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Warm white, neutral white, cold white: the design of new lighting
fixtures for different working scenarios

Daria Casciani, Fulvio Musante, Maurizio Rossi
Dept. of Design, Politecnico di Milano, daria.casciani@polimi.it, fulvio.musante@polimi.it, maurizio.rossi@polimi.it

1. Introduction

Nowadays office lighting is fundamental for vision and for increasing wellness and
working performances by considering the physiological and psycho-perceptual,
social, behavioural and postural factors in relation to the working luminous
environment.

1.1 Trends: the future of office working activities and environments

The design of the future workspaces should take into account the overall
management of work and the social aspects that are established in the workplace.
The work done in offices is becoming more nomadic, less tied to the needs of a
fixed workstation and predetermined, but potentially executable everywhere in the
office space or out of it, globally, in every part of the world.

The work is an inherently social process which requires that people quickly pass
from a focused job (individual tasks of processing, concentrating or relaxing
moments), to team working (creative collaborations), to sharing activities (meeting
with communications and presentations)'. Each of these activities can be configured
in different physical postures and requires different luminous atmospheres that are
consistent with the context, the purpose and performed work activities. The use of
new technological tools is inducing new ways to move and work in the office
environment, in the micro space of the human body postures and in the macro
environment of the entire workspace®3: the multimodal use of different
technological devices for reading and working (pc displays, keyboards, tablet etc.) is
determining different visual field and tasks*. Work environments nowadays require
flexibility in the arrangement of furnishings and the increased possibility of
reconfiguring the space, in addition to the need of managing the personal space in a
situation where the job done individually is reduced in favour to shared and team
activities>. Recent studies of office future trends reveal the importance of creating
healthy spaces in which workers can be “energized” or “relaxed”, passing from
concentration to relaxation, where they can suspend their activities for periods of
“daydreaming” to refresh mentally and to be more productive in the long term®.

1.2 More than functional lighting

Traditionally, office lighting fixtures are focused on limiting glare, providing energy
efficiency and durability: in the majority of offices they are equipped with
fluorescent tubes with correlated colour temperature (CCT) 4000K and very limited
controllability. On the other hand, more than only achieving the required
illuminance on the work/task area, lighting should be adjustable in relation to
individual physiology, age and health. Nowadays, lighting research and design are
focused on two macro-themes that converge and intersect: the new Solid State
Lighting technology (SSL) and Human Centric lighting (HCL)” with its strategic
importance both in driving the correct application of the new SSL technologies and
also in improving the quality of life (wellbeing, mood, health) of individuals. Office
lighting can influence people wellbeing and behaviours through circadian rhythm
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activation/suppression by synchronizing the timing of the biological clock. Previous
studies show that specific circadian lighting receipts (quantity, spectrum,
distribution at eye level, timing, duration) are important for helping people in
concentrating and improving cognitive performances at work, improving alertness
and vitality, providing better sleep quality® and enhancing the general mood”® .

The luminous environment can enhance people mental and cognitive regeneration'®
'"and contribute to the wellbeing and productivity of individuals. Numerous studies
have explored the issue of the regenerative potential in the workplace!*!3 but a
limited number of studies has focused on the importance of lighting in reducing
mental fatigue and increasing cognitive performances!*!>16, Despite of this, for
enhancing the wellbeing of people, an environment should visually reconnect to
nature both with natural lighting!” (access to daylight through the window)'¥1° and
with artificial lighting, creating non-rhythmic sensory stimulation through the
dynamics and variation of spectrum and distribution. This performance reconnects
the individual to natural performances by creating a more complex and intriguing
visual scenario through biomorphic shapes and patterns?. Several experiments and
studies demonstrate that office workers prefer lighting which is distributed in a
direct-indirect way, with some of the light being reflected off the ceiling and
surrounding surfaces?!-?%23,

The quality of life of individuals can be enhanced also if they can control their
lighting: research demonstrates that, when people work in environments that can be
changed according to their personal preferences, they evaluate the lighting as of
higher quality and the office as more attractive. In such an environment, they tend to
develop a more positive mood, to work in a more focused way and this can influence
their general wellbeing.?*

1.3 Controllable lighting at work

In order to ensure that individuals are able to experience their favourite lighting
levels and luminous atmospheres to accompany different working activities and
tasks, lighting should be flexible by providing a certain degree of control in terms of
illuminance?®, white tuning or spectral tuning?®?’-2%2° but also lighting
distribution®. The individual control of lighting is positive not only for personal
customization of the lighting atmosphere and for influencing positively the mood of
people contributing to personal and environmental satisfaction®! but also in terms of
energy efficiency by reducing the energy use in comparison to the typical fixed light
level provided in offices3*33,

By allowing a wider level of controllability and new lighting functionalities, the new
SSL based lighting fixtures need more precise digital controls, more calibrated
lighting performances and more complex, but user-oriented interfaces which ensure
the complete freedom with usability and recognition of functions,
experience/pleasure of use and satisfaction in the control*,

In particular, advanced systems are required in order to guarantee the understanding
of multiple functionalities and control possibilities: the user interface and the user
interaction are a wide and new field of investigation in the lighting design field. In
particular, with tangible user interfaces (TUI), such as innovative remote controls,
and with surface user interfaces (SUI), such as displays of tablet and smartphones,
the user can control the lighting in a more precise way by adjusting single lighting
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parameters or in a more abstract way by setting up preset-based lighting scene
(where all the parameters are changed simultaneously) based on lighting atmosphere
or work activities. In addition, the literature® shows that it is preferred to save
personal lighting scenes for later recall.

2 Research scope

This article would analyse in detail the importance of implementing LED lighting
engines that provide white tuning by describing and comparing the characteristics of
two experimental prototypes realized at the Laboratorio Luce — Politecnico di
Milano: COOELO and ASTERISM. Conceived as innovative lighting fixtures, they
include the possibility to vary the intensity from a maximum to a minimum value
and the Cold - Warm White tuning by running on a daily schedule, with an internal
timer, or modifiable at a personal level through direct interaction. These luminaries
could be applied for activate or suppress circadian stimulation, for behavioural
control, for matching the colours with natural lighting (daylight during day, warmer
dimmer light in evening), for cooling or warming the room to counteract exterior
temperatures and for tuning lighting atmosphere according to users’ preferences.
COOELO and ASTERISM were developed for research scopes in order to test the
photometric, optical, quantitative and qualitative performance of the tuning of white
shades close to the black body curve in an efficient way. In addition to this, the
prototypes were used to implement several hypothesis of user interaction with the
lighting system.

3 Method

The lighting engines, COOELO and ASTERISM were designed and prototyped for
technological assessment to test different lighting scenarios that have been defined
through the previously presented extensive literature review. The different
possibilities of dynamic lighting concerns:

e dimming from 0 (OFF) to 100 (ON);

e  white tuning;

e control of direct and indirect lighting distribution independently;

e variation of lighting scenarios.

By measuring, evaluating and analysing these lighting prototypes, this paper aims at
highlighting the following issues: colour mixing in relation to the optical systems,
range of colour tuning in relation to efficiency and Colour Rendering Index (CRI),
lighting functions and user interface.

4. COOELO

The prototype COOELO is a semi-direct suspended lighting fixture for a single
working location in a small office. It consists of four parts:

e Box for LED driver, Arduino and XBee Shield mounted on the ceiling;

e Reflective structure for direct and indirect light distribution;

e Lighting engine with Blue LEDs and Remote Phosphor (3000K-5000K);

e  Management and control system.

The overall dimensions of the lighting system are 630 x 346.5 x 152 mm (height).
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Figure 1 - COOELO lighting prototype
4.1 Lighting performances

The lighting engine is characterized by royal blue LEDs (48 LED Luxeon Rebel
LXML-PRO01-0425), four separated mixing chambers coated with a highly diffusive
material for a better white lighting uniformity and remote phosphors of two different
CCT (Intematix Corporation CL-830-L225-PC and CL-750-L225-PC).The lighting
engine addresses its emission to a faceted reflector which is inspired by nature in the
geometric repetition of the hexagonal pattern and reflect light while generating
glitter effects and the scattered image of the emitting lighting source. In addition, the
central part of this structure is characterized by transparent facets in order to have
lighting on the ceiling of the room.

COOELO meets the parameters of maintained average illuminance, uniformity and
comfort in terms of glare in accordance with the UNI EN 12464-01. Its lighting
performance is direct downwards lighting (60%) and indirect upwards lighting
(40%), in order to avoid the "cave effect" . The device, installed at 1.2m from the
workplane, provides an average level of illuminance of 280 lux with a uniformity of
Emin/Eave=0.6 on the visual task (1.6m x 0.8m) and an average level of 140 lux on
the surrounding area (2.6m x 1.8m), with a uniformity value of Emin/Ea.=0.45. The
UGR index value is below 19 calculated for 5 different observers located (sitting or
standing) in the simulated room. The lighting performance can be controlled by
dimming the intensity from O to100 and tuning the CCT from 3000K to 4900K. The
diminished value of the cold CCT is derived by the known phenomena of interaction
between the plastic material and the incident light beam: the plastic used in the
prototype structure (obtained through rapid prototyping techniques such as
stereolithography) has modified the CCT, by warming the tone of white of 100K.

Figure 2 - COOELO lighting performance: photometric distribution and illuminance false colours representation
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Figure 3 - COOELDO lighting performance: direct —indirect lighting prototype with different CCT
5. ASTERISM

ASTERISM was conceived as a modular lighting fixture for the multifunctional
desk, able to evolve in different shapes and configurations, by taking into account
different working scenarios, from individual to collective working modalities.
Unlike a monolithic lighting system, it is composed by several functional modules
which ensure the maximum flexibility of installation in terms of spatial composition
and lighting distribution/variation in relation to working activities.

""'\r . P
/ s
B L ~/ sterism
— X - > A

Figure 4 - Asterism lighting prototype
Asterism consists of a supporting structure with connected lighting modules to
create a constellation of luminous elements. The main elements are:
box for LED driver, Arduino board and XBee Shield mounted on the ceiling;
e three modules for direct illumination (down-light);
e four modules for indirect lighting (light-up);
e management and control system.
5.1 Lighting performances
The device consists of a direct emission, realized by means of three spots equipped
with 4 LED CREE MC-E Dynamic White and a LENS LEDIL C10702-Rocket-4-W
with a measured beam aperture equal to 2x22°. The indirect emission is ensured by
8 modules with 18 Mid-Power 3030 LED SEOUL STWS8C2SA in two CCT and
they are equipped with asymmetric optics (LEDIL C12446_SOPHIE).
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Figure 5 - On the left: photometric distribution of the direct lighting module; on the right: photometric distribution of the
indirect lighting module

All the modules for direct and indirect lighting can be controlled autonomously in
term of dimmability from 0 to 100 and white tunability between 3000K to 6000K.

Figure 6 - ASTERISM lighting performance: direct —indirect lighting prototype with different CCT and single modules
controllability

Asterism can be controlled by varying the following lighting scenarios (Figure 7):

=  Scenario 1-Workshop supports the multifunctional work in teams during
meeting and networking situations or processing group activities. Each direct
lighting module is individually controllable (lighting levels and CCT). The
indirect lighting guarantees visual clarity with a neutral CCT, increasing the
perceived space for a welcoming public dimension.

=  Scenario 2-Focus ensures the creation of an environment suitable for individual
work, where the increased focus on the visual task implies higher level of
illuminance and neutral/cold CCT (central direct module) in the area where the
user is working. The surroundings are evenly lit from indirect lighting
(neutral/cold CCT) ensuring a balance of luminance with the background.

= Scenario 3—Haven configures a private working environment, with lighting
direct on the work surface of the desk, ensuring moderate levels of illumination
in the visual task. Indirect lighting is off or dimmed at low levels in order to
reduce the perceived space of the room, creating a confined environment for a
subjective solitary concentration.

=  Scenario 4-Relax defines a relaxing work environment ideal for a break from
the pace of a daily working routine and for the attention restoration after a
prolonged mental and visual fatigue. Lighting would be mainly indirect
(3000K) exploiting the ceiling and walls while direct lighting will be turned off
or adjusted to a minimum.
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Figure 7 - From left to right: Scenario 1-Workshop; Scenario 2-Focus; Scenario 3 -Haven; Scenario 4-Relax

6. Measurements

In relation to the evaluation of the luminous performance of the devices, a series of
laboratory measurements were carried out to verify the chromatic performances of
the lighting prototypes.

The results reported in this paper are limited to the prototype Asterism, considering

only direct emissions on the reference plane, for which a deviation between the

measured and predicted values would be more critical. For this reason, the direct
lighting module of the prototype Asterism was measured in accordance to the
following protocols:

e  Measures of the spectral power distribution for the assessment of chromaticity,
CCT and CRI, considering different settings of the luminaire in terms of emitted
luminous flux and tone of light. The measurements were conducted by
measuring the emission in the axis of the device, at a distance of 0.75m.

e Measures for evaluating colour uniformity of the incident light on a target
screen, changing the CCT and leaving constant the value of the emitted flux (in
first approximation, it is assumed that the regulation of emitted luminous flux
does not modify the activation proportions of the two channels). The screen was
placed at 0.75m from the luminaire.

7. Results

Figure 8 shows the extent of the deviation of the CCT emitted from the direct beam
with respect to the nominal value: in an ideal luminaire, the curve should be a
straight line tilted at 45° with respect to the abscissa axis independently of the
adjustment for the emitted flux. As shown in the Figure 8, we can conclude that the
adjustment is very good for large values of the emitted luminous flux (100% and
75%), while it tends to worsen for cold CCT, when the emitted luminous flux is
reduced to 10% compared to the maximum value.
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Figure 8 - Trend of measured colour temperature (ordinate axis) in accordance
with the corresponding rated value (abscissa axis)

For a proper evaluation of the influence of this deviation from a perceptual point of

view, the following procedure was used:

e Determination of relevant parameters (semi-axes and inclination) for a 3-step
MacAdam ellipses corresponding to the chromaticity measured by setting the
device to the maximum output flux and by adjusting the CCT between 3000K
and 6000K in steps of 500K

e Fixed a CCT inside the specified range, the values of chromaticity were
measured changing the percentage of emitted flux (75%, 50%, 25%, 10%)

e [t was then established that, all chromaticity values obtained by dimming, fall
within the corresponding ellipse.

Figure 9 - Evaluation of the constancy for the chromaticity of emitted light changing the percentage of emitted flux.
Measurements from left to right of 3000K-4000K-5000K-6000K
Figure 9 shows the results obtained by applying the described method: with the
variation in flux, chromaticity remains almost constant with respect to the value
obtained at maximum output, regardless of the value of the selected colour
temperature.

7.1 Colour mixing in relation to the optical systems

The colour’s uniformity of the emitted beam was evaluated by observing the image
formed on a screen perpendicular to the axis of the luminaire placed at a distance of
0.75m: the results are generally good for all the CCTs (Figure 10). The result
essentially depends on the used lens and the aperture of the light beam which is not
excessively wide; indeed very narrow opening would make critical mixing between
the emissions of dies pairs that constitute the MC-E LED Dynamic White.

88



3 i G . 4 !
FigEfe‘ 10 - Distribution map of CCT measured with 2D Colour Ahalyzer CA-2000 by Konica Minolta:
on the left, Asterism direct lighting emission at 3000K; On the right 4000K

7.2 Range of colour tuning in relation to emitted luminous flux, efficiency and
CRI
The percentage change of the lighting levels as function of the CCT is contained in
approximately 2%, irrespective of the value of emitted flux (the chart in Figure 11
shows the results for 5 different settings of the emitted flux). Best results would be
possible considering a more fine tuning of the management system settings, but it
was not considered necessary since the differences are not visually perceptible.
The CRI R,, defined according to the CIE publication 13.3 of 1995, varies in a range
between 80 and 75, as function of the considered CCT: the index assumes the
highest values for lower CCT values and decreases when the CCT increases.
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Figure 11 - Percentual variation of illuminance changing the CCT for different levels of dimming

The performance obtained is shown in Figure 12 (on the left). On the right the
Figure 12 shows the index trend Rg according to the CCT: the decreasing trend of
the graph with increasing CCT is mainly due to the growing proportion of cold light
with increasing CCT. The two trends shown in the graphs are essentially due to the
colour rendering characteristics of the used LEDs and not very dependent on the
power supply system and the technique of adopted current regulation.
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Figure 12 - On the left: CIE color rendering index Ra as a function of CCT;
On the right: Results of special colour rendering index Rs as function of CCT
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7.3 Lighting functions and user interface

Controls were a critical element in managing white-tuning of the prototypes and
giving an intuitive user interface. Both the control platforms of the two lighting
systems were enabled to tune smoothly through the CCTs without changing the total
light output over the colour range. In addition to this, they allowed the control of the
luminous output by maintaining stable the CCT and without causing flicker. Despite
of the fact that both systems were equipped with two different controls (sliders), one
for power and intensity level and the other for CCT, they show different levels of
complexity in providing information and controlling different functionalities. In fact,
the more complex are the lighting performance achievable, the more complex the
user interface becomes.
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Figure 13 — COOELO interface and control system

The COOELO control platform (Figure 13) has a display to give direct visual
feedback about the specific CCT and intensity level (in percentage). The
ASTERISM control platform is more complex since each lighting module can be
separately controlled with the possibility to play or record lighting scenes. The
interface is provided with a visual diagram of switches representing the lighting
modules of the prototype: each button allows to control each module differently in
manual mode, adjusting both CCT and lighting levels.

Figure 14 - ASTERISM interface and control system

In addition to this there are other controls that allow to switch from manual mode to
record mode (it allows to record the lighting scenes) and play mode (it allows to
play lighting scenes previously recorded).

8. Conclusion

The white tuning of the two prototypes was achieved in two ways:
e COOELO: Phosphor conversion in which two different remote phosphors
were placed above blue LED to convert the coloured light into white light;
e ASTERISM: phosphor-converted LEDs with two different CCTs.
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The described measured lighting prototype (Asterism) was equipped with 2 LEDs
white primaries and it is evident that the white tuning between 3000K and 6000K is
performing sufficiently in terms of smoothness between different CCT with constant
emitted flux. On the other hand, the CRI R, diminishes with higher CCT and this is
primarily dependent on the LEDs quality. These performances were achieved just by
compiling a lookup table and by using a current controller based on PWM with 16
bits.

With a more complex lighting engine, equipped with more than 3 LEDs primaries
(e.g. RGBW — RGBA — RGBAW), it would have been possible to enhance specific
parts of the spectrum in order to achieve better CRI and specific colour rendering
properties such as enhancing the Gamut area. In this more complex systems, it could
be more difficult to create a stable CCT at different lighting intensities with a stable
CRI. If the chromaticity of two different lighting fixtures is perfectly the same, the
SPD (Spectral power Distribution) of these two may not be: this can make objects
look different (because of different colour rendering capability).With  RGBW
fixtures, the same luminaire can be set up to render objects’ colours in a variety of
ways, from oversaturating to desaturating them, meanwhile the CCT doesn’t change.
In those situations a retroactive system is required for controlling and adjusting the
lighting output through a temperature sensor for measuring the T; of each LED
primary or a shielded colour sensor for measuring the direct lighting emission.
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