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LpR 100

When we embarked on our journey with the first issue of LED professional
Review (LpR) 17 years ago, the idea of reaching a monumental milestone
like issue 100 seemed like a distant dream. It wasn’t even on our radar at
the outset. But here we are today, thrilled to present our loyal readers with
the 100th edition of LpR, spanning 104 incredible pages!

This isn’t just any edition; it’s special. We’re unveiling a fresh cover design
and a sharper focus on feature interviews, cutting-edge design,
technology articles, and, for the very first time, some exciting ’Specials,’
including the Automotive Special.

Our heartfelt thanks go out to all the brilliant contributors from academia,
industry, and application. And to all of you who sent us your
congratulatory messages.

A big shout-out to Professor Nakamura for enhancing this milestone
edition with his commentary!

To our cherished readers, we owe you a massive ’Thank You’ for your
unwavering loyalty. And to our steadfast advertisers, without whom, it
wouldn’t have been possible to reach this extensive readership, we truly
appreciate your continuous business and partnership.

LpR is a result of the collective effort of many, and I personally want to
extend my heartfelt gratitude to everyone involved, especially Leon Chen,
Zena Coupe, Elio A. Farina, Katharina Fink, Silvia Girardelli, Arno
Graber-Meyer, Gerlinde Graf, Kristin Hamre, Lesley Harmoning, Alan
Kernc, Theresa König, Jasmine Leger, Brigitte Lindner, Christine Luger,
Daniel Luger, Theresa Luger, Sarah Luger, Kelly Pahlen, Amrita Prasad,
Priyanka Rai, Bronwen Rolls, Günther Sejkora, Karen Smith-Kernc,
Jung-Won Suh, Jill Thibert, Armin Wezel, Lolo Yeung, Iris Yuen, and many
others.

In conclusion, we wish you all the very best as we continue our
commitment to bring you the latest trends in lighting technology, design,
and application from the dynamic worlds of science and industry through
LED professional Review (LpR).

Thank you for being part of our incredible journey!

And now, enjoy your read!

Yours Sincerely,

Siegfried Luger

Luger Research e.U., Founder & CEO
LED professional, Trends in Lighting, LpS Digital & Global Lighting Directory
International Solid-State Lighting Alliance (ISA), Member of the Board of Advisors
Member of the Good Light Group and the European Photonics Industry Consortium
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Prof. Shuji Nakamura
Prof. Shuji Nakamura is a globally
recognized pioneer in the field of
semiconductor technology, best
known for his invention of the blue
LED. Born in Ehime, Japan, in
1954, Nakamura’s groundbreaking
work has revolutionized lighting
technology, paving the way for
energy-efficient and sustainable
lighting solutions. His blue LEDs,
combined with red and green
counterparts, have transformed
electronic displays, leading to the
development of white LEDs and
blue laser diodes, which underpin
Blu-ray technology.

Nakamura’s contributions have
earned him numerous accolades,
including the 2014 Nobel Prize in
Physics. Beyond his technical
achievements, he has been a
staunch advocate for inventors’
rights and has championed the
cause of sustainable and efficient
lighting. Currently, he serves as a
professor at the University of
California, Santa Barbara,
continuing his research and
inspiring the next generation of
innovators.

Prof. Shuji Nakamura’s Blueprint for a Brighter
Tomorrow
In the realm of lighting, the future is not
just bright; it’s transformative. Having
dedicated a significant portion of my life
to the development and enhancement of
lighting technologies, I’ve witnessed
firsthand the evolution from
incandescent bulbs to the revolutionary
blue LED lights. As we stand on the
cusp of another decade, I’d like to share
my insights into the future trends in
lighting and my overarching goals in this
domain.

The world is rapidly transitioning to
sustainable and energy-efficient
solutions. Lighting, responsible for a
significant portion of the world’s
electricity consumption, is no exception.
The invention of the blue LED was a
pivotal moment, not just for its ability to
produce white light when combined with
phosphors, but for its energy efficiency.
LEDs consume a fraction of the power
of traditional bulbs, and their longevity
means reduced waste. But the journey
doesn’t stop here.

The next frontier in lighting is the
integration of smart technologies.
Imagine lights that adjust their
brightness and color based on the time
of day, enhancing our circadian rhythms
and improving our overall well-being. Or
streetlights that can detect oncoming
traffic and adjust their intensity
accordingly, ensuring safety while
conserving energy. These are not mere
fantasies but tangible realities in the
making.

Another promising avenue is the fusion
of lighting with data transmission. My
team’s work on lasers has shown that
light can be used for high-speed data
transmission, a concept known as Li-Fi.
As the world becomes increasingly
connected, integrating data
transmission capabilities into everyday
lighting can revolutionize how we access
and share information.

From a broader perspective, the future
of lighting is not just about illumination.
It’s about creating holistic environments.
Lighting will play a pivotal role in shaping
our moods, enhancing our productivity,
and even improving our health. The
potential applications are boundless,
from medical therapies using specific
light wavelengths to agricultural
practices optimized with tailored light
recipes.

My overarching goal has always been to
enhance human life through
technological innovation. The blue LED
was a testament to this vision,
transforming industries and paving the
way for sustainable lighting solutions. As
we move forward, my focus remains on
pushing the boundaries of what’s
possible, ensuring that lighting solutions
are not only efficient but also holistic,
catering to the multifaceted needs of
humanity.

In conclusion, the future of lighting
intertwines innovation, sustainability, and
human-centric design. As technology
rapidly advances, coupled with a deeper
grasp of human needs, I am hopeful for
transformative lighting developments
that reshape our interaction with our
environment. My enduring mission is to
lead this evolution, catalyzing change
and lighting the way forward. Amidst
global challenges, I hold that
technology, even in sectors as specific
as lighting, should champion peace and
unity. Our world grapples with diverse
issues, from political tensions to
environmental threats. Lighting, though
seemingly niche, holds immense
potential to bridge these divides. It can
address energy disparities, curb carbon
emissions, and boost economic growth
in marginalized areas. By making
sustainable technologies accessible, we
light up homes and lay foundations for
global understanding, collaboration, and
peace. My vision transcends lighting; it’s
about leveraging innovation to foster a
cohesive global society. !

S.N.
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Carclo Optics: Pioneering the
Future of Illumination

www.carclo-optics.com

Carclo Optics has been a distinguished leader
in the field of optical solutions for decades.
With a legacy dating back to 1936, Carclo
Optics is recognized as a global frontrunner in
designing and manufacturing innovative
optical products. Our unwavering
commitment to precision and innovation has
positioned us at the forefront of the lighting
industry. Read on for a comprehensive
overview of our journey and our role in
shaping the future of illumination.

A Heritage of Excellence
Carclo Optics commenced its journey in 1936
and, over the decades, has evolved into a
prominent name within the optical industry.
Headquartered in the United Kingdom, our
organization has garnered an exceptional
reputation for its optical proficiency, catering
to a diverse array of applications. From Retail
lighting to Industrial solutions, Carclo Optics
has continuously expanded its portfolio to
address the dynamic requirements of our
global clientele.

Our State-of-the-Art Product Portfolio
Carclo Optics is dedicated to remaining at the
forefront of optical technology, continually
enhancing the performance and aesthetics of
lighting systems across multiple applications
and diverse industries.

1. LED Optics: We specialize in the design
and manufacturing of optical components for
LED lighting, such as our latest introductions,
the wide-angle 10mm and wide-angle 20mm
TIR optics. These optics play a pivotal role in
regulating light distribution, intensity, and
color, ensuring unparalleled performance. Our
LED optics serve applications including
architectural, UV-C, emergency & landscape
and garden lighting.

2. Optical Systems: Carclo Optics offers
comprehensive optical systems, meticulously
customized to address the specific
requirements of distinct lighting applications,
encompassing street lighting, retail,
horticultural and the burgeoning human
centric lighting sector. These systems are

crafted with a focus on precision and
innovation and include the Wall Washer & Wall
Grazer full assemblies.

3. Technical Injection Moulding: Our
technical injection moulding capabilities
underpin our ability to fabricate intricate
optical designs with exceptional precision and
consistency. This technology forms the
bedrock of our capability to deliver optics that
align with the exacting standards of the
contemporary lighting industry.

4. Design and Engineering: Beyond our
manufacturing capabilities, Carclo Optics
provides design and engineering services to
assist our clientele in optimizing their lighting
solutions. Our end-to-end approach
guarantees that our customers receive not
only high-quality optics but also expert
guidance to achieve optimal lighting
performance.

Dedication to Innovation and Adaptation
Carclo Optics’ paramount distinguishing
feature is our resolute commitment to
innovation. In an industry marked by rapid
evolution, we maintain a dynamic and
adaptable approach, consistently anticipating
market trends and consistently pushing the
boundaries of optical design. Our robust
emphasis on research and development
facilitates the creation of optics that not only
excel in efficiency but are also aligned with
environmental sustainability, an increasingly
pivotal consideration in the contemporary
world.
Carclo Optics remains responsive to the
shifting landscape of the lighting industry,
embracing technologies such as extrusion
and freeform optics to present solutions that
excel not just in energy efficiency but also in
aesthetic appeal.

Light + Building Exhibition 2024
We are excited to announce our participation
in the forthcoming Light + Building exhibition
in Frankfurt in 2024. This showcase
underscores our unwavering commitment to
leading the way in the lighting industry, where
we will present our latest innovations. We
invite you to stay informed by visiting our
official website https://www.carclo-optics.com
or checking out our LinkedIn posts.

In Conclusion
Carclo Optics, with its rich history, unwavering
dedication to innovation, and a wide array of
cutting-edge products, occupies a prominent
position in the optical industry.

As we prepare to unveil our latest innovations
at the 2024 Light + Building exhibition in
Frankfurt, we invite you to remain updated
and to join us on our journey into the future.
Our story stands as a testament to the power
of innovation and adaptation, underscoring
that light, when harnessed with precision and
creativity, holds the potential to shape a
brighter future for us all. !

Signify Accelerates the
Transition to Energy Efficient
Lighting with New
UltraEfficient Lamps

www.signify.com

Signify continues to lead the transition to
energy efficient lighting, helping municipalities,
communities and businesses reduce their
energy consumption by replacing legacy
conventional lamps with the new Philips
MASTER LED SON-T UltraEfficient (UE).
Additionally, Signify is further extending its
UltraEfficient LED range with the dimmable
MASTER LEDbulbs UE and A-class MASTER
LEDspots UE.
The new products meet the highest energy
label, ‘A’, under the EU’s Ecodesign
Regulation, and the Energy Labelling
Regulation, which recently came into force.
As A-class products, these new bulbs, spots,
and lamps consume at least 43% less power
to achieve the same output as standard
alternative products.

The new Philips MASTER LED SON-T UE
lamps are the first A-class LED SON-T lamps
with a color temperature of 4,000K registered
in Europe. The new lamps have a similar look,
feel and light distribution to their conventional
equivalents, and can be easily retrofitted into
existing SON-T fittings. When upgrading from
conventional HID lamps, a potential full return
on investment can be achieved in 2.3 years.
Replacing 100 units of 100W conventional
HID lamps with 42.8W A-class LED SON-T
could save €7,046 per year. The lamps are
nondirectional and non-dimmable E27/E40
lamps, with a lumen range between 4,000 lm
and 9,000 lm.

Availability:

• Philips MASTER LED SON-T UltraEfficient
(2,700/4,000K, 19—43W, 3,600—9,000
lumen, 50—100W equivalent)

• Philips MASTER LEDspot UltraEfficient
GU10 EELA (2,700/3,000/4,000K, 2.1W,
50W equivalent)

• Philips MASTER LEDbulbs UltraEfficient
Dimmable (2,700/3,000K, 4W, 60W
equivalent)

• Philips MASTER LEDbulbs UltraEfficient
Globe G95 and ST64 (2,700K, 4W, 60W
equivalent)

• Philips MASTER LEDluster UltraEfficient
(2,700/4000K, 2.3W, 40W equivalent)

The new A-class MASTER LEDbulbs UE and
A-class MASTER LEDspots UE GU10
consume at least 45% less energy, compared
to standard LED alternatives, as well as lasting
at least three times as long. Additionally, the
A-class MASTER LEDbulbs UE are now
dimmable, allowing for customizable lighting
experiences. !

https://www.carclo-optics.com
https://www.signify.com
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Techno Innovation Lab:
New Opportunities for the
Lighting Industry
Innovation LAB 3D - Production scalability,
quantitative flexibility, and extremely short time
to market for highly customized products and
solutions. These are the objectives of the Inno-
vation 3D Lab, the functional unit of Techno’s
Professional Additive Manufacturing dedicated
to the design, prototyping and production of
solutions and components according to cus-
tomer project specifications, for various sectors
such as modern plant engineering, smart light-
ing and smart industry.

Structure and Method - For over 20 years,
Techno has been using 3D technology for in-
house prototyping and product development.
With the implementation of the Innovation 3D
Lab in its headquarters based in Guanzate
(Italy), the company has aimed to introduce In-
dustry 4.0 for 3D printing too, as well as adapt-
ing it to the other departments which were al-
ready 4.0.
The facility, equipped with a Stratasys Origi-
nONE DLP 3D printer and resin handling equip-
ment, operates under the coordination of the
Innovation Team and in synergy with the R&D,
Production and Quality departments. The In-
novation 3D Lab supports the customer in fi-
nalising the product design and selecting the
materials, cooperating in the creation of the 3D
CAD model or in its development from scratch.

A key feature is the “pre-compliance”, i.e., the
production of a small quantity of prototypes
or products which are subjected to technical-
quality tests in the Innovation Lab, in order to
detect any critical technical/installation issues
and to check their compliance with the appli-
cation.
The final stage involves pre-series production
and - after the customer’s approval – mass pro-
duction, which can also consist of limited quan-
tities or a single unit. Therefore, Professional
Additive Manufacturing more readily allows the
production of ready-to-sell components to test
themarket, at lower costs than injectionmould-
ing. It can also be used for
contracting non-catalogue products.

Highlights:

• The Innovation 3D Lab offers tailor-
made/custom solutions, mainly to support
new IoT projects such as smart lighting and
smart industry

• With professional Additive Manufacturing
technologies and skills, it is possible to pro-
duce small quantities and even single units

• Produces prototypes for the execution of
specific pre-compliance tests

• Produces ready-to-sell products with a
shorter time to market than injection
moulding

In order to guarantee the best possible out-
come, a project may involve different types of
expertise, e.g. electromechanical and elec-
tronic, and be integrated with additional
services.

Outlook - Innovation 3D Lab’s challenge is
to introduce additive manufacturing into an
injection-moulding company. Multi-step pro-
totyping - which yields a product which is al-
most 100 per cent comparable to the sellable
product- makes it possible to assess whether
to proceed with injection moulding or 3D pro-
duction. The design support and multidisci-
plinary approach, along with the company’s
DNA in designing and manufacturing the fin-
ished product, and the possibility of customiza-
tion according to the customer’s specifications,
are the factors that link every project which is
entrusted to Innovation 3D Lab.
The ability to oversee projects for different sec-
tors in a responsive and flexible way has en-
abled Techno to expand its existing synergies,
develop new partnerships and share with its
customers the opportunities offered by
markets development. !

Contact Us
customercare@techno.it, +39 031 976445
Via Bancora e Rimoldi 27,
22070 - Guanzate (CO), ITALY

https://www.techno.it

mailto:customercare@techno.it
https://www.techno.it
https://www.techno.it
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The Health Transformation of
LED Lighting

www.goodlightgroup.org

Commentary for the 100th edition of LED
professional Review by Jan DENNEMAN

In 2007, the year of the first issue of LED
professional Review, LED lamps were primarily
used for specific applications such as traffic
lights, car taillights, and decorative lighting. At
that time, they were not suitable for general
lighting due to limitations in color spectrum,
efficiency, and light output. However, the past
16 years and 100 editions of LpR have
revealed the radical transformation that LEDs
have brought about. LEDs are now the
dominant light source for both indoor and
outdoor lighting. Their energy efficiency,
impressive color spectrum, and numerous
other benefits have revolutionized the industry.

Despite this progress in LED lighting, the
lighting industry currently faces a challenging
position. Many manufacturers offer similar
energy savings through the use of LEDs,

making it difficult to differentiate based on
efficiency. This has resulted in a price war,
leading to a decrease in market value.
This focus on energy and cost savings has led
customers to primarily view lighting as a
means to reduce their energy bills. The
potential of lighting to improve the quality of
life and promote health often remains
underemphasized.
Light plays a crucial role in our daily lives. It
affects our sleep patterns, moods, mental
health, and alertness throughout the day.
Indoor lighting during the day is often too
weak, while in the evening, it is too strong for
a healthy day-night rhythm. More than 40% of
people suffer from sleep problems, and these
issues affect individuals of all ages. The
emphasis on good lighting that mimics
daylight can make a significant difference in
the quality of life.
To realize this transition to health-focused
lighting, substantial innovation is needed. It is
a golden opportunity for lighting companies
and designers to stand out. The development
of lighting solutions that promote people’s
health is not only a socially responsible step
but also opens up new possibilities in the
market.

Rather than waiting for another 100 editions of
LpR to witness this change, all stakeholders in
the lighting industry can take action now. Let’s
start by telling the story of good lighting,
applying it in our own environments, and
executing inspiring best-practice projects that
demonstrate the power of health-focused
lighting. Together, we can transform the
lighting market and consider light not only as
an energy-saving tool but as an essential tool
for our health and well-being.

Let’s commit to achieving this shift within the
next 25 editions of LED professional Review.
J.D. !

Jan DENNEMAN is Founder and Chairman
of the Board of the Good Light Group as well
as Honorary Ambassador of the Global
Lighting Association.

The Good Light Group is a non-profit
organization that promotes the use of Good
Light indoors. Good light is daylight or electric
light with comparable beneficial effects. Jan
has more than 40 years of experience in
executive roles in sustainability, innovation and
business development and held senior
innovation and marketing roles at Philips
Lighting (now Signify) during the industry’s
transition to LED and Intelligent Lighting
Systems. He founded several international
consortia, such as the Global Lighting
Association, Zhaga Alliance, the Connected
Lighting Alliance and LightingEurope. Jan was
President of the Global Lighting Association
from 2007-2017 and President of
LightingEurope from 2013-2017.

The Good Light Group is a non-profit
organization operating globally. The Good
Light Group has a legal structure of a
foundation and has been registered in The
Netherlands in May 2019. The main objective
of the Good Light Group is to stimulate the
use of good light indoors. This goal will be
reached by communicating the benefits of
good light to the people, by stimulating
collaborations and by promoting knowledge
developments on the topic of good light.

LUXEON Rubix is ideal for architectural and entertainment applications
that offer new possibilities for color, white, and dynamic or 
saturated light. It enables the smallest LES for discrete clusters, 
the smallest optic size for tight beam angles, and the ability to 
mix multiple colors under a single optic so that fixture size can be 
reduced and there is improved optical mixing at the source.

LUXEON Rubix High Quality White and Saturated
Colors in a very small, high performance platform

www.lumileds.com

J Series® 2835 Pro9™ LEDs offer unmatched performance as the 
highest LPW 90 CRI 2835s in the market. Four performance choices
in 3V and 9V configurations, with color choices from 6500K to 2700K
at 90 CRI for exceptional clarity and vibrancy. With up to 24% higher
LPW at 90 CRI than standard versions, seamlessly upgrade your 
lighting experience with convenient drop-in options for standards.

Cree LED J Series® 2835 LEDs deliver the best value
and are the highest LPW 90 CRI 2835s available

www.cree-led.com

https://www.goodlightgroup.org
https://lumileds.com/products/color-leds/luxeon-rubix/
https://www.cree-led.com/news/jseries-2835-pro9/
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Instrument Systems GmbH
www.instrumentsystems.com

Display Measurement with Higher and
Lower Luminance Values

Instrument Systems developed the new LumiTop X20 and Lu-
miTop X30 imaging colorimeters especially for display produc-
tion testing under special luminance conditions. The Lumi-
Top X20 and X30 feature high camera resolution (20 MP and
31 MP respectively) and improved dynamics from mcd/m2 to
Mcd/m2. Both cameras are based on the spectrally optimized
LumiTop principle, which has proven to be a powerful tool for
quality assurance of displays. Using them, display manufac-
turers are able to perform tests at very high luminance in the
range of several Mcd/m2 as well as low luminance in the range
of 0.001 cd/m2 to 0.1 cd/m2, taking into account the adap-
tation of the human eye to dark and bright lighting conditions.

Measurement Setup with Instrument Systems’
LumiTop X20 and CAS 140D.

The human eye adapts easily to dark and bright lighting condi-
tions. Modern displays take this into account by dimming their
display to low luminance when needed to relieve the viewer’s
eyes. When designing and manufacturing displays, the lumi-
nance and color of the display must therefore be accurately
tested, even at low luminance. Typically, these tests are per-
formed at low luminance levels ranging from 0.001 cd/m2 to
0.1 cd/m2.

Instrument Systems has developed two new models of the
proven LumiTop series especially for this application. The
spectrally optimized LumiTop X20 and LumiTop X30 imaging
colorimeters are ideal for homogeneity measurements and er-
ror detection under special luminance conditions. They are
characterized by high camera resolutions of 20 MP and 31
MP respectively, as well as high flexibility in the field of view
(high-precision motorized lens) and improved dynamics from
mcd/m2 to Mcd/m2. The new flicker electronics are designed
for frequencies between 1Hz and 1 kHz. Both cameras are
based on the proven LumiTop principle.

Instrument Systems developed the LumiTop series of lumi-
nance and imaging colorimeters in particular for display pro-
duction tests. As the fastest, most reliable and most accurate
system, LumiTop has become the reference for high perfor-
mance testing in display production. The unique combination
of a high-resolution camera, fast photometer and extremely ac-
curate spectroradiometer of the CAS series makes the Lumi-
Top system an exceptionally powerful tool for quality assurance
of displays, even under low luminance conditions. !

https://www.instrumentsystems.com
https://www.instrumentsystems.com
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Shaping the Leading Edge of
Lighting Sensor Technologies
Lighting Recipe Studio (LRS) was founded
by Lawrence Lin, former Global CEO of Led-
vance (known as OSRAM general lighting).
LRS is a professional light research institute
and also a leader in the development of
forward-looking light products.

Lawrence Lin, Founder of Lighting Recipe
Studio

We Build Light for Life
Light is crucial, not only for visual effects but for
biological and psychological impacts towards
the human body, as well. At LRS the team
is dedicated to building the best tool to sup-
port a healthy lighted environment. The team
is responsible for ‘light-as-a-service’ and a fully
automatic smart lighting system being born.
LRS’s researchers study and design the for-
mula of well lighting – LRS Lighting RecipeTM

– to further improve human health by lighting
application.

Inspiration from Light and
Health Research
Modernmedical studies prove that light shapes
human life through its impact on the circa-
dian rhythm and emotions. Implanting the
evidence-based scientific research while in
compliance with Light Concept in WELL Build-
ing Standard™, LRS developed a unique light-
ing environment monitoring system in order
to detect and monitor the spaces and inter-
act with lighting fixtures with Lighting RecipeTM

Technology. The ultimate goal is to bring the
best lighting quality to humans by monitor and
regulate circadian rhythm lighting, leading to
better health.

The Most Compact EML Sensor
Using Lighting RecipeTM and smart light-
ing system, “In. Licht pro”, a works with
WELL product in progress to be licensed
– is designed for practical field application
while meeting the criteria of Light Concept
in WELL Building StandardTM. With overall
considerations, plug & play devices and UI, it
is a more accurate lighting sensor.

The 5 key lighting indexes it monitors:

• Lux (Illuminance)
• EML (Equivalent Melanopic Lux)
• CCT (Correlated Color Temperature)
• Visual Contrast
• Uniformity

It provides real-timemonitoring light data which
cover the full aspect of the laboratory’s spec-
trum light meter in a super light-weight (40g),
portable pocket-size device. Unlike any other
light meters, “In. Licht pro” captures the key
index of circadian rhythm, the Equivalent
Melanopic Lux (EML), which can truly reassure
residents in the space of a helathy lighting en-
vironment.

LRS believes light has infinite possibilities. As
Lawrence said, “we care about light, and we
care about you”. LRS always puts people first,
using the science of light as a fundamental to
build light for life. !

LightingRecipe.com

https://lightingrecipe.com
https://lightingrecipe.com/


NEWS INTERNATIONAL LIGHTING ! " #

Issue 100/Nov-Dec/2023 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design 18

https://www.we-online.com/en


NEWSINTERNATIONAL LIGHTING! " #

Issue 100/Nov-Dec/2023 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design 19

Vertical Farming, LiDAR, LiFi
and more
Würth Elektronik is one of the few manufactur-
ers that covers the entire spectrum, from UV to
infrared.

Würth Elektronik covers the entire light spec-
trum from UV to IR. Image Copyright: Adobe
Stock - petrroudny.

With its knowledge, application know-how and
components, the LED division can support in-
novative and novel applications. A core topic
is Controlled Environmental Agriculture (CEA).
The Horticulture LEDs are specifically devel-
oped for this purpose, help to promote sustain-
able food production. Indoor Vertical Farming,
a part of CEA, is only made possible by LED
technology. In addition to its products, Würth
Elektronik supports this with a unique service
- its own plant scientists develop special light
recipes for different quality parameters of the
plant. These promote plant growth and are
used to develop new cultivation methods di-
rectly in the city.

Würth Elektronik developed its own Vertical
Farming prototype.

Infrared Technology
Setting the foundation and learning from the
experience with visible light, it was the natural
step to go beyond and explore further the elec-
tromagnetic spectrum. Invisible light is some-
times beneficial, as it can realize many applica-
tions without disturbing our visual surrounding.

Using IR emitters and detectors in the wave-
length range of 800-1000 nm is the founda-
tion of multiple safety applications. Probably
the most well known is the “Time of Flight”,
where burst of light are used to measure real
time distance. This technology enables am-
bient recognition systems, and is well known
in autonomous driving as LiDAR (Light Radar).
Würth Elektronik also develops its own product
series that support such technologies. Infrared
detection is the backbone for many safety ap-
plications. The current development focuses
also on Driver and Occupant Monitoring Sys-
tems (DMS & OMS). It can detect sleepiness,
attention deficit or health issues by driver or
passenger, and prevent accidents.

Nevertheless, the automotive industry is not the
only driving force for the infrared industry. Part
of our Würth Elektronik DNA it is to look beyond
and in the future, and follow the words of our
CTO Alex Gerfer:

“For us, investing in forward-looking initiatives
is a key factor for success and a matter close
to our hearts. We strive to meet the needs of
today’s and future generations, to act respon-
sibly for a livable tomorrow and the day after
tomorrow”.

WE is focusing on the development of smart
technologies for the future. Infrared emitters
and detectors enable the development of smart
energy efficient buildings. Integrating smart
lights, that recognize the presence of people,
or adapt the light intensity based on the sun
light, can reduce the energy usage for many
industrial and commercial buildings. IR tech-
nology not only enables the smart building, but
also makes them safer. Implementing light cur-
tains, smoke & gas detectors, and presence
detectors, can also help in early detection of
dangerous situations, or help the safety crew
locate the people in danger faster.
The diversity of IR applications for sensors and
detector is immense, but one more technology
is worth mentioning. As we live in a world that
heavily depends on the exchange and gather-
ing of information, we need fast and reliable
communication. One solution, already imple-
mented in long distance, but slowly coming into
everyday life is optical telecommunication. Our
focus is to understand the needs of applica-
tions, such as fiber or LiFi connections, and
provide the correct components and expertise
to the industry.

Optocoupler
An optocoupler, also known as photocoupler
or opto-isolator, is a device, which can transfer
an electrical signal across galvanically-isolated
circuits by way of optical coupling. Unlike
transformers or capacitors, which can only
transfer AC signals across the isolation barrier,
optocouplers can transfer both DC and AC sig-
nals. With the new optocoupler series, Würth
Elektronik presents one of the latest additions
to its optoelectronic product portfolio. The in-
novative design features a coplanar structure
and high-grade silicone for total internal reflec-
tion. This ensures the isolation gap remains
fixed during the production process and pro-
vides perfect isolation and protection for your
application. The total internal reflection pro-
vides stable CTR over the entire temperature
range and high CTR even at low current oper-
ation. Additionally a copper lead frame is used
for high reliability.

Ultraviolet LEDs
Another innovative product area is UV LEDs
- powerful UVC LEDs for sterilization, surface
disinfection or water and air purification expand
the UV product range further.

Smart RGB LEDs
RGB LEDs are very popular in signal lighting
solutions. Now is time for the next generation:
The ICLEDs – a RGB LED with a smart inte-
grated controller.

The new ICLEDs from Würth Elektronik feature
a RGB-LED plus a controller.

Their built in intelligence is the best option for
dynamic LED lighting. ICLEDs have their own
architecture that allows you not only to control
the LED chips individually; but also to produce
a variety of effects, such as manage the col-
ors, brightness, and timing. Würth Elektronik
introduces the newest portfolio of those smart
LEDs with a single wire protocol where each
color is controlled individually with 8 bits. Ad-
ditionally a special intelligent LED will also be-
come available with a bypass function and with
an IPx7 rating, which is perfect for outdoor ap-
plications.

Author: Harun Özgür, Division Manager Würth
Elektronik eiSos Optoelectronics

www.we-online.com
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Lighting the Way Forward: Thoughts
from a Visionary in the Field –
Mônica Luz LOBO, IALD President

Mônica Luz LOBO:
“We need to celebrate female
characteristics like intuition,
multi-tasking abilities, empathy,
sensitivity, courage and
resilience.”



Mônica Luz LOBO, President of the International Association of Lighting
Designers (IALD), shares her visionary perspective on the evolving world
of lighting design. In this interview, she discusses her unique career
journey from architecture to founding LD Studio, a leading architectural
lighting practice. Focusing on the IALD’s mission, she explores how the
organization adapts to changing design and technology landscapes.
Mônica highlights transformative trends, technological advancements,
and the expanding applications of lighting design. Discover how the IALD
nurtures the next generation of lighting designers and embraces global
partnerships to shape the future of this dynamic field.

https://iald.org

LIGHTING INTERVIEWMÔNICA LUZ LOBO! " #

Issue 100/Nov-Dec/2023 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design 21

LED professional: It is a great honor
for us to conduct this interview with
you. Since the start of 2022, you have
been the President of IALD, and we
are especially pleased to speak with
you for our 100th-anniversary edition
of the LED Professional Review (LpR).

Mônica Luz LOBO: It’s a great honor to
be with you.

LED professional: Could you please
provide us with an overview of your
professional journey, including your
educational background?

Mônica Luz LOBO: I graduated in 1987
as an architect and urban planner at
Sta. Ursula University in Rio de Janeiro,
Brazil. By chance, or perhaps a call from
the universe, my first job was at the most
prestigious lighting design consultancy
practice at the time at Consultores de
Luminotécnica, based in São Paulo,
Brazil. This wasn´t a planned choice; I
was simply answering a newspaper ad
seeking a junior architect with interior
design skills. I spent five great years
learning a lot about lighting from Esther
Stiller and Gilberto Franco, two absolute
pioneers of the profession in Brazil. It
was a chance to rediscover architecture
through light!

After living in São Paulo for that time,
the desire to get back to Rio de Janeiro
(the most beautiful city in the world) en-
couraged me to accept a lead position
and establish a commercial showroom
for LUMINI, a lighting manufacturer to
which Esther and Gilberto contributed

their lighting expertise and shaped their
product line. This was an incredible op-
portunity to more fully understand how
our industry works, and it gave me the
opportunity to build key professional re-
lationships. Four years later, I was con-
fident that my passion was in design
and not sales, so I left this partnership
and founded LD Studio, now a 26-year
successful architectural lighting practice
working in a broad spectrum within the
built environment.

My lighting education came from my two
enlightened first employers and my own
self-discipline, learning from an exten-
sive IES library and attending Lightfair,
Enlighten, and PLDC´s educational pro-
grams.

LED professional: Can you describe a
pivotal moment in your career that led
you to the world of lighting design?

Mônica Luz LOBO: I am an archi-
tect who has rediscovered architecture
through light. At the beginning of my
practice 26 years ago, my inspiration
came from observing and revealing ar-
chitecture through light. My goal at the
time was to maintain a near-invisibility of
light, like skin on surfaces.

I then began to realize that light could
add meaning to the space and that we
can reveal that space with intent: to em-
brace, inspire, guide, communicate, or
even intrigue.

In recent years, people have become
my inspiration. Every project has a story

to tell, and I am fulfilled by the people
involved in all aspects of the project —
users, architects, clients, engineers,
managers, my team, and myself — and
all our desires and needs coming to-
gether so gracefully.

I started thinking about revealing the built
environment through light, and I came to
realize that I’m interested in the people
who live in this built environment. I have
certainty that every project is a new start,
a new chapter; and that I will always
learn through this process. Light brings
soul to what it touches!

LED professional: Could you please
give us a brief overview of IALD and
how you see the IALD’s mission adapt-
ing in response to the rapidly chang-
ing landscape of design and technol-
ogy?

Mônica Luz LOBO: The IALD is a non-
profit professional trade association with
a mission to advance the global profes-
sion of lighting design through leadership
and advocacy and serve the members
by promoting education, community,
and engagement.

I think our mission is relevant to the
changing landscape that lighting de-
signers will face in the coming years.
Education and advocacy will always
be necessary as the technologies and
stakeholders evolve. I think, therefore,
the mission will remain valid. The way
in which the Association achieves its
mission is likely to evolve. We want to
increase access to education and ensure
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IALD’s Radiance Award for Excellence in Lighting Design.
2019 Winner: Kimpton Fitzroy | London, UK | Lighting
Design International | Photo © Gavriil Papadiotis.



Mônica Luz LOBO, President of IALD, Founder and Creative Director of LD Studio, Certified Lighting
Designer, Architect and Urban Planner AsBAI, IALD, CLD.
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that our members are furnished with the
best possible tools for their profession.

LED professional: From your perspec-
tive, what are the most transformative
trends in lighting design over the past
decade?

Mônica Luz LOBO: Building Information
Management (BIM) has been transfor-
mational. When drawing became elec-
tronic, the transition was to simply repli-
cate the drawing as you would do by
hand on the computer. BIM requires a
complete shift in process. With large
relational databases and greater integra-
tion across disciplines what information
and when it’s delivered is reimagined. It
also opens new avenues for the way in
which we think about and present de-
sign work.

“There is an increased
awareness of the necessity
of lighting designers, but still
as a complementary element
to a project. Lighting can add
meaning to a space. It can
materialize an immaterial
thinking, a strong concept.”

MÔNICA LUZ LOBO

LED professional: With the rapid evo-
lution of technology, even with AI,
which advancements do you believe
have had the most significant impact
on lighting design, and how is IALD
ensuring its members stay at the fore-
front of these technological shifts?

Mônica Luz LOBO: AI holds the po-
tential for a profound transformation in
the design process, extending beyond
lighting to all fields of design. The oppor-
tunities are truly thrilling, encompassing
data-driven design, optimization, cost
analysis, design simulation, and more.

Though AI isn’t quite autonomously de-
signing projects at this point, it remains
a topic of great interest to our members.
It’s an area we’ll be concentrating on
in the years ahead as the technology
continues to evolve, and our members
pinpoint the most effective methods for

integrating this technology into their pro-
fessional practices.

LED professional: How have the ap-
plications of lighting design expanded
beyond traditional spaces, and can
you provide examples of innovative
projects?

Mônica Luz LOBO: The realm of lighting
design has expanded beyond its tradi-
tional boundaries. Today, we witness
projects that influence entire districts at
a masterplan level, curating the visual
identity of entire urban areas. This pro-
gression signifies the growing recognition
of the profound impact that lighting can
have on our urban environments.

Furthermore, there is a notable conver-
gence of light art, festivals, and greater
collaboration across various lighting dis-
ciplines, such as art, performance, and
architecture. This interplay creates fresh
connections between people and the
spaces they inhabit, enriching our inter-
action with our surroundings.

LED professional: Given the changes
and trends we’ve discussed, where
do you see the future of lighting de-
sign heading, especially in terms of
sustainability, human-centric design,
and technological integration?

Mônica Luz LOBO: Lighting designers
have consistently led the way in energy

conservation. It’s evident how much less
energy is now required to achieve sim-
ilar or even better project results com-
pared to two decades ago. However,
this doesn’t mean we can become com-
placent in terms of sustainability. We are
actively supporting the Green Light Al-
liance in their efforts regarding lifecycle
assessment and are continuously provid-
ing input into regulatory systems world-
wide. Lighting designers frequently put
guidance into practice on real projects
and develop effective solutions, under-
scoring the importance of our ongoing
involvement in this process.

Our understanding of the impact of light-
ing on both humans and the natural en-
vironment has progressed significantly.
While we may not possess all the an-
swers, it’s crucial that we assess the
consequences of our work through this
perspective. This becomes especially
critical when the most energy-efficient
method of illuminating a space may not
align with these broader objectives.

LED professional: How is the IALD
ensuring that the next generation of
lighting designers is equipped with
both the technical skills and the cre-
ative vision to excel?

Mônica Luz LOBO: Twenty-five years
ago, the IALD recognized the importance
of nurturing the future generations of
lighting designers within the profession.



IALD’s Radiance Award for Excellence in Lighting Design. 2021 Winner: Toranomon Hills Business Tower |
Tokyo, Japan | Sirius Lighting Office, Inc. | Photo © Fumito Suzuki.
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In response, the IALD Education Trust
was established. This trust operates
independently from the IALD but collab-
orates closely with it, aiming to provide
financial support to students and con-
nect them with high-quality education.
Beyond education, these connections
are about creating new relationships and
linking emerging practitioners with estab-
lished designers and studios. This inte-
gration into the community establishes a
framework for long-term support.

Both the IALD and the Trust are commit-
ted to increasing their investment in this
area in the years ahead. As our industry
continues to expand, and we witness the
retirement of seasoned professionals,
the IALD is eager to take an active role
in promoting, recruiting, and training the
next generation of lighting experts.

LED professional: How does the IALD
ensure that it remains culturally sen-
sitive and inclusive in its approach,
given its global presence? Are there
any global partnerships or collabora-
tions that you believe could redefine
the future of lighting design?

Mônica Luz LOBO: That’s an excellent
question. Throughout my time with the
IALD, even before taking on the role of
president, I’ve consistently seen the im-
pact of regional differences and cultural
diversity on designers worldwide. There
are commonalities between countries,

but cultural influences significantly shape
the development of design responses.

The IALD’s structure involves the orga-
nization of local events, spearheaded by
our dedicated region and chapter co-
ordinators. These volunteers are truly
remarkable, driven, and committed in-
dividuals. They not only make the asso-
ciation accessible to local members but
also serve as advocates for their specific
regions. They play a vital role in providing
feedback to the board, staff, and myself,
enabling the IALD to think globally and
act locally.

Since the onset of the pandemic, there
has been a renewed emphasis within
IALD and similar organizations on en-
hancing collaborative efforts. We are
continuously seeking opportunities to
establish meaningful partnerships with
other organizations.

LED professional: At the conclusion
of our interview, could we ask for a
key takeaway? What advice would
you offer to both communities: the
lighting designers and the lighting
industry?

Mônica Luz LOBO: The lighting indus-
try and the field of lighting design have
consistently been leaders in embracing
change. This transformation is quicken-
ing in pace, presenting us with a chance
to demonstrate the fundamental impor-
tance of effective lighting in our con-

structed and natural surroundings. That
can only be achieved through collective
efforts and collaborative partnerships.

LED professional: It’s been a true priv-
ilege to have this conversation with
you. We sincerely wish you contin-
ued success in your presidency at the
IALD and all the best in both your pro-
fessional endeavors and personal life.
Thank you so much.

Mônica Luz LOBO: Thank you. !

Mônica Luz LOBO’s Awards

• 2000: Illumination Award of Excel-
lence for interior lighting design / Ed-
win F. Guth Memorial Award – Igreja
da Lapa dos Mercadores

• 2006: IALD Award of Merit and Illumi-
nation Award of Excellence for exte-
rior lighting / Paul Waterbury award –
Igreja de São Francisco de Assis da
Pampulha

• 2017: Illumination Award of Excel-
lence for interior lighting design / Ed-
win F. Guth Memorial Award – Museu
do Amanhã / Museum of Tomorrow

• 2017: Darc Awards Architectural –
Structures low budget and Darc of
Darcs – Guindastes do Pier Mauá /
Pier Mauá cranes

LDSTUDIO
Av. N. S. de Copacabana, 647 cob.03/04
22050-002 Copacabana RJ Brasil
+55 21 25072087
http://ldstudio.com.br
monica@ldstudio.com.br

For additional information please visit
https://iald.org

http://ldstudio.com.br/site/ld-studio/
mailto:monica@ldstudio.com.br
https://iald.org
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Zerlina Hughes, Creative Director
Studio ZNA, and the National
Portrait Gallery
Interviewed by Bronwen Rolls, The Doing Collective
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StudioZNA, founded by Zerlina Hughes,
is a London based practice that is
rooted in both collaborative working
and a deep and real understanding of
light and form. It is the dynamic nature
of light and its ability to inform light-
ing design that stimulates their design
process. The projects and experiences
that come out of StudioZNA have the
ability to touch people. They are a
force for connection. With pin-point
accuracy, detailed engineering and a
large helping of understanding the hu-
man need for story and connection,
the practice are the go-to designers
for those who wish to create spaces,
experiences and memories that not
only tell a story, but that also form a
bond between the content or moment
taking place, and those who are expe-
riencing it.

Maverick – Even Sublime

The influence of working in film lighting
and set lighting influences the moods and
moments StudioZNA create. Drama is
formed through storytelling; light is used
to take people on storytelling journeys of
discovery, learning and sometimes, self-
reflection, realization, and recovery. Zerlina
Hughes, the founder and creative, director
believes it also starts with the individuals’
need to care.

“To do a good job - you have to care.
It shows if you don’t care. We became
lighting designers because it is a sensory
medium. Yes, its hugely technical but its
hugely creative and maverick and even
subliminal at times. I think those are the
qualities that excite me. Yes, it all has to be
backed up with the technical and engineer-
ing and I enjoy that rigorous process also.”

Zerlina goes on to say,

“Whether it is working with rich content like
art or theatre, a commercial project, or a
retail space, it is so interesting what human
requirements must be considered; it has
to be emotive. We recently worked on a
project for a large company headquarters.
It was so interesting because we had to
factor in the new working patterns and
how to make people feel their best so they
could perform to the best of their abilities.
The emotion of lighting crosses over in all
our work.”

The World’s Greatest
Portrait Collection

In the heart of London, nestled between
the historical landmarks of Trafalgar Square
and Leicester Square, sits the National
Portrait Gallery, StudioZNA’s latest project.
This treasure trove of art boasts the world’s
greatest collection of portraits, spanning
over six centuries. The gallery closed in
March 2020 for the most extensive renova-
tion process in it 127-year history and this
included a totally new lighting concept.

Since opening again this summer there are
over 1,100 portraits on display and in ad-
dition to displaying many of the best-loved
and most familiar portraits, from Holbein’s
majestic drawing of Henry VIII to Sam Tay-
lor Johnson’s film of David Beckham sleep-
ing, the Gallery has also commissioned,

acquired, and borrowed new works to
present a wider selection of people and
stories.

To house these works all the Grade 1 listed
galleries have been beautifully refurbished
in a scheme created by interpretation de-
signers Nissen Richards Studio in collab-
oration with the Gallery’s curatorial team.
They welcomed StudioZNA to design and
deliver the complete lighting for all the gal-
leries and the retail space.

The Macro and Micro

When it came to the National Portrait
Gallery (NPG) it was a complete museum
and all galleries’ projects. A large under-
taking and a huge privilege. Every gallery,
every space that formed the visitor facing
displays had to be considered. The NPG
was a project for StudioZNA that went from
the very macro of the ambiance of the large
galleries to the micro work of spotlighting
the smallest details of unique artwork. But
where does one start with a multiple space
project?

“The variety of rooms and architecture had
to be navigated. There was a need to re-
spond to each individual space in terms
of its artistic content and its physical form
while also being aware of a large sense of
cohesion to the museum. We also deliv-
ered the retail space and the temporary
exhibition, which was a separate package
of work.”

Studio ZNA were brought on by long term
collaborators Nissen Richard Studio, who
were doing the interpretation and exhibition
design, and both teams worked closely
with the NPG team and the lead architect,
Jamie Fobert.



National Portrait Gallery. Photo Credit: McCartney

DESIGNZERLINA HUGHES AND THE NATIONAL PORTRAIT GALLERY! " #

Issue 100/Nov-Dec/2023 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design 29

“We always think holistically with the story-
telling journey. It comes naturally to me, as
I started in film and theatre, to tell the story
of space and content. It will always sit in
the forefront of my arc of the exhibition
and lighting thinking. Dr Nicholas Cullinan
the Director of the National Portrait Gallery
totally understood the role of light in ren-
dering the collection and the building to its
very best. There was real support.”

A Sustainable Concept

For a project of this scale there naturally
had to be a firm and deliverable sustain-
ability policy that underpinned all work on
the project. This is especially true when it
comes to the lighting infrastructure and this
point was key in the product decision mak-
ing process for the NPG and StudioZNA.

“To be able to curate spaces with the same
infrastructure in place, thanks to truly nu-
anced controls is a wonderful step in prod-
uct evolution. It is also a key part of a sus-
tainable projects delivery. Intelligent con-
trols in infrastructure that you can modulate
is something that we as a practice are ex-
ploring and the products that we know are

key for us to deliver a project of this scale
sustainability. Unless there is a thorough
sustainable policy behind a product, we
do not use it in a specification. We expect
a 20-to-25-year guarantee for parts as a
minimum. So, we do not throw away, we
offer legacy.”

A Journey of Contrasting
Light

Part of the NPG is a new entrance way
area. The visitor immediately encounters a
collection of busts from the classical period
through to today. There is a scale of one-
to-one dialogue being created between
the visitor and the art itself. This one-to-
one dialogue was the new theme of the
NPG and this experience, and how it is
supported through light, sets the mode and
the tone of the journey that is one of cross
period dialogue and intimacy with all the
portraits.

“From the entrance you travel up”, explains
Zerlina. “Once on the second floor, you
are into the Tudor period and we knew
this stepping through time was one that

had to be reflected in the design journey.
Deep tones, intimate spaces, a sense of
connection had to be created. It was to
be a jewelry box’, a portal into history. Due
to conservation regulations and to add a
sense of the dramatic we created this dim,
warm space to sit in contrast to the more
traditional gallery spaces. Miniature fixtures
were used, hidden from sight in a return.”

The journey from light to dark, and how the
eye needs to be given time and support
to adjust was choreographed carefully
into the concept and Zerlina and her team
worked to engineer a transition that was
seamless. There was also the challenge of
conservational lighting that did not reduce
or undermine the story being told in the
larger design concept.

“There are the traditional gallery rooms that
are top lit. However, inside the cruciform
of more traditional gallery spaces there
were also smaller spaces where studies
on paper, never displayed before, had to
be safely shown. To do this, a high level
of sunlight modulation was essential. We
wanted to deliver the highest level of con-
servation lighting as possible.”
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These little ‘pockets’ of content, displayed
separately from the main gallery spaces
were differentiated through the use of color
and through the lighting design.

“There are points where we wanted cer-
tain things to be highlighted, where a tone
changed, where a new time period or
theme was explored, where a new connect
to the work could be made. We utilized
accent lighting to make certain vistas and
wall colors pop. Dimmer light levels, color
rendering, modulated daylight, light posi-
tioning, and beam angles all had to be fac-
tored in to form these spaces as part of the
larger cohesive story. We have so many
years’ experiences in lighting exhibitions
that we can almost open up a collection
because we know what lighting is the very
best for conservation and user experience.”

When the journey continues through the
building the architecture shifts, and so,
too, does the role of light. More daylight
was brought in through the opening up of
windows and this resulted in a lot of onsite
testing.

National Portrait Gallery Blavatnik Wing. Photo
Credit: Jim Stephenson.

“This is something we did hand in hand
with our collaborators. When it came to
color, light and material we deliver solutions
as one team. We went through a whole
array of light stopping films combined with
scrims to reach a final light level that we all
felt best supported the overall vision of the
refurbishment, but never to the detriment of
such important artwork. The more delicate
work in these spaces sat under windows
and works such as oils, that can withstand
a light lux level, when placed on opposing
walls.”

Bringing Ambience to Paul
McCartney’s Photography

Alongside the central journey that was
created in the main galleries there were
also pockets of storytelling and experience
running alongside it. One of these areas
is the temporary exhibition space that, at
the time of the museum opening, includes
the photographic work of Beatle, Sir Paul
McCartney.

Photo Credit: McCartney

“We had to render each work beautifully,
but on top of that of that we went on to
create an ambient journey. Starting with
the works that document the monochrome
greys of Liverpool in the 1950s, a mono-
tonal feeling, we then see the work shifts to
Paris and Europe. To support this transition
in the work we brought in a subtle warmth
and broader washes of light, we created an
evening tonality. Finally, it is onto the tech-
nicolor of the USA where the exhibition,
and the lighting that supports the climax
in a finale of photographs taken in Miami.
Here we have gone for an almost sun-
drenched ambience so the floors have heat
and the walls wrap you up in the work.”

When you visit the NPG today it is a sen-
sory experience. You are taken by the hand
and led through time and space to dis-
cover and connect with all the faces por-
trayed – creating that one – to – one dy-
namic the museum wanted to achieve. The
lighting design implemented in the NPG
is an optimal museum concept because it
enhances the work, without ever placing it
at risk. It forms a part of the journey, while
simultaneously celebrating the work and its
space. !

Explore the complete portfolio at
www.studiozna.com.

Zerlina HUGHES, Founder and Creative
Director, StudioZNA

Zerlina Hughes studied at Goldsmith’s Col-
lege and the Bartlett School of Architec-
ture, UCL, and has over 25 year’s experi-
ence as a lighting designer in architecture,
theatre, opera, and film. Early in her career
she worked as an assistant to director Mike
Leigh on ‘Naked’, ‘Career Girls’ and ‘Se-
crets and Lies’. She was lighting design
consultant for Warner Bros’ ‘Batman Be-
gins’. Her theatre designs include projects
at the National Theatre, London’s West
End, New York Broadway, and Sydney
Opera House. In opera, she has worked
extensively in Europe, particularly in France,
Italy, Denmark, and Sweden, where she
won best lighting design award in 2003.
Zerlina formed her own award-winning
lighting design practice StudioZNA in 2006,
where she heads a small team of designers
specializing in exhibition, gallery, and archi-
tectural lighting.

The National Portrait Gallery (NPG) is an
art gallery in London that houses a collec-
tion of portraits of historically important and
famous British people. When it opened
in 1856, it was arguably the first national
public gallery in the world that was ded-
icated to portraits. The gallery moved in
1896 to its current site at St Martin’s Place,
off Trafalgar Square, and adjoining the Na-
tional Gallery. The National Portrait Gallery
also has regional outposts at Beningbrough
Hall in Yorkshire and Montacute House in
Somerset. It is unconnected to the Scot-
tish National Portrait Gallery in Edinburgh,
with which its remit overlaps. The gallery is
a non-departmental public body sponsored
by the Department for Culture, Media and
Sport.

www.npg.org.uk

https://www.studiozna.com/
https://www.npg.org.uk/
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Light is the major synchronizer of cir-
cadian rhythms to the local position
on Earth. Exposure to light at night
and insufficient exposure to light early
in the day has been linked with poor
sleep and a host of health and be-
havioral problems. Myeloma patients
spend two to three weeks inside their
hospital rooms during transplantation,
which can lead to circadian disruption
due to low light levels typically found
indoors. We performed a pilot study to
determine whether circadian-effective
light could promote entrainment in
myeloma patients. We hypothesized
that an increase in circadian entrain-
ment would lead to reduced cancer-
related fatigue, depression, and sleep
problems. Fifty-five participants were
randomly assigned to two lighting in-
terventions that used freestanding
luminaires to deliver either circadian-
effective light (n = 27) or circadian-
ineffective light (n = 28) throughout
the hospital room between 7am and
10am during every day of hospitaliza-
tion. Results showed an increase in
nocturnal melatonin levels and an im-
provement in sleep in those receiving
the circadian-effective (active) inter-
vention. The present results suggest
that light can be used to help myeloma
transplant patients maintain circadian
entrainment while hospitalized. Design
guidelines and implementation tips to
increase circadian stimulus in hospital
rooms are also discussed.

This article was originally published in the
Academy Journal No. 22 (AIA Academy of
Architecture for Health [AAH]).

Introduction to Circadian
Rhythms

The 24-hour pattern of light and dark that
accompanies Earth’s axial rotation regu-
lates the physiology and behavior of al-
most every living thing on the planet. For
humans, light reaching the retinas is the
primary exogenous (external) cue that syn-
chronizes or entrains the body’s endoge-
nous (internal) master biological clock and
thus our circadian rhythms to the solar day,
essentially telling our bodies to do the right
thing at the right time. Other secondary
exogenous cues include social activity
(Salgado-Delgado, Tapia Osorio, Saderi,
& Escobar, 2011), meal times (Wehrens
et al., 2017), and physical activity (Moreno
et al., 2019), among others. Sleeping and
waking, feeding and fasting, the regulation
of core body temperature, blood pres-
sure, and the secretion of hormones are
just a few examples of circadian rhythms.
The term “circadian,” coined by biologist
Franz Halberg (1959), is a blended word
derived from the Latin circa (“about”) and
dies (“day”).

Because the human circadian system free-
runs at an average period of about 24.2
hours—slightly longer than the solar day—
a daily cue of light and dark is required to
advance the circadian system by about
10–15 minutes, thereby continually reset-
ting the master biological clock to main-
tain circadian entrainment (Czeisler et al.,
1981).

But what light gives, light can also take
away. Exposure to light at the wrong time,
or not receiving enough light at the right
time, has become increasingly common
since the advent of electric lighting over a
century ago. Exposure to light at night, and
even a complete reversal of the day-night
pattern in the case of night-shift workers,
are now facts of life in our 24-hour society.

But exposure to light at night and insuffi-
cient exposure to light early in the day has
been linked with poor sleep and a host
of health and behavioral problems. Long-
term disruption of the daily cycle of light
and dark can lead to chronic disruption
of the circadian system, which has been
associated with metabolic dysregulation
(leading to weight gain, obesity, and type
2 diabetes) (Depner, Stothard, & Wright,
2014), certain forms of cancer (Samuels-
son, Bovbjerg, Roecklein, & Hall, 2018),
depression (Germain & Kupfer, 2008), and
other maladies (Abbott, Malkani, & Zee,
2018).

Lighting Characteristics
Affecting the Circadian
Clock

Four characteristics of light and light ex-
posures play crucial roles in the circadian
system’s response.

1. The amount or level of light received at
the eyes: “Is it bright or dim?”
Early circadian research in animal (Sharma
& Daan, 2002; Takahashi, DeCoursey,
Bauman, & Menaker, 1984) and human
(Boivin, Duffy, Kronauer, & Czeisler, 1994,
1996) models found that varying light levels
at the eyes differentially affect the night-
time suppression of the hormone melatonin
(the release of which prepares the body
for sleep) and zeitgeber time (i.e., either
advancing or delaying the timing of the
circadian system’s 24-hour cycle). The
greater the amount of light, the greater the
melatonin suppression and the greater the
advance/delay in zeitgeber time.

2. The spectral properties of the light ex-
perienced: “Is it warm (reddish) or cool
(bluish)?”
Because it has a peak spectral sensitivity
that occurs around 460 nm (Brainard et al.,
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2001; Thapan, Arendt, & Skene, 2001),
the human circadian system is maximally
sensitive to short-wavelength (“bluish”) light
(e.g., 465–475 nm), which in turn is maxi-
mally effective for stimulating the circadian
system. For the same photopic light level,
a light source emitting short-wavelength
light content will be more effective for ac-
tivating the master biological clock than a
light source emitting more long-wavelength
(“reddish”) light. Because light of all wave-
lengths evokes an alerting response at any
time of day or night, long-wavelength light
is especially useful for promoting alertness
during the afternoon and evening without
disrupting the circadian system (Figueiro,
Bierman, Plitnick, & Rea, 2009; Plitnick,
Figueiro, Wood, & Rea, 2010).

3. The timing and duration of light expo-
sures: “When, and for how long, was I
exposed to light?”
Humans are more sensitive to light stimulus
during the evening hours, at night, and in
the early morning compared to the mid-
dle of the day (Figueiro, 2017; Jewett et
al., 1997). Experiencing high levels of light
later in the day and in the evening will delay
the timing of the master biological clock,
causing us to fall asleep later than our
usual bedtime and leading us to sleep in
or feel tired on waking the next day. Con-
versely, experiencing high levels of short-
wavelength light early in the morning will
advance the timing of the master biologi-
cal clock, causing us to fall asleep earlier
and wake up earlier the next day. Morning
light will also reset the master biological
clock, helping to entrain our circadian sys-
tem to the solar day. Again, because the
circadian system free-runs at a period that
is generally longer than the 24-hour solar
day, we need light early in the day to main-
tain regular bedtimes. Longer exposure
durations are also more effective at sup-
pressing melatonin (Nagare, Rea, Plitnick,
& Figueiro, 2019).

4. A person’s history of light exposures:
“How much light have I received over the
past 24 hours?”
While it is well accepted that exposure to
higher light levels results in greater mela-
tonin suppression at night, research also
shows that a one-day light exposure of
200 lx suppresses melatonin to a greater
degree when it is preceded by three days
of dim light (< 1 lx) compared to three days
of the same 200 lx source (Smith, Schoen,
& Czeisler, 2004). While the visual system’s
response to light is virtually instantaneous,
the circadian system’s response to light
is cumulative (Figueiro, Nagare, & Price,
2018).

When appropriately specified according to
these four characteristics, light exposures
can be tailored to remedy symptoms of
seasonal affective disorder (Golden et al.,
2005), increase sleep efficiency in older
adults (including those with Alzheimer’s
disease) (Fetveit, Skjerve, & Bjorvatn,
2003; Figueiro et al., 2014; Van Someren,
Kessler, Mirmiran, & Swaab, 1997); pro-
mote circadian rhythmicity in premature
infants (Rivkees, 2003); increase alertness
at all times of day and night (Badia, My-
ers, Boecker, Culpepper, & Harsh, 1991;
Cajochen et al., 2005; Cajochen, Zeitzer,
Czeisler, & Dijk, 2000); and improve alert-
ness and selected measures of perfor-
mance (Sahin & Figueiro, 2013; Sahin,
Wood, Plitnick, & Figueiro, 2014).

Light and Myeloma
Transplant Patients

Multiple myeloma (MM) patients undergo-
ing autologous stem cell transplantation
(ASCT) experience clinically significant neg-
ative sequelae that affect prognosis and
survival as well as quality of life. These se-
quelae include increases in production of
inflammatory cytokines, higher rates of
neutropenic fever, and higher symptom
burden (e.g., depression, pain). These
symptoms are associated with circadian
rhythm disruption (CRD), a disruption in
naturally occurring 24-hour cycles of hor-
mone secretion, temperature, and rest-
activity. CRD increases production of pro-
inflammatory cytokines, causing a cascade
of negative side effects, including higher
symptom burden and increased risk of
neutropenic fever. CRD has been associ-
ated with decreased prognosis and sur-
vival.

To address these concerns, we performed
a pilot research study to determine whether
circadian-effective light could promote en-
trainment (as measured by an increase in
nighttime melatonin levels) in MM patients.
For the purpose of this contribution, we
limited our focus on the range of negative
sequelae experienced by patients under-
going ASCT, and we hypothesized that an
increase in circadian entrainment would
lead to reductions in cancer-related fatigue,
depression, and sleep problems among
MM patients, both during and after ASCT
hospitalization.

Methods and Materials

Tailored Lighting Intervention
Fifty-five participants were randomly as-
signed to two lighting interventions deliver-
ing either circadian-effective light (n = 27)

or circadian-ineffective light (n = 28)
throughout the participants’ rooms from
7–10am daily during hospitalization. The
circadian-effective light stimulus was spec-
ified following the Rea et al. model (Rea,
Figueiro, Bullough, & Bierman, 2005). Fol-
lowing the model, the measured spectral
irradiance at the cornea is first converted
into circadian light (CLA), which reflects
the spectral sensitivity of the circadian sys-
tem. CLA is then transformed into a circa-
dian stimulus (CS) value, which reflects the
absolute sensitivity of the circadian system.
Thus, CS is a measure of the effectiveness
of the retinal light for stimulating the human
circadian system, as measured by acute
melatonin suppression, from threshold
(CS = 0.1, or 10% melatonin suppression)
to saturation (CS = 0.7, or 70% melatonin
suppression). It is important to note that,
strictly speaking, CLA and CS character-
ize the spectral and absolute sensitivities of
light-induced nocturnal melatonin suppres-
sion as regulated by the master biological
clock. It is assumed, however, that CLA

and CS characterize the spectral and ab-
solute sensitivities of the entire human cir-
cadian system because the biological clock
plays a key role in regulating a wide variety
of daily bodily functions, such as hormone
production and sleep. For the purpose of
the present study, it was assumed that the
spectral and absolute sensitivities of noc-
turnal melatonin suppression are similar to
those controlling light-induced changes of
circadian timing and circadian entrainment.

Acuity Brands developed an experimental
freestanding luminaire that used 3000K,
ambient “warm white” light to deliver either
a CS of 0.3 for the circadian-effective (“ac-
tive”) bright white light (BWL) intervention
(approximately 1000 lx at the participants’
eye level) or a CS of 0.1 for the compari-
son (“inactive”) dim white light (DWL) inter-
vention (approximately < 50 lx at the partic-
ipants’ eye level). A warm light source was
chosen for both interventions to make the
space appear less institutional and more
residential.

The interventions used ambient lighting to
illuminate the entire room (Figure 1), rather
than a light box, to reduce patient burden
and promote compliance. The luminaires
remained in the patients’ hospital rooms
for the duration of the study. They were
pre-programmed to deliver the respective
lighting interventions and turn on every
morning from 7am to 10am. To ensure that
the lighting intervention was successful,
Daysimeters (Figueiro, Hamner, Bierman, &
Rea, 2013), a type of light meter calibrated
to measure CS, were placed behind the
patient’s bed and on the luminaire. The
participants wore a third Daysimeter as



Figure 3: Sleep time in minutes at baseline (before hospitalization), day 2 after transplant, day 7 after
transplant, and day 3 of engraftment (generally the day before discharge from the hospital). Sleep time
decreased in those exposed to the DWL (inactive) intervention, while it increased in those exposed to the
BWL (active) intervention.

Figure 4: Mean-corrected 6-SMT levels, which increased in those receiving the BWL (active) intervention
and decreased in those receiving the DWL (inactive) intervention. (The error bars represent standard
deviation.)
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a pendant during waking hours for their
entire hospital stay. Figure 2 shows that,
as hypothesized, those in the BWL inter-
vention received significantly (p < 0.001)
higher CS values than those in the DWL
intervention.

Figure 1: The experimental luminaire used to
deliver the BWL (active) and DWL (inactive) inter-
ventions in participants’ rooms.

Figure 2: Mean CS values recorded by the bed
Daysimeter when the lighting was programmed
to be energized (7–10am). (The error bars repre-
sent standard deviation).

Outcome Measures
Outcome measures were assessed prior
to hospitalization (baseline), on days 2 and
7 post-transplant, and on day 3 of en-
graftment (i.e., when the body accepts the
transplanted stem cells). Day 3 of engraft-
ment is usually the day before discharge
from the hospital. We collected 24-hour
actigraphy data to obtain objective mea-
sures of sleep; nighttime urine to obtain
6-sulfatoxymelatonin (6-SMT), a melatonin
metabolite; and questionnaire data on par-
ticipants’ depression and cancer-related
fatigue. Only those outcomes that yielded
statistically significant (or nearly significant)
results from the lighting interventions are
reported below, thus excluding the partici-
pants’ statistically nonsignificant subjective
assessments of depression and cancer-
related fatigue.

Results

Sleep
At baseline, the participants in the BWL
(active) intervention reported shorter (but
statistically nonsignificant) sleep time than
those in the DWL (inactive) intervention.
The sleep time of those in the BWL (active)
intervention steadily lengthened over the
course of the study, however, while the
sleep time of participants in the DWL (in-
active) intervention plateaued from days 2
through 7 and actually decreased by day
3 of engraftment compared to baseline.
This was reflected in a nearly significant
(F4,120 = 2.31; p = 0.063) lighting in-
tervention × assessment time (baseline vs.
day 3 of engraftment) interaction for sleep
time (Figure 3). Overall, sleep time de-
creased through time in participants who
received the DWL (inactive) intervention,
while it increased in those who received the
BWL (active) intervention.

Creatinine-corrected Urinary
Melatonin-sulfate
(6-sulfatoxymelatonin, 6-SMT)
There was a steep decline in 6-SMT levels
for patients in the DWL (inactive) interven-
tion, while 6-SMT levels for participants in
the BWL (active) intervention were slightly
higher, suggesting that the latter inter-
vention maintained circadian entrainment
during hospitalization. Due to the small
sample size, the lighting intervention × as-
sessment time interaction for 6-SMT levels
approached significance (F1,47 = 3.92;
p = 0.054) but was not adequately pow-
ered to reach significance at the 0.05 level
(Figure 4).

The difference between baseline and inter-
vention was significantly greater (p < 0.05)
after exposure to the BWL (active) inter-
vention than after exposure to the DWL
(inactive) intervention.
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Discussion

The results reported here suggest that
implementing a robust light-dark pattern
in hospital rooms can promote circadian
entrainment and improve sleep in MM pa-
tients. Given that improved sleep has been
linked to a series of health benefits, the ac-
tive lighting intervention employed in this
study could be an important first step in
improving patient health, especially among
patients who are hospitalized for extended
stays, such as those receiving ASCT or
those being treated for stroke or traumatic
brain injury in rehabilitation units.

Although it was not confirmed by the
present study, providing ambient circadian-
effective light in hospital rooms has been
shown to reduce symptoms resulting from
disruption of the circadian system that are
commonly experienced by hospitalized
and survivor cancer patients, including
cancer-related fatigue (Ancoli-Israel et al.,
2012; Johnson et al., 2018; Redd et al.,
2014) and depression (Desautels, Savard,
Ivers, Savard, & Caplette-Gingras, 2018;
Sun et al., 2014). Previous studies have
also shown that bright white light delivered
by light box (Litebook) reduced cancer-
related fatigue and improved sleep effi-
ciency among cancer survivors following
completion of their treatment and release
from the hospital (Wu et al., 2018).

These results should be interpreted in the
context of a few important study limita-
tions. Perhaps most importantly, the study
is preliminary and was conducted with
a small sample size. In our preliminary
data, we observed a marginally signifi-
cant (p = 0.059) lighting intervention
× assessment time interaction for mela-
tonin. The effect size for this interaction is
f2 = 0.09, which is midway between a
“small” and “moderate” effect size using
the Cohen (1988) characterization. More-
over, since the results do not include post-
hospitalization assessments, it is not yet
known whether circadian-effective light
delivered during hospitalization affects
cancer treatment symptoms during the
post-transplant period. Larger clinical trials
measuring immune function biomarkers
should be performed to extend these pre-
liminary results.

While we are still learning about the bene-
fits of lighting design for the circadian sys-
tem, the present research and the work of
others in the field clearly show that avoiding
disturbance from light at night and creating
a robust light-dark pattern can stimulate
the circadian system, promote daytime
alertness, and yield benefits for health and
well-being. Despite the study’s limitations,

our findings nonetheless demonstrate that
this easy-to-deliver, low-cost intervention
improves sleep and circadian entrainment
among MM bone marrow transplant pa-
tients during hospitalization.

Implementation Tips

A patient’s stay in the hospital can range
from a day to a few months. No matter the
duration, lighting in a patient’s room can
positively impact the patient’s psychologi-
cal and physiological recovery. In addition
to providing good visibility, low glare, and
good color rendering, lighting for patient
rooms should be designed to promote cir-
cadian entrainment by delivering high CS
during the day and low CS in the evening
to increase patients’ sleep times and im-
prove their sleep quality.

Circadian-effective lighting for
designers and manufacturers
Circadian-effective lighting to promote cir-
cadian entrainment requires designers to
create a CS schedule that, at a minimum,
delivers a pattern of bright light during the
day and dim light in the evening. Although
not necessarily required, the CS sched-
ule can mimic the spectral properties and
illuminance levels that are provided by the
daily solar cycle. As indicated in the UL De-
sign Guidelines (Underwriters Laboratories
Inc., 2019), the circadian-effective light-
ing design process includes six essential
steps:

• Step 1: Establish a circadian-effective
lighting design criterion (e.g., CS = 0.3).

• Step 2: Select a luminaire type (e.g.,
direct/indirect).

• Step 3: Select a light source (e.g., 3000K
LED).

• Step 4: Perform photometrically realistic
software (e.g., AGi32) calculations for
the building space.

• Step 5: Calculate CS from the vertical il-
luminance (measured at the eye) and the
light source’s spectral power distribution
(SPD). cscalc.light-health.org

• Step 6: Determine whether the lighting
system meets the circadian-effective
lighting design criterion; repeat steps 2–
6 if necessary.

The space’s occupants are the most im-
portant considerations in circadian-effective
lighting design and the establishment of
a design criterion CS for step 1. One im-
portant thing to consider is the occupants’
ages. Age-related changes to the eye can
render CS prescriptions for elementary
school students inappropriate for office
workers or seniors in eldercare environ-
ments. It is also very important to take into

account where, when, and how the oc-
cupants use the space. Because hospital
beds can be angled to position patients
upright (viewing the wall and windows) or
fully reclined (viewing the ceiling), room
lighting should accommodate both patient
orientations. It is thus very important that
lighting systems can provide appropriate
CS levels without glare of direct views of
luminaires in both positions. When spec-
ifying CS for patient rooms, it is recom-
mended that illuminance be measured at
the patients’ eyes while sitting up at a 45°
tilt and while laying down looking straight
up at the ceiling (Figure 5). Establishing
these parameters helps designers deter-
mine appropriate CS exposures and the
timing of their delivery.

Figure 5: Light measurements in hospital rooms
may need to be taken at 45° or 90° (horizontal)
to account for patients’ orientation(s) in bed.

As shown in Figure 6, several major light-
ing characteristics that are encompassed
by design steps 2 and 3 contribute to how
well the system can deliver the criterion
CS:

• The light source’s spectral power dis-
tribution (SPD), which represents the
radiant power emitted by a light source
as a function of wavelength, is crucial for
circadian lighting design. Higher short-
wavelength content generally delivers
greater CS values for the same amount
of photopic (lux) light at the eye.

• Vertical illuminance levels, or light at the
occupants’ eyes.

• The light source’s intensity distribution,
whether from a single luminaire or mul-
tiple luminaires, will determine how the
light is distributed into the room and ulti-
mately to the eye and work plane.

https://cscalc.light-health.org/


Figure 6: Summary of considerations that designers and manufacturers need to account for when
designing lighting for the circadian system.
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• Duration of exposure plays an impor-
tant role in how the circadian system re-
sponds to a given light source. It should
be noted that CS > 0.3 is based on a
1-hour exposure.

Once the fundamentals of occupant(s) and
lighting characteristics are taken into ac-
count, the lighting design can be extended
to incorporate information about the room
to accomplish the aims of step 4. Lighting
design software and manufacturers’ pub-
lished photometric data files (IES, or *.ies)
are especially valuable tools for step 5, as
they permit simulated predictions of lumi-
naire performance, CS delivery, lighting
power density (LPD), and energy usage.

Finally, when you reach step 6, it is impor-
tant to avoid viewing the design process
as a hard-and-fast series of steps that
inevitably lead to the desired outcome.
Successful designs actually grow from a
dynamic interchange between architects,
lighting designers, and manufacturers, all
of whom fit together as important pieces
of the puzzle. And like all designs, several
iterations may be required, with input from
all of these actors, to achieve optimal CS
performance. If your design does not meet
the criterion CS, try altering one of the
components from the diagram in Figure 6.
Keep in mind that the design must meet all
visual criteria established by organizations
such as the Illuminating Engineering Soci-
ety.

Putting it all Together
The varied intricacy and difficulty of visual
tasks performed in patient rooms also call
for varying lighting specifications. Gener-
ally, the higher the light level, the faster the
visual system can convert optical stimuli
into usable information (Chan et al., 2012).
For tasks involving objects that are very
small or have low contrast with their envi-
ronment, high horizontal illuminance (mea-
sured on the workplane) levels (> 1000 lx)
are required. For tasks involving larger ob-
jects or those that have suitable contrast
with the environment, where increased light
levels provide diminishing returns, low-level
ambient lighting (100–200 lx) is acceptable
(Chan et al., 2012).

Glare caused by electric lighting, daylight,
reflective surfaces, and other sources can
be avoided by selecting the appropriate
luminaires and making interior design
changes within the space. Indirect light
sources can be used to avoid glare while
still meeting visual and circadian require-
ments, and other sources of glare can be
reduced or eliminated by selecting nonre-
flective finishes for surfaces, altering win-
dow locations, and using window blinds.

Finally, color rendering is another impor-
tant consideration for luminaire selection,
as accurate color perception is crucial for
caregivers’ patient diagnoses.

Patient room lighting that provides a robust
24-hour light-dark pattern can have pro-
found positive effects on patient recovery.
Lighting for patient rooms should be de-
signed to promote circadian entrainment,
providing high CS during the day and low
CS in the evening, in order to increase pa-
tients’ sleep times and improve their sleep
quality. Nighttime lighting should be con-

ducive to patient sleep while also accom-
modating visiting families and permitting
caregivers to perform their tasks. Circadian
lighting schemes have been shown to be
effective for improving sleep in hospital ICU
patients (Engwall, Fridh, Johansson, Berg-
bom, & Lindahl, 2015).

Due to the nature of the population, their
temporary removal from the familiar sur-
roundings of home, and the dynamic na-
ture of the hospital environment, circa-
dian rhythm disruption is not uncommon
among hospital patients. The patient’s



Figure 7: Simulations of hospital room lighting delivering high CS in the morning (left), medium CS in the
afternoon (middle), and low CS in the evening (right).
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health conditions (e.g., psychiatric and
neurodegenerative diseases) can also lead
to circadian rhythm disruption, as can criti-
cal illness generally (Oldham, Lee, & Desan,
2016). Environmental influences such as
ambient lighting in patient rooms can also
disrupt the circadian system. A study con-
ducted in three intensive care units found
that patients typically sleep for only about
6 hours over a given 24-hour period, with
only half of that sleep time occurring at
night (Gabor et al., 2003). Improving and
increasing nighttime sleep by promoting
entrainment of a patient’s circadian rhythm
to a robust light-dark cycle can lead to im-
proved health outcomes (Engwall et al.,
2015).

The recommended lighting pattern (Table 1
and Figure 7) for patients over the course
of the day begins with a CS of 0.3 in the
morning for at least 3 hours, drops to a
CS of 0.2 for the midafternoon, and then
drops once again to a CS of 0.1 in the late
afternoon through the evening until bed-
time. After bedtime, room lighting should
be turned off, and nightlights should be
added to permit safe navigation.

Time of Day CS
7–10am 0.3
10–11am 0.3 → 0.2
11am–4pm 0.2
4–5pm 0.2 → 0.1
5pm–end of day 0.1

Table 1: CS Values by Time of Day.

This schedule can be accomplished using
lighting designs that employ either static or
tunable CCT systems. !
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While 50% of sunlight consists of in-
visible near-infrared light, the sys-
temic health effects of light in this
spectral window have long been over-
looked. As a large part of the popu-
lation spends their life indoors or is
otherwise deprived of natural near-
infrared light, there is a big opportunity
to bring this light into the built environ-
ment and make a positive impact on
the lives of many people. A recently
published clinical study has shed light
on the dose requirements to achieve
significant health benefits for generally
healthy people. These health bene-
fits can be achieved effortlessly when
state-of-the-art high-power infrared
emitters are integrated in devices that
surround us for hours every day, like
display devices. With a clever design,
health and well-being benefits can
be delivered in 2-3h with an average
power draw of only 4W.

Introduction

Human beings evolved over thousands of
years, outdoors, in natural sunlight. This
is a big contrast to how we live our lives
today: most of us spend 90% of our time
indoors [1], exposed to electrical lighting.
Figure 1 illustrates how different the solar
spectrum is from the spectrum of general
indoor illumination. It is only fairly recently
that the scientific community started to
understand how exposure to low visible
light intensities and spectral differences
within the visible spectral window affect
circadian rhythms and, consequently, our
health and well-being [2]. While the lighting
community and chrono biologists debate
on the right metrics for healthy, circadian,
or human-centric illumination, a major part
of the solar spectrum that is lacking in our
indoor environments is being overlooked;
the near-infrared (Figure 1).

Near-infrared light is not part of the emis-
sion spectrum of white LEDs, and also

modern window glazing blocks it to im-
prove the insulation of buildings [3], which
means that many people don’t experience
near-infrared light in their normal daily rou-
tine.

Invisible near-infrared light induces a bio-
logical effect called photobiomodulation,
a phenomenon first described by prof.
Mester in 1965 [4]. The working mecha-
nism of photobiomodulation relies on acti-
vation of mitochondria. These parts of our
cells form the fundament of our metabolism
and produce ATP, the main source of en-
ergy for our body, and other molecules like
NO and ROS, each with their own down-
stream (positive) effects. While the (wave-
length dependent) mechanisms of action
are still being researched on the cellular
level, photobiomodulation has been shown
an effective treatment for all kinds of con-
ditions, e.g., accelerated wound healing
[5], mitigation of diabetes type II symptoms
[6–10], improved brain function [11–16],
reduction of depression [17–21], and pro-
motion of eye-health [22–26]. In addition,
several wellness or beauty devices have
entered the market, claiming a plethora
of often unsupported benefits if users are
willing to spend enough money (on selling
price and energy consumption) and time
(generally 30 min daily with constricted mo-
bility) on their treatments.

While the vast body of evidence on the
effectiveness of photobiomodulation on
medical conditions is convincing and ever
growing, the potential positive effects of
near-infrared light on the health and well-
being of generally healthy people were,
for a long time, undetermined. Moreover,
most studies and devices are based on the
principle of direct irradiation of the treat-
ment area, while the combination of deep
skin penetration of near-infrared light and
the production of vasodilating NO could
hint towards potential systemic effects re-
sulting from enhanced transportation of
molecules through the body. To investigate
and quantify the positive effects of photo-

biomodulation on healthy people, to de-
termine the minimum dose of near-infrared
light to achieve these effects, and to prove
the systemic nature of photobiomodulation,
a clinical study was executed. All experi-
mental details and results of this study are
published in a paper by Gimenez et al. in
the scientific journal Biology [27]. Below
we discuss the main findings and conclu-
sions, put these in perspective of natural
near-infrared light from the sun, and show
how these findings can be implemented in
a new generation of photobiomodulation
devices that can be seamlessly integrated
into daily life.

Clinical Study

In a clinical study, executed by research
organization Chrono@work and the Uni-
versity of Groningen, four different doses
(0 J/cm2, 1 J/cm2, 4 J/cm2, and 6.5 J/cm2)
of near-infrared light (850 nm) were tested
in two seasons (summer and winter), on
56 healthy participants. These participants
used a special desk lamp (Figure 2) with
a photobiomodulation module attached to
the lamp pole for 4 weeks, 5 days/week,
3h/day at home or in their office.

Subjective and objective effects were mea-
sured on short term (1st and 2nd day)
and long term (2 weeks and 4 weeks) in
three main effect categories: well-being,
health, and sleep. For each of these cat-
egories the composite score was tested
for significance, and if significance was
obtained (α < 0.05) the underlaying pa-
rameters were individually analyzed. As
this was an at-home study during the
COVID pandemic, several control mea-
sures were taken to provide information
on the environment of the participants and
compliance: the photobiomodulation mod-
ule automatically switched on and off at
pre-determined times, so no user inter-
vention was needed. A distance sensor
in the module measured the distance at
which the participant was sitting, and the



Figure 1: Comparison of the solar spectrum (yellow), with the spectrum of a warm white LED (white), the
latter emits only in the visible part of the spectrum. Half of the light coming from the sun falls within the
near-infrared spectral window (red).
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near-infrared light intensity was adjusted
accordingly, to make sure the right irradi-
ance (and thus dose) was delivered at all
times. The distance value was saved in
a log file, so the researchers could verify
compliance (presence) of the participants.

Figure 2: Ikea desk lamp with the square
photobiomodulation-module attached to the
pole of the lamp.

An ambient light sensor at the back of the
module made it possible to check the visi-
ble light exposure of all participants during
the photobiomodulation intervention, which
showed no significant differences. Tem-
perature sensors (worn on both exposed
and non-exposed body parts) proved no
temperature effects of the near-infrared ex-
posure. Lastly, vitamin D levels in the blood
of the participants showed a significant
difference in natural sunlight exposure be-
tween seasons: in the summer an increase
in vitamin D concentration was measured
over the course of the study, while there
was no increase in the winter (in all dose

groups). In addition to these control mea-
sures, also low-intensity visible red LEDs
were added to the photobiomodulation
module, to make sure that all dose groups
would have the same visual experience of
a working module (i.e., this includes the
0 J/cm2 dose placebo group).

The first outcome measure discussed is
well-being, a subjective, yet important
measure as happy people are gener-
ally healthier and more productive [28].
Figure 3A shows the composite score for
well-being, with a division in seasons, for
each dose group. The values represent a
change of well-being (average score after
2 and 4 weeks) compared to the base-
line value of the participants and a higher
score is better. A significant improvement
in well-being is measured for the 6.5 J/cm2

group compared to placebo in winter. In
summer, there is no significant difference
in well-being between the dose groups.
The overall difference between winter and
summer is significant too: in summer all the
participants were scoring better on well-
being than in winter. Figure 3B-F shows
the results of the underlaying parameters
for the well-being composite score. From
this analysis it is clear that the scores on
drowsiness and mood have the strongest
contribution to the composite score, as
these show significant improvements too.
In winter, participants in the 6.5 J/cm2 feel
less drowsy during the day compared to
the placebo group, while in summer there
is no difference between the dose groups,
but all participants feel less drowsy during

the day compared to winter (Figure 3C).
Participants show a strongly improved
mood in the 6.5 J/cm2 group in winter
compared to placebo, while in summer
there is a slight decrease in mood for the
4 J/cm2 group compared to placebo.
There is also a significant overall differ-
ence between the seasons, as in summer
all participants have a better mood than
in winter (Figure 3D). Both parameters,
mood and drowsiness, showed significant
improvement already in the short term (i.e.,
1st and 2nd day).

The next composite score is health, which
is built up from objective parameters.
Figure 4A shows the change of health
(average score after 2 and 4 weeks) com-
pared to the baseline value of the par-
ticipants and a higher score is better. A
distinction between the two seasons is
made, and a clear improvement in health
for the 6.5 J/cm2 dose group compared to
placebo is observed in winter. In summer,
there is no significant effect. Figure 4B-E
shows the individual parameters contribut-
ing to the health composite score, with in
B and C the plasma (i.e., circulating) con-
centrations of inflammatory cytokines IFN-γ
and TNF-α, respectively. These cytokines
are part of our immune system and have a
role in fighting pathogens or other invaders.
However, in healthy people circulating con-
centrations of these molecules should be
low, as high concentrations can cause au-
toimmune disease [29–31]. Figure 4B
shows a strong decrease in IFN-γ con-
centration in the 6.4 J/cm2 group in winter
compared to placebo, and no effect in
summer. The TNF-α results in Figure 4C
were not significant, until the BMI of the
participants was considered in the statis-
tical model. This resulted in a significant
decrease of TNF-α concentrations in the
6.5 J/cm2 groups in both winter and sum-
mer. Additionally, there is an interaction
effect between BMI and TNF-α concentra-
tions, indicating that a higher BMI hinders
to some extent the TNF-α reduction. This
effect could be explained by the different
metabolism of obese fat cells, producing
5-10x as much TNF-α mRNA compared
to lean fat cells [32]. Figure 4E shows a
significant reduction in resting heart rate in
the 6.5 J/cm2 winter group compared to
the placebo group. Resting heart rate is an
indicator for physical health and a strong
dose-response relation has been reported
for resting heart rate and the risk for a vari-
ety of serious diseases [33]. The decrease
in resting heart rate reported here, is thus
a clear sign of improved health. Moreover,
the decrease in resting heart rate is an im-
mediate effect, a significant reduction was
already observed in the short term, and on
days without exposure (e.g., the weekend



Figure 3: Results of photobiomodulation on the well-being of healthy participants. A. Shows the well-being composite score, B-F show the individual components of
the composite score. Significant codes: *** p < 0.001, ** p < 0.01 * p < 0.05, # p < 0.1, ns: not significant.

Figure 4: Results of photobiomodulation on the health of healthy participants. A. Shows the health composite score, B-E show the individual components of the
composite score. Significant codes: ** p < 0.01 * p < 0.05, # p < 0.1, ns: not significant.
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in this study), the resting heart rate re-
mained at the lower level.

The final composite score determined is for
the category sleep and shown in Figure 5.
No significant effects were measured for
this composite score, and no significant
difference is observed between the sea-
sons.

Figure 5: Results of photobiomodulation on the
sleep of healthy participants. No significant differ-
ences were found.

Thus, concluding on the clinical study re-
sults, generally healthy people benefit from
near-infrared (∼850 nm) light exposure
with improved physical health (immune
system parameters and resting heart rate)
and well-being (mood and drowsiness)
when exposure to natural near-infrared light
from the sun is low (i.e., in winter months).
Several of these parameters were already
positively affected on the first day(s) of ex-
posure.

Natural Near-infrared Light

The seasonal variation observed in the clin-
ical study sparked interest in the seasonal
variation of sunlight and the sun’s near-
infrared irradiance compared to the (peak)
irradiance used in the study (5mW/cm2).
(Peak) irradiance is important, and not only
the (cumulative) dose in J, as it was shown
that in order to induce a photobiomodula-
tion effect, an irradiance threshold should
be overcome [34]. The exact height of
this threshold depends on tissue, wave-
length used, and effect monitored. The
implications of an irradiance threshold can
be further illustrated by a literature based
example: for 633 nm light, the threshold
for an increased DNA synthesis rate was
established to be ∼0.5mW/cm2 for HeLa
cells [34]. In real life conditions, light first
needs to penetrate the skin before reach-
ing active cells. Based on Mignon et al.,
the relative photon density of 655 nm light
1mm in the skin dropped by 70% [35].
This means, that one would need an irra-
diance of 1.6mW/cm2 at the skin surface,
to reach the threshold of 0.5mW/cm2 at
1mm depth. From the study by Gimenez
et al. [27] it is clear that systemic health

effects can be induced with a 5mW/cm2

peak irradiance on the skin for 850 nm
light.

Figure 6 shows the integrated irradiance
from the sun at different times during the
day in summer and winter and on a clear
and on a cloudy day in the 800–900 nm
spectral window in the Netherlands, based
on data published by Van Sark [36]. For
reference, additionally, the irradiance of
an incandescent bulb in the 800–900 nm
and 600–1200 nm spectral windows is
included, based on a 500 lux illumina-
tion level. On cloudy days the solar near-
infrared intensities are much lower than the
clinically tested peak irradiance, and also
an incandescent bulb delivers much lower
intensities. Another relevant parameter
when discussing the real-life applicability
of an electrical source of photobiomodula-
tion compared to sunlight, is the chance for
clear or cloudy days. In the Netherlands,
i.e. northern Europe, the usual percent-
age of daylight hours with sunshine is only
38% [37]. Yet not all daylight hours with
sunshine will reach sufficient near-infrared
light intensities, as is clear from Figure 6.
Apart from geographical regions with little
sunshine, there are also very sunny regions
where people tend to stay indoors or cover
themselves with clothes to protect them-
selves from either freezing cold or too hot
outdoor conditions, and as such won’t
benefit from photobiomodulation effects
since their skin is not exposed. Moreover,
there are regions where people have other
reasons to stay indoors, for example, se-
vere air pollution. These examples further
emphasize the opportunity to make a pos-
itive impact on health and well-being of
people with an energy efficient way of de-
livering near-infrared light indoors.

Figure 6: Seasonal, weather, and time-of-day
dependent variation in near-infrared irradiance
levels in the Netherlands in the 800-900 nm
spectral window. The figure also shows the
irradiance in the near-infrared spectral window
from an incandescent light source at a 500 lux
illumination level. The 5 mW/cm2 peak irradiance
at 850 nm used in the clinical study by Gimenez
et al. [27] discussed above is indicated with a
dashed line.

Indoor Near-infrared Light

Devices claiming photobiomodulation ac-
tion have been on the market for years
and range in everything from light-based
helmets to hand-held light boxes, to light
“walls”, saunas, and even infrared ther-
apy beds. In addition to providing a con-
fusing array of use conditions and thus
doses, these products suffer from signif-
icant barriers to adoption, mostly due to
the uncertainty of their benefits and opera-
tional burden placed on the end-user. In all
cases, they either demand focused atten-
tion, or specialized wearable equipment, or
both. Wouldn’t it be nice if, instead, photo-
biomodulation devices could be designed
to provide proven benefits while being inte-
grated into everyday life?

The clinical study results in Gimenez et
al. [27] and discussed above, provide a
roadmap for doing just this, since the re-
quired irradiation and dose conditions for
significant positive health benefits under
real-world use conditions and reasonable
timeframes are measured and confirmed.
The efficacious irradiance level revealed
in the Gimenez et al. study are about 30
times higher than for general lighting, insist-
ing that photobiomodulation devices have
their power delivered carefully to the end-
user’s area of interest (e.g., face and neck)
and not wasted elsewhere (Figure 7).

In Gimenez et al. [27], the beneficial dose
was obtained in three hours, but this is
when the infrared LEDs were operated
in pulsed condition at low duty factor
(12.5%). In principle, the dose could be
delivered much faster, but this comes at
the expense of higher average power draw
(and higher cost). In the case where such
devices are integrated into daily life, this is
unnecessary. To illustrate, typical mobile
phone screen time is today more than 3
hours per day, and desk-time at work is
typically more than that [38]. In the US,
daily time spent in front of the television
is more than 4 hours per day. All these
platforms thus provide potential homes for
pulsed-mode photobiomodulation devices
that provide low average power draw and
low cost.

Luckily, the last few decades have seen
the development of a wide range of in-
frared emitters that can be leveraged for
photobiomodulation. Automotive sens-
ing applications drove the development
of very efficient high-power infrared LEDs,
while mobile sensing applications drove
the development of high-power vertical-
cavity surface emitting lasers (VCSELs).
Meanwhile, solid state lighting spurred the
development of highly efficient and low-



Figure 7: (Left) General lighting requires modest irradiance, but continuously for a large part of day, and
must cover a wide range of areas to provide facility simultaneously for work-level tasks, interpersonal
communication, and navigation. (Right) Photobiomodulation requires a high-level of irradiance but can be
limited in duration and directed to a much smaller target areas.

Figure 8: Summary of commercially available near infra-red emitters suitable for photobiomodulation
devices.

Figure 9: . (Left) Operating regime of the USB accessory. (Right) A representative set of datapoints showing
the position of someone’s nose (i.e. center of face) over an 8h time period in front of a monitor. The green
circle indicates the area with sufficient radiant flux to obtain a photobiomodulation dose in 3h, based on the
example design framework discussed in this article.
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cost secondary optics, which can provide
a wide range of directed and shaped irradi-
ation patterns for delivering light efficiently
to a target surface area. A summary of
the performance characteristics of these
various devices and implications for pho-
tobiomodulation applications is shown in
Figure 8.

We see that high-power LEDs with inte-
grated primary lenses typically have beam
angles of 50 degrees or more, making
them suitable for “close-in” applications
such as for automobile drivers or people in
an aviation setting, with potential staging
platforms being the steering wheel, or back
of an airplane seat, respectively. Com-
bining high-power LEDs with secondary
optics provides stronger focusing capability
for “long-throw” applications like general
illumination, wherein the photobiomodu-
lation light can maintain its high irradiance
from a long distance, provided it is properly
aimed. VCSELs have the benefit of poten-
tially offering narrow beams in a very small
form factor, suitable for personal devices
(such as smartphones, tablets, and lap-
tops) but require an integrated diffusor to
avoid laser-eye-safety warning labels.

Example – USB Accessory
for Photobiomodulation

Using the guidelines from Gimenez et al.
[27], we simulate the performance of a
USB-powered accessory product that
can be clipped on to a personal computer
(or laptop) monitor and/or mounted on
one’s desk. The design requirements are a
meaningful photobiomodulation dose over
a 3-hour period at an average action dis-
tance of 75 cm (Figure 9, left).

The feasibility of a 75 cm working distance
was verified with a face-tracking tool based
on webcam data, developed by the au-
thors. The tool offers insight into the posi-
tioning (in x, y, and z direction) of people’s
faces when working behind laptop and
desktop screens. Checking their pres-
ence, horizontal and vertical movements
as well as their distance from the screen
brought confidence that the selected oper-
ating regime fits the dosing requirements:
the data shows that people typically move
very little in horizontal and vertical direc-
tions (Figure 9, right). More variation was
observed for the distance between a user
and a monitor, but the vast majority of the
time people are still within the operating
window that guarantees a dose comple-
tion within 3 hours. When reviewing data
from people working on laptops, the aver-
age time needed to complete a dose even

dropped below two hours as people tend
to be closer to their screens.

The product design utilizes three commer-
cially available, high-power infrared LEDs,
operating in a 10% duty-factor (1 ms on,
10 ms period) pulsed mode. The typical
continuous drive current for these LEDs

is 1.5A, but in the targeted pulsed mode,
the allowed LED peak current increase is
3.1A. This increase in allowed drive cur-
rent (sometimes called the “crest factor”) of
slightly more than 2 means that about half
the number of LEDs are required as would
be the case for the LEDs operating in con-
tinuous mode. The facial positioning study



Figure 10: Simulated performance of a photobiomodulation USB accessory device for a personal computer
(or laptop) using three high-power near-infrared LEDs. The device achieves the dose levels delivering
beneficial effects as described in Gimenez et al. [27] within three hours of use.

DESIGNUNLOCKING THE HEALTH BENEFITS OF NEAR-INFRARED LIGHT! " #

Issue 100/Nov-Dec/2023 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design 53

(Figure 9, right) suggests that a beam full-
angle-at-half-power (FAHP) of about 20-30
degrees sufficiently covers the face and
neck while providing some “guardroom” for
the variation in positioning of the end-user’s
head relative to the platform screen. So,
the LEDs are each mounted with a 10mm
TIR secondary optic, which provides a
FAHP of 28 degrees. The three LEDs are
operated in series and provide, after taking
lens losses into effect, a total peak radiated
output of 12.7W (average 1.3W) with a
forward voltage of 10.9V. Assuming 85%
efficiency for the driver, we have an av-
erage power draw of 4W for the 3-LED
photobiomodulation accessory, which is
within the power draw capability of USB
3.0 (up to 4.5W). For comparison, a typical
videocall “zoom” light or an HD “web cam”
can draw about 2–3W.

The performance results, including an ir-
radiance map, are shown in Figure 10.
The peak irradiance at the face-area is, on
average, 5.9mW/cm2. Over the three-
hour use duration, the dose is 6.4 J/cm2

(virtually the same as Gimenez et al. [27])
and the cumulative dose through the face
& neck is 4 kJ. Thus, this device is fully
capable of delivering the health benefits
reported by Gimenez et al., but in a very
small (and low power consumption) form
factor that can be integrated into daily life.
Additional “smart” features like the incorpo-
ration of a proximity detector enhance both
user friendliness and energy efficiency even
further. Depending on the exact distance
between the user and the device, the ex-
act dosing-time (i.e. on-time) is adjusted,
and the device is only on when the user is
present.

The design framework described in this
article is extendable to a wide range of
personal devices, including smartphones,
tablets, laptops, televisions, desk lamps or
other task lighting devices, and other plat-
forms that are close to people as they go
about their daily routine. By utilizing intelli-
gent operation of the emitters and directing
the radiation responsibly, meaningful pho-
tobiomodulation benefits can be delivered
with relatively low power consumption and
low cost, and provides a path for bringing
back positive health aspects of the outdoor
sun to those who don’t have the privilege
of (or time for) accessing that on a daily ba-
sis. !
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In today’s rapidly evolving world, the
intricate relationship between natural
light and human well-being is gain-
ing significant attention. Recent find-
ings indicate that individuals in North
America and Europe spend approxi-
mately 90% of their day indoors, pre-
dominantly under artificial lighting.
This shift from the natural light-dark
contrasts of the outdoors to static in-
door lighting has profound implications
for our health and circadian rhythms.
Dr. Oliver STEFANI and Prof. Björn
SCHRADER from the Lucerne Univer-
sity of Applied Sciences and Arts delve
into the transformative potential of
light-loggers in their article, “The Lu-
minous Landscape: Light-Loggers and
Their Role in Modern Lighting.” These
devices, designed to record our light
exposure in real-time, offer invaluable
insights into our daily light interac-
tions.

The article explores the non-visual
effects of light, the significance of day-
light in architectural design, and the
emerging importance of light dosime-
try. As we journey through this lumi-
nous landscape, the authors invite us
to reflect on the profound impact of
light on our health, mood, and overall
well-being, emphasizing the need for
a deeper understanding and apprecia-
tion of light’s role in our lives.

Lucerne University of Applied Sciences
and Arts: Werftestrasse 4, 6002 Luzern,
Switzerland. info@hslu.ch

www.hslu.ch

Daylight as a Role Model

Large cross-sectional studies show that
people in North America and Europe now
spend on average about 90% of the day
indoors mostly under electric light, so our
daily exposure to light is different from what
we would experience outdoors. We are
often exposed to static lighting from early
morning until late at night.

This is different from the ’light-dark’ con-
trast of the outdoors, which can range from
very bright days with 120 000 lx around
midday to dark moonless nights below
0.001 lx. In a typical office environment,
we would also miss the highly dynamic
light changes caused by clouds obscuring
and revealing the sun. Clearly, these out-
door conditions would be unacceptable for
computer work. But there are other fac-
tors that make outdoor lighting unique, too:
polarization, sigmoidal variations in illumi-
nance synchronized with color changes
from the golden hour to the blue hour in
the evening and vice versa in the morning.

Research has shown that many proper-
ties of daylight, such as little light at night
and sufficient light during the day, are im-
portant time cues for accurate biological
clocks. Human physiology must be syn-
chronized with the external 24-hour day.
This synchronization is mainly mediated by
light perception via retinal projections to the
central clock in the brain [i.e. the suprachi-
asmatic nucleus (SCN)]. The SCN, in turn,
controls the physiological rhythms of cells,
organs, and tissues throughout the body.

In fact, more than 80% of genes in pri-
mates are rhythmic. Disruption of the
body’s physiological rhythms by false tim-
ing cues from artificial light can lead to
several illnesses, including depression, di-
abetes, heart disease and even cancer.
There are still many gaps in our knowledge
of the many factors of daylight that can af-

fect human health, but we do know that
a lack of daylight is detrimental to human
health.

The following publications provide further
insight into this area: [1,2,3]. These pub-
lications were initiated by working groups
of the Daylight Academy, a consortium of
international and interdisciplinary scien-
tists, architects and other professionals
involved in daylight research [4]. One of
these working groups addressed the ques-
tion “Why do we need daylight?” and sum-
marized the key points in a free booklet [5].

For centuries, daylight was an essential
criterion in the architectural design of build-
ings. At the beginning of the last century,
the reliance on daylight began to wane
and artificial light began to dominate. As
energy efficiency measures in other sec-
tors increased, they had an increasingly
negative impact on the light transmission
of windows: the prevention of heat loss
meant that the light transmission of win-
dows decreased. From single glazing to
double glazing and now triple glazing, less
and less daylight enters today’s buildings.
At the same time, window reveals have be-
come deeper, further reducing the amount
of direct sunlight and indirect skylight enter-
ing a room.

Independence from daylight has other con-
sequences, as well: The knowledge and
basic methods have been taught less and
less in recent decades and have almost
disappeared from school curricula. For-
tunately, in 2018, for the first time in the
EU, a standard (EN 17037 “Daylighting in
Buildings”) was introduced that promotes
the use of daylight in buildings and makes
it assessable. This was a novelty in many
countries. Due to a lack of knowledge,
many architects and designers find it dif-
ficult to apply this standard in their daily
work. The next few years will be rocky, but
with the certainty that daylight is free and



The blue hour: Immediately after sunset, color temperatures around 17,000 K are not uncommon in nature.
Could this color signal also be a timer for our internal clock? Studies with mice that were exposed to the
blue hour under artificial skies synchronized significantly better with the day-night rhythm than without the
blue hour. Image Credit: Oliver Stefani.

Not a sunset but artificial light at night illuminating the clouds of a night sky from below. During a moonless
night, starlight would deliver an illuminance of only around 0.001 lux. Image Credit: Oliver Stefani.
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CO2-neutral, a renaissance of this won-
derful light source is taking place. In fact, a
recent study suggests that sufficient illumi-
nance levels can be achieved in a spaces
solely lit by daylight during most of daytime
working hours even in the Scandinavian
winter [6].

The authors also conclude that the dy-
namic indoor daylight reduces sleepiness
and improves mood compared to static
artificial light, although they cannot exactly
pinpoint the variables that caused this im-
provement.

Non-visual Effects of Light
and Where to Find
Recommendations

Lighting standards usually relate to the
workplace and are fundamentally con-
cerned with the visual conditions required
for the efficient and safe performance of
specific work processes. To support vision,
there are many comprehensive recom-
mendations, guidelines, and regulations
for lighting environments such as the EN
12464-1 “Lighting of indoor workplaces”.
As many work tasks require good vision,
photometric measurements based on vi-

sual light sensitivity (Vλ) have been useful in
characterizing indoor lighting environments.
Vλ represents the spectral sensitivity of
the human fovea (i.e. the location in the
retina with the best vision) to the percep-
tion of brightness, but not necessarily to
non-visual effects.

The conventional view that all light informa-
tion comes only from rods and/or cones is
now outdated. Over the last twenty years it
has become accepted that a small propor-
tion of the light sensors in the retina belong
to a third category, the ipRGCs (intrinsically
photosensitive retinal ganglion cells).

As it is not yet possible to fully predict the
non-image-forming (NIF) effects of light in
humans and the relationships between the
individual photoreceptors in the eye based
on the intensity and spectral composition
of a light source, in December 2018, the
international standard CIE S 026:2018 ‘CIE
System for Metrology of Optical Radiation
for ipRGC-Influenced Responses to Light’
proposed a method of measuring light that
takes into account the irradiance for each
individual photoreceptor in the eye [7].

Many non-visual effects of light are medi-
ated by these ipRGCs. ipRGCs use the
photopigment melanopsin to transmit light
stimuli to different areas of the brain, in par-
ticular to our internal clock. Melanopsin
is very sensitive to short-wavelength light,
so light of these wavelengths is very effec-
tive in its function as a Zeitgeber. Blue and
white light with a high proportion of short
wavelengths in the evening and at night
dampens the natural increase in sleepi-
ness and the release of melatonin. Special
attention therefore needs to be paid to
lighting design for shift work. In addition to
vision, good lighting should also promote
the synchronization of our internal clock
and related functions such as alertness,
performance, health and motivation. It has
therefore become essential to integrate
these aspects into the lighting design. This
integration is called ’Integrative Lighting’
(formerly known as Human Centric Lighting
- HCL) [8]. Recommendations addressing
non-visual aspects, however, are relatively
recent, and not yet incorporated into reg-
ulations. A consensus view from a group
of experts in lighting, neurophysiological
photometry and sleep and circadian re-
search has published “Recommendations
for daytime, evening, and nighttime indoor
light exposure to best support physiology,
sleep, and wakefulness in healthy adults”
[9].

The authors suggest that the minimum
daytime light exposure to support wake-
fulness should be at least 250 lx “mEDI”



Based on CIE S 026:2018, own representation by Licht@hslu / Schrader.
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measured in the vertical plane near the eye
(1.2m above the floor), and that daylight
should be used primarily to achieve these
levels. mEDI (melanopic equivalent day-
light illuminance) is a metric adopted by the
International Commission on Illumination
(CIE S 026:2018). This metric weights the
spectral irradiance of a test light source
with the sensitivity of melanopsin and ex-
presses how much daylight would provide
the same melanopic irradiance as the light
source under test.

In the evening and at home, it is recom-
mended to reduce the mEDI to less than
10 lx at least 3 hours before going to bed.
During sleep, the recommended maximum
mEDI is 1 lx. The preference for daylight
to achieve daytime levels is also in line
with the recommendations of the Daylight
Academy and the new EN 17037 “Day-
lighting in Buildings”. Where supplemen-
tary electric lighting is required, white light
should ideally have a spectrum like day-
light, including shorter wavelengths near
the peak of the melanopic action spectrum.
Although mEDI is one of the first consen-
sus and evidence-based metrics to provide
explicit values for non-image-forming ef-
fects of light, the metric “mEDI” is often not
well understood by lighting practitioners.

To promote health and sleep, the evening
rise of the body’s own hormone, mela-
tonin, should be attenuated as little as pos-
sible. But how much is “little” and how
long should this exposure last? What mat-
ters more: timing, duration, brightness, or
spectral composition of the light? A paper
published in the Journal of Pineal Research
provides insights into the answer to this

puzzle. The authors used machine learning
to analyze data from 29 publications. Mela-
tonin suppression was mainly defined by
the mEDI. Their model predicts that at 0.5,
1, 2, 3 and 4 hours, melatonin is reduced
by 50% when light exposure has a mEDI
of 600 lx, 350 lx, 120 lx, 43 lx and 15 lx. The
publication and a toolbox (in Supporting
Information) can help lighting practitioners
better assess the effects of light exposure
on melatonin suppression in the evening.
Depending on the timing, duration and
amount of light exposure, also other pho-
toreceptors might contribute to non-visual
effects [10].
The publication, a toolbox (jpi12786-sup-
0002-DataS2.xlsx) and a video are avail-
able free of charge from the Journal of
Pineal Research [10].

Several other publications have indeed
shown that there is a dose-response be-
tween melanopic EDI, e.g. for alertness,
sleep latency, sleep efficiency, pupillary
light response or melatonin suppression.
Recently, melanopsin has also been shown
to contribute to brightness perception. This
new research suggests that ipRGCs and
S-cones play an important role in the per-
ception of brightness [11].

The Good Light Group, a not-for-profit
organization, has produced some easy-to-
understand information and recommenda-
tions on how to improve people’s lighting
environment. These recommendations
[12] include practical tips such as spend-
ing enough time outdoors (about 2 hours),
especially in the morning, staying within
one meter of a window and installing good
lighting that mimics daylight.

However, how best to mimic daylight re-
mains a puzzle to be solved, and portable
dosimetry can help to find the missing
pieces (see chapter on light dosimetry).
One piece of this giant puzzle has recently
been added, involving the ultradian dynam-
ics of moving clouds in the sky. This study
concluded that even if ultradian light dy-
namics do not improve our performance,
they may make it easier for us to concen-
trate [13].

People are used to performing under diffi-
cult conditions. After all, we have to deliver
a certain performance or amount of work
during our working hours, even if it is noisy,
hot, or the lighting is sub-optimal. But it
is the little things, such as good lighting,
that can make a difference to how much
effort we need to put in to deliver the re-
quired performance. Ruta Lasuaskaite has
already demonstrated this. She and her
colleagues were able to show that 2800K
light produced stronger cardiovascular re-
sponses than 6500K during the same cog-
nitive task. This means that although the
participants performed a cognitive task at
the same level of performance, the higher
correlated color temperature of the light
reduced their physiological effort [14].

Many of the studies investigating the ef-
fects of light on humans are conducted
in controlled laboratory environments. To
further our understanding of the effects
of light in the field, light dosimetry comes
into play. Using readings from wearable
dosimeters could help us understand how
light affects us in our daily environment.
Light logger readings could be correlated
with our wellbeing, sleep, and health. In
the future, this knowledge could provide us
with more refined and personalized light-
ing recommendations based on a person’s
personal light history.

Why Light Dosimetry?

How the results from laboratory studies
translate into the real world is not yet clear.
Can we collect enough light with a “day-
light shower” within a couple of minutes
during the day if it is just bright enough, or
should we collect lower but sufficient light
levels continuously throughout the day to
support a healthy lifestyle? Is it the total
lux-hours (the AUC - area under the curve),
the median, the mode or the mean illumi-
nance that matters? We don’t know, but
tracking light history with wearable light
loggers could help unravel the mystery.
Once we know more, we will be able to
give better advice on lighting behavior, e.g.,
whether it is better to spend an hour out-
doors in bright light or to spend the whole



Comparison between a light history outdoors and indoors. Outdoors the average mEDI was around 8000 lx
peaking at 50000 lx (top). Indoors variability and average mEDI was much lower around 200 lx (bottom).

One example of a wearable dosimeter is ”LiDo” (https://light-dosimeter.ch/). It can record the light history
measured near the eye and was developed by the Lucerne University of Applied Sciences and Arts.
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day under moderately higher illuminances.
This would have implications for archi-
tecture, such as designing more inviting
outdoor spaces for building occupants, or
larger windows for brighter interiors. As
outlined before, light is the main cue that
synchronizes the human circadian rhythm
with the natural light-dark cycle, so we
should be aware of our daily light expo-
sure. Nowadays, we are concerned about
our daily calorie intake and the steps we

have taken to support our health. How-
ever, awareness of our daily dose of light,
and more importantly the timing of light, is
still of little concern to most people. For-
tunately, there are now new books, even
bestsellers, that explain the importance of
the body clock and lighting in supporting
health.

We now know that when we avoid evening
exposure to electric light, for example when

camping in the wild, we become earlier
types, i.e., we wake up earlier. Exposure
to higher light levels during the day makes
us less sensitive to the melatonin attenu-
ation caused by evening light exposure,
and that the homeostatic sleep drive is de-
pendent on daytime lighting conditions.
In fact, studies have shown that reduced
light levels prior to evening light exposure
increase light sensitivity afterwards. Cir-
cadian entrainment is stronger in summer
than in winter. This has been attributed to
increased light exposure as the photope-
riod lengthens. Even in laboratory studies,
the effects of evening light exposure in
winter are expected to be greater than in
summer. Schöllhorn et al. (2023) demon-
strate the importance of tracking individual
light exposure in laboratory studies. In her
work, she found that seasonal variation af-
fected the outcome of studies investigating
sleep and circadian rhythms, probably due
to the seasonal change in global downward
solar radiation (DSR) during the day.

Therefore, when assessing lighting environ-
ments and conducting lighting research,
it is important not only to measure illumi-
nance immediately under laboratory condi-
tions, but also to record light history before
study participants enter the laboratory [15].

Wearable light dosimeters are currently be-
ing developed by various research groups
and companies. There are a variety of
portable dosimeters on the market, i.e.
worn on the wrist, chest or near the eye,
which measure light exposure and log it
at different intervals to provide a compre-
hensive picture of an individual’s light expo-
sure. An overview of available devices can
be found in [16,17,18].

Wearable Dosimeter (LiDo)

It can record the light history measured
near the eye and was developed by the
Lucerne University of Applied Sciences
and Arts and takes into account the CIE
S 026 standard and the cosine response
correction [19]. Wearable light dosimetry
is currently also addressed by the new CIE
Joint Technical Committee 20 (JTC20) and
also by the European project “MeLiDos”
[20].

As it is important to keep metrological rec-
ommendations and guidelines up to date
to ensure that reliable studies well support
health recommendations and policies, the
MeLiDos project aims to provide the scien-
tific and industrial communities with tools
for the characterization and use of portable
light dosimeters. Melidos will also introduce
metrology for light loggers to respond to
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the needs raised by CIE S 026 for the mea-
surement of melanopsin-related metrics.

More specific goals are:

• The development and validation of new
characterization methods

• The development of data analysis meth-
ods to verify and improve the quality of
the data to make comparisons between
different instruments more reliable.

• The analysis of use cases for wearable
light loggers based on end-user needs.

• The evaluation of the performance of
these devices.

• The liaison with CIE Divisions 2 and 6,
and the users of these standards.

The light-dosimeter (lido) is a mobile measure-
ment device used to investigate the non-visual
responses to light.

Will Light Loggers be able to
Assess a Complex Lighting
Environment in the Future?

Several studies propose methods and met-
rics for quantifying the amount of light per-
ceived by the human eye, and recommend
measuring in a vertical plane close to the
eye. Most publications, however, do not
take into account temporal variations, the
optics of the human eye or details of the
spatial arrangement of a lighting situation.
Corneal illuminance is typically measured
with standard illuminance meters (“luxme-
ters”) at eye level in a vertical plane. Most
illuminance meters take into account the
light coming from a hemisphere covering a
180° field of view. However, the visual field
of the human eye is different from that of
illuminance meters, and standard measure-
ments may be misinterpreted. Therefore,
information about the luminance distribu-
tion (i.e. “luminance mapping”) of an envi-
ronment can be helpful in understanding
a lighting condition. In particular, Zauner
et al. [21] highlight the potential for signif-
icant error when relying solely on vertical
measurements and recommend the use of
field-of-view occluders for measurements
at eye level for typical viewing directions.

Furthermore, in the real world, outside of
a controlled laboratory environment, the
real-time exposure of a person’s eye to
light is a complex process because it in-

volves the movement of a person in space,
in addition to head and eye movements.
This could be achieved by using wearable
light loggers positioned close to the eye. In
addition, the optical properties of the eye
(e.g. pupil size) would need to be taken
into account to estimate the luminous flux
received by the retina through the entrance
pupil from a luminous environment. Al-
ternative metrics to determine the spatial
arrangement of a given lighting environ-
ment are: Mean Room Surface Exitance
(MRS ); average Indirect Corneal Illumi-
nance (Ecor,avg(i)); Troland (Td); Sensation
of Room Brightness Index (Feu).

Why are these Findings so
Important for the Lighting
Industry?

As previously outlined, the quality and
amount of light perceived by the human
eye is a complex process influenced by
many environmental factors including the
luminaire and its light source. Assessing a
complex lighting environment and an indi-
vidual’s light history with light loggers can
help with designing a balanced light expo-
sure to support our health and well-being.
Altering CCT and illuminance is not the only
way to support human health, due to the
ongoing expansion of our understanding
regarding when and how human photore-
ceptors interact to impact neurobehavioral,
neuroendocrine, and circadian functions.
In the future, this should be translated into
requirements for evidence-based assess-
ment of a lighting environment, and the
lighting industry should be ready to provide
technical solutions that can meet the visual
and non-visual requirements that are likely
to emerge in guidelines and standards. En-
ergy efficiency and sustainability should be
considered in a broader context, includ-
ing human health, well-being and daylight
availability. The lighting industry should also
work hand in hand with lighting designers
and lighting scientists to create a wider
awareness of the importance of good light-
ing. Please do not hesitate to contact us
for further information. !
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Sustainability is multifaceted. The UN
has defined 17 sustainability goals,
and the EU has already taken mea-
sures to support them. Most measures
affect every company and organiza-
tion. Although lighting technology can,
for instance, contribute – directly or
indirectly – to sustainable cities, health
and well-being, less hunger, decent
work conditions, clean water, and
sanitation, it can also be taken to be-
come sustainable as a company. This
is a huge challenge in many respects.
The V-Research Computational Sus-
tainability department provides an
overview of some of the biggest chal-
lenges and shows how sophisticated
digitization and computational tech-
nologies, including simulations and AI,
combined with sustainability and cir-
cular economy expertise, can help the
lighting industry take the right steps
toward a truly bright future.

The Importance of
Sustainability and the
Circular Economy

The lighting industry is now more related
to the electronics industry than ever be-
fore. From all electronic products world-
wide, currently just 20% are recycled. This
means that 80% of precious materials may
be lost forever – or at least become hardly
accessible again! Aside from being bad for
the environment, it would not be much of a
problem if these materials were plentiful but
most of them are not. In contrast, we are
facing the situation that some raw materials
will become scarce within the next 20-50
years! And this assumption does even not
consider an increasing demand.

But in their report, the International Energy
Agency forecasts a threefold increase in
demand for many minerals from 2022 to
2050 due to the transition to clean energy
of the Net Zero Emission Scenario. And
this also affects LEDs and lighting products
in general.

Already in 2012, the TU Berlin and the
Fraunhofer IZM had a look at the lifecy-
cle of LED-products [3]. In their research,
they excluded the luminaire or housing and
just focused on the components. They
identified the most important materials of
the system as follows: Gold, silver, alu-
minum, copper, and tin are present in most
components. Other resources are used in
specific components, like rare earth metals
for phosphors or gallium in the LED dies.
They evaluated gold, silver, rare earths, alu-
minum, arsenic, copper, gallium, indium,
and tin regarding criticality and economic
relevance.

Figure 1: Assessment of the relevance of materi-
als contained in LED products [3].

A recent assessment might differ from the
result from 2012 shown in Figure 4 and
look even worse due to events like the
COVID19 crisis and the Ukraine war which
demonstrated the vulnerability of our busi-
ness system. Sustainability strategies and
circular economy can buffer such events
somewhat and mitigate the impacts.

These facts lead to the conclusion that
manufacturers must move forward with
their products to maximize reuse, refurbish
and recycling rates, and hence sustain-
ability to keep businesses running! The
European Union has already recognized
this, and beyond this, history has proven
that the ones that are prepared early for the
inevitable change, will be the winners in the
end.

EU Actions and Thought
Leaders’ Advice

As the transformation to a circular econ-
omy is inevitable, with the introduction
of the new Eco-Design Directive for light
sources and supplies on September 1st,
2021, the EU already took measures for
more sustainability. It was based on the
Directive 2019/2015 and was a signifi-
cant update to the earlier version. The up-
date became necessary to guarantee the
progress in energy saving. But this was just
the starting point.

From 2024, all large corporations will have
to prepare a sustainability report. The new
EU requirements will apply to all large com-
panies (with more than 250 employees and
sales of 40 million euros or more), regard-
less of whether they are listed or not. Small
and medium-sized companies will be sub-
ject to less stringent reporting standards. In
addition, exceptions are possible in a tran-
sitional period until 2028.

Furthermore, the EU aims to accelerate
the transition to a circular economy. The
“R” words Refuse, Reduce, Repair, Reuse,
Remake, Redesign and Recycle get to the
heart of the matter. With this in mind, they
have presented the Digital Product



Figure 2: An analysis from the World Economy Forum of the global e-waste flow shows that 80% of
e-waste is not properly disposed of and only 20% is currently recycled [1].

Figure 3: Estimated primary resources availability (without recycling).

Figure 4: The Net Zero Emission Scenario causes the highest demand for critical minerals [2].
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Passport (DPP). From 2024, it will be in-
troduced step by step, starting with the
textiles industry and finally become manda-
tory for all products traded in the EU. The
DPP requires a standardized data structure
for the product description including com-
ponents and their origin.

Not just the EU but also the Dutch Plat-
form for Accelerating the Circular Economy
(PACE) already recognized how impor-
tant the transition to a circular economy is,
and they worked out their “Action Plan”,
in which they request actions from gov-
ernment, industry, society and research
institutes alike to carry out this necessary
transition as quickly and smoothly as pos-
sible. They call on the research institutes to
provide advice and support to industry on
the following outstanding issues:

• Collect and process data on e-waste
flows.

• Advance understanding of the environ-
mental and socioeconomic impacts of
circular strategies. Develop metrics to
measure impact and progress.

• Develop science-based decision sup-
port tools for product design, business
models, and policies, to balance and op-
timize impacts over the lifecycle.

• Understand behavior and change man-
agement. Develop effective strategies for
both consumer behavior and organiza-
tional change.

• Develop new technologies in areas such
as automated remanufacturing, refur-
bishment, sorting, and pre-processing.

To deliver this support, besides specific
expertise in sustainability and the circular
economy, expertise in digitization and data
science is essential in any case. As an
aside, according to the Cornell University
institute of the same name, computational
sustainability means combining these fields
of knowledge.

As the lighting industry is not much differ-
ent from other industries in terms of sus-
tainability and circular economy issues, it
also needs support and guidance on these
points. From the multitude of possible top-
ics in this context, this article will focus on
four of the most pressing issues:

• The overriding topic of all: “How do I
manage the transformation from the
current linear business model to the
circular economy? Do the framework
conditions allow it? When is the right
time to take the individual steps?”

• Gained attention due to COVID-19 and
the Ukraine crisis: “How do I minimize
supply risks? Where do the risks lie?



Figure 5: The European Commission started their journey towards more sustainabiliy in 2015 with the first
curcular economy action plan. The graph shows additional things that have been done up until now.

TECHNOLOGY BEYOND ECODESIGN: THE EXPANDING HORIZONS OF SUSTAINABLE LIGHTING ! " #

66 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design Issue 100/Nov-Dec/2023

How can I identify them? What are my
alternatives?”

• A difficult topic to classify for most of
us: “What the heck is the digital product
passport (DPP) all about?”

• An important cornerstone for a smoothly
functioning circular economy: “What are
industry symbiosis networks? Why are
they so important?”

Fortunately, there is already a set of differ-
ent tools that can help to find the answers
to these questions:

How to Master the
Transition to Circularity

At the beginning of the journey, it is all
about understanding the current processes
and logistics, and being on a level of dig-
italization that offers a robust dataset and
data-handling for sound data-based deci-
sions. That means half the way to success
– almost.

Not only if you are not sure you can fulfill
all the requirements to start the transition,
e.g., if your IT and processes are fit for the
transition, an Enterprise Architecture (EA)
analysis may help. This analysis provides
information about weaknesses, bottle-
necks, and the potential for improvement
in the processes and the (digital) infras-
tructure. Various tools are available for this
purpose.

A very powerful one is ArchiMate - and it
is a freely available open-source modelling
tool. While is seems at first, that you could
do the same thing with PowerPoint or Vi-
sio, there is a huge difference. ArchiMate
relies on a model repository from which
all the modeled elements and their rela-
tions can be used in all the diagrams. A
big advantage is that, when modelling,
it is possible to argue and explain WHY
and HOW we end up in the state of WHAT
exists there: It is the most pragmatic sim-
plification of a specific real world problem
domain.

With this analysis, we know the status. We
have a clear picture of how your business
works today. But you can go one step fur-
ther with an EA-analysis: Therefore, you
must extend the model with the new re-
quirements such as the dismantling of a
product or adapt your data architecture to
encompass the supplier, age, materials,
transformations, usages, and so on. Now
let us assume that your digital environment
is ready for the transition and let us be a
visionary: Start designing the ideal version
of the whole process for your company
in ArchiMate based on the knowledge of

circular economy and its appropriate cir-
cular business models (CBMs). With this
you can quickly identify what needs to be
changed and – even more importantly –
where to start. You can also think about
which single steps could be set. At the
end of this process you will have a possible
roadmap for the transition to an optimized
process.

However, during the EA-analysis, you may
recognize that you don’t have a clear idea
of which CBMs or strategies are most suit-
able for the company or the different prod-
ucts, especially as the current knowledge
gives no information on several important
questions, such as:

• What are the implications of not ade-
quately explaining and considering the
effects of scale and time?

• What are the impact and effects of indi-
vidual actor behavior and social interac-
tions among partners?

• How does the external environment
impact the viability and adaptability of
the proposed business model?

Here, computer simulations can help as
simulation models offer opportunities for
CBM experimentation. Agent-Based-
Simulation (ABS) is widely recognized
for being the best choice. Still being the
workhorse, ABS is sometimes used in a
hybrid system with Discrete Event Simula-
tion or System Dynamics to give even



Figure 5: Example for an EA analysis showing a process and the different levels (business level – yellow, software-level – blue, hardware-level - green) with their
dependencies and interactions.

Figure 6: Different tools allow for ABS. Some also offer sophisticated graphical representations (AnyLogic) while others mainly show charts.
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Figure 7: Screened raw materials (EU Report 2023).

Figure 8: General risk matrix (also referred to as probability impact grids or risk maps) applied in numerous
scientific fields such as in safety and environmental engineering and the definition of raw material criticality
as an abstraction of classical risk assessment [4].
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better results for some specific questions.
But what is ABS respectively, what is an
agent-based model (ABM)?
An agent-based model (ABM) is a com-
putational model for simulating the actions
and interactions of autonomous agents
(both individual or collective entities such
as organizations or groups) to understand
the behavior of a system and what gov-
erns its outcomes. It combines elements
of game theory, complex systems, emer-
gence, computational sociology, multi-
agent systems, and evolutionary program-
ming. It is already used in many scientific
domains including biology, ecology, epi-
demiology, business, technology, network
theory, economics, and social sciences to
re-create and predict the appearance of
complex phenomena.

In general, sustainable business models
aim not only to create, deliver, and capture
economic value for the company involved,
but also to contribute to environmental
and social value creation among a broader
span of stakeholders. This increases the
complexity and the number of questions
that must be considered. Even a generic
model can give a good idea of how robust
a business model is under the different
possible scenarios. In a more sophisti-
cated version with real life data, it can be
even extended with artificial intelligence
(AI) to react to the change of some KPIs
by adapting measures and rules. There are
also tools available. NetLogo is also open
source and widely used in the research
community in the US. But programming
such a tool in Python is a viable solution as
useful libraries are already available.

With this knowledge, it is time to return
to the EA model and to optimize it for the
chosen business model(s) and to generate
the transition roadmap and timeline. By
following this process, you can better fig-
ure out a suitable strategy for the transition
and your future business model, which will
especially help to overcome crises easier.
This brings us to the second urgent ques-
tion that has much to do with crisis.

Detect and Avoid
Bottlenecks and Supply
Risks in Time

Not only, but maybe most impressively,
and still in everybody’s mind, the COVID-19
crisis and the current Ukraine crisis demon-
strated how vulnerable our supply chains
and business systems are, and how impor-
tant measures to increase resiliency are.
Many have certainly learned the hard way
where some of their company’s vulnerable
spots are. But how can we be sure that

there are not more of them? And where are
they? A criticality analysis may help.

The justifications for conducting material
criticality assessments are multifaceted.
They arise from the increasing demand
from developing nations, the European
Union’s heavy dependence on imports, on-

going environmental and social concerns,
shifts in national policies, and the concen-
tration of production, which can lead to
supply monopolies. These factors have
prompted the development of methodolo-
gies for critical analysis.

The most notable material criticality list has



Figure 9: The International Data Spaces [5] organization defined a minimum combination of components
that enable the creation of a Data Space. They call it Minimum Viable Data Space (MVDS).

Figure 10: The 9 different Data Spaces of the so-called Common European Data Spaces [6].
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been developed by the EU. A list of cur-
rently 34 key raw materials (CRMs) have
been painstakingly compiled by the EU
Commission and the list is regularly up-
dated to reflect changing market dynamics
and technical breakthroughs. The EU con-
curred that these CRMs are essential for
clean technologies, technological advance-
ment, and industrial competitiveness. But
what exactly is a critical analysis and how
does it work?

Criticality analysis is essentially a methodi-
cal procedure for grading assets’ criticality
according to the likelihood that they will
fail, considering economic and technical
dependencies connected with materials,
as well as the likelihood of supply disrup-
tion. Criticality analysis is the primary tool
for assessing the possibility of disruptions
in supply and the vulnerability of systems
such as a country’s economy, its technical
infrastructure, or an organization.

However, it is crucial to note that these
34 raw materials may not be equally rele-
vant for all industries and that there may be
more materials or even - on another level -
components that need to be considered.
Furthermore, there is no definitive method-
ology for conducting a criticality analysis.
While substantial progress has been made
in this field, medium-term challenges per-
sist. In essence, most methods are guided
by three fundamental questions:

• Sustainability of Supply: Can future sup-
plies meet the rapidly growing demand
driven by climate-related imperatives,
thereby averting potential demand-
supply mismatches?

• Diversified Sources: Can supplies be
diversified across various sources to mit-
igate vulnerabilities in the supply chain?

• Clean and Responsible Sourcing: Can
materials be procured from environmen-
tally responsible and ethical sources to
fulfill environmental goals?

Critical analysis can be conducted using
various methods, with many adopting a
matrix-based framework.

These methods involve applying and ag-
gregating metrics that assess supply risk
and the consequences of supply restric-
tions to identify materials of critical impor-
tance. Supply risk metrics typically address
common concerns regarding potential dis-
ruptions in the supply chain, often drawing
insights from historical supply chain disrup-
tions. To effectively utilize the criticality ma-
trix approach, it is imperative to establish
clear definitions and equations. Historically,
the terms “critical” and “strategic” have

often been used interchangeably without
clear differentiation.

As criticality is defined as the probability of
failure rating by its consequence of failure
rating, the calculation for Raw Material
Criticality is expressed as:

Supply Risk × Vulnerability =
Likelihood of Supply Disruptions ×
Economic Consequences

Several stages can be followed to assess
material criticality. For example, the Eu-
ropean Commission employs a rigorous
methodology that considers both sup-
ply risk and economic significance based
on predefined thresholds. Economic im-
portance is assessed using substitution
indexes, cost analysis, and performance
evaluation, while production, criticality, and
co-production are factors examined to
comprehend supply risk fully.

This analysis gives you a good picture of
which component must be carefully ob-
served, where measures to secure the sup-
ply must be considered to keep the busi-
ness running, even in a crisis. Beyond this,
it gives some relevant information that can
be used in strategy, logistics planning and

product development. With such reliable
information and data in hand, simulations
like ABS can be fed. While it is currently still
a challenge to get all the necessary infor-
mation from suppliers, this may change in
the future when the digital product pass-
port is established.

Dealing with the DPP

There is still just a minority of the indus-
try aware of the introduction of the digital
product passport in 2026 for a good part
of the industry. The textiles industry cer-
tainly already knows about it and is strug-
gling with the consequences, as they need
to introduce it at the beginning of 2024.
But what is the intention and what exactly
is it?

Very simply put, it is the extension of the
German Supply Chain Act. While many
details are still open, the purpose is clear:
To maximize sustainability and circularity,
products and materials are to be traced
from mining to incineration over all cycles
in-between. Lifespan shall be increased
by providing better information for cus-
tomers on how to repair and at the end of
life clear information on where and how to



Figure 11: Functionalities of industrial ecology – a scheme of the connections of industrial symbiosis [7].
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dispose of the product for recycling shall
be given. Information on all materials inside
of a product shall also be given. For this
purpose, all physical components and ma-
terials have unique digital identities (UIDs).
Any time something happens to a product
during its supply chain journey, a DPP col-
lects data associated with the UID.

While the purpose and the basic idea are
very well described and understandable,
some technical aspects and details are still
not solved. At the current stage the main
advice is to determine the legal require-
ments for data transparency first. Sec-
ond, identify the legal requirements your
company must meet, as well as any addi-
tional information that would be useful for
your specific products - not only what the
law might require, but also what you think
might be valuable for your own operations.

Once you have a clear idea of the infor-
mation you need, identify any gaps in your
current data collection and management
processes –like the actions for the transi-
tion to more circularity. And again, EA is
the tool of choice. Determine what infor-
mation you need to collect yourself, what
information can be found elsewhere in your
supply chain, and how you can work with
your partners to obtain reliable data. De-
velop a strategy to fill these gaps and make
sure your partners are aware of the require-
ments.

Very likely you and your partners will or
should consider exchanging data via a
Data Space – an idea that is also sup-
ported by the EU since the Communication
of the European Commission in February
2020 presented “A European strategy for
data”: The vision is to create single mar-
kets of data, called “Common European
Data Spaces”, where personal as well
as non-personal data, including sensitive
business data can flow within the EU and
across sectors, are secure and handled
under the EU laws and relevant norms, and
can be accessed and used according to
fair, practical, and clear rules. But what is a
Data Space in detail?

In a concise and easy to understand lan-
guage, a Data Space is defined by Open
DEI as “a decentralized infrastructure for
trustworthy data sharing and exchange
in data ecosystems, based on commonly
agreed principles”. One example for this is
Gaia-X.

As an emerging paradigm, there are cur-
rently a total of 9 different Data Spaces
that will be developed with the support of
the European Commission: the so-called
Common European Data Spaces. All of

them have their unique features and guide-
lines, which depend on the targeted sector.
However, they are not exclusive, so an or-
ganization can be interested and of course
be part of multiple Data Spaces and, as
there are other Data Spaces, everyone is
free to select another option.

Now you can identify the requirements
for a digital product passport system that
meets your needs. You can create it (have
it created) or search for digital product
passport providers on the market that meet
your requirements. But beware - review
and test these vendors thoroughly. Make
sure the providers have a reliable track
record in digital product passports and are
capable of providing the necessary support
and maintenance of the system.

Assuming careful planning in collaboration
with your supply chain partners and reli-
able implementation partners, you are well
prepared to introduce the digital product
passport as soon as it is required, despite
a complex process. By that, you will not
only ensure compliance, but also provide
your company with significant operational
benefits and reputation, helping you stay
ahead - and visible - in a rapidly evolving
marketplace.

Industrial Symbiosis

For a thorough analysis, it is important to
share information among all relevant par-
ties. To achieve shared objectives, such as
resource conservation, low carbon emis-
sions, industrial efficiency, economic vi-
ability, and corporate social responsibil-

ity, teamwork from all involved parties is
required. Through the creation of an in-
dustrial ecosystem framework, industrial
symbiosis seeks to operationalize the idea
of system sustainability and to foster this
teamwork.

In more detail the industrial symbiosis can
be explained by four terms: The flow of
materials, energy, water, and nutrients.
The differences among them can be ana-
lyzed by what state the industries are in in
terms of age, technological development,
and the cultural factors available for it. Life
Cycle Assessment (LCA), environmental
footprints, enterprise input-output model,
and Material Flow Analysis (MFA) are just
a few of the methodologies and methods
for analyzing resource flow. MFA quantifies
the resource use embodied in goods and
services in a system (such as water and
energy footprints) and input-output analysis
is a top-down method to quantify resource
flows through an entire entity or economy.

The material flow analysis firstly provides
the overall mass fluxes of resources (en-
ergy, materials, food, and pollutants),
secondly helps to understand the use of
resources, and thirdly assists environmen-
tal reporting. Material flow analysis is the
“systematic assessment of flow and mate-
rials within a system defined in space and
time”. Material Flow analysis is needed to
understand how to define a system and to
understand what the limitation is, what is
the geographical or administrative level and
the boundary that it is set within.

Specially developed input-output mod-
els, called Enterprise Input-Output (EIO)
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models, are helpful in completing the man-
agement and financial accounting systems
used by companies. To map the physical
(material, energy, and water) and monetary
flows among production processes at dif-
ferent levels, EIO models are valuable as a
planning and accounting tool inside a sin-
gle company, between several companies
involved in a supply chain, and between
various companies that are a part of vari-
ous supply chains. EIO models are partic-
ularly helpful for managing and analyzing
internal and external logistics flows as well
as supporting strategies for coordination
among various manufacturing processes
and businesses.

Another useful tool for understanding the
trajectory of events in various situations
and circumstances is – again - agent-
based simulation (ABS). The economic in-
teractions between the partners (suppliers,
customers, the government, etc.) and the
system border in which they operate can
be analyzed by ABS with industrial symbio-
sis. Together with industrial symbiosis, ABS
identifies and provides a contextual anal-
ysis of the structural factors and primary
driving forces for the growth of the sustain-
able system in line with potential scenarios
(ecological constraints, cultural and be-
havioral contexts, technological pathways,
etc.). Once more, this method adds the
dynamics to the theory and analysis.

All these tools and methods support the
aims of the industrial symbiosis: Encour-
aging different companies to collaborate
innovatively with the goal of finding ways to
reuse one company’s waste as another’s
raw material. With this objective, industrial
symbiosis may become an important cor-
nerstone of the circular economy and is
worth being considered.

Conclusions

The transition to a circular economy is
unstoppable and will affect all industries
including the lighting industry. It will cer-
tainly be challenging to master it, but it is
a chance as well - and there is support
available. The regulations must not be seen
as a burden, but rather, as the framework
to guide the industry through these turbu-
lent times. Tools, methods, and specialists
who can apply them are available to assist
and to accompany the industry on their
way. Finally, the lighting industry especially,
has already managed the transition from
a comparably comfortably acting indus-
try to a modern and innovative industry.
Having this confidence, should be encour-
agement enough to roll up its sleeves and
get to it. !
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Comfortable LED Upgrade for
Sophisticated Office Lighting
Nichia
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The offices of one of the world’s lead-
ing premium sports brands has adopted
flexible, sustainable and cost-effective
LED technology from Nichia.

The renewal of lighting in an office
building presented engineers and light-
ing experts with a tough challenge.
When the replacement of the old light-
ing solution turned into a conversion
to LED, technology from Nichia offered
the necessary flexibility and exceeded
all expectations, especially in terms of
light quality and sustainability.

In times of rising energy prices, cli-
mate change and a shortage of skilled
workers, companies today have to re-
think several areas and remove old
structures and outdated technologies.
More companies are increasingly up-
grading the lighting solutions used in
office buildings to LED technology.

Beyond the advantages in terms of
savings in electricity, LED conversion
also enhances the well-being of em-
ployees – if lighting design expertise
and the right technology are used.
Both energy efficiency and wellness
were central to the objectives of re-
designed office lighting for a leading
global manufacturer of sports branded
goods based in Germany. The project
presented challenges to the lighting
experts involved.

Comfortable for Employees,
Kind to the Environment

As the well-known sports brand is commit-
ted to the responsible use of energy and
resources, the lighting project needs to re-
duce energy consumption and contribute
to the sustainable image of the business.
At the same time, the client expressed the
desire to achieve the best atmosphere pos-
sible for the company’s employees and
visitors with the new lighting in one of its
buildings at the company’s headquarters in
Herzogenaurach.

The engineering firm Käferhaus GmbH
in Vienna was awarded the contract and
examined various office lighting solutions
available on the market for their suitabil-
ity. However, the experts did not come
to a satisfactory conclusion. At this point,
they called in Reinhard Vedder, manag-
ing director of the lighting architecture firm
Vedder.Lichtmanagement in Munich.

Vedder first evaluated the challenges for
the luminaires and the lighting technology,
conducting various tests in the process. It
quickly became apparent that the architec-
tural concept was very well sketched out
and the lighting concept was implemented
in a creatively sophisticated design using
light modulation.

In almost all areas, elaborate and func-
tional solutions were found and housed in
suspended ceilings with different soffits.
“These were, for example, different light
sources that could be mixed or used sep-
arately in the rooms for different tasks and
occasions,” says Vedder. Even in areas of
higher foot traffic areas such as hallways
and intersections, different light sources,
light colors and beam characteristics from
floods to spots were used to create a lively
spatial experience.

Renew Instead of Replace

Since the existing lighting design could
not be faulted and was extremely robust
due to the aluminum housings used, a
complete replacement proved not to be
required. Instead, the task was to con-
vert the existing fluorescent, discharge and
halogen lamps to LEDs, taking into ac-
count it should closely match the original
lighting design.

That decision meant continuing to use
the existing luminaire housing and only to
replace the lighting technology. Indeed,
the ceiling system and existing openings
were used without modification in order
to produce as little waste as possible – an
important factor in terms of sustainability.

In order to give the high-quality aluminum
housing a second life, Reinhard Vedder
turned to the company LMT Leuchten +
Metall Technik GmbH in Hilpoltstein on
a personal recommendation. Thanks to
LMT’s expertise in the field of lighting and
metal constructions, the existing luminaire
housing could be converted and reused
without any problems.

Meeting room with LMT Leuchten + Metall Tech-
nik GmbH “NAU” RJR wallwash downlight with
Optisolis in 3000K. Photo credit: LMT GmbH.
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Reach Your Goal with
Materials and LED Expertise

Finding the right LED technology, on the
other hand, proved to be more difficult. In-
stead of relying on low-cost solutions that
offer no advantages apart from brightness,
the project team focused on quality. What
was needed was a solution that would
create a more enjoyable working atmo-
sphere with high visual comfort, offering
high-quality lighting far above the norm,
and one that can be flexibly configured
throughout the day while also being cost-
effective.

“Many standard industrial products met
the low requirements of the standards,
but did not create a satisfactory result, i.e.
coherent and visually pleasant, room atmo-
sphere,” says Reinhard Vedder, summa-
rizing his biggest challenge in the project.
For example, a light color of 4,000 Kelvin
in combination with low, albeit standard-
compliant, CRI values created unattrac-
tive rooms and work atmospheres. In the
course of a tender, the lighting experts
finally found what they were looking for
and decided on Optisolis from Nichia. Ulti-
mately, the LED chip’s high lighting quality
was a key consideration. Due to the perfor-
mance range and the design of Optisolis,
the lighting experts were able to master
even special requirements effortlessly for
their project in Herzogenaurach.

Optisolis Meets Design and
Technical Requirements

Optisolis made it easy to implement cus-
tom designs in the project. Where previ-
ously special luminaires had been installed,
Optisolis provided lighting with excellent
glare control, high efficiency and no loss
of visual comfort. After only two or three
modifications, a result could usually be
achieved with which the entire team was
satisfied.

LMT was able to implement high-quality
and robust luminaires with excellent glare
control. The light sources are aesthetically
pleasing without being obtrusive. Optisolis
contributed significantly to this, as the chip
offers high luminous efficacy with a very
good color rendering quality of > RA 80.

Optisolis also eliminated some of the dis-
advantages that the old lighting system
had to contend with, despite the careful
planning. So far, a combination of dis-
charge and halogen lamps has been used
in the meeting rooms and VIP areas. How-
ever, the halogen lamps reached their max-
imum brightness much faster than the dis-

charge lamps after switching on. Thanks to
the LED technology from Nichia, the users
of the building now have sensational light-
ing with the desired brightness immediately
after switching on the lights.

Optisolis also eliminated some of the dis-
advantages that the old lighting system
had to contend with, despite the thoughtful
planning. For example, a combination of
discharge and halogen lamps had previ-
ously been used in the meeting rooms and
VIP areas. However, the halogen lamps
reached their maximum brightness much
faster after being switched on than the
discharge lamps. Thanks to Nichia’s LED
technology, users of the building now have
comfortable light at the desired bright-
ness immediately after the luminaires are
switched on.

The Optisolis family of LEDs are classified as
Ultra-High CRI light sources, as they have max-
imum scores for all 16 color samples used in the
color rendering index metric.

Optisolis also left nothing to be desired in
terms of standards. This is particularly ev-
ident in the company’s workplaces, where
very precise and small-scale work needed
to be carried out. The entire room was
illuminated using a ‘watering can’ prin-
ciple before the retrofit. Values of 1,200
and 1,500 lux were sprinkled across all the
workstations. However, if the entire room is
lit with this level of illuminance, this brings
no benefits at individual workstations and
instead wastes an unnecessary amount of
energy. Now the brightness of light is de-
livered to where it is needed. In addition,
Optisolis’ high color rendering is conducive
to the precision required in the manufacture
of premium products.

Easy-to-Implement,
Customer-specific Solutions

Thanks to the Nichia solution, the project
team was able to meet all the client’s re-
quirements. The LED technology was a
winner in terms of a competitive price, flex-
ibility and efficiency. Additionally, it allowed
to maintain and improve the previous archi-
tectural appearance of the building and all
rooms without dramatic changes.

One part of the project has already been
completed, the second part is about to be
finalized. So far, the customer is very satis-
fied with the result, which is superior to the
old lighting concept in terms of brightness,

visual comfort, operability and glare reduc-
tion. Initial data on energy consumption is
already meeting all expectations. Vedder
confirms his satisfaction, adding: “We are
receiving very positive feedback.”

Part of the project has already been com-
pleted, the second part is about to be final-
ized. So far, the customer has been very
satisfied with the result, which is superior to
the old lighting concept in terms of bright-
ness, visual comfort, usability and glare
control. Initial data on energy consump-
tion are already meeting all expectations.
“We’ve received very positive feedback,”
says Vedder with satisfaction.

The project has not only given him a sense
of achievement, but also practical bene-
fits. He will continue to use Nichia products
in the future: “Some carefully developed
devices that have been tested in lighting
tests are real problem solvers for further
projects,” he says. With the NAU down-
wall luminaire, LMT has added one of the
luminaires developed specifically for this
project to its standard range. “The fact that
we were able to continue using the high-
quality housings in the project is particularly
satisfying, and it shows that customized
solutions do not automatically have to be
more expensive,” concludes Vedder. Re-
sults like those from Herzogenaurach show
that better lighting quality in office buildings
is not only desirable, but also easily achiev-
able with the right technology and capable
partners.

Optisolis offers the necessary high qual-
ity, flexibility and sustainability that leads to
economic results even in demanding office
projects. With Optisolis, lighting designers
and technicians receive an LED chip that
optimally supports them in their work and
quickly leads them to the desired results.
For companies and their office employees,
the LED technology provides a convenient
lighting solution that creates visibly better
lighting conditions immediately after instal-
lation and thus promotes productivity in the
long term – without unnecessarily damag-
ing the environment. !

Optisolis™ is a trademark owned by
Nichia.

For additional information please visit
www.nichia.co.jp/en/.

https://www.nichia.co.jp/en/
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Lumileds’ Dirk Vanderhaeghen on
the Future of Automotive Lighting
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During the ISAL 2023 conference,
Siegfried Luger, the publisher of LED
Professional, had the privilege of en-
gaging in a serious dialogue with light-
ing expert, Dirk Vanderhaeghen, who
has close to 30 years of industry ex-
perience and holds the distinguished
position of Sr. Director of Strategic
Marketing at Lumileds. Dirk Vander-
haeghen is recognized as a pioneer in
the realm of automotive lighting tech-
nology and applications. Moreover, his
pivotal role as a member of the ISAL
2023 steering committee further un-
derscores his profound influence in
the sector. In their conversation, Dirk
delved into the intricate facets of the
automotive domain, elucidating how
Lumileds, through its cutting-edge in-
novations, is sculpting the future of
automotive lighting solutions.

www.lumileds.com

LED professional: With the increasing
emphasis on driver safety, how are
automotive lighting solutions being
designed to enhance nighttime driving
and adapt to varying environmental
conditions?

Dirk Vanderhaeghen: As lighting has
been classified by regulations as a primary
active safety-relevant function on a car, im-
proving driver’s visibility has always been
and still is a never-ending quest. The his-
toric light source technology transitions
from combustion lamps (candles, carbide)
to electric light sources (incandescent,
halogen, gas discharge), and has brought
us to the era of solid state light sources
(LED, OLED, Laser). Over more than a
century of transitions, the performance of
vehicles’ lighting systems has increased
significantly. Not just in terms of brightness
of the driving beam , but also in terms of
becoming more adaptive to its environmen-
tal conditions.

In the early days, you just had a head-
lamp that you could switch on or off. How-
ever, from the 1950-60’s onwards, systems
started to become more adaptive. The first,
so called ‘AutoDim’ or ‘Automatic Beam
Control’ systems were applied to dim the
headlamps in order to avoid glare for on-
coming traffic. These systems evolved over
time to what we know today as Automatic
High Beam or even more advanced Adap-
tive High Beam Assist systems. The High
Beam can be automatically switched on or
off or adapted in range, depending on the
light seen by a CMOS camera sensor of an
oncoming vehicle.

A big step forward was made with Adap-
tive Driving Beam (ADB) systems, in which
specific portions of the High Beam pattern
can be selectively switched on or off. The
switched areas in the beam correlate to
the specific location of detected obstacles
such as vehicles, pedestrians, cyclists, an-
imals, traffic signs). The ADB functionality
offers the driver a virtual “always-on” High
Beam visibility, without disturbing other
road users.

ADB functionality can be applied com-
plementarily to an Advanced Frontlighting
System (AFS), which was released earlier
to the market. Here, the Low Beam (or
dipped beam) can be adapted not only
as a function of vehicular steering and
suspension dynamics but also related to
ambient (adverse) weather and visibility
conditions, vehicle speed (e.g. motorway,
country road, urban city), and road cur-
vature (cornering or dynamic swiveling)
(Figure 1).

LED professional: Could you elabo-
rate on the development and benefits
of adaptive headlight systems that re-
spond in real-time to oncoming traffic,
obstacles, and environmental condi-
tions?

Dirk Vanderhaeghen: Advancements
in LED light source technology in combi-
nation with higher precision optical sys-
tem design, have accelerated the perfor-
mance improvement and market adoption
of adaptive headlight systems over the last
decade. Different customized LED light
source configurations are possible, de-
pending on which resolution (beam granu-
larity) the OEM wants to achieve. For basic
(entry level) ADB systems, a single row
of LEDs is applied as an array of typically
7-30 segments. This gives the basic hori-
zontal segmented ADB.

More premium solutions apply multiple
rows of LEDs (matrix of > 30-100 LEDs),
which offer the additional benefit of a hor-
izontal and vertical segmented ADB with
more angular resolution (smaller areas of
the beam can be addressed). Top-end so-
lutions make use of the state of the art high
resolution, microLED light sources, which
typically have a resolution between 16,000
up to 25,000 individual addressable pixels.
Such High Definition ‘HD-ADB’ systems
offer full digital beam control functionality
with options for road projection of specific
patterns or symbols (e.g. lane markings)
(Figure 2).

All these ADB systems make use of the
front camera systems, which capture the



Figure 1: Adaptive Driving Beam pattern granularity and key application benefits. From AFS/ADB to high
resolution digital beam.

Figure 2: LED light source solutions for ADB and & HD-ADB systems.

Figure 3: Audi IAL light strip in Audi Q6 e-tron. Source: Audi.
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driving landscape to detect objects or ob-
stacles of interest. Via image processing
algorithms, the location of these objects is
calculated and translated into the appro-
priate beam segments. This image data is
sent in real-time from a central electronics
processing unit to the ADB system which
controls each beam segment individually.
Future HD-ADB headlighting systems fea-
turing high resolution MicroLEDs (> 10,000
pixels) require a much more complex elec-
tronics system architecture with digital data
interfaces and high bandwidth communica-
tion protocols. This makes the adoption of
such systems today still dependent on the
availability of such enabling car electronics
architecture.

LED professional: How is the industry
addressing the human-centric aspect
of automotive lighting, especially in
terms of driver fatigue, mood enhance-
ment, and alignment with circadian
rhythms?

Dirk Vanderhaeghen: For interior lighting,
we see a strong increase of ambient light-
ing for appropriate mood setting defined
by the driver’s preference setting or driving
condition. Ambient lighting also serves the
driver or occupants when surveying the
interior of the car to guide and quickly find
something.

Lately, new communication and interaction
functionality is also being added. Illustrative

examples are VW ‘communication light’ in
the ID.3 & ID.4 or Audi’s ‘Interaction Light’
(IAL) for the new Audi Q6 e-tron. Such light
strips can “communicate” with the driver
by means of colored light animations, to
inform them about status or alert them to
certain hazardous situations (Figure 3).

The issue of tackling driver fatigue is being
addressed by a Driver Monitoring Sys-
tem (DMS), which becomes a must have
ADAS function for most OEMs. Hereby the
driver’s face and eyes are illuminated by an
IR light source (LED or VCEL) and perma-
nently monitored by an IR camera to detect
potential driver distraction, drowsiness or
unresponsiveness. In case this happens,
the ADAS DMS will trigger an alert to the
driver; this can be by means of a visual
light signal, an audible noise or putting vi-
brations on steering wheel or driver’s seat.

When it comes to in-cabin functional illu-
mination, today’s cars have a rather limited
set of lighting features, such as a dome
light, reading (map) lights or vanity lights.
This is given by the quite low intensity inte-
rior lighting level, acceptable during night
driving, to avoid glare for the driver or other
road users. However, in the future of au-
tonomous driving and robo-taxis, interior
lighting can evolve towards a high grade
of ‘living room’ illumination. Such futuris-
tic interior ambient lighting and functional
illumination design are fully part of concept
car studies to envision the future of AV cars
where lighting, visualization and HMI all
come together.

LED professional: As innovations in
automotive lighting surge, what are
the challenges faced in harmonizing
global lighting standards? How are
manufacturers navigating the diverse
regulatory landscapes across different
markets?

Dirk Vanderhaeghen: Acknowledging
that lighting is a safety relevant function
of a car, regulations are a vital need! Two
main challenges in regulation are the dif-
ferent regulatory systems across the globe
defined by fundamental differences in the
related jurisdictions:

• UN-ECE (contracting parties incl. EU):
Based on third party certification and
type approval.

• FMVSS (US): Based on self-certification
process of OEM manufacturers.

• CCC (China): Component certification
and vehicle approval in the form of test-
ing standards.

Even though a lot of effort has been his-
torically put in the simplification and har-



Figure 4: Li Auto ‘L9’ with cyan ADS marker lights (left) and Honda Legend hybrid; world’s first certified L3
car with cyan front marker lights (right).

Figure 5: Merecedes EQS drive pilot concept featuring cyan marker lights for automated driving mode.
Function demonstrated in headlamp, rearlamp and side mirrors (ISAL 2023).

Figure 6: Volvo 360c concept study for driverless car.
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monization of lighting standards across the
different regulatory systems, it will remain
an everlasting challenge! Recent geopo-
litical developments and an increasing
complexity of legislation indicates a ten-
dency for increasing differences in interests
rather than a common interest to search
for upfront alignment and synergy. Another
key challenge is the difference in regulatory
adoption speed of the various regional sys-
tems; heavily depending on geographical
context and political interests. Some actual
illustrative examples are:

The delayed and deviating FMVSS-108
regulation for ADB systems in the US, ver-
sus the earlier established UN-ECE regula-
tion. This causes a lot of extra engineering
and validation work and puts additional
costs on manufacturers.
Another one is the difference in adoption
speed of cyan marker lights or commu-
nication signals for autonomous driving
vehicles within China, where first regulatory
deployment already hits the road, whereas

in the EU (UN-ECE), lighting regulations
are still pending on the overall regulatory
framework for autonomous vehicles.

Regulations are and will remain a complex
matter with a lot of interdependencies. Just
to list a few categories, that ultimately all
touch vehicle lighting:

• New application functionalities: Road
Projections around the car, Car Body
Lighting, Automated Driving Signaling
and Communication Displays for Au-
tonomous Vehicles, ADAS functionality
(e.g. DMS).

• New legal framework for safety regu-
lations for automated and connected
vehicles.

• Pedestrian safety and crash impact reg-
ulations.

• Energy efficiency and emission norm
regulations.

• Environmental & Sustainability: materials
use, waste and recycling.

Manufacturers need to anticipate, be cre-
ative and get prepared in a timely manner.
One example that demonstrates how car-
makers try to mitigate differences in lighting
regulations is to create more flexibility in
functional specifications by means of soft-
ware updates, rather than being fully de-
pendent on the installed lighting hardware
in a car. The ultimate holy grail remains a
‘world digital headlamp’ which is fully re-
gionally configurable by means of software
only.

LED professional: As vehicles move
towards higher levels of autonomy,
how is automotive lighting being de-
signed to communicate with external
sensors and other vehicles, ensuring
safety and clarity?

Dirk Vanderhaeghen: Marker lights for
Automated Driving Systems. Preparatory
regulatory discussions have taken place
which conclude that vehicles driving in au-
tomated mode should identify themselves
to other road users in a distinctive way.
The SAE (Society of Automotive Engineers)
worked out a recommended practice (US
SAE J3134) providing guidelines for the
use, performance, installation, activation,
and switching of marking lamps on vehi-
cles equipped with an Automated Driving
System (ADS). From the UN-ECE regula-
tory side, a formal regulation for such ADS
marker lights is still pending on the over-
all regulatory framework for autonomous
and connected vehicles. The latter is be-
ing worked on by GRVA, the working party
preparing such draft regulations for later
adoption by the parent regulatory body
WP.29 in Geneva. Once this is put in
place, the GRE group of experts can fur-
ther develop the lighting and light-signaling
requirements for automated vehicles.

In China, no formal regulation has been
fully deployed either. However, type ap-
provals are being given case by case by
means of special exemption, similar to
what was done in Japan for releasing the
world’s first certified L3 driving car, the
Honda Legend hybrid. China, being more
flexible with type approval exemptions, en-
ables a faster emergence of autonomous
driving cars on the road (Figure 4 and
Figure 5).

An interesting study was explored by
Volvo’s 360c concept for a distant-future
driverless car. A 360 degree light signaling
all around the car is demonstrated to com-
municate the car’s intent to pedestrians
and other human-driven cars (Figure 6).

A next level in communication and informa-
tion display for autonomous cars to other



Figure 7: SAIC’s IM L7 rear applique display (left) and Hiphi X Intelligent Signal Display (right).

Figure 8: Waves of new application innovation of LED technology generations. Historic evolution of LED
technology for automotive. Source: Lumileds.

Figure 9: Performance drivers of LED technology generations. Historic evolution of LED technology for
automotive. Source: Lumileds.
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road users is the potential use of higher
resolution communication displays. In the
absence of any kind of formal regulation,
here China is also taking the lead and ex-
ploring first releases on the road; also done
via individual case by case type approvals.
Two illustrative examples of cars on the
road are:

• Human Horizon’s ‘Hiphi X & Z’ Intelligent
Signal Display (ISD) with a couple of
hundred individually addressable LEDs.

• SAIC’s ‘IM L7’ rear applique commu-
nication display, featuring about 5000
miniLEDs.

Since this is an even more application
complex and regulation delicate topic, it
will take longer to define and validate which
type of communication signals or signs en-
sure safety and clarity. Multiple application
studies are ongoing at OEM carmakers,
setmakers and research institutes to define
and validate this (Figure 7).

LED professional: How are new mate-
rials, especially nanoparticle-infused
materials, revolutionizing the design
and functionality of automotive lights?

Dirk Vanderhaeghen: In the field of solid
state light sources and micro optics, such
nanoparticle-infused materials create op-
portunities for novel, optical applications.
The most well-known application is Quan-
tum Dot phosphors used in LEDs and dis-
plays. But also photonic crystal materials
have already found a wide range of ap-
plications in thin-film and meta-surface
optics. By manipulating light flow or color
spectrum, increased optical efficiency and
interesting optical effects can be achieved.

With the demand for lightweight and smaller
optical systems, miniaturization is a clear
driver for such technologies; trending from
refractive to more diffractive optics. A cou-
ple of years ago, Micro Lens Array (MLA)
optics made their first appearance in auto-
motive LED headlighting (first car platforms:
Genesis G90 and Lucid Air) and there is still
a long way to go to untap the full potential
of this new technology.

Another field of interest for new materials
development for automotive lamp sys-
tems is advanced plastics. The wide range
of available plastics for optical compo-
nents (lenses, collimators, light guides, light
blades, cover glass), together with the ad-
vancements for injection molding and post
processing (e.g. structuring, surface treat-
ments), has increased significantly over
the last years. This offers optical engineers
more design freedom to create and shape
novel solutions.

Related to thermo-mechanical light source
module design, the opportunity to apply
2K injection molded thermal conductive
plastic materials widens the options for
lightweight, custom heatsink design and
eases assembly.

LED professional: With the global push
towards sustainability, how is the auto-
motive lighting industry addressing its
environmental footprint, both in terms
of energy consumption and material
use?

Dirk Vanderhaeghen: The automotive
industry needs to follow strict regulatory
guidelines across the globe for environ-
ment, health, safety, sustainability, recy-
clability, and the emission of CO2. Electri-
cal power consumption, energy efficiency

and the use of environmentally friendly
and lightweight materials are therefore
all vital aspects to consider over the full
product lifecycle (‘from cradle to grave’).
With the ongoing conversion from con-
ventional bulbs (incandescent, halogen,
gas discharge) to much higher energy effi-
cient solid state light sources (LED, OLED,
VCSEL, LASER), the automotive lighting
industry also contributes to such goals.

Figure 8 and Figure 9 show the historic
evolution of the different waves of new
automotive application innovation and the
related LED technology generations with
their respective (still ongoing) performance
improvements.

Besides the electrical and optical efficiency
of a lighting system, weight remains a
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dominant and limiting factor to further re-
duce overall energy consumption of the
car. Therefore the focus on lightweight ma-
terials and overall system miniaturization
are crucial aspects of the overall lighting
system design.

Complementary to optimizing the over-
all energy efficiency in the product design
itself, also minimizing power consump-
tion during application use, life becomes
an increasing topic of interest. A lighting
system should always provide the (safety)
necessary light distribution during all driv-
ing conditions, however it can, given the
situation (e.g. environment: urban vs ru-
ral roads; ambient light level: dusk, dawn,
nighttime; …), dynamically adapt the beam
performance to an appropriate (safe) level,
which could save significant additional
energy throughout the entire vehicle op-
eration lifetime. Such concepts are under
consideration for market deployment and
regulatory approval.

Regarding a responsible choice and use of
materials, Tier-1 set-makers are working
on ways to make the full lamp systems
more ‘green’, not only in terms of material
selection but also considering recyclability
(waste) and repairability (e.g. self-healing
plastics).

LED professional: How do you see the
automotive lighting market evolving
over the next decade, especially with
the rise of electric vehicles and in-
creased emphasis on smart cities?

Dirk Vanderhaeghen: The rise of electric
vehicles will further accelerate the global
conversion to solid state light sources
(mainly LEDs) across all applications; at
the latest by the end of this decade.
New application functionalities are emerg-
ing: decorative car body lighting (grill sur-
face illumination, logo, ‘light is the new
chrome’), surround-car signaling road pro-
jection and exterior communication dis-
plays to facilitate interaction between au-
tonomous driving vehicles and other road
users.
Lighting functions become more intelligent
and smart, adaptive to environmental sit-
uations and driving conditions; enabled
by higher resolution light source solutions
(matrix-LEDs, MicroLEDs).

Lighting is entering the digital age, driven
by advanced software controls and cus-
tomization. The automotive electronics of
the future will gravitate towards a central-
ized system, where all lighting and sensor
functions are managed by a primary zone
controller or a high-performance process-
ing unit. This shift will be supported by

high-speed communication methods, such
as the Gigabit Multimedia Serial Link or
Ethernet connections, accompanied by
high bandwidth interfaces and sophisti-
cated data protocols. As a result, lighting
systems will seamlessly integrate into the
car’s front and rear modules. Furthermore,
innovative lighting functions will be intro-
duced, optimizing the vehicle’s available
space.
Lighting systems will become more em-
bedded in fully integrated front and rear
modules of the car. Additional lighting
functions will find new real estate on the
vehicle.

In summary: Automotive exterior lighting
will undergo a paradigm shift from: “See
and To be Seen” towards “Communicate
and Sense”!

LED professional: What are some
of the most exciting innovations on
the horizon for automotive lighting,
and how do they promise to redefine
the driving experience in the coming
years?

Dirk Vanderhaeghen: From a light source
technology perspective, the next gener-
ation of microLEDs, currently being de-
ployed into first of its kind digital headlight-
ing beam applications, has the potential to
stretch across various new lighting applica-
tions for the exterior and interior of the car.

‘On demand light’: lighting functionality
which is completely invisible when unlit and
appears only when required. Embedded
light through car body panels or decorative
interior surfaces.
‘Novel visual Human Machine Interfaces
(HMI), for a complete different level of
driving experience: Augmented Reality
panoramic Head-Up Displays (AR-HUD).
Smart, interactive glass windows with em-
bedded MicroLEDs for data visualization
and communication. Micro-projections and
backlit solutions for interior decorative sur-
faces.
Lighting is evolving from solely enhanc-
ing human vision to also supporting ma-
chine and camera vision capabilities. (e.g.
InfraRed structured light solutions; high
frequency pulsed light; optimized light
sources for CMOS camera sensors.

LED professional: Dirk, it was great
talking to you and getting a deep in-
sight into the future of automotive
lighting and Lumileds’ product port-
folio.

Dirk Vanderhaeghen: Thank you Siegfried.
It was a pleasure talking with you! !

Dirk Vanderhaeghen, Senior Director of
Lumileds OEM Market Strategy
Graduated in 1992 with a Masters elec-
tronic engineering degree from the Univer-
sity in Ghent, Belgium. He joined Philips
Lighting in 1995 and worked for different
application areas in special lighting and
digital projection lighting. In 2005 he joined
Philips Automotive Lighting Aachen, Ger-
many. From 2009-2013 he worked at Lu-
mileds in San Jose, CA and in mid-2013
he transitioned back to Germany, where
he is currently responsible for the market
strategy of the OEM automotive business.

dirk.vanderhaeghen@lumileds.com

About Lumileds
Lumileds is a global leader in OEM and
aftermarket automotive lighting and acces-
sories, camera flash for mobile devices,
MicroLED, and light sources for general il-
lumination, horticulture, and human-centric
lighting. Our approximately 6,000 employ-
ees operate in over 30 countries and part-
ner with our customers to deliver never be-
fore possible solutions for lighting, safety,
and well-being.

To learn more about Lumileds’ solution
portfolios, please visit https://lumileds.com.

mailto:dirk.vanderhaeghen@lumileds.com
https://lumileds.com
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The 15th International Symposium on
Automotive Lighting (ISAL 2023), held
in Darmstadt, Germany from 25-27
September, marked a significant mile-
stone as the first ISAL conference fol-
lowing the global Covid19 pandemic.
Under the guidance of Prof. Dr.-Ing.
Habil., Tran Quoc Khanh and in collab-
oration with WBG Publishing Services,
the conference showcased a plethora
of talks and lectures that delved deep
into the innovative potentials of au-
tomotive lighting technologies, com-
munication, sensor technology, and
Artificial Intelligence. The Steering
Board for the symposium was graced
with distinguished members from
renowned institutions and corpora-
tions, including AUDI AG, Icahn School
of Medicine, ZKW Group GmbH, DVN,
and TU Darmstadt, among others. The
conference’s diverse range of topics
spanned from the intricacies of visual
performance in automotive lighting
and the future of lighting technology to
the nuances of AV communication and
the sustainability approaches in the
industry. Furthermore, the symposium
shed light on the advancements in HD
headlamps, the evolving standards in
rating and regulations, and the innova-
tive strides in car interior and ambient
lighting. This conference not only high-
lighted the current state of the art in
automotive lighting but also set the
stage for future discussions and inno-
vations in the field.

Visual Performance

The realm of automotive lighting has wit-
nessed significant advancements, with a
primary focus on enhancing visual perfor-
mance, especially during nighttime driving.
The ISAL 2023 conference delved deep
into this topic, presenting a series of talks
and lectures that highlighted the impor-
tance of understanding and optimizing
visual performance for safer driving experi-
ences.

One of the standout papers from the con-
ference was the study conducted by Ko-
rbinian Kunst, Dr. Anil Erkan, David Hoff-
mann, Markus Peier, Tsoni Vitkov, and

Prof. Tran Quoc Khanh from the Laboratory
of Adaptive Lighting Systems and Visual
Processing at the Technical University of
Darmstadt, Germany. Their research cen-
tered on the driver’s gaze distributions on
different road types, namely rural roads,
highways, and urban roads, during both
the day and night.
The study was meticulously designed, in-
volving 10 test participants who drove a
defined route encompassing rural roads,
highways, and urban roads. The test vehi-
cle was equipped with GPS and a camera,
and participants wore head-mounted eye-
tracking glasses to record their gaze. The
primary objective was to understand how
gaze distributions varied across different
road environments and lighting conditions.
The findings revealed distinct differences
in gaze distributions across the three road
types. For instance, during the day, a wider
gaze distribution was observed on rural
roads, possibly due to drivers spotting
hazards earlier or simply admiring the land-
scape. However, nighttime driving on rural
roads showed a narrower gaze distribu-
tion, primarily influenced by the reduced
brightness and reliance on headlights as
the primary light source.
In urban settings, the gaze behavior was
broader, especially on residential roads.
This can be attributed to drivers scanning
the sides of streets more frequently to de-
tect potential dangers lurking between
parked cars. The research emphasized the
importance of adaptive light distribution
that adjusts according to the traffic situa-
tion and environment.

On highways, the gaze distribution was
the narrowest, both horizontally and verti-
cally. This is likely due to the high speeds
and the need for focused attention on the
road ahead. The study also highlighted a
tendency for drivers to lower their gaze at
night while on highways.
In conclusion, the research underscores
the significance of understanding gaze be-
havior to optimize headlamp light distribu-
tion. Such insights are crucial for designing
automotive lighting systems that cater to
the specific needs of drivers across differ-
ent road environments and lighting condi-
tions, ultimately enhancing road safety.
In the ever-evolving landscape of auto-
motive lighting, ensuring the uniformity of

headlamp light patterns is paramount for
the perceived quality of a headlamp. Ad-
dressing this intricate challenge, a paper
titled ”Enhancement of a Contrast Thresh-
old Prediction Model by the Implementation
of the Dual Tree Complex Wavelet Trans-
form” by Katrin Schier, Mathias Niedling,
and Christoph Schierz delves into the com-
plexities of contrast vision. The authors
explore the nuances of various headlamp
technologies and their inherent challenges
in producing a perceptually uniform light
pattern. Recognizing the myriad of po-
tential inhomogeneities that can arise, the
trio presents an enhanced model that pre-
dicts the visibility of contrasts in luminance
distributions. By integrating the Dual Tree
Complex Wavelet Transform (DT-CWT) into
their model, they aim to offer a more ac-
curate and objective evaluation method,
setting the stage for future advancements
in the domain of automotive lighting.

In recent years, various headlamp tech-
nologies have emerged in the market, each
presenting unique challenges in produc-
ing a perceptually uniform headlamp light
pattern. The uniformity of this light pat-
tern is crucial for the perceived quality of
a headlamp. Given the myriad of potential
inhomogeneity characteristics (e.g., size,
position, shape) that can arise from these
technologies, there’s a need for an objec-
tive evaluation method that can predict the
visibility of an inhomogeneity, regardless of
its type. The authors had previously pro-
posed a model to detect such nonuniformi-
ties by predicting the visibility of contrasts
in luminance distributions. This model em-
ulated simple contrast processing steps
of the human visual system. However, the
continuous filter functions of the earlier
model could lead to distortions when re-
constructing the image. The goal of this
paper is to enhance this model by imple-
menting the Dual Tree Complex Wavelet
Transform (DT-CWT) to overcome these
limitations.

The paper introduces the Dual Tree Com-
plex Wavelet Transform (DT-CWT) as a
solution to the shift invariance problem ob-
served in the earlier model. The DT-CWT,
developed by Kingsbury, is composed of
two parallel discrete real-valued wavelet
trees. This transform offers near shift in-



Powerful computers evaluate the data and give the headlights commands for the best possible adjustment
of light distribution in all situations. To avoid glare as much as possible, the light is dimmed for oncoming or
preceding vehicles, other road users, and traffic signs. Photo credit: Daimler AG
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variance, which is crucial for the accurate
calculation of contrasts, especially those
near the threshold. The DT-CWT filters
were shown to deliver a better overall per-
formance when evaluating measured and
simulated luminance images. The wavelet
filters resulted in a significantly reduced
number of visible distortions in the image,
providing a more accurate representation
of contrasts. The paper also highlights that
the DT-CWT filters closely resemble ori-
ented Gabor filters, which have been used
to model the behavior of the simple cells of
the primary visual cortex (V1). This resem-
blance suggests that the implementation of
the DT-CWT in the model simulates higher
processing stages of the human visual
cortex, enabling the simulation of effects
known to contribute to the contrast thresh-
old.

In summary, the paper offers an enhanced
model for predicting the visibility of con-
trasts in luminance distributions of head-
lamp light patterns, providing a more ac-
curate and objective evaluation method for
the perceived quality of headlamps.

Future Lighting

As the automotive industry propels for-
ward, the realm of lighting is undergoing
a transformative shift, with the spotlight
on enhancing safety, efficiency, and aes-
thetics. The concept of future lighting
transcends mere illumination. It encap-
sulates a vision where lighting systems not
only guide the way but also communicate,

adapt, and even predict. High-definition
(HD) headlamps, equipped with state-of-
the-art technologies like micro-LEDs, are at
the forefront of this evolution. These head-
lamps promise not just superior illumination
but also the ability to project vital informa-
tion onto the road, thereby amplifying driver
awareness and safety. As the industry
continues to innovate, the challenge lies in
balancing technological prowess with prac-
tical applicability, ensuring that the future
of automotive lighting is not just bright but
also smart and sustainable.

In the paper titled ”Application potential
and challenges of HD front lighting” by
M.Kropac, A.Freiding, and D.Ceyhun from
Hyundai Motor Europe Technical Center in
Germany, the authors delve deep into the
potential applications of high-definition (HD)
front lighting. The main driver for the ap-
plication of HD front lighting is to enhance
visibility and provide assistance functions,
directly linked to safety benefits for the
driver. The paper considers various po-
tential HD front lighting features, including
High Definition Adaptive Driving Beam (HD
ADB) with precise multi-masking zones,
Lane light carpet, Marking light, Light guid-
ing, Light warning, and Light navigation.
The authors emphasize that the most at-
tractive lighting feature is the HD ADB,
which provides the driver with maximal
illumination without dazzling other road
users. The paper also highlights customer
feedback, indicating that low or no visibil-
ity of symbols on a wet road or during the
day was negatively commented on for all
projection-based HD front lighting features.

Another significant contribution is the pa-
per ”Headlamp sensor: Visibility sensor
based on structured light” by Florian Krieft,
Prof. Dr. rer. nat. Cornelius Neumann, and
Dr. Mathias Niedling. The authors investi-
gate the feasibility of using high-resolution
headlamps as sensors to determine vis-
ibility conditions, especially in foggy en-
vironments. The research explores how
structured light emitted by high-resolution
headlamps can be used to gather informa-
tion about fog conditions. The system cap-
italizes on the scattering of light in foggy
conditions, using it as a data source to
determine visibility. The sharpness of the
projection borders serves as a reliable data
source, suggesting that high-resolution
headlamps can play a pivotal role in the fu-
ture of automated driving.

Lastly, the paper ”Towards Pixelated Single
Module Headlamp Solutions” by Chris-
tian Knobloch, Reza Larimian, and Patrick
Schmidt from ZKW, Austria, offers insights
into the evolution of automotive headlights.
The authors emphasize the industry’s shift
towards more compact and design-centric
solutions, championing the cause of pix-
elated LED array light sources. These
sources present a balance between per-
formance, functionality, and complexity,
promising a future where headlamps are
not just functional but also aesthetically
pleasing.

In essence, these research papers col-
lectively paint a vivid picture of the future
of automotive lighting, emphasizing the
sector’s potential to redefine safety and
communication in the automotive world.

Autonomous Vehicles
Communication

The evolution of autonomous vehicles (AVs)
has brought forth a myriad of challenges
and opportunities, with one of the most
pivotal being communication. As vehi-
cles become more autonomous, the tradi-
tional channels of communication between
drivers, pedestrians, and other road users
are undergoing a transformation. In the
absence of a human driver, the onus falls
on the vehicle itself to communicate its in-
tentions and actions. This paradigm shift
necessitates the development of innovative
communication methods that are intuitive,
clear, and universally understood.
The realm of AV Communication explores
these very facets, delving into the intri-
cacies of how automated vehicles can
effectively convey their intentions to the
surrounding environment, ensuring safety
and fostering trust among all road users.



AUTOMOTIVE SPECIAL ISAL 2023 – SYMPOSIUM AND EXHIBITION REVIEW ! " #

86 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design Issue 100/Nov-Dec/2023



AUTOMOTIVE SPECIALISAL 2023 – SYMPOSIUM AND EXHIBITION REVIEW! " #

Issue 100/Nov-Dec/2023 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design 87Lotus Eletre, shown at ISAL 2023. Photo Credit: Lotus.



AUTOMOTIVE SPECIAL ISAL 2023 – SYMPOSIUM AND EXHIBITION REVIEW ! " #

88 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design Issue 100/Nov-Dec/2023

Automated driving revolution: Mercedes-Benz announced
U.S. availability of DRIVE PILOT - the world’s first certified
SAE Level 3 system for the U.S. market. Photo Credit:
Mercedes-Benz.
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One of the standout papers in this do-
main is titled ”Communication of highly
automated vehicles with the surround-
ing environment using on-vehicle imaging
and displaying devices” by Markus Peier,
David Hoffmann, Korbinian Kunst, Elisa-
beth Kemmler, Dr. Anil Erkan, and Prof.
Tran Quoc Khanh from the Laboratory
of Adaptive Lighting Systems and Visual
Processing at the Technical University of
Darmstadt, Germany. This research delves
into the potential of on-vehicle imaging
devices, such as displays, to facilitate com-
munication between AVs and vulnerable
road users. The study emphasizes the
need for symbols that can effectively re-
solve potential conflict situations, especially
in scenarios where traditional right-of-way
rules might be ambiguous. The authors
explore the transferability of results from
virtual reality studies to real-world applica-
tions, focusing on the differences between
virtual environments and actual demo cars.
The paper underscores the significance of
developing universally understood symbols
and tests their applicability in real-world
scenarios.

New ALIYOS™ LED-on-foil technology from
ams OSRAM creates unprecedented effects in
automotive lighting. The components of the LED
foil system feature an ultra-thin profile of less
than 1mm, which discreetly applies the LED light
source to a wide range of base materials. With
a luminance level surpassing 10,000 cd/m² and
individually controllable segments, ALIYOS™
opens a new realm of application possibilities
and innovative engineering approaches both
within and outside the vehicle.

Another noteworthy area of research is the
exploration into the ”eHMI: Communication
Matrix”. This study delves into the intricate
dynamics of communication between AVs
and other road users, especially in situa-
tions where the AV’s intentions need to be
clearly conveyed. The research identifies
various messages that can be classified
into categories such as attention, detec-
tion, cooperation, maneuvers, AV-status,
and valence. For instance, in a scenario
where a pedestrian is at a crosswalk, the
AV might display messages like ”I have rec-
ognized you” or ”I will stop.” The system
provides a platform for negotiation between
the AV and other road users, ensuring that

both parties understand each other’s inten-
tions and actions.

Together, these papers highlight the critical
role of communication in the era of au-
tonomous vehicles. As the industry contin-
ues to evolve, the development and stan-
dardization of communication methods will
be paramount in ensuring safety, trust, and
seamless interactions between AVs and the
surrounding environment.

HD Headlamps

The automotive lighting landscape is wit-
nessing a paradigm shift with the advent
of High Definition (HD) headlamps. These
advanced lighting systems, characterized
by their pixelated light beams, represent
the epitome of technological innovation in
vehicle illumination. HD headlamps are not
just about enhanced brightness; they of-
fer precision, adaptability, and a range of
functionalities that were previously unattain-
able. With the ability to project intricate
patterns and symbols on the road, these
headlamps extend beyond mere illumi-
nation, providing drivers with light-based
assistance and communication tools. As
vehicles become more sophisticated and
the roads more complex, the role of HD
headlamps in enhancing safety, improving
visibility, and facilitating communication be-
comes paramount.

A notable paper that delves into this topic
is ”Application potential and challenges of
HD front lighting” by M.Kropac, A.Freiding,
and D.Ceyhun from Hyundai Motor Eu-
rope Technical Center in Germany. The
research underscores the primary driver
for the application of HD front lighting: to
improve visibility and provide assistance
functions that directly benefit driver safety.
The paper explores potential HD front
lighting features, such as High Definition
Adaptive Driving Beam (HD ADB), which
offers precise multi-masking zones, and
other functionalities like Lane light carpet,
Marking light, and Light guiding. The au-
thors emphasize the potential of HD ADB
in providing maximal illumination without
dazzling other road users. Furthermore,
the research delves into the transferabil-
ity of results from virtual reality studies to
real-world applications, highlighting the dif-
ferences between virtual environments and
actual demo cars.

Another significant contribution to the
discourse on HD headlamps is ”DIGITAL
LIGHT – A Résúmé after 4 Years of Series
Production” by Dr. Markus Maier, Fabian
Priegler, Dr. Axel Müller, and Christopher
Weiss from Mercedes-Benz AG, Germany.

The paper describes ”DIGITAL LIGHT”
as the high-resolution headlight technol-
ogy at Mercedes-Benz. Combined with
high-performance ECUs and quality sen-
sor input, it enables several new adaptive
high beam assist functions. The authors
reflect on their experience after four years
of series production, discussing the ben-
efits of high-resolution systems for driver
assistance projections and the associ-
ated regulatory challenges. The paper also
emphasizes the role of in-house software
development in ensuring the quality and
agility of software-driven light.

Nichia’s micro-PLS LED matrix solution, fea-
turing 16,384 micro-LEDs controlled by an
Infineon ASIC (top). Lumileds’ 20,000-pixel
high-resolution monolithic light source (bottom).
Both HD light engines are designed for adaptive
driving beam applications.

Together, these papers provide a com-
prehensive insight into the potential and
challenges of HD headlamps in the auto-
motive industry. As vehicles continue to
evolve, the integration of these advanced
lighting systems will play a crucial role in
shaping the future of automotive safety and
communication.

Rating and Regulations

The automotive industry is undergoing a
transformative phase, with the advent of
autonomous vehicles, electric mobility,
and advanced driver-assistance systems.
As these technologies evolve, so does
the need for appropriate regulations and
ratings to ensure safety, efficiency, and
standardization. One of the critical aspects
of this transformation is automotive light-
ing. Lighting not only plays a pivotal role
in ensuring the safety of nighttime driving



The HD matrix light illuminates the entire 40-degree horizontal and ten-degree vertical range with a
luminous flux of over 1,400 lumens, thereby generating one of the largest and brightest high-resolution
illumination areas. It covers the entire high beam range and begins just in front of the vehicle. The light can
be distributed in any way within this area and this flexibility makes it possible to improve existing functions
and introduce new ones – always with the aim of offering the driver the best possible visibility in any
situation. Photo credit: Porsche.

HD Matrix LED Headlights with 16,384 micro-LEDs per LED array. Photo credit: Porsche.
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but also serves as a communication tool
between vehicles and other road users.
With the increasing complexity of automo-
tive lighting systems, especially with the
integration of high-resolution technologies,
there’s a pressing need for clear guidelines
and ratings that can evaluate their perfor-
mance and safety.

One of the papers that stands out in this
context is ”ADS Marker Lamps – Regula-
tory Requirements and Technical Imple-
mentations” by Daniel Betz and Stefan
Töpfer from Mercedes-Benz AG, Germany.
The paper discusses the increasing rel-
evance of Autonomous Driving Systems
(ADS) in everyday traffic. Mercedes-Benz,
as the first manufacturer offering Level
3 driving systems in Germany and other
global markets, recognizes the impor-
tance of exterior lighting to indicate the
autonomous driving status to other road

users. The paper delves into the regula-
tory requirements for turquoise ADS marker
lamps, discussing the current standards
known for the Chinese and the US mar-
ket. The authors highlight the common
parameters but also identify contradicting
requirements.

The paper elaborates on the installation po-
sitions of the ADS marker lamps. While
the SAE J3134 only describes marker
lamps towards the front, the drafted GB-
Standard in China requires an installation
position in the front, side, and rear of the
vehicle, ensuring 360° visibility. Both regu-
lations agree that the illumination towards
the front and rear can be achieved either
by one central lamp or two symmetrically
installed lamps. The chromaticity require-
ments for the ADS marker lamps are iden-
tical in both the SAE J3134 and the drafted
GB-Standard. The unique turquoise color

is emphasized, which helps in clearly as-
signing the new lights to the autonomous
driving functions in Level 3. The authors
stress the importance of conveying the
meaning of this specific light color to the
public, ensuring its understanding and ac-
ceptance.

Another significant contribution in this area
is the paper ”Headlamps performance pre-
diction to win the IIHS Top Safety Pick”
by N. Costa, R. Rabbeni, and D. Novack.
The performance of vehicle headlamps is
crucial for safe nighttime driving. The In-
surance Institute for Highway Safety (IIHS)
has developed an assessment method for
headlamp performance to promote im-
provements leading to higher traffic safety
and reduced nighttime accidents. This
paper introduces a virtual methodology
capable of predicting IIHS headlamp rat-
ings. The methodology uses virtual sim-
ulators and vehicle dynamics models to
predict ratings early in the development
process, allowing for timely optimizations.
The IIHS rating prediction tool integrates
with the SCANeR workstation, running a
co-simulation model. The tool has shown a
high level of correlation between predicted
and real IIHS ratings, with a confidence
level of 85%. The methodology’s accuracy
suggests that changing the vehicle model
can study the performance of the lighting
headlamp system effectively.

In conclusion, as the automotive industry
continues to innovate, the importance of
clear, comprehensive, and forward-looking
regulations and ratings cannot be over-
stated. These papers shed light on the
ongoing efforts to ensure that automotive
lighting systems are not only advanced but
also safe and compliant with the necessary
standards.

Sustainability and System
Approach

The automotive industry is undergoing a
significant transformation, with sustainabil-
ity at the forefront of its evolution. As the
world grapples with environmental chal-
lenges, there’s a growing emphasis on
creating products that are not only efficient
but also environmentally friendly. In the
realm of automotive lighting, this translates
to the development of systems that are
energy-efficient, made from sustainable
materials, and designed for longevity and
recyclability. The ”Sustainability & System
Approach” section of the ISAL 2023 pro-
ceedings delves into this topic, exploring
innovative solutions that aim to reduce the
carbon footprint of automotive lighting sys-
tems while ensuring optimal performance.



AUTOMOTIVE SPECIAL ISAL 2023 – SYMPOSIUM AND EXHIBITION REVIEW ! " #

92 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design Issue 100/Nov-Dec/2023

One of the standout papers in this category
is titled ”Sustainable headlamps contribut-
ing to carbon neutrality” by Kazuki Honda,
Shota Nishimura, Takehiro Matsumoto, and
Yoshihiro Fujiyama from Stanley Electric
Co., Ltd., Japan. The paper introduces the
“E-thi-caL” headlamp unit, a groundbreak-
ing development in sustainable automotive
lighting. This headlamp is characterized by
its low power consumption and lightweight
design. Remarkably, the “E-thi-caL” head-
lamp consumes significantly less power
than conventional headlamps, registering
a power consumption of just 10.9 W. Ad-
ditionally, its weight is a mere 100 grams,
making it one of the lightest in its category.

ISELED technology is based on the integration
of several LEDs – RGB, white/white or combi-
nations thereof – and controller chip within one
single common package in the form of a SiP
(System in Package). The LED manufacturer
performs the optical calibration of the individual
LEDs during the final test of the SiP. During this
process, the characteristic data of the LEDs
are stored into a non-volatile memory, which is
embedded in the controller chip. This precisely
adjusts the LEDs during operation; using a sen-
sor integrated in the controller it also takes the
ambient temperature into account eliminating
the need for both time-consuming calibration
at tier-1 suppliers and extensive external con-
trol during operation. ISELED is therefore also
referred to as a „digital LED“, because only the
address of the respective SiP module, the color
and brightness values are required for controlling.
This is done in the form of the „lean“ ISELED
protocol, which enables light sequences at video
speed despite the low data rate of 2 Mbit/s –
conventional systems use the SPI bus which is
clocked at frequencies in the range of 20 to 30
MHz.

The unique features of the “E-thi-caL”
headlamp are attributed to its highly effi-
cient and straightforward optical system.
The system is designed to identify the ”re-
ally necessary light distribution” based on
accident analysis. This approach ensures
that the light distribution is optimized for
safety, reducing the likelihood of accidents.
Furthermore, the headlamp’s design incor-
porates a mechanism where certain LED
light sources designated for the low beam
are turned off when the high beam is acti-
vated. This design choice further reduces
power consumption without compromising
the driver’s comfort or visibility.

The paper emphasizes that replacing con-
ventional halogen headlamps with the “E-
thi-caL” unit can significantly contribute to
global environmental efforts. Given that a
large proportion of vehicles worldwide still
use halogen headlamps, transitioning to
the “E-thi-caL” headlamp can lead to sub-
stantial reductions in power consumption,
pushing the automotive industry closer to
its carbon neutrality goals.

In the quest for sustainability, the auto-
motive lighting industry is considering the
re-use of lighting products, particularly in
major markets as presented in the paper
”Local Approach for Major Markets Min-
imizes Logistic Costs”. This approach is
driven by the aim to reduce logistic costs,
efforts, and CO2 emissions associated
with the second life of these products.
The paper emphasizes the importance
of common mechanical and electronical
interfaces, along with assembly and dis-
assembly strategies. These strategies, if
implemented effectively, can offer a higher
degree of flexibility within the sustainability
scale-up.

The paper suggests that bold and visionary
decisions are required to initiate this sus-
tainable path. Starting with small profitable
pilot lines is a recommended approach.
The ultimate goal is to harmonize the light-
ing module designs, ensuring a smoother
transition towards this sustainable vision.
However, it’s crucial that this sustainable
path does not compromise the styling at-
tractiveness and light performance, both of
which are essential for safe driving.

The future of lighting products, as outlined
in the paper, is rooted in digital safety-
enhancing high-resolution light functions.
These functions are expected to be in-
troduced to the market by the SSL|HD
technology. Additionally, the paper men-
tions the significance of high-efficiency and
homogeneity-based signal functions, which
will be realized by Flat Light optics. Dig-
ital projections are anticipated to extend
the safety space around vehicles, and dis-
plays will play a pivotal role in enhancing
the styling aspects of these products.

In essence, the paper underscores the im-
portance of a sustainable approach in the
automotive lighting sector. By minimiz-
ing logistic costs and focusing on re-use,
the industry can make significant strides
towards a more environmentally-friendly
future, without compromising on perfor-
mance or aesthetics.

In conclusion, as the automotive industry
continues its journey towards sustainabil-
ity, innovations like the “E-thi-caL” head-

lamp are pivotal. They not only represent
technological advancement but also un-
derscore the industry’s commitment to
creating products that are in harmony with
the environment. The papers in the ”Sus-
tainability & System Approach” section
highlight the ongoing efforts in this direc-
tion, showcasing solutions that are both
innovative and eco-friendly.

Car Interior and Ambient
Lighting

The transformation of vehicles into au-
tonomous entities is reshaping the very
essence of car interiors. No longer just
spaces for driving, these interiors are evolv-
ing into environments where a myriad of
activities such as relaxation, conversation,
work, and entertainment take place. This
shift necessitates a reimagining of automo-
tive interior lighting to create a comfortable
ambiance for diverse in-vehicle activities.
Moreover, the advanced convergence in
automotive interior lighting should be adept
at adjusting the lighting environment based
on the occupant’s emotional states, ensur-
ing a holistic and user-centric experience.

Microrelleus specializes in laser microstructuring,
texturing, and industrial engraving. In 2016, they
became world pioneers by offering femtosecond
laser services in 5-axis configurations. By 2022,
they further established their pioneering status
by adapting this technology for large and heavy
tools and parts. The femtosecond laser allows
them to engrave both standard tools and direct
prototypes in ways previously deemed impos-
sible. Image: Tool microstructuring > Injected
parts > Final product (tail lamp).

A notable study titled ”Development of
a Mixed-Reality Vehicle Interior Lighting
Testbed” delves deep into this paradigm
shift. The research, conducted by a team
from Yeungnam University in Daegu, Re-
public of Korea, introduces a mixed-reality
automotive indoor environment tailored
for evaluating autonomous interior lighting
across various scenarios. The study lever-
ages Virtual Reality (VR) to rapidly explore
and design lighting scenarios. Using the
Unity platform, the researchers developed
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a VR-based interior lighting environment
that mirrored a Propose Built Vehicle (PBV)
buck, designed specifically for autonomous
vehicles. This environment simulated realis-
tic driving scenarios with multiple surround-
ing screens and short-throw projectors.

The lighting module design for this testbed
was intricate. Eight directional lights were
strategically placed on the ceiling, capable
of basic color adjustments and alterations
in color temperature and illuminance via
the HDRP rendering engine. The design
also incorporated ambient lighting samples
in the form of lines and bulbs, allowing for
easy integration of ambient lighting from
the buck environment as needed. To en-
hance the immersive driving experience,
360-degree videos and HDRP light maps
of daytime road driving scenarios were in-
corporated.

The buck, donated by a company re-
ferred to as ’Company H’ in the study,
was equipped with prototype lighting and
equipment. It served as a testbed to ana-
lyze passenger activities from various sce-
narios in autonomous vehicles and eval-
uate lighting environments implemented
by prototype lighting and surroundings.
The buck was designed to recognize and
respond to passenger activities and emo-
tions, ensuring a personalized lighting ex-
perience.

In conclusion, the study underscores the
potential of mixed-reality environments
in shaping the future of automotive inte-
rior lighting. By bridging the gap between
virtual designs and real-world implementa-
tions, such testbeds can pave the way for
lighting scenarios that are both innovative
and user-centric, enhancing the in-vehicle
experience in the age of autonomy.

Conclusion

The ISAL 2023 conference showcased
the multifaceted evolution of automo-
tive lighting, emphasizing its pivotal role
in the rapidly transforming automotive land-
scape. One of the standout themes was
the emphasis on visual performance, with
research underscoring the significance of
adaptive systems like the ”Adaptive Driving
Beam” that dynamically adjust to on-road
conditions, ensuring optimal visibility while
minimizing glare for oncoming drivers. The
future lighting section highlighted innova-
tions like the ”DIGITAL LIGHT” system,
which, after years of series production,
has proven its capability in enhancing
safety through high-resolution adaptive
beam functions. As vehicles edge closer
to full autonomy, AV Communication has

emerged as a crucial domain, with lighting
systems serving as communication tools
between vehicles and other road users.
The ”ADS Marker Lamps” study, for in-
stance, emphasized the need for univer-
sally recognizable lighting cues to indicate
a vehicle’s autonomous status, ensuring
safety and clarity on roads.

HD Headlamps represent the zenith of
technological advancement in lighting, with
systems capable of projecting intricate pat-
terns and symbols on roads, extending
their role beyond mere illumination. The
push for sustainability was evident, with
innovations like the “E-thi-caL” headlamp
emphasizing low power consumption and
lightweight design, marking a significant
stride towards carbon neutrality in auto-
motive lighting. The Rating & Regulations
section underscored the industry’s com-
mitment to ensuring that these innovations
align with safety standards, with research
focusing on predicting IIHS headlamp rat-
ings to promote nighttime driving safety.
The Sustainability & System Approach
highlighted the industry’s eco-conscious
direction, emphasizing the re-use of light-
ing products to minimize logistic costs and
CO2 emissions. Lastly, the transformation
of Car Interior and Ambient Lighting was
evident, with mixed-reality testbeds being
developed to evaluate and design lighting
scenarios for autonomous vehicles, ensur-
ing a holistic in-car experience.

In conclusion, the future of automotive
lighting is poised at the intersection of
technology, safety, and sustainability. As
vehicles become more autonomous and
interconnected, lighting will transcend its
traditional role, serving as a communica-
tion tool, safety enhancer, and a symbol of
eco-consciousness. The industry is gearing
towards a future where lighting systems
are not just about illumination but about
enhancing the overall driving and in-car
experience, ensuring safety, sustainability,
and seamless vehicle-to-environment com-
munication. !

Tristimulus-filtered Imaging
Spectral Colorimeter

www.sphereoptics.de

Westboro Photonics’ WP525 is an all-in-
one tristimulus-filtered imaging colorimeter
with integrated spot spectroradiometer.
Calibrated and paired with Westboro’s
PhotometricaTM software, the equipment
is suited for measuring displays, lighting,
and backlit graphics in development and
production. The 25-megapixel color and
luminance measurements are corrected via
a spot spectral measurement in the center
of the image.

Westboro Photonics’ WP525 is an all-in-
one tristimulus-filtered imaging colorimeter.

A key component of the WP525 is a high-
speed linear translation stage. It has mul-
tiple positions for imaging light with the
spectroradiometer or with the XRed, XBlue,
Y and Z tristimulus filters and camera. In
addition, there is standard filtering up to
ND2 in the spectrometer path. Conve-
niently, the moving stage provides posi-
tions where the imager or spectrometer is
shuttered from illumination.
The system thus supports fully automated
shuttering and dark measurements to cor-
rect detector noise. Thirteen interchange-
able lenses can be calibrated with the sys-
tem, including a conoscopic lens for view-
ing angle testing and a near-to-eye-display
lens for AR/VR display analysis. With the
help of the associated PhotometricaTM

software and optional application-oriented
software addons, comprehensive tests are
available to support customers in various
automotive interior and exterior applica-
tions.

For more information, please contact
SphereOptics on www.sphereoptics.de
or email us info@sphereoptics.de. !

https://sphereoptics.de
https://sphereoptics.de
https://sphereoptics.de
mailto:info@sphereoptics.de


OLED Lighting Technology Brings
Beauty and Safety to the Road
OLEDWorks
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Founded in 2010, OLEDWorks is the
world leader in manufacturing Organic
Light Emitting Diode (OLED) lighting
technology. Since its founding, OLED-
Works has expanded globally, facil-
itated by the purchase of the Philips
OLED division in 2015, which included
their intellectual property, state-of-
the-art production facility in Aachen,
Germany, and a core team of OLED
engineers, business experts, and tech-
nicians. This unique combination of
American entrepreneurship and Ger-
man precision engineering has allowed
OLEDWorks to produce world-class
OLED lighting technology, with the
thinnest and brightest OLED lighting
panels on the road in the redesigned
Audi A8, announced in 2021. Today,
OLEDWorks continues to expand its
production capabilities and work to-
ward increasing the number of auto-
motive solutions that capitalize on the
beauty and safety capabilities of this
technology.

www.OLEDWorks.com

What is OLED Technology?

First invented in Rochester, New York,
in 1987 by the researchers at Eastman
Kodak, OLED technology is a solid-state
lighting (SSL) composed of thin layers of
organic material that emit light from the en-
tire surface of the panel. This unique char-
acteristic allows for a homogeneous and
diffuse light source that does not require
diffusors or optical elements necessary in
other lighting technologies. Without these
additional components, OLEDs can be
made with a profile of 1mm or less in total
thickness, reducing weight and space re-
quirements.

In addition to an ultra-thin homogenous
light source, benefits of OLED lighting in-
clude:

• Comparable lifetime, reliability, and en-
ergy efficiency as traditional LED solu-
tions.

• Custom design within the panel itself
(color, size, and segmentation).

• High-contrast segmentation for commu-
nication capabilities.

• Dynamic animations and crisp logos.

High segmentation allows for clear dynamic
communication and symbology.

OLED Lighting in the
Automotive Industry

The high-contrast segmentation of OLED
lighting is particularly exciting in the au-
tomotive industry, as it enables superior
branding and communication capabilities.
By using dynamic animations and symbols,

vehicles can communicate upcoming haz-
ards with other drivers like icy conditions,
sudden braking, or other safety information
in a clear and attention-grabbing manner.
OEMs can also use high-contrast OLEDs
to illuminate the manufacturer’s badge or
model name or add custom rear lighting
animations to distinguish their brand from
competitors.

OLEDWorks rigid automotive panels with hun-
dreds of individually addressable segments.

When OLEDWorks entered the automo-
tive industry, safety was its top priority,
and it knew that this would require even
more rigorous technology performance and
stringent reliability testing than previous
ventures. OLEDWorks technology is de-
signed to last the lifetime of the vehicle and
has passed thousands of hours of reliabil-
ity tests like the AEC-Q-102 standards for
high heat, humidity, shock, and vibration.
Additionally, OLEDWorks’ commitment to
quality is seen through its IATF 16949 and
ISO 9001, 14001, 45001 certified manu-
facturing facility.

With the launch of the redesigned Audi A8,
OLEDWorks confirmed the reliability and
performance of its products. OLED light-
ing is offered standard in the A8, with four
unique lighting signatures possible across
the model range that provide a sense of
customization for each driver. The OLED-
Works panels exhibit ECE/SAE-certified
deep red emission color and an impres-
sive 2000 cd/m2 brightness, due, in part,
to OLEDWorks’ best-in-class multi-stack
OLED technology, which allows more ac-
tive material to be incorporated into the
OLED architecture.



OLEDWorks bendable automotive panel with intrinsic segmentation.

Segmented amber panel for automotive.

Segmented white panel for automotive.
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Tomorrow’s Automotive
OLED Solutions

While OLED lighting on the road today is
impressive, available products have only
scratched the surface of what is possible
with OLEDs. The clear next step for OLED
technology is an increased number of indi-
vidually addressable segments within the
panel design. OLEDWorks has demon-
strated panels with over 600 segments at
industry shows, which will enable greater
communication and branding options for
automotive manufacturers.

Another major milestone for OLEDs will
be the commercialization of flexible OLED
lighting that can curve with the contours of
the vehicle. Flexible OLED rear lighting will
allow for additional design considerations
in addition to making it easier to see the
lights from all angles around the vehicle to
increase safety on the road. OLEDWorks
has shown flexible OLED lighting concepts
previously and is working vigorously with its
automotive partners to move this product
to the road.

In addition, OLEDs are being developed
in higher brightness and additional color
options such as amber and automotive
white. Once commercialized, these colors
can be used in full rear combination lights,
including turn and brake applications, as
well as Center High Mount Stop Lighting
(CHMSL) and daytime running lights.

The benefits of high-performance OLED
lighting solutions for the automotive in-
dustry are numerous and continue to ex-
pand with each product generation. As the
manufacturer of the brightest and thinnest
OLED lighting panels on the road, OLED-
Works is excited to lead the charge of high-
quality OLED lighting production to usher in
a more beautiful, safer tomorrow. !



From Computers to Cars:
Microchip’s Ethernet Leap into
Automotive Illumination
Dipl.-Phys. Martin MILLER, Director of Marketing Applications for
Microchip Technology’s Automotive Information Systems
Business Unit
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At the International Symposium for Au-
tomotive Lighting (ISAL) in Darmstadt,
Microchip showed a new way of con-
necting LED-based lamps inside vehi-
cles to the main computer. In this new
approach, Ethernet is used to connect
interior or exterior lamps directly to the
vehicle’s IT backbone instead of con-
necting them via CAN, LIN or LVDS to a
central gateway. This has several key
advantages, as outlined below.

Lower Cabling Cost

Ethernet in cars uses Unshielded Twisted
Pair (UTP) cables. Cables and connectors
are cost-effective especially for the lowest
speed grade 10BASE-T1S running at 10
Mbps. Cables also will be shorter since
the lamps are connected to the closest
zone controller instead of routing the cable
through the entire vehicle to a central point.
10BASE-T1S also supports bus topolo-
gies like CAN, allowing to connect multiple
lamps to a cable or connect multiple PCBs
inside a lamp via the same cable. In the
example shown in Figure 1, head- and
backlights are connected to the closest
zone controller. The three backlights in the
trunk lid benefit from 10BASE-T1S’ sup-
port for the bus topology.

Figure 1: Exterior lighting with Zone Controllers.

Higher Bandwidth

For automotive applications Ethernet of-
fers speed grades from 10 Mbps up to
10,000 Mbps. If an application requires
more bandwidth, only the PHY is changed.
Everything else (arbitration, synchroniza-
tion, security, functional safety, software
stacks, etc.) remains untouched. Imagine
if you migrate a lamp from CAN to LVDS.
Everything would change.

Figure 2: Communication approaches for auto-
motive applications.

Higher Resolution

In today’s lamps, LED drivers are mostly
used with a CAN interface (Figure 3 top).
They are connected to a single cable.
Since the maximum number of nodes on
a CAN line is limited to ≈15, the total num-
ber of LEDs is limited. Let’s say we are
using LED drivers with 16 channels, we
end up with a maximum of 15 (nodes) x
16 (channels) = 240 LEDs. This number is
far below the resolution required today by
many applications. Resolutions with sev-
eral thousand LEDs are requested more
and more.

In Microchip’s new approach (Figure 3
bottom), an Endpoint is used as a bridge
from Ethernet to the local LED driver. Sim-
pler LED drivers without a CAN transceiver
can be used lowering system cost. Many
LED drivers can be connected to a sin-
gle digital interface of the Endpoint, e.g.,
SPI or UART. This architecture enables the
addressing of up to 20,000 LEDs over a

Figure 3: In today’s lamps, LED drivers are
mostly used with a CAN interface (top). In Mi-
crochip’s new approach, an Endpoint is used
as a bridge from Ethernet to the local LED driver
(bottom).

single 10BASE-T1S link. For higher Eth-
ernet speed grades, the corresponding
higher resolutions can be achieved.

Single Protocol for All
Lamps

Today LEDs are typically connected via
CAN or one of its derivates UART over
CAN or via LIN (Figure 4 top). The proto-
col used is not standardized. Animations
are realized in software on the main lighting
ECU. Whenever an animation needs to be
changed, the software must be rewritten. If
another LED driver is used inside the lamp,
the software must be rewritten. But chang-
ing the software requires a requalification
of the device, increasing cost and lowering
time to market.

The Microchip solution uses standard video
streaming (Figure 4 bottom). Each LED
is treated as a pixel. For each pixel/LED
only a single byte is needed during trans-
mission to set the brightness. The update
of LEDs is synchronized with an accuracy



Figure 4: Today LEDs are typically connected via CAN or one of its derivates UART over CAN or via LIN
(top). The Microchip solution uses standard video streaming (bottom).
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of microseconds even between multiple
lamps. It can be controlled from the main
vehicle computer, where the video is ren-
dered. Framerates of up to 200 frames per
second are supported guaranteeing super
low latencies. Especially for LED arrays
or uLEDs the usage of video streaming is
beneficial. To change e.g., an animation of
the LED array, only a new video clip needs
to be used → no software changes → no
re-qualification.

Single Point for
Orchestration of Light and
Audio

With controlling all light sources from a
single intelligence with a single protocol,
the orchestration finally becomes homo-
geneous. The used streaming protocol is
used for audio in most cars today, already.
Therefore, lighting and audio can be syn-
chronized without additional effort. This will
lead to a new user experience. Projections
on the road like lane highlighting for easier
navigation, obstacle highlighting for in-
creased safety, etc. will be enabled. Audio
combined with video will enable animations
in a welcome scenario or at vehicle startup,
shutdown and more.

Lamps Without MCU

Microchip’s endpoint is a bridge chip trans-
lating the streaming protocol received via
Ethernet to the local LED-driver’s language
and interface (SPI, I2C, UART, etc.). An
MCU inside a lamp is therefore obsolete,
no software update capabilities are re-
quired anymore. Instead, the bridge chip is
configured once at the Tier1 supplier uses

a graphical configuration tool running on a
PC. After configuring the tool, it provides
a string, which is flashed into the endpoint
end of line either via the network or a nee-
dle adaptor.
Monitoring the lamp for functional safety
and the diagnosis of the lamp is done
via Remote Control. Registers of LED
drivers can be read, a reset can be trig-
gered throughout the network.

Standards Only

Another key advantage of the chosen ap-
proach is that only standards are used. All
Ethernet speed grades are standardized
by the IEEE, the usage of Ethernet in auto-
motive by the OPEN Alliance. Mechanisms
like wake/sleep, diagnosis, synchroniza-
tion and security are all available in open
protocol specifications. Operating systems
understand these protocols natively, no
additional software stacks are needed. A
huge eco-system is providing tools and
services. No expert knowledge is required,
as the used network know-how is taught at
universities today.

Summary

Ethernet is a technology which made its
way over the last 30 years from networking
computers into many markets and appli-
cations including telecom, industrial, home
automation and consumer. Lighting is the
next area to benefit from this outstanding
successful technology. Having a standard
based way of controlling lamps will pave
the way for automotive LED applications. !

AUTHOR: Dipl.-Phys. Martin MILLER
Martin holds a Diploma in Physics from the
esteemed Friedrich Alexander University in
Erlangen, Germany. Since 2004, he has
been deeply immersed in the semiconduc-
tor industry, bringing with him a wealth of
experience and knowledge. Currently, Mar-
tin serves as the Director of Marketing &
Applications for Automotive Networking at
Microchip Technology Inc., where he plays
a pivotal role in shaping the company’s
strategic direction and product applica-
tions.

About Microchip
Microchip Technology Inc. is a leading
provider of smart, connected and secure
embedded control solutions. Its easy-to-
use development tools and comprehensive
product portfolio enable customers to cre-
ate optimal designs which reduce risk while
lowering total system cost and time to mar-
ket. The company solutions serve more
than 125,000 customers across the indus-
trial, automotive, consumer, aerospace and
defense, communications and computing
markets. Headquartered in Chandler, Ari-
zona, Microchip offers outstanding techni-
cal support along with dependable delivery
and quality.

To learn more about Microchip, please visit
www.microchip.com.

https://www.microchip.com


Future of Vehicle Lighting: The
Role of Measurement Technology
Oliver ESTERL, Sales & Product Manager at Instrument Systems
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Vehicle design appeals in a special
way to the emotions of customers. The
intention is to create a connection with
the owner of the vehicle through the
vehicle’s unmistakable appearance
and strengthen customer loyalty to a
vehicle brand in the long term. Vehicle
lights have always played a key role in
this regard, but they do so to a much
greater extent today. People have al-
ways spoken of the headlights as the
”eyes” of the vehicle, but today it is im-
possible to imagine the central stylistic
element in vehicle design without light-
ing technology: Lighting is the new
Chrome.

Today, LED and OLED technologies of-
fer designers possibilities they could only
dream of 10 to 20 years ago. Currently we
are talking about illuminated radiator grilles
at the front and edge-to-edge taillights at
the rear (Figure 1), which can reach widths
of up to 180 cm. And it is difficult to say
where the future will take us.

Most of the new taillights consist of three
segments, two of which are located in the
vehicle body and one in the trunk lid, but
there are already such lights that only con-
sist of one piece.

Figure 1: Edge-to-edge signal lamp as shown at
ISAL 2023.

Examples of this could be admired at this
year’s ISAL Symposium from September
25th to 27th, 2023 in Darmstadt. ISAL is
the world’s most important forum for in-
novative vehicle lighting technology and
ADAS, where international specialists ex-
change ideas about new technologies and
designs for exterior vehicle lighting.

As a vehicle component that is essential
for road safety, vehicle lights are subject
to strict legal regulations for type approval
testing that is required for the registration of
a vehicle. These regulations can be found
in UN-ECE R148 and R149 documents
and primarily include photometric tests with
a goniophotometer to prove compliance.

CIE publication no. 121 (the Photometry
an Goniophotometry of Luminaires) distin-
guishes between three types of goniome-
ters, Type A, B and C. Type A goniometers
are used for the measurement of directional
light sources, including vehicle headlights
and signal lights. Figure 2 shows a typical
Type A goniometer.

The requirements for the goniometer me-
chanics for Type A machines are partic-
ularly high, especially when it comes to

Figure 2: Motion directions type A goniometer.

repeatability, but more importantly absolute
accuracy, which must be better than 0.05°
for headlight measurements. However, it
is immediately noticeable that the tradi-
tional Type A goniometer structure makes
it difficult to align the light functions in the
mounting position in the vehicle, especially
if a DUT is very large and its certain optical
reference points are at the extreme posi-
tions on the right or left of the DUT. There
are basically different approaches to solv-
ing this problem.

It would be possible to use a conventional
industrial robot. This has the advantage
that there would no longer be the design-
limited limitation of sample size, especially
in edge-to-edge luminaires with optical ref-
erence points at extreme positions. How-
ever, it also has a number of possible se-
rious disadvantages. First of all, the size
and cost of a robot. To align a very large lu-
minaire to extreme positions, an extremely
long robot arm is necessary. The radius
of action and space requirements with the
safety area and room height are enormous
and probably not practical in most cases.
Compared to the conventional design of a
goniometer, increased costs must also be
expected.

Secondly, although high-precision industrial
robots have good reproducibility, they do
not achieve the absolute accuracy of the
positioning of conventional goniometers.
It is also to be expected that the absolute
accuracy will continue to suffer as the size

https://www.instrumentsystems.com


Figure 4: Schematic layout of complete lab set-up.
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of the robot increases and the resulting
mass increases. This means that robots
may be suitable for measuring signal lights,
but they do not offer the absolute accuracy
for headlight measurements, where the
requirements tend to increase in view of
new ADB and matrix headlights.

Instrument Systems is therefore pursuing a
different solution approach, namely adapt-
ing the traditional goniometer mechanics
of a Type A system. It is suitable for the
majority of applications, but also especially
for signal light and headlight applications,
since, for economic reasons an investment
in two systems, i.e. one for signal lights
and one for headlights, is not an option.

A design study based on the AMS 5000
high-performance goniometer was pre-
sented at this year’s ISAL Symposium:
Compared to a clear diameter of 900mm,
the swivel arm was extended by 550mm to
a clear diameter of 1450mm. This allows
luminaires up to approx. 2800mm wide
to be mounted with an optical reference
point in the middle. The clear width allows
the measurement and alignment of sam-
ples of about 1500–1600mm wide lights
with optical reference points at the extreme
right or left position. The machine with the
working title AMS 5000 XXL, which was
shown at ISAL, is equipped with a larger
test table on which larger samples can
be aligned more easily and secured sta-
bly. This sample table can be made from
a high-strength carbon composite mate-
rial, which also saves weight and allows
the maximum sample mass specified for

this goniometer to remain largely the same,
compared to a standard system despite
the machine’s significantly longer swivel
arm. Figure 3 shows a picture of the ma-
chine taken at the ISAL Symposium 2023
in Darmstadt. The DUT was provided by
courtesy of Marelli Tolmezzo.

Figure 3: The AMS 5000 XXL goniometer, which
was shown at ISAL, is equipped with a larger
test table.

This goniometer will be available as a stan-
dard system by the end of 2023, but also
serves as an example of the possibilities of
adapting the goniometer mechanics to the
requirements of the DUTs and of covering
the widest possible range of applications
with the design of the system.

The goniometer can be combined with dif-
ferent options: For example with ultra-fast
DSP 200 photometers with sensor cooling
and filter thermostatization. They are po-
sitioned at different measuring distances
and enable quick measurements of light
distributions on-the-fly. Or even with high-
precision spectroradiometers of the CAS

140D series for determining the color locus
and the most similar color temperature.
Last but not least, with the RMS retrore-
flectometer 1200 for reflector measurement
according to ECE R3, 27 and 150 as well
as other accessories. Everything together
forms a complete turnkey system for type
testing of headlights, signal lights and re-
flectors (Figure 4).

Figure 5: Schematic view of AMS Screen Imag-
ing System.

In combination with the 2D imaging camera
LumiCam 2400B/4000B and the calibra-
tion source ACS 630, the expansion to a
screen photometer for the development-
assisting, highly efficient, and rapid deter-
mination of ADB, Matrix, AFS headlight
distributions is also possible (Figure 5). !

To learn more, please visit or contact us at
www.instrumentsystems.com
Esterl@instrumentsystems.com.

www.instrumentsystems.com
mailto:Esterl@instrumentsystems.com
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Willem Sillevis Smitt, Senior Director of Strategic Marketing at
Lumileds, discusses the evolution and challenges of the lighting
industry.

LPS DIGITAL WILLEM SILLEVIS SMITT, LUMILEDS ! " #

100 © 2023 Luger Research e.U. | LED professional Review (LpR) | Lighting Technologies & Design Issue 100/Nov-Dec/2023

Shedding Light on the
Future: Nightscape
Technology Pioneers
Eco-Friendly Illumination!

In a groundbreaking LpS-Digital lecture,
Willem Sillevis Smitt, Sr. Director of Strate-
gic Marketing at Lumileds, delves deep
into the transformative journey of the light-
ing industry, introducing the revolutionary
Nightscape Technology. This innovation
promises to harmonize our lighting needs
with the preservation of our natural ecosys-
tem and the dark sky initiatives.

Video at a Glance

• Presenter: Willem Sillevis Smitt
• Job Title: Sr. Director Strategic
Marketing

• Organization: Lumileds
• Country: USA
• Recording: August 9, 2023
• Duration: 23:53 min

Video Links

LpS Digital YouTube

https://is.gd/zIqRSY

LpS-Digital.global

https://is.gd/c3pTx7

Content of the Talk

Historical Perspective: 15 years ago,
there were concerns about LED technol-
ogy, questioning its light output, lifespan,
and efficiency. Regulatory measures like
Energy Star, DLC, LM80, TM21, and Eu-
ropean lighting regulations emerged to
address these concerns.

Current Concerns: Recent headlines
highlight the negative impacts of lighting,
such as light pollution affecting humans
and wildlife. Concerns about the amount of
blue light and its effects on human health
are prevalent. Light pollution laws are being
implemented in various states in the US,
with places like Maui regulating the amount
of blue light in new installations.

Impact of Light at Night: Factors to con-
sider: shielding of light, managing blue light
content, timing of light, and direction of
light. The lighting industry needs to focus
on minimal environmental disruption in ad-
dition to efficiency and longevity.

Nightscape Technology: Lumileds in-
troduces Nightscape, a technology aim-
ing to produce white light with less than
2% blue content. A comparison of differ-
ent light sources shows that Nightscape
meets the 2% blue requirement while main-
taining a higher CCT than other sources.
Nightscape aims to provide a balance be-
tween pleasant light quality and minimal
environmental disruption.

Conclusion: The lighting industry should
address end-user concerns and view them
as opportunities for improvement. Collab-
oration is key to creating a better end-user
experience.

LpS Digital Sponsors

https://is.gd/zIqRSY
https://is.gd/zIqRSY
https://is.gd/c3pTx7
https://is.gd/c3pTx7
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Light and Building SPECIAL

In the upcoming Jan/Feb 2024 issue of LpR,
we present a multifaceted exploration of
the lighting and optics industry. The is-
sue commences with a captivating CEO
Interview, offering profound insights from
a prominent figure in the field. A thought-
provoking Commentary sets the stage for
in-depth discussions. Discover the revolu-
tionary “Robot that Forecasts the Product
Life of LED Lightsources,” revealing how
TÜV SÜD pioneers comprehensive data pro-
vision through automated testing, promising
advancements in LED lighting quality. Get
ahead with our Light and Building Fore-
cast, previewing innovations, technologies,
and design trends for the March 2024 event.
Explore tools enhancing Life Cycle Assess-
ment processes for luminaires, promoting
sustainability. Join us in celebrating excel-
lence as we unveil the LpS Digital Award
winners. Dive into a Project Use Case Ar-
ticle, spotlighting free-form optics’ latest
innovations. Our Global Lighting Report
offers comprehensive market, energy, and
cost insights. Lastly, stay updated on the
Latest LED Innovations for the Automotive
market. Illuminate your industry understand-
ing with this diverse array of topics.
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read. We appreciate your feedback.
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