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ABSTRACT 
Lean production has been the most prominent method 

for improving operational performance in manufacturing 

companies. Recently, research has shifted to examining how 

digital technologies can make Lean more effective. The 

purpose of this paper is to explore which digital technologies 

used in production are associated with which internal Lean 

practices. The paper is based on a large-scale survey of 

manufacturing plants in Sweden and Croatia, and the data is 

analysed using correlation-, principal component- and 

regression analysis. Eight commonly used technologies in 

production were selected and linked to six internal dimensions 

of Lean. Statistically significant associations were found 

between around half of the digital technologies and the six 

dimensions of Lean. The overall conclusion is that the internal 

dimensions of Lean are highly intertwined with the usage of 

digital technologies in production. The paper thus offers 

insights for managers in Lean organisations that seek to 

implement digital technologies in production. The paper 

contributes to the digital Lean discussion by providing 

quantitative evidence on specific links between Digital 

technologies and specific Lean dimensions in manufacturing. 

 
Keywords: digital technologies in production, industry 4.0, lean 

manufacturing, lean production 

1. INTRODUCTION 
Lean production has, in the last several decades, 

arguably been the most prominent method for improving 

operational performance in manufacturing companies 

(Marley and Ward 2013). Its aim is to reduce waste and 

non-value-added activities (Emiliani 2006) by adhering to 

certain principles. Lean production has been presented and 

conceptualised at different levels, such as guiding 

principles, principles for guiding implementation, and the 

actual production practices (Cifone et al. 2021). One of the 

most prominent papers at the practices level is Shah and 

Ward (2007), who operationalised Lean along ten 

dimensions. 

Lately Industry 4.0 (I 4.0), which is built on digital 

solutions and connected machines, has been making big 

inroads into academia and practice (Lu 2017; Moeuf et al., 

2020). Earlier papers emphasised the difference, or even 

conflict, between the two concepts (e.g., Hirsch-Kreinsen 

2016), whereas most recent papers seem to see the concept 

as compatible or even synergistic (e.g., Rüttimann and 

Stöckli 2016; Buer et al. 2021; Cifone et al. 2021; Vinodh 

et al. 2021). The focus on Lean has recently shifted to 

examining how specific digital technologies can make Lean 

more effective (e.g., Rosin et al. 2020). One explanation for 

the seemingly synergistic relationship is that companies are 

adopting new technologies to reduce waste and thus make 

companies leaner (Rosin et al. 2020). However, there is a 

lack of empirical studies showing how and which digital 

technologies can enhance Lean production (Cifone et al. 

2021), and a particular lack of quantitative studies. The 

quantitative studies that currently exists tend to be rather 

general (e.g., Rossini et al. 2019; von Haartman et al. 

2021), showing that there is indeed a link between an 

overall level of digitalisation and an overall level of Lean. 

Other studies focus on the impact of specific technologies 

on a narrow definition of Lean (El Abbadi et al. 2018; 

Pekarčíková et al. 2019; Vinodh et al. 2020). Hence, there 

is a specific lack of research providing insight into how 

various technologies are associated with various Lean 

practices, using a broad, yet specific, definition of Lean. 

Knowledge resulting from such research could be used as a 

basis for strategical decisions on appropriate socio-
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technical configurations in operational manufacturing 

practices. 

Hence, the purpose of this paper to explore which of 

the commonly used digital technologies used in production 

are associated with which internal Lean practices. As noted 

by Cifone et al. (2021), it is important to understand these 

linkages; it is highly likely that some digital technologies 

are better at supporting Lean practices than others. For this 

paper, eight commonly used technologies in production 

were selected and linked to the six internal dimensions of 

Lean proposed by Shah and Ward (2007). The paper is thus 

limited to these particular technologies (Table 1), and also 

excludes Shah and Ward’s (2007) external dimension of 

Lean, i.e. those linking the focal firm with customers and 

suppliers. Moreover, the empirical data is limited to two 

European countries: Croatia and Sweden. The paper relies 

on survey data collected in these countries during 2019. 

Nonlinear principal component, correlation and multiple 

regression analyses were employed for the statistical 

analysis. 

 

1.1 Research Questions 
As will be discussed in section 2, literature review, 

there are several studies reporting a synergistic relationship 

between Lean and digital technologies on an overall level, 

and some even with regard to the six dimensions of Lean 

included in this paper. However, there is still not sufficient 

literature to formulate hypotheses for each combination of 

the internal Lean dimension as defined by Shah and Ward 

(2007) and specific digital technology. This paper will thus 

adopt a more explorative approach and explore six research 

questions: 

 RQ1: Which digital technologies are associated with 

Statistical process control (SPC)? 

 RQ2: Which digital technologies are associated with 

products classified into groups to create better flow in 

production? 

 RQ3: Which digital technologies are associated with 

Total productive/preventive maintenance (TPM)? 

 RQ4: Which digital technologies are associated with 

pull systems in production? 

 RQ5: Which digital technologies are associated with 

systematically working with reducing set-up times? 

 RQ6: Which digital technologies are associated with 

employee involvement in continuous improvement? 

2. LITERATURE REVIEW 
2.1 Lean Production 

Lean production is a concept that has evolved over 

many decades (Emiliani 2006), its roots may be in Henry 

Ford’s mass production factory (Shah and Ward 2007). The 

philosophy, tools and techniques evolved primarily in Japan 

and became the Toyota Production System, later renamed 

Lean Production by Krafcik (1988) and subsequently 

popularised (Womack et al. 1990; Womack and Jones 

1996). The organic growth of the concept by practitioners 

and academics meant that Lean production was not 

commonly defined, creating confusion about the precise 

definitions of its concepts (Koskela 2004). To remedy this 

deficit, some studies have later applied a more explicit 

theoretical lens. In a systematic literature review, Danese et 

al. (2018) found that the most used lenses are contingency 

theory (CT), the sociotechnical systems (STS) theory and 

the resource-based view (RBV). In this paper we apply 

STS, where Lean is seen as a combination of human, 

organisational and technical elements, because it is 

particularly relevant for studies delving into the impact of 

Industry 4.0 (Åhlström et al. 2021). 

Using resources for any other reason than to create 

value for the end customer is considered a waste and should 

be avoided (Emiliani 2006; Ciarniene and Vienazindiene 

2012; Cifone et al. 2021). This focus on waste reduction is 

manifested through, among other things, streamlined, 

stable, and standardised processes; minimal inventories; the 

one-piece flow of products; production based on actual 

downstream demand; short setup times; and employees 

being involved in continuous improvement efforts (Chavez 

et al. 2015). For a full analysis of Lean tools, see Ciano et 

al. (2021, 1389). All these aspects can support 

improvements in different dimensions of operational 

performance (Lewis 2000; Mackelprang and Nair 2010; 

Marodin and Saurin 2013). 

Lean production can be conceptualised at three levels: 

The guiding philosophy, implementation principles and the 

underlying practices (Čiarnienė and Vienažindienė 2012; 

Cifone et al. 2021). In this paper, we aim to measure Lean 

practices, and at this level Shah and Ward’s (2007) 

framework is perhaps the most prominent. According to 

Shah and Ward’s (2007) definition, ‘Lean production is an 

integrated socio-technical system whose main objective is 

to eliminate waste by concurrently reducing or minimizing 

supplier, customer, and internal variability.’ However, this 

paper focuses on the internal dimension, which is mainly 

about reducing process time variability (Shah and Ward 

2007).  

The six internal dimensions of Lean are, according to 

Shah and Ward (2007): 

1. Production PULL: facilitating just-in-time production, 

including Kanban cards that serve as a signal to start 

or stop production. 

2. Continuous FLOW: establish mechanisms that enable 

and ease the continuous flow of products. 

3. Setup-time reduction (SETUP): reducing process 

downtime between product changeovers. 

4. TPM: address equipment downtime and thus achieve a 

high level of equipment availability. 

5. SPC: ensure each process will supply defect-free units 

to the subsequent process. 

6. Employee involvement (EmpInv): Emphasise 

employees’ role in problem solving, and their cross-

functional character. 

 

2.2 Digital Technologies 
In the widest sense, digitalisation of production can be 

defined as ‘the use of digital data and technology to 

automate data handling and optimise processes’ (Buer et al. 

2018, 1036). Rüßmann et al. (2015) identified nine 

technological ‘pillars’ of I 4.0: (i) Autonomous Robots, (ii) 

Simulation, (iii) Horizontal and Vertical Integration, (iv) 

Industrial Internet of Things (IoT), (v) Cybersecurity, (vi) 

Cloud, (vii) Additive Manufacturing, (viii) Augmented 

Reality, and (ix) Big Data and Analytics. The pillars are 

also confirmed by Culot et al.’s (2020) review of I 4.0 
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definitions, as well as by other reviews of Industry 4.0 

(Machado et al. 2020; Parente et al. 2020). In our case we 

researched only a subset of these technologies, selected 

using a discussion among academics and expert 

practitioners in the EMS consortium (Fraunhofer ISI, 

2021). The ones included are generally used technologies, 

which means that some later cutting-edge technologies are 

excluded. These are as follows: 

1. Mobile/wireless devices in production:  

Mobile/wireless device use varies from the 

programming and operation of equipment and 

machinery (Rakic et al. 2021), to simple input devices 

for advanced I 4.0 systems (Tufail et al. 2021). 

2. Digital solutions for drawings, work schedules and 

instructions  

Digital artefacts (e.g., email messages, documents, 

CAD drawings, work assignments) are quite distinct 

from the IT tools used to produce them (e.g., email 

systems, productivity software, cloud-based systems). 

Examples include physical product prototypes, design 

drawings, and standardised reporting forms. There are 

also various types of IT-related tools, such as 

document archives and enterprise resource planning 

(ERP) systems, which can make otherwise highly 

complex collective actions manageable and 

controllable, with the potential to be utilised to 

facilitate the processes of knowledge transference 

(Fang et al. 2021). 

3. Production planning software (e.g. ERP) 

One good systematic strategy is to approach the 

implementation of digitalisation through production 

planning and control (or ERP) as it is a core 

production management responsibility. It 

encompasses decision-making processes and policies 

about planning (estimating, routing, scheduling and 

resource loading) and controls dispatching, 

expediting, inspection, evaluating and corrective 

action of production processes and resources to 

produce products that meet market needs in a 

sustainable and profitable way. Every system should 

be built uniquely for each company, according to 

Oluyisola (2021). Production planning starts with 

forecasting, which has several inputs (previous data, 

human knowledge and information) so the software is 

only as good as it predicts well (Schuh et al. 2021). 

Therefore, this technology greatly relies on data 

capture technology. 

4. Digital exchange with customers/suppliers (e.g., EDI)  

Companies influence and encourage their trading 

partners to adopt electronic data interchange (EDI) 

and e-procurement systems as well to increase their 

own benefits from its adoption. EDI is a point-to-point 

fixed connection and as such is more secure than e-

procurement over internet. However, because of 

dynamic environments, it is impossible to build an 

EDI connection to each supplier or buyer, so many 

companies use password-protected websites. 

Whatever companies use, the cost of an order has 

decreased significantly, not to mention the speed of 

making the request (Branco et al. 2021). 

5. Near real-time production control systems (e.g., MES) 

ERP systems are typically unwieldy and do not 

support the real-time decision making that today’s 

market environments demand unlike, manufacturing 

execution systems (MES) and advanced planning and 

scheduling (APS) systems. Indeed, these systems have 

been developed in the last two decades to address 

some of these weaknesses of ERP systems. While 

APS systems have been associated with various 

potential benefits, including support for real-time 

decision making, the challenge is still the necessity to 

integrate it with an existing ERP system (Oluyisola et 

al. 2021). 

6. Automated warehouses & internal logistics (WMS, 

RFID) 

Radio frequency identification (RFID) technology has 

improved the operational efficiency and process flow 

in the distribution of warehouse management systems 

(WMS) around the globe (Choong et al. 2021). Smart 

warehousing aims at increasing the overall service 

quality, productivity and efficiency while minimising 

the costs and failures. Different businesses require 

different kinds of smart warehouses (van Geest et al. 

2021). Warehouses play a significant role in the 

seamless distribution, integration and storage of items 

as well as in supply chain operations. Automated 

identification (auto-ID) technologies that include 

barcode and RFID provide class- or item-level 

visibility to facilitate effective and efficient decisions 

in their respective environments.  

7. Product lifecycle management (PLM) systems 

Many manufacturing companies have already 

implemented PLM systems but are not able to realize 

the benefits due to the lack of usage (Singh et al. 

2021). These systems handle various kinds of 

engineering, business and management activities 

concerning a product throughout its whole lifecycle—

from the inception of an intangible concept through 

the recycling of a finished product (Wang et al. 2021). 

However, the solutions available in practice need 

specific interfaces and tend to be vendor dependent 

(Deuter and Imort 2021).  

8. VR or simulation for product design/development 

Lorusso et al.’s (2021) research shows a large time 

reduction in design and prototyping when using 

virtual or augmented reality (VR/AR) and simulation. 

This means that products are faster to market, and 

initial revenue can be gained earlier if the product is a 

success. 

 

2.3 Digital Lean 
As described by Riezebos et al. (2009), when the 

focus was put on the success of Toyota Production Systems 

back in the late 1970s, a common misconception was that 

its roots and success were based on IT and automation. In 

reality, it was based on simplicity and robustness. On the 

other hand, Lean manufacturing has been characterised by a 

tendency towards autonomation since its early stages; 

indeed, its founder, Taiichi Ohno, stated that repetitive 

value-adding processes should be automated to improve the 

information flow and meet market demands. Since 

autonomy is a crucial theme in I 4.0, Lean practices can be 

considered as its precursor (Ciano et al. 2021). 

Ciano et al. (2021) elaborate that Lean practices, with 

its highly streamlined process orientation with defined tasks 
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and times, its standardisation of work and places, and its 

emphasis on visual control and transparency, facilitate the 

implementation of I 4.0 information sharing and 

automation. On the other hand, several studies point out 

that I 4.0 technologies can boost Lean practices. They give 

the examples of factory integration, sensors and IoT 

technologies that improve Kanban, shorten cycle time and 

make milk runs more efficient. Ciano et al. (2021) further 

state that these technologies allow the real-time collection 

of data that can empower value-stream mapping and hasten 

the detection of waste. 

Buer et al. (2021) states that empirical research on the 

link between IT and Lean has started to emerge only 

recently, as for example on Indian and Brazilian 

manufacturing firms, but this research lacks control 

variables. Buer et al.’s (2021) survey is a contribution 

because they researched a highly developed country 

(Norway) with several control variables, yet they only 

researched mediating or moderating effects. According to 

Rossini et al. (2019), there is still a lack of an in-depth and 

comprehensive pairwise analysis at a practice technology 

level that is able to clarify the roles of both paradigms in an 

LP-I 4.0 transformation. They conducted pairwise research 

between Lean and I 4.0 based on a limited sample, mostly 

from Italy. Although some quantitative studies have found a 

general link between Lean and digital technologies (Rossini 

et al. 2019; von Haartman et al. 2021), these studies 

generally lack detail. They do not identify which 

dimensions of Lean are associated with which type of 

technology. Studies that rectify these shortcomings tend to 

be case studies (e.g., Rosin et al. 2020), limiting the 

applicability of the findings to a narrower context. Others, 

such as Anosike et al. (2021) find synergic effects but only 

research a narrow topic, in their case IoT and Lean. 

Concepts for combining Industry 4.0 and Lean have 

been suggested, such as Lean 4.0 (Mayr et al. 2018) and 

Lean Industry 4.0 (Ejsmont et al. 2018). Mayr et al. (2018) 

summarises current views on the combination of Industry 

4.0 and Lean Management by dividing them into three 

perspectives: (1) Lean management as enabling or a 

prerequisite of Industry 4.0, (2) Industry 4.0 as advancing 

or promoting Lean management, and (3) the combination of 

Lean management and Industry 4.0 as a synergy creator. 

Buer et al.’s (2021) findings show that both Lean 

manufacturing and factory digitalisation individually 

contribute to improved operational performance. Ciano et 

al. (2021) and Rosin et al. (2020) even go so far as to state 

that Lean is a necessary precondition for implementing 

Industry 4.0 technology. They also, in line with Buer et al. 

(2021), state that not enough empirical investigation has 

been conducted. 

Aiming to join the disciplines of Lean and Industry 

4.0, Wagner et al. (2017) investigated I 4.0 projects at a 

global company within the automotive industry. Their 

research resulted in a matrix illustrating the impact of 

specific I 4.0 technologies on specific Lean principles. The 

specific eight I 4.0 technologies in their study were 

clustered into (1) data acquisition and processing, (2) 

machine-to-machine communication, and (3) human-

machine interaction, and the eleven specific Lean 

principles, based on Thomopoulos (2016). Another matrix 

of the combination of I 4.0 tools and lean principles is put 

forward by Mayr et al. (2018), based on a literature review. 

They focus on specific lean methods rather than principles 

and investigate a wider range of I 4.0 technologies. To 

exemplify their argument, they used a case of joint 

improvement in electric drive production. 

 

2.3.1 Digital technologies and the six dimensions of Lean 

Sanders et al. (2017), on a conceptual level, highlight 

total productive maintenance (TPM), kanban, production 

smoothing, autonomation, and waste elimination as aspects 

of lean manufacturing that will benefit from introducing 

digital technologies. Furthermore, they suggest that real-

time capability, decentralisation, and interoperability are 

the aspects of the Industry 4.0 vision that will offer the 

most support to lean manufacturing. Similar studies 

evaluating the potential interfaces between Industry 4.0 

technologies and Lean manufacturing practices are now 

being published regularly (e.g. Rosin et al. 2019; Tortorella 

et al. 2020). The potential impact of the six dimensions of 

Lean practices (see section 2.1.) are further elaborated in 

the sections below. 

 
2.3.1.1 Pull 

Analysing traditional and potentially forthcoming 

kanban systems using industry 4.0 technologies, El Abbadi 

et al. (2018) propose that kanban 4.0 could function in two 

ways – by using either smart products or smart bins to 

transfer orders. Pekarčíková et al. (2020) state that a pull 

system, for which kanban cards or containers are the most 

visible Lean component that can be combined or replaced 

by RFID tags (giving not only status of work-in-progress 

inventory but also using the broader ERP system), can 

provide prescriptive and analytic reports. An electronic 

kanban bin does not have to be physically removed from 

the shop floor because RFID, combined with other 

information technologies, gives information in real time, 

enabling better management and faster decision making. 

Kanban cards can be changed to an integrated solution, 

creating a gapless information flow between manufacturing 

order, material supply, material stock, and material 

consumption, where sensors detect every material 

movement and IoT tracks products in real time 

(Salvadorinho and Teixeira 2021). Enabling simulation and 

virtualisation via I 4.0 tools including RFID tags allows less 

overproduction, reduced transport, moving and inventory, 

as well as a lower number of mistakes (Pekarčíková et al. 

2019). 

 
2.3.1.2 Flow 

The flow principle necessitates gathering data (via 

RFID or other means) and analysing it. That greatly 

improves management and allows faster decision making. 

Robotics, more specifically collaborative or even 

autonomous robots, are able to adjust the productive flow 

and act promptly, ensuring that production runs smoothly 

(Roy et al. 2020). Three-dimensional printing can be 

mounted near the customer’s location and makes it possible 

to reduce distance and delivery cost, which enhances the 

just-in-time principle, decreasing lead times and 

augmenting logistics performance (Salvadorinho and 

Teixeira 2021). 
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2.3.1.3 Set-up 

Set-up time is defined as the time period between the 

last good item produced and the first good item produced 

by the following production run. According to Enginarlar 

(2003), the aims of set-up time reduction are increasing 

capacity, minimising machine downtime and thus 

preventing capacity loss. To that end, through successful 

set-up time reduction, equipment downtime and capacity 

loss can be decreased, and machines and equipment can 

produce more items so production output increases. For 

shortening set-up times, Pekarčíková et al. (2019) propose a 

network of sensors with the ability to analyse the data in 

real time. In their theoretical analysis, it should contribute 

to lower overproduction and inventory, as well as cutting 

unnecessary processes and human mistakes. However, 

Küçük and Aldemir (2013) argue that it is not one 

technology that reduces set-up time rather a combination of 

technologies – from gathering data from sensors and RFID 

to advanced IoT systems. Indeed, Sheri et al. (2005) found 

that combining SMED with modern IT-based methods was 

effective in recuing set-up times. 

 

2.3.1.4 TPM 

TPM is another dimension of Lean that has been 

recently attracting attention for integration with I 4.0 

technologies (Sipsas et al. 2016). Big data analytics, cloud-

based systems, and IoT enable real-time information and 

data that can support productive and preventive 

maintenance, including simulations by digital twins or 

using artificial intelligence for preoptimisation of 

maintenance (Vinodh et al. 2020). Sensors and RFID data 

are then compared with the information from the machine 

and the specific work piece being processed, allowing 

continuous monitoring and predicting the incidence of 

failures. With prompt information about the equipment’s 

state and properly triggered repair actions, a smart planner 

can easily keep up to date on reconfiguring production lines 

and save costs (Salvadorinho and Teixeira 2021). Based on 

case studies of four Brazilian manufacturers, Tortorella et 

al. (2021b) found that the integration of I 4.0 technologies 

into TPM practices has both benefits and barriers, but 

overall, digital technologies provide firms with enhanced 

tools for deploying and exploiting TPM. 

 
2.3.1.5 SPC 

Over the past decades, control charts, one of the 

essential tools in statistical process control (SPC), have 

been widely implemented in manufacturing industries as an 

effective approach for anomaly detection (AD). Thanks to 

the development of technologies like IoT and artificial 

intelligence (AI), smart manufacturing has become an 

important concept for expressing the end goal of 

digitalisation in manufacturing. However, even with 

drawing process control charts to detect anomalies quickly 

and in real time, there are still problems for AI to find those 

anomalies (Tran et al. 2022). For example, Bernstein 

(2021) suggests putting additional sensors on machines to 

come closer to the source of the problem. That means that 

in this moment digitalised SPC control charts are good for 

faster detection of anomalies but are still not able to detect 

the problem without human intervention. 

 

2.3.1.6 Employee Involvement (EmpInv) 

Previous studies on the relationship between employee 

involvement and the deployment of Industry 4.0 

technologies show mixed results. On the one hand, some 

authors claim that employee-centered Lean and 

digitalisation represent contradictory trends (e.g. Hirsch-

Kreinsen 2016), while others report an interdependency 

between successful implementation of Lean and I 4.0 

technologies (e.g. Rossini et al. 2019; Cifone et al. 2021). 

As an example, Butollo et al. (2019) see in the current 

implementation of I 4.0 projects a tendency toward greater 

standardisation and control of work. This is in line with the 

concept of Lean production but neglects its participant-

oriented elements such as teamwork and shop-floor-based 

improvement activities. Based on a bibliographic research 

methodology, Rosin et al. (2019) found in the same vein 

that the implementation of I 4.0 technologies does not 

support the Lean principles of people and teamwork. In 

contrast to these studies, Vereycken et al. (2021) show that 

reorganising the HR function and actively engaging 

employees leads to faster adoption of I 4.0 technologies. 

Liao and Wang, (2021) also find complementarities 

between lean employee engagement and adoption of 

sustainable digitalisation tools in a pharmaceutical 

company. Based on a survey of Brazilian manufacturers, 

Tortorella et al. (2021a) furthermore found that firms’ 

employee involvement practices, as part of their continuous 

improvement (CI) programmes, have a positive mediating 

effect on the relationship between the use of I 4.0 

technologies, specifically process technologies, and 

operational performance improvements. They conclude that 

I 4.0 might support employees in CI and strengthen the 

involvement of employees in high-tech transformation. 

3. METHODS 
3.1 Digital Lean 
3.1.1 Digital Technologies and the Six Dimensions of Lean 

The Lean constructs are based on Shah and Ward 

(2007) but limited to the internal dimensions. Moreover, 

items that were discarded in Shah and Ward’s (2007) factor 

analyses were not included in the questionnaire. This 

resulted in 24 items, covering six dimensions of Lean. 

Another deviation from the original constructs is that the 

items were measured on a four-point scale in order to fit 

better with the overall design of the EMS. The value 0 

corresponds to ‘not at all’, 1 to ’low extent’, 2 to ‘medium 

extent’ and 3 to ‘high extent’. The items are thus measured 

on an ordinal scale, although the original Shah and Ward 

(2007) construct is also measured on an ordinal scale, albeit 

a five-point one. The mean value for each of the six Lean 

dimensions is displayed in Figure 1. TPM and Flow seem 

to be the most common Lean practices, SPC and Pull the 

least common, but the differences are not statistically 

significant. 

Due to the ordinal nature of the scale, it is more 

appropriate to use non-linear principal component analysis 

(NLPCA), rather than ordinary principal component 

analysis (PCA) or factor analysis (Linting et al. 2007). 

NLPCA is similar to ordinary PCA but uses quantification, 

a process where the original values are replaced by 

optimally scaled ones, while maximising the original 

variables’ variance. After the variables have been 
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quantified, the procedure is the same as the ordinary PCA 

(Linting et al. 2007). The SPSS package ‘optimal scaling’ 

was used, where the variables were set to ordinal and 

discretised using the ranking methods. After two items, 

Pull1 and Emp4, were removed due to cross loading, all the 

remaining items satisfactorily converged on six dimensions. 

All secondary loadings are much lower than the primary 

loading (Table 1). Cronbach’s alpha is between .72 and .85 

(Table 1). 

 

 
Figure 1 Relative use of lean practices (N=195) 

 

Table 1 Nonlinear principal component analysis of the lean construct (N=195, KMO=0.829, bartlett test sign p<0.01, total variance 

explained=69%, values under .30 are suppressed) 

 

 

Component 

SPC Flow TPM Pull Setup EmpInv 

Pull2     0.876   

Pull3     0.909   

Pull4     0.783   

Flow1   0.720     

Flow2   0.737     

Flow3   0.777     

Flow4   0.773     

Setup1  0.351    0.775  

Setup2      0.793  

Setup3      0.612  

SPC1  0.734      

SPC2  0.781    0.318  

SPC3  0.754      

SPC4  0.632    0.335  

SPC5  0.628 0.301     

Emp1       0.775 

Emp2       0.773 

Emp3     0.375 0.324 0.652 

TPM1    0.732    

TPM2    0.724   0.334 

TPM3    0.842    

TPM4  0.352  0.688    

Initial eigenvalue 6.71 2.54 1.89 1.62 1.31 1.04 

Cronbach’s alpha 0.85 0.80 0.84 0.84 0.72 0.72 
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3.1.2 Digital Technologies and the Six Dimensions of Lean 

This paper considers eight digital technologies used in 

production (see section 2.2). The prevalence of these 

technologies among the surveyed companies is displayed in 

figure 2. These eight variables are used individually in 

descriptive and correlation analyses. As the items are too 

numerous and some highly correlated, the numbers need to 

be reduced to facilitate a multiple regression analysis. As 

with the Lean items, the digital items are measured on an 

ordinal scale, which means a similar non-linear PCA is 

appropriate (Linting et al. 2007). The result of the non-

linear PCA is displayed in Table 2.  

 

 
Figure 2 Prevalence of digital technologies in production (N=228) 

 
 

Table 2 Nonlinear PCA of digital technologies (KMO=0.76, Bartlett test sign p<0.01, total variance explained=53% N=224, values under 
.35 are suppressed)

 
 

Component 
1 

Production IT 
2 

Other Tech 

Mobile/wireless devices in production  0.685 

Digital solution for drawings, work schedules, instructions 0.727  

Production planning software (e.g. ERP) 0.774  

Digital exchange with customers/suppliers (e.g. EDI)  0.744  
Near real-time production control systems (e.g. MES) 0.693 0.313 

Automated warehouses & internal logistics (WMS, RFID)  0.669 

Product lifecycle management systems (PLM)  0.738 

VR or simulation for product design/development  0.621 

Initial eigenvalue 2.97 1.28 

Cronbach’s alpha 0.75 0.64 

3.1.3 Control Variables 

In the regression analysis, four control variables 

were included to take into account the manufacturing 

plant context, as it may have a major impact on the extent 

of Lean (Lewis 2000) and digitalisation (European 

Commission 2016). Companies often need digitalisation 

is order to manage increased customisation with shorter 

production runs, complexity in the production as well as 

managing inventory effectively (Vinodh et al. 2021). 

Three controls related to these concerns were thus 

included: batch size, complexity of the manufactured 

product, and production system (i.e., whether the product 

is made to stock or made to order). These three variables 

are dummies, with 1 signifying a complex product, a 

large batch size and a made-to-stock production system. 

The fourth control variable is company size in terms of 

sales, as this has also been shown to have an impact on 

level of digitalisation of production (e.g., European 

Commission 2016). As there was a relatively high 

number of missing values for company size, the variable 

was complemented by looking up respective firms’ 

annual reports. In some instances, the number of 

employees for the manufacturing unit could not be 

obtained, and in those cases the number for the whole 

company was used. The values for sales are highly 

skewed and have a very high value for kurtosis, as there 

are a relatively small number of large firms and many 

small ones. One suitable technique to improve the 

distribution of the data is to use the logarithmic value 

(NIST/SEMATECH 2014).The logarithmic (Ln) value of 

size is thus used in further analysis. This value does 

indeed fall within –2 and +2 of both skew and kurtosis, 

which is regarded as the ‘safe’ zone (George and Mallery 

2010). 
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4. RESULTS 
The results section is divided into two parts: (1) 

results from the correlation analysis and (2) results from 

the multiple regression analyses.  

 

4.1 Correlation 
In the correlation analysis, the six components 

(factors) are correlated with the eight selected digital 

technologies. Spearman correlation is used, as the digital 

technologies are measured on an ordinal scale (Table 3).  

The results show that in around half of all instances 

Lean components and digital tools are significantly 

correlated. Of the Lean components, SPC and Pull show 

most significant correlations, as does PLM and 

Production planning software among the digital tools. 

The results will be further discussed in the Discussion 

section.

 
Table 3 Correlation analysis (N=185 to 188, Spearman correlations, **p<0.01. *p<0.05) 

 

4.2 Regression Analysis 
While the correlation analysis identifies which 

technologies are associated with different dimensions of 

Lean, it does not account for the effects of firm size and 

variations in production systems. To address this limitation, 

a multiple regression analysis will be performed, 

incorporating relevant control variables. The next phase of 

the analysis involves six separate multiple regression 

analyses, treating the six Lean dimensions extracted from 

the NLPCA (see section 3.1.1) as dependent variables (see 

Table 4). The independent variables include the four 

control variables introduced in section 3.1.3 and the two 

components of the NLPCA described in section 3.1.2. This 

analysis will demonstrate the simultaneous impact of the 

two dimensions of digital technologies, “production IT” 

and “other tech,” while accounting for variations in firm 

size and production systems.

Table 4 Multiple regression analysis (**p<0.01. *p<0.05, N=185 to 188) 

 SPC Flow TPM Pull Setup EmpInv 

Control variables       

Size (Ln sales) -0.06 -0.09 0.02 0.37** 0.04 -0.12 

Make-to-stock -0.08 0.05 0.03 0.22** -0.06 0.15 

Lg. batch size 0.12 0.11 0.12 -0.27** 0.08 0.04 

Complex product -0.01 -0.07 0.15 0.03 0.06 0.12 

Digital technologies       

Production IT 0.23** 0.02 0.17* 0.32** 0.13 -0.01 

Other Tech 0.39** 0.28** 0.08 0.12 0.15 0.26** 

       

R2 0.23 0.11 0.08 0.30 0.04 0.12 

Adjusted R2 0.20 0.08 0.05 0.28 0.01 0.09 

F-value 8.69** 3.58** 2.43* 12.60** 1.35 4.02** 

Table 4 shows that five out of six regression analyses 

yield significant F-values, although some regression models 

have relatively low R² values. The SPC and Pull models 

have high R² values and significant contributions from at 

least one of the technology dimensions. Specifically, the 

SPC model demonstrates a strong contribution from both 

“production IT” and “other tech,” while only “production 

IT” is significantly associated with the Pull model. 

Although Flow and Emplnv have lower R² values, they are 

both strongly associated with “other tech.” In contrast, the 

TPM and Setup models show weak R² values and weak or 

nonexistent associations with the technology variables. 

After checking for potential multicollinearity problems 

(which were absent) and confirming that the residuals are 

randomly distributed, we conclude that there are highly 

significant associations between four of the Lean 

dimensions and the technologies employed in production. 

These results will be further discussed in the next section. 

5. DISCUSSION 
5.1 Pull 

In the regression analysis (Table 4), it was evident 

that pull is strongly related to production IT. The 

correlation analysis (Table 3) indicated that a digital 

solution for drawings, work schedules and instructions, 

 SPC Flow TPM Pull Setup Emp Inv 

Mobile/wireless devices in production 0.016 -0.085 0.138 0.196** 0.254** 0.139 

Digital solution for drawings, work schedules, instructions 0.178* 0.049 0.126 .342** 0.064 0.044 

Production planning software (e.g. ERP) 0.226** 0.216** 0.070 0.273** 0.149* -0.044 

Digital exchange with customers/suppliers (e.g. EDI)  0.109 0.000 0.174* 0.261** 0.172* 0.035 

Near real-time production control systems (e.g. MES) 0.177* 0.120 0.251** 0.125 0.089 -0.015 

Automated warehouses & internal logistics (WMS, RFID) 0.202** 0.019 0.088 0.098 0.076 0.149* 

Production lifecycle management systems (PLM) 0.302** 0.198** 0.150* 0.193** 0.011 0.145* 

VR or simulation for product design/development 0.294** 0.251** 0.007 0.175* -0016 0.141 
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production planning software, and digital exchange with 

customers/suppliers are particularly strongly associated 

with pull. ERP systems was indeed predicted by the 

literature to be a good match to pull systems by 

Pekarcikova et al. (2020), as was a match between 

integrated IT solution and pull (Salvadorinho and Teixeira 

2021). One explanation could be that firms with extensive 

use of ERP or other production-related IT systems have a 

more orderly and structured production environment, 

making them more prepared for a pull-based production 

system. .Simulation/virtualisation and pull were also linked 

in the literature (Pekarcikova et al. 2020), and the 

connection was also confirmed by this study, although the 

connection was not as strong as the previously mentioned 

IT solutions. Moreover, theory also predicted a strong 

association between RFID and pull (Pekarcikova et al. 

2020), but that could not be confirmed in this study. 

Furthermore, the results show that pull is also strongly 

associated with the production context: Large companies 

with make-to-stock production of relatively small batch 

sizes are particularly likely to adopt pull production 

systems.  

 

5.2 Flow 
Flow is significantly associated with what was called 

“other tech” in the regression analysis, whereas the 

correlation analysis reveals that this association concerns 

particularly PLM and VR or simulation for product 

design/development. The reviewed literature did not predict 

such an association, whereas the predicted associations 

between automated warehouses and flow (Roy et al. 2020) 

could not be confirmed. The reason for the observed strong 

associations could be because both of these technologies 

are related to the product rather than production and the 

items measuring flow were related to how products are 

classified and managed in the production flow. It is 

plausible that companies that have PLM or VR for their 

products also tend to be more product focused in their 

production and thus classify similar products into groups 

with similar processing and routing requirements.  

 
5.3 Set-up 

The regression analys (Table 4) shows that set-up is 

not significantly related to either type of digital technology. 

Table 3, does, however show some significant correlation, 

most notably with mobile/wireless devices in production. 

Pekarčíková et al. (2019) proposed that networks of sensors 

and an ability to analyse data in real time would be 

beneficial for shortening set-up times, whereas Küçük and 

Aldemir (2013) argued that combinations of technologies 

rather that single technologies are most effective for 

reducing set-up times. It was thus expected that some 

impact of the broad range of digital technologies included 

in this survey would be observed. It is possible that firms 

have digitalised existing production lines in order to 

improve efficiency, while the process of setting up the 

machinery has remained largely the same. It is even 

possible that more technological add-ons to existing 

production machinery will even increase set-up times as 

complexity increases.  

 

5.4 TPM 
TPM is significantly associated with production IT 

(Table 4), and in particular EDI and near real-time 

production control systems (e.g. MES) (Table 3). 

Salvadorinho and Teixeira (2021) have emphasised that just 

as information about equipment state can trigger repair 

actions, a smart planner can be easily updated on 

reconfiguring production lines and save costs. In particular, 

MES can provide real-time information about equipment, 

making it possible to schedule maintenance before 

breakdown occur, thus explaining the strong association 

with TPM. The reason EDI is so strongly associated with 

TPM is less clear: it could be that by integrating customers 

and suppliers more effectively, the company may be better 

able to identify an available time to conduct preventive 

maintenance. 

 

5.5 SPC 
SPC is the only Lean component that is significantly 

associated with both production IT and other tech (Table 

4). Moreover, the correlation analysis (Table 3) shows that 

SPC is significantly related to six of the eight digital 

technologies, and particularly strongly to PLM, VR, and 

production planning software. It is important to note that 

the SPC variable consists of five items: (1) 

equipment/processes for SPC, (2) statistical techniques to 

reduce process variance, (3) charts showing defect rates, (4) 

fishbone diagrams for quality problems, and (5) process 

capability studies before product launch. One explanation 

for the strong results is that companies using these 

techniques extensively are likely to be more systematic and 

quality conscious than the average firm, and thus more 

likely to adopt both digital and analogue techniques that 

allow them to monitor processes and raise quality. Another 

explanation is that companies are using IT systems to 

extract data for their SPC efforts. 

In terms of quality, Tran et al. (2022) reported that 

with drawing process control charts to detect anomalies 

quickly and in real time, there are still problems for AI to 

find those anomalies, highlighting the continual need for 

manual SPC. Bernstein (2021) proposed putting additional 

sensors on machines to come closer to the source of the 

problem, suggesting that digitalised SPC control charts are 

good for faster detection of anomalies but are still not able 

to detect the problem without human intervention. Our 

findings suggest that companies realise the benefits of 

adopting new technologies, while keeping their time-tested 

SPC-based quality systems. 

 

5.6 Employee Involvement in CI 
The multiple regression analysis in Table 4 shows that 

employee involvement in CI is significantly associated with 

the use of ‘other tech’, whereas the correlation analysis 

shows that this association particularly concerns automated 

warehouses and internal logistics (WMS, RFID), as well as 

PLM systems. The correlations are relatively weak 

although significant at p<.05.  

At first sight, it may be surprising that the connection 

between digital technologies and employee involvement in 

CI is not stronger than the results indicate, but previous 

literature has indeed reported contradictory findings. For 

example, Rosin et al. (2019) found that the implementation 
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of Industry 4.0 technologies did not support the Lean 

principles of people and teamwork, whereas Vereycken et 

al. (2021) found that reorganising the HR function and 

actively engaging employees leads to faster adoption of I 

4.0 technologies. Our findings suggest that there is no 

universal link between employee involvement in CI and 

digital technologies, but that there are some connections to 

individual technologies, such as PLM. It is plausible that 

employees particularly involved in CI may be more value-

driven and favour technologies that align with those values. 

As the connections found in this study were not particularly 

strong, this topic would be suitable to study in more detail 

in order to get a more conclusive answer. 

6. CONCLUSIONS 
The purpose of this paper was to explore which of the 

common digital technologies used in production are 

associated with which internal Lean dimensions. The 

analysis divided the technologies into two general types of 

digital technologies: ‘production IT’ and ‘other tech’. The 

former is significantly associated with SPC, TPM and pull, 

whereas the latter is significantly associated with SPC, flow 

and employee involvement in CI (Table 4). In more detail, 

we found significant correlations between around half of 

the digital technologies and different dimensions of Lean 

(Table 3). The strongest correlations were between SPC 

and PLM and VR, between flow and VR, between TPM 

and near real-time production control systems, between pull 

and digital solutions for drawings, production planning 

software and digital exchange with customer/suppliers. The 

discussion highlighted possible explanations for the 

observed results.  

The overall conclusion is thus that the internal 

dimensions of Lean are intertwined with the usage of digital 

technologies in production. The literature suggested that the 

commonality of the two concepts can be divided into three 

perspectives: (1) Lean as an enabler of digitalisation, (2) 

digitalisation as a promoter of Lean, and (3) Lean and 

digitalisation as a synergy creator (Mayr et al. 2018). While 

this paper acknowledged all three perspectives as plausible, 

it has taken the second perspective, digitalisation as an 

enabler.  

The paper thus contributes to the literature (Ciano et 

al. 2021; Cifone et al. 2021; Rosin et al. 2020) on how 

digital technologies can be combined with Lean, by both 

confirming the strong link between the two concepts and 

pinpointing which dimensions of Lean are most strongly 

associated with which types of digital technologies. This 

has been accomplished by using a robust, well-tested, six-

dimensional Lean framework and eight common digital 

technologies, using a survey with responses from more than 

180 manufacturing plants. The paper thus not only provides 

more details on the linkages between multiple dimensions 

of Lean and digital technologies but also facilitates more 

research into the topic. The findings of the paper have a 

strong relevance for practitioners who contemplate 

investments into digital technologies with the aim of 

improving certain Lean dimensions of their manufacturing 

operations. 

We suggest that the results could serve as a basis for 

future research along two routes. First, there are some 

previous qualitative studies investigating the link between 

digital tools and Lean (e.g., Ciano et al. 2021; Cifone et al. 

2021), but there is still a need for a deeper understanding of 

the mechanisms between the strong relationship between 

the two. This paper provides an overview of some of the 

connections among these concepts, but future studies could 

offer some concrete examples. Second, the study presented 

in this paper did not investigate the effects of companies’ 

investments and internal efforts in the Lean and digital 

dimensions. Are some of these combinations more likely to 

lead to increased performance? What type of performance, 

productivity, quality, flexibility or sustainability is 

associated with what configuration of digital Lean? 
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