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ABSTRACT Although extant studies have extensively investigated the association between advanced
manufacturing technology (AMT) and product innovation performance (PIP), the influence of AMT on PIP
is not an isolated event. In order to play an effective role, AMT needs to adapt to both external- and internal
contextual factors. Prominently, design and manufacturing AMTs represent two crucial types emphasizing
advanced manufacturing technology. Nevertheless, the effect of manufacturing AMT, design AMT, and the
synergistic impact of these two AMTs on PIP is moderated by internal culture and external environment.
However, the proposed influence has not yet been explored in the existing literature. Therefore, this paper
analyzed 302 Chinese equipment manufacturing enterprises, and the study findings indicated that on the one
hand, the higher the degree of flexibility-oriented culture, the higher the turbulence of the environment, and
the more significant the improvement impact of design AMT on PIP; while, on the other hand, the higher the
degree of flexibility-oriented culture, the more significant the improvement impact of manufacturing AMT
on PIP. However, themoderate impact of environmental turbulence on the correlation betweenmanufacturing
AMT and PIP is insignificant. Further study findings highlighted that the high environmental turbulence can
still support design- and manufacturing AMTs to play a synergistic role in supporting PIP when exploring
the synergistic effect of design- and manufacturing AMTs on PIP. Nonetheless, a flexibility-oriented culture
is not conducive to the synergy between design AMT and manufacturing AMT. In specific, the synergy
between design AMT and manufacturing AMT can promote PIP only in a control-oriented culture. In this
study, factors that influence the effect of AMT from both designAMT andmanufacturingAMT are combined
to discuss, which makes a comprehensive understanding of how to create better conditions and environment
for PIP. Chinese enterprises should emphasize both design AMT and manufacturing AMT and integrate the
two AMT styles through organizational culture and environmental recognition.

INDEX TERMS Design AMT, manufacturing AMT, organizational culture, environmental turbulence,
product innovation performance (PIP).

I. INTRODUCTION
In the process of the fourth industrial revolution, AMT
carries the historical mission of technological innovation and
economic efficiency’s convergence; thereby, shouldering the
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approving it for publication was Parul Garg.

significant responsibility of redesigning the competitiveness
of the national manufacturing system. As a result, AMT has
triggered a substantial deal of attention from the policymakers
of the major economies [1]. For instance, Made in China
2025 (National Action Program), the High-Tech Strategy for
Germany (2020), the US National Strategy for Advanced
Manufacturing (2018), and Japan’s Manufacturing White
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Paper (2018) all point to breakthroughs and innovations
in cutting-edge technologies for advanced manufacturing.
Consequently, a growing number of manufacturing firms are
emphasizing and excessively investing in AMT, in order to
not only make them more responsive to the market but also
improve innovation performance. As two distinct types of
AMT, manufacturing- and design AMTs exert a profound
influence on PIP. In practice, design AMT, for example, can
employ digital design tools to rapidly implement creativity,
iterative design, and design validation, in order to pace up
the cycle of product development;Manufacturing AMT in the
presence of increased uncertainty in the mass customization
production process, The enterprise takes advantages of
the flexibility of the manufacturing system to develop
organizational knowledge resources flexibly and instantly to
generate products for intermediate testing, in order to ensure
that the product can be realized for production.

There is a common consensus among numerous scholars
that AMT demonstrates a profound effect on innovation.
However, these studies cannot elucidate why there also
exist companies that have not considerably improved their
innovation performance despite having implemented AMT.
As a result, the moderating role of contextual factors outside
and inside the organization has been neglected by the research
scholars. Moreover, researchers have focused only on the
influence of design or manufacturing AMT on innovation
in the few empirical studies that have been conducted on
AMT, while ignoring the examination of interaction between
design AMT, manufacturing AMT on innovation. Therefore,
systematically analyzing the moderating role of contextual
factors both within and outside the organization on design
AMT, manufacturing AMT, and their synergistic effect on
PIP is of vital significance but an unproven issue in the sphere
of AMT management.

The present study serves as an exploratory research
endeavor on the aforementioned issue based on contingency
theory. Specifically, contingency theory underscores that
nothing is static and advocates that organizational systems
should be adjusted in accordance with various contingency
factors such as the external environment, technology, culture,
size, and strategy [2]. Firstly, effective implementation of
AMT warrants adequate cultural fit within the organization,
as AMT typically challenges organizational norms. In con-
trast to traditional single-species; high-volume production
centered on production equipment, AMT is capable of
realizing multi-species; low-volume production by changing
physical setups and operating procedures in response to
market demand. As a result, the type of organizational
culture adopted may eventually influence the application
level of the technology, as compared to the traditional
internal environment of the organization [3]. Consequently,
the first purpose is to investigate the moderating effect of
organizational culture on the performance of manufacturing
AMT, design AMT, and their synergistic and innovative
performance.

In addition to the internal forces of the organization,
the characteristics of the organization’s external compet-
itive environment may hinder the effectiveness of AMT
implementation. Meanwhile, the environmental turbulence
requires flexibility to support [4]. Similar to other digital
manufacturing technologies, the value of AMT predomi-
nantly lies in its ability to add flexibility to the organization.
The proposed flexibility can be defined as the ability to
respond to uncertainty in the external environment. Thus,
flexibility helps enterprises cope with the rate of change
and unpredictability of technologies and markets. Moreover,
the effect of AMT implementation not only depends on the
technology itself but also on its capability to continuously
adapt and match with the external environment faced by the
enterprise [5]. As a consequence, the second purpose is to
explore the contingency influence of environmental turbu-
lence on the correlation between design AMT, manufacturing
AMT, and their synergies with PIP.

Therefore, various research scholars have studied the
impact of design AMT and manufacturing AMT on PIP.
while this paper essentially studies and expects to resolve
the problem at hand, that is, based on the research data
of the national equipment manufacturing enterprises, this
study attempts to systematically analyze how the moderating
influences of environmental turbulence and organizational
culture impact the design AMT, manufacturing AMT, and
their synergistic effects on PIP, in the context of contingent
effect, with an outlook to offering insights for innovation
theory and practice.

II. LITERATURE REVIEW
A. RELEVANT LITERATURE
1) AMT
Researchers have classified AMT in a variety of ways,
and this research study centers on emphasizing AMT usage
and manufacturing performance. In particular, AMT is
conceptualized as design AMT, manufacturing AMT, and
administration AMT [6], [7], [8]. Based on the two critical
reasons, this research paper restricts the analysis to design
AMT and manufacturing AMT. Firstly, the study’s focus is
on the application of AMT in product development activities
instead of business operations. Secondly, flexible information
systems such as enterprise resource planning are perceived
as tools for organizational management [9]. As a result,
the inclusion of administration AMT in this study may be
mistaken with the organizational culture.

On the one hand, design AMT refers to the advanced
technology that can shorten the product design cycle, gain
business opportunity and reduce the design cost, particularly
including CAD, CAPP, and CAE.

On the other hand, manufacturing AMT refers to the
control of manufacturing processes and the generation of
process-relevant IT in factory workshops, involving FMS,
CNC, CIM, robotics, cloud computing, new materials, rapid
prototyping, and industrial big data.
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Empirical studies report that both manufacturing- and
design AMT exhibit a significantly positive association with
PIP. Explicitly, design AMT with its design and analysis
functions, can reduce product development costs and some
programming time [10]. Further, manufacturing AMT is
not subject to economies of scale related to traditional
manufacturing, whereas the ‘‘flexibility’’ gained allows for
the production of customized products on demand; thereby,
minimizing the chances of wastage and overstocking of
raw materials [11]. Nevertheless, extant studies have only
scrutinized their effect on innovation performance, without
taking into account the moderating role of environmental
turbulence and organizational culture.

2) ORGANIZATIONAL CULTURE
Organizational culture presents a culture developed in
practice by an organization over a long period of time through
its business practices. Further, organizational culture stands
for the shared perception and vision of the values, beliefs,
and vision of the organization by its members. According to
Quinn, Quinn and Rohrbaugh [12], [13], [14] organizational
culture is categorized into a flexibility-oriented culture and
control-oriented culture, based on the ‘‘flexibility-control’’
perspective of the competitive value framework, with the
control-oriented value system stresses centralization and
integration whereas the flexibility-oriented value system
emphasizing decentralization and differentiation. On the one
hand, the group and development cultures lay emphasis
on cooperative participation and risk-taking, respectively,
aligned with the characteristics of flexible cultural ori-
entation; while, on the other hand, the hierarchical and
rational cultures emphasize operational efficiency and goal
orientation, respectively, consistent with the characteristics of
control culture orientation.

Ajmal and Koskinen [15] infer that a flexibility-oriented
culture stresses decentralized decision-making, a flat orga-
nizational structure, and a small division of labor. This
culture attempts to resolve issues as they occur by delineating
the uncertainties related to AMT operations. Meanwhile,
a flexibility-oriented culture drives the expertise and infor-
mation down to lower levels; thereby, allocating discretionary
power to operators. Such a model of control and coordination
supplements the pace and flexibility of the organization in
responding to hidden opportunities and problems.

In comparison to flexibility-oriented culture, control-
oriented culture puts emphasis on centralized decision-
making, various specializations, and hierarchical organiza-
tional structures [16]. This culture impulses information
and knowledge to higher levels of the organization, with
middle-level management and technical experts making
operational decisions.

Certainly, organizational culture not only serves as a
pivotal factor in implementing technology but also plays an
imperative role in various areas of organizational manage-
ment. Since the organizational culture can either facilitate or
impede the implementation of AMT, it is of vital significance

to explore what type of organizational culture extends the
most suitable conditions for AMT [17].

3) ENVIRONMENTAL TURBULENCE
Environmental turbulence refers to the degree of change of
external environment in terms of technological innovation,
competitor behavior, and user behavior [18], [19]. Past schol-
ars have divided environmental turbulence into two main
aspects, namely: market turbulence and technological turbu-
lence [20]. Explicitly, technological turbulence denotes the
pace of technological change and the amount of uncertainty
in technological development [21]. Contrary to this, market
turbulence refers to the degree of change in product demand
and customer preferences [22]. Presently, researchers have
carried out extensive research on environmental turbulence;
consequently, verifying that environmental turbulence exerts
a significant impact on the application of technology [23].
This study proposes that environmental turbulence may
disrupt the application of AMT by enterprises and thus may
moderate the influential mechanism of manufacturing AMT
and design AMT on PIP.

4) RELATIONSHIP BETWEEN AMT AND PIP
AMT relates to a range of product innovations. AMT
not only communicates and collaborates on innovative
product concepts and ideas, but also integrates the ability
to calculate, store and process critical product information
to meet customers’ individual and diversified needs in the
modern marketplace, improving product quality and product
functionality. For example, additive manufacturing allows
for more customization opportunities and activates new
innovation ecosystems. Furthermore, AMT also supports the
optimised planning of resources that allow companies to use
digital technologies to improve the efficiency of processes.
This can be associated with fundamental manufacturing
techniques, such as Computer Integrated Manufacturing
Systems (CIMS) or Automated Guided Vehicle (AGV) [24].
In recent years, the adoption of AMT and its impact

effects in the manufacturing industry has become more
prominent, and the research on the key influencing factors of
AMT adoption has become increasingly rich. They mainly
focus on the existing technological capability [25], firm
size [8], and product export [26], etc. The methodology
to assess AMT adoption includes technology-organization-
environment framework (TOE) [27], fuzzy comprehensive
evaluation model [28], etc.

Research scholars have investigated the association
between AMT and innovation directly and concluded that
AMT serves as the core driving force behind innovation.
For instance, Hewitt Dundas examined the role of AMT
in devising innovation strategy choices in small enterprises;
thereby, establishing a significant correlation between AMT
adoption and innovation strategies. In specific, corpora-
tions that incorporate AMT are more inclined to employ
‘‘complex’’ strategies, including market innovation and
product innovation strategies [29]; furthermore, Bourke and
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Roper stress AMT adoption can yield innovation benefits,
i.e., AMT shall exert destructive influences on innovation
performance in the short run, but beneficial influences in
the long term [30]. Subsequently, Altuntas et al. scrutinized
the correlation between AMT, innovation, exports, and
corporate performance, and their results indicated that there
existed a substantial positive connection between AMT and
innovation [31].

Additionally, foreign and domestic researchers have fol-
lowed the paradigm of organizational change theory, in order
to study the influential mechanisms between AMT and PIP.
Cao explored the relationship between AMT and enterprise
innovation capability, empirically verified the mediating role
of human resource management practices between AMT and
technological innovation capability, while the relationship
between human resource management practices in AMT and
management innovation capability has not been verified [32];
Chen and Huang found that there is a partial mediating
effect of technological learning between AMT and product
innovation through empirical research [33]; Kong et al.
examined the role of internal collaboration in relation to
the specific types of AMT and two dimensions of green
innovation, and confirmed the important mediating role of
internal collaboration [34].

B. THEORETICAL ANALYSIS AND RESEARCH HYPOTHESIS
1) THE MODERATING EFFECT OF ORGANIZATIONAL
CULTURE AND EXTERNAL ENVIRONMENT IN THE
RELATIONSHIP BETWEEN DESIGN AMT AND PIP
Prominently, organizational culture is a soft constraint that
enhances the breadth and depth of AMT applications;
further, the deep integration of AMT and organizational
culture assists effective collaboration and linkages among
business units to realize competitive advantage. For instance,
Ungan [35] reported that organizational culture exerted a
positive effect on the successful implementation of man-
ufacturing best practices; thereby, effectively contributing
to improved performance. In the same manner, design
AMT not only broadens the sources of innovation, but also
fosters the ability to rapidly design products using digital
design tools. In the meantime, a flexibility-oriented culture
can effectively decentralize management decision-making to
front-line employees and expand the employee responsibility
requirements; resultantly, triggering employee creativity and
initiative. With Design AMT, front-line designers are able
to instantly implement digital product design, feedback,
and adjustments, in order to address the individualized
and diverse needs of customers in the marketplace. Such
flexibility allows enterprises to quickly launch new products
and better respond to changes in the market; hence, achieving
an edge in the competition [36]. Furthermore, a control-
oriented culture in which management control is augmented
by decreasing the discretionary power of production employ-
ees is not conducive to effective adaptation to unstable market
preferences by corporations employing design AMT. At the
same time, a control-oriented culture not only obstructs the

further transformation of external knowledge and information
into concrete actions but also demonstrates an inhibitory
effect on PIP. Based on this, the following hypotheses are
postulated in this study.

H1a Control-oriented culture negatively moderates
whereas the flexibility-oriented culture positively moderates
the correlation between design AMT and PIP.

Organizations are influenced by the richness, volatility,
and complexity of the environment [37]. The effects of tech-
nological turbulence and market turbulence in the external
environment are more significant in the information age,
where industrial technologies witness rapid development.
Thus, high turbulence implies greater uncertainty in the tech-
nological paradigm of product design and market demand.
Meanwhile, design AMT facilitates enterprises to adopt
digital design tools, in order to rapidly simulate and adapt
designs to diverse demand information related to customers in
the context of mass customization; consequently, improving
the ability of organizations to instantly respond to changing
market conditions and product requirements. Therefore,
environmental turbulence has a positive moderating effect
between design AMT and PIP. As a result, this paper puts
forward the following hypotheses:

H1b Environmental turbulence positively moderates the
association between design AMT and PIP.

2) THE MODERATING EFFECT OF ORGANIZATIONAL
CULTURE AND EXTERNAL ENVIRONMENT IN THE
RELATIONSHIP BETWEEN MANUFACTURING AMT AND PIP
Manufacturing AMT can utilize software programs to
automatically change processing tools and processes and
to execute such operations without excessive time and
cost in the conversion process. This enables business firms
to manufacture multiple products for rapid manufacturing.
Nonetheless, a control-oriented culture is not conducive to
dealing with the uncertainty and complexity associated with
AMT operations, although it is beneficial for productivity
but not for PIP. In particular, Zammuto and O’Connor [17]
put forward that the more the organization emphasizes
control orientation, the higher the failure probability of
AMT application; the more emphasis on flexible orientation,
the higher the success probability of AMT application
Consequently, a control-oriented culture shall inhibit the
stimulating influence of manufacturing AMT on PIP. Thus,
the following hypotheses are proposed in this paper.

H2a Control-oriented culture negatively moderates
(flexibility-oriented culture positively moderates) the linkage
between manufacturing AMT and PIP.

Typically, manufacturing AMT with flexible production
systems permits corporations to adopt more sophisticated
innovation strategies. The manufacturing AMT increases
the uncertainty of the production process under mass
customization in a highly volatile technological and market
environment. By taking advantage of the flexible attributes
of the manufacturing system, companies can quickly and
flexibly promote the efficient use of new knowledge, develop
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organizational knowledge resources, conduct intermediate
tests on creative products using technologies such as 3D
printing, as well as customize or change their products rapidly
than their competitors, in order to react to technological
trends and market innovations. On this basis, the following
hypotheses are hypotheses in this study.

H2b Environmental turbulence positively moderates the
relationship between manufacturing AMT and PIP.

3) THE MODERATING EFFECT OF ORGANIZATIONAL
CULTURE AND EXTERNAL ENVIRONMENT IN THE
SYNERGISTIC RELATIONSHIP BETWEEN DESIGN AMT AND
MANUFACTURING AMT ON PIP
In general, enterprises do not adopt one-dimensional AMT in
isolation, but incorporate multi-dimensional AMT in sequen-
tial order (incremental model) or concurrently (discontinuous
model) [38]. Accordingly, Gomez and Vargas [39] asserted
the interrelationships of certain AMTs and suggested that the
implementation and use of these technologies not be analyzed
in isolation. The authors’ previous findings reflect that
multi-dimensional AMT must complement each other and
coordinate to support business firms to bolster innovation and
effectively translate new external technological knowledge
into PIP rather than one-dimension of AMT adoption [40].
Though, design AMT and manufacturing AMT are different,
whether the two types of AMT can effectively collaborate
is constrained by internal and external environmental con-
ditions. Therefore, organizations need to comprehend and
ascertain whether the design and manufacturing AMTs can
coordinate, in order to improve PIP, in accordance with
external and internal environmental factors.

Apparently, a control-oriented culture can guide the col-
laboration between design AMT and manufacturing AMT by
emphasizing predictability, direction, and efficiency; thereby,
enhancing the efficiency and effectiveness of converting
knowledge resources into creative ideas. Based on this, this
research study holds that a control-oriented culture also
positively impacts the connection between the synergy of
design AMT and manufacturing AMT and PIP. On the
one end, the interaction of a control-oriented culture with
the synergy of design AMT and manufacturing AMT
lowers task or process conflicts within the organization
and enhances knowledge exchange and collaboration among
departments [41]. This accelerates the transformation of
ideas into products. On the other end, the synergy of
design AMT and manufacturing AMT can be regarded
as a design and manufacturing integration mechanism in
enterprises characterized by a control-oriented culture, which
can promote implicit knowledge exchange between product
design and manufacturing processes. In short, the synergy
of design AMT and manufacturing AMT can also be more
effective in fostering PIP when control-oriented culture is
enhanced. Resultantly, the following hypotheses are proposed
by the authors.

H3a: The higher the degree of control-oriented culture (the
lower the degree of flexibility-oriented culture), the positive

interaction between design AMT and manufacturing AMT
on PIP; the higher the degree of control-oriented culture (the
lower the degree of flexibility-oriented culture), the positive
interaction between design AMT andmanufacturing AMT on
PIP.

Environmental turbulence may affect the linkage between
this behavior and PIP when firms engage in complementary
synergies between design AMT and manufacturing AMT [5].
Meanwhile, organizations operating in highly uncertain
environments may be coerced to innovate at a higher rate.
In such scenarios, business organizations must strive to
expand functional boundaries and shorten product life cycles
through the synergy of manufacturing- and design AMT,
leading to more diversified and multilayered products and
services that are successfully adapted to unstable market
preferences and technological change in an externally volatile
environment [42], [43]; consequently, optimizing the PIP.
As a result, the researchers put forward that environmental
turbulence positively moderates the connection between the
complementary of design AMT, manufacturing AMT and
PIP. Thus, the following hypotheses are proposed in this
research paper.

H4a: There is a positive interaction between design
AMT and manufacturing AMT on PIP at higher levels of
environmental turbulence.

Based on the aforementioned theoretical analysis and
research hypotheses, the conceptual model of this study is
depicted in Figure 1.

FIGURE 1. Conceptual model.

III. METHODOLOGY
A. DATA COLLECTION
Noticeably, the study object is equipment manufacturing
enterprises in China. In addition, sample selection criteria are
as follows: (1) Geographical division: four major economic
zones in China are selected, namely: North China(Beijing,
Tianjin, Jilin, Heilongjiang and Liaoning), East China
(Zhejiang, Jiangsu and Shanghai), South China (Hubei,
Hunan, Henan, Fujian and Guangdong), and West China
(Chongqing, Shanxi and Sichuan). (2) Industry division:
reference to ‘‘National Economic Industry Classification’’
(GB/T4754-2017), including 7 categories of equipment
manufacturing companies. As per the chosen industries and
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regions, the distribution of the sampled enterprises in each
industry is relatively balanced, whereas the geographical
distribution is fundamentally aligned with the actual situation
in China.

Explicitly, only one respondent questionnaire is gathered
for each firm. Further, related criteria are introduced to ensure
that the respondents are undeniably qualified to offer the
requested information: a. involved in the development of
a new product; b. implemented AMT in product design,
production, and other associated processes; c. the survey firm
has been set up for over 3 years since the application of
AMT acts is a combination of technological and innovative
factors. The official study period was initiated in Dec
2020 and ended in May 2021. In the meantime, the
respondents of the questionnaire survey are the managers
of the R&D department or in charge of the product
development project and possess a holistic perception of
AMT, cultural orientation, product innovation, and external
environmental turbulence. The questionnaire filled out by
them reflects the actual circumstances of the firm to a certain
extent.

In this study, the chosen scale chosen is predominantly
designed based on the mature scales extracted from the
foreign literature. First, the original English scales were
translated into Chinese, and English proficient researchers
were requested to correct the original English scales, so as
to they were consistent with each other. Second, prior to
the final questionnaire being developed, preliminary survey
>100 companies was conducted in Hebei and Tianjin. Third,
in light of the survey outcomes and feedback retrieved
from the enterprise personnel, inappropriate questions were
deleted whereas ambiguous statements were modified to
develop the measurement scales.

Reportedly, the total number of recovered questionnaires
was 339 out of the 1,200 questionnaires sent out to
respondents, with a recovery rate of 28.3%. Besides this,
302 questionnaires stood valid, with a valid recovery
rate of 25.2%. In terms of the individual characteristics
of the respondents, middle-level personnel accounted for
44.0%, grass-roots personnel accounted for 40.4%, and
senior personnel were reported to be 15.6%. Furthermore,
119 enterprises were sampled from mechanical engineering
and other important basic machinery, accounting for 39.4%
of the study sample. Similarly, 61 enterprises were engaged
in critical mechanical and electronic basic components such
as instruments and cultural office machinery, accounting
for 20.2%. Further, 122 companies were chosen from the
transportation equipment manufacturing and other major
complete sets of enterprises, accounting for 40.4%. From
the perspective of firm size, 500 individuals, 500∼999
individuals, and more than 1,000 individuals account for
54%, 18.2%, and 27.8% respectively. Subsequently, in terms
of the distribution of geographic regions, East China, North
China, West China, and South China accounted for 36.1%,
27.8%, 12.3%, and 23.8% respectively. Finally, in the context
of firm age, corporations with 5 years or less, 6 to 10 years,

and 11 years or more accounted for 7.3%, 23.5%, and 69.2%
respectively. The basic characteristics are shown in Table 1.

TABLE 1. Descriptive statistics of sample companies.

The owner’s subjective judgment may be biased since
there is only one respondent in each enterprise. Therefore,
it is essential to perform Harman’s one-factor test for
homogenous data. The relevant results indicated that the
first factor explained 29.791% of the variance (less than
40%). As a consequence, the findings are not significantly
influenced by the homogenization of the data.

B. MEASURES
In this study, the items scaling different dimensions of
AMT are majorly sourced from Boyer et al. [7], Swamidass
and Kotha [8], and Zhou and Yao [44]. On the one hand,
design AMT is estimated by 3 measurement items; while,
on the other hand, manufacturing AMT is gauged by
14 measurement items.

Organizational culture measurement items are borrowed
from variables proposed by Quinn and Spreitzer [45]. Mean-
while, the Competing Values Model scale focuses on the two
functions of organizational culture, namely: control-oriented
culture and flexibility-oriented culture. The present study was
benchmarked against the control culture orientation. Control-
oriented culture comprises 2 dimensions of hierarchical
and/or rational values of culture, with 8 measurement items.

Technological turbulence measurement items are adapted
from Jaworski and Kohli [18]. Evidently, this scale contains
4 measurement items. Moreover, the market turbulence mea-
sures are mainly derived from Jaworski and Kohli [18];and
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TABLE 2. Reliability and validity tests for the scale.

Olson et al. [46]. In addition to this, the scale includes
2 measurement items.

The PIPmeasurement items are adapted fromReinartz et al.
[47]. This statistical scale contains 4 measurement items.

Firm size (SIZE). Firm size may be associated with the
corporate ability to adopt new technologies. Additionally,
firm size may also be related to the level of synergies
warranted between the designAMTandmanufacturingAMT.
In any case, these two functions may be performed by the
same person in a very small firm. As obvious, this variable
is classified into 5 ascending levels (1=under 149, 2=150 to
249, 3=250 to 499, 4=500 to 999, and 5=over 1000)

Firm age (AGE). Long-term enterprises have more time
to absorb knowledge, therefore such corporations may
demonstrate a higher degree of synergy between design AMT
and manufacturing AMT [48]. Correspondingly, this variable
is divided into five different levels (1=1 to 5, 2=6 to 10, 3=11
to 15, 4=16 to 20, and 5=over 20)

Firm area (AREA). Divergences and differences in geo-
graphic cultures, innovation environments, and geographic
policy may directly impact corporate innovation [49]. Hence,
geography is treated as a control variable in this paper
whereas geographical locations are divided into four separate

regions. At last, the geographic measures are operationalized
as 3 dummy variables, with the western zone as the
benchmark.

C. DATA ANALYSIS
1) RELIABILITY AND VALIDITY
From the standpoint of scale reliability, this research analysis
was estimated by Cronbach’s α and combined reliability
(CR). As illustrated in Table 2, the values of Cronbach’s α are
over 0.7 [50], and CR coefficients exceeded 0.6 [51]. These
results indicate that the sample data have good consistency.
In this paper, two validation indexes are chosen to test the
structural validity. Until the optimal level of reliability values
is reached, items below a specific threshold are removed from
the measurement model. Additionally, 6 items from AMT
and 1 item from PIP were not assumed in the analysis as
these items did not fulfill this criterion. Correspondingly,
the Appendix demonstrates the entire scale in Chinese and
English used in the paper [52]. As depicted in Table 1,
all the thresholds of the factor loadings of each variable
are higher than 0.6 [50]. Based on this, there is a sound
convergent validity of the scale. In addition to this, the AVE
and correlation coefficients of each variable are compared
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and analyzed in this research. As evident from Table 3, the
square root of AVE is larger than the correlation coefficients
between other variables. Hence, the discriminant validity is
considered to be good [51].

2) DESCRIPTIVE STATISTICS OF VARIABLES
The results are presented in Table 3, which reflect that there
exist significant correlations among design AMT, manufac-
turing AMT, PIP, control-oriented culture, and environmental
turbulence, with Pearson correlation coefficients of less than
0.6, and VIF of less than 2. This implies that the issue of
multiple covariance is not severe, and it can be analyzed
by further regression analysis. Besides, the study variables
are standardized when constructing the quadrature terms,
in order to effectively minimize the multicollinearity among
the explanatory variables.

TABLE 3. Descriptive Statistics of Each Variable and Pearson’s Correlation
Coefficient.

D. HYPOTHESIS TESTS
Using SPSS.26, this research article verifies the postulated
hypothesis by performing the hierarchical regression analysis
on the sample data [53]. Gefen et al. [54] report that
regression analysis is appropriate for exploring the specific
mechanisms of action in models. Especially for the testing
of moderating influences, hierarchical regression analysis
represents a wide range of applications, which can avoid
estimation errors that disrupt statistical significance and
multi-collinearity [55].

1) TEST OF HYPOTHESIS H1
In Table 4, Model 1 only takes into account the influences
of control variables such as firm size, firm area, and firm
age on the PIP; afterward, Model 2 adds the independent/
explanatory variable design AMT; subsequently, Models
3 and 4 add the moderating variable (organizational culture)
and the interaction term between the two, respectively;
thereafter, Models 5 and 6 add the moderating variable
(environmental turbulence) and the interaction term between
the two, respectively. Parallel to this, in Table 5, variable
settings for each model are the same as those in Table 4,
except that the explanatory variable is replaced with the
manufacturing AMT.

When design AMT is taken as an explanatory variable,
hypothesis H1 is tested against the results in Table 4.

Explicitly, Model 2 exhibits that the regression coefficient
of design AMT on PIP is positive and significant (β =

0.377, p<0.01). Further, Model 4 demonstrates that the
interaction term of design AMT and control-oriented culture
exerts a significant impact on the PIP (β = −0.105,
p<0.05), and control-oriented culture negatively moderates
the correlation between design AMT and PIP. Therefore,
H1a stands valid in this study. Subsequent to this, Model
6 highlights that the interaction term of design AMT and
environmental turbulence has a significant impact on PIP
(β = 0.128,p<0.05). Consequently, hypothesis H1b is also
verified in this paper.

2) TEST OF HYPOTHESIS H2
When manufacturing AMT is incorporated as an independent
variable, hypothesis H2 is tested against the results in
Table 5. Obviously, Model 2 illuminates that manufacturing
AMT (β = 0.388, p<0.01) exerts a significant influence
on PIP. Additionally, Model 4 reflects that the product of
manufacturing AMT and control-oriented culture shows a
significant effect on PIP (β = −0.113, p< 0.01), whereas
control-oriented culture negatively moderates the association
between manufacturing AMT and PIP. Based on this, H2a is
also supported in this study. Moreover, Model 6 illustrates
that the interaction term between manufacturing AMT and
environmental turbulence is positively but not significantly
associated with PIP (β = 0.063, p>0.1), and hypothesis
H2b is not tested. This implies that environmental turbulence
does not exert a significant effect on manufacturing AMT and
PIP, as firstly when environmental turbulence is high, firms
attempt to adapt to external pressures through flexibility [56].
This is achieved by customers using 3D printing to make
rapid prototypes; thereby, contributing to PIP. Secondly, the
high environmental turbulence makes the existing knowledge
system and production specifications of the enterprise
gradually lose their value [57]. Manufacturing AMT can no
longer play a supportive role in innovation practices. The
positive moderating effect of environmental turbulence is
somewhat neutralized by the aforementioned factors; thus,
making the moderating influence less significant.

3) TEST OF HYPOTHESIS H3
Based on the degree of flexibility of organizational culture,
the sample is categorized into two groups, the enterprises
with higher flexibility are termed as employing flexibility-
oriented culture, while the enterprises with lower flexibility
are termed as incorporating control-oriented culture, and
stepwise regressions are carried out on the samples of the
two groups separately. Accordingly, the specific results are
populated in Table 6.

In the control culture-oriented organization, both man-
ufacturing AMT (β = 0.168, p<0.05) and design AMT
(β = 0.138, p<0.05) have a significant effect on PIP, with
a higher coefficient for manufacturing AMT. The positive
interaction between design AMT and manufacturing AMT
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TABLE 4. The moderating role of organizational culture and environmental turbulence in the relationship between the effect of design AMT on PIP.

TABLE 5. The moderating role of organizational culture and environmental turbulence in the relationship between the effect of manufacturing AMT on
PIP.

on PIP (β = 0.142, p<0.05) implies that design AMT
andmanufacturing AMT can promote each other and work
synergistically to a certain extent when the enterprise is in
the control culture orientation. In the flexible culture-oriented
organization, the effect of design AMT (β = 0.359, p<0.1)

on PIP is relatively significant, whereas the effect of man-
ufacturing AMT (B=0.039, p>0.1) on PIP is insignificant;
additionally, there exists a certain negative (insignificant)
interaction between design AMT and manufacturing AMT
(β = −0.028, p>0.1). This indicates that it is difficult to
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TABLE 6. The moderating role of organizational culture in the relationship between the synergistic effect of design AMT and manufacturing AMT on PIP.

TABLE 7. The moderating role of environmental turbulence in the relationship between the synergistic effect of design AMT and manufacturing AMT on
PIP.

synergize design AMT and manufacturing AMT in a flexible
culture orientation, to a certain extent. In contrast to the
previous conclusion, which takes into account the effect of
design AMT and manufacturing AMT on PIP separately,

the synergy between design AMT and manufacturing
AMT can only be realized when the organization is in a
control culture orientation. Thus, the researchers test the
hypothesis H3.
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4) TEST OF HYPOTHESIS H4
Under the degree of environmental turbulence, the sample
is classified into two groups. On the one hand, enterprises
with lower environmental turbulence are regarded as being
in a more stable environment. On the other hand, enterprises
with higher environmental turbulence are regarded as being
in a more turbulent environment. Subsequent to this, stepwise
regressions are performed on the two groups of samples
separately, and the results are presented in Table 7.

In a relatively stable environment, the impacts of design
AMT (β = 0.189, p>0.1) and manufacturing AMT
(B=0.202, p>0.1) on PIP are not significant. Further,
manufacturing AMT and design AMT demonstrate some
negative interactions with PIP (β = −0.068, p>0.1), but they
are not significant. Meanwhile, this reveals that it is difficult
to synergize design AMT and manufacturing AMT in a more
stable environment to a certain extent. In a more turbulent
environment, both manufacturing AMT (β = 0.163, p<0.05)
and design AMT (β = 0.304, p<0.05) exert a significant
impact on PIP. However, the impact coefficient of design
AMT is higher. Besides this, design AMT and manufacturing
AMT exhibit a positive interaction on PIP (β = 0.216,
p<0.05). Additionally, design AMT and manufacturing
AMT can synergistically affect PIP when the environmental
turbulence is high. Thus, hypothesis H4 is tested.

IV. CONCLUSION
On the basis of a research sample of 302 equipment
manufacturing enterprises in China, this paper empirically
investigated how the moderating influences of organizational
culture and environmental turbulence affect manufacturing
AMT, design AMT, and their synergistic effects on PIP.
Consistent with this, the major findings of this study are as
follows.

First, the influence of design AMT on PIP - the moderating
effect of organizational culture and environment turbulence:
the higher the degree of flexibility-oriented culture (the
lower the amount of control-oriented culture), the more
dynamic the organization’s external environment is, and
the more prominent is the contribution of design AMT
to PIP. Consistently, the high volatility of the external
environment mirrors that organizations require the ability
to promptly design products using digital design tools
in response to fluctuating external technology paradigms
and market demands. To be specific, a flexibility-oriented
culture empowers employees to operate autonomously and
respond quickly and accurately to customer needs; thus,
utilizing design AMT to attain agile product development and
positively support PIP.

Second, the effect of manufacturing AMT on PIP - the
moderating effect of organizational culture and environment
turbulence: the higher the amount of flexibility-oriented
culture (the lower the extent of control-oriented culture),
and the positive effect of manufacturing AMT on PIP
is more significant. Certainly, flexible culture orientation
provides front-line production employees with appropriate

decision-making power, which encourages employees to
be multi-skilled and highly trained, capable of rapidly
diagnosing and troubleshooting production-related problems
and proposing practical and economic solutions, which
uplifts the potential for flexible application of manufacturing
AMT. In terms of the volatility of the external environ-
ment, the diversification of customer demands necessitates
corporations to utilize the flexible production system of
manufacturing AMT, in order to adapt to the requirements
of mass customization. Therefore, the proposed flexible
production system also plays a positive moderating effect
on PIP, which is in line with the expectation of this study.
Nonetheless, the derived results are not significant since
other factors brought about by environmental turbulence,
including the high environmental turbulence that makes the
enterprise’s current production specifications and knowledge
system gradually lose their value, which may, to some extent,
neutralize their original positive impacts on the PIP by
manufacturing AMT.

Third, the potential impact of synergy between design
AMT and manufacturing AMT on PIP-the moderating effect
of organizational culture and environment turbulence: in
organizations with higher external environment dynamics
and stronger control culture orientation, the synergy between
design AMT and manufacturing AMT reports a positive
interaction effect on PIP. In contrast to the finding that design
AMT and manufacturing AMT individually moderated the
positive interaction of design AMT and manufacturing AMT
were more significant, from the perspective of control culture
orientation. In control culture-oriented companies, design
AMT and manufacturing AMT synergy can be declared as a
design-manufacturing integration mechanism, through which
new product design and manufacturing can be transformed
into interdependent tasks; the mismatch between possible
errors and functionality is minimized, the resource allocation
efficiency is optimized, and the digital innovation process
is boosted. As a result, design AMT and manufacturing
AMT can facilitate each other to improve PIP in a
highly control-oriented corporate culture. In flexible culture-
oriented enterprises, the synergistic influence of design AMT
and manufacturing AMT on PIP is insignificant and negative
as in this case, the difficulty of integration of design and man-
ufacturing leads to an increase in iteration times, resulting
in increased collaboration time and resource consumption;
thereby, leading to the cost of innovation exceeding the
benefit. Therefore, it is not possible to effectively integrate to
support innovation [58]. In line with the finding that design
AMT and manufacturing AMT individually perform their
moderating roles, the synergistic influence of design AMT
and manufacturing AMT is more significant in the more
volatile environment. Both design and manufacturing AMTs
have a positive effect on PIP in highly volatile environments,
and corporations tend to strongly rely on the synergistic
effects of design- and manufacturing AMTs in volatile
environments. Since the synergistic effects of design and
manufacturing AMTs determine, to some extent, the extent
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and pace with which external knowledge and information
can be transformed into new products, the value of design
AMT and manufacturing AMT synergies uplifts significantly
in terms of the volatile environments; whereas the adoption of
established and more cost-effective manufacturing methods
shall be more beneficial in a relatively stable and low volatile
environment, due to low changes in external technological
paradigms and market demand.

V. PRACTICAL AND ACADEMIC CONTRIBUTIONS
A. ACADEMIC CONTRIBUTIONS
First, this paper expands the extant literature on AMT.
Prior AMT studies have most often elucidated the effect of
manufacturing AMTor design AMT on the PIP from a1-
dimensional standpoint. This article studies the influence of
and manufacturing AMT or design AMT and the synergistic
effect of the two on PIP from both multi-dimensional
and 1-dimensional viewpoints; thus, verifying the positive
impact of multi-dimensional and 1-dimensional AMT on PIP.
The proposed finding expands the relevant studies on the
influence of multidimensional AMT on PIP [24], [25], which
is conducive to the development and improvement of the
AMT theoretical system.

Second, this study enriches the moderating influences
of environmental turbulence, explores and illuminates the
analysis of environmental turbulence’s effect on the AMT
and PIP, and proposes that there exist differences in the
moderating mechanisms of environmental turbulence on the
manufacturing AMT, design AMT, and the synergistic effect
of the two and PIP. Prominently, enterprises are experiencing
a special situation of rapid technological, institutional, and
market changes, as well as a substantial degree of uncertainty.
Concurrently, the turbulence and changes in the environment
in which corporations operate present key factors that
should be taken into account, in order to accelerate product
innovation. In line with this, the study conclusion confirms
the positive moderating impact of environmental turbulence
on the association between design AMT and PIP, as well
as the synergy between design AMT and manufacturing
AMT and PIP. Thus, the study findings validate Candi
and Beltagui’s [59] argument which holds that 3DP is
more effective in supporting innovation performance when
utilized in highly volatile environments; consequently, further
enriching the role of environmental turbulence in PIP.

Third, the value of organizational culture for enterprise-
oriented performance has been recognized in previous
studies [3], although few empirical works have been reported
in the existing literature that associate organizational culture
with the domains related to product innovation. Nevertheless,
this study investigates the differences and similarities in terms
of their moderating impacts on the design AMT, manufac-
turing AMT, and the synergy between the two and PIP in
the context of competing value frameworks. The proposed
research findings validate the positive moderating influence
of flexibility-oriented culture on PIP when manufacturing-
or design AMT is adopted, while control-oriented culture

positively contributes to the PIP only when the two are
synergized. On the basis of competitive value framework
theory and creativity process perspective, this article extends
and enriches the research analysis of Zammuto’s [17] by
empirically studying the role of moderating impact of cultural
orientation in the correlation between AMT and PIP.

B. PRACTICAL CONTRIBUTIONS
First, to improve PIP through the application of AMT,
equipment manufacturing enterprises should pay attention to
two types of AMTs: design AMT and manufacturing AMT.
Technological innovation is the only way for equipment
manufacturing enterprises to improve PIP. Improving PIP for
equipment manufacturing enterprises requires simultaneous
efforts in product design and manufacturing, and cannot be
achieved without applying two types of AMTs. By imple-
menting these two types of AMTs, equipment manufacturing
enterprises can achieve product design optimization and
manufacturing optimization, thereby better enhancing PIP.

Second, Equipment manufacturing enterprises should
focus on leveraging the ‘‘soft power’’ role of organizational
culture when applying design AMT and manufacturing
AMT. When using only one type of AMT, considering
that the promotion effect of flexibility-oriented culture on
PIP is more obvious than that of control-oriented culture,
more attention should be paid to flexibility-oriented culture,
advocating the spirit of exploration, embracing change,
and continuous change, giving employees more and greater
work autonomy to quickly and accurately adapt to and
meet customer product design and manufacturing needs,
and positively regulating PIP. When applying both design
AMT and manufacturing AMT simultaneously, considering
that a control-oriented culture can better reduce the costs
of adaptation, coordination, and communication in different
application stages or departments, promote and ensure
the effective coexistence and better synergy of the two
different types of AMTs, it is necessary to consciously
strengthen the control-oriented culture, advocate for strong
execution and collaborative spirit, maximize the promoting
effect of simultaneously applying two types of AMTs on
PIP.

Third, in the process of simultaneously applying design
AMT and manufacturing AMT to improve PIP, equipment
manufacturing enterprises should consider the turbulence and
changes in the external environment as positive factors rather
than negative factors to improve PIP. They should actively
embrace and respond to changes, achieve accurate identifi-
cation, scientific adaptation, and proactive pursuit of change.
AMT (such as CAD and 3DP) is more suitable for turbulent
environments. In highly volatile environments, rapid product
innovation is crucial. However, in less volatile environments,
production capacity and costs are crucial [60]. In the context
of the digital economy, industrial transformation drives the
rapid transformation of technological paradigms and the
increasingly fierce market competition in the knowledge
economy era has become the norm. However, the rapid
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TABLE 8.

updating and iteration of the technological environment
and the ever-changing market environment not only pose
challenges for enterprises to catch up with technology, but
also bring new opportunities for enterprises, and amplify
the role of AMT in promoting new product development.
Therefore, application design AMT and manufacturing AMT
enable enterprises to better adapt to changes and demands in
the external environment.

VI. LIMITATION AND FUTURE RESEARCH
First, this study employs cross-sectional data, which is not
completely consistent with the logical order of possible
effects. Since design AMT, manufacturing AMT, and their

synergistic effect on PIP need to be implemented for a time
period before these variables can play a role, in order to
overcome this point, this research study chooses the PIP of
the sample of enterprises ‘‘establishedmore than three years’’
and ‘‘current’’, which lessen the cross-sectional data to a
certain extent. Future research can undertake a long-term
tracking study, from a longitudinal viewpoint, in order to
yield more robust conclusions.

Second, the sample data of companies covers 7 industries
of equipment manufacturing industry, based on the different
characteristics of firms, firm age, firm size, and firm
location. However, the empirical part of this paper in the
number of questionnaires have certain deficiencies due to
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the limitations of the actual situation. Although the number
of questionnaires fulfills the requirements of large-sample
empirical analysis, the resource constraints make the overall
sample size relatively small, therefore the generalizability of
the research conclusions needs to be further tested in future
studies.

Third, this paper discusses the mechanism of design
AMT, manufacturing AMT, and the synergy between the
aforementioned variables and PIP in the context of organi-
zational culture and environmental turbulence as the amount
of external and internal situational factors. Nevertheless, the
degree of employee participation within the organization, and
the pace of internationalization outside the organization may
also be significant factors impacting the PIP. Therefore, this
phenomenon should be further expanded in future research,
in order to upgrade the existing theoretical framework.

APPENDIX
See Table 8.
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