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Abstract
The goal of the project Repro-light (“Re-usable
and Re-configurable parts for sustainable
LED-based lighting systems”) is to initiate a
transformation in the European lighting industry
towards a circular economy. Through the
development of an intelligent LED-based
luminaire with modular, stackable architecture the
project seeks to change the industry’s view of the
LED luminaire into a customized, sustainable
product with hight functional value. To determine
the architecture of such a luminaire and the
requirements for from the different stakeholders
(e.g., end-users, customers, facility managers) a
user-centered design-approach is taken.
Questionnaires for end-users and other
stakeholders have been distributed and focus
groups were performed. First results of this
approach are discussed as well as the challenges
and chances of a modular luminaire architecture.
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Introduction
Repro-light is a Horizon2020 funded project
coordinated by Bartenbach with consortium
members from the lighting industry as well as
sustainability and technology acceptance experts
(Figure 1). Running from 2017 to 2020 we want to
think about the future of lighting by collecting the
requirements of all stakeholders, develop
innovative luminaire designs and optimize
production for customizable luminaires.
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and automated production in the spirit of
Industry 4.0. The luminaire will be programmable
in order to manufacture equal parts in high
quantities first and enable differentiation at late
stages in the production by software.
Furthermore, the luminaire can then later be
updated by the user. In that way, it is ensured that
the product is suitable for multiple applications
and offers enough configurations to be tailored to
the individual wishes and preferences.
Through the possibility of updatability and
re-configuration we want to avoid the programmed
obsolescence of the LED luminaire and in that
way make it more sustainable. With the inclusion
of Life Cycle Assessment and following
eco-design guidelines, e.g evaluation and
integration of new materials, the most effective
solution also in terms of elongation of lifetime and
reduction of the environmental impact will be
created.

Figure 1: The Repro-light Consortium.

The luminaire should be easily re-configured by
all stakeholders involved and the product should
be updateable in a way that obsolescence can be
avoided. The Repro-light luminaire should be
conceived to influence the customer’s well-being
and health positively. It should also be able to
adapt individually to the customer’s needs, e.g.,
the end-user’s age or chronotype.

The third pillar is a user-centered design
approach. The luminaire should satisfy the users’
needs at an individual level and maximize their
well-being in the workplace. Therefore, the users
are included to determine the requirements in
terms of personalization, visual and non-visual
performance and technology (e.g., which parts of
the luminaire should be exchangeable by which
stakeholder). Furthermore, a Technology
Acceptance Model is used to ensure that the
users will accept and rapidly adopt the new
technology [6].

Figure 2: The Repro-light project.

The project is based on 3 pillars (Figure 2). New
Technologies will be used to develop the
modular architecture. This is necessary to allow
the exchangeability of the modules, e.g., optics or
LED modules, and the inclusion of 3D printed
parts. A stackable architecture will allow for a fast

Figure 3: General production processes of
luminaires for continuous line lighting, dotted
boxes are optional.
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The Idea of the Modular
Luminaire
Building Blocks for Lighting
The main driver behind a modular and
configurable luminaire is the wish to have a
mass-produced product portfolio that can be more
personalized and diversified. The market has
shifted more and more towards individualization
over the whole product range — a trend which
can also be seen in the lighting industry.
Therefore, also the luminaire production must be
optimized to enable fast manufacturing and the
assembly and configuration of complex and
individualized products.
This is important because usually, when a
company offers a standardized product in high
quantities, then from a production point of view it
makes sense to automate the production process.
However, when a company offers a highly
customizable product in smaller quantities going
for an automated production is not really
economical. As normally automated production
systems have only a limited capability to react to
changes in products and used components it is
not the most suitable system for highly
customizable products. To conclude from this, the
requirements for automated production are highly
dependent on how the final product of the project
will look like and in which degree this product will
be standardized or customizable.
The Repro-light luminaire will be developed in a
modular way where the modules can be
programmed to their intended purpose — allowing
for a seamless integration into Industry 4.0. In that
way equal parts can be manufactured in high
quantities at first and differentiation will only take
place in the last stages of production by software,
allowing for more flexibility and reduced time to
market (Figure 3).

From Automation to
Personalization
Personalization is currently discussed an an
opportunity for future differentiation in the lighting
industry. However, due to the novelty and the
value and lack of experience in dealing with this
topic, the strategies currently in place are still
largely in an exploratory phase and the associated
requirements have not yet been defined.
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For standard light products end-users have no
direct influence on actual product development or
functionality, while product development and
design are related to human needs. In contrast to
customized and personalized lighting products,
standard products follow highly specialized target
specifications. They are precisely tailored to their
application. As a result, product spectra of several
competitive products exist, from which the
end-user can freely choose. User needs are
considered only insofar as they may be included
in the target specifications (Figure 4). In terms of
production, the value of standard products is
usually generated only once by selling the
product.

Figure 4: Standard Product Development Cycle.

In lighting, automatization has become possible
with the development of LED technology. It can be
executed as independent lighting control or as
integration in higher-level building automation.
User needs can therefore be included in the
automatization as modulating parameters, but
they do not necessarily have to be.
The strong application-specific differentiation of
standard lighting products is an advantage and at
the same time a disadvantage for the
development of lighting products. On the one
hand, it allows a target-oriented development and
tailor-made functionality of the products. On the
other hand, it is forcing companies to constantly
re-develop luminaires when product requirements
change. These changing requirements result in
the concept of customization.
Customization allows to create product designs
that can be adapted to meet different needs while
reducing development time and costs in
manufacturing. However, customizable products
no longer follow precisely specified targets.
Rather, they aim at creating as much freedom for
product design as possible (by means of their
adaptability) in order to meet the individual
requirements of customers [2]. Customization
thus results as a “state-of-the-art production
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paradigm” that “aims at producing individualized,
highly variant products and services with almost
mass production costs” [3].
The adaptability of the lighting products is enabled
by a modular design, whose modules can be
added or changed. However, in contrast to a
modular manufacturing process, the end customer
may choose the modules. He is allowed to choose
from a predefined pool of available modules and
thereby create a product suitable for his individual
requirements. To ensure the functionality of the
resulting products, the development of predefined
interfaces is a prerequisite.
However, in the field of developing customizable
products, the number of customizable parameters
(modules) influences the complexity of creating
the product. This can be a deterrent for customers
and is called “mass confusion” [4]. Therefore it is
necessary to provide easy-to-use toolkits (e.g.,
product configurators). They put the end-user in
the position to configure products with minimal
knowledge.To re-capitalize the above (Figure 5),
customized lighting products are primarily defined
by user decisions.
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products are generically developed and provide
unsupervised algorithms for decision-making. The
necessary user information is collected directly
from the systems and can also be used directly on
site. Thus, the information gathered does not
necessarily have to be available to the developing
and producing company, which enforces data
security and anonymity (Figure 6).
Algorithms for personalized lighting have to reflect
the uniqueness of personalities and also have to
prove themselves as context-dependent —
reflecting not only individual characteristics but
also current environmental conditions. The
underlying knowledge base therefore becomes
large and complex and algorithms for the
implementation of personalized lighting are
therefore not yet available or very limited.

Figure 6: Personalized Product Cycle.

Figure 5: Customized Product Cycle.

The problem of mass confusion plays a crucial
role in the context of product individualization.
Especially in the service sector, the high degree
of complexity and the lack of understanding of the
end user needs exacerbate a simple
implementation of customization concepts.
Personalization technologies can help to
alleviate these challenges of customization as
they allow to support customers in specifying
products and services that fit their wishes and
needs in a fashion where decision and interaction
efforts with systems are significantly reduced [3].
Basically, personalization is considered as the
ability to tailor content of services based on
information about users’ specific wishes, needs
and preferences. In this regard, personalized

End-Users always try to maintain their comfort in
the simplest way while being reactive to externally
occurring events, which leads to
overcompensation in their behaviour. They make
settings that aim to prevent the worst case
conditions and react to current stimuli without
predicting long-term effects. Personalized lighting
control strategies aim to circumvent these issues
and provide system-level adjustments for the
user’s benefits . This will ensure higher
acceptance rates and create opportunities for new
data-driven markets and services.

Requirements for
Personalized Lighting —
User-centered approach
As the user’s needs are essential for customized
and personalized products, the Repro-light project
exhibits a user-centered approach to include all
stakeholders, but especially also the end-users in
a co-creation of the Repro-light luminaire. Several
different methods were used to determine the
c 2018 Luger Research e.U.
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requirements for a customizable luminaire, among
them 5 focus groups with specially selected
participants and an end-user survey that was
answered by more than 1000 persons all over
Europe.

Focus Groups
A focus group is a research method in which
specially selected participants are instructed to
develop ideas. In a focus group the target is to
define requirements for a product or service and
to generate new concepts for new developments
in an open brainstorming. As a method, focus
groups are often performed at an early stage in
the development of a product or service. In
contrast to individual interviews, the participants
are given the opportunity to interact and stimulate
each other while discussing and considering
ideas and perspectives on a specific topic.
For the generation of novel concepts for modular
luminaires, the Repro-light consortium carried out
a total of five focus groups with end-users, light
planners, luminaire developers, customers,
installers and facility managers to involve
members of the entire value chain.

in their views. On one hand they could see the
advantage in not being dependent on plans
anymore and having more flexibility in adapting
the luminaires in situ if it was required. On the
other hand it was discussed how the role of the
light planner might change with modular
luminaires and their job profile might evolve.
The majority of the focus groups mentioned that
they see great benefits in personalized
lighting, as long as the data collection and
protection are in accordance with privacy policy. It
was also noted that individual light intervention
algorithms must be based on scientifically sound
research results (biological effects of light,
non-visual and visual effects of light). In all focus
groups it was mentioned that there was a risk of
losing design aspects and the importance of
luminaire aesthetics could decrease when
developing modular luminaires in a one-fits-all
approach. This could be avoided by giving the
customers and end-users the ability to create
individual luminaire housings.
Most participants in the focus groups were in
agreement that the customer or end-user should
adapt at little as possible physically. Generally, an
adaption via software is favoured by all the
stakeholders [5].

End-User Survey

Figure 7: Focus groups in different creative phases.

The presence of different professional groups
from the lighting sector has led to diverse replies
concerning modular luminaires and personalized
lighting. As a general observation, it was found in
all focus groups that the topic of sustainability and
circular economy at the moment receives little
attention in the daily business. However,
exchangeable modules for longer lifetime have
been rated useful, especially for the installers,
customers and facility managers. In combination
with analysis and monitoring services based on
sensors and communication modules, this
enables new and interesting maintenance
services. It was an interesting trend to notice, that
developers generally had a more critical view of a
modular and customizable luminaire, seeing
mostly the barriers and technical difficulties, while
the installers and customers saw the benefit and
appreciated the idea. The planners were divided
LpS 2018
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An end-user survey was compiled by Bartenbach
and Mondragon University to gain insight into the
end-users’ acceptance of their current workplace
lighting and their opinions about personalized
lighting systems. The survey was answered by
more than 1000 end-users from the applications
office and industry. Most participants came from
Germany, Austria, Spain and Italy. For the
analysis of categorical data cross-tables were
created and the Pearson Chi-Square test was
used with a significance level was of p < 0.05.
In the end-user survey we found that the majority
of responders were not content with their
workplace lighting and would like to have it
improved (Figure 8). We found that significantly
more women want to have their workplace lighting
improved and that the older the workers are, the
greater their wish for workplace improvement is.
End-Users with regular hours and fixed working
places are substantially less satisfied with their
workplace lighting than people often changing

Lighting Technology Trends

work places or having different working hours,
e.g., shift work.
We also consistently found that high visual
requirements are a driving factor in the wish for an
improved workplace lighting. Workers who state
they have high visual requirements at work are
consistently more aware of light quality and have
higher demands for their lighting not only in terms
of brightness, but also lighting control and
personalization.
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(70%) were the preferred choices (Figure 10).
However, more than half of the end-users also
would like to be able to change the lit area on their
workplace. End-Users who can currently not
change their workplace lighting are significantly
more satisfied with changing just one parameter
of the lighting than the rest of the end-users.

Figure 10: The combinations the end-users
preferred when asked which parameters of their
workplace lighting they would like to change.

Figure 8: 56% of all end users tend to have their
workplace lighting improved.

A striking result that we found is that the believe in
the impact of lighting is already widespread. No
question of the questionnaire received such
unambiguous answers as the question if the
end-users believe that lighting can impact their
performance, their mood and their vigilance
(Figure 9). 79% of all end-users state that the
colour of their workplace lighting should change
when its dark outside. These ratings were even
higher for people who believe that lighting can
impact their mood and vigilance — the responders
who do not believe that were undecided whether
the color should change or not.

Figure 9: An overwhelming majority of end-users
believes that lighting has an influence on their
performance, mood and vigilance.

When the end-users were asked which
parameters of their workplace lighting they would
like to change brightness (86%) and light colour

We can see that the workplace lighting
improvement is not only driven by the want for
brighter or higher quality lighting but also
motivated by the light control. 45% of all
end-users who control their workplace lighting
with an electronic device (e.g., tablet, smart
phone) “totally disagree” that they want to have
their workplace lighting improved compared to
end-users that use switches or cannot change
their workplace lighting, where only less than 10%
disagree. Already the control with a dimmer
makes the rate go up to 25%.
A trend that we could observe throughout the
whole questionnaire is an accustoming and a
step-by-step effect. For example, end-users who
currently cannot control their lighting at all would
like to change their lighting with dimmers.
End-users with dimmers would like to have
electronic devices. End-users with electronic
devices are rather content with their workplace
lighting and are at the same time open to new
control strategies such as speech or gesture
command, automatic and personalized lighting. In
the same way, people who currently have
problems with their lighting control are hesitant
about changing too many parameters of their
lighting. End-users who can currently already
adjust the workplace lighting to their personal
preferences overwhelmingly think that their
workplace lighting should be changed with
varying working activities. End-users who are
currently not able to do that agree to a
significantly lesser extent (Figure 11).
Age also plays a significant factor in almost all
c 2018 Luger Research e.U.

LpS 2018

82

Lighting Technology Trends

they have the opportunity to change the lighting
situation also manually.

Figure 11: End-users who can already adjust their
workplace lighting to their personal preferences
overwhelmingly want a lighting that should change
with varying working activities.

At the moment switches and dimmers as well as
electronic devices are the preferred control
devices of the end-users. However, one can see
a clear effect with the age of the end-users
(Figure 13). For younger people below 30 who
have grown up with cell and smart phones
electronic devices are mostly preferred, while this
decreases significantly when the end-users get
older. For end-users older than 40 switches or
dimmers are clearly preferred. Interestingly, for
the age group 50+ the usage of speech command
becomes more favourable again.

questions concerning adaptability of illumination
and luminaires as well as personalization. While
more than a quarter of all people under 30 said
that their workplace lighting doesn’t need to be
improved (compared to 11% for the other age
groups), they have other needs than older
end-users. For example, while end-users over 40
think it is very important that the brightness of
their workplace lighting is increased, users below
30 overwhelmingly want their light colour of their
workplace lighting to change.
Figure 13: The acceptance of electronic devices for
the control of workplace lighting is greatly
dependent on the age of the end-users.

Conclusions

Figure 12: The majority of end-users prefers an
automatic control where they have the chance to
change the lighting situation also manually.

Concerning the control strategy of the light we
also see a significant dependence on the age of
the end-users. Most end-users want an automatic
control where they have the opportunity to change
the lighting situation also manually (Figure 12).
While only manual control is not particularly
popular throughout the age groups, its
acceptance becomes wider for age groups above
40. Automatic control (adapts to presence and
illumination levels) is most favoured by young
people and its acceptance is significantly lower for
workers aged 50 or more. In this age group more
than two thirds of the end-users want an
automatic control of the lighting system where
LpS 2018
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The Repro-light consortium wants to develop a
luminaire with a modular, stackable architecture
that will both reduce time to market by allowing
mass customization as well as satisfy the users
needs by allowing them to customize and
personalize their luminaire. In the first year of the
project the focus was on the determination of
requirements from a technical and the users’ point
of view. Results from focus groups and end-user
surveys have shown that there is a great need for
improvement of workplace lighting in Europe and
that the requirements of the end-users are rising
in terms of light quality and control.
During the next year the luminaire as well as an
automated pilot production line will be developed
according to these requirements. In the third
project year a large-scale study determining the
luminaires impact on office workers will be
performed as well as the user acceptance.
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