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Abstract
Mass customization and shorter product life cycles are causing ever more variants in production, especially in manual assem-
bly. At the same time, more diverse personnel structures are emerging due to demographic change and labor shortages. This 
is causing different challenges to production managers, e.g., competence gaps. To meet these challenges, learning in manual 
assembly becomes increasingly important. The design of the learning process can only be improved by checking whether 
the processes fulfill their purpose. Various learning evaluation measures are described in general vocational education and 
competence development, but it is hard to select the right one for the learning process. This paper shows a procedure, how 
learning evaluation measures can be selected, and how they can measure learning progress. For this, a test person study was 
conducted to compare different learning evaluation measures and show their usability and advantages in manual assembly. 
The results support making learning in assembly easier to apply and controllable. In the long term, feeding back the results 
improves the learning process design.

Keywords Competence development · Manufacturing · Work-based learning · Assembly worker · Learning outcome · 
Learning evaluation

1 Introduction

Assembly workers face challenges, as the work environ-
ment changes due to the greater variety of product variants 
resulting from mass customization and more frequent prod-
uct changes due to shorter product lifecycles [1]. Despite 
the increasing support provided by assistance systems, that 
support the workers in dealing with complex situations 
without requiring them to acquire new competencies, new 
competencies must be learned on a regular basis because 
using assistance systems is no longer sufficient to handle 
complex situations completely [2]. As a consequence of 
demographic change, the shortage of skilled workers has 
created an additional need for competencies acquisition, as 
companies are forced to adapt their workforces and cannot 
hire (skilled) workers as they need [3]. As a result, more 
and more semi-skilled and unskilled workers are being 
empowered for more complex tasks [4]. Depending on the 

complexity of the product and assembly processes and the 
amount of assembly time for one product, learning can take 
time from a few days up to months [5]. As learning demands 
different, additional resources (e.g., experts, extra room), it 
is necessary to control the learning process [6].

Learning is always associated with a goal and a schedule 
for achieving the goal [6]. To verify the achievement of the 
goal, an evaluation of competence or learning outcome is 
required [7]. The measurement should be integrated into the 
workplace equipment or the learning process for increased 
efficiency. Therefore, it is necessary to select a measurement 
method that fits the circumstances of the workplace and the 
learning process. In that regard, this paper introduces differ-
ent evaluation measures, describes a procedure for situation-
specific selection, and evaluates the measures in the context 
of a study.

The paper starts with an overview of evaluation measures 
and a summary of previous research in this area in Sect. 2. 
Section 3 presents the procedure for workplace-specific 
selection of the measurement procedure. Afterwards, the 
application of selected measures in a study is described and 
verified based on a manual assembly use case, which is pre-
sented in Sect. 4. Lastly, the conclusion and further research 
perspectives can be found in Sect. 5.
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2  State of the art

2.1  Measures for evaluating competence 
and learning outcome

When researching evaluation measures, it was noticeable 
that there are two groups of measures for evaluating com-
petence. On the one hand, measures have been developed 
to measure competence holistically. These are primarily 
complex measures carried out by trained or experienced 
personnel. These measures are called measures for com-
petence evaluation (CE) in the following. On the other 
hand, some measures do not claim to represent compe-
tence comprehensively but rely on the fact that artifacts 
can partially define competence, e.g., required execution 
time and number of mistakes [8]. These measures are 
called measures for learning outcome evaluation (LOE) 
because they can map learning progress, but no long-term 
determination of competence is possible [7]. The measures 
can be further differentiated into qualitative or quantitative 
and subjective or objective measures, which are relevant 
for the implementation and significance.

Qualitative measurement methods can be used to assess 
the type and quality of formally, non-formally, and infor-
mally acquired competencies. The measurement is holistic 
and relates to the meaning and interrelationships of com-
petencies. Quantitative measurement methods are based on 
the assumption that competencies are measurable and scal-
able [9]. Subjective measures are based on self-assessment 
or assessment by others. Objective measures are based on 
data collected externally by technologies or people in a 
standardized way.

A literature review was conducted based on the infor-
mation about learning evaluation given in [10–15]. For 
further queries in the databases ‘Scopus’ and ‘Google 

Scholar’, the following terms were used: ‘measurement 
of learning success’, ‘assessment of learning progress’, 
‘performance evaluation’, ‘knowledge assessment’, ‘meas-
urement of learning gains’, ‘(methods of) competence 
assessment’, ‘competence development in assembly’, 
‘assessment of competence’. The results were sorted out, 
if they do not include relevant competencies, especially 
technical and methodological competencies. Addition-
ally, the suitability for the work context, especially for the 
industrial and the assembly context was evaluated based 
on the measures’ descriptions. The remaining measures 
were categorized as CE or LOE measures according to the 
definition given above.

Based on the literature review, eleven CE measures and 
15 LOE measures have been selected as examples to be used 
with the procedure developed in this paper to make human 
learning in assembly quantifiable. The CE measures are 
shown in Table 1 and the LOE measures are summarized 
in Table 2.

2.2  Similar approaches

As shown in Sect. 2.1, different evaluation measures are 
described in the literature. They are characterized by using 
general aspects of learning, and not all of them were tested 
in manual assembly but in other production near-production 
environments in companies. Therefore, an additional litera-
ture search was conducted to gain an overview of further 
aspects relevant to the manual assembly learning evaluation.

Arena et al. [20] followed the work of Perini et al. [21] 
and formulated an ontology for training evaluation for a 
trainee group. They summarize relevant criteria to evalu-
ate training, e.g., Kirkpatrick competence level and training 
KPIs. Kuna et al. [22] gave an overview of which factors are 
essential for a holistic review of industrial training. The eval-
uation included the trainees’ performance and an assessment 

Table 1  Measures for competence evaluation

Short Cut Measure References Property

CE1 ASSESS [10] Quantitative, subjective
CE2 Persolog [11] Quantitative, subjective
CE3 KODE procedure [12] Quantitative, subjective, objectifying
CE4 Learning part (German: LERNSTUECK) [13] Qualitative, subjective
CE5 COMPRO+ [14] Quantitative, subjective
CE6 Competence wheel and competence matrix [9] Quantitative, subjective
CE7 BIP [15] Quantitative, subjective
CE8 Procedure according to Hertle [16] Quantitative and qualitative, subjective
CE9 Video analysis [17] Quantitative and qualitative, subjective
CE10 Competence pass [18] Quantitative, subjective
CE11 Methodology for multivariate measurement of technical-

methodical competencies for the production
[19] Quantitative, subjective
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of the training need, the training design, and the trainer’s 
performance. These research approaches give an overview of 
relevant frameworks for implementing learning evaluation. 
Contrarily, in Sehr et al. [8], Hertle et al. [16], Glass and 
Metternich [19], Gross et al. [23], and Wilschut et al. [24], 
different learning outcome evaluation systems are discussed, 
and challenges are identified, e.g., focus on learning transfer, 
compatibility with digital learning systems.

The reviewed literature has shown that general models 
explain the learning process and the associated evaluation 
process. Many different measurement methods were devel-
oped in production or its environment. They have varying 
requirements and show quality criteria. In summary, an open 
point in research is to provide a simple approach to select an 
evaluation measure for industrial applications. Another point 
is to demonstrate the applicability and validity of measures 
that have not been widely used in manual assembly so far.

3  Procedure for selecting the CE and LOE 
measures

The first result of the research is a procedure for selecting 
suitable CE and LOE measures for the learning process. 
Each CE and LOE measure presented in Sect. 2 supports 
learning control differently and places additional require-
ments on the work environment. To compare the meth-
ods with each other, a two-step procedure was developed, 
which helps to select the suitable measures for the targeted 
workplace.

In step 1, the methods are assessed based on the five fol-
lowing evaluation criteria.

• K1: Quality criteria (objectivity, reliability, and validity)
  Objectivity defines the independence of the results 

of external influences, like the executing person or the 
surroundings. Reliability is the extent to which repeated 
measurements of a test object lead to the same effect. 
Validity describes the degree of accuracy with which a 
method measures the property for which the measure-
ment is performed.

• K2: Time requirements
  Time requirements label the duration and frequency of 

implementation, execution, and evaluation.
• K3: Technical requirements
  The necessity of technological tools and their com-

plexity is summarized as technical requirements.
• K4: Physical requirements
  Physical requirements describe the need for extra space 

caused by, e.g., space for extra sensors or people, which 
need to be placed near the learning person for observa-
tion, and restrictions regarding the workplace design are 
applicable.

• K5: Personnel requirements
  Personnel requirements include the expenses for addi-

tional staff and their qualification needed for implementa-
tion, execution, and evaluation.

The measures concerning the evaluation criteria are 
assessed using a scale of 5—‘Very good’ to 0—‘Unsatis-
factory’ with an even number to force a clear decision rather 
than deciding for the middle [33]. The description of the 
criteria is given in Table 3.

The evaluations of the measures of Sect. 2 were carried 
out by the authors based on the literature and are presented 
in Tables 4 and 5. The remaining measures are evaluated in 

Table 2  Measures for learning outcome evaluation

Short cut Measure References Property

LOE1 Free impression description [25] Qualitative, subjective
LOE2 Processing of statement lists [25] Quantitative, subjective
LOE3 Ranking measures [25] Qualitative, subjective
LOE4 Ratings [26] Quantitative, subjective
LOE5 Behaviorally anchored rating measures [27] Quantitative, subjective
LOE6 Task- and goal-oriented assessment measures [25] Quantitative, subjective
LOE7 External observation [28] Quantitative or qualitative, subjective
LOE8 Automatic time measurement [24] Quantitative, objective
LOE9 Manual time measurement [29] Quantitative, objective
LOE10 Measurement of action indicators [19] Quantitative, objective
LOE11 Test with open questions [30] Quantitative, mostly objective
LOE12 Multiple-/Single-Choice Test [31] Quantitative, objective
LOE13 Test with false sentences and gap text [30] Quantitative, objective
LOE14 Roleplay [32] Qualitative, subjective
LOE15 Web of knowledge [30] Quantitative, subjective
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comparison to this measure and under consideration of the 
descriptions and the literature given in Tables 1 and 2. No 
rating, represented by ‘X’, is assigned if a criterion cannot 
be evaluated for a measure due to a lack of information in 
the literature.

In step two, the user defines which criterion may be 
applied and to what extent by taking the learning process 
and the workplace into account. The user could be the team 
leader of the trainee or the person preparing the learning 
process. The decision follows the same description as the 
literature-based assessment for the measures, shown in 
Table 3. If, for example, there is no possibility of additional 
space for implementing the measure, the user selects ‘5’. 
Measures with lower ratings than those selected by the user 
are then excluded. Thus, checking each literature-based 

measure evaluation filters which measures are possible. In 
the end, a short list with measures fitting the user require-
ments is generated. The short list is then checked to ensure 
that the measures’ goals align with the required goal, e.g., 
assessing each person’s learning outcome individually or 
comparing employees to each other.

4  Study to test CE and LOE measures 
in manual assembly

As part of the study, the procedure of Sect. 3 was applied to 
a workstation in the learning factory of iwb. The worksta-
tion is presented in Sect. 4.1, and the procedure is applied 
in Sect. 4.2. The focus of the selection and the study was to 
check if measures not regularly used in assembly are suit-
able for an assembly learning process. For this, a prelimi-
nary study was executed to validate the learning supporting 
assistance system, summarized in Sect. 4.3, followed by the 
main study, described in Sect. 4.4.

4.1  Workstation

An assembly workstation in the learning factory of the iwb 
was selected as the test workstation. This was a standing 
workstation, supplemented by a shelf for material provi-
sion, as depicted in Fig. 1. All required materials and tools 
were provided directly at the workstation at fixed places. 
The people assembled a three-stage planetary gearbox at the 
workstation with the help of step-by-step instructions on a 
tablet. No prior knowledge was required for the assembly 
task. The necessary assembly steps, the required processes 
and technical expertise were identified by a thorough work 
analysis. The competencies required for assembly were, 
thus, derived. The task was divided into the assembly of 

Table 4  Criteria evaluation for the measures of competence evalua-
tion

Measure K1 K2 K3 K4 K5

CE1 5 3 5 3 3
CE2 5 5 4 4 2
CE3 5 4 4 3 1
CE4 4 1 5 3 2
CE5 4 2 5 3 3
CE6 X 2 4 5 4
CE7 4 3 4 5 3
CE8 X 2 3 3 3
CE9 X 1 2 2 2
CE10 X 4 5 5 4
CE11 4 2 4 5 3

Table 5  Criteria evaluation for the measures of learning outcome 
evaluation

Measure K1 K2 K3 K4 K5

LOE1 1 3 5 4 3
LOE2 4 3 5 4 3
LOE3 X 4 5 5 3
LOE4 3 5 5 5 3
LOE5 4 2 3 3 2
LOE6 3 2 5 5 4
LOE7 4 3 5 4 3
LOE8 4 5 3 4 4
LOE9 4 3 4 4 3
LOE10 4 3 3 4 4
LOE11 3 4 5 4 4
LOE12 4 5 4 4 5
LOE13 3 4 5 4 4
LOE14 X 2 3 3 3
LOE15 X 4 5 4 4

Fig. 1  Workplace for the study
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individual gear stages, the gear stages’ composition, and the 
engine’s assembly.

4.2  Applied procedure to select measures

For applying step one of the procedure, the measures are 
reviewed, and their assessment, shown in Tables 4 and 5, 
is used for the review. For step two of the procedure, the 
requirements were defined:

• K1: Quality criteria (objectivity, reliability, and validity)
  Following the study’s objective, it was necessary to 

ensure high levels of objectivity and reliability, as well 
as the best possible validity. As a result, a rating of 4 or 
5 is considered sufficient.

• K2: Time requirements
  The study was conducted to closely replicate real-

world circumstances. It was assumed that time plays a 
crucial role, but preparation and implementation time are 
not critical. A range of 3 to 5 was selected.

• K3: Technical requirements
  The learning measures, implemented at the examplary 

workplace, require a tablet system with pre-installed soft-
ware. This technical equipment can be used by the CE or 
LOE, but more complex technical equipment should be 
avoided. Therefore, the K3 is chosen from the range of 3 
to 5.

• K4: Physical requirements
  The study was conducted at the iwb learning factory, 

where space and physical requirements were not a con-
cern. The rating scale ranged from 0 to 5.

• K5: Personnel requirements
  The study’s instructor can implement measures for CE 

or LOE but has no additional qualifications for special 
measures. The range of 3 to 5 was chosen.

When comparing the requirements with the assessment in 
Table 4, it became clear that CE1, CE7 and CE10 are pos-
sible CE measures. Looking at the goals of the measures, 
only the competence pass (CE10) is suitable for the study. 
ASSESS (CE1) and BIP (CE7) measures assess personality 
characteristics, which are not applicable to the study’s objec-
tive of evaluating the employee’s competence.

Comparing the requirements with the assessment of 
Table  4, LOE2, LOE3, LOE7, LOE8, LOE9, LOE 10, 
LOE12, LOE15 are possible LOE measures. Checking the 
goal of the measure, LOE3 and LOE15 are sorted out. LOE3 
compares the results of different employees. This is not in 
line with the objective to get quantitative results. LOE15 
focuses on feeding back the learning progress to the teacher 
which is not the goal of the study. Processing of statement 
lists (LOE2) and Multiple-/Single-Choice-Test (LOE12) 
are focusing on the same goal of assessing knowledge. The 

Single-Choice-Test (LOE12) was selected because it is eas-
ier to understand by the subject. Both automatic time meas-
urement (LOE8) and manual time measurement (LOE9) 
measure time and heavily overlap. Consequently, only one 
of these measures had to be selected. The preliminary study 
focused on the functionality of the learning measure. There-
fore, LOE9 was used to minimize additional implementa-
tion effort. In the main study, LOE8 was used instead. The 
observation (LOE7) can integrate the measurement of action 
indicators (LOE10), combining them as an observation with 
a focus on mistakes and instruction dependency.

A total of one CE measure and four LOE measures were 
used in the study.

4.3  Preliminary study

4.3.1  Aim of the study

The preliminary study aimed to test if the prototypical assis-
tance system implemented on a tablet supports the learning 
process. Additionally, knowledge about the practicability of 
the study progress should be gained.

4.3.2  Workplace and work activity

The study was conducted at the assembly workstation 
described in Sect. 4.1. At the workstation, the subjects had 
to follow the assistance system’s instructions during each 
assembly run, but they could deviate from the specified 
assembly sequence after the first run if they found a more 
convenient way. The available instructions were based on 
three competence levels in the preliminary study. For the 
first run, the test persons got detailed information by pro-
vided videos, pictures, and text. If the assembly run was 
completed without mistakes, a leaner instruction was given, 
containing only images and text. If that was not the case, 
the person continued with the detailed one until she or he 
assembled it without mistakes. If the test person completed 
the task without mistakes and within a target duration, the 
instruction changed to an information slide with the infor-
mation of the necessary material without step-by-step 
instructions.

4.3.3  Preliminary study procedure

The study procedure followed a guideline prepared in 
advance. This ensured that the process was the same for all 
subjects and minimized influence of experimental aspects 
and other disruptive influences. Initially, the subjects 
received information about the study and data processing, 
for which they signed an informed consent. Subsequently, 
the subjects’ demographic data were collected using a 
questionnaire.
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The test persons were informed that the target is to assem-
ble without mistakes in a predefined time of 285 s. The 
number of assembly runs was not fixed. The test persons 
repeated the assembly task as long as they needed more than 
the predefined time. According to this aim, the assembly 
time per run was measured manually, and the study leader 
observed the test persons and checked the finalized prod-
ucts to count the runs needed for a zero-defect part. The test 
persons were also asked to fill out NASA-TLX (NASA Task 
Load Index, [34]) and SUS (System Usability Score, [35]) 
questionnaires to assess the assistance system’s instruction 
quality. The NASA-TLX evaluates the mental, physical, 
and temporal stress of the person. With this information, 
conclusions on the learning process and the support of the 
system are possible. The SUS enables the assessment of the 
system’s user friendliness. To overview the whole process, 
the NASA-TLX and the SUS were filled out each time after 
the person completed one goal and got a new instruction. 
After the assembly run, a final interview was carried out to 
get qualitative feedback for the assistance system.

4.3.4  Findings of the preliminary study

The preliminary study was executed with 18 test persons. 
Eleven subjects were male, and seven were female. Four 
subjects stated that they had previous experience in the 
assembly field.

The subjects needed three to six assembly runs to achieve 
the targeted time. Through runs one to four (depending on 
the maximum runs), the mistakes (deficiencies of the end 
product) were reduced to zero, and the time was constantly 
reduced from a maximum of 22 min to a minimum of nearly 
three minutes. These measures showed that learning pro-
gress appeared, and the learning curve was as described 
by, e.g., [36]. The NASA-TLX resulted between 25 and 42 
in average, which indicates that subjects perceived low to 
medium stress level. Especially, the information reduction 
between the first and second instruction showed an increase 
in the NASA-TLX results. The SUS showed an average 
result of 81 for the first instruction, 80 for the second instruc-
tion, and 78 for the third instruction. Respondents indicated 
that the last one contained too much information for their 
learning level. Overall, the results show a good acceptance 
and usability, according to Bangor, Kortum and Miller [37].

Analyzing the functionality of the assistance system and 
the study process, conclusions were drawn for the construc-
tion of the main study. First, even if the study showed that 
dynamical instructions are usable, it did not support assess-
ing the usability of the CE and LOE measures because the 
comparison between the assembly runs is not possible due 
to the change of instructions. Second, the test persons rated 
a high SUS for the assistance system but mentioned a tech-
nical issue during the interview. The loading time for the 

images was too long. This was caused by the online system 
that retrieves images from a server. The image integration 
was modified for the main study, and the loading time was 
reduced to less than one second. Lastly, the study process 
was evaluated, and it was decided to use a similar one with 
more CE and LOE measures in the main study. Instead of 
structuring the study by targeted time and zero mistakes, 
the main study was conducted by running the assembly five 
times, which is the number of runs most test persons in the 
preliminary study needed to reach the targeted time.

4.4  Main study

4.4.1  Aim of the study

The purpose of the study was to test the selected CE and 
LOE measures. It focused on the validity of the measures 
with respect to the learning progress of the test subjects and 
the consistency of the measures. The measures were also 
assessed in terms of their comprehensibility, manageability, 
and acceptance.

4.4.2  Workplace and work activity

The workplace remained the same as during the prelimi-
nary study. The instructions given in the assembly runs 
were changed to a static instruction with the same amount 
of information throughout the five assembly runs. The test 
persons received instructions with pictures and text through 
all five runs.

4.4.3  Study process and application of the measures

The study process followed a guideline prepared in advance, 
which started in the same way as the preliminary study.

The selected measures were adapted to the workplace and 
the assembly activity. The self-assessment of the subjects’ 
competencies was conducted using a questionnaire. In this 
questionnaire, the test subjects were asked to rate themselves 
concerning various statements on a scale from 1—“Does not 
apply” to 7—“Fully applies”. An extract of the question-
naire is shown in Fig. 2. The competencies assessed were 
subdivided into the areas of technical and methodological 
competencies, assessment ability, and follow-up awareness. 
The subjects performed this self-assessment before the first 
assembly run.

During the assembly runs, the assembly times of the sub-
jects were registered automatically by the assistance system. 
The time measurement started when the instructions began 
and ended when the last instruction was closed. The subjects 
were informed about the time measurement beforehand but 
not about their assembly time during the study.
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Based on a previously prepared observation sheet, the study 
instructor observed the subjects during the assembly runs. The 
observation sheet was filled out for each assembly run. On this 
sheet, a seven-point Likert scale was used to assess the extent 
to which the subjects acted calmly in general and in difficult 
situations. Furthermore, the degree of instruction dependency 
was recorded for each assembly run using a Likert scale. The 
numbers of questions asked, corrections made, and errors 
made were also noted on the observation sheet.

After the assembly runs, the subjects assessed their com-
petencies again and answered the single-choice test on the 
work task. This was done on a tablet at a place different 
from the assembly workplace to avoid influencing the sub-
jects. The single-choice test assessed the subjects’ acquired 
knowledge. The test consisted of ten questions with several 
answer options, each with one correct answer. Each correct 
answer was awarded one point. The questions were related 
to individual components, the assembly sequence, and the 
activities to be performed.

The final interview was used to determine which meas-
ures were accepted by the subjects and to what extent. Fur-
thermore, the test subjects assessed the comprehensibil-
ity and manageability of the measures. For the interview, 
a guideline with questions and a ten-point answer scale 
was prepared in advance, which was filled out by the test 
administration.

4.5  Results

4.5.1  Description of the sample

33 subjects participated in the study. 20 subjects were male, 
and 13 were female. The subjects in the study were between 

20 and 50 years old. Almost 70% of the subjects were stu-
dents at the time of the study. The remaining subjects held 
occupations in a variety of industries. 30% of the subjects 
stated that they had previous experience in the assembly 
field. The subjects were recruited at the Technical University 
of Munich (TUM) and among acquaintances. A prerequi-
site for participation in the study was that the subjects did 
not know the assembly object beforehand. After the initial 
review of the collected data, the data set of one test sub-
ject was excluded from further evaluation because the data 
differed from the other data sets, and the person reported 
physical discomfort during the study. These were considered 
outliers to avoid distorting the review, and the evaluation 
was carried out with the remaining 32 data sets.

4.5.2  Evaluation of the measures

The study was evaluated in a closed manner after the par-
ticipation of all subjects. Descriptive analysis was used to 
describe the data with key figures (mean value and standard 
deviation) and graphs. An inferential statistical analysis with 
statistical tests was carried out to investigate the research 
goal. The aim was to conclude unknown parameters of the 
population based on the known parameters of the sample. 
The statistical analysis of the data was carried out using 
Excel and the statistical programs R and JASP. Unless oth-
erwise stated, a significance level of α = 0.05 was used for 
all statistical calculations.

4.5.2.1 Self‑assessment The statistical evaluation of self-
assessment based on the competence pass (CE10) was car-
ried out by three directed t-tests for the competence areas 
of technical and methodological competence, assessment 
ability, and follow-up awareness. For this purpose, each 
subject’s average score in the three competence areas was 
first calculated. The values for technical and methodological 
competence can be seen in Fig. 3.

For technical and methodological competence, the fol-
lowing hypotheses resulted from the directed t-test:

• H0: The technical and methodological competence score 
before assembly is higher than or equal to the score of the 
technical and methodological competence after assembly.

• H1: The score of technical and methodological compe-
tence after assembly is higher than the score of the tech-
nical and methodological competence before the assem-
bly.

The hypotheses for assessment ability and follow-up 
awareness were formulated analogously.

The evaluation of the t-tests showed a significant result 
for each of the three competence areas, which means that 
the respective hypotheses  H0 were rejected. The technical 

Fig. 2  Self-assessment questionnaire (extract)



Production Engineering 

and methodological competence with the test parameter t 
value t(31) = − 12.82 and p value p < 0.001 was significantly 
higher after the five assembly runs than before.

Similarly, assessment ability (t(31) = − 9.64, p < 0.001) 
and follow-up awareness (t(31) = − 6.92, p < 0.001) were 
significantly higher after the assembly runs. The effect size 
Cohen’s d, according to [38], indicated a large effect for all 
three competence areas (d1 = 2.27, d2 = 1.70, d3 = 1.22).

4.5.2.2 Time measurement The automatic time measure-
ment (LOE8) was statistically analyzed using a univariate 
single-factor analysis of variance with repeated measures. 
This was used to check whether there were statistically 
significant differences between the assembly times of the 
assembly runs. The dependent variable was the assembly 
time of the test subjects, and the independent variable was 
the number of assembly runs. The results are shown in 
Fig. 4.

Due to technically missed data points, the data sets of two 
subjects were excluded from the statistical evaluation, so the 
analysis of variance was performed with 30 data sets. The 
hypotheses of the analysis of variance were:

• H0: The assembly time is constant for all five assembly 
passes, which means that the number of assemblies per-
formed has no influence on the assembly time.

• H1: At least the assembly times of two assembly passes 
differ. Thus, the number of assemblies already performed 
has an influence on the assembly time.

After checking the preconditions, the analysis of vari-
ance became significant with the test parameter F (1.64, 
47.56) = 87.72 and p < 0.001, so the hypothesis H0 was 
rejected. A post hoc test with Bonferroni significance level 
correction was then performed to determine which assem-
bly runs differed significantly. A significant difference was 

thus found between the first and all other assembly runs, 
the second and fourth assembly runs, and the second and 
fifth assembly runs. To assess how high the statistically sig-
nificant effect is, the effect size f was calculated using the 
effect size measure η2. With η2 = 0.75 and an effect size of 
f = 1.13, there was a large difference between the assembly 
times according to Cohen’s effect size limits [38].

4.5.2.3 Observation During the observation (LOE7), eval-
uating the instruction dependency was particularly interest-
ing. The aim was to investigate whether the degree of instruc-
tion dependency differed significantly in the five assembly 
runs. Since the available data did not meet the requirements 
for variance analysis, the nonparametric Friedman test was 
conducted to examine central tendencies in a sample. The 
hypotheses for the degree of instruction dependency were:

• H0: Central tendencies of at least two of the five obser-
vations of the degree of instruction dependency do not 
differ.

• H1: Central tendencies of at least two of the five observa-
tions of the degree of instruction dependency differ.

The Friedman test was significant with the test parameter 
chi-squared χ2(4) = 101.84 and p value p < 0.001, so the null 
hypothesis was rejected. Thus, at least two observations for 
the degree of instruction dependency have differing central 
tendencies. A pairwise comparison was used to determine 
which assembly runs had significant differences. The pro-
gression of the degree of instruction dependency can be seen 
in Fig. 5.

Of particular noteworthiness are the significant differ-
ences between the first and third, second and fourth, and 
third and fifth assembly runs. This underlines the appar-
ent decrease in the use of the assembly instructions. For 

Fig. 3  Assessment of technical and methodological competence
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the effect size, the value was w = 1.78. A strong effect was 
present according to the limits for a small, moderate, and 
strong effect.

4.5.2.4 Single‑choice test The single-choice test (LOE12) 
was evaluated only descriptively. The average score of the 
subjects was 8.59 points, with a standard deviation of 1.22 
points. The minimum score was 6 points, and the maximum 
was 10 points.

4.5.3  Qualitative evaluation

After the separate evaluation of the measures, a combined 
assessment was performed, as well as the review of the 
interview.

4.5.3.1 Multiple regression and  qualitative conclu‑
sions Following the separate evaluations of the measures, 
it was examined which of the recorded values could be used 
together to predict the assembly time of the fifth assembly 
run. It was assumed that the assembly time, as a result of an 
objective measure, would best reflect the competence and 
the learning progress. Additionally, instead of a competence 
assessment, assembly time is a value that is widely used in 
manual assembly to evaluate learning outcomes. Therefore, 
the multiple regression aimed to test how the other measures 
can be used together to get a conclusion on the learning pro-
gress against the industrial standard of assembly time. Mul-
tiple regression was performed using assembly time as the 
criterion and various predictors from the measures enacted. 
Some predictors showed a significant difference between 
the assembly runs in the separate analyses. It should be 
noted that the analysis did not intend to create a specific pre-
dictive model. This is not possible due to the limited number 
of test subjects. The goal of running this multiple regression 
was to determine which variables in combination are suit-

able for predicting assembly time and to discuss which vari-
ables should be used together to get valuable information 
about the learning outcome. The predictors were selected 
first stepwise and then in a theory-driven way [33]. The goal 
was to obtain models in which all model predictors become 
significant, and the model has the highest possible explana-
tion of variance.

As a result, a model with the predictors ‘competence 
self-assessment before assembly runs’, ‘competence self-
assessment after assembly runs’, ‘difference in competence 
assessment’, ‘degree of instruction dependency in the fifth 
assembly run’, and ‘assembly time in the first assembly run’ 
emerged. This model was significant at p = 0.001 and had an 
explanation of variance elucidation of R2 = 43.39 (possible 
maximum of R2 = 100).

The multiple regression showed that single predictors 
such as instruction dependency (R2 = 14.33) or single-choice 
test scores (R2 = 16.31) can also predict assembly time. How-
ever, these predictors only have a low explanation of vari-
ance. Therefore, it is helpful to use models with multiple 
predictors that use values from the self-assessment of com-
petencies, the observation, and the time measurement. These 
have a significantly higher explanation of variance. Utilizing 
a multivariate approach that integrates both objective data 
and subjective measures for predicting assembly times offers 
a more comprehensive and accurate method, by capturing 
a broader spectrum of influencing factors. The objective 
measures quantitatively assess the learning progress, and 
the subjective measures quantify the experience gained by 
the learner through the learning process. This combines the 
internal and external view on the learning progress which is 
promising to give the best outlook on the long-term learn-
ing result.

4.5.3.2 Evaluation of  the  interview The interview aimed 
to evaluate the measures used in the study regarding their 
degree of reflecting learning outcome and competencies, 
comprehensibility, and acceptance. Each question was 
assessed on a scale from 1—‘Not at all’ to 10—‘Com-
pletely’. The results are summarized in Table 6.

Subjects rated all measures as reflecting learning outcome 
and competencies, but observation was seen as the best and 
Single-Choice Test as the worst. Additionally, the compre-
hensibility of all applied measures was rated as very high. 
The single-choice test had the highest score and observation 
the lowest.

The acceptance of the single-choice test was rated high-
est, and the acceptance of the time measurement was rated 
lowest.

In addition, for the measures carried out during the 
learning process (time measurement and observation), 
subjects were asked to rate the impact of the measures 
on themselves. A two-tailed t-test indicated that time Fig. 5  Instruction dependency
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measurement was significantly more influential than obser-
vation, with the test parameter t value t(31) = 2.08 and 
p value p = 0.046. However, with Cohen’s d = 0.37, this 
effect was small, according to [38].

The manageability was assessed for the measure car-
ried out before and after the learning process. The results 
are presented in the last column of Table 6. These values 
primarily refer to the operation of the tablet.

In the open-ended part of the interview, 30 out of 32 
subjects believed it is generally helpful to measure learn-
ing outcome. Motivation was frequently cited because 
measuring learning progress allows one’s actions to be 
reflected and optimized. Furthermore, such measure-
ments can be used for planning the further development of 
employees and ensuring high-quality and error-free results 
in assembly.

4.6  Discussion

The study carried out is limited by the fact that subjects 
were not employed in assembly. However, an attempt was 
made to represent as diverse a group as possible in line with 
the diverse employee structure in manual assembly, as men-
tioned in Sect. 1. This was done by selecting people of dif-
ferent ages and with different levels of experience. In this 
context, the level of education differs from that of the group 
of assembly employees, as many students participated in 
the study. Therefore, the qualitative conclusions drawn from 
the interview in the study need to be critically reviewed. 
The aim of the study, to prove the quality of the evaluation 
measures, can be seen independently of the group, so that 
the results can be used further.

All the evaluation measures show a statistically signifi-
cant increase in competence during the learning process. It 
was shown that the tests alone are meaningful. However, 
several tests together had a higher significance. This is in 
line with the definition of competence development, in 
which competencies are described as the sum of different 
action-oriented skills [6]. The different competencies can 
be evaluated with different measures. In conclusion, it is 
important to select appropriate tests for learning situations 
according to the selection process in Sect. 4.

5  Conclusion

This paper presents a procedure for selecting learning out-
come evaluation measures, the implementation of various 
measures in the learning factory for the study, and the 
practical application by means of an empirical study in an 
assembly setting. The study shows that learning among 
assembly workers can be effectively measured using meas-
ures as competence self-assessment, time measurement, 
observation, and single-choice test.

Moreover, the findings highlight the importance of tai-
loring evaluation strategies to meet the dynamic needs of 
assembly workers. The implications suggest potential for 
more extensive studies involving assembly personnel, to 
gain a deeper understanding of their learning processes and 
preferences. Such studies are fundamental to the develop-
ment and implementation of optimized learning programs. 
Additionally, this paper advocates future research efforts 
aimed at streamlining the design and implementation of 
learning processes. Given the fast-paced and often high-
pressure production environments, such as those caused 
by mass customization, that characterize assembly work, 
the need for simplified and faster methods is emphasized.

In conclusion, this study contributes to assessing learn-
ing among assembly workers by providing insight into 
effective evaluation measures while indicating a clear 
direction for future research to refine and optimize learn-
ing processes in industrial settings.
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Table 6  Mean and standard deviation (in brackets) of the rating of the measures in the interview

Measure Reflection of learning out-
come and competencies

Comprehensibility Acceptance Impact Manageability

Competence self-assessment 7.97 (2.02) 8.88 (1.39) 7.47 (2.42) – 9.03 (1.49)
Time measurement 7.97 (1.20) 8.91 (1.44) 5.47 (3.12) 4.72 (2.39) –
Observation 8.09 (1.99) 8.78 (1.66) 6.97 (2.61) 3.56 (2.35) –
Single-choice test 6.97 (2.26) 9.06 (1.22) 7.50 (2.74) – 9.66 (0.70)
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