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Abstract: The strong competition in the automotive industry has required manufacturers to implement lean 
production, both with methods and techniques specific to Industry 4.0. At the same time, universities must 
provide graduates with specific skills for applying these new production methods and techniques. In this 
context, a Lean Learning Factory was developed in the Pitesti University Center, which allows students to 
learn, experiment, and research, in an environment similar to that of enterprises, the new Lean Manufacturing 
methods and techniques, and Industry 4.0. The research presented in this study had as its objective identifying 
the minimum number of repetitions necessary to train operators who serve two differently organized 
workstations, one classic, the other including digital techniques, but on which the same assembly operation is 
performed. Several indicators were considered in the analysis, such as the number of errors, the number of 
stops, the effective duration of the work cycle, and the percentage ratio between the standard duration of 
cyclical activities and the effective duration of the work cycle. The evolution of these indicators was 
mathematically modelled by regression functions, using the least squares method. The obtained results also 
highlight the usefulness of applying the DOJO method as a Lean manufacturing-specific learning technique 
and the efficiency of implementing digital techniques in work organization. 

Keywords: lean learning factory; assembly workstations; DOJO; Industry 4.0; regression analysis 
 

1. Introduction 

The concept of Industry 4.0 originated from collaborative efforts among academics, industry 
professionals, and the German Government. It aimed to enhance the competitiveness of the 
manufacturing sector by fostering convergence between industrial production and Information and 
Communication Technologies [1]. 

The fourth industrial revolution (4IR) or Industry 4.0 (I4.0) is recognized as the current pivotal 
transformation in manufacturing since the 'Hannover Messe' in 2011. Following this event, a 
collection of state-of-the-art technologies linked to I4.0 was extensively employed in various 
innovative frameworks and concepts, promising substantial advancements in manufacturing 
technologies and processes. This has opened up new business models and capabilities for 
organizations that were previously unattainable [2]. 

In the 1950s, Toyota Motor Corporation pioneered the Toyota Production System, giving rise to 
a groundbreaking management concept known as 'Lean thinking'. The application of lean thinking 
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in manufacturing, referred to as 'Lean production', has proven to reduce manufacturing costs, shorten 
development and manufacturing cycles, and enhance overall enterprise competitiveness. Beyond the 
automotive industry, Lean production has extended its reach to machinery manufacturing, 
electronics, consumer goods, aerospace, shipbuilding, marking another significant milestone in 
modern production methods alongside mass production. Recognized as a key success factor, Lean 
Manufacturing Practices (LMP) have played a pivotal role in numerous organizations over the past 
few decades, offering a straightforward yet potent combination of implementation techniques and 
tools [3]. 

The primary goals of implementing the Lean philosophy within a company include reducing 
costs while maintaining product/service quality, eliminating waste, ensuring customer satisfaction, 
and establishing streamlined organizational efficiency and efficacy. Companies, seeking enhanced 
performance efficiency, have increasingly embraced the Lean philosophy [4]. 

Lean manufacturing techniques derive their foundation from the application of five principles 
that steer management actions towards success: value, continuous improvement, customer focus, 
perfection, and a concentrated effort on waste reduction [5]. 

The connection between the history of Industry 4.0 and Lean Manufacturing traces back to the 
inception of the Toyota Production System (TPS), the precursor of Lean Manufacturing. Taiichi Ohno, 
the creator of TPS, emphasized the concept of 'autonomation', advocating the automation of 
repetitive and value-added activities. He also highlighted the importance of machinery possessing 
the intelligence to detect and halt abnormalities [6]. LMP plays a positive role in mediating I4.0 and 
sustainable performance [7].  

By combining Lean principles with Industry 4.0 technologies, companies can achieve more 
flexible production, more efficient supply chain management, and increased adaptability to market 
changes. Thus, the integration of these two approaches can contribute to optimizing operational 
performance and enhancing competitiveness in the industrial environment. 

A Learning factory (LF) is the realization of a replica of a factory, where operators are trained 
through education, research and experiments [8]. These Learning Factories improve operators' 
competences and skills beyond their theoretical knowledge and also contribute to their efficient 
educational development. Nowadays Learning Factories are a necessity for operators, but also for 
industry, and with such training they improve the skills they have or acquire new ones, but also 
industrial and social experiences. [9] According to Sang-Hyun Park [10] we can reduce the number 
of defects to a minimum and reduce human costs to enable sustainable growth with the introduction 
of an intelligent manufacturing process. The Learning Factories consist of several courses about 
building complexity, energy consumption, costs, savings, IAQ and health improvement and they are 
also realized in research projects and academic works [11]. These LFs actually represent the 
transposition of industry workstations and are very similar to those in an industrial environment 
[12]. LF can be implemented both for manual operations where the operator is the one who performs 
the entire operation, but also automated and during this training they acquire technical (e.g. 
operation of some systems), transformational and miscellaneous (e.g. teamwork) acquisition of 
knowledge [13].  

Learning factories have a unique implementation and purpose, with a growing emphasis on 
integrating Industry 4.0 elements in Europe. Industry 4.0 also includes Virtual Learning Factories in 
parallel to the regular LFs which usually trains operators in the same way as LF normally but in a 
virtual environment. In addition, these VLFs train and educate students in a sustainable way. It is 
also mentioned that both LFs and VLFs are competent and effective for improving engineering 
performance in Industry 4.0 [14]. 

Within Industry 4.0 we also find Smart Factories that represent a manufacturing system where 
we find interconnected processes and operations through cyber-physical systems, digital 
technologies and the Internet of Things [15]. These smart factories improve factory performance and 
product quality by combining technologies in a production environment [16]. 

Elbestawi M. et all. [17] created a learning factory with multiple production tools and specialized 
workstations. The factory is designed to incorporate Industry 4.0, Internet of Things (IoT), and 
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Industrial Internet of Things (IIoT) technologies. This allows for using cloud applications with 
integrated hardware and software, messaging software platforms, and manufacturing execution 
systems (MES). 

Schallock B., et. all. [18] developed a modular learning factory that is made up of manual 
workstations and cybernetic systems. The factory is based on the principles of action and social 
learning and aims to teach participants about Industry 4.0 through practical technology 
implementation tasks, including RFID, additive manufacturing, robot arms, and performance PLCs. 
By learning how to choose and implement these technologies, participants can apply them in their 
workspaces and factories. The authors also plan to introduce special themes for Industry 4.0 
technologies, such as 3D printing or smart logistics. 

A qualitative analysis of learning and working in digitalized environments, e.g.” learning and 
teaching in digital laboratories”, draws attention to future transformation processes in university 
education concerning the training methods, student/ teacher role, mobile access to information, etc. 
[19]. 

With the development of Learning Factory and Industry 4.0 concepts, methods, techniques, and 
tools in the area of training systems have also developed. The DOJO method comes from the Japanese 
manufacturing environment and, in the context of Lean Manufacturing, represents a dedicated space 
where employees learn and experience certain activities or processes. It can be used to develop 
employee skills, promote continuous improvements in processes, and encourage collaboration and 
knowledge sharing among team members. 

DOJO workshops are today in increasing numbers in the industry. They mainly address security 
and quality [20], but are also applied in other areas, such as education. Thus, Barahona Mora A. [21] 
conducted a study in which she used ClassDOJO as an instrument to collect data on the scores 
obtained by participants in assessments, the duration in which they responded to assessments, and 
the percentage of negative and positive behaviours. In other studies [22-26] it has been shown that 
using ClassDojo and gamification as digital tools brings benefits for improving desired behaviours 
and decreasing unwanted ones. Also, to identify the advantages of using the ClassDojo tool, Krach, 
McCreery and Rimel [26] conducted a study in which they used statistical analysis to compare this 
tool with other learning methods. 

The DOJO method is a learning method that promotes active learning and direct involvement 
of participants, facilitating the development of knowledge in a collaborative and autonomous way. 
According to Barkley, Cross, and Major [28], collaborative learning contributes to participants' 
learning using four fundamental principles: teamwork, interactivity, shared learning, and collective 
knowledge construction, with the expectation of active involvement in one's own learning process 
and integration in a supportive and challenging social context. 

Organizations in the automotive industry consider the development of their human resources' 
attitude and competence towards new technologies a crucial objective. Special attention must be 
given to young operators. The training methods should concentrate on creating dedicated training 
centers, testing, design and implementation, mentoring, performance evaluation, and so on [29]. 

The professional training of operators in the automotive industry requires a set of developments 
in terms of knowledge and skills specific to the work carried out, especially practical skills. Practical 
skills are automated components of the performed activity, with a smooth and fast development, 
with the reduction to a minimum of voluntary effort, conscious and analytical control. Performance 
in the activity of training practical skills at the operator in the automotive industry is determined not 
only by situational variables (physical work environment, design of work equipment, work methods) 
and organizational variables (instructor-operator interaction, training and control system), but also 
by individual variables such as: dexterity, enhanced motor skills, responsibility, perfectionism, 
perseverance, previous experience. Thus, professional competence becomes a resultant vector of the 
interaction of the three types of variables, with important contributions to the labour productivity of 
operators in the automotive industry [30]. 

Both the Learning Factory and the DOJO method are approaches used in the context of 
improving participants' skills and behaviour. Although there is no direct link between these two 
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concepts, common elements can be identified that make them complementary in an efficiency-
oriented production environment, such as: 
• focuses on practical learning; through active participation in exercises and simulations, 

employees and students acquire practical skills and acquire key concepts in an interactive way; 
• encourages problem solving and the implementation of effective solutions. 
• contribute to the identification of improvement solutions that can be standardized and widely 

implemented; 
• contributes to the development of skills and the creation of an organizational culture focused on 

continuous learning and improvement. 
By integrating the DOJO method into Learning Factory, an environment conducive to 

continuous skills development, effective problem solving, and promotion of an organizational 
culture oriented towards efficiency and excellence in processes can be created. 

The research presented in this study had as its objective identifying the minimum number of 
repetitions necessary to train operators who serve two differently organized workstations, one 
classic, the other including digital techniques, but on which the same assembly operation is 
performed. The assembly operation is part of a process carried out on the assembly line as part of the 
Lean Learning Factory in the Pitesti University Center and includes several manual activities. The 
workstation with digital techniques was developed to guide the operator in carrying out the activities 
within it, in order to facilitate the process. The process of training operators in the two workstations 
is carried out with the help of the DOJO method. Several indicators were considered in the analysis, 
such as the number of errors, the number of stops, the effective duration of the work cycle, and the 
percentage ratio between the normalized duration of cyclic activities and the effective duration of the 
work cycle.  

This research is part of a larger study that analyses the impact on the introduction of innovative 
production and learning methods in industrial production processes. Its originality is mainly given 
by the use of a learning factory as an experimentation environment.  

2. Materials and Methods 

2.1. The studied labour processes 

The research was carried out within the Lean Learning Factory 31] of the National University of 
Science and Technology Politehnica of Bucharest, University Center Piteşti. This Lean Learning 
Factory (LLF) comprises an assembly line made of modular and flexible structures that provide great 
flexibility of workstations and inter-operational transfer systems that allow different flow systems, 
such as piece by piece or in small batches. At the same time, innovative equipment, specific to the 
Industry 4.0 concept, can be integrated into various configurations on the assembly line, such as: 1D 
scanners, pick by light system, video camera for shape and colour recognition (integrated as Poka-
Yoke system), HMI and control panel (PLC systems), ABB robotic arm, automated indexable 
worktable, general automation control panel, Virtual and Augmented Reality equipment. 

An experimental product is assembled on this line – steering wheel, which can be made in 8 
models (multiple configurations) by combining its components differently. The technological process 
of steering wheel assembly includes four operations, performed on each workstation, in which 
manual activities of positioning, screwing, mounting and detachment are performed. 

In the considered operation in this study, the following work phases are performed, Figure 1: 
(a) taking the steering wheel assembly (A) from the operational transfer case and positioning it in the 
device; (b) taking the horn assembly (B) from the operational transfer case and positioning it on the 
steering wheel assembly; (c) picking and positioning of screws (C); (d) screwing screws with electric 
screwdriver; (e) picking and mounting switches (D) and cover (E); (f) quality check of the correctness 
of assembly; (g) detachment of the steering wheel product from the device and its positioning in the 
finished product box. 
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A – steering wheel assembly (1 pc.) 

B – horn assembly (1 pc.) 

C – M5x20 screw (3 pc.) 

D – switch (3/2 pc.) 

E - cover (1/ 3 pc.) 

 

Figure 1. The assembly operation elements. 

To analyse the impact of implementing innovative production methods using digital techniques, 
the workstation associated with an assembly operation of medium complexity was built in two 
versions: classic and digitalized. 

In the classic workstation (marked CWs), Figure 2a, the operator uses only ordinary equipment 
and means of work to perform specific activities. 
• At the digitalized workstation (marked DWs), Figure 2b, the operator uses, in addition to the 

usual equipment and means of work, equipment comprising digital technologies that guide him 
in carrying out the activities as: 

• sensor and pads for detecting and locking the position of the pallet, used when the product is 
assembled on the pallet and transferred between assembly line workstations; 

• 1D scanner for label reading, which allows identification of the model to be assembled; 
• touch screen console (HMI) for operator interaction with PLC, which allows displaying settings, 

configuring the system, and sending direct commands, recording the duration of activities in the 
assembly process; 

• two-levels light beacon (red and green) and acoustic signal to alert the operator in case of an 
incident; 

• optical system to assist the operator in the selection process of components to be used in the 
workstation (pick by light): indication of location and sequence of work and system for 
confirming the selection by the operator of components used in the workstation; 

• video camera for checking the presence/ lack of a component on the product to be assembled, 
equipped with IV-Navigator software, which works as a Poka-Yoke system that identifies errors. 
The two workstations have been organized in compliance with ergonomic principles and those 

of movement economy [32-34], so that the operator can carry out the work process in normal 
conditions and with high efficiency. To determine the duration of the work cycle, the MODAPTS 
method [35] was used, consisting in observing the work process, decomposing the operator's 
activities into elementary movements, associating method-specific symbols, and calculating the 
duration of activities. Based on these elements, working standards have been developed for each 
workstation (CWs and DWs), based on which the process of training operators and the actual 
development of the work process takes place. 
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a) 

 

b) 

A - steering wheel (1 pc.); B - horn assembly (1 pc.); C - screw M5x20 (1 pc.); D - swich (3/ 2 pc.); E 
- cover (1/ 3 pc.); K - steering wheel; F - Electric screwdriver with Allen head; G - positioning 

device; I - storage intermediary box 1; H - storage intermediary box 2; J - Box for final product; 1 – 
programable automat; 2- Pick by light system; 2 - HMI touch screen; 3 - Identification video 

camera; 5 - Signalling beacon 

Figure 2. The workstations used during the experimentation: (a) classic workstation; (b) 
digitalized workstation. 

2.2. The DOJO method 

The DOJO method, also known as the dexterity workshop, is used in the industry to learn and 
train operators to achieve the fastest possible work rhythm and be efficient in servicing a workstation 
[20]. Since the performance of an assembly line is assessed by indicators such as high productivity, 
low cycle time, and low inventories, the process of training operators is one of the methods of 
implementing the concept of Lean Manufacturing [5,6,36,37]. In this study, the DOJO method was 
applied according to the methodology presented in Figure 3 [38]. 

The indicators used to evaluate the training performance of the participants are: 
• The number of errors, Ne, respectively the number of positioning or sequence (execution order) 

errors made by the experimenter within a work cycle (operations). Positioning errors occur when 
the executor positions one or more components in a different place than specified, or the 
components are positioned incorrectly (for example, upside down). Sequence errors occur when 
the executor retrieves and assembles components in a different order than the correct one. 

• The number of stops, Ns, refers to: stops caused by errors, stops caused by accidents, stops to ask 
for directions or follow work instructions, but also other types of stops. These stops are counted 
only if the participant stops the assembly process for more than 3 seconds. 

• The effective duration of the work cycle, Tec, represents the duration measured when performing 
the cyclical activities provided for in the work standard of the workstation. This indicator is most 
frequently used to evaluate the learning-training performance of operators and their evolution 
in the training process. 

• The degree of training, RTc, which is calculated as a percentage ratio between the standard 
duration of cyclical activities, Tnc, and the effective duration of the work cycle, Tec: 

RTc = 100 ∙ 𝑇𝑛𝑐𝑇𝑒𝑐 (1) 

• This indicator evaluates the extent to which the executor is approaching the achievement of the 
normed work rhythm within the workstation. 
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Figure 3. DOJO methodology. 

2.3. Preparation and conduct of experiments 

For the application of the DOJO method in the considered workstations, volunteer students from 
the II, III and IV study year of the Faculty of Mechanics and Technology, University Center Pitesti, 
have worked as operators. These students were selected based on the following criteria: 
• age, gender, and educational level (year of study); 
• existence of medical conditions; 
• skills in using digital techniques; 
• practical skills of manual operation. 

The criteria of age, gender and educational level, skills to use digital techniques, respectively, 
practical skills of manual operation were used to form homogeneous groups of students. The 
selection criterion on medical conditions was used to avoid including students with conditions such 
as epilepsy, vertigo, or visual impairment in experimental groups, as they may prevent the 
participant from performing certain activities within the assembly process. 

The selection of participants was made through a questionnaire, which was distributed online 
to students. The questionnaire was structured in three sections, based on the evaluation criteria 
previously established: the first section refers to the participant's identification data - name, age, 
gender, educational level, conditions, frequency of hand use and availability of time, the second 
section identifies skills to use digital technologies - phone/tablet, laptop, PS/Xbox and virtual reality 
equipment, and the last section of the questionnaire deals with practical manual operating skills - 
skill, quickness, strength, endurance, accuracy, etc. 

Among the respondents to the questionnaire, a target group of 70 participants was retained. Of 
these, 10 were used in pilot studies (pretesting), presented in this paper, and the other 60 for further 
research, for the analysis of different production methods. From the 10 participants were formed two 
groups of participants in experiments, a group of 5 students for applying the DOJO method at the 
classical workstation, another of 5 students for applying the DOJO method at the digitalized 
workstation, so that the two groups are homogeneous in terms of characteristics and, at the same 
time, close to the target group average, Table 2.1 and Table 2.2. 
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Table 1. The characteristics of the target group. 

Target group: 70 participants 

Year of study II: 26/ 37,14 % III: 19/ 27,14 % IV: 25/ 35,72% 

Sex 27 men / 38,67% 43 women / 61,43% 

Average score of the criterium Practical skills - AP: 3,92 Digital skills - AD: 3,08 

Table 2. The characteristics of the participants in the experimental groups. 

Workstation/ No. of 

participants 
Classic workstation/ 5 Digitalized workstation/ 5 

Year of study 2nd year/ 2  3rd year/ 2  4th year: 1  2nd year/ 2  3rd year/ 2  4th year/ 1  

Sex M/ 2 F/ 3 M/ 2 F/ 3 

Average score AP: 4,07 AD: 3,24 AP: 3,88 AD: 3,01  

The experiments were planned and carried out as follows: 
• first the experiments were carried out on the classical workstation, then the experiments were 

carried out on the digitalized workstation, by the two distinct groups of participants; 
• each group of 5 students, associated with a workstation, conducted experiments on two separate 

days; 
• on one day of experimentation, each participant in the group successively performed 10 work 

cycles (operations). 
After planning the experiments, the workstations were prepared: the assembly components 

were placed within them to complete 10 work cycles (operations) without the need for interruptions 
for supply, the work equipment (power of the electric screwdriver, calibration of the camera used for 
control, configuration of the pick by light system, etc.) and the working standard were adjusted. A 
work process observation sheet, Figure 4, was built to track and centralize the results of each 
experimentation participant in a training day. 

 

Figure 4. Observation sheet of the labour process. 

Before the actual start of the experiments, each group of participants was explained the purpose 
of the experiment, was presented in video projection format how the operation was carried out and 
was explained the working standard (presented on physical support). Also, the instructor practically 
exemplified the way of working in the workstation, detailing how to pick and position the 
components, so that the working standard is respected. At the end of the training process, 
participants participated separately in the experimentation in order not to be influenced by those 
who previously perform the assembly operation 
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During the experiments, at the same time as the results were noted in the sheet, the process 
carried out by each participant was filmed, to subsequently analyse the activities performed by him 
and avoid the possibility of omitting certain elements from the experimentation (errors, stops or other 
causes that disrupted the process). Thus, the experimentation process was watched by two observers: 
one filled out the process observation sheet, and another filmed the process with a mobile phone. 

3. Results 

The data recorded during the learning-training processes of the participants were analysed and 
processed in three stages: (I) determining the average values of the training performance evaluation 
indicators, (II) choosing the form of the process functions associated with the evaluation indicators 
of training performance and (III) determination of process function coefficient values and regression 
analysis, as follows. 
I. Determining the average values of the training performance evaluation indicators 

The data recorded in the observation sheets of the training processes were analysed 
simultaneously with the analysis of the footage associated with them. Thus, aberrant data were 
removed from them, such as process interruption due to disturbance by an external factor. 

Based on the validated data, for each of the training performance evaluation indicators of the 
participants - Ne, Ns, Tec, and RTc, the following values were determined for each operation (work 
cycle) performed: 
- the minimum and maximum values of the indicators, respectively, at the level of the 

experimental group (of the 5 participants from each workstation); 
- the average values of the indicators, as arithmetic averages at the level of the experimental group 

(of the 5 participants from each workstation). To determine the RTc indicator, the standard 
values of the work cycle duration were considered: Tnc = 27.062 s for the classic workstation, 
respectively, Tnc = 29.826 s for the digitalized workstation, established by the work standards. 

II. Choosing the form of the process functions associated with the evaluation indicators of training performance 

The dependence of the average values of the training performance evaluation indicators of the 
participants on the number of operations (work cycles) performed was represented graphically: first 
for each day of experimentation (2 graphs, each with the 10 operations performed in one day), then 
cumulative (one graph, with all 20 operations). The analysis of the shape of these graphs led to the 
following conclusions about the choice of the process function forms associated with the training 
performance evaluation indicators: 
- Since the values of the indicators Ne, Ns, Tec, and RTc tend to be constant, respectively, 

horizontal asymptotes with the stabilization of the learning-training process, the mathematical 
modelling of their evolution can be carried out through simple mathematical functions, the 
logarithmic function (2), respectively, power function (3): 

Y = A0 + A1lnX (2) 
Y = A0 XA1 (3) 

where: X represents the number of operations (work cycles) performed by the participants, and A0 
and A1 are the coefficients of the function. 
- In the case of the Ne and Ns indicators, only the logarithmic function (2) was considered for the 

mathematical modelling of their evolution as a process function. The power function cannot be 
used because the values of these indicators tend to zero with the increase in the number of 
operations performed by the participants. 

- In the case of the Tec and RTc indicators, the logarithmic function (2) and the power function (3) 
were considered as process functions for the mathematical modelling of their evolution. 

III. Determination of process function coefficient values and regression analysis 

The values of the coefficients of the process functions associated with the training performance 
evaluation indicators were determined by the least squares method [39,40]. For this purpose, the 
average values of the training performance evaluation indicators of the participants obtained during 
the two training days were used (20 values for each indicator). For each process function, they were 
determined: 
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- values of the coefficients of the function, A0 şi A1; 
- standard errors of the function coefficients, SE0 for the free coefficient (A0), respective, SE1 for 

the A1 coefficient; 
- sum of square due to residual (or error), SSE; 
- sum of square due to model (or regression), SSR; 
- coefficient of determination, R2; 
- Fisher statistic calculated, Fcalc; 
- Student statistic calculated, tcalc, for each coefficient Ai. 

The analysis of variance (ANOVA) was carried out for each determined process function and 
consisted of carrying out the following tests: 

• test for significance of regression: if Fcalc > Fcritical (, p-1, df), the null hypothesis would be rejected 
(the model is statistically significant at significance level ); 

• test for significance of the function coefficients: if tcalc > tcritical (/2, df), the null hypothesis would be 
rejected (the coefficient is statistically significant at significance level ). 
Since all functions considered in the mathematical modelling have two coefficients each (p = 2) 

and in all experiments, 20 operations/work cycles were performed (X has 20 values), the number of 
degrees of freedom is in all cases (process functions analysed) df = 18.  

In the regression analysis, the level of significance  = 0.01 was considered for the application of 
the two tests. The critical values of the Fisher distribution – Fcritical, respectively, of the Student 
distribution – tcritical associated with the mentioned experimental conditions are presented in Table 3. 

Table 3. The critical values of the Fisher and Student distributions used in the regression 
analysis. 

Significance level,  Fcritical (, 1, 18) tcritical (/2, 18) 
0.01 8.2854 3.196 

The number of errors, Ne, made by the participants in the experiments at the two workstations – 
classic and digitalized is presented in Table 4, respectively, Table 6, the evolution of the average 
number of errors is represented in Figure 5, respectively, Figure 6, and the main results of the 
regression analysis for the Ne process function are presented in Table 5, respectively, Table 7. 

Table 4. The number of errors made by the participants in the experiments - classic 
workstation. 

No. exp. 

Indicator 

First day 

1 2 3 4 5 6 7 8 9 10 

Ne min 1 1 0 0 0 1 1 1 1 0 

Ne med 2,8 1,8 1,6 1,4 1,4 1,6 1,8 1,4 1,6 1,6 

Ne max 4 4 3 2 2 2 3 2 2 3 

No. exp. 

Indicator 

Second day 

1 2 3 4 5 6 7 8 9 10 

Ne min 0 0 0 0 0 0 0 0 0 0 

Ne med 1 0,6 0,4 0,4 0,2 0,2 0 0 0 0 

Ne max 2 2 1 1 1 1 0 0 0 0 
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a) 

 
b) 

Figure 5. The evolution of the average number of errors in the classic workstation: (a) 
representation on experimentation days; (b) process function average number of errors, 
Ne_CWs. 
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Figure 6. The evolution of the average number of errors in the digitalized workstation: (a) 
representation on experimentation days; (b) process function average number of errors, Ne_DWs. 

The analysis of the results of operator training in the case of the classic workstation, based on 
the indicator "number of errors, Ne_CWs" - Table 4 and Figure 5 and the process function associated 
with it - Table 5, highlights the following: 
- on the first day of training, there were "errors" in most of the operations performed by the 

participants, and their maximum number decreased as the operation was repeated, remaining 
relatively constant starting from the fourth work cycle; the main categories of errors made by the 
participants consisted in taking the components in the wrong order and positioning them 
wrongly on the product. 

- on the second day of training the number of errors decreased considerably, reaching zero value 
after the sixteenth work cycle (repetitions performed).  

- the mathematical model considered for the Ne_CWs process function is adequate for a 
confidence level of 99%, and the coefficients of this function are significant; however, the 
coefficient of determination of the function has a small value (0.7885), indicating a low correlation 
of the data; thus, although the number of errors recorded experimentally is zero starting from the 
17th working cycle, the zero value of the errors estimated with this function is obtained after the 
25th cycle. 

Table 5. The main results of the regression analysis – the Ne process function, classic 
workstation. 

Coeff. Value SEi tcalc i 
Form of process 

function 
SSE SSR R2 Fcalc 

A0 2.8733 0.2454 11.7085 
Y = A0 + A1lnX 2.6632 9.9347 0.7885 67.145 

A1 -0.8897 0.1085 8.1942 

Table 6. The number of errors made by the participants in the experiments - digitalized 
workstation. 

No. exp. 

 Indicator 

First day 

1 2 3 4 5 6 7 8 9 10 

Ne min 1 2 1 2 1 0 1 0 0 0 

Ne med 2,8 3,4 1,4 2 1,4 1 1 0,6 0,6 0,6 

Ne max 6 4 3 2 3 2 1 2 2 1 

No. exp. 

Indicator 

Second day 

1 2 3 4 5 6 7 8 9 10 

Ne min 0 0 0 0 0 0 0 0 0 0 

Ne med 0,6 0,4 0,6 0,2 0,2 0,4 0 0 0 0 

Ne max 1 1 1 1 1 1 0 0 0 0 

The analysis of the results of operator training in the case of the digitalized workstation, based 
on the "number of errors, Ne" indicator - Table 6 and Figure 6 and the process function associated 
with it - Table 7, highlights the following: 
- on the first day of training, in the first seven work cycles, there were "errors", and their number 

decreased continuously, as the operation was repeated; the main categories of errors made 
consisted of the wrong positioning of components on the product. 

- on the second day of training, the number of errors decreased significantly, reaching zero after 
the sixteenth work cycle (repetitions performed). 
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- the mathematical model considered for the Ne_DWs process function is adequate for a 
confidence level of 99%, and the coefficients of this function are significant; the coefficient of 
determination of the function has a higher value (0.8879) than in the case of the classic post, 
indicating a better correlation of the data; thus, the number of experimental errors is zero starting 
from the 17th work cycle, and the zero value of the errors estimated with this function is obtained 
after the 18th work cycle. 

Table 7. The main results of the regression analysis – the Ne process function, digitalized 
workstation. 

Coeff. Value SEi tcalc i 

Form of 

process 

function 

SSE SSR R2 Fcalc 

A0 3.1628 0.2059 15.3596 Y = A0 + 

A1lnX 
1.8751 14.8528 0.8879 142.5791 

A1 -1.0879 0.0911 11.9407 

The number of stops, Ns, made by the participants in the experiments at the two workstations - 
classic and digitalized is presented in Table 8, respectively, Table 10, the evolution of the average 
number of stops is represented in Figure 7, respectively, Figure 8, and the main results of the 
regression analysis for the process function Ns are presented in Table 9, respectively, Table 11. 

Table 8. The number of stops made by the participants in the experiments - classic 
workstation. 

No. exp. 

 Indicator 

First day 

1 2 3 4 5 6 7 8 9 10 

Ns min 0 0 0 0 0 0 0 0 0 0 

Ns med 1,2 1 0,8 0,6 0,8 0,2 0,4 0,4 0 0 

Ns max 2 2 2 1 1 1 1 1 0 0 

No. exp. 

Indicator 

Second day 

1 2 3 4 5 6 7 8 9 10 

Ns min 0 0 0 0 0 0 0 0 0 0 

Ns med 0,2 0,4 0,2 0 0 0 0 0 0 0 

Ns max 1 1 1 0 0 0 0 0 0 0 

The analysis of the results of operator training in the case of the classic workstation, based on 
the "number of stops, Ns" indicator - Table 8 and Figure 7 and the process function associated with it 
- Table 9, highlights the following: 

- on the first day of training, there were a maximum of two "stops" for the first three work cycles 
performed, then a maximum of one "stop", reaching zero for the last two operations of the first 
day, for each participant; the main categories of stops were determined by minor injuries, stops 
due to errors, following the job description, dropping components on the ground or requesting 
information. 

- on the second day of training, there were some stoppages in the first three operations, but they 
disappeared from the fourth work cycle.  

- the mathematical model considered for the process function Ns_CWs is adequate for a confidence 
level of 99%, and the coefficients of this function are significant; the coefficient of determination 
of the function has an acceptable value (0.8669), indicating a better correlation of the data; 
although the number of experimental stops is zero starting from the 14th duty cycle, the null 
value of stops estimated with this function is estimated after the 17th cycle. 
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a) 

 
b) 

 

Figure 7. The evolution of the average number of stops within the classic workstation: (a) 
representation on experimentation days; (b) process function average number of stops, 
Ns_CWs. 

Table 9. The main results of the regression analysis – the process function Ns, classic 
workstation. 

Coeff. Value SEi tcalc i 
Form of process 

function 
SSE SSR R2 Fcalc 

A0 1.2339 0.0911 13.543 
Y = A0 + A1lnX 0.3671 2.3909 0.8669 117.2327 

A1 -0.4364 0.0403 10.8274 

The analysis of the results of operator training in the case of the digitalized workstation, based 
on the indicator "number of stops, Ns" - Table 10 and Figure 8 and the process function associated 
with it - Table 11, highlights the following: 
- on the first day of training, there were "stops" in the experiments carried out, but these were only 

for some participants and in the first work cycles; however, with the increase in the number of 
performed operations, their number decreased significantly; the main categories of stops were 
determined by minor accidents, stops due to errors, dropping components on foot or requesting 
information. 

- on the second day of training, the number of stops decreased significantly, disappearing after the 
fifth work cycle (operations performed).  

- the mathematical model considered for the process function Ns_DWs is adequate for a 
confidence level of 99%, and the coefficients of this function are significant; although the 
coefficient of determination of the function has a small value (0.7695), which indicates a low 
correlation of the data, the null value of the stops estimated with this function coincides with the 
actual experimental one, respectively, the 16th cycle. 
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Table 10. The number of stops made by the participants in the experiment - digitalized 
workstation. 

No. exp. 

 Indicator 

First day 

1 2 3 4 5 6 7 8 9 10 

Ns min 0 0 0 0 0 0 0 0 0 0 

Ns med 1,8 1 0,6 0,4 0 0,4 0,4 0,2 0 0,2 

Ns max 5 2 2 1 0 1 1 1 0 1 

No. exp. 

Indicator 

Second day 

1 2 3 4 5 6 7 8 9 10 

Ns min 0 0 0 0 0 0 0 0 0 0 

Ns med 0,2 0,2 0,2 0,2 0,2 0 0 0 0 0 

Ns max 1 1 1 1 1 0 0 0 0 0 

 
 

 

a) 

 

b) 

 

Figure 8. The evolution of the average number of stops within the digitalized workstation: (a) 
representation on experimentation days; (b) process function average number of stops, Ns_DWs. 

Table 11. The main results of the regression analysis – the process function Ns, digitalized 
workstation. 

Coeff. Value SEi tcalc i 
Form of process 

function 
SSE SSR R2 Fcalc 

A0 1.2890 0.1362 9.4630 Y = A0 + A1lnX 0.8204 2.7395 0.7695 60.0994 
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A1 -0.4672 0.0602 7.7523 

The most important indicator used to evaluate the degree of training of operators is the effective 

duration of the work cycle, Tec. With the help of this indicator, the degree of training of the participants, 

RTc, is determined as a percentage ratio between the standard duration of cyclical activities, Tnc, and 
the effective average duration of the work cycle, Tec.  

Table 12 presents the effective durations of the work cycle obtained by the participants in the 
experiment within the classical workstation, in Figures 9 and 10 the evolutions of the average values 
of the two indicators associated with training at this position are represented, and in Table 13, 
respectively, Table 14 presents the main results of the regression analysis for the process functions 
Tec, respectively, RTc. 

The analysis of the results of operator training in the case of the classic workstation, based on 
the "effective duration of the work cycle, Toc" indicator - Table 12 and Figure 9 and the process 
function associated with it - Table 13, highlights the following: 
- on the first day of training, the average effective duration of the work cycle was double the norm 

(Tnc = 27.062 s) in the first two operations performed by the participants, but it decreased 
continuously until the end of the day, with the increase in the number of cycles work done by the 
participants. 

- on the second day of training, the effective average duration of the work cycle started from the 
level obtained at the end of the first day of training, but its decrease with the increase in the 
number of operations performed by the participants was no longer so pronounced, highlighting 
a "stabilization of the training process"; however, there were participants who reached or fell 
below their normalized work cycle time during the second day of the experiment. 

- both mathematical models considered for the Tec_CWs process function are adequate for a 
confidence level of 99%, and the coefficients of these functions are significant; the coefficients of 
determination of the functions have high values (0.9608 for the logarithmic function, respectively, 
0.9522 for the power function), which indicates a high correlation of the data; the logarithm 
function better approximates the experimental results (having a higher coefficient of 
determination R2) and, according to it, it is estimated that the normalized duration of the work 
cycle will be obtained after performing 25 operations (work cycles). 

Table 12. The effective durations of the work cycle for the participants in the experiment - 
the classic workstation. 

No. exp. 

 Indicator 

First day 

1 2 3 4 5 6 7 8 9 10 

Tec min 47 42 36 38 33 34 37 28 31 31 

Tec med 61 55,6 51,2 46,6 43,2 40,4 41,6 37,8 39,8 40,6 

Tec max 73 69 78 66 58 56 54 49 50 49 

No. exp. 

Indicator 

Second day 

1 2 3 4 5 6 7 8 9 10 

Tec min 30 29 27 28 29 26 27 25 27 29 

Tec med 33 32,8 33 30,6 32,6 31 31,8 30,4 31,8 31,6 

Tec max 37 36 41 32 34 33 33 34 34 34 

Table 13. The main results of the regression analysis – the Tec process function, classic 
workstation. 

Coeff. Value SEi tcalc i 
Form of process 

function 
SSE SSR R2 Fcalc 

A0 61.6161 1.1592 53.1538 Y = A0 + A1lnX 59.4220 1455.45 0.9607 440.882 
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A1 -

10.7692 

0.5128 20.9972 

A0 64.9473 0.0325 128.372 
Y = A0XA1 0.0467 0.8081 0.9522 311.2064 

A1 -0.2537 0.0143 17.641 

 

 
a) 

 
b) 

 
c) 

 

Figure 9. The evolution of the effective average duration of the work cycle in the classical workstation: 
(a) representation on experimentation days; (b) logarithmic process function, the effective average 
duration of the work cycle, Tec_CWs; (c) power process function, the effective average duration of 
the work cycle, Tec_CWs. 

The evolution of the RTc indicator is similar to the evolution of the Tec indicator but in the 
opposite direction. The analysis of the average values of the RTc indicator (Figure 10) and its 
associated process function (Table 14) reveals the following trends: 
- on the first day of training, the average value of this indicator increases continuously and 

pronouncedly, from a percentage of approximately 44% to one close to 70%. 
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- on the second day of training, the increase of this indicator is more moderate, starting from an 
average value of 82% up to 86%, reaching in some operations the value of 89%. 

- both mathematical models considered for the process function RTc_CWs are adequate for a 
confidence level of 99%, and the coefficients of these functions are significant; the coefficients of 
determination of the functions have high values (0.9144 for the logarithmic function, respectively, 
0.9343 for the power function), which indicates a high correlation of the data; the power function 
better approximates the experimental results (having a higher coefficient of determination R2) and, 
according to it, it is estimated that a RTc value = 90 will be obtained after performing 21 operations 
(work cycles). 
 

 
a) 

 

b) 

 

c) 

 

Figure 10. The evolution of the average degree of training of the participants in the classical 
workstation: (a) representation on experimentation days; (b) logarithmic process function, the average 
degree of training of the participants, RTc_CWs; (c) power process function, the average degree of 
training of the participants, RTc_CWs. 
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The effective duration of the work cycle obtained by the participants in the experiment within 
the digitalized workstation are presented in Table 15, in Figures 11 and 12 the evolutions of the 
average values of the Tec and RTc indicators associated with training at this workstation are 
represented, and Tables 16, respectively, Table 17 presents the main results of the regression analysis 
for the process functions Tec, respectively, RTc. 

Table 14. The main results of the regression analysis – the RTc process function, classic 
workstation. 

Coeff. Value SEi tcalc i 
Form of process 

function 
SSE SSR R2 Fcalc 

A0 37.4447 2.7181 13.8689 
Y = A0 + A1lnX 326.708 3491.181 0.9144 192.3469 

A1 16.6791 1.2026 13.7761 

A0 41.6676 0.0325 114.72 
Y = A0XA1 0.0467 0.8081 0.9343 311.2064 

A1 0.2537 0.0143 17.641 

Table 15. The effective duration of the work cycle for the participants in the experiment - 
the digitalized workstation. 

No. exp. 

Indicator 

First day 

1 2 3 4 5 6 7 8 9 10 

Te min 44 36 42 43 41 35 38 35 32 32 

Te med 63 54,8 48,2 47,6 44 43 41 37 38,6 38,4 

Te max 75 76 56 52 48 46 43 48 45 44 

No. exp. 

Indicator 

Second day 

1 2 3 4 5 6 7 8 9 10 

Tec min 38 29 32 30 28 20 29 28 28 28 

Tec med 40,4 36,2 36 34,6 34 34,2 33,2 32,4 33 31,6 

Tec max 48 41 41 40 41 38 38 35 36 34 

Table 16. The main results of the regression analysis – the Tec process function, digitalized 
workstation. 

Coeff. Value SEi tcalc i 
Form of process 

function 
SSE SSR R2 Fcalc 

A0 61.0275 0.8784 69.4695 
Y = A0 + A1lnX 34.1265 1231.321 0.973 649.4585 

A1 -9.9054 0.3886 25.4845 

A0 63.4461 0.0193 214.634 
Y = A0XA1 0.0165 0.6377 0.98 694.2694 

A1 -0.2254 0.0085 26.349 

The analysis of the results of operator training in the case of the digitalized workstation, based 
on the indicator "effective duration of the work cycle, Tec" - Table 15 and Figure 11 and the process 
function associated with it - Table 16, highlights the following: 
- on the first day of training, the effective average duration of the work cycle was double the norm 

(Tnc = 29.826 s) in the first operation performed by the participants, then it decreased 
continuously until the end of the day, with the increase in the number of repetitions of the 
operation. 

- on the second day of training, the average effective duration of the work cycle started from the 
value of 40%, slightly higher than the level obtained at the end of the first day of training, and 
continued to decrease with the increase in the number of repetitions of the operation, 
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approaching the standard value; more participants reached or fell below their normalized cycle 
time during the second day of the experiment. 

- both mathematical models considered for the Tec_DWs process function are adequate for a 
confidence level of 99%, and the coefficients of these functions are significant; the coefficients of 
determination of the functions have high and close values (0.973 for the logarithmic function, 
respectively, 0.98 for the power function), which indicates a high correlation of the data; with the 
help of the logarithm function, it is estimated that the standard duration of the work cycle will 
be obtained after the completion of 23 operations (work cycles). 

 

a) 

 

b) 

 
c) 

 

Figure 11. The evolution of the effective average duration of the work cycle in the digitalized 
workstation: (a) representation on experimentation days; (b) process function (logarithm) effective 
average duration of the work cycle; (c) process function (power) effective average duration of the 
work cycle. 

The evolution of the RTc indicator for the digitalized workstation is similar to the evolution of 
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the RTc indicator, Figure 12, and of the process function associated with it - Table 17, highlights the 
following: 
- on the first day of training, the value of this indicator increases continuously and sharply, from a 

percentage of approximately 47% to one of approximately 78%. 
- on the second day of training, the increase of this indicator is similar to the first day, starting from 

a value lower than the one obtained at the end of the first day of experimentation and reaching 
up to 94%. 

- both mathematical models considered for the process function RTc_DWs are adequate for a 
confidence level of 99%, and the coefficients of these functions are significant; the coefficients of 
determination of the functions have high values (0.9562 for the logarithmic function, respectively, 
0.9696 for the power function), which indicates a high correlation of the data; the power function 
better approximates the experimental results (having a higher coefficient of determination R2) 
and, according to it, it is estimated that a value RTc = 90 will be obtained after performing 18 
operations (work cycles). 
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Figure 12. The evolution of the average degree of training of the participants in the digitalized 
workstation: (a) representation on experimentation days; (b) process function (logarithm) RTc ; (c) 
process function (power) RTc. 

Table 17. The main results of the regression analysis - the RTc process function, digitalized 
workstation. 

Coeff. Value SEi tcalc i 
Form of process 

function 
SSE SSR R2 Fcalc 

A0 43.6285 1.7921 24.3441 
Y = A0 + A1lnX 142.0313 3106.219 0.9562 393.6593 

A1 15.7326 0.7929 19.8408 

A0 47.01 0.0193 199.128 
Y = A0XA1 0.0165 0.6377 0.9696 694.269 

A1 0.2254 0.0085 26.349 

4. Discussion 

In the mathematical modelling of the evolution of the Ne and Ns indicators, the logarithm 
functions used to determine the process functions associated with these indicators are adequate, in 
the case of both workstations, and their coefficients are significant for a 99% confidence level. 
However, the values of the coefficient of determination, R2, of these functions are relatively small 
(values from 0.7695 to 0.8879), which shows that there is not a very high correlation between the 
average values of the Ne indicators, respectively, Ns, and the number of operations (work cycles) 
performed by the participants. This is determined by the fact that, on the one hand, the values of 
these indicators are natural numbers of small and often zero values (as a consequence of the 
formation process), and, on the other hand, the causes that cause the occurrence of errors and 
shutdowns are different. 

In the mathematical modelling of the evolution of the Tec and RTc indicators, both the logarithm 
functions and the power functions used to determine the process functions associated with these 
indicators are appropriate, in the case of both workstations, and their coefficients are significant for 
a confidence level of 99%. At the same time, the values of the coefficient of determination, R2, of these 
functions are relatively high (values from 0.9144 to 0.98), which indicates a high correlation between 
the average values of the Tec indicators, respectively, RTc, and the number of operations (work 
cycles) performed by the participants. 

Regarding the learning-training process of the participants, the analysis of the results obtained 
for the indicators considered in the evaluation of the learning-training performance at the two 
workstations allows a series of remarks: 

• From the point of view of the errors made - the Ne indicator, it is found that the work process is 
learned by all participants after 17 work cycles (operations), in the case of both jobs. However, 
some participants have not made any errors since the end of the first day of training, learning 
the process faster. 

• From the point of view of the stops made - the Ns indicator, it is found that the work process is 
learned by all participants after 14 work cycles (operations) in the case of the classic workstation, 
respectively, 16 work cycles (operations) in the case of the digitalized workplace. However, some 
participants have not made stops since the end of the first day of training, learning the process 
faster. 

• From the point of view of the normalized duration of the work cycle - the Tc indicator, this was 
not reached as the average of the group of participants during the experiments performed, with 
only one participant succeeding this. Using the process functions determined for this indicator, 
it is estimated that reaching the standard duration of the work cycle, at the level of the participant 
group, will take place after performing 25 work cycles in the case of the classic workplace, 
respectively 23 work cycles, in the case of the digitalized workstation. 
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• From the point of view of the degree of training of the operators - the RTc indicator, it is found 
that to obtain a percentage of 90%, 17 work cycles are sufficient for the digitalized workstation, 
while for the classic workstation, more than 20 work cycles. Using the process function 
determined for this indicator in the classical workplace, it is estimated that reaching a training 
degree of 90%, at the level of the participant group, will take place after performing 21 work 
cycles. 
Taking into account the previous analyses it is found that, from the point of view of errors and 

stops that occur during training, performing the operation (work cycle) 20 times ensures that the 
group of participants learns how to work, these not making errors or stops. However, to fit into the 
standard duration of the operation, carrying out the operation (work cycle) 20 times ensures only the 
initial learning (RTc = 90%) and, partially, the beginning of the stabilization of the process, the group 
of participants still needing to repeat the process to gain experience (dexterity in work).  

Thus, the study highlights the fact that in the formation of practical skills in operators, along 
with the training method and the working conditions, considered situational variables, the individual 
variables of the operators also intervene, such as the system of technical skills, the interest in the 
activity of learning, gender, age, etc. 

Also, the analysis highlights the fact that the learning-training process of the participants in the 
case of the digitalized workplace is faster than in the case of the classic workplace in terms of all 
indicators. This is because the operator working at this workstation is guided by the pick-by-light 
system in carrying out the activities, and the Poka-Yoke type system prevents the appearance of 
defects at the workstation. 

5. Conclusions 

It has been shown that it is possible to mathematically model by regression functions some 
indicators of the training performance regarding the participants - volunteer students - in the 
learning-training process of an assembly operation with predominantly manual activities. 

The determined process functions express the dependence between the average number of 
errors - Ne, the average number of stops - Ns, the average effective duration of the work cycle - Tec, 
the average degree of training - RTc, and the number of operations (work cycles) performed by the 
participants in the learning-training process, for each of the two analysed workstations. 

All the modelling functions considered in this study, logarithmic for Ne and Ns indicators, 
respectively, logarithmic and power for Tec and RTc were adequate for a confidence level of 99%, 
and their coefficients were significant. A very good correlation of the average values of the Tec and 
RTc indicators with the number of operations performed by the participants was highlighted, an 
aspect highlighted by the high values of the function determination coefficients, R2, close to or greater 
than 0.95. 

An important practical characteristic, related to the continuation of research, is that the 
completion of the work cycle 20 times by new operators, using the DOJO method, will lead to learning 
the work process (making it without errors and stoppages) and upon obtaining an average degree of 
training close to the standard work rate (the value of 90% for the RTc indicator). The practical value 
of the undertaken research also consists of the developed working methodology, which can be used 
in other similar studies. 

The limitations of the study are imposed, on the one hand, by the type of activities carried out 
at the analysed workstations and, on the other hand, by the use of volunteer students in the 
experiments, who do not have high practical skills, comparable to those of the operators in the 
workshop’s assembly. 

Future research will be extended to the study of production methods, to analyse the efficiency 
of the integration of digital techniques in the organization of workplaces. Also, the study can be 
developed in the direction of using virtual/augmented reality in the process of learning and training 
operators. 
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