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Abstract: Flexible optical sheets are thin large-area poly-
mer light guide structures that can be used to create
innovative passive light-harvesting and illumination sys-
tems. The optically transparent micro-patterned polymer
sheet is designed to be draped over arbitrary surfaces
or hung like a curtain. The light guidance sheet is fab-
ricated by bonding two or more micro-patterned layers
with different indices of optical refraction. By imprint-
ing micro-optical elements on the constituent layers, it
is possible to have portions of the optical sheet act as a
light concentrator, near ‘lossless’ transmitter, or diffuser.
However, the performance and efficiency of the flexible
optical sheet depends on the overall curvature («) of the
optical sheet and the relative orientation of incident light
source. To illustrate this concept, the impact of key design
parameters on the controlled guidance of light through
a two-layer polydimethylsiloxane (PDMS) concentrator-
transmitter-diffuser optical sheet is investigated using ray
tracing simulation software. The analysis initially con-
siders a flat (x=0) PDMS optical sheet exposed to a col-
limated light source. The impact of sheet curvature (x> 0)
on both system efficiency and illumination uniformity is
then briefly explored. Critical design guidelines for cre-
ating multifunctional monolithic optical sheets are also
summarized.
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1 Introduction

Optical sheets are an emerging technology that enables
a wide variety of large-area (cm? to m?) passive light col-
lection and illumination systems to be created. The thin
optically transparent sheet is a monolithic (i.e. single
material) micro-patterned polymer membrane con-
structed by bonding two or more functionalized thin
layers with slightly different indices of refraction. Through
careful selection of the transparent materials and appro-
priate design of the micro-optical elements, it is possible
to control the direction of light rays entering, propagating
through, and exiting the functionalized optical sheet. In
general, the geometry and spatial distribution of micro-
optical elements imprinted on the constituent layers of the
sheet determines whether the light guide system acts as
a large area concentrator, regional diffuser, or near ‘loss-
less’ light transmitter. Typical applications for large-area
optical sheets include flexible illuminators and light-har-
vesting systems for wearable technology, creative indoor
lighting, non-planar solar energy collectors, customized
signature lighting, and enhanced safety illumination for
motorized vehicles.

Most existing large-area optical light guide systems
are mechanically rigid flat solar energy concentrators
[1, 2] and backlight illumination panels for electronic
displays [3-9]. These light collectors and illuminators are
constructed from optically transparent thermoplastics
(e.g. acrylic) or glass and fabricated using very expen-
sive manufacturing methods (e.g. photolithography) that
ensure precision light guidance through the microstruc-
tures for optimal performance and maximum efficiency.
The exposed surface of the flat light collectors, or light
harvesters, is typically patterned with an array of micro-
lenses that focus incident light rays onto micro-prisms
imprinted on the opposing surface [1, 2, 10-12]. The
micro-prism elements then reflect the light rays back
into the transmission by total internal reflection (TIR).
The light rays propagate through the lower ‘core’ to the
concentrator edge where it exits or strikes a photovoltaic
(PV) cell [1, 8]. Similarly, rigid illumination panels act as
light diffusers by utilizing various patterns of reflecting
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micro-elements [3, 13-15] to produce either uniform or
signature lighting [3].

The same underlying design principles and tech-
niques used to createrigid light collectors and illumination
panels can be modified for developing flexible polymer
optical sheets like those illustrated in Figure 1. Yeon et al.
[15] extended these basic principles to develop a flexible
light diffuser that had been patterned with inverse cone
features. The diffusing micro-elements would disrupt or
frustrate the path of the propagating light rays such that
they would exit the core and emanate at the desired loca-
tion from the diffuser surface. However, the complexity of
the optical design problem is increased because the non-
rigid light guide thickness and embedded micro-elements
(e.g. micro-lens, prisms, pyramids, and wedges) can bend,
stretch, and even fracture under extreme mechanical
stress. In other words, small changes or distortions may
significantly reduce the performance efficiency of the
elastomeric light guide system.

To illustrate this concept of flexible optical sheets for
a broad group of applications, the impact of key design
parameters on the controlled guidance of light through
a two-layer polydimethylsiloxane (PDMS) concentrator-
transmitter-diffuser optical sheet is investigated using
Zemax OpticStudio (Zemax LLC, Kirkland, WA, USA) ray
tracing simulation and analysis software [16]. The pro-
posed multi-functional PDMS optical sheet [17, 18] is
fabricated from optically transparent PDMS and manu-
factured using soft-lithography techniques based on
replica molding [19, 20]. Moldable PDMS has high optical
transmittance properties (>95%) over the visible and
near-infrared regions of the spectrum, and the index of
refraction of the individual layers can be controlled by
either modifying either the ratio of base-to-curing agent
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[21, 22], adjusting the curing temperature, applying deep
ultra-violet irradiation, or adding high refractive index
nanoparticles such as titanium dioxide [23, 24]. The vis-
coelastic properties of the thermosetting PDMS also make
it a suitable material for accurately producing the inverse
pattern of the micro-elements imprinted on the casting
mold [21, 25]. In this manner, the individual layers can
be molded separately and then bonded together using
oxygen plasma or corona discharge bonding. The fabrica-
tion of flexible optical sheets is a separate area of research
and beyond the scope of this paper [21, 22, 25].

The design of the multifunctional concentrator-trans-
mitter-diffuser optical sheet is summarized in Section
2. The performance measures for the light guide system
include concentrator-transmitter efficiency (y_), com-
bined concentrator-transmitter-diffuser efficiency (3, ),
and the percent uniformity of diffuser illumination (U).
These measures are, however, dependent upon a number
of factors including optical sheet curvature (k) and the rel-
ative orientation of incident light source. As the curvature
and characteristics of the incident light source can vary
significantly between different applications, implementa-
tions for similar applications, or over time for the same
arrangement, it is necessary to place constraints on the
analysis and simulations. In this regard, the parametric
analysis initially considers a flat (« = 0) PDMS optical sheet
exposed to a collimated light source. Section 3 examines
the key design parameters such as refractive indices for
the two constituent layers, sheet thickness, active surface
area, and geometric parameters for the various optical ele-
ments (lenses, coupling pyramids, reflecting prisms). The
performance of the flat optical sheet under different para-
metric conditions is summarized in Section 4. The impact
of sheet curvature (x>0) on both system efficiency and

— -
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Figure 1: Large-area elastomeric optical sheets for reconfigurable illumination (left) and passive indoor lighting where a concentrator-
transmitter-diffuser structure captures sunlight and transmits it to an interior room (right).
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illumination uniformity is then briefly discussed. Finally,
the concluding remarks and discussion on future work are
presented in Section 5.

2 Multifunctional optical sheet

As the geometry and spatial distribution of micro-optical
elements are application dependent, it is not possible to
consider all cases. Rather, the goal is to closely examine
the impact of the design parameters on the light guidance
behavior through a combined concentrator-transmitter-
diffuser PDMS optical sheet (Figure 2) using ray tracing
software. The central region of the multifunctional
optical sheet acts as a concentrator, or light collector,
and is constructed from two superimposed PDMS layers
with slightly different indices of refraction and layer
thicknesses. The top layer is patterned with micro-lenses
that focus the incident light rays onto the micro-pyramid
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Diffuser
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features imprinted on the bottom surface of the second
layer (Figure 3). The micro-pyramids act as couplers,
which reflect the rays and direct them to the edge of the
concentrator region. The difference in index of refraction
between the first (n) and second layer (n,) ensures that
the light rays striking the pyramid propagate laterally
toward the concentrator edges by total internal reflection
(TIR). The material properties of PDMS are assumed to be
homogeneous with no optical absorption or volume scat-
tering for the analysis. The lateral propagation of the light
rays toward the diffuser represents light guide transmis-
sion functionality. The boundary region around the con-
centrator region of the light guide acts as a light diffuser
(i.e. illuminator). The bottom face of the PDMS layer for
the diffusing region is patterned with triangular-wedge-
shaped features that run the full width of the light guide.
These optical wedges are angled such that when the prop-
agating rays strike the micro-element surface, they are
reflected at an angle that causes the rays to be refracted
out of the illuminating region. The wedges run along the
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Figure 2: Simple multifunctional optical sheet with a combined concentrator (center), transmitter (beneath), and diffuser (border) regions.
Note that the thickness of the layers comprising the optical sheet has been exaggerated for display purposes.
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Figure 3: Cross-sectional view of a two-layer PDMS concentrator-transmitter-diffuser optical sheet. The incident light is focused onto the
coupling pyramids by the micro-lens array and directed to the illuminating region where the light is diffused out of the device by wedge

micro-elements.
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length of the optical sheet and join at 45° with the wedges
originating from the orthogonal directions. Note that in a
realistic scenario, the light rays entering the device would
largely be non-direction, diffuse, and dependent upon
the surface orientation of the optical sheet. As the optical
sheet is a flexible membrane that can be positioned in
any orientation with respect to the incident light rays, it
is not feasible to undertake an optical design process that
satisfies all possible conditions. It is, therefore, sufficient
to initially consider a single case such as a collimated
light source positioned directly above the optical sheet.
Note that the actual efficiencies and performance charac-
teristics of a fabricated flexible optical sheet will always
be less than the ‘ideal’.

The role of the concentrator-transmitter region of the
multifunctional optical sheet (Figure 3) is to collect the
incident light and focus it on the tip of the coupling pyra-
mids where it is propagated outward toward the diffuser
section. The effectiveness and efficiency of the concen-
trator [26] depends on the geometry and position of the
micro-lenses in Layer 1 and the light-coupling pyramid
structures embedded in Layer 2 (Figure 4). The sheet
thickness (f,+t,), concentrator surface area (SA), and
concentration ratio [11] must also be considered when
designing the light concentrator. The concentration ratio
of the light guide is given by the concentrator surface
area, where the light enters (input), divided by the sum
of the area of the concentrator faces, where the light exits
(output).

The diffuser region at the border of the concentrator
incorporates a series of reflective wedge features, which
re-direct the light rays out of the optical sheet. The angles
at which the propagating rays strike the sloped face of the
micro-wedge determine how the light refracts out of the
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Refractive index (n,)
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sheet. The micro-wedge shape, as shown in Figure 3, is
governed by angle 0, that is small enough for the trans-
mitted light ray to be reflected, but large enough, such
that the same ray can exit upon reflection [27]. From a
functionality perspective, both the efficiency and the uni-
formity of illumination become important design consid-
erations. The attributes of the diffuser region are affected
by the shape, size, and spatial distribution of the wedge
elements.

The performance of the optical sheet in terms of effi-
ciency in collecting light rays, transmitting the rays to the
edges or diffusing the captured rays is also dependent
upon the optical sheet curvature («) and the relative ori-
entation of incident light source with respect to the sheet
surface. It is necessary to place constraints on the analysis
and simulations because the curvature and characteristics
of the incident light source can vary significantly between
different applications, implementations for similar appli-
cations, or over time for the same arrangement. In this
regard, the parametric study initially considers a flat
(k=0) PDMS optical sheet exposed to a collimated light
source. Once designed, the concentrator-transmitter-
diffuser is analyzed in terms of changes in sheet curva-
ture (x >0). When the optical sheet is bent to a particular
radius of curvature, the constituent microstructures are
deformed and re-oriented with respect to the light source.
These dimensional changes may introduce high optical
losses due to frustrated TIR and, therefore, a significant
drop in efficiency. To investigate the changes in efficiency,
the optical sheet is assumed to bend in only one direction,
and the sheet curvature («) is defined as the reciprocal of
the bending radius R, and given as

k=1/R )]

Refractive index (n,) ¥ [~ :

Pyramid micro-element

Figure 4: The primary function of the concentrator-transmitter region of the optical sheet where micro-lens array focus the incident light
rays onto the coupling pyramids, which reflect the rays at an angle such that they are confined to Layer 2 for lateral transmission.
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Note that multi-directional bending (i.e. twisting) is
possible with the flexible optical sheet, but the losses will
significantly increase.

3 Design parameters for an
elastomeric optical sheet

The optical sheet design must ensure that the concentra-
tor, transmitter, and diffuser regions function in unison,
and therefore, the parameters must be determined simul-
taneously to achieve the desired light guidance prop-
erties. In this regard, the desired focal length (f) of the
concentrator micro-lenses will determine the maximum
thickness (f =t +t,), of the two bonded PDMS layers. In
addition, the thickness of the bottom light transmission
layer (t,) must be selected to enable efficient re-direction
of light rays to the concentrator edges and then onto the
diffusion region for illumination. Furthermore, the refrac-
tive indices for the two constituent PDMS layers must be
selected to ensure TIR.

To reduce the number of variables and unknowns
when designing an optical sheet, it is necessary to impose
constraints such as the refractive indices (n,) and (n,) for
the two constituent PDMS layers, maximum sheet thick-
ness (t_ ), active area of the concentrator region (SA),
and minimum concentration factor (CF) [17]. Once these
parameters have been defined, the thicknesses of the indi-
vidual layers can then be estimated as

t,=+/SA/CF (2a)
tl = tmax - t2 (2b)

The physical constraints (n, n,, t__, SA, CF) imposed
on the concentrator region of the optical sheet are then
used to determine the key design parameters for the
micro-elements in the concentrator, transmitter, and dif-
fuser regions of the light guide system. Critical design
parameters for the concentrator are the radius (r) and
pitch (P) of the micro-lenses and the angle of incline (&)
and base width (b) of the coupling pyramids. The cou-
pling pyramid parameters ¢ and b also determines the
lateral transmission behavior of the light collector. The
key design parameters for the diffuser region are the face
angle (), diffuser length (1), and width (w) of the micro-
wedge elements. The following section describes the key
parameters for designing the micro-elements in the con-
centrator-transmitter (r, P, t, @, b, t)) and the diffuser (6,
1, w) regions based on geometric optics. With some design
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discretion, these parameters are scalable in terms of the
layer thicknesses and active surface areas.

3.1 Concentrator-transmitter design

The key design parameters for the micro-lens are the lens
radius (r) and pitch (P). The pitch is the lens spacing, and
the lenses can be arranged in either a rectangular (equally
spaced) or hexagonal grid pattern. The focal length (f) of
each lens is determined by the maximum thickness of the
optical sheet (i.e. f= t_.)-Based on the classic lens maker’s
equation [28], the radius (r) of the individual micro-lens in
the array can be estimated as

r=t_ (n-1)/n (€))
This estimation is possible because the difference
between n, and n, is typically An<0.15.
For the pyramid optical elements shown in Figure 4,

the maximum allowable angle of propagation (0, ) for

the impinging light rays is limited by the critical angle
between the constituent layers as dictated by their refrac-
tive indices and can be given by

0 - =90-sin™(n, /n,) (4)

Although this equation accurately defines the
maximum angle of propagation for total internal reflec-
tion in the light guide, it is based on assumptions not
universally true for flexible optical sheets because any
variation in the angle of the rays or optical sheet curvature
will result in significant losses. For example, if an optical
sheet with some surface curvature is required (i.e. £ >0),
then, the angle of propagation (6,) should be significantly
lower than the maximum allowable value (6, ). Unfor-
tunately, reducing 6, may result in a significai"f‘zly longer
overall diffuser length.

The pitch (P) of the micro-lenses dictates the angle of
incidence () where a small P results in a low 6, and, con-
sequently, a higher density of coupling pyramids in the
bottom layer. From a design perspective, the selection of

minimum angle of incidence (6, ) and maximum angle
of incidence (6, ) are application dependent. If the elas-

tomeric optical sheet exhibits curvature, then, it will be
necessary to increase the density of coupling pyramids
and design for a small 6.. For most applications, the angle
of incidence will range from 0° <6 <5°.

Based on the ray path and the desired angle of propa-
gation, the maximum allowable angle (« ) of the cou-
pling pyramid is calculated as [17]



214 =— C.Nicholson-Smith et al.: Thin multifunctional elastomeric optical sheets

m

a,..=0.5(0, +90) )

a3

Based on the selected 0.

‘max

between the lower layer of the light guide and the
surrounding medium, the minimum angle («_ ) is
determined as

and the critical angle

a,. =sin”'(n /n,)+ Himax 6)

mi

where n is the index of refraction of the surrounding
medium (air), and n, is the index of refraction of the PDMS
Layer 2. In terms of design, the base angle («) for the cou-
pling pyramids mustbe « , <a<«__ .Foran optical sheet
with a surface curvature, « = «_._, whereas for a flat sheet,
a=(a,, +a_ )/2is often used.

As the pitch of the concentrating micro-elements is
based on the maximum angle of incidence of the rays on
the coupling pyramids and the lens’ radius (r), the pitch
(P) can be calculated iteratively according to [17]

0. =sin™’ [nlsin[tan‘1 (P/ZJJ
P/2

—sin™! isin tan™" ] @)
n Jr’=(P/2)y

The shape of the coupling micro-pyramids is depend-
ent on the functionality of the concentrator, and the
pyramid size must be minimized to reduce decoupling
losses. Ideally, the rays would focus at a single point;
however, due to the use of layers with different refrac-
tive indices and spheric lenses, which result in some
focal shift, the focal width depends on the feature geom-
etry. Although the focal width will dictate the minimum
feature size for the coupling prisms, the relationship
between feature size and wavelength must also be consid-
ered. For this light guide system, it was determined that
the minimum feature dimension should not be less than
10 times the wavelength of visible light or approximately
0.01 mm.

Another important consideration is the relationship
between their size and pitch. The efficiency of the concen-
trator is highly dependent on the proportion of its surface
area occupied by coupling features, as this corresponds
with the likelihood of a ray decoupling. In order to main-
tain a sufficiently high concentrator efficiency, the cou-
pling feature base width b should not exceed 1/10 of the
pitch or b__=0.1xP. Note that no matter how precisely
the coupling pyramid is designed, the selected fabrica-
tion methods will likely introduce geometric errors such
as rounded apex and edges or fillets instead of sharp

min’
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transitions. These geometric errors can significantly alter
the paths of the light rays.

3.2 Diffuser design

The diffuser incorporates a series of wedge elements,
which reflect light off the angled surface causing the rays
to refract out of the optical sheet. The efficiency and uni-
formity of illumination are affected by the shape, size, and
spatial distribution of the wedges. The wedge face must
be tilted at an angle small enough that the incident light
is reflected off the features, but large enough that the ray
is diffused out of the illuminating surface. The diffuser
wedge angle can be calculated based on the geometry of
the pyramid element in the concentrator because these
structures dictate the propagation angle of rays in both
the concentrator and diffuser. Based on wedge element
geometry (Figure 5), the minimum and maximum propa-
gation angles (0 b Opm ) are

0, =2a-90-0, ®)

‘min ‘max

0, =2a-90 ©)

‘max

where « is the base angle for the coupling pyramids, and
6. is the maximum angle of incidence of the concen-
trated rays on the coupling pyramids [Eq. (7)].

Figure 5: Ray diagram, which illustrates the minimum and
maximum angles of propagation required to ensure the rays are
properly diffused out the face of the illuminating region. If a light
ray propagates at an angle greater than 6, , or the diffuser angle

exceeds 6, , theray (i.e. Ray 1) will refrac?xout the bottom face. In
contrast, ifm; light ray propagates at an angle less than OPW, or the
diffuser angle exceeds de, the ray (i.e. Ray 2) will not be diffused.
Note that the illustration does not take into account transmission

losses that occur at the interface between two media with different
refractive indices (i.e. Fresnel reflection).
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Subsequently, the minimum and maximum diffuser
angles can be calculated from the corresponding angles of
propagation and the refractive index of the diffuser mate-
rial (n,) and can be determined as

0, = 0.5[90 —sin™ (:J -0, ] (10)
2
(1
6, =90-sin™ (n) -0, (11)
2

A larger angle will ensure that rays are diffused closer
to the normal of the illuminating face. However, an angle
closer to the mid-range will improve efficiency by diffus-
ing rays, which propagate at angles slightly higher or lower
than the predicted values. For a non-planar optical sheet, a
mid-range value is ideal as it will help ensure reflection off
the wedge features and refraction out the illuminating face
for variations in curvature. In this regard, an upper mid-
range diffuser wedge angle of 6,=30° is typically used.

The minimum diffuser length (I_, ) is calculated based
on the shortest distance required for all rays to strike a dif-
fusing wedge element only once. The minimum length is
dependent on the wedge angle 0 , and the thickness of the
diffuser layer, t,, where

t

l.=2 2

min tané
Puin

Finally, the diffuser wedge size, w, must be deter-
mined. The size of the wedge element is application
dependent where a large w is more appropriate for a
flexible optical sheet than a rigid light guide. For more
uniform illumination on a flat diffuser, it was observed
that the wedge height should be 1/10 of the layer thick-
ness (t,). Therefore, the wedge width for the angle 6, can
be calculated as

(12)

t

"= Gxtand,) (13)

4 Performance of the PDMS optical
sheet

The Zemax OpticStudio ray tracing software is used to
initially evaluate the performance of a flat (x=0) con-
centrator-transmitter-diffuser optical sheet. The impact
of sheet curvature (x>0) on both optical sheet efficiency
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and illumination uniformity is then considered. For this
study, the concentrator-transmitter diffuser optical sheet
was modeled as a square light collector surrounded by an
illuminating border region as shown in Figure 2. The geo-
metric design of the physical three-dimensional optical
sheet was created on SolidWorks and then imported as a
STEP file into a ray-tracing software. The diffuser wedges
were designed to exhibit maximum illumination in the
middle of the boundary region with no significant light
emission at the corners. An external rectangular light
source was selected for simulations because it allowed
the analyst to define the position, orientation, and wave-
length of the incident illumination. Finally, a set of detec-
tors was defined to quantify the optical sheet’s output and
evaluate its performance. It is necessary to note, however,
that this analysis does not consider volume scattering and
material absorption as these effects can be significant in
real materials and large panels.

The pre-defined constraints on the molded PDMS
sheet were n =10, n=14, n,=155 ¢ =2 mm,
SA=50000 mm?, and CF=500x. Based on the desired ¢___
of the optical sheet, the individual layer thickness was
determined [Eq. (2)] to be ¢ =0.382 mm and ¢,=1.6 mm.
From the above equations, the design parameters asso-
ciated with the micro-lens and coupling pyramids were
calculated to be r=0.57 mm, P=0.371 mm, «=>52.5°, and
b=0.01 mm. Similarly, the parameters associated with the
diffuser wedges were determined to be 6,=30°, [=4.7 mm,
and w=0.144 mm. Details on the calculations can be
found in Appendix A.

To estimate the efficiency of the light guide system,
the power from the light source was set to 1 W, and the
total power detected in the concentrating edges and dif-
fusing region were then measured. The efficiency of the
concentrator-transmitter (»_) is defined by the ratio of
light exiting the edges of the light-collecting region (I_)
and total light entering the active concentrator surface (1)),

I
n., :IL*xloo. (14)

S

Similarly, the efficiency of the combined concen-
trator-transmitter-diffuser (»_,,) is the ratio of the light
detected at all illuminated diffuser surfaces (I,) and total
light entering the concentrator surface (),

Id
nc-t-d = TX 100.

s

(15)

For the simulations, the Zemax photo-detectors were
placed above the diffuser region to measure the light
exiting the face into air.
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Another important measure of performance is the uni-
formity of illumination produced by the diffuser region.
The total power across the diffuser region as measured
by the Zemax detectors was divided by the total area of
the diffuser, to estimate the average irradiance of the light
guide in W/cm?. The peak irradiance is identified from the
detector data, and the average irradiance was divided by
the peak irradiance to estimate the percent uniformity for
the illumination from the diffuser using

I

U, =" x100,
Id

(16)

peak

where U, is the percentage of uniformity over the diffuser

region, I, is the average diffuser irradiance, and I, is
e

the peak diffuser irradiance. |
Based on these performance measures, a parametric
analysis of the various micro-elements in the concentra-
tor and diffuser is now conducted in order to identify the
design parameters that provide greatest efficiency and
uniformity. The parametric investigation consists of a
repeated analysis of the same optical sheet, varying only
one parameter at a time, in order to identify the impact

this parameter has on sheet performance.

4.1 Concentrator-transmitter parameters
4.1.1 Indices of refraction (n, n,) and surface area (SA)

The impact of various refractive index ratios (n,/n,) on the
concentrator-transmitter efficiency () was first exam-
ined (Figure 6) in an effort to better define the role of
selecting the elastomer material (i.e. PDMS) for the con-
stituent layers. For this analysis, the material, sheet thick-
ness, and micro-geometric elements of the light-collector

100 &
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1 105 11 1.15 1.2
Refractive index ratio (n,/n,)

1.25

Figure 6: Impact of refractive index ratio (n,/n,) on concentrator-
transmitter efficiency (7_). Note that these results were obtained
under ideal conditions.
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region were fixed at the values provided above. The simu-
lations showed a significant drop in concentrator-trans-
mitter efficiency for smaller refractive index ratios and a
relatively high efficiency (7_,~97%) when n,/n, >1.07. This
implies that only a small difference in index of refraction
between Layer 1 and Layer 2 is required for TIR. This is an
important observation because the index of refraction of
PDMS can be changed within this range by adjusting the
ratio of the base to the curing agent (i.e. a simple fabrica-
tion parameter). However, if the ratio of refractive indices
for the application must be <1.07, then, it will be neces-
sary to modify the geometric parameters for the various
optical elements in the concentrator-transmitter. It is also
important to interpret the values in the context of an ideal
concentrator-transmitter because the efficiency will drop
due to the Fresnel reflection at the interface between two
media with different refractive indices, and real optical
materials have non-ideal transmission properties because
of material absorption and volume scattering.

Another user defined constraint is the size of the
active surface area (SA) for the concentrator region. As
the optical sheet under investigation is assumed to be a
square, the impact of the concentrator width (\/571) on
overall concentrator-transmitter efficiency (1.) is now
considered. The area of the concentrator (SA) was varied
from 225 mm? to 250 000 mm?, and the corresponding
computed efficiencies are shown in Figure 7. The results
also show an approximately linear relationship, with a
slope of —0.0394%/mm, between concentrator width and
light collector efficiency. The negative slope implies that
the larger the optical sheet, the less efficient it becomes in
collecting and transmitting light to the diffusion areas. For
example, a 500 mm x 500 mm concentrator will exhibit an
efficiency of only 80%. Because of the interactions with
a larger number of coupling pyramids, the collected light
rays from a larger concentrator-transmitter surface area
will have longer transmission paths to the diffuser region

100

920

80

1o (%0}

Her==0.03945A + 100.03

60

50

0 100 200 300

Concentrator width VSA (mm)

400 500

Figure 7: Impact of concentrator width («/SA) on concentrator-
transmitter efficiency (7).



DE GRUYTER

and, thereby, a greater opportunity to prematurely escape
the light guide system.

4.1.2 Micro-lens pitch (P) and radius (r)

The ideal pitch (P) for the micro-lens array is based on the
desired angle of incidence (Gi) of the rays on the coupling
pyramids. The ‘best’ angle based on preliminary analysis
was 5°, but there is a broader range of acceptable angles
that could have been selected. The micro-lens in the con-
centrator of the optical sheet is, therefore, modeled for
values 0.010<P<0.808 mm, corresponding to 0°<6,<7°.
The relationship between the lens pitch and concentrator
efficiency is examined in order to understand the impact
of these variations (Figure 8). The highest efficiency was
exhibited for P=0.371 mm. This is the pitch for where the
coupling pyramids were optimized for desired conditions,
and all collected rays could successfully be coupled into
the lower layer of the optical sheet. For 0.15 <P <0.371 mm,
the efficiencies were relatively high (>90%) because the
coupling pyramids are still able to reflect all incident rays
by TIR. However, when the pitch becomes excessively
small (i.e. P<0.15 mm), the increased density of ele-
ments causes a rapid drop in efficiency. Note that when
P> 0.4 mm the collector efficiency will also drop rapidly.

80

60

Moy (%)
Mot (%)

40

20
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It is also important to consider the impact of small
variations in the micro-lens radii (r) on the concentrator-
transmitter efficiency (Figure 8). The radius is selected
to ensure that the light rays strike the pyramid elements
that are located a distance ¢___(i.e. focal length) from the
top surface of the optical sheet. Consequently, any varia-
tions to the radius or sheet thickness due to optical sheet
stretching will result in a measurable change to the focal
length (f) and a significant dropin#_, because the collected
rays will fail to strike the pyramid features at the desired
location and angle. Furthermore, the changesinrand ¢__
increase the spot size of the concentrated light causing
some rays to strike adjacent pyramids or prematurely
exiting the concentrator-transmitter light guide structure.
Based on the analysis, an ideal r=0.57 mm. Note that any
design changes to the lens radius must be made in con-
junction with either a change in layer thickness (¢ ) oran
increase in the size of the coupling pyramids.

4.1.3 Coupling pyramid parameters (a, b)

The geometry of the coupling pyramids is also investigated
in relation to 7, (Figure 9, left). For the simulation study,
the base angles of the pyramidal elements were varied
between 35°<a<65°. For the given design parameters,

02 04 06 08 1 0
Pitch P (mm)

02 04 06 08 1
Radius r(mm)

Figure 8: Impact of micro-lens parameters (P, r) on concentrator-transmitter region’s efficiency (_).

100 100
80
60 60
g 3
£ 40 £ 40
20 20
0 0
0 20 40 60 80 0

Base angle « (%)

0.02

0.04 006 008 0.1
Base width b (mm)

Figure 9: Impact of the coupling pyramid base angle (@) and width (b) on concentrator-transmitter efficiency (_,).
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it was determined that an acceptable range of base angle
for the pyramid elements are « , =45.2° and «  =57.7°.
There is a near-linear decrease in efficiency for angles
outside the range (both above and below). The reason that
n.,#0 for a>60° is that some light rays are able to reflect
off the lens in Layer 1 and propagate laterally through the
light guide. Although any angle in the acceptable range
could be selected, it is often beneficial to select « at mid-
range to ensure that the concentrator-transmitter accepts
the wide possible variations in incident ray angles.

Similarly, the variations in pyramid base width from
0.005<bh<0.1 mm were simulated (Figure 9, right). The
results indicate that 7_,>90% can be achieved if the
pyramid base width is in the range 0.01<b < 0.04 mm. For
coupling pyramids smaller than ~0.01 mm, the physical
optical element will be smaller than the area of the pro-
jected resulting in some rays refracting out the transmit-
ter bottom. In contrast, if the pyramids become too large,
then, they will interfere with laterally propagating rays
and fail to reach the edges of the concentrator-transmitter
region.

in

4.2 Diffuser parameters

Variations to the diffuser refractive index (n,) and diffuser
micro-element geometry (6, I, w) are also considered. The
evaluation of performance will be based on the concen-
trator-transmitter-diffuser efficiency (5, and diffuser
illumination uniformity (U,). It is necessary to look at the
efficiency from the diffused illumination from the light
that was originally collected by the concentrator region
because an optical sheet is an integrated three-dimen-
sional light guide system.

4.2.1 Refractive index (n,) of light diffuser

The impact of the variations in refractive index (n,) of the
elastomeric layer on the diffuser performance is now con-
sidered. The refractive index was varied from 1.42<n,<1.7
as shown in Figure 10. The simulation results show a
threshold of n,=~1.55 for maximum efficiency ().
A larger refractive index will also provide the required
optical element reflection and necessary diffusion for illu-
mination. The uniformity of illumination exiting the dif-
fuser (U,) is also impacted by the layer’s refractive index.
Although the uniformity appears to be optimized for a low
refractive index, with a relatively steep drop-off preced-
ing the optimized refractive index, the actual variation
between the minimum and maximum uniformity is only

DE GRUYTER
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Figure 10: Impact of refractive index n, on the concentrator-
transmitter-diffuser efficiency (_, ) and diffuser illumination
uniformity (U).

2%, while the range in efficiency is 10%, so in most cases, it
would be preferable to sacrifice some uniformity to achieve
a significantly higher efficiency. The best performing dif-
fuser allows rays to exit the layer at an angle approaching
the normal to the active surface; however, by increasing
the refractive index, the diffusion angle will decrease, pre-
sumably decreasing its uniformity as well (Figure 10).

4.2.2 Diffuser wedge angle (0)

Both the efficiency (y_,,) and uniformity (U,) are also
dependent on the angle (0,) wedge element in the dif-
fuser region (Figure 11). Efficiency and uniformity values
are relatively high for 20° <6,<35°. While the results were
predictable, there were some anomalies in the data relat-
ing to the diffuser angles greater than the recommended

100
Efficiency (...
80
)
=
= 60
= Uniformity (U,)
T 40
20
0
0 10 20 30 40 50

Diffusing wedge angle 6,

Figure 11: Impact of diffusing wedge angle 6, on the concentrator-
transmitter-diffuser efficiency (_, ) and diffuser illumination
uniformity (U).
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maximum 6, .An anomaly was observed for 6 = 45° (not
shown), where efficiency actually increased and then
dropped again with a slight increase in the wedge angle.
The anomaly may be the result of the light rays, which are
refracted out of the diffusing features, striking the oppo-
site side of the wedge features and being refracted back
into the light guide.

4.2.3 Diffuser wedge width (w) and length (1)

The dimensional width (w) and length (I) of the wedge fea-
tures also played a role in the efficiency and illumination
uniformity. The impact of the optical wedge widths in the
range of 0.025<w<1.5 mm was simulated in the Zemax
OpticStudio software and displayed in Figure 12. The
simulations show a strong negative correlation between
the wedge element size and the concentrator-transmitter
diffuser efficiency (»_, ,), exhibiting a near-linear relation-
ship with a slope = -13%/mm. This effect appears to be the
result of light rays reflecting off the bottom face of the con-
centrating region and striking the first diffuser element at
0,>0 b The amount of illumination affected by this phe-
nomenon appears to be directly proportional to the size of
the first wedge element in the diffuser region. The simu-
lations also show a negative relationship (slope =-39%/
mm) between the illumination uniformity and the width
of the wedge element. However, smaller wedge sizes
exhibited a higher degree of uniformity because these ele-
ments were able to distribute the light more evenly across
the illuminating face.

Furthermore, the length of the diffusing region must
also be considered when designing a hybrid optical sheet
that functions as a light collector, transmitter, and illumi-
nator. Figure 13 shows the impact of the length parameter

100 T
\--\Emcie“cv Oerd
80 I I I |
< Nesq==12.922 1w+ 98.057
= 60
9
=40
= Uniformity (U,)
20 4 4 +
Uy=-38.907 w+ 71.136
0
0 0.25 05 0.75 1 125 15
Width w (mm)

Figure 12: Impact of micro-wedge width (w) on the concentrator-
transmitter-diffuser efficiency (»_, ) and diffuser illumination
uniformity (U).
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Figure 13: Impact of micro-wedge length ()) on the concentrator-
transmitter-diffuser efficiency (y_, ) and diffuser illumination
uniformity (U).

(1) on the concentrator-transmitter-diffuser efficiency and
the illumination uniformity of the diffuser region. For this
study, the range of length values was 3<1<5.5 mm. The
variations in length affected the diffuser performance
according to the predictions; however, some notable
trends emerged. The increase in efficiency is approxi-
mately linear (slope=5.2%/mm) with respect to diffuser
length as is the decrease in illumination uniformity
(slope = -12%/mm). The increase in efficiency arises, in
part, because a longer diffuser will increase the likelihood
of a light ray striking a diffusing wedge and refracting out
the illuminating face. However, this same process will
cause a corresponding decrease in uniformity because the
number of rays remaining in the light guide will decrease
with distance from the concentrator-transmitter edge
reducing the uniformity of light emission. The ideal length
of the wedge element is a balance between efficiency and
desired uniformity. However, if a higher degree of either
uniformity or efficiency is desirable, then, the length may
need to be adjusted accordingly.

4.3 Impact of curvature on optical sheet
performance

The concentrator-transmitter-illuminator optical sheet
is now analyzed in terms of changes in sheet curvature
(0<k<1). The parameters of the micro-elements in the
concentrator-transmitter (r, P, t,, a, b, t)) and the diffuser
© s L w) regions are based on the discussion above. The
pre-defined constraints on the soft molded PDMS sheet are
n,=10,n,=14,n,=155t =2mm, SA=50 000 mm’ and
CF=500x. Based on the desired ¢ of the optical sheet,
the individual layer thicknesses are t,=0.382 mm and
t,=1.6 mm. From micro-element geometry and ray optics,
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Figure 14: Cross-section of curved multifunctional optical sheet (left) and the impact of curvature (k) on observed efficiencies and diffuser

uniformity (right).

the design parameters associated with the micro lens
and coupling pyramids are calculated to be r=0.57 mm,
P=0.371mm, & =52.5°, and b=0.01 mm. Similarly, the para-
meters associated with the diffuser wedges are determined
to be 6,=30°, I=4.7 mm, and w=0.144 mm. A rectangular
collimated light source (1 W) is selected for the simula-
tions because it allows the analyst to define the position,
orientation, and wavelength of the incident illumination.
Finally, a set of simulated detectors is used to quantify the
optical sheet’s output and evaluate its performance.
Figure 14 is a simplified drawing of the cross-section
for the curved optical sheet (left) and the corresponding

100

Discretized

efficiencies and uniformity responses for varying curva-
tures (x) (right). The results are for an incident light source
that lies parallel to the curved surface geometry. Note that
prior to bending, k=0, the concentrator-transmitter and
diffuser regions exhibit efficiencies (y_,, #_, ) less than
100% because of the geometry and spatial distribution of
the imprinted micro-features. Under these design condi-
tions, the analysis shows that 5 _, drops significantly for
£>0.05cm™, whilen_, , exhibits a drop around £ >0.2cm™.
It is also important to note that the uniformity of illumi-
nation exhibited by the diffuser bending (U,~70%) does
not change significantly over bending because of the
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Figure 15: Cross-section of curved concentrator-transmitter region (left) and relationship between the concentrator-transmitter efficiency

(.) and curvature (k) for planar and curved external lighting (right).
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shape and spatial distribution of the micro-wedges. These
observations imply that the most critical parameters for
designing a bendable multifunctional optical sheet are
associated with the microstructures in the concentrator-
transmitter region (r, P, «, b). Any significant deformation
or misalignment between the coupling micro-lens and
micro-pyramids will alter the focal point (f) and angle of
incidence (Gi) and, consequently, overall efficiency. Opti-
mization is not always possible or feasible from either the
design or fabrication perspective because of the require-
ment for a flexible large-area (cm? to m?) elastomeric
optical sheet.

The location and orientation of the external light
source is also a critical factor when analyzing the per-
formance of bendable optical sheets. For passive light-
collecting and -harvesting systems, the light rays can
strike the micro-lenses from any undetermined direc-
tion, and therefore, optimization for all scenarios is
impossible. To investigate the impact of external light-
ing on concentrator-transmitter performance, two cases
were considered: planar and curved light sources. The
planar light source is reminiscent sunlight or overhead
lighting, whereas the curved light source follows the
shape of the optical sheet. Figure 15 shows the change
in efficiency (y_,) for both light sources. As the curva-
ture increases, the efficiency of the optical sheet to the
stationary planar light source drops rapidly to#_, <10%.
The impact of curvature is significantly less if the light
rays emanate from the curved light source. As the light
source is often undefined, it is clear that the bendable
optical sheet will always perform less than ideal no
matter what microstructures or dimensional parameters
are used.

5 Discussion

In this study, ray tracing software was used to simulate
and examine the impact of key material and optical
micro-element geometry on the efficiency of light guid-
ance through a flat two-layer PDMS optical sheet that
acts as a combined light collector, near-lossless transmit-
ter and area illuminator. The optical engineer’s design
requirements for the light collector (n, n, t__, SA, CF)
are used to determine the key design parameters for the
micro-elements in the concentrator-transmitter (r, P, t»
a, b, t) and the diffuser (0, I, w) regions of the multi-
functional optical sheet. The light guidance behavior of
the various optical sheet regions is evaluated in terms
of concentrator-transmitter efficiency (y_), combined
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concentrator-transmitter-diffuser efficiency (y_ ), and
the percent uniformity of diffuser illumination (U d).

The ray tracing software can only assist the engineer
in making an appropriate design decision. However, the
large number of parameters for this design problem is
interdependent such that a small change in one parameter
will have a profound effect on multiple properties of the
optical sheet. It is necessary, therefore, to impose design
constraints, which reduce the number of unknowns or
the acceptable range of the variables. In this regard, the
underlying assumption was that the optical sheet was flat
with an infinite radius of curvature (x =0). The design of
the curved optical sheets is a separate topic and can be
investigated by reviewing the work by Nicholson-Smith
[17]. Furthermore, the designer must identify the physical
constraints imposed by the selected materials and avail-
able fabrication processes. The choice of material for this
research was optically transparent PDMS because the
index of refraction can be controlled by adjusting the ratio
of base-to-curing and the fabrication of each constituent
layer could be achieved through soft molding [21]. The
constraints imposed by the fabrication method can be
highly restrictive, but necessary, if the multifunctional
optical sheet is to be very large (cm? to m?) and mechani-
cally flexible (i.e. non-rigid).

The properties of the external light source also play a
critical role in parameter selection and assessing optical
sheet performance in terms of efficiency or desired output
characteristics (e.g. uniform illumination at the desired
region of the sheet). For a flat collector-transmitter-diffuser
optical sheet (k=0) receiving light from a planar colli-
mated source, the overall efficiency of the best perform-
ing design was over 90%. However, the same optical sheet
when significantly bent (x> 0) produced an efficiency of
~5%. The large number of variables also implies that there
is no single optimal solution for designing a mechanically
flexible optical sheet. Rather, the parametric design equa-
tions and simulation results must be viewed with caution.
From the design perspective, it is better to look at ranges
and relative relationships between the key parameters.
It is also important to understand that the solution will
always be less than optimal because of the number of
interrelated parameters, dimensional scale, and uncon-
trolled light source.

6 Summary

Mechanically flexible elastomeric optical sheets are large-
area light guide systems that provide engineers with new
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opportunities to create innovative light collection and illu-
mination systems for passive indoor lighting, non-rigid
light-harvesting systems, customized signature lighting,
and enhanced safety lighting. The optically transpar-
ent sheet is a monolithic polymer membrane that can
be draped on flat or arbitrarily curved surfaces. The thin
optically transparent sheet is a monolithic (i.e. single
material) micro-patterned polymer membrane that can
be draped over an arbitrarily shaped surface. The mem-
brane is a light guidance system with an active surface
area ranging from a few cm? to several m? constructed
by bonding two or more functionalized thin layers with
slightly different indices of refraction. By careful selection
of the transparent materials and design of micro-optical
features, it is possible to control the direction of light rays
entering, propagating through, and exiting the function-
alized optical sheet.

The ray tracing software was used to examine the
impact of a key material and optical micro-element geom-
etry on the efficiency of light guidance through these non-
rigid systems, a soft molded two-layer PDMS optical sheet.
The analysis initially involved a flat (x =0) PDMS optical
sheet with specific regions for light collection (concen-
tration), transmission, and illumination (diffusion). The
light guidance behavior of the optical sheet, under dif-
ferent parameter conditions, was investigated in terms of
concentrator-transmitter efficiency (5_,), combined con-
centrator-transmitter-diffuser efficiency (y_,,), and the
percent uniformity of diffuser illumination (U,). The simu-
lation study showed that carefully selected parameters
under ideal external lighting conditions could result in
17..4=90% and U,=70%. Clearly, these efficiencies and
diffuser illumination characteristics can be significantly
reduced under non-ideal conditions or using optical ele-
ments with geometric dimensions outside the recom-
mended ranges. The impact of sheet curvature (x>0) on
both system efficiency and illumination uniformity was
also examined. The study showed that the concentra-
tor-transmitter efficiencies dropped significantly with a
modest curvature (<10%), but the diffuser region remains
>60% efficient for a large curvature (x — 1). Future work
will focus on ‘optimizing’ the performance of the concen-
trator-transmitter-diffuser optical sheet and exploring the
impact of dimensional scaling on the system performance.
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Appendix A

As discussed in Section 4, the pre-defined constraints on
the two-layer PDMS optical sheet were n,=1.0, n,=14,
n,=155, ¢ =2 mm, SA=50000 mm’, and CF=500x.
Based on the desired t___of the optical sheet, the remain-
ing parameters for the Zemax OpticStudio simulation were
determined from the equations in Section 3. A summary of
the calculations is provided below.

@:7\/5

t,= 0000 _ 0.4 mm (A1)
CF 500
t,=t -t =20-0.4=16mm (A2)
o =1 2(1.4-1)
= = =0.57 mm
n 1.4 (a3)
e -1 n e -1 o
6, =90-sin [1J=90—sm ()=25° (A%)
ma: n
2
0, +90
o =P _ 25+90 —57.90 (A5)
max 2 2
il 5 il 1 _ o
a, . =sin +6, =sin"| — |+5=45.2 (A6)
n, max 1.55

where 6, is assumed to be 5° and n =1 (i.e. air). The

‘max

selected base angle « is mid-range or

a +a

max min

_ST2HA5°_

(A7)

6 =sin ﬂsin tan™ P2
P/2

—sin™ [rzsin[tan'1 [WDD (A8)

Substitute known parameters into Eq. (A8) such that
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.| 1.4 . 4 0.5pP
5=sin”'| —sin| tan”| ——>
155 [ ( (0.57)2—(0.5P)2J]
(1. L 0.5P
—sin" | —sin| tan” | ————
1.4 [ ( (0.57)* —(0.5P)’ J]

and solve for the single unknown pitch, where P=0.371mm
in this example.

P 0371
=—=—"""-0.0371 mm
max 10 10 (A9)
0, =2a-90-6, =2(525°)-90°-5°=10°  (A10)
0, =2a-90=2(52.5°)-90°=15° (A11)
0, =l 90—sin™ 1 -0,
‘min 2 nz »
2 1.55

6, =90-sin"|—|-6, =90-sin" [1)— 15=35°
n | e 155

2

(A13)

For this illustrative example, the diffuser wedge angle
was selected above the mid-range, or 6,=30°.

t 4.15
1. =2 2 =2 =4.7 mm
t .
2 01 _ 4 144 mm (A15)

w= =
5xtan(f,) 5xtan(30°)
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