product is owned by the PSS provider and the
customer can pay for the use of the product through sharing, leasing, etc.; (3) result-oriented
PSSs, where the supplier sells the results of the use of the product or the capabilities it has
to the consumer, providing a customized service portfolio solution to the customer, who
pays for the level of use of the solution [34,35]. These PSS types can provide significant
economic, social, and environmental benefits and advantages [36], and these benefits are
reflected in the realization of the service value of the given PSS product. Reducing the
potential challenges for PSS use during the design process and achieving ideal design
features, such as an extended product life cycle or enhanced system service performance,
will be important in terms of enhancing the sustainability of PSSs.

Among these PSS categories, use-oriented PSSs generally adopt business models
such as sharing or leasing. These models are representative of a wide range of users,
so this paper considers use-oriented PSSs as an example for development and research.
When enterprises provide use-oriented PSS solutions, they will face the risk of the product
failing to function properly, and proactive maintenance will be one of the success factors
in providing such a PSS [37]. This shows the importance of considering other life cycle
stages besides the design stage. On the one hand, from a PSS life cycle perspective, value
may come from the design for delivery, design for maintenance, design for recycling, and
design for remanufacturing rather than design for usage [38]. On the other hand, the needs
of different stakeholders such as customers and suppliers [23] need to be considered in the
PSS development process, and they often participate in the full life cycles of PSS stages.
The diversity of needs and the importance of PSSs in realizing value at different stages
makes the development of sustainable PSSs more complex and challenging.

It is important to find a way to effectively analyze complexity for PSSs and avoid
subsequent design conflicts during the development of sustainable PSSs, and DCC theory
is an effective tool for analyzing system complexity problems, which will be described in
Section 2.2, as well as how to use DCC theory to analyze system problems.
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2.2. DCC

Based on the probability notion, Suh proposed the DCC theory [39] which examined
the origin of complexity on the basis of a narrow definition of complexity: complexity is
the measure of uncertainty in satisfying the FRs within their design range. As shown in
Figure 1, in engineering design, the FRs should be satisfied within their specified ranges,
i.e., the design range. However, the actual performance of the system that is designed to
satisfy the FRs may be given by the system range [39]. Meanwhile, the information content
I [40,41] in the system is an important index to measure the complexity of the system,
which can be represented by the common range. Supposing that the area of the common
range is Acr, then information content I is determined by Equation (1).

I = log2
1

Acr
(1)

Figure 1. Probability density diagram for functional requirements (FRs).

The more information content (common range) is provided, the smaller the probability
of achieving the specific FRs will be. Correspondingly, the complexity of the system will be
higher. Conversely, it will be lower. Thus, the complexity is determined by the relationship
between the design range and system range.

According to the definition of DCC theory, it is shown that complexity can be classi-
fied into four categories: time-independent real complexity, time-independent imaginary
complexity, time-dependent combinatorial complexity, and time-dependent periodic com-
plexity [39]. Time-independent complexity is a measure of the ability of a system to meet
a set of functional requirements, and this kind of complexity is not affected by time.
Time-independent complexity is due to a lack of understanding of system design, and
time-independent real complexity indicates that the system range is inside, partly, or com-
pletely outside the system’s design range. Time-dependent periodic complexity only exists
in a finite time period, and the system ranges gradually deviate from the design ranges,
although they will eventually return to the design ranges. Time-dependent combinatorial
complexity increases as a function of time proportionally to the time-dependent increasing
number of possible combinations of the system’s functional requirements [42]. By establish-
ing the functional periodicity [39] of the system, the time-dependent composite complexity
can be transformed into the time-dependent periodic complexity so that the system can
preserve design ideality.

By comparing the four complexity characteristic types in DCC theory, the function
of system complexity changing with time may established as shown by Equation (2).
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According to the “three criteria” complexity category judgment method proposed by
Zhang et al. [43], the system complexity type may be determined.

C(t) =
1
t

Itotal =
1
t ∑∞

t=0 I(t) (2)

The classification conditions for the complexity types are given as follows:

(1) ∀t, I = 0, then lim
t→∞

C(t) = 0, and there is no complexity in the system;

(2) ∀t, I 6= 0, lim
t→∞

C(t) = 0, and the system has time-independent real complexity;

(3) ∃t1, It1= 0, lim
t→∞

C(t) = 0, and the system has time-independent imaginary complexity;

(4) ∃t1, It1= 0, lim
t→∞

C(t) = ∞, and the system has time-dependent combinatorial complexity;

(5) ∃t1, It1 = 0 when t→ ∞ if C(t) neither tends to 0 nor to ∞, and the system thus has
time-dependent periodic complexity.

After selecting the system for analysis, the complexity problems and types can be
determined by the above methods. Nevertheless, DCC theory is mainly used to analyze the
complexity of a system, and there is no specific guidance on how to effectively reduce the
problems caused by complexity. The solution for the complexity problem requires further
study in combination with other design methods.

2.3. Transformation of Complexity Problems

TRIZ [44] was developed by Altshuller and his colleagues after the analysis of hun-
dreds of thousands of patents since 1946. The potential of the theory to resolve conflicts
and generate innovation has been widely recognized. For example, Chen and Huang [45]
proposed an ecological innovation design method to support the development of PSSs
based on functional analysis and the sub-field model in TRIZ. TRIZ has great advantages in
solving design problems in PSS and generating new ideas and concepts [46,47], therefore,
the development and research of sustainable PSS can be carried out by integrating DCC
and TRIZ.

The sub-field model in TRIZ [44] can intuitively characterize system problems and
76 standard solutions are subsequently applied to improve or solve the problems.
Dong et al. [48] proved the effectiveness of the method integrating the sub-field model and
DCC theory for eliminating and reducing system complexity. Therefore, with regard to the
non-standard effect caused by the complexity of a system, a corresponding sub-field model
can be established and corresponding solutions can be found according to 76 standard
solution processes. Thus, the probability in satisfying the FRs is improved and the com-
plexity of the system is reduced. Figure 2 displays different complexity types and problem
conversion processes.

According to the DCC theory, the characteristics and transformation methods for
different complexity types are given as follows:

(1) Time-independent imaginary complexity is introduced by improper decisions being
made by designers, which has no effect on the realization of system functions. There-
fore, it is necessary for designers to find the executing object or receiving object again
to ensure that there is no independent imaginary complexity in the system. This kind
of complexity corresponds to the effective and complete function model in TRIZ.

(2) Time-independent real complexity may create invalid functions or produce harmful or
insufficient effects. This kind of complexity corresponds to the non-complete sub-field
model, the insufficient complete sub-field model, or the harmful complete sub-field
model in TRIZ, which can be decoupled by the corresponding standard solution.

(3) Time-dependent combinatorial complexity may lead to a chaotic state or even system
failure. Because of its continuous damage to a system, it can be converted to a harmful
sub-field model or insufficient sub-field model with TRIZ. The system functional
periodicity is then established and the combinatorial complexity is transformed into
periodic complexity.
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(4) Time-dependent periodic complexity only exists in a finite period. Partial prediction
can be made according to the existing experience of a system or via the study of
possible fault sources. Problems can be transformed into insufficient complete sub-
field models or harmful complete sub-field models with TRIZ, and these problems
can be solved by 76 standard solutions.

Figure 2. Types and solutions of complexity problems.

After the above analysis, the DCC theory defines and classifies the complexity in
the functional domain. By integrating TRIZ tool, it presents that the complexity can be
eliminated and reduced by means of making proper design decisions. Therefore, the
application of integrating DCC and TRIZ on PSS in this paper is beneficial for product
designing, and then extend it with service concept. On this basis, this article applies it to
the establishment of a sustainable PSS development framework.

3. Development Framework for Sustainable PSS

Based on the theory detailed in Section 2, this study proposes a sustainable PSS de-
velopment framework. As shown in Figure 3. The design methodology of the system is
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divided into five main phases, overall PSS design goal determination, multidimensional
functional requirement analysis, system complexity analysis and solution design, man-
ufacturing process model adjustment, and subsystem complexity analysis and solution
optimization. The specific design methods and processes are shown in Sections 3.1–3.5.

Figure 3. The development framework of the sustainable product-service system (PSS).

3.1. Determining the PSS Design Target (Stage 1)

At the beginning of development, the main stakeholders involved in the PSS are first
analyzed to determine the overall design goals of the system. The analysis of common
PSSs shows that the main stakeholders are third-party regulators, product suppliers, and
users, among others. The requirements of these main participants are summarized and
transformed into requirements for the PSS characteristics in order to comprehensively
determine the system design objectives (Figure 4).
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Figure 4. The design target of a system.

3.2. Analysis of the Multidimensional Functional Requirements (Stage 2)

After determining the system design objectives, the functional requirements of the PSS
are analyzed from the design, operation and maintenance, and manufacturing dimensions,
and the recoverability of the product should also be considered. Firstly, from the design
dimension, the product architecture and service requirements are analyzed. The functional
requirements of service pertain to the service content being reflected in the system design.

Secondly, for suppliers, at the operation and maintenance stage, they mainly focus
on the study of product management system architectures and the discussion of typical
application scenarios, then analyzing the operation and maintenance requirements after
confirming the typical application scenarios. Since the type of service obtained by the user
is closely related to the actual operation and maintenance of the system, in other words,
the realization of the service content is also dependent on the operation and maintenance
of the given system. Accordingly, the service requirements and operation and maintenance
needs should be considered comprehensively, as well as analyzing the total functionality
of the system and dividing the functional hierarchy.

New manufacturing requirements may arise after determining the system design
scheme, so the functional requirements for the PSS manufacturing dimension should be
determined after the scheme design, as shown in Section 3.4.

The functional requirements analysis process is shown in Figure 3. After comparing
the two functional decomposition results, it can be found that some of the functional
features are common to both. After comparing and reconstructing the two functional
decomposition results, the adjusted functional tree can be obtained, i.e., the preliminary
functional decomposition results for the system.

3.3. Analyzing the Complexity of the System Based on the DCC (Stage 3)

According to the description in Section 3.2, the system design can be determined
by the mapping of FRs and structures; however, there are coupling and time-varying
characteristics among the FRs in the system which affect the uncertainty in satisfying
the FRs. Accordingly, the complexity of the system should be analyzed via the use of
DCC theory.

In this section, fi denotes each function unit (i = 1, 2, 3, . . . , m). The total function
set of the system is called ftotal (Equation (3)). The repeat function set defined in DCC
theory is a set of functions with high probability for functional requirements that can be
executed circularly. These functions guarantee that a system can run smoothly and realize
the functional requirements of a system. The combinatorial function set is a time-varying
set, which is the fundamental cause for the time-dependent complexity of the system.

ftotal= { f1, f2 . . . , fm} =∑i=m
i=1 fi (3)

After analyzing the FRs of the PSS, the complexity problems in function units could
be judged with the DCC theory (Figure 5). The analysis process is described as follows:
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• Determine whether there is complexity in the function units of the system. The function
units that meet the designed performance have no complexity and can be classified as
repeat function sets. If there is complexity, then judge the type of complexity.

• If there is time-dependent complexity in a system function unit then it can be classified
as a combinatorial function set. The establishment of auxiliary function sets is helpful
for solving this problem. If there is time-independent complexity, it belongs to non-
effective complete function sets, which can be transformed into corresponding sub-
field models by TRIZ, solved by standard solutions, and then classified into repeat
function sets to improve the probabilities for the functional requirements.

• By judging whether there is still complexity between the function units in the combina-
torial function sets and the function units after TRIZ transformation, the above steps
may be repeated to reduce the complexity. Until the system functional decomposition
results no longer feature complexity, the system functional decomposition results
are mapped with an alternating pattern (referred to as “zigzagging” here) from the
functional domain to the structural domain, and the preliminary design scheme of the
system is then obtained.

Figure 5. The analysis of the system complexity based on design-centric complexity (DCC) theory.

3.4. Adjust the Manufacturing Process Model (Stage 4)

A preliminary design for a system can be obtained as per Section 3.3. The design of a
product is mostly the combination of existing parts or the modification of existing parts. If
a product manufacturing process model has not significantly changed when compared to
the old one, then there will be no new manufacturing requirements and the process flow
of the PSS manufacturing system will not need to be adjusted. Secondly, the PSS design
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solution is translated into a functional model to verify the functionality and structure, and
then subsystems that can be optimized further may be found.

If the system solution generates new manufacturing requirements, the existing manu-
facturing process model can be inherited and reconstructed to adjust the manufacturing
process cycle for the entire production line [40]. The process of adjusting the manufacturing
process model is shown in Figure 6. After adjusting the process flow, if the manufacturing
process has new requirements for the PSS redesign, i.e., there are manufacturing functional
requirements from the manufacturing dimension, then one may return to the multidimen-
sional functional requirements analysis detailed in Section 3.1 and continue to refine the
system functionality. The system design is then adjusted accordingly (see Section 3.2).
In addition, the manufacturing system can be inherited and reconstructed using intelli-
gent techniques and intelligent process planning to implement the model. For example,
Mahmoud et al. [49] proposed a production optimization model for manufacturing systems
and Belaiche et al. [50] planned a supply chain for reconfigurable manufacturing systems.
These studies provide good illustrations of how to optimize manufacturing processes.

Figure 6. The adjustment of the manufacturing process model.

The manufacturing system behind a PSS is independent to the PSS and therefore the
complexity of a PSS should be distinguished from its manufacturing system. It has been
found that manufacturing system complexity [42,51] is part of the day-to-day management
of manufacturing operations, and good manufacturing management will help to deal
with this complexity. In order to reduce system failures due to complexity, manufacturing
modules should be grouped together. At the same time, use-oriented PSSs will have a
great impact on the environment after being put into production. In the production stage,
use-oriented PSSs will have to meet the green recycling demand to achieve the green supply
chain management requirements for the enterprise. In response to the above requirements,
a set of generic manufacturing system design templates can be summarized to assist with
the implementation of use-oriented PSSs, help adjust manufacturing process cycles, reduce
the manufacturing system complexity, and meet PSS requirements (Table 1).
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Table 1. The design template of manufacturing system.

User Requirements Functional Requirements Design Properties

Reduce waste product sources Production on demand Allocate resources according to
different orders

Recycling, alternative utilization,
and disposal of products

Modular production with green
environmental protection

Reasonable distribution
management for

production modules

Reasonable allocation of
production capacity resources

Differentiation of material
selection to meet individual needs

Automation equipment and
technical advantages

3.5. Analyzing the Complexity of Subsystems Based on DCC and Optimizing the System Scheme
(Stage 5)

Although the complexity of the original system design process has been analyzed,
it is necessary to continue to determine whether the product design of the subsystems is
reasonable. The initial product design solution for the system is translated into a functional
model to identify subsystems that can be analyzed and optimized. Then, the complexity of
the subsystem is determined and the solution is optimized further.

The PSS scheme optimization process is shown in Figure 7. The subsystem that can be
further optimized is obtained from the functional model of the system. The complexity of
the subsystem is then determined through DCC theory, and the complexity problem and
corresponding type are obtained. According to the relationship between the complexity
problem and the sub-field model in TRIZ (as shown in Section 2.3), the sub-field model is
applied to transform the complexity problem and the 76 standard solutions are applied
to solve it. The functional periodicity of the subsystem is then established to improve the
design. If complexity still exists in the improved system, the above steps are repeated until
there is no more complexity in the system, i.e., no coupling between functions. Finally, the
improved product design and service process schemes are obtained, i.e., the sustainable
design of the PSS.

Figure 7. The analysis of the complexity of subsystems based on DCC and the optimization process
of the system.
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4. Case Study

Since 2016, bicycle sharing has gradually become one of the most representative
achievements of the “Internet+” scheme and innovative sharing economy [52]. As a typical
example of a PSS, bicycle sharing can not only reduce carbon emissions but also allevi-
ate traffic jams, and thus the sustainable development of society, the economy, and the
environment can be promoted; however, in the process of industrial operation, due to the
complexity of the integration of the operation environment and user requirements, the
promotion of bicycle sharing often fails to achieve the ideal sustainable benefits and it may
even cause a certain waste of resources [53]. The same problem also occurs with other PSSs.
Therefore, to verify the feasibility and effectiveness of the proposed approach in this study,
the bicycle sharing service and management system will be illustrated as an engineering
case, and the specific design steps are shown in Sections 4.1–4.5.

4.1. Design Goal of the Bicycle Sharing Service and Management System

The stakeholders in the bicycle sharing service industry need to pay attention to includ-
ing the government, firms, and the public. The requirements of these major stakeholders
may be analyzed as shown in Figure 8.

Figure 8. Design target for the bicycle sharing service and management system.

(1) The requirements of third-party regulators such as governments and schools pertain
to reducing traffic congestion and the occupation of public spaces and the rational
use of bicycle sharing for short trips. Bicycle sharing can promote green travel to
an extent, where the required characteristics in that context are economic suitability
and sustainability.

(2) The requirements for product suppliers or enterprises pertain to maintaining the
healthy and orderly development of the bicycle sharing industry and obtaining high
returns while promoting their products. The required characteristics are described as
the ease of maintenance friendly service, recyclability, and high returns.

(3) The requirements of users or the public pertain to protecting their own interests and
enjoying a convenient lifestyle. The required characteristics are described as comfort,
ease of riding, and visualization.

(4) In summary, the preliminary design goal for this system is to design a service man-
agement system that facilitates enterprise management and maintenance, regulates
bicycle parking, the rational deployment of bicycles, the timely recycling of end-of-life
bicycles, and the effective use of user data.

4.2. Multidimensional Functional Requirement Analysis of Bicycle Sharing

Considering urban community residents as the user group, the design requirements
and operation and maintenance requirements for the bicycle sharing PSS are shown in
Figure 9. After reconstructing the results for the two functional decompositions, the total
system functions and sub-functions at all levels were determined.
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Figure 9. The functional requirements of the PSS of sharing bicycles.

4.3. System Complexity Analysis and Scheme Design

The multidimensional functional requirement analysis of the system produced the
overall function ftotal of the system. The function units at each level are denoted as
fi. According to the realization probability of each functional unit, the complexity was
determined to divide the function set types of each function unit as shown in Table 2.
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Table 2. The complexity description of the function units based on DCC.

Function Sets Function Units Problem Description Complexity Type

Repeat function sets

f1—tracking the actions of users,
f2—classifying users,

f3—providing high-quality
bicycles, f4—collecting status

information, f5—executing
switching actions, f6—identifying

users, f7—cleaning up broken
bicycles, f8—uploading violations,

f13—triggering alarms,
f14—connecting clients,

f15—paying for the time used,
and f16—paying bills.

- -

Non-effective complete
function sets f12—finding bicycles

Sometimes users cannot find
bicycles because they are affected

by the location, the number of
bicycles available nearby, and the

ways the bicycles are placed.

Time-independent complexity

Auxiliary sets
f9—providing energy,

f10—storing bicycles, and
f11—providing online services.

Implementing communication
functions, tracking user

trajectories, and other functions
will periodically consume

electricity. The number of bicycles
parked is affected by factors such
as the sizes of parking space and

various public activities.

Time-dependent
combinatorial complexity

After analyzing the complexity problems in the system, the problems were solved
with the TRIZ tool (Figure 10). The analysis process was the following:

• Function “ f12—find bicycles” can be normally realized; however, it will be affected
by the number of bicycles available near the user’s location and the mode of bicycle
delivery. Accordingly, the probability of the realization of the function requirement
has no relation with time, where the system has time-independent complexity and the
Class 3 standard solution in the TRIZ tool can be used to reduce the complexity. Bicycle
auxiliary subsystem “ f12—finding bicycles” can be used to improve the function
realization probability.

• The analysis found that the product consumes electricity making the realization of
the function “ f9—providing energy” probability decreased with a change in time.
By establishing the complexity over time function C1(t) (as shown in Section 2.2),
when t→ ∞ , C1(t)→ ∞ , where the system then has time-dependent combinatorial
complexity. And then establish the next level of combined auxiliary functions of “pro-
viding electricity” and “converting light energy” for “ f9”. In other words, mounting
solar panels on bicycles thereby changes the functional periodicity for realizing the
function of renting a bicycle.

• The functions “ f10—storing bicycles” and “ f11—providing online services” are the
two basic function units of “F2—intelligent parking”. These functions were used to
establish the complexity of the function unit over time function C2(t). When the area
of the parking space is fixed and the bicycles are parked in order, the system range
is within the design range and can meet the requirements for the orderly parking
of bicycles. When the number of bicycles exceeds the acceptable range, the system
problems gradually worsen over time. In other words, when t→ ∞ , C2(t)→ ∞ , and
then the complexity type is time-dependent composite complexity. We re-adjusted
the design range from the limitation of ordinary parking space or self-locking devices
to the use of three-dimensional space instead. Therefore, the same-level combined
auxiliary function sets “lifting and sharing bicycles” and “providing energy” for f10
and f11 were established, respectively.
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Figure 10. Complexity analysis of the system.

After using DCC theory to decompose the system and adjust the function units, the
results for the system function decomposition were obtained and the “zigzag” mapping of
axiomatic design was used to map the functional domain of the system to the structural
domain in order to determine the corresponding design parameters (Figure 11).

In summary, the bicycle sharing service and management system mainly features
the following: (1) A bicycle release planning subsystem to release accurate numbers of
bicycles and provide targeted services for users; (2) a bicycle management subsystem to
manage bicycle parking areas, the numbers of bicycles, and regulate parking behavior; (3) a
shared service subsystem to provide technical support for realizing shared service; (4) and
a bicycle maintenance subsystem to report and deal with faults.

The design scheme for the bicycle management subsystem is given as follows: A
multilayer storage space is used to improve space utilization. A solar panel is installed on
top of the device to provide energy for the device. Bicycles are parked on the parking panel
for users to access and a pressure sensor is installed in the device to detect the number
of bicycles. In addition, there are service software packages in the system, including user
software and monitoring software. Figure 12 shows a product model diagram of the bicycle
management subsystem.
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Figure 11. The “Zigzag” mapping.
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Figure 12. The intelligent bicycle sharing access device.

4.4. Manufacturing Process Model Adjustment

The new manufacturing requirements detailed in Section 4.2 can be fed back into
the manufacturing system to adjust the manufacturing process and machining flow. The
bicycle sharing supplier can work closely with the bicycle manufacturer to fully customize
the bicycles. The feedback requirements of the manufacturing dimension on the PSS design
solution are mainly reflected in the subsequent detailed design phase, which generally
promotes green modular production, the election of recycled materials, and the recycling
of used bicycles. The manufacturing system can inherit or reconstruct the manufacturing
model of the original bicycles or similar bicycles.

4.5. Subsystem Complexity Analysis and Scheme Optimization

After the PSS design stage was completed, a functional model of the system was
developed during the innovative design of the system in order to verify the functional
and structural designs. As shown in Figure 13, the functional model of the system could
be obtained. A problematic subsystem that required further optimization was the bicycle
management subsystem, the corresponding product of which is the management system
for bicycles. With further innovative design of this subsystem, the service flow and overall
solution for the system could be obtained.

Figure 13. The function model of the system.
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Step 1: Analyze the total function fNtotal of the bicycle management subsystem,
and each function unit is called fNi. Then, analyze the complexity for function units as
shown in Figure 14. Over time, large amounts of dust accumulate on the surfaces of solar
panels, which will affect their potential for power generation. Consequently, function “ fN1—
provide energy” features time-dependent combinatorial complexity. A sub-field model
was established as shown in Figure 14. We applied the standard solution No. 20 (2.2.5),
i.e., making an uncontrollable field have a permanently or temporarily determined model.

Figure 14. The analysis of the bicycle sharing management subsystem.

Considering the sustainable use of natural wind resources, a device to amplify wind
and slow down the accumulation of dust was developed (Figure 15). A dust removal device
and a stepper motor were designed for installation on the top of each solar panel, and the
angle between the fan blade and the wind direction is adjusted by the stepper motor to
keep the wind parallel to the surface of the solar panel to achieve a better dust removal
effect. The complexity problem of “ fN9—provide driving force” was transformed into an
invention problem via TRIZ, and a physical conflict was obtained, i.e., it is necessary to
reduce the electric motor power to reduce the motive force and to increase the output power
to move the parking panel to realize the placement of the bicycles. Then, the invention
principle (see Appendix A) “No. 8—counterweight” was used to solve the problem as
shown in Figure 15. The counterweight module was added to the device to balance the
torque. Figure 16 shows an image of the physical model that was constructed.
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Figure 15. Model diagram of the bicycle sharing management subsystem.

Figure 16. Physical model of the bicycle sharing management subsystem.

Step 2: According to the product design of the bicycle management subsystem, the
functional periodicity of the subsystem is given as follows: In the working state, the dust
collector starts to remove dust, then the solar panel generates electricity to provide energy
for the system. Users then begin to park bicycles. When one floor is full of bicycles, the
stepper motor operates a telescopic rod and moves the parking plate upward, while the
balance and the torque of the weight module moves downward. When the board reaches
the designated position, the movement of the weight module stops and the current user
can now park their bicycle on the second-floor board. These steps are repeated until the
fourth-floor parking plate is full of bicycles. When a user picks up a bicycle, the stepper
motor reverses and moves the weight module upward until the bicycle is removed from
the first-floor parking plate. The above operations are repeated for the entire unit.

Step 3: The final product design of the bicycle sharing service and management system
was obtained after the optimization of each subsystem design scheme. The core resources
mainly include the bicycle positioning system, bicycle management subsystem, cycling
track tracking system, user data processing system, and human–computer interaction
platform. The service mode of the system is a network platform service mode. When a user
needs to use a bicycle, the process of using the bicycle is the following: The first step is to
register and log in to the shared service platform application for identity authentication;
the second step is to find nearby bicycles and corresponding docking points; the third
step is to enter the bicycle access interface and scan the code on the bicycle access device
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to retrieve the bicycle; the fourth step is to turn on the electronic lock of the bicycle so
that the bicycle can be located and recommended routes can be used on the way through
the service platform; the fifth step is to use the mobile phone to retrieve the bicycle after
arriving at the destination; and the fifth step is to use the mobile phone to retrieve the
bicycle after arriving at the destination. The bicycle is then locked and placed in the access
device; step six is to pay for the journey. If a problem arises during the usage period, users
can document the fault and place the bicycle in a nearby parking spot, and they can then
receive a discount for further rides provided by the service platform.

The supplier can analyze user data and bicycle data in the early stages to produce
refined services for different groups of people and accurate placement in different locations.
The data can also be used for analysis with the bicycle management subsystem and then
information feedback can be used to reduce the difficulty of operation and maintenance
and achieve standardized bicycle parking. The data can be used to support broken bicycles
being placed in specific bicycle storage and retrieval devices and dividing maintenance
outlets to classify bicycles. Used bicycles may be recycled and returned for reprocessing in
order to recycle spent products.

In summary, the final design scheme for the bicycle sharing service and management
system was obtained, i.e., the corresponding product-service model, including the value
proposition, service platform, and user categories, etc. (Table 3).

Table 3. The product-service model of the system of the bicycle sharing service and management.

Core Elements Indicators

Demand group Governments/schools, firms, and the public

Cooperative Partners Third party payment platforms, insurance companies, manufacturing plants, local governments,
and other partners

Value Proposition Convenient and fast short distance travel to relieve traffic pressures; green travel, energy conservation,
and emission reduction; and the recycling and reuse of products

Service Platform Sharing services app

Services Bicycle rental service; monthly package, package frequency, etc.; riding insurance; information services;
parking recommendations; route recommendations; failure reports, violation reports, etc.

User Group School students; urban short distance travelers;
concentrated demand groups for life services; people who need cycling exercise.

Core Resources Bicycle sharing positioning system; bicycle sharing intelligent access device; ride tracking system; user
data processing system; human–computer interaction platform, etc.

4.6. Effects and Implications of Framework

To evaluate the effectiveness of the proposed approach, another team was invited
to propose another scenario the existing theoretical methods. The two schemes for the
same case different theoretical approaches were called scenarios A (see Section 4.5) and
scenarios B (see Appendix B). In accordance with the concept of sustainable product-service
efficiency [1], to evaluate sustainable PSSs, it is necessary to compare the performance
indicators that can reflect the product-service values and the sustainability impacts. See
Equation (4).

Sustainable product− service e f f iciency = Perceptions
/Impact on f inance; resources; and people

(4)

Therefore, to assess the effects of the sustainable PSS development framework, three
enterprise experts and two TRIZ experts were invited to make a discussion. The interviews
focused on the comparison and evaluation of the key performance indicators of the two
schemes. The three enterprise experts included one service engineer, one designer, and
an operations manager. The two TRIZ experts from Hebei University of Technology were
familiar with product innovation design, PSS, and sustainability. All of them had rich



Sustainability 2021, 13, 532 21 of 27

working experience. After the discussion and evaluation, the key performance indicators of
the two schemes were compared as shown in Table 4. The benchmark score of each indicator
was 3.0, and the score range was 1–5. The scores for the sustainable product-service
efficiencies of the two schemes were compared, and higher scores represent better efficiency.

Table 4. A list of multiple indicators and the comparative assessment of PSS scenarios.

List of Indicators Scenario A Scenario B

Product-Service Value 1–5 (Weak–Strong)

Customer perceptions–Tangibles (P1) Usability of products Number of bicycles stored 4.00 4 3.00 3

Customer perceptions–Interaction (P2) Responsiveness Suggest routes
4.50

4
2.50

2
Reliability Reliability of product 5 3

Customer perceptions–Sustainability (P3)
Green energy Solar energy

3.75

4

3.50

4
Waste/emission reduction 4 3

Cost & time saving Cost saving 3 4
Time saving/Convenience 4 3

Customer perceptions–Prices (P4) Price acceptance Willingness to pay 4.00 4 4.00 4

Employee perceptions–Commitment (P5) Work difficulty Rationality of workload 4.00 4 2.00 2

Sustainability impact 1–5 (tiny–huge)

Customer impact–Cost (I1) Payment of PSS offerings Total customer cost of PSS solutions 4.00 4 3.00 3

Customer impact–Consumption (I2)

Life cycle Device effective life

3.25

4

3.75

3

Energy consumption Charging time 3 4
Service life of solar panels 2 5

Waste generation & emissions Recycling value of product after
scrapping 4 3

Customer impact–Lives (I3) Safety Accidents in use 3.00 3 3.00 3

Company impact–Cost (I4) Total cost of PSS project
Manufacturing costs

3.00
4

3.67
3

Labor costs of services 2 4
Running costs 3 4

Company impact-Consumption (I5) Materials consumption
Raw materials consumption of

manufacturing 3.50
4

3.50
3

Resource consumption of services 3 4

Company impact–Working conditions (I6) Occupational safety Safety of workplace 3.00 3 3.00 3

Average score of perceptions: PA = (P1 + P2 + P3 + P4 + P5)/5 4.050 3.000
Average score of finance: IAF = (I1 + I4)/2 3.500 3.335

Average score of resources: IAR = (I2 + I5)/2 3.375 3.625
Average score of people: IAP = (I3 + I6)/2 3.000 3.000

Sustainable product-service efficiency: SE = PA/(IAF + IAR + IAP) 0.410 0.301

The optimal efficiency occurs when the highest product-service value is supported by
the lowest sustainability impact [1] indicating the assessed PSS fully reflects sustainability
issues. As shown in Table 4, scenario A features a shorter charging time, longer service life,
and less energy consumption making it more beneficial for the environment. Moreover,
scenario A has lower operating costs and service costs than scenario B, which enables
the reduction of pressure on operation and maintenance and enhance corporate profits.
In addition, scenario A is superior to scenario B in terms of accommodating bicycles
and saving time and costs, which can enhance customer satisfaction and social benefits.
Consequently, the comparison results indicate that scenario A has higher sustainable
product-service efficiency presenting that the PSS development framework is effective in
the design of the bicycle sharing service and management system.

The sustainability benefit of the PSSs can be improved by the application of the
proposed development framework. However, Table 4 also indicates that there are still some
deficiencies in the study of the illustrative case. Further in-depth analysis of production
and consumption from the perspective of sustainability is needed and the application and
evaluation of the information technology should be strengthened. Thus, developing a
more systematic and comprehensive evaluation method for sustainability benefits is an
interesting future work.
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5. Discussion

The effectiveness of the proposed approach is illustrated by the case study in Section 4.
For the entire PSS procedure, it is important to solve the difficulties of subsequent develop-
ment with different design theories in the conceptual stage. For instance, the application
value of Axiomatic Design (AD) [54], TRIZ and other theories [55] for the PSSs develop-
ment have been proved. Moreover, numerous design methodologies work in coordination
to provide various development models. For example, the implementation of cooperation
of AD and Quality Function Deployment [4,14] are useful for the module design of PSSs.
These studies have provided guidance in the procedure of PSSs development. However,
faced with the complexity challenges, they are often metaphorized as difficulties related
to design/manufacture/operation. And the complexity factors need to be analyzed and
transformed systematically. This paper innovatively applies the integration of DCC and
TRIZ to the development of sustainable PSSs. On the one hand, it discusses the causes of
PSS complexity more effectively and highlights the time-dependent complexity that may
lead to a chaotic state. On the other hand, it solves the conflicts caused by complexity in the
conceptual stage, and gives specific solutions. After considering the complexity factors, the
new guidance approach is provided for the development and design of sustainable PSSs.

In addition to make contributions to new knowledge and new processing methods,
the development framework proposed also has certain applicability in manufacturing. In
sustainable PSS design, both customer satisfaction and the integration with environmental
issues should be taken into consideration. This introduces complexity for sustainable PSS
development; however, in the existing research on sustainable PSSs, many frameworks
proposed cannot adapt to the integration problem of dynamic customer requirements and
the changing environment of the product in use. Some experts [19,56] have proposed
different customized frameworks to enhance customer satisfaction but the complexity
brought about by different stakeholder needs are not fully considered, and thus further
improvement to adapt to the dynamic changes of customer requirements needs to be made.

Compared with other development frameworks for customization, the development
framework proposed in this paper can deal with the problems caused by the various views
of different stakeholders. At the same time, it can consider the impact of the operating
environment, analyze different requirements, and then flexibly adjust the design model (see
Sections 3.1–3.4). The design objectives will be adjusted along with the user requirements
change, and then the conflicts in the design process caused by the dynamic requirements can
be resolved. Therefore, through responding to the dynamic needs of users, the development
framework can achieve the purpose of customization and improving customer satisfaction.

Therefore, compared with the existing PSS sustainability research, the development
framework present here has certain advantages. On the one hand, it can adapt to the dy-
namic needs of users and support flexible design model adjustment to allow customization
to a certain extent, and also improve customer satisfaction. On the other hand, it can reduce
the conflicts caused by the complexity of the system, improve the product-service value,
and extend the product life cycle, thereby enhancing the sustainability of the system.

6. Conclusions and Future Research
6.1. Conclusions

This article has proposed a sustainable PSS development framework. Based on this
development framework, the PSS is shown to have the ability to adapt to complex user
requirements and increase the system life cycle to meet design cycle requirements. The
framework can be extended to more real cases for improvement and expansion, helping
manufacturers to adopt beneficial PSS business approaches. It makes contributions to ana-
lyzing complexity in the early PSS design process by means to integrating DCC and TRIZ
methods, solving the potential conflict problems, effectively improving the system per-
formance, and further enhancing the system sustainability. Meanwhile, the development
framework gives analysis to the requirements of different stages of the PSS life cycle, which
can give responses to the views of different stakeholders and enhance the comprehensive
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value to customers. Based on the results of the case study, the proposed framework is
effective for PSS development.

6.2. Future Research

Although the proposed development framework demonstrates potential for PSS
design, it still has more room for further study. More testing work will be carried out
to verify the effectiveness of the framework. Then, more case studies will be developed
and used to test the sphere of application of the approach. Besides, it is necessary to
simplify and improve the development framework, reduce design steps, and help designers
quickly develop sustainable PSSs, making them more suitable for practical applications
in manufacturing.
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Appendix A. List of the 40 TRIZ Invention Principles

No. Principles of TRIZ No. Principles of TRIZ

01 Segmentation 21 Rushing through
02 Extraction, separation, removal, segregation 22 Convert harm into benefit
03 Local quality 23 Feedback
04 Asymmetry 24 Mediator
05 Combining, integration, merging 25 Self-service, self-organization
06 Universality, multi-functionality 26 Coping
07 Nested doll 27 Disposable
08 Counterweight 28 Replacement of mechanical system
09 Prior counteraction 29 Pneumatic or hydraulic construction
10 Prior action 30 Flexible membranes or thin films
11 Cushion in advance, prior counteraction 31 Porous material
12 Equipotentiality, remove stress 32 Changing the color
13 Inversion, do it in reverse 33 Homogeneity
14 Spheroidality, curvilinearity 34 Rejecting and regenerating parts
15 Dynamicity, optimization 35 Transformation of properties, parameter change
16 Partial or excessive action 36 Phase transition
17 Transition into a new dimension 37 Thermal expansion
18 Mechanical vibration 38 Accelerated oxidation, enriched atmospheres
19 Periodic action 39 Inert environment
20 Continuity of useful action 40 Composite materials

Appendix B.

Typically, TRIZ is applied to a PSS with the goal of designing a product and then
extending it with a given service concept. For the solution proposed in Patent
No. 201810971182.5, public bicycle management system scenario B is proposed using
the sub-field model and conflict matrix in TRIZ to solve the problem of bicycles being
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parked randomly and users not finding the recommended parking spot. In the text, the
bicycle sharing service and management system based on the proposed design method is
referred to as scenario B. The design process of scenario B is given as follows: Analyzing
the product design solution proposed by patent number 201810971182.5 and conducting
a “root cause analysis”, then identifying the three main types of problems, i.e., (1) un-
reasonable fix methods; (2) insufficient storage; (3) inconvenient storage of bicycles for
people. Problems 1–3 are transformed into standard invention problems in TRIZ, and the
corresponding solutions are obtained using the “invention principles” and the “standard
solutions”. Table A1 shows the design purpose of solution B.

Table A1. The design intent of scenario B.

System Structure Parameters Energy Purpose

Lifting track Solar and wind energy Lift the bicycle to the entrance of the sliding track

Inclined track storage bicycle track Potential energy Collection of bicycles

Slot recovery track Potential energy Recovery of the bicycles in the slot

Slot A hook related to the bicycle is arranged on the card slot for collection after fixing the bicycle.

Energy path: solar energy→ electric energy→ gravitational potential energy; the rest energy for the device comes from solar energy.

Table A2 shows the design content for scenario B.

Table A2. The design scheme of scenario B.

Problem 1 Problem 2 Problem 3

Problems Unreasonable fix methods Insufficient storage Inconvenient storage of
bicycles for people

Description

The method of fixing the tires
will cause wear problems for
the bicycle, so the reliability of

the device needs to be
improved. This will increase
the complexity of the device.
This is a technical conflict.

On the one hand, the designer
wants the device to have a

small footprint, and the length
of the slide in the product is

short. On the other hand, it is
desirable to store a large

quantity of bicycles, so the
length of the slide is long.
This is a physical conflict.

When storing a bicycle, it is
necessary to lift the bicycle to

a parking platform with a
certain height by hand, which
is inconvenient for the elderly

and other groups.

Converted to
Invention Problems

Improving parameters:
reliability; deterioration

parameters: the complexity of
the device.

Space separation can not only
reduce the footprint, but also

increase the amount
of storage.

The sub-field models
S1—bicycle, S2—human, and

F1—gravity field.

Invention Principles No. 13—reverse No. 17—dimension change in
separation principle No. 2.1.1—standard solution

Solutions
The fixed bicycle tire is

converted into a fixed bicycle
handlebar and seat.

Change the device to a
multilayer structure to

increase the amount
of storage.

A lifting device is added, and
the person fixes the bicycle on

the card slot. The lifting
device lifts the bicycle to the

parking platform through the
card slot.

Final Design

The device is designed as a two-layer structure to increase the utilization rate of the upper floor
space and reduce the area occupied by the parked bicycle. A lifting device is installed at the

entrance to lift the bicycle to the storage entrance to avoid the problem of people being unable to
lift the bicycle. The reliability and safety of the system is increased by fixing the handlebars and

seat of the bicycle.
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The product model in scenario B obtained from the above scheme is shown in
Figure A1.

Figure A1. The product model of the system. (a) Three-dimensional image; (b) physical model.

The working operation procedure of Scenario B is given as follows:

• When a user needs to use a bicycle, they first observe the number of remaining bicycles
and the remaining charge for each bicycle as shown on an LCD display on the device.
They then remove a bicycle by scanning a QR code or swiping a card. Currently, the
bicycle storage track will open a gate and release a bicycle. The user can push the
bicycle away by removing the hook of the released bicycle. After the user removes the
bicycle, a second gate is opened. The card slot enters the corresponding recovery track.
After the user picks up the bicycle, the user scans the QR code to use the bicycle.

• When the user needs to park the bicycle, he or she can observe whether a parking
space is available via the LCD display. If there is a parking space, the gate will open to
release the slot into the lift track and the user will use the hook on the slot to hang the
ring on the bicycle. At present, the motor lifts the slot to the specified position and
uses the gap between the rails to enter different storage rail layers.
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