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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 
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1. Introduction 

The implementation of technological innovations is a key 
factor for ensuring the competitiveness of companies [1]. At 
the same time, companies also have an interest in maintaining 
the health and well-being of their employees. The 
collaborative research project Glass@Service addresses 
among other things the development of components and 
services for augmented reality smart glasses, which should 
consider these two requirements synergistically on the basis of 
two use cases in electronics manufacturing. One goal is the 
integration of innovative components in intelligent see-
through smart glasses and the related services to support 
industrial employees [2, 3]. 

In this context, the approach of the Federal Institute for 
Occupational Safety and Health is the consideration of 
ergonomic design capabilities in order to develop stress 
optimized and safe concepts for augmented reality smart 
glasses as work assistance. Using electronics manufacturing as 
an example, chances and risks of these kind of smart glasses, 
especially towards the long-term use in real industrial work 
processes, have to be pointed out [4]. For this purpose, the 

influence of such technologies on mental strain, acceptance, 
and usability should be analyzed. [5, 6] 

This is to be achieved by an accompanying human factors 
research, which will continuously evaluate the implementation 
and use of the developed smart glasses as work assistance in 
the use cases of the project. For this purpose, a total of 59 
employees were surveyed prior to the technology 
implementation in two use cases. After the implementation of 
the work assistance and after possible changes in the work 
content or processes, this survey will be repeated in regular 
intervals. The collected data represent a subjective perception 
towards the variables usability, short-term mental strain and 
perceived usefulness. This paper presents and discusses the 
results of the first survey about the user expectations on the 
new work assistance as well as the further approach for the 
ergonomic evaluation during the project. 

2. The project Glass@Service 

The Project Glass@Service was launched to further 
promote the current state of the art in the field of smart 
glasses and, in particular, to resolve existing restrictions on 
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the use as work assistance in an industrial environment. 
Current technologies – monocular as well as binocular – do 
not have the properties necessary for an industrial use. 
Furthermore, in the technologies, which are currently 
available and usually developed for the consumer market, 
aspects such as battery life, wireless network connections, 
object and scene tracking etc. are not suitable for 
environments, in which high demands on network security, 
safety, production accuracy etc. prevail. Furthermore, least 
smart glasses are suited for spectacle wearers. For these 
reasons, in the project Glass@Service new smart glasses are 
being developed, which take the requirements of an industrial 
use on the basis of following three use cases into account: 

 
 Order picking in warehouse logistics, 
 Setup of assembly machines, 
 Visual quality inspection. 

 
Based on a benchmark on smart glasses and the integrated 

technology currently available on the market, the specification 
sheet was composed. The main requirement from the point of 
view of occupational safety and health is to develop a 
technology, which is safe in its use, comfortable with a high 
acceptance of the employees, suited for all kind of spectacle 
wearers and approved as safety glasses. Technological 
requirements for the innovative smart glasses are inter alia: 
camera functionalities, see-through technology, not less than 
eight hours battery life, augmented reality (AR) 
functionalities, object tracking, wireless network, Bluetooth, 
voice and gesture control. Therefore, among other things the 
following components will be considered in the development: 

 
 Scene camera, 
 Time of flight camera, 
 Eye-tracking camera, 
 Micro-displays, 
 Achromatic lenses, 
 Brackets for individual spectacle lenses. 

 
The development of the hardware and software of the work 

assistance is parallelized. For this purpose the first use case 
(order picking) is implemented by software on smart glasses, 
which are currently available on the market. In the second use 
case (setup of assembly machines) follows the transition to 
the first developed demonstrator for test purposes. Finally the 
optimized software and hardware will be merged in the third 
use case (visual quality inspection). Because of the 
chronological sequence in the project early studies are 
conducted for the first and second use case, which are briefly 
introduced in the following. 

2.1. Use Case 1: Order picking in warehouse logistics 

The first use case is about order picking in the small parts 
warehouse. Currently, the picking lists and labels are being 
printed stationary and the employees are manually selecting 
their work orders. The employees start the process by going to 
the storage bins with the printed paper lists and labels. 
Subsequently, the material number in the small load carrier is 

compared to the corresponding number on the picking list 
before the material is finally picked. The picked material is 
collected in bags or small load carriers, equipped with the 
labels and acknowledged using paper and pen. Finally, the 
material is passed to the subsequent process. 

With smart glasses, the work process is to be made lean. 
The previous paper-and-pencil method is digitized. As soon as 
an employee is free, he receives a picking order on the smart 
glasses about five positions, which are displayed to him one 
after the other. Therefore, he receives the information about 
the storage bin, the material number and the required quantity 
in the single view. The storage racks and bins are visually 
highlighted for navigation purpose. The picking process is 
started by scanning the barcodes of the storage bin and the 
material number. After removing the material, the picked 
quantity is acknowledged via voice control or touchpad. The 
required labels will be created automatically by a mobile 
printer and then attached by the employee. Finally, the storage 
bin is scanned again, which causes the next order to appear. 

2.2. Use Case 2: Setup of assembly machines 

The second use case deals with the setup of surface 
mounted device (SMD) assembly line. Here, the employees 
must observe a so-called hit list on a stationary monitor, on 
which the assembly lines to be setup are displayed ordered by 
the time to idle. The material requirements and the 
corresponding storage bin have to be identified. The employee 
goes to the storage bin, removes the component reel by use of 
a stationary PC terminal and brings it to the assembly line. 
There, the feeder track to be equipped is identified, the old 
component reel removed and connected to the new 
component reel. Subsequently, the feeder track, the old 
component reel and the new component reel must be scanned 
successively with a handheld PDA. 

The purpose of the smart glasses is to eliminate the 
constant observation of the stationary monitor. The setup 
orders are automatically assigned to the employees and 
displayed by the smart glasses. If the setup order is manually 
accepted – voice control or touchpad – the storage out-
sourcing order is initiated automatically. At the assembly line 
itself, the feeder track to be setup is visually highlighted. The 
scanning of the track and the component reels is done by 
smart glasses. Finally, the work order can be acknowledged. 

3. Design of the study 

The research question of the Federal Institute for 
Occupational Safety and Health is about chances and risks of 
smart glasses as work assistance in an industrial environment. 
In this context a study by means of a systematic review was 
conducted, which examined the evaluation of smart devices as 
work assistance [4]. The aim of the review was to investigate, 
if there are specific methods and criteria to evaluate the 
usability and acceptance of smart devices or how far 
consisting methods including their criteria from the area of 
conventional screen work can be adopted. Among other things 
the review showed that the majority of studies about smart 
devices are dealing with smartphones instead of smart glasses 
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or other innovative technologies with high potential as work 
assistance. Furthermore, the amount of studies increased in 
the last years, but only a small number of studies describe a 
potential use of innovative technologies for work applications 
[4]. Against this background, the goal of the survey presented 
in this article is to evaluate the work assistance system by a 
pre-post comparison within the use cases. This article presents 
the survey of the user expectations within the first two use 
cases (see above) considered in the project - order picking in 
the warehouse logistics and setup machines of a SMD 
assembly line. 

3.1. Method 

Due to a restricted comparability between the use cases 
and other workplaces in the company a within-subject-design 
with one sample each was chosen for the evaluation study. 
For the analysis, described in this paper, the data of the 
preliminary survey about the user expectation existed. The 
user expectations on the usability were surveyed 
quantitatively via questionnaires based on the principles 
governing the design of software dialogue according to 
DIN EN ISO 9241-210 [7]. The expectations towards the 
perceived usefulness and the user acceptance were based on 
the Technology Acceptance Model [8]. Prior to the survey, all 
participants were informed about the project and the work 
assistance system.  

After a first test phase of the prototypical work assistance 
system and during further use, the usability as well as the 
perceived usefulness and user acceptance will be surveyed in 
regular intervals by questionnaires. 

3.2. Sample 

A total of N = 59 employees took part in the survey, of 
which N = 17 (4 females, 13 males) employees are situated in 
the first use case (order picking) and N = 42 (39 females, 
3 males) employees in the second use case (SMD setup). In 
the first use case the subjects represent a sample of 70.83 % of 
the population – based on an assumed population of N = 24 
persons, which are employed in this workplace. In the second 
use case it was possible to conduct a complete survey with an 
assumed population of N = 42 employees. 

It was noticeable, that the average age in the first use case 
was significant higher compared to the second. The 
participation in this survey was voluntary for the employees in 
both use cases. 

3.3. Material 

The user expectation data in terms of the usability were 
collected by means of a self-developed short questionnaire; 
each of the seven dialog principles (suitability for the task, 
learnability, self-descriptiveness, controllability, conformity 
with user expectations, error tolerance and suitability for 
individualization) was integrated in one question [7]. 
Furthermore, there were two questions each about the 
perceived usefulness, perceived ease of use and the affective 

state as dimension of the user acceptance [8]. All answers 
were made on a 5-point Likert scales (1 = not true, 5 = true). 

For data protection reasons, the age could not be used 
officially as a control variable in the statistical evaluation and 
is only reported as observation by the study leader. 

3.4. Statistical evaluation 

Due to the sample size compared to the population of each 
use case, parametric methods were used for the inferential 
statistical analysis. A one-sample t-test was considered as 
robust enough and was calculated for the seven dimensions of 
usability, the two variables of the perceived use as well as for 
the technology acceptance. The objective was to point out 
increased or rather particularly low expectations prior to the 
implementation of the new work assistance. Based on the 
complete survey in the second use case, the first use case was 
additionally tested against the real averages of the second use 
case. In doing so, possible tendencies in the group comparison 
could be analyzed. The error probability for the α-error was 
set to 5 % for all analyses in a two-sided test. 

4. Results 

The analysis of the user expectations in the first use case 
by means of the t-test shows as a result, that regarding to the 
usability the mean score of the dimension error tolerance 
("operator errors do not lead to serious consequences") was 
statistically significantly lower by 0.76 (95 % CI, 0.12 to 
1.40) than a normal expectation score of 3.0, t(16) = -2,519, 
p = .023. Similarly, the expectations on the perceived 
usefulness was statistically significantly lower by 0.68 (95 % 
CI, 0.09 to 1.26) than a normal expectation score, 
t(16) = -2,466, p = .025. The remaining six dimensions of 
usability as well as the perceived use and affective state did 
not differ statistically significantly from a normal expectation 
score of 3.0.  

In the second use case the mean score of the dimension 
learnability (3.67 ± 0.65) was statistically significantly higher 
by 0.67 (95 % CI, 0.46 to 0.87) than a normal expectation 
score of 3.0, t(41) = 6.645, p = .000 as well as the conformity 
with user expectations with a statistically significant 
difference of 0.33 (95 % CI, 0.12 to 0.55), t(41) = 3.146, 
p = .003. Furthermore, in the case of technology acceptance, 
the mean score for the perceived ease of use (3.38 ± 0.60) was 
statistically significantly higher by 0.38 (95 % CI, 0.19 to 
0.57) than a normal expectation score of 3.0, t(41) = 4,095, 
p = .000. The remaining five dimensions of usability as well 
as the expected utility and perceived use and affective state 
did not differ statistically significantly from a normal 
expectation score. The results of the statistical evaluation of 
the user expectations in both use cases in comparison to a 
normal expectation score of 3.0 are shown in Table 1. 
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Table 1: one-sample t-test of the user expectations compared to a normal 
expectation score of 3.0 

Variable 
test value = 3 

N M SD df p 

Suitability for the Task      

 use case 1 17 2.47 1.23 16 .10 

 use case 2 42 3.17 .82 41 .20 

Learnability      

 use case 1 17 3.06 1.39 16 .86 

 use case 2 42 3.67 .65 41 .00 

Self-Descriptiveness      

 use case 1 17 2.53 1.28 16 .15 

 use case 2 42 3.00 .88 41 1.00 

Controllability      

 use case 1 17 2.82 1.33 16 .59 

 use case 2 42 2.88 .89 41 .39 

Conformity with User Expectations      

 use case 1 17 3.18 .24 16 .57 

 use case 2 42 3.33 .69 41 .00 

Error Tolerance      

 use case 1 17 2.24 1.25 16 .02 

 use case 2 42 2.93 1.05 41 .66 

Suitability for Individualization      

 use case 1 17 2.65 1.22 16 .25 

 use case 2 42 2.95 .96 41 .75 

Perceived Usefulness      

 use case 1 17 2.32 1.13 16 .03 

 use case 2 42 2.90 .84 41 .46 

Perceived Ease of Use      

 use case 1 17 2.97 1.24 16 .92 

 use case 2 42 3.38 .60 41 .00 

Affective State      

 use case 1 17 2.88 1.24 16 .70 
  use case 2 42 3.26 .97 41 .09 

M = mean, SD = standard deviation, df = degrees of freedom 

 
Due to the different work contents of the two use cases, 

initially it was dispensed with a statistical group comparison. 
However, as the second use case was a complete survey, it 
was used to test the results of the first use case against this 
real mean instead of a normal expectation score of 3.0. Thus, 
the results of the first analysis were reviewed by means of a 
de novo one-sample t-test with respect to the real mean scores 
of the second use case. By using the mean scores, which are 
presented in Table 1, the results of the comparison between 
the first use case and the second one are aggregated in 
Table 2. It shows that the user expectations in the first use 
case compared to the second use case differ statistically 
significantly in two dimensions of usability. At first the mean 
score of the dimension suitability for the task was statistically 
significantly lower by 0.70 (95 % CI, 0.06 to 1.33) than the 
test value of 3.17, t(16) = -2.332, p = .033. As well the mean 
score of the dimension error tolerance (2.24 ± 1.25) was lower 
than the appropriate test-value of 2.93, a statistically 
significant difference of 0.69 (95 % CI, 0.05 to 1.34), 

t(16) = -2.284, p = .036. The remaining dimensions did not 
differ statistically significantly between the use cases. 

In comparison of the individual aspects of technology 
acceptance, the perceived usefulness was statistically 
significantly lower by 0.58 (95 % CI, 0.00 to 1.16) than the 
appropriate test-value of 3.17, t(16) = -2,119, p = .050). The 
remaining two aspects did not differ statistically significantly 
between the use cases. 

Table 2: One-sample t-test to analyze the user expectations in use case 1 
against the real mean scores of use case 2 

Variable 
df = 16 

t p 

Suitability for the Task -2.33 .03 

Learnability -1.80 .09 

Self-Descriptiveness -1.52 .15 

Controllability -0.18 .86 

Conformity with User Expectations -0.52 .61 

Error Tolerance -2.28 .04 

Suitability for Individualization -1.03 .32 

Perceived Usefulness -2.12 .05 

Perceived Ease of Use -1.36 .19 

Affective State -1.26 .23 

df = degrees of freedom,  t = t-value of the one-sample t-test 

5. Discussion 

Considering the collected data, the overall user 
expectations in the second use case are more positive across 
all asked dimensions of usability and acceptance than in the 
first use case. In detail, there are statistically significant 
differences in the usability dimensions suitability for the task 
and error tolerance as well as for the perceived usefulness. 
However, the last two mentioned variables scored below a 
normal expectation level of 3.0 in the second use case as well. 
A first explanatory approach is the task-technology-fit, which 
particularly is important with regard to smart glasses and may 
have an impact on the acceptance or the expected usefulness 
[9]. Potential age effects could also be incorporated here, as 
the average age differs noticeably between the two use cases. 
Overall, it should be noted that due to the structurally 
different use cases, there is only a limited comparability. 

The results in the first use case demonstrate statistically 
significantly lower expectations than a mean expectation 
score in terms of error tolerance and perceived usefulness. In 
combination with the low score in the suitability for the task 
described above, this may indicate that the employees do not 
assess smart glasses as a suitable work assistance in the first 
use case the application prior to an implementation and test. 
This can also be an explanation for the overall rather low user 
expectations. 

In contrast to the first use case there are more positive user 
expectations in the second use case. In particular, the aspects 
learnability and perceived ease of use have statistically 
significantly higher scores than a normal expectation score of 
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3.0. A possible explanatory approach may also be the lower 
average age, which may be associated with a higher affinity to 
modern technologies from the consumer sector [10]. Another 
influencing factor can be the noticeable more pronounced use 
of technology in the second use case, by which the use of 
modern technologies does not result in a major change in the 
existing work structures. 

6. Conclusion 

The results of the first survey demonstrate notable 
differences in the user expectations between the two 
considered use cases and a mean level of expectation. While 
the expectations are in part significantly below a mean level 
of expectation in the first use case, the expectation level in the 
second use case is notably higher. In a direct comparison of 
the two use cases, the expectations towards the suitability for 
the task, the error tolerance and the perceived usefulness are 
significantly higher in the second use case. 

The user expectations showed that the employees in the 
first use case are much more critical of the implementation of 
smart glasses as work assistance. Both, a lower expected 
usefulness and the fear of negative effects in case of operating 
errors, characterize the results in the first use case. The 
identified user expectations of the employees in the second 
use case indicate a higher affinity to technology at the 
workplace and, as a result, no concerns about the ease of use. 
One possible explanatory approach, which is also supported 
by comparing the use cases with each other, is the task-
technology fit. 

The next step is to continue the evaluation after a first time 
use of new work assistances in the use cases. For this purpose, 
the first use case initially was implemented on three different 
technologies (two models of smart glasses and one tablet). 
The use of the different technologies as work assistance in the 
use case will be evaluated soon. It will point out to what 
extent the expectations coincide with the actual user 
experience and whether a positive attitude of the employees 
on the part of the usability and acceptance can be achieved. 
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