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(57) ABSTRACT 

A composite polymer ?ber comprises a polymer ?ller mate 
rial and a plurality of polymer scattering ?bers disposed 
Within the ?ller material. At least one of the ?ller material and 
the scattering ?bers is formed of a birefringent material. The 
refractive indices of the ?ller material and the scattering ?bers 
can be substantially matched for light incident in a ?rst polar 
iZation state on the composite polymer ?ber and unmatched 
for light incident in an orthogonal polarization state. The 
scattering ?bers may be arranged to form a photonic crystal 
Within the composite ?ber. The composite ?bers may be 
extruded and may be formed into a yarn, a Weave or the like. 
If the ?ller material is soluble, it may be Washed out of the 
yarn or Weave, and the scattering ?bers may then be in?ltrated 
With a resin that is subsequently cured. 
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COMPOSITE POLYMER FIBERS 

RELATED APPLICATIONS 

[0001] This application is a divisional of US. patent appli 
cation Ser. No. 12/042,714, ?led on Mar. 5, 2008, noW 
allowed, Which is a divisional ofU.S. Pat. No. 7,356,231, ?led 
on Feb. 28, 2005. 
[0002] This application is related to co-oWned US. Pat. 
Nos. 7,326,229 (Ouderkirk et al.); 7,406,239 (Ouderkirk et 
al.); 7,386,212 (Ouderkirk et al.); 7,362,943 (Ouderkirk et 
al.), and US. Patent Application Publication No. 2006/ 
0193578 (Ouderkirk et al.); all of Which are incorporated 
herein by reference. 

FIELD OF THE INVENTION 

[0003] The invention relates to polymer ?bers, and more 
particularly to “island in the sea” polymer ?bers formed as 
photonic crystals. 

BACKGROUND 

[0004] Photonic crystal devices provide potential for con 
trolling light in various con?gurations. For example, photonic 
crystal ?bers have been formed by con?guring a glass ?ber 
With a series of longitudinal holes arranged in a speci?c 
pattern that provides con?nement to light propagating along 
the ?ber. 
[0005] Photonic crystal devices have not yet, hoWever, 
experienced signi?cant penetration into the marketplace. One 
of the reasons for this is the dif?culty in fabricating photonic 
crystal ?bers, Which makes these devices expensive. 

SUMMARY OF THE INVENTION 

[0006] One embodiment of the present invention is directed 
to a composite polymer ?ber that includes a polymer ?ller 
material and a plurality of polymer scattering ?bers disposed 
Within the ?ller material. The scattering ?bers have longitu 
dinal axes substantially parallel to a longitudinal axis of the 
compo site polymer ?ber. At least one of the ?ller material and 
the scattering ?bers is formed of a birefringent material, the 
refractive indices of the ?ller material and the scattering ?bers 
being substantially matched for light incident in a ?rst polar 
iZation state on the composite polymer ?ber and being sub 
stantially unmatched for light incident in a second polariza 
tion state orthogonal to the ?rst polarization state. 
[0007] Another embodiment of the present invention is 
directed to an optical body that includes a polymer matrix and 
a plurality of polymer composite ?bers disposed Within the 
polymer matrix. At least one of the polymer composite ?bers 
comprises a plurality of scattering ?bers of a ?rst polymer 
material Within a ?ller of a second polymer material different 
from the ?rst polymer material. The polymer composite ?bers 
are arranged substantially parallel in the polymer matrix, at 
least one of the polymer matrix, the ?rst polymer material and 
the second polymer material being birefringent. 
[0008] Another embodiment of the invention is directed to 
a method of producing an optical body. The method includes 
extruding composite ?bers, each composite ?ber containing a 
plurality of scattering ?bers, made of a ?rst polymer, dis 
persed in a ?ller, made of a second polymer, the second 
polymer being soluble. The ?rst polymer is oriented so that 
the ?rst polymer becomes birefringent. A yarn containing the 
oriented composite ?bers is formed and then Washed in a 
solvent to remove the second polymer. An array of yarn is 
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formed Where the array of yarn has a preferred orientation. 
The array of yarn is saturated With a resin and the resin is 
hardened. 
[0009] Another embodiment of the invention is directed to 
a method of producing an optical body, comprising extruding 
composite ?bers, Where each composite ?ber contains a plu 
rality of scattering ?bers made of a ?rst polymer. The scat 
tering ?bers are dispersed Within a ?ller made of a second 
polymer. At least one of the ?rst and second polymers is 
orientable. The composite ?bers are arranged together and are 
fused to form a fused optical body. 
[0010] The above summary of the present invention is not 
intended to describe each illustrated embodiment or every 
implementation of the present invention. The ?gures and the 
detailed description Which folloW more particularly exem 
plify these embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The invention may be more completely understood 
in consideration of the folloWing detailed description of vari 
ous embodiments of the invention in connection With the 
accompanying draWings, in Which: 
[0012] FIG. 1 schematically illustrates an optical element 
that contains polymer ?bers according to the present inven 
tion; 
[0013] FIGS. 2A-2K schematically illustrate cross-sec 
tional vieWs of various embodiments of composite ?ber 
according to principles of the present invention; 
[0014] FIGS. 3A-3I schematically illustrate cross-sec 
tional vieWs of various additional embodiments of composite 
?ber according to principles of the present invention; 
[0015] FIGS. 3J-3M schematically illustrate cross-sec 
tional vieWs of more embodiments of composite ?bers, shoW 
ing variations in the cross-sectional dimension along the scat 
tering ?bers, according to principles of the present invention; 
[0016] FIG. 4 presents a graph shoWing light scattering 
ef?ciency as a function of scattering ?ber radius; 
[0017] FIG. 5 schematically illustrates an embodiment of a 
composite ?ber that includes scattering ?bers having a core/ 
shell construction, according to principles of the present 
invention; 
[0018] FIG. 6 schematically illustrates an embodiment of a 
composite ?ber yarn according to principles of the present 
invention; 
[0019] FIGS. 7A-7E schematically illustrate cross-sec 
tional vieWs through embodiments of optical elements con 
taining composite ?bers according to principles of the present 
invention; 
[0020] FIGS. 7F-7J schematically illustrate cross-sectional 
vieWs through embodiments of optical elements having struc 
tured surfaces according to principles of the present inven 
tion; 
[0021] FIGS. 8A-8D schematically illustrate steps in an 
embodiment of a method of manufacturing an optical element 
containing composite ?bers according to principles of the 
present invention; 
[0022] FIG. 9 schematically illustrates a composite ?ber 
toW that may be used in an embodiment of a method of 
manufacturing a composite ?ber optical element according to 
principles of the present invention; 
[0023] FIG. 10 schematically illustrates a composite ?ber 
Weave that may be used in an embodiment of a method of 
manufacturing a composite ?ber optical element according to 
principles of the present invention; 
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[0024] FIGS. 11A and 11B schematically illustrate cross 
sectional vieWs of embodiments of a composite ?ber Weave 
that may be used in a composite ?ber optical element accord 
ing to principles of the present invention; 
[0025] FIGS. 12A and 12B schematically illustrate 
embodiments of steps in fusing multiple composite ?bers to 
form a fused composite ?ber optical element, according to 
principles of the present invention; and 
[0026] FIG. 13 presents a photograph of a cross-section 
through a coextruded composite ?ber before stretching. 
[0027] While the invention is amenable to various modi? 
cations and alternative forms, speci?cs thereof have been 
shoWn by Way of example in the draWings and Will be 
described in detail. It should be understood, hoWever, that the 
intention is not to limit the invention to the particular embodi 
ments described. On the contrary, the intention is to cover all 
modi?cations, equivalents, and alternatives falling Within the 
spirit and scope of the invention as de?ned by the appended 
claims. 

DETAILED DESCRIPTION 

[0028] The present invention is applicable to optical sys 
tems and is more particularly applicable to systems that con 
trol and use polariZed light. The present invention is directed 
to products that may incorporate a photonic crystal structure 
Within a device fabricated primarily from polymeric materi 
als. The use of polymers permits the arrangement of “islands” 
of one particular type of polymer material With a “sea” of 
another type of polymer material, sometimes referred to as an 
“islands in the sea” structure, that forms a ?ber. Furthermore, 
the use of polymers permits the co-extrusion of the “islands in 
the sea” ?ber Where shape and the positions of the islands are 
closely controlled. Such control over the “islands in the sea” 
?ber permits the relatively inexpensive fabrication of tWo 
dimensional, photonic crystalline structures. In addition, if at 
least one of the polymeric materials is birefringent, the ?ber 
becomes sensitive to the polariZation of the incident light. 
Multiple tWo-dimensional photonic crystal structures may be 
arranged together, for example arranged in a mat or encapsu 
lated Within a ?lm, and illuminated transversely, so that the 
incident light experiences large-area photonic crystal effects 
that are the convoluted behaviors of each ?ber. 

[0029] Devices using the ?bers of the present invention 
may be illuminated transversely, rather than along the axis of 
the ?ber, Which may lead to the easing of restrictions often 
considered to be associated With photonic crystal devices. For 
example, When a photonic crystal ?ber is used for guiding 
light longitudinally, the ?ber has to be fabricated out of loW 
loss optical materials, otherWise the optical throughput is loW. 
When a photonic crystal ?ber is illuminated transversely, on 
the other hand, higher loss materials may be used since the 
path length is relatively short. 
[0030] In many applications, substantial refractive index 
ratio is needed to exhibit tWo-dimensional photonic band gap 
effects, for example, a ratio of l .0 to 2.6. HoWever, Where the 
Wavelength range and the angle of incidence range are more 
limited the requirements on the refractive index ratio are less 
stringent, and smaller refractive index differences may be 
used. HoWever, the use of birefringent polymeric materials 
permits the refractive index contrast to be signi?cantly higher 
for one selected polariZation state, for example the refractive 
index difference may be in the range 0.0l-0.4. Consequently, 
optical effects may be seen for one polariZation state, Without 
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signi?cantly impacting the other polariZation state, over a 
relatively Wide range of Wavelength and angle of incidence. 
[0031] As used herein, the terms “specular re?ection” and 
“specular re?ectance” refer to the re?ectance of light rays 
from a body Where the angle of re?ection is equal to the angle 
of incidence, Where the angles are measured relative to a 
normal to the body’s surface. In other Words, When the light is 
incident on the body With a particular angular distribution, the 
re?ected light has substantially the same angular distribution. 
The terms “diffuse re?ection” or “diffuse re?ectance” refer to 
the re?ection of rays Where the angle of some of the re?ected 
light is not equal to the angle of incidence. Consequently, 
When light is incident on the body With a particular angular 
distribution, the angular distribution of the re?ected light is 
different from that of the incident light. The terms “total 
re?ectance” or “total re?ection” refer to the combined re?ec 
tance of all light, specular and diffuse. 
[0032] Similarly, the terms “specular transmission” and 
“specular transmittance” are used herein in reference to the 
transmission of light through a body Where the angular dis 
tribution of the transmitted light is substantially the same as 
that of the incident light. The terms “diffuse transmission” 
and “diffuse transmittance” are used to describe the transmis 
sion of li ght through a body, Where the transmitted light has an 
angular distribution that is different from the angular distri 
bution of the incident light. The terms “total transmission” or 
“total transmittance” refer to the combined transmission of all 
light, specular and diffuse. 
[0033] A cut-aWay vieW through an optical element 100 
according to an exemplary embodiment of the present inven 
tion is schematically presented in FIG. 1. The optical element 
100 comprises a polymer matrix 102, also referred to as a 
continuous phase. The polymer matrix may be optically iso 
tropic or optically birefringent. For example, the polymer 
matrix may be uniaxially or biaxially birefringent, meaning 
that the refractive index of the polymer may be different along 
one direction and similar in tWo orthogonal directions 
(uniaxial) or different in all three orthogonal directions (bi 
axial). Composite polymer ?bers 104 are disposed Within the 
matrix 102. The composite polymer ?bers 104 comprise at 
least tWo materials. 

[0034] The polymer ?bers 104 may be organiZed Within the 
matrix 102 as single ?bers, as illustrated, or in many other 
arrangements. Some exemplary arrangements include yarns, 
a toW (of ?bers or yarns) arranged in one direction Within the 
polymer matrix, a Weave, a non-Woven, chopped ?ber, a 
chopped ?ber mat (With random or ordered formats), or com 
binations of these formats. The chopped ?ber mat or non 
Woven may be stretched, stressed, or oriented to provide some 
alignment of the ?bers Within the nonWoven or chopped ?ber 
mat, rather than having a random arrangement of ?bers. 
[0035] Right-handed Cartesian coordinates have been 
adopted in FIG. 1, With the ?bers 104 being positioned 
approximately parallel to the x-axis. The folloWing discus 
sion also assumes that the longitudinal axis of the ?ber is 
parallel to the x-axis, although it Will be appreciated that such 
a designation is arbitrary and made only to aid in the expla 
nation of the invention. 
[0036] One exemplary embodiment of a composite ?ber 
200 is shoWn in cross-section in FIG. 2A. The composite ?ber 
200 comprises a number of scattering ?bers 202 contained 
Within a ?ller 204. In some embodiments, at least one of the 
scattering ?bers 202 or the ?ller 204 is birefringent. For 
example, in some exemplary embodiments, at least some of 
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the scattering ?bers 202 are formed of a birefringent material 
and the ?ller material 204 is non-birefringent. In other exem 
plary embodiments, the scattering ?bers 202 are non-birefrin 
gent While the ?ller material 204 is birefringent. In other 
embodiments, both the scattering ?bers 202 and the ?ller 204 
are birefringent. In these different variations, each interface 
betWeen the material of a scattering ?ber 202 and the ?ller 
material 204 is an interface betWeen birefringent material and 
another material, i.e., is a birefringent interface, and can con 
tribute to the preferential re?ection and/or scattering of light 
in a selected polarization state. In each of these different 
embodiments, the polymer matrix, in Which the composite 
?ber is embedded, may be optically isotropic or birefringent. 
[0037] In some other embodiments, the composite ?bers 
200 may be made from isotropic scattering ?bers 202 With an 
isotropic ?ller material 204. The matrix in Which the com 
posite ?bers 200 are embedded may be birefringent. 
[0038] The refractive indices in the x-, y-, and Z-directions 
for the scattering ?ber material may be referred to as nlx, nly 
and n12, and the refractive indices in the x-, y-, and Z-direc 
tions for the ?ller material may be referred to as nzx, n2y and 
n22. Where the material is isotropic, the x-, y-, and Z-refractive 
indices are all substantially matched. Where the material is 
birefringent, at least one of the x-, y- and Z-refractive indices 
is different from the others. In uniaxial materials, tWo of the 
refractive indices are substantially matched, While the third is 
different. In a biaxial material, all three refractive indices are 
different. 
[0039] There are multiple interfaces Within each composite 
?ber 200 betWeen the scattering ?bers 202 and the ?ller 204. 
Where at least one of the materials forming the interface 
betWeen the scattering ?bers 202 and the ?ller 204 is birefrin 
gent, the interface may be referred to as being a birefringent 
interface. For example, if a scattering ?ber 202 and the ?ller 
204 present their x- and y-refractive indices at the interface 
refractive index, and nbgénly, i.e., the scattering ?ber material 
is birefringent, then the interface is birefringent. 
[0040] The composite ?bers 104 are disposed generally 
parallel to an axis, illustrated as the x-axis in FIG. 1. The 
refractive index difference at the birefringent interfaces 
Within the composite ?bers 104 for light polariZed parallel to 
the x-axis, nlx-nzx, may be different from the refractive index 
difference for light polariZed parallel to the y-axis, nly-nzy. 
Thus, for one polariZation state, the refractive index differ 
ence at the birefringent interfaces in the composite ?bers 104 
is relatively small. In some exemplary cases, the refractive 
index difference may be less than about 0.05, or may be less 
than 0.03, less than 0.02, or less than 0.01. This condition is 
considered to be substantially index-matched. If this polar 
iZation direction is parallel to the x-axis, then x-polariZed 
light passes through the body 100 With little or no re?ection or 
scattering. In other Words, x-polariZed light is highly trans 
mitted through the body 100. 
[0041] On the other hand, the refractive index difference at 
the birefringent interfaces in the composite ?bers 104 may be 
relatively high for light in the orthogonal polariZation state. In 
some exemplary examples, the refractive index difference 
may be at least about 0.05, and may be greater, for example 
0.1, or 0.15 or may be 0.2. If this polariZation direction is 
parallel to the y-axis, then y-polariZed light is re?ected at the 
birefringent interfaces. Thus, y-polariZed light is re?ected by 
the body 100. If the birefringent interfaces Within the com 
posite ?bers 104 are substantially parallel to each other, then 
the re?ection may be essentially specular. If, on the other 
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hand, the birefringent interfaces Within the composite ?bers 
104 are not substantially parallel to each other, then the re?ec 
tion may be substantially diffuse. Some of the birefringent 
interfaces may be parallel, and other interfaces may be non 
parallel, Which may lead to the re?ected light containing both 
specular and diffuse components. Also, a birefringent inter 
face may be curved, or relatively small, Which may lead to 
diffuse scattering. 
[0042] While the exemplary embodiment just described is 
directed to index matching in the x-direction, With a relatively 
large index difference in the y-direction, other exemplary 
embodiments include index matching in the y-direction, With 
a relatively large index difference in the x-direction. 
[0043] The polymer matrix 102 may be substantially opti 
cally isotropic, for example having a birefringence, n3x-n3y, 
of less than 0.05, and preferably less than 0.01, Where the 
refractive indices in the x- and y-directions are n3x and n3y 
respectively. In other embodiments, the polymer matrix may 
be birefringent. Consequently, in some embodiments, the 
refractive index difference betWeen the polymer matrix and 
either or both of the composite ?ber materials may be differ 
ent for different polariZations. For example, the x-refractive 
index difference, nlx-n3x, may be different from the y-refrac 
tive index difference, nly-n3y. In some embodiments, one of 
these refractive index differences may be at least tWice as 
large as the other refractive index difference. 

[0044] In some embodiments, the refractive index differ 
ence, the extent and shape of the birefringent interfaces, and 
the relative positions of the scattering ?bers may result in 
diffuse scattering of one of the incident polariZations more 
than the other polarization. Such scattering may be primarily 
back-scattering (diffuse re?ection) forWard-scattering (dif 
fuse transmission) or a combination of both back- and for 
Ward-scattering. 
[0045] Suitable materials for use in the polymer matrix 
and/or in the ?bers include thermoplastic and thermosetting 
polymers that are transparent over the desired range of light 
Wavelengths. In some embodiments, it is particularly useful 
that the polymers be non-soluble in Water. Further, suitable 
polymer materials may be amorphous or semi-crystalline, 
and may include homopolymer, copolymer or blends thereof. 
Example polymer materials include, but are not limited to, 
poly(carbonate) (PC); syndiotactic and isotactic poly(sty 
rene) (PS); C1-C8 alkyl styrenes; alkyl, aromatic, and ali 
phatic ring-containing (meth)acrylates, including poly(meth 
ylmethacrylate) (PMMA) and PMMA copolymers; 
ethoxylated and propoxylated (meth)acrylates; multifunc 
tional (meth)acrylates; acrylated epoxies; epoxies; and other 
ethylenically unsaturated materials; cyclic ole?ns and cyclic 
ole?nic copolymers; acrylonitrile butadiene styrene (ABS); 
styrene acrylonitrile copolymers (SAN); epoxies; poly(vinyl 
cyclohexane); PMMA/poly(vinyl?uoride) blends; poly(phe 
nylene oxide) alloys; styrenic block copolymers; polyimide; 
polysulfone; poly(vinyl chloride); poly(dimethyl siloxane) 
(PDMS); polyurethanes; unsaturated polyesters; poly(ethyl 
ene), including loW birefringence polyethylene; poly(propy 
lene) (PP); poly(alkane terephthalates), such as poly(ethylene 
terephthalate) (PET); poly(alkane naphthalates), such as poly 
(ethylene naphthalate) (PEN); polyamide; ionomers; vinyl 
acetate/polyethylene copolymers; cellulose acetate; cellulose 
acetate butyrate; ?uoropolymers; poly(styrene)-poly(ethyl 
ene)copolymers; poly(carbonate)/aliphatic PET blends and 
PET and PEN copolymers, including polyole?nic PET and 
PEN. The term (meth)acrylate is de?ned as being either the 




















