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Screen Capture from RCL Corporate Web Site

Remote controlled lighting set out to solve a problem in the commercial industry. 
Luxurious dining rooms in spectacular hotels have high ceilings. On those ceiling 
are lights that illuminate the tables and objects below them. However, if the 
tables are ever rearranged or changed the lights on the ceiling no longer properly 
illuminate the tables or the room. The only solution to this problem is to get 
employees or contracters onto tall ladders to readjust each light one by one until 
the tables are lit appropriately. Remote Controlled Lighting solved this problem 
by installing motors into the ceiling mounted spot lights and a control that was 
accessible to people without hopping onto ladders. This fantastic innnovation 
frees up the layout of rooms so that a dining situation can be made into a flexible 
and ever-changing experience.

Of course RCL now has many more products and they appear in many more 
spaces than just dining rooms. The technology is extremely flexible and powerful. 
RCL clearly has a bright future. As the technologies they employ become cheaper 
to design, build and implement, more and more locations will use this technology 
to enhance the buildings that have already had so much money invested into them. 
On top of that, RCL continues to stay innovative with a research and development 
core that not only involves in house designers but also reaching out and developing 
ideas with young designers

A Problem, Solved
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Tapio Rosenius
Tapio Rosenius is the founder and design director of the Lighting Design 

Collective, an independent design studio with no commercial relationship with 
any manufacturer or supplier offering impartial service to all clients.

Tapio grew up in Northern Finland exposed to the extremes of 24 hour daylight 
at summers and 24h darkness at winters. This might have influenced his choice 
to start exploring lighting, first through photography and then later through 
theatre, film and show lighting. In 1998 he graduated as a lighting designer 
from Tampere Polytechnic University specialising in architectural lighting.

Tapio worked in Great Britain from 1998 until 2009. First as a designer for 
Kevan Shaw Lighting Design in Edinburgh and then as a Director for Maurice 
Brill Lighting Design in London. He has contributed as a lead lighting consultant 
to over hundred projects in the UK, Europe and the Middle East ranging from 
Public Squares to Museums and Exhibitions and from Hotels, Theatres, and 
Commercial Interiors to Landscapes. In 2009 he moved to Madrid, Spain.

His background in film and show lighting regularly influences his lighting 
design work. He formed Lighting Design Collective to act as a collaborative 
platform between professionals from the worlds of architecture, lighting design, 
visual arts, interaction, film production, and motion graphics.

He has gained a Master of Science in Light & Lighting degree from UCL 
Bartlett University, London and a Medianomi in Lighting Design degree from 
Tampere School of Arts and Communication, Finland. He regularly lectures at 
universities, trade fairs and professional conferences about lighting design for 
the built environment.

Tapio is a Director of Membership for the Professional Lighting Designers 
Association (PLDA), representing over 600 members in 52 countries.

Lighting Design Collective studies and experiments with light in response to 
architecture, its function, ambience and context. The office provides creative 
lighting design and consulting services incorporating latest lighting technologies 
and knowledge. The projects are undertaken for architects, designers and end 
clients such as hospitality groups, developers, museums and public bodies. 

Lighting Design Collective offers an eclectic mix of talent and experience with 
the ability to deliver demanding and unique solutions. Its designers operate 
internationally with experience covering twenty countries from Europe to 
Middle East and Central Asia to the Americas.”

Quoted from LightingAcademy.org - Lighting Designer: Rosenius, Tapio

“

Tapio came to Brunel as a guest lecturer. His presentation was extremely 
inspiring. Tapio put together a smashing presentation to show some of his past 
work and show his massive knowledge of lighting. Before Tapio began to speak 
he took the overhead projector, which he had no intention of using, off the desk, 
put it on the floor, adjusted it and turned it on so that he would be lit perfectly 
throughout the entire show. But beside that, his past and current work was simply 
stunning. From the Burj Al Arab to the hippest bars and restaurants in London, 
everything in his portfolio was stunning. The main inspiration I took from his 
work was his experience with interactive lighting. From lights that changed colour 
based on the time of day or lights that looked like water flowing down the stairs, 
Tapio had experimented with everything. Tapio’s interactive light concepts were 
the main inspiration for my first concept involving the London City Hall building 
and a little politics.

Inspiration
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Design Concept for an LED Architectural Light Fitting 
 
Remote Controlled Lighting Ltd. 
In the five years since its launch, RCL has established itself as the world’s primary manufacturer 
of architectural spotlights which can be aimed and dimmed from ground level by a hand held 
remote control. The Director DR2 (the very first product in the RCL range after the DR1 
prototype) won the Interior Luminaire Design award at the Light Design awards in 2003. Since 
then, RCL has expanded its product range to encompass different scenarios where the flexibility 
of RCL spots is required, and has developed its technology to support various computer control 
protocols in addition to the basic handheld.    www.rclighting.com 
 
Project background 
The lighting industry is currently in a time of transition. Tungsten based bulbs, commercialised 
for over 80 years, are in the process of being phased out, which will eventually lead to a global 
ban. To accommodate this, the lighting industry is already moving over to other sources. One of 
the most prominent options is LED, due to its high lamp life and efficiency. To keep abreast of the 
market, companies must investigate new design opportunities that the new source creates. 
 
Brief 
You should design and develop an LED architectural light fitting. The design should be 
innovative either in the lighting effect it produces, its operation, its mounting arrangement, or in 
the way it fits into its surroundings. 
You will have to focus on one of the following sectors of the architectural lighting market: 
 
1. Retail  
A very big sector, consider the vast range of different retail environments encompassed by this 
category. While retail displays are very decorative, the bare bones of most shops are functional 
and flexibility is key. Therefore fittings should be designed for mounting on a track system for a 
window or display area, or recessed if designed for a common area. The fittings should blend 
cleanly into the building and not distract from the merchandise on display. 
 
2. Hospitality and Entertainment  
Hotels, restaurants, and bars or clubs.  
Atmosphere and interior design are very important in these places so architectural fittings must 
be minimal or preferably recessed, but not necessarily into the ceiling. Remember, there are 
interior and exterior elements here, including parks and gardens, or outdoor smoking areas in 
pubs and clubs. 
 
3. Gallery and Museum  
Includes exhibition lighting and illumination of architectural features. 
This is a very technical lighting area, colour temperature and IR/UV emissions are considered 
carefully. This makes LED a very good option in this environment. Exhibit lighting is generally 
track mounted for flexibility but common areas are often lit by recessed fittings. 
 
4. Office and Commercial  
Another huge area, but current solutions can be very constrained – select this option with 
caution. These areas are generally lit by fluorescent fittings. It is hard to sell LED in this market 
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The Brief

The brief is to come up with new and fascinating ways to take advantage of, the 
still evolving, LED technology. Originally LED’s were only bright enough to be 
used as indicator lights on electronics and, soon after, automotobile dashboards. 
But as technology progresses LED’s are getting brighter. Now they are easy to find 
in small, power sipping, torches and soon they’ll be lighting up our office spaces.

The nerd in me likes LED technology simply because it is so small. A 
subsidiary of Philips called Lumileds that is based in Silicon Valley, or as I call 
it, home created the Luxeon Star LED that we are using in our lamp. Well its 
not exactly a Luxeon Star. Its an asian copy but its functionally the same as the  
Lumileds original.

It is clear that before any designs can be made, the basics of LED’s and how 
they compare to current lighting technology must be understood.
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Abstract

White light-emitting diode (LED) spectra for general lighting should be designed for high luminous efficacy as well as good color

rendering, which are generally in a trade-off relationship. White LEDs have uncountable metameres, they have different luminous

efficacy and color rendering. Appropriate designed trichromatic and tetrachromatic LED-based white LEDs are presented that have

acceptable color rendering as well as good luminous efficacy. Triachromatic white LEDs, with a wavelength combination of 460, 540,

and 615 nm, offer high general color rendering index exceeding 89, and luminous efficacy 336 lm/W. The general color rendering index of

tetrachromatic LED-based white LEDs combined from 460, 525, 590, and 640 nm is 95, the luminous efficacy is 306 lm/W. Further

analysis shows the changing trends of the luminous efficacy, color rendering and the chromaticity coordinate of the optimized

trichromatic and tetrachromatic white LEDs depending on the wavelength shift of the primary LEDs. For the optimized trichromatic

white LEDs, both the luminous efficacy and color rendering change more with the wavelength shifts of the primary red LEDs than with

the wavelength shifts of the blue and green LEDs. For the optimized tetrachromatic white LEDs, the changes of the luminous efficacy

caused by the wavelength shifts of one red LED are smaller than the changes of trichromatic white LEDs. And the wavelength shifts of

the red primary LED that have shorter wavelength affect the color rendering more than the other primary LEDs. The wavelength shifts

of the blue primary LED change the chromaticity coordinate of the white LEDs more. The small changes of the chromaticity coordinate

of the white LED do not mean small changes of the k and Ra.

r 2006 Elsevier Ltd. All rights reserved.

Keywords: White light-emitting diode; Trichromatic; Tetrachromatic; Luminous efficacy; Color rendering

1. Introduction

Since, the incandescent lamp was invented by Edison in
1882, artificial lighting has passed through three phases—
incandescent lamp, neon light, and discharge lamp, and has
been advancing towards the fourth phase—semiconductor
lighting, especially white LEDs, which are already being
used in numerous applications such as traffic signals and
full-color video displays, due to advantages such as high
efficiency, long life, excellent durability, and absence of
mercury content. White LEDs are believed to be the
attractive ‘‘green lighting source of the 21st century’’ and
show wide applications and considerable prospective
market [1–3].

Luminous efficacy and color rendering are two impor-
tant characteristics of light sources for general lighting
[4,5]. Color rendering is a property of a light source that
shows how natural the colors of objects look under the
given illumination. If color rendering is poor, the light
source will not be useful for general lighting [4]. The main
driving force for solid-state lighting is the potential of huge
energy savings on the national or global scale. Thus, when
considering spectra of light sources for general illumina-
tion, another important aspect to consider is luminous
efficiency. The luminous efficiency of a source is deter-
mined by two factors: the conversion efficiency from
electrical power to optical power and the conversion factor
from optical power to luminous flux. The latter is called
luminous efficacy. As is well known, luminous efficacy
and color rendering are determined solely by the spectrum
of the source. But there is a fundamental trade-off
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white light in a neighboring area of point ð1
3
; 1
3
Þ generally has

a CCT about 5500K, the general color rendering index Ra

is calculated comparing with the spectrum of the standard
illuminant D55, whose CCT is 5500K. Fig. 1 shows the
spectrum of D55.

From our before work in Ref. [7,8], we can see that
diachromatic LED-based white LEDs offer high luminous
efficacy. Especially, white LEDs based on primary LEDs
with dominant wavelengths about 450 and 572 nm have the
maximal k, 400lm/W, which approaches the theoretic
maximum of the equality energy white point. The general
color rendering index Ra of diachromatic white LEDs is
poor on the whole because of the narrow bandwidth and
the bed continuity. White LEDs with dominant wave-
lengths about 480 and 580 nm have the maximal Ra, 16.2,
because it has two power peaks that is close to the power
peaks of D55, which can be seen from Fig. 2 [8]. So, a
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Table 1

Calculated result of K and Ra of trichromatic white LEDs

Peak wavelength (nm) Spectral half-width

(nm)

Chromaticity coordinate of the mixed white

light and the peak power density ratio

K of the mixed white

light (lm/w)

Ra of the mixed white

light

A:480 B:530 C:610 A:25 B:36 C:13 1:0.4:1.3 (0.3440, 0.3580) 308 53.5

A:470 B:530 C:610 A:25 B:36 C:13 1:0.7:1.6 (0.33074, 0.33574) 313 73.2

A:460 B:530 C:610 A:25 B:36 C:13 1:0.8:1.7 (0.3336, 0.3354) 336 83.6

A:460 B:540 C:610 A:25 B:36 C:13 1:0.8:1.5 (0.3350, 0.3365) 348 85.7

A:460 B:540 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.3326, 0.3319) 336 89.2

A:450 B:540 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.3350, 0.31652) 332 80.5

A:455 B: 540 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.33462, 0.3222) 335 84

A:465 B:540 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.33919, 0.34668) 343 88.8

A:470 B:540 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.3441, 0.36571) 349 86.7

A:460 B:540 C:605 A:25 B:36 C:13 1:0.8:1.5 (0.33798, 0.34242) 323 86.6

A:460 B:540 C:610 A:25 B:36 C:13 1:0.8:1.5 (0.33831, 0.3672)) 332 89.4

A:460 B:540 C:620 A:25 B:36 C:13 1:0.8:1.5 (0.33109, 0.32885) 343 85.9

A:460 B:540 C:625 A:25 B:36 C:13 1:0.8:1.5 (0.32376, 0.32656) 344 82

A:460 B:530 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.31854, 0.32995) 363 74.2

A:460 B:535 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.3268, 0.33234) 351 83.9

A:460 B:545 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.34597, 0.32988) 327 85.1

A:460 B:550 C:615 A:25 B:36 C:13 1:0.8:1.5 (0.35654, 0.32567) 316 82.4
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LEDs fixed at the optimized results. The mixing ratio of the
primary LEDs is changeless. From Fig. 4, we can see that
long-wavelength shifts of the primary red LED will lower
the K of the white LEDs and short-wavelength shifts will
cause the increasing of k, while there will be a contrary
changing trend of k with the wavelength shift of the
primary green and blue LEDs. On both sides, wavelength
shifts of the primary three LEDs will lower Ra of the white
LED. Both the k and Ra change more caused by the
wavelength shifts of the red LED than caused by the
wavelength shifts of the blue and green LEDs. Fig. 5 shows
the changes of the chromaticity coordinate of the trichro-
matic white LEDs depending on the wavelength shifts of
the primary LEDs. From Fig. 5, we can see that the ‘y’
chromaticity coordinate of the white LED is nearly
changeless with the wavelength shift of the green primary
LED. And the changes caused by the wavelength shifts of
the red primary LED are smaller than the other two
primary LEDs caused. It can be seen that the changing
trends of the k and Ra are different with the changing
trends of the chromaticity coordinate, when compared with
Fig. 4. So, the small change of the chromaticity coordinate
of the white LED does not mean a small change of the k

and Ra.

3.2. K and Ra of tetrachromatic LED-based white LED

As seen from Fig. 1, we can see that D55 also has sub-
prominent power peaks at 420, 640, 670, 710, 740, and
770 nm. Since, both ends of the spectrum contribute very
little to the lumen, so the calculation began from the
mixing light based on 460, 540, 615, and 640 nm, then the
optimizing calculation is developed from this point and a
good result is found based on 460, 525, 590, and 640 nm, Ra

is 95. The mixing ratio of the four primary LEDs to
generate a white point light is not unique; some calculated

results based on 460, 525, 590, and 640 nm are listed in
Table 2. The ratio of the two red primary LEDs should be
balanced because the ratio increase of one red LED will
inevitably cause the decrease of the other, which is a
disadvantage to the broadening and continuity of the white
LED spectrum. That can be seen from the spectrum of
tetrachromatic white LED mixed from different ratios in
Fig. 6. From Fig. 7, we can see that the changing trends of
the K and Ra are similar to the trends of trichromatic white
LED in Fig. 4, but the changes of the k caused by the
wavelength shifts of one red LED are smaller than the
changes in Fig. 4 because of the balanced effect of the other
red LED. And the wavelength shifts of the red primary

ARTICLE IN PRESS

0

0.2

0.4

0.6

0.8

1

38
0

41
5

45
0

48
5

52
0

55
5

59
0

62
5

66
0

69
5

73
0

76
5

R
el

at
iv

e 
ra

di
an

t 
po

w
er

1: 0.6 :1.6 : 0.6

1: 0.8 :0.8 : 2

1: 0.7 :1.2 : 1.3

D55

Wavelength / nm

Fig. 6. Spectrum comparing of tetrachromatic LED-based white LEDs.

K

210

230

250

270

290

310

330

-10 -5 0 5 10
70

80

90

100

110

120

130

K_blue K_green K_red1

K_red2 Ra_blue Ra_green

Ra_red1 Ra_red2

R
a

Wavelength shift/nm 

Fig. 7. The changing curves of K and Ra of trichromatic white LED with

the wavelength shift of the primary LEDs.

0.37

0.36

0.35

0.34

0.33

0.32

0.31

y

0.315 0.32 0.325 0.33 0.335 0.34 0.345 0.35

x

-10nm

-10nm

-10nm

-10nm

+10nm

+10nm

+10nm

+10nm

+5nm

+5nm

+5nm

+5nm

-5nm

-5nm

-5nm

-5nm

the optimized
point

blue-shift

green-shift

red1-shift

red2-shift

Fig. 8. The chromaticity coordinate changes of the tetrachromatic white

LEDs.

Z. Lei et al. / Microelectronics Journal 38 (2007) 1–6 5

© Jeff Bergier & Brunel University School of Engineering and Design 2010 6
Zhang Lei, Guo Xia, Liang Ting, Gu Xiaoling, Lin Qiao Ming, Shen Guangdi, Color rendering and luminous efficacy of trichromatic and tetrachromatic 
LED-based white LEDs, Microelectronics Journal, Volume 38, Issue 1, January 2007, Pages 1-6, ISSN 0026-2692, DOI: 10.1016/j.mejo.2006.09.004.  
(http://www.sciencedirect.com/science/article/B6V44-4MBT4RW-1/2/d50ddb815a3e4758eb10bb99b4033f31)

LED Colour

There is no such thing as a “white” LED. Light emitting diodes can only be made 
in blue, green and red. To make an LED that is white, these three colours must 
be combined and balanced in such a way to achieve a white light. Having truly 
white colour is extremely important to LED lighting becomging a commercial 
success. Current incandescent bulbs produce a warm, yellowish to white colour 
and are very pleasing to our eyes and skin tones. However, they use a lot of power. 
In office spaces, most facilities use flourescent lighting. Flourescent lighting is 
relatively low power and of a pleasant white colour. Its not the best light for our 
skin tones but its not as bad as blue or red light. LED’s on the other hand have a 
lot of trouble getting a white light and maintaining brightness.

The article cited on the left goes through and explains, in a very technical 
way, how to balance the different colours of LED’s and their power output to 
achieve a bright white light from an LED source. This article explains that there 
are two types of white LED’s. There are trichromatic and tetrachromatic LED’s. 
Trichromatic LED lights have red, blue and green LED’s that are mixed to create 
white. Tetrachromatic have the same blue and green but they have two shades of 
red that are added to the mix.

The graphs at the left show the optimised point for balancing the different 
colours to produce the whitest LED possible with either of these two systems. The 
text below that just gives a basic overview of what the article explains. The copy 
Luxeon Star that we have is a trichromatic LED and so it has been balanced to 
meet the graph on the left.

This balance is not adjustable by the end user but it is still important to know 
how the colour has been balanced and to understand that if this balance is wrong 
the effectiveness of the light in terms of brightness and colour correctness will be 
wrong and the LED needs to be replaced with a better balanced model.
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a b s t r a c t

Optical properties of LEDs are sensitive to junction temperature. From the principle of solid-state lighting,
the luminance of LED is induced from two physical mechanisms: energy effect and optoelectronic effect.
Both effects are related to junction temperature. The understanding of system dynamic behavior in junc-
tion temperature is quite important for lighting control design.
The system dynamics model of a high-power LED fixture for energy effect was derived and identified in

the present study using step response method. Both theoretical and experimental analyses have shown
that the thermal system dynamics model of the LED fixture is 4th-order with three zeros and can be
reduced to a first-order biproper system. The instantaneous jump of junction temperature dominates
the thermal behavior of LED at the beginning of the step input. The optoelectronic effect was induced
mainly from the current input and the junction temperature. Combining the two physical effects, an elec-
tric-heat-optical system dynamics model of LED luminaire was finally proposed which is the basic system
dynamics model for LED luminance control.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

High–power LED is a promising technology for future lighting
application since it can save energy and has a long lifetime. The
light output intensity and wavelength, light decay, and color
change are sensitive to the junction temperature of LED. The LED
junction temperature depends on the power input, the environ-
mental conditions (ambient temperature, humidity, and wind),
the heat sink and the lighting fixture design. For white LEDs, junc-
tion temperature variation will cause light intensity change and
even permanent deterioration [1]. Similarly, for polychromatic
LEDs, the lighting characteristics, e.g. color temperature shift and
luminance decay, are also related with its junction temperature
[2].

Many investigators have studied the lighting control of multi-
color LEDs. Several researchers focused on lighting property con-
trol by luminance feedback [3–6]. Few researchers [7,8] proposed
temperature feedback using steady-state thermal resistance.

The junction temperature variation is affected by LED lamp
packaging, luminaire design, input power variation, and environ-
mental conditions (wind speed, ambient temperature and humid-
ity etc.). Therefore, the key for good quality of light output control
is to obtain an accurate system dynamics model of the LED lumi-
naire that can accurately predict the junction temperature
variations.

Huang et al. [9] have studied system dynamics model for the
heat transfer behavior of LED luminaire and used them in the cur-
rent control of LED luminaire. In the derivation of the system
dynamics model for current control [10] the major concern is the
current variation induced by the variations of applied voltage of
LED and ambient temperature.

From the principle of solid-state lighting, the luminance of LED
is induced from two physical mechanisms: energy effect and opto-
electronic effect. Both effects are related to junction temperature.
The optoelectronic effect of a LED is induced mainly from the cur-
rent input and the junction temperature. An electric-heat-optical
system dynamics model of LED luminaire thus needs to be derived
to describe the complete physical phenomenon of an LED lighting
process, an electric-heat-optical effect.

The present paper presents in more details the theoretical der-
ivation of the system dynamics model of a LED luminaire to study
the affects of LED driving current and ambient temperature varia-
tion on junction temperature. The model parameters are identified
experimentally using a special LED junction temperature measur-
ing technique. An electric-heat-optical system dynamics model of
LED luminaire is derived to describe the complete physical phe-
nomenon of an LED lighting process, an electric-heat-optical effect.

This paper is arranged in the following sections. In Section 2, the
system dynamics model of LED luminaire is theoretically derived
as an MIMO linear system. Section 3 discusses the luminaire design
using white LED lamps and methodology of junction temperature
measurement. Section 4 presents the model parameters identifica-
tion. Section 5 discusses the electric-heat-optical effect in junction
temperature response from the derived system dynamics model.
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doi:10.1016/j.applthermaleng.2008.03.038

* Corresponding author. Tel.: +886 2 2363 4790; fax: +886 2 2364 0549.
E-mail address: bjhuang@seed.net.tw (B.-J. Huang).

Applied Thermal Engineering 29 (2009) 609–616

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier .com/locate /apthermeng

ePd � VeI f ð10Þ

The Eq. (9) is then redefined as

HpjðsÞ�
eT jðsÞ
eIf ðsÞ

¼ V
detðsI�ALEDÞ

s3þ K jc þKsc

McCc
þK jsþKsbþKsc

MsCs
þ Ksb

MbCb

� �
s2

�

þ ðK jcþKscÞðK jsþKsbþKscÞ�K2
sc

McCcMsCs
þKsbðK jsþKsbþKscÞ�K2

sb

MsCsMbCb

"

þKsbðK jc þKscÞ
McCcMbCb

#
sþ Ksb

McCcMsCsMbCb
ðK jcþKscÞðK jsþKscÞ�K2

sc

h i)

ð11Þ

The dynamics model Gpj(s) needs to be identified.

3. Experimental setup

An LED luminaire was designed and built in the present study
(Fig. 4). Five 1 watt PC white LEDs [13] are soldered on a MCPCB
to make a lighting module. The module is connected to a copper
heat sink on the back side and an aluminum reflector on the front
side as the secondary optics. The total weight is 730 g.

The junction temperature of LED cannot be directly measured
by any kind of thermometer because LED chip is tiny and pack-
aged. An indirect method, called pulse method, is employed to
measure the junction temperature. The methodology is based
on fundamental principle of diode PN junction. Eq. (12) is the
performance equation for an ideal diode with nondegenerately
doping [14].

If ¼ IsðeqV f =kbTj � 1Þ ð12Þ

where If is forward current, Vf is bias voltage, Tj is junction temper-
ature, Is is saturation current and q is electric charge. The major
thermal sensitivity is due to saturation current Is. This parameter
can be expressed as:

Is ¼ A � q � n2
i �

Dh

NDLh
þ De

NALe

� �
ð13Þ

where A is the section area of the diode, Dh and De are the diffusion
coefficients for holes and electrons, Lh and Le are the diffusion
length for the two types of carriers, ND and NA are the concentration
of donors and acceptors respectively, and ni is the intrinsic concen-

tration of carriers. The temperature-dependent components are Dh,
De, Lh, Le and ni, but the overall thermal behavior is practically only
dependent on the n2

i factor. This factor is essentially affected by
temperature:

n2
i ¼ K i � T3

j � e�Ego=kbT j ð14Þ

where Ki is a constant and Ego is energy gap of the semiconductor at
zero Kevin. Under typical forward bias conditions, the diode voltage
Vf � kbTj/e, and thus [exp(qVf/kbTj)-1] � exp(qVf/kbTj). The main ef-
fect of Tj also comes from the exponential factor. At a constant bias-
ing current, the voltage decreases with temperature:

dV f

dT j

����
If const:

ffi � Ego � qV f

qT j
ð15Þ

The present study used a single LED lamp to verify this relationship
between voltage Vf and junction temperature Tj in a small wind tun-
nel. The air flow and temperature in the wind tunnel is kept steady.
At a steady state, the LED junction temperature is identical with the
air flow temperature when no biasing current is applied. In order to
avoid the temperature change by diode resistance during the cur-
rent input, the pulse current with 50 ls short duration is applied
and the resultant voltage is detected. The voltage is measured using
oscilloscope. The input current can be varied from 1 mA to 700 mA
and the temperature of air flow varied from 40 �C to 90 �C. The
experimental results for voltage–current-Tj is shown in Fig. 5.

When the biasing current If is low, the voltage varies with tem-
perature linearly. In this condition, the Eq. (15) can be rewritten as:

V j ¼ a0 þ a1T j at low If ð16Þ

where a1 is a constant, called temperature sensitive parameter (TSP)
and a0 is the relative bias voltage. Due to the energy gap shifted by
temperature variation, the bias voltage a0 is not a constant. Eq. (16)
cannot be used directly. Based on the linearity of TSP and initial
condition, the relation between voltage Vf and temperature Tj can
be expressed as:

a1 ¼
eV j

eT j

¼ V j � V j0

T j � T j0
) T j ¼ T j0 þ

V j � V j0

a1
¼ Ta þ

V j � V j0

a1
ð17Þ

where Vj0 is initial voltage and Tj0 is initial junction temperature
which is equal to ambient temperature in thermal equilibrium con-
dition. The junction temperature can be measured by using low bias
current (1 mA) at short current pulse (50 ls).

LEDs is driven with high current for lighting which results in
heating and temperature rise. But in measuring the junction tem-

Fig. 4. Schematic of LED luminaire design.
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LED Heat

Despite myths to the contrary, LED lights do create heat. If they are powerful 
LED’s they can make quite a bit of heat. Also, because they are built out of 
integrated circuits, heat can be an even bigger issue than the completely analogue 
circuits of incadescent bulbs. The article cited to the left explains how to construct 
and evaluate an LED design for its heat output. Its quite an advanced article but 
some of the basics are shown to the left.

The most basic is a simple construction of an LED lamp. The key to this 
element is the big heat sink. This is necessary to vent excess heat away from the 
printed circuit board and LED elements. The graph to the right of that is a little 
more interesting. It shows how the voltage available to the LED changes when the 
amperage and temperature change on the LED. As the LED warms up voltage 
goes down which means a dimmer LED. This is not good.

The LED lamp in provided to us for this project gets hot but the small piece of 
aluminium its attached to is sufficient to cool it. Even still there are advantages 
to giving it a bigger heat sink to keep it even cooler. This will result in a more 
efficient and brighter LED lamp.
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Targeted Market

The market I am targeting with this lighting project is small but it is growing. 
This is very exciting. To the left is an image of some of the largest buildings in 
Stockholm showing how the people of that city feel. Sadly the best picture I could 
find is Stockholm while purple which indicates deep depression. Nonetheless this 
idea really excites me. Buildings should let people know what is going on around 
them at a glance.

A company called Emotional Cities appears to be working on a system to allow 
simple web integration with an emotional city lighting system. This kind of system 
is beyond the scope of this project, so to know that it already exists and could be 
licensed makes the rest of the development a little easier.

What will the proposed design do differently from what already exists 
in Sweden? These buildings are already showing emotion with colour. The 
new addition that I intend to bring to the mix  is showing emotion with  
shape as well as colour.

How Are You Today Stockholm?



The First Idea

Let’s Get Political
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A visual realisation of Boris Johnson’s Popularity
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Feedback

The Good,

The Bad and

The Ugly
“Back to the Drawing Board.” Thats literally what I was told. Clearly Tapio 

had influenced me too much. I was trying to build a neat and interactive system 
with which to control lighting. The RCL guys simply want an effect that can be  
used in an architectural setting. 

Lighting up buildings with LED’s is boring and its been done. The idea I gave 
them was completely based on the software controlling the colour change and had 
nothing to do with a new and interesting way to illuminate a building.

The guys from Remote controlled lighting absolutely loved the idea of the 
people of London voting for what colour the GLA would be lit up in. They thought 
there was no better way to give Boris Johnson a hint.

Because of how powerful Tapio’s past work and presentation was I gravitated 
towards his perspective on how to make really cool architectural lighting 
effects. Tapio’s perspective involved mostly digitally controlled lights. Tapio used 
projectors, lights, filters and other technologies combined with digital computing 
circuitry to make truly dynamic lighting for the interiors and extoriors of famous 
buildings around the world.

After presenting my initial idea to RCL it became clear that they were not 
interested in how a computer would interact with a light. They want an actual 
analogue effect that was interesting and dynamic. Listed below I have a summary 
of what the folks from RCL said about my initial concept.
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Focus
The guys at RCL never really mentioned my railing lighting. The presentation was not clear 

and they thought I was trying to show that the light outside the building was shining into the 
building. Instead I was trying to show two different effects. The indoor effect was a series of 
lights installed underneath the rails of the spiral staircase. The light could change the shape 
of the light beam so that it made patterns on the floor. This is the effect I will focus on for the 
remaining part of the project.
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A Trip to the Netherlands

Seeing as the Luxeon Star was developed by a Philips subsidiary, it seemed 
only reasonable to visit. A one-day lesson in Dutch and a 45 minute flight brought 
me to the city of Delft. While I was initially surprised by the number of bikes, 
it is clear that the Philips is the brand when it comes to Dutch lighting. Every 
houseware, electronics, entertainment and any other type of store carry all kinds 
of Philips lighting products. Some are cheap and consumable and simple. Other 
products are absurdly expensive and decorative. One thing became clear from 
this trip; the Dutch certainly stand by their lighting brand
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The Suzhou Science and  
Culture Art Centre

Location
Suzhou, China
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Philips Lighting
East China Architectural Design  
& Research Institute
Paul Andreu (concept design)
Tokyo Shomei Consultant Co. Ltd  
(lighting concept)
Shanghai Lighting Landscape  
Engineering Co. Ltd
(lighting design and on-site 
support)

LED products used 
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Activemix systems i_BUS, ABB    
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Philips Lighting
Litetask
Southern and Redfern

LED products used 

iW Cove Powercore LED  150

1918

NEW PROjECT

14 15

Project
The Royal Netherlands Academy

Location
Breda, Netherlands

Parties involved
Philips Lighting
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“Solid State of the Art”

This catalogue has no pricing of course. It does, however, have beautiful images 
of beautifully lit buildings and rooms. No seriously, they’re beautiful. Along side 
these buildings are images of the lights that do the actual work. What struck 
me about them is that the architectural lights are usually a tad boring. It makes 
sense. Most of these lights will never be seen. This is what I’m going to bring into 
my design. Its all about the effect, not about the looks of the light fixture. So what 
look do I want?

Philips Lighting Catalogue for 2009

Philips is one of the biggest pioneers in all forms of lighting. They are particularly 
famous for their architectural lighting. Well maybe famous is the wrong word. Its 
hard to associate architectural lighting with a specific brand because, to most 
people, its just “there.” But Philips is a company with an extremely vast portfolio 
of advanced architectural lighting.

These people love lighting
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Location
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Alexander Lervik, Fredrik Linqvist, 
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Emotion & Direction

These LED’s are showing a path. They lead to the centre of everything. They 
light the way. They are elegant, skinny and to the point. While the purple glow 
around them may be a little ostentacious, they do their job and they do it well. 
This is in the inspiration for my LED architectural lighting. I am quite struck by 
the honesty and effectiveness of these LED’s

Leading to the Centre
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An initial projection idea on the left showed the effect I wanted to achieve. Its 
very faint but the line is jagged across the floor and that shows the “shaped” light 
pattern. But it seemed like a better idea to have a tile on the floor with LED’s. The 
first tile concept is in the middle and shows LED’s on rails and motors that move 
to different shapes based on how they are programmed. Then the obvious next 
step was to get rid the moving parts and just use a basic LED matrix. The matrix 
just sites in the floor tiles and can be programmed to take any shape.
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due to high diode cost and quantities required to produce sufficient ambient light, but for smaller 
offices the source could be beneficial. Light fittings are generally suspended or surface mounted. 
Aesthetics are often a marginal consideration to the buyer, and therefore also to the designer. 
 
Important Notes 
Carry out your own initial research before selecting a market sector. You should state when 
submitting the concept which market sector you selected. 
 
The fitting should connect to a low voltage or mains power source and be mounted in keeping 
with the options currently used in your chosen market sector, unless your system relies on a 
unique mounting element. 
 
The design proposal must produce a functional light output – LED mood lights that only ‘glow’ 
will not be accepted.  
 
The light output level of the supplied source is low but it is acceptable to assume that the design 
can be scaled up in production (a lot of commercial LED lights use a cluster of individual diodes 
in a single fitting) or installed in multiples and the student should state whether their concept 
will use a single diode or a cluster.  
 
Beware, although a cluster is more powerful, some effects produced with a single diode source 
will not work with a cluster. If you state the fitting would use an LED cluster but have a concept 
and prototype that would not work with that arrangement, it will count against a good design 
during assessment. 
 
In addition, an understanding of how the fitting(s) will be manufactured is essential. It will be 
enough to state two or three main processes used to produce the fitting, but it will also count 
against a good design if your suggestions for manufacture are not realistic. 
 
Summary RCL assessment criteria 
Innovation   eg one or a combination of; lighting effect, operation, mounting details, fi t to 
surroundings 
Efficiency/effectiveness of lighting effect 
Aesthetic and detail quality 
Sound manufacturing considerations 
(note that the Brunel assessment includes additional considerations) 
 
Deliverables and Time Scale 
8th October 2009 - Brief ing Lecture from Remote Controlled Lighting, PT, Stephen Green and 

Peter Evans - ‘let there be light’. 
 
15th October 2009 - RCL/ Guest lighting designer presentation. 
7th November 2009 -  Concept presentations submitted to U-Link by midnight. A3 PDFs should 

include: 
 * Clear Indication of the chosen market sector 
 * General overview of the concept – Graphical depiction of the concepts 

effect or operation. Innovative or unique elements should be highlighted. 
 * Photographs of any PPPs are a great benefit at this stage. 
 
12th November 2009 Remote Controlled Lighting feedback meetings from submitted concepts. 
 
17th December 2009 Final 2D and 3D submission (for RCL review – Brunel requirements 

covered separately) 
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But the Brief!

LED lights that ONLY glow! What condescending phrasing. All lights just 
glow. Then we focus that glow into a certain direction to project. But if RCL wants 
projection, I’ll give them projection.
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Projecting

Masking tape and Aluminium foil. Its not pretty but it projects a focused and 
shaped light. I simply covered some heavy card stock with some aluminium 
foil and bent it into a curved shape. Once I turned off the lights and held the 
fake luxeon star up to it, a perfect projection of the shape hit the ground. Its not 
extremely bright because a lot of light is lost towards the bottom as its not covered. 
This is a replication of an LED matrix tile with projected light. This may even be 
an improvement because it doesn’t look digital, it looks analogue. It looks natural.
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Designing the Fixture

Initial sketches showed a a light fixture that had a curved top. The idea was 
that this top would shape the light as it hit the ground. But the problem with these 
ideas is that they are fixed. The shape cannot change like I had originally wanted. 
This was not a flexible system at all. It would just display one shape and on the 
floor and it can never change.
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Making it Flexible

Some more sketching revealed a design that uses some sort of reflective fabric 
attached to control cables. These cables can pull the fabric up and down to create 
one of many possible shapes. Below are some examples of the shapes possible 
with a 5 point control system. On the left is an idea of how to hold the fabric onto 
the cables in a reliable way.



BMW GINA
Flexible and reflective fabric. What kind of materials are out there that meet 

these requirements. While ideating and sketching I could only think of BMW 
GINA. After visiting the Design Museum in London and, against regulation, 
touching the fabric of GINA I have come to two conclusions. First the fabric has 
the perfect “feel” for the needs of this lighting concept. The material is extremely 
stretchy and mouldable but pretty much always remains taught. However, the 
second thing I noticed is that its not really reflective. It diffuses light very well but 
there are no sharp reflections like you’d find on a normal, metal, car.
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High Visibility

I think the best example of a reflective fabric is what the police officers in 
London have to wear, high visibility jackets. The silver stripes on these babies 
reflect light like a mirror. Maybe brighter. If this light were to move to prototyping 
stage varying fabrics would need to be tested. The most extreme in reflectivity 
would be this type of fabric. The most mundane would be a softer, stretchier 
fabric similar to what GINA uses.
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BS 471:2003

To play a pun on a popular mobile phone marketing campaign, “There’s a British 
Standard for That.” British Standard 471:2003 covers the “Test methods and 
requirements” of “High-visibility warning clothing.” While it is not particularly 
helpful in explaining the science behind how this reflective material works, it 
does categorise and provide some insight as to how this material is used in the 
real world with real people.

First there are different names and definitions based on different standards. 
The name of the material that I’m interested in for this project is the “Retroflective 
Material.” This is the material that you see as bright stripes when you drive past a 
wearer with your headlights on.

Second, there are different classes of these articles of clothing. The different 
classes have to do with the ratio between the different kinds of materials on the 
clothing and the different reflectivity rates properties of the retroflective material.

Lastly, there are standards for optimising the spacing between stripes of 
retroflective material on clothing to create maxiumum visibility.

This British Standards document provides an insight into how robust 
this material is. There is further information on weatherproofing and other 
such requirements that these garments are required to pass. However it does 
not provide an insight into the science behind how this material reflects light  
with such efficiency.

High Visibility



optical medium is defined as the ratio between the speed of

light in a vacuum and the speed of light in the medium.

Whenever a ray of light is incident upon a boundary layer

separating two different media, part of the ray is reflected

back into the first medium and the remainder is refracted

(bent in its path) as it enters the second medium (see Fig. 1).

The angle at which the incident ray strikes the interface of

two media is exactly equal to the angle the reflected ray

makes with the same interface. The ratio of the sine of the

angle of incidence and the sine of the angle of refraction is

found to have exactly the ratio of the refractive indices of the

two media as in Eq. (1):

sinðy1Þ
sinðy2Þ

¼ n2

n1
(1)

where y1 and y2 are the angle of incidence and that of

refraction in each, while n1 and n2 are refractive indices of

medium 1 and medium 2.

Fig. 1. Light reflection and refraction.

Fig. 2. Developed simulator for retroreflection. Fig. 3. Verification of the simulator.
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When a ray enters into a medium of lower refractive

index, it is reflected without refraction, which is

called ‘total reflection’, within a RIA y1 defined as in

Eq. (2):

y1 � sin�1 n2

n1

� �
; n1 > n2 (2)

Reflectance is represented as reflected light intensity defined

as in Eq. (3):

reflectance ¼

ðn2 � n1Þ2

ðn2 þ n1Þ2
if y1 ¼ 0�

1:0 if y1 ¼ 90�

sin2ðy1 � y2Þ
sin2ðy1 þ y2Þ

otherwise

8>>>>><
>>>>>:

With the previous basic principles of optics, a ray of light

from its source can be traced whenever it hits each face of

retroreflective elements.

Fig. 4. Measuring condition for retroreflective lights.

Fig. 5. Coordinates for retroreflective element.

Fig. 6. The intensity of retroreflective light from tetrahedron with regular triangle base.
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3. Shapes of retroreflectors

In order to find a new shape of high efficient retroreflector,

evaluation criteria for the efficiency are firstly defined.

Based on three criteria proposed in this work, the efficien-

cies of three types of retroreflectors are calculated with the

developed simulator, according to shape of retroreflectors.

Each detail is described in the following subsections.

3.1. Retroreflection intensity

The light intensity from a retroreflector is one of the most

important factors for designing a new shape, since the higher

the light intensity is, the farther from an observer the

retroreflector can be identified. The condition for measuring

the retroreflection intensity is according to the regulation of

US Department of Transportation Federal Highway Admin-

istration [3]. In other words, when a pencil of beam is

projected on a retroreflector with an incident angle of 48,
the average light intensity is to be measured at the position

that makes the angle of 4� 0:2� with the normal of the

retroreflector plane as in Fig. 4.

For the evaluation of retroreflection intensity with the

developed simulator, three shapes of retroreflectors are

modeled. The first one is of tetrahedral elements with regular

triangle base. The second one is of tetrahedral elements with

equilateral triangle base. The other is of quadrangular

pyramids with rectangular base. Next, a good many number

(in this work, 10,000) of parallel rays of light are projected

on each type of retroreflectors. Then, intensity of light that

returns to the specified area is calculated to be summed by

the developed program. When this process is repeated with

various shapes by moving the apex of a retroreflective

element along Y and Z coordinate axes as in Fig. 5, the

retroreflection intensity of each type of retroreflectors are

calculated by the developed simulator as shown in Figs. 6–8.

The results show that the retroreflection intensity is more

sensitive to the apex position along height (Z) direction than

horizontal (Y) direction. It also shows that the type of

tetrahedral elements with regular triangle base has the high-

est retroreflection intensity.

3.2. Effective area for retroreflection

Some of incident rays onto a retroreflector may not be

retroreflected. In other words, an incident ray returns back to

the source, if and only if it is totally reflected in order on the

three faces that hold the apex as common. For example, a ray

of light enters the tetrahedral element along the line ‘ab’ as

in Fig. 9(a), refracting on the plane P1-P2-P3. Then, it is

totally reflected at point ‘b’ on the plane P1-P3-P4, ‘c’ on

P1-P2-P4, and ‘d’ on P2-P3-P4 along the path ‘bc’ and ‘cd’,

returning to the near of source along ‘de’. When a ray of

light enters the element along the line ‘ab’ as in Fig. 9(b),

after refracting on the plane P1-P2-P3, it is totally reflected

Fig. 10. The incidence distribution causing retroreflection from tetrahe-

dron with a regular triangle base.

Fig. 11. The incidence distribution causing retroreflection from tetrahe-

dron with an equilateral triangle base.

Fig. 12. The incidence distribution causing retroreflection from quad-

rangular pyramid with rectangular base.
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The Science

The reason this material reflects so well is because its 
designed with reflected surfaces that combine to bounce a light 
ray back to the source of that light ray. This construction cannot 
be seen with the naked eye as the construction is performed on 
a microlevel. The images on the left illustrate different aspects 
of how this works.

Image 1 shows a visual model of light rays entering 
the reflective area and bouncing back at the same source. 
Retroreflective shapes can be parabolic domes like in image 1. 
This is how satellite dishes work. But they can also be more 
geometric in shape which is shown in Image 3.

Image 3, 4 and 5 show the retroreflective construction of high 
visibility jackets. These shapes reflect light back in the same 
direction that it came from. The different images show how 
slightly different shapes can drastically increase or decrease 
reflectivity. Image 5 has the highest reflectivity, shown by the 
black areas, and image 3 has the lowest reflectivity.

Image 2 shows the mathematics that connect the shape of 
the material and how much light it reflects.

Retroreflectivity seems like a dead end for a projective 
lamp. All they do is reflect light back at the source. Thats OK 
in this case. the luxeon star LED projects light in all directions. 
A combination of the reflective internal lamp casing and the 
retroreflective shape means that the light will be bouncing off 
of every surface of the shaped fabric and will eventually bounce 
out of the lamp and onto the ground.

Unfortunately, the resources to test this could not be easily 
acquired. But while researching this it has become clear that if 
materials can be made to an exact shape to reflect light directly 
at the source, the shapes can be altered to reflect light away 
from the source as well. With some material experimentation 
this reflective fabric could be extremely effective at getting a 
sharp, bright and crisp projection onto the floor below the lamp.

Arthur R. McGurn, Enhanced retroreflectance effects in the reflection of light from randomly rough surfaces, Surface 
Science Reports, Volume 10, Issue 8, 1990, Pages 357-410, ISSN 0167-5729, DOI: 10.1016/0167-5729(90)90006-Y.
(http://www.sciencedirect.com/science/article/B6TVY-46J0PS0-M/2/6d5768bf270dd21f82463ba47112c0a8)
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PPP Number 1

After some more sketching and ideating I was ready to start the first PPP. This 
PPP would show how the fabric motion system works. I designed a one piece cutout 
that could be bent into the shape of this light fixture. I dropped the complicated 
“loop” system of previous sketches and instead opted to just cutout places for the 
cables to rest while they move the fabric. I went to Guy’s workshop and showed 
him my idea. He showed me the best metal to use, I cut it out and he gave it two 
small welds and the body was done.

Conceptual
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PPP Number 1

PPP number one intends to prove that a basic lamp shape combined with a 
simple pulley system can shape a piece of fabric at will into a number of different 
shapes. The shape shown here is the most radical. This shape has every contact 
point as far away as possible from the next contact point over. This shape would 
be used to display a jagged line on the floor which should convey a negative 
emotion. The sketches below show some other shapes that could be formed to 
convey different feelings. The shapes range from smoth curves to shapes that  
aren’t even symmetric.

Physical
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PPP Number 2

PPP number 2 is based on a duplicate tin frame that is almost identical to the 
one used for PPP number 1. I then simply took the the aluminium foil covered 
cardstock that I used to generate the original light effect and trimmed it to fit. 
Once I fit it inside the frame I put it into a nonsymmetrical curved shape to see 
how it looked once the LED was turned on.

Construction



© Jeff Bergier & Brunel University School of Engineering and Design 2010 28

PPP Number 2

PPP number 2’s lighting effect, shown to the left, has both good and bad 
qualities when compared to the original desired lighting effect achieved with just 
the aluminium foil cardstock which is shown below.

The negative aspect of this PPP is that the light is not clear and focused like 
the original. This is caused by the non-optimised internal reflections of the tin 
frame. If shaped properly after lots of testing and fine-tuning this effect could be 
optimised to provide a super sharp and super crisp projection on the floor.

The positive aspect of PPP number 2 is that it is much much brighter than the 
original. The original shows up from about a foot away from the projected area 
but gets much lighter as the lamp is moved away. This new PPP is so bright that 
from more than 8 feet away it still illuminates other parts of the room. This PPP 
is bright enough to work, and be visible, in an already lit environment. That is a 
requirement for this concept to work well.

Effect



© Jeff Bergier & Brunel University School of Engineering and Design 2010 29

PPP Number 3

These three sketches illustrate my thought process when ideating the visual 
looks of this light fixture. At the top left is my initial visual model. At the front of 
it the flexible fabric can be seen. Near the rear I put in a little detail accent line. 
My initial thinking was that this might add just enough “flair” to the fixture to 
make it interesting. After I drew in that detail I decided that this light fixture will 
be hidden underneath railing and so adding a little detail like that will add to 
manufacturing cost and add absolutely no gain for the target customer.

Because I intend these lights to be connected in a system, there should be some 
way that they attach to eachother. I devised a simple system of snap fits. These 
will just be holes in the product. If the customer wishes to actually insert the 
cylindrical connectors they can. Then the lights will join together. To make it so 
that the lights can be connected at varying angles for different curves, spaces of 
different sizes and shapes can be placed inbetween the fixtures. These will come 
in different widths to allow for different angles to be achieved so that the lights 
can wrap appropriately around any curved railing.

Concept
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PPP Number 3

The visual model is fantastically simple. As with the Philips architectural light 
fixtures, this fixture is not meant to be seen. The model is purely built to hold the 
internal components. The actual design calls for a hollow fram but simply milled 
out a half centimeter or so to illustrate, visually, that its hollow.

More Cowbell
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