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A recent study proposed the concept of a leakage-free bent lightpipe with an equiangular-spiral shape
[S.-C. Chu, J.-L. Chern, Opt. Lett. 30 (2005) 3006]. This paper extends the design of a leakage-free equiangular-
spiral bent lightpipe with arbitrary-bend-angle and addresses in detail the mathematical formalism
required to build such an equiangular-spiral bent lightpipe. Furthermore, a comparison of the proposed
equiangular-spiral bent lightpipe and a conventional circular bent lightpipe is provided. Numerical ver-
ifications are discussed, and experimental explorations with different bent shapes and angles are carried
out for comparison. Results show that equiangular-spiral bent lightpipes with different bent angles exhi-
bit a theoretical 100% transmission with more than 76% efficiency when practically propagating, which is
much better than conventional circular bent lightpipes. The output irradiance distributions of bent light-
pipes with different bent shapes are also investigated.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction index causes an increase in the acceptance angle, i.e. reduces
Lightpipes have the unique ability to transport light energy and
change its direction of propagation with a high degree of efficiency.
Lightpipe design can increase the illumination efficiency of an en-
tire system, which is very critical for practical applications, and has
become a useful design tool. Lightpipes are widely used in electro-
optical applications, including projector engine illumination [1],
liquid crystal panel backlight systems [2], automobile dashboards
[3], headlights [4], etc. Lightpipe shapes vary depending on
designer needs, and it is often necessary to bend them. Hence,
lightpipe design is important for maintaining efficiency and the
longstanding issue of avoiding light-leakage caused by bending a
lightpipe.

Previous studies discussing the flux transmittance of lightpipes
are available, but they focus primarily on conventional bent shapes
[5–8]. Derlofske and Hough developed a flux confinement diagram
model to discuss the flux propagation of square light pipes [5].
Gupta et al. developed an approach to determine light-leakage in
circular bent lightpipes by analyzing rays in the principle section
of the lightpipe [6]. Gupta et al. discussed the ratio of the ray
acceptance angle to the bend ratio and the refractive index of a
conventional circular bent lightpipe that bending once. They found
that reducing the lightpipe bend ratio or increasing the refractive
009 Published by Elsevier B.V. All
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light-leakage. Our recent study [9] reports an equiangular-spiral
bent lightpipe with a bend angle of only 90� that is capable of mul-
tiple bends without light-leakage or acceptance angle limitations.
Practical applications for bent lightpipes often require that a light-
pipe be bent in an arbitrarily specified bend angle without light-
leakage.

This paper extends the bending scheme of a leakage-free bent
lightpipe to an arbitrary-bend-angle. This paper also addresses in
detail the mathematical formalism required to build such an equi-
angular-spiral bent lightpipe. To improve the implementation of
the proposed equiangular-spiral bent lightpipe in common appli-
cations, this study also compares the transfer efficiency of the pro-
posed equiangular-spiral bent lightpipe with a conventional
circular bent lightpipe. Detailed simulations help illustrate and
compare the light-leakage from both equiangular-spiral bent light-
pipes and circular bent lightpipes. In addition, this study compares
the transfer efficiencies of both kinds of lightpipes using numerical
simulation and experimental data.

The paper is organized as follows: Section 2.1 summarizes the
ray guidance concept of a leakage-free equiangular-spiral bent
lightpipe. Section 2.2 provides detailed mathematical formulas
for building a leakage-free equiangular-spiral bent lightpipe. Sec-
tion 3.1 compares the simulations of an equiangular-spiral bent
lightpipe and a circular bent lightpipe. Section 3.2 investigates
the influence of multiple factors on equiangular-spiral bent light-
pipe performance. Section 4 shows the experimental transfer
efficiency measurements for both kinds of bent lightpipe. Section
rights reserved.
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5 discusses the irradiance distribution of equiangular-spiral and
circular bent lightpipes. The final section presents the study’s
conclusions.
Fig. 1. Diagram of bending light in an equiangular-spiral shape. (a) Equiangular
spiral; (b) cross-section of the proposed leakage-free equiangular-spiral bent
lightpipe with an arbitrary-bend-angle b.
2. Formation of the leakage-free equiangular-spiral bent
lightpipe

2.1. The basic concept of ray guiding

This section summarizes the basic requirements for guiding
rays without light-leakage and the geometric form considerations
of a leakage-free equiangular-spiral bent lightpipe. To avoid
light-leakage caused by bending a lightpipe, recall that a lightpipe
guides light by means of total internal reflection (TIR). Thus, to
avoid any light-leakage, the guided ray incident angle at the light-
pipe guiding surface should be greater than or equal to the total
internal reflection angle, hc. Hence, the guided ray angular distribu-
tion inside the lightpipe is between �hc to hc. This condition fo-
cuses discussion on identifying the basic leakage-free bent
lightpipe geometric unit, which connects to the end of the light-
pipe with an angular distribution between �hc to hc and transfers
the light to the other end of the lightpipe without light leakage.
To avoid light-leakage, the bent lightpipe must have a geometric
form in which all the guiding rays have incident angles on the bent
surface greater than or equal to hc . This is the basic requirement of
a leakage-free bent lightpipe.

The ‘‘principle section” concept of Gupta et al. [6] is used to de-
rive the geometric form of a leakage-free bent lightpipe. Rays in the
principal section determine the smallest incident ray angle at the
bent surface [6]. The rays that strike the bent surface with smaller
incident angle escape the lightpipe more easily. Rays that strike the
outer bend surface from the inner bend point of the principle sec-
tion are most critical to light-leakage [6]. These rays are also the
most crucial rays to be guided in a bent lightpipe. To avoid critical
ray leakage, the basic requirement of the outer surface of the a
leakage-free bent lightpipe is that the angle between the critical
ray incident ray direction and the outer surface tangent should be
greater than or equal to the value p=2þ hc . In addition to confining
the outer surface of leakage-free bent lightpipe, the geometric form
inner surface should not only guide all rays reflected from the
bent lightpipe outer surface, but should also behave in such a
way that rays reflected from the inner surface can be further
guided by the outer surface. To allow all rays to be guided in a
straight lightpipe infinitely without any light-leakage, the inner
surface of the leakage-free bent lightpipe should behave similarly
to the outer surface. Hence, all rays can be guided between the in-
ner and outer surfaces without any light-leakage just as in a
straight lightpipe.

2.2. Detailed formalization on equiangular-spiral bent lightpipe

This section presents in detail the geometric form of a proposed
leakage-free equiangular-spiral bent lightpipe which can redirect
light flux to an arbitrary direction. Fig. 1a illustrates the geometric
form of an equiangular spiral. An equiangular spiral has the unique
property that the included angle between the tangent ~T and radial
line ~r is a fixed angle /. This special geometric form could be a
suitable solution for the geometric form of a no-loss lightpipe as
illustrated in the previous paragraph. Fig. 1b illustrates the cross-
section of the proposed leakage-free equiangular-spiral bent light-
pipe. As Fig. 1b shows, except for the input and output lightpipe
ports, a leakage-free bent lightpipe can be treated as a three part
combination: straight surface AB, outer bent surface BD, and inner
bent surface OE. The following section illustrates this geometric
form part by part:
2.2.1. The geometric form of the outer surface
The outer surface contains two parts, straight surface AB, and

outer bent surface BD. First, the surface AB is a straight surface
where the included angle of AO and BO is the total internal reflec-
tion angle hc because all rays striking the straight surface from the
inner bend point cannot escape in this portion as they are guided in
a parallel lightpipe. Second, the outer bent surface of the leakage-
free bent lightpipe is set as a shifted equiangular-spiral, the origi-
nal equiangular-spiral surface B0D0 before shift is

r1ðh1Þ ¼ �C1e�h1 cot /1 ; ð1Þ

in which the polar origin position is situated at the origin of the
Cartesian coordinate. The actual outer surface of equiangular-spiral
bent lightpipe is BD, which is obtained by shifting the original equi-
angular-spiral surface B’D’ by the vector B0B, with the length
B0B ¼ jr1ðhcÞj �W sec hc , where W is the width of the lightpipe and
jr1ðhcÞj is OB0. The fixed tangential angle of equiangular-spiral, the
included angle between the tangent ~T1 and radial line ~r1 of a equi-
angular spiral, is /1 ¼ p=2þ a1, and the angle a1 is chosen as hc .
Comparing the general mathematical form of the equiangular spiral
r1ðhÞ ¼ C1e�h cot /1 , the minus sign in Eq. (1) is introduced by a simple
variable change h1 ¼ h� p, and the minus sign of Eq. (1) indicates
that the counting of variable h1 starts from the third quadrant. C1

is the length parameter, which is reformulated as C1 ¼ mC0, where
m is the multiple factor and C0 is the minimum length parameter
such that the original equiangular-spiral surface before shift can
be connected and tangential to the straight surface AB, while no
shifting is needed. In other words, when the length parameter is
chosen as C0, the length of rðhcÞ equals the hypotenuse BO. This
means that C0 satisfies the following condition:

C0e�hc cot / ¼W secðhcÞ: ð2Þ

Note that the multiple factor, m, influences the size of the equi-
angular-spiral bent lightpipe. A larger equiangular-spiral bent
lightpipe will have a larger multiple factor. The two reasons for
choosing the outer surface as a shifted equiangular spiral of larger
length parameter are:

(1) All critical rays are guided by this outer bent surface because
all incident angles are equal to or greater than the original
incident angle on an un-shifted equiangular-spiral surface
(total internal reflection angle) to fulfill the basic require-
ment for the outer surface of a leakage-free bent lightpipe,
and
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(2) The incident angle of the ray reflected from the inner bent
surface increases because choosing a shifted equiangular
spiral eases restrictions in choosing the inner surface shape.

2.2.2. The geometric form of the inner surface
There are two considerations of geometric form for the inner

bent surface. The first is the basic requirement of a leakage-free
bent lightpipe that the inner surface geometric form should be
similar to the outer surface so that all rays can be guided as in a
parallel lightpipe. The other consideration is that the inner surface
form should be chosen in such a way that the cross-section of the
lightpipe end surface after bending will maintain the same size as
before bending. To fulfill these two considerations, the inner bent
surface OE is also chosen as a shifted equiangular-spiral surface
which tangents to the input and output port of the bent lightpipe:

r2ðh2Þ ¼ �C2e�h2 cot /2 : ð3Þ

Constructing a leakage-free bent lightpipe capable of bending at
an arbitrary-bend-angle b requires four parameters of the inner
bent surface of leakage-frees bent lightpipe which fulfill the above
two considerations: the polar origin position of the inner equian-
gular spiral in the Cartesian coordinate O0ðZ0;Y0Þ, the fixed tangen-
tial angle /2 ¼ p=2þ a2, and the length parameter C2.

To determine the inner bent surface of a leakage-free bent light-
pipe, first derive the output inner bent point E position that the in-
ner bent surface is tangent to. Because point E is derived from two
steps of position-shift from point D0, determine the correspondence
output outer bent point D0 on the equiangular-spiral surface B0D0

before shifting to connect to the straight surface AB. The radial line
~r1 of any point on the outer equiangular-spiral surface B0D0 is rep-
resented in Cartesian coordinate as ~r1 ¼ r1ðh1Þ cos h1ẑþ r1ðh1Þ
sin h1ŷ, and its tangent ~T1 is ~T1 ¼ d~r1=dh1 ¼ ½r01ðh1Þ cos h1�
r1ðh1Þ sin h1�ẑþ ½r01ðh1Þ sin h1 þ r1ðh1Þ cos h1�ŷ, where ẑ and ŷ
are the Cartesian coordinate unit vector. For a leakage-free bent
lightpipe with a bend angle b, the included angle between the tan-
gent~T1 and the ẑ at the output outer bend point D’ will be p=2� b,
such that

tanðp=2� bÞ ¼ � r01ðhD0 Þ sin hD0 þ r1ðhD0 Þ cos hD0

r10ðhD0Þ cos hD0 � r1ðhD0Þ sin hD0

� �
: ð4Þ

Solving Eq. (4), the polar angle of the output outer bent point D0

is

hD0 ¼ tan�1 1þ tan a1 cot b
cot b� tan a1

� �
; ð5Þ

such that the position of the output outer bent point D0 is
ðZD0 ; YD0 Þ ¼ ½r1ðhD0 Þ cos hD0 ; r1ðhD0 Þ sin hD0 �. After determining the out-
put position of the outer bend point D0, the output position of the
inner bend point E can be derived from two steps of position-shift
from point D0. The first step shifts along an angle of elevation hc

for a distance l1 ¼ jr1ðhcÞj �W secðhcÞ, which provides the position
of D. The second step shifts D along the normal surface direction
~n2 of the outer bent surface for a lightpipe width W distance to pro-
duce the output position of the inner bend point E. The two posi-
tion-shift steps are presented as

~rE ¼ ~rD0 þ D~r; ð6Þ

where D~r ¼ ðl cos hc þW cos b; l sin hc þW sin bÞ. In other words, the
position of point E is ðZD0 þ l cos hc þW cos b;YD0 þ l sin hc þW sin bÞ.

After determining the output position of the inner bend point E,
it is now possible to derive the exact inner bent surface form for a
leakage-free bent lightpipe, which is a shifted equiangular-spiral
surface that is tangent to both the input inner bend point O and
the output inner bend point E. The polar position of the inner equi-
angular spiral O0 is specified as ðZ00;Y

0
0Þ in the Cartesian coordinate,
which can be easily derived because it is the intersection point of
the two lines OO0 and EO0:

Z00 ¼ ½YE � ZE tanða2 þ bÞ�=½tan a2 � tanða2 þ bÞ�
Y 00 ¼ Z0 tan a2

(
ð7Þ

Applying the properties of the inner equiangular spiral

OO0 ¼ jr2ða2Þj
EO0 ¼ jr2ðbþ a2Þj

(
ð8Þ

and substituting Eq. (7) into Eq. (8) produces the following two
equations,

2b tan a2 ¼ ln½EO0=OO0�; ð9Þ

and

C2 ¼ OO0e�a2 tan a2 : ð10Þ

From three derived equations, it is possible to obtain the exact
geometric form of the inner equiangular-spiral surface of a leak-
age-free bent lightpipe. Solve the combinations of Eqs. (7) and
(9) to obtain the first three parameters of the inner equiangular
spiral, the inner equiangular-spiral polar origin in the Cartesian
coordinate O0ðZ00;Y

0
0Þ and the fixed tangential angle /2 ¼ p=2þ

a2; substituting the value a2 into Eq. (10) produces the value C2.
With the origin position of the inner equiangular-spiral surface
O0ðZ00;Y

0
0Þ, the fixed tangent angle /2, and the length parameter

C2, the explicit geometrical form of the inner bent surface is de-
rived, creating a leakage-free equiangular-spiral bent lightpipe.
3. Simulation verification

3.1. Simulation model of arbitrary-bend-angle lightpipes

This section provides numerical verification of the leakage-
free characteristic of an equiangular-spiral bent lightpipe with an
arbitrary-bend-angle. These simulations compare the transfer effi-
ciency of a leakage-free equiangular-spiral bent lightpipe with a
conventional circular bent lightpipe in concerning practical appli-
cations. All the simulations in this paper were modeled by the
commercial ray-tracing simulation package, TracePro (version
4.1.5) [12]. The geometrical profiles of equiangular-spiral bent
lightpipes were created by Macro Scheme, a Macro commend lan-
guage in TracePro.

The first simulations shows that an equiangular-spiral bent
lightpipe with any bend angle b can guide light without any light-
leakage. Fig. 2 demonstrates the light-flux of a point-like Lamber-
tian source transmitting through leakage-free bent lightpipes with
three typical bend angles of 30�, 60�, and 90�, where the multiple
factor m of all equiangular-bent lightpipes shown in this section
are all 2.0. Without loss of generality, all the simulations in this
paper use a square size, point-like Lambertian source of
0:01� 0:01 mm that emits 500 thousands rays with an angular
distribution between �90� and 90�. The source was put near the
lightpipe input surface with an air gap of 1 lm. The lightpipe
examples used are made of acrylic material with an index of
1.49378 for the simulated wavelength 532 nm. A detector situated
near the end of the bent lightpipe covered all of the exiting light-
flux. Since the goal of this simulation is to illustrate the leakage-
free properties of the equiangular-spiral bent lightpipe, the en-
trance and exit surfaces are set as a perfect transmitter and perfect
absorber, respectively. In other words, the simulations in this study
ignore Fresnel losses at both ends of the equiangular-spiral bent
lightpipe. The crucial loss, or light-leakage, during light transfer-
ence in the bent lightpipe is the only major concern here. Simula-
tion results show that 500 thousand rays of a point-like Lambertian



Fig. 2. The leakage-free equiangular-spiral bent lightpipe with a bend angle b of: (a) and (b) 30�; (c) and (d) 60�; (e) and (f) 90� .

Fig. 3. Perspective diagram of the equiangular-spiral and circular bent lightpipe
adopted in simulations and experiments.
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source can all be guided in the equiangular-spiral bent lightpipe
without any light-leakage. In Fig. 2, only 25 rays are arbitrarily se-
lected to illustrate the guided ray path and leakage-free properties
of the equiangular-spiral bent lightpipe. Note that there is no con-
straint on the bend angle b in showing the leakage-free properties
of the equiangular-spiral bent lightpipe with any other bend angle
b different from the bend angle shown in Fig. 2.

The second simulations models both an equiangular-spiral bent
lightpipe and a conventional circular bent lightpipe to compare
their practical transfer efficiencies. Fig. 3 illustrates the simulated
models. Concerning practical transfer efficiency, both kinds of bent
lightpipes are bent at the same bend angle b and use the same rel-
ative entrance and exit in simulations and experiments. As the in-
set formula of Fig. 3 shows, a conventional circular bent lightpipe is
characterized by a bend ratio b that is defined as the ratio of the
outer bend surface radius, Rout , to the inner bend surface radius,
Rin [5]. In simulations, the cross-section of both the entrance and
exit for both lightpipes share the same lateral square size of
9 mm� 9 mm. An acrylic lightpipe material with an index of
1.49378 is used for a simulated wavelength 532 nm. Fig. 3 shows
that the side length L, which is the length from one lightpipe’s
end to the intersection point of the extension lines of the center
of two bent lightpipe’s ends, is 80 mm.

The simulations in this study consider two categories of light-
pipes bent at 45� and 90�. Table 1 shows the simulation transfer
efficiencies for equiangular-spiral bent lightpipes and conventional
circular bent lightpipes at three bend ratios, b = 1.2, 1.5, and 1.8.
The inner overall sizes, ðDZ;DYÞ, of lightpipes that bent in 45�
and 90� could be found in Tables 2 and 3 respectively, where the
inner overall size of a lightpipe is described by the displacement
from the inner bend point (O0) to the inner output point (E). Two
situations are considered: including and excluding Fresnel losses
at both ends of the lightpipe. The first two rows of Table 1 show
the transfer efficiencies of a bent lightpipe without considering
Fresnel losses at the entrance or exit of the bent lightpipe. These
results show the transfer efficiency of the lightpipes while serving
as bent unit in an optical lightpipe system, i.e. the materials before
and after the bent unit are the same as the lightpipe itself. These
simulation results show that the proposed equiangular-spiral bent
lightpipe can arbitrarily redirect all rays without causing any light-
leakage, and further demonstrate that the transfer efficiency of a



Table 2
Simulation results for bent lightpipe light-leakage (bend angle = 45�).

E-SBL CBL

Bend ratio
b = 1.2

Bend ratio
b = 1.5

Bend ratio
b = 1.8

Overall size in mm
(DZ;DYÞ

(12.81,34.63) (13.18,31.82) (5.72,12.73) (3.29,7.95)

Fresnel loss (%) 9.32 9.32 9.32 9.32
1st light-leakages (%) 0 0.95 7.30 12.72
2nd light-leakages

(%)
10.50 8.99 13.40 16.57

E-SBL and CBL denote equiangular-spiral and circular bent lightpipe separately.

Table 3
Simulation results for bent lightpipe light-leakage (bend angle = 90�).

E-SBL CBL

Bend ratio
b = 1.2

Bend ratio
b = 1.5

Bend ratio
b = 1.8

Overall size in mm
ðDZ;DYÞ

(74.98,56.53) (45.00,45.00) (18.00,18.00) (11.25,11.25)

Fresnel loss (%) 9.32 9.32 9.32 9.32
1st light-leakages

(%)
0 0.01 8.95 22.89

2nd light-leakages
(%)

9.27 8.88 7.65 4.32

E-SBL and CBL denote equiangular-spiral and circular bent lightpipe separately.

Fig. 4. The relationship curve of the smallest multiple factor m to the refractive
index of the equiangular-spiral bent lightpipe.

Table 1
Simulation results for bent lightpipe transfer efficiency.

Bend angle E-SBL (%) CBL (%)

Bend ratio
b = 1.2

Bend ratio
b = 1.5

Bend ratio
b = 1.8

45� (exclude F-L) 100 98.95 91.95 85.97
90� (exclude F-L) 100 99.99 90.13 74.76
45� (include F-L) 80.18 80.74 69.98 61.38
90� (include F-L) 81.41 81.79 74.08 63.47

F-L, E-SBL and CBL denote Fresnel loss, equiangular-spiral and circular bent light-
pipe separately.

Fig. 5. Two leakage-free equiangular-spiral bent lightpipes made of different
materials: acrylic and SF15.

1980 S.-C. Chu et al. / Optics Communications 282 (2009) 1976–1983
bent circular lightpipe depends on its bend ratio. A circular bent
lightpipe with a higher bend ratio leads to more light-leakage.

The last two rows of Table 1 reflect the transfer efficiencies of
lightpipe bent units being used alone, i.e. the material before and
after the lightpipe bent unit is simply air. To compare the simula-
tion results with experimental results, this step considers the Fres-
nel losses at all surfaces. Surprisingly, the transfer efficiency of a
bent lightpipe with a larger bend angle (90�) is better than a bent
lightpipe with a smaller bend angle (45�). However, the area of light-
pipe bending surface leading to light-leakage is larger in lightpipes
with a larger bend angle. To find out why, we checked all leakage
rays in detail. Tables 2 and 3 show the light-leakage levels for light-
pipes with bend angles of 45� and 90�, respectively. In both tables,
the Fresnel loss item represents the light-flux loss at the entrance
of the bent lightpipe, and it is the same for all bent lightpipes. The
‘‘1st light-leakage” in Tables 2 and 3 means the light-leakage oc-
curs while light transfers from the entrance to the exit. Simulation
results show that the equiangular-spiral bent lightpipe design
actually redirects light to an arbitrary direction without causing
any light-leakage. The index change at the end lightpipe surface
leads to light-reflection at the end surface of a bent lightpipe. This
reflection results in secondary light-leakages, which are indicated
by ‘‘2nd light-leakages” in Tables 2 and 3. The secondary light leak-
age of lightpipes bent at 45� is larger than for lightpipes bent at 90�.
This result suggests that using a lightpipe with a greater bend an-
gle is a better choice for redirecting light-flux in air, and is applica-
ble to applications in transferring solar energy and solar indoor
lighting systems. It is also suggests that anti-reflection coatings
on the input/output surfaces are necessary for increasing the trans-
fer efficiency.

3.2. Influence of multiple factors on equiangular-spiral bent lightpipes

The value of the least multiple factor m of a leakage-free equian-
gular-spiral bent lightpipe is relevant to the lightpipe index. This
paper uses simulations to determine the minimum multiple factor
m of a leakage-free equiangular-spiral bent lightpipe at different
refractive indices. Fig. 4 plots the relationship between the light-
pipe index n and the multiple factor m of a leakage-free equiangu-
lar-spiral bent lightpipe. This curve shows that a leakage-free
equiangular-spiral bent lightpipe with a higher refractive index
can be constructed with a smaller multiple factor m. This is because
a lightpipe with a higher refractive index has a smaller total inter-
nal reflection angle and can be constructed more compactly. The
relationship curve of the least multiple factor m to the index of a
leakage-free equiangular-spiral bent lightpipe is a hyperbola.
Fig. 5 gives an example of an equiangular-spiral bent lightpipe with



Table 4
Experimental results for bent lightpipe transfer efficiency.

Bend angle E-SBL (%) CBL (%)

Bend ratio b = 1.2 Bend ratio b = 1.5 Bend ratio b = 1.8

45� 77.55 75.63 66.45 54.25
90� 76.24 73.42 67.93 57.17

E-SBL and CBL denote Fresnel loss, equiangular-spiral and circular bent lightpipe
separately.

Fig. 7. The relation of the optical path length to the rays in the principle plane (Z–Y
plane) of the equiangular-spiral bent lightpipe (E-SBL) and circular bent lightpipe
(CBL) with bend angle of 90�, with the ray incident angles ranges from �85� to 85�
in 35 steps, where the OPL of leakage ray in the figure is defined as zero.
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a higher refractive index but smaller geometric size. A lightpipe
made of acrylic, where the index for the simulated wavelength
532 nm is 1.49378, enables a leakage-free bent lightpipe with a lar-
ger geometric size and a larger multiple factor of m ¼ 2:5. A light-
pipe made of SF15 glass material, where the index for the
simulated wavelength 532 nm is 1.70665, provides a leakage-free
bent lightpipe with a smaller geometric size. Its multiple factor
m ¼ 1:6 is also smaller, as Fig. 5 demonstrates.

4. Experimental explorations

In this section, experiments are implemented to measure the
performance of two kinds of bent lightpipes in practical situations.
This study created equiangular-spiral bent lightpipes with a multi-
ple factor m of 2.0 and circular bent lightpipes of rectangular cross-
section with bend ratios of b ¼ 1:2;1:5, and 1.8 bent at 45� and 90�
using computer numerical control (CNC) machining. Fig. 4 shows
the experimental setup for measuring the lightpipe flux-transfer-
ring efficiency of the bent lightpipe. As Fig. 6 shows, a point-like
Lambertian source was constructed by passing a collimated green
laser beam though a diffuser. The laser beam has a 532 nm wave-
length and a beam spot size of 1 mm. The inset figure in the lower
left-hand corner of the Fig. 6 depicts an equiangular-spiral bent
lightpipe in a darkroom with a point-like Lambertian source passing
through it. While measuring the light-flux passing through the bent
lightpipe, the entrance end of the bent lightpipe nearly touches the
diffuser. The end surface of the bent lightpipe simultaneously con-
nects to one port of the integral sphere to collect all exiting light-
flux from the bent lightpipe. The other port of the integral sphere
connects to the detector to measure the exiting light-flux. When
measuring the entering light-flux of the point source, the bent light-
pipe was removed from the integral sphere port and the port was di-
rectly connected to the diffuser. The transfer efficiency of the bent
lightpipe is defined as the ratio of exiting light-flux to entering
light-flux. Table 4 shows the experimental light-transferring effi-
ciencies for both kinds of bent lightpipes bent at 45� and 90�. The
Fig. 6. Experimental setup for measuring the t
experiments confirm that the transfer efficiencies of equiangular-spir-
al bent lightpipes are all better than conventional circular bent light-
pipes. However, the experimental results show that for lightpipes
with a larger bending surface (the equiangular-spiral bent lightpipe
ransfer efficiencies of lightpipe bent units.



Fig. 8. Simulation and experimental results of irradiance distributions for 90� bent
light pipes with different bending methods: (a) equiangular-spiral multiple factor
m = 2; (b) circular bend ratio b ¼ 1:2; (c) b ¼ 1:5; (d) b ¼ 1:8.
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and circular bent lightpipe with a bend ration of b ¼ 1:2), the trans-
fer efficiencies of 45� bent lightpipes are higher than 90� bent light-
pipes. These experimental results conflict with the previous
simulation results, and are affected by light-scattering loss from
CNC manufacturing roughness at the bend surface. Thus, in the
two kinds of bent lightpipes (an equiangular-spiral bent lightpipe
and a circular bent lightpipe with a bend ratio of b ¼ 1:2), the bent
Fig. 9. Simulation results for a twice-bent equiangular-spiral bent lightpip
lightpipe with a larger bend angle (90�) and larger bending surface
had a higher light-flux loss in these experiments. Note that all
experimental transfer efficiency values are 5–8% smaller than the
simulated transfer efficiency values. This is because the simulations
do not consider unknown material absorption, and absorption lev-
els vary depending on the composite in use. However, comparing
Table 4 to the last two rows of Table 1 reveals that an equiangu-
lar-spiral bent lightpipe exhibits a smaller difference between the
experimental and simulation results. This suggests that an equian-
gular-spiral bent lightpipe guides rays through a shorter optical
path than a circular bent lightpipe, which in turns leads to lower
absorption loss in the bent unit. To confirm this supposition, we
check the optical path length (OPL) of the rays for both kinds of
lightpipes. Fig. 7 shows the relation of the OPL to the rays in the prin-
ciple plane (Z–Y plane) of the four lightpipes with bend angle of 90�,
with the ray incident angles ranges from �85� to 85� in 35 steps.
Note that the OPL of leakage ray in the figure is defined as zero.
Fig. 7 shows that except leakage rays, an equiangular-spiral bent
lightpipe actually guides the rays through a shorter optical path
than that of a circular bent lightpipe did, which in turns leads to
lower absorption loss in the bent unit. Note that another simulation
result of bent lightpipes with bend angle of 45� also shows the equi-
angular-spiral bent lightpipe actually guides the rays through a
shorter optical path than that of circular bent lightpipes did, which
in turns leads to lower absorption loss in the bent unit.

5. Irradiance distribution

The irradiance distributions of straight light pipes with square
apertures are uniform, regardless of whether they use hollow or
dielectric-filled material [10,11]. This section investigates the irra-
diance distributions of equiangular-spiral and circular bent light
pipes. Previously, Gupta et al. analyzed the angular and spatial dis-
tributions for square and circular cross-section light pipes, includ-
ing a 90� circular bending [6]. Note that the bending method of
Gupta et al. differs from the equiangular-spiral bent light pipe in
this study; hence, the analysis shown here offers an alternative
illustration. Square aperture light pipes with 90� bend angles, an
equiangular-spiral multiple factor of m = 2, and different circular
bend ratios of b ¼ 1:2;1:5, and 1.8 serve as illustrations. An acrylic
e and circular bent lightpipe with a bend angle of: (a) 45� and (b) 90�.



Fig. 10. The ray optical path length in the principle plane (Z–Y plane) of leakage-
free equiangular-spiral bent lightpipe (E-SBL) and leakage-free circular bent
lightpipe (CBL).
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material and a wavelength of 532 nm were selected. The point-like
Lambertian source was placed in front of the lightpipe entrance
and the extension on both ends of bent light pipe as Fig. 3 shows
was retracted. Fig. 8 shows the simulation result of irradiance dis-
tributions for the light pipe output. These results show that uni-
form characteristics appear in the vertical x-direction, like the
straight light pipes in Refs. [10,11] . In the horizontal y-direction,
however, bending the lightpipe brings on flux localizations. This
study also provides experimental comparisons for further investi-
gation. Fig. 6 indicates that the integral sphere and detector in
the light pipe output were replaced by a diffusive sheet that served
as an image plane. All measurements were taken in a dark room to
prevent ambient light interference. The output image from the dif-
fusive sheet was captured by a commercial digital camera, Nikon
model D40 [13]. Fig. 8 shows these images, and the flux localiza-
tion characteristics that appeared in the horizontal y-direction.
The experiment and numerical exploration are clearly in good
agreement. Note that though bending lightpipes brings on flux
localizations in the horizontal y-direction, better horizontal irradi-
ance distribution uniformity in the exiting surface is provided by
equiangular-spiral bent lightpipe.

6. Conclusions

In conclusion, this paper shows how to construct a novel leakage-
free equiangular-spiral bent lightpipe with an arbitrary-bend-angle.
Such a lightpipe bent unit is capable of arbitrary-bend-angles and
can be adopted in many optical applications, including light-split-
ting elements, light-mixing elements, solar-light redirection sys-
tems, and several other designs.

As seen in Table 1, a circular bent lightpipe with a smaller bend
ratio produces less light-leakage. It is worth noting that one could
use larger circular bent lightpipes with smaller bent ratios to
achieve leakage-free circular bent lightpipes. Therefore, it would
be meaningful to compare both the overall size and performance
of two kinds of leakage-free bent lightpipes. The maximum bend
ratio of a leakage-free circular bent lightpipe can be solved follow-
ing Gupta et al. [6]. Fig. 9 shows the inner overall size and compare
the simulation results of two kinds of smallest leakage-free bent
lightpipes that bend twice, with bend angles of 45� and 90� in (a)
and (b), respectively, where the multiple factors m of equiangu-
lar-spiral bent lightpipes are 1.87. The proposed leakage-free equi-
angular-spiral bent lightpipes are better than leakage-free circular
bent lightpipes in three ways. First, when two kinds of leakage-free
bent lightpipes bent in same angle, the proposed equiangular-spir-
al is smaller than that of circular bent lightpipe. Secondly, the pro-
posed leakage-free equiangular-spiral bent lightpipe has the
capability to bend multiple times with arbitrary bent angle with-
out causing light-leakage. Besides, we also have checked the opti-
cal path lengths of both kinds of leakage-free bent lightpipes, as
shown in Fig. 10. Leakage-free equiangular-spiral bent lightpipes
guides the rays through a shorter optical path than what Leak-
age-free circular bent lightpipes did, which in turns leads to lower
absorption loss in the bent unit.

The current bending scheme does have some limitations, which
are outlined here. First, this study chose a rectangular cross-section
for the proposed leakage-free bent lightpipe. This choice greatly
simplified analysis. The refractive index of the lightpipe materials
must be larger than

ffiffiffi
2
p

(which is true for most transparent mate-
rials), ensuring that rays distributed between �hc and hc will be
guided in two parallel planes without light-leakage when the ray
incident angles are greater than the critical angles at the parallel
surface. On the other hand, a rectangular cross-section is easier
to connect in a perpendicular direction. A different form of cross-
section form, such as a polygon, requires significantly more effort
to establish bending rules without light-leakage.
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