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Abstract Cellulose nanocrystals (CNCs) derived

from native cellulose can self-assemble into liquid

crystals (LCs) and preserve the LC alignment in solid

films that are attractive for the preparation of optical

materials and devices from bottom-up manufacturing.

Birefringent aligned CNC films provide the desired

phase retardation for a narrow band of wavelengths

due to the intrinsic wavelength-dependent birefrin-

gence of CNCs. Here, we produce a 1/4 k achromatic

CNC-based waveplate consisting of three layers of

birefringent CNC films with phase retardations and

slow axis directions, which are calculated by Jones

Matrix, with optimized achromatic properties. Three

uniform CNC films are prepared by aligning nematic

CNC LCs doped with polyethylene glycol on pat-

terned polydimethylsiloxane substrates. The fabri-

cated achromatic waveplate is characterized by

measuring the transmission spectra, and its maximum

deviation of phase retardation is around 0.06 for the

wavelength range of 460–660 nm. The achromatic

performance is improved by one order of magnitude

compared with the single birefringent CNC films. Our

CNC-based achromatic waveplate has good optical

homogeneity, flexibility and can be tailored into

arbitrary shape.
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Introduction

Cellulose nanocrystals (CNCs) are highly anisotropic

rod-shaped nanoparticles and can be obtained by acid

hydrolyzing of native cellulose (Yu et al. 2013). CNCs

are widely used for material science and engineering

applications (Habibi et al. 2010; Jonoobi et al. 2015).

CNC-based materials exhibit useful optical properties

and good mechanical performance, and are derived

from the most abundant biopolymer (Frka-Petesic and

Vignolini 2019; Lagerwall et al. 2014; Qu et al. 2019).

Since CNCs can be recycled from waste or biomass,

such as bacteria (Araki and Kuga 2001), cotton (Ling

et al. 2019; Sun et al. 2016), woods (Chen et al. 2015)

and so on, it is desirable to expand the applications of

CNC-based materials and enhance the sustainability

of the cellulose-rich devices (Frka-Petesic and Vig-

nolini 2019). Advanced optical films are fabricated by

the self-assembly of CNCs, such as reflecting films

(Yao et al. 2017; Zhao et al. 2018) and birefringent

films (Cranston and Gray 2008; Kose et al. 2019;

Parker et al. 2018). CNC suspensions show well-

known liquid crystal (LC) phases above a critical

concentration of CNCs (Habibi et al. 2010). CNC

films fabricated by evaporating the solvent from the

LC phase can capture the orientational ordering (Pan

et al. 2010; Tran et al. 2020). Helically ordered CNCs

are usually obtained and have been extensively used to

produce reflecting films (Beck et al. 2013), and the

helical ordering of the CNCs leads to strong Bragg

reflection (De La Cruz et al. 2018; Fernandes et al.

2017). Since CNCs self-assembled into ordered

structures induce considerable optical birefringence,

fabrication of birefringent film by CNCs has also been

explored (Haywood et al. 2017; Hoeger et al. 2011;

Mendoza-Galván et al. 2019). However, helically

ordered CNCs have intrinsic drawbacks for the

preparation of high-quality birefringent films, because

the LC directors tend to deviate from being uniformly

aligned. Therefore, the prepared birefringent films

usually suffer from lower optical birefringence.

Recently, we have demonstrated that pH control

reliably switches between helical alignment and

uniaxial alignment of CNC LCs. pH below * 1.5 or

above * 10 can produce uniaxial nematic alignment

due to the reduced Debye length (Li et al. 2019b).

Based on this method, we showed the feasibility of

producing CNC birefringent films or optical wave-

plates by nematic phase (Li et al. 2019a).The obtained

waveplates have high optical birefringence compared

with the previous reports (Mendoza-Galván et al.

2019; Parker et al. 2018). Furthermore, the CNC-

based waveplates are flexible, have good processabil-

ity and can be conveniently made into zeroth-order

phase retarder at low cost. However, the optical

waveplates demonstrated in our preliminary results

are only designed to work at single wavelength, while

for a large number of practical applications, such as

spectropolarimetry (Abuleil and Abdulhalim 2014),

astronomical observance (Roberts et al. 2009) and so

on, achromatic waveplates are more desirable. Achro-

matic waveplates require that the phase retardation

induced by the waveplate remains constant for a broad

band of wavelengths, and are usually fabricated by

combining two anisotropic crystals (such as quartz and

magnesium fluoride) which have different dispersion

curves (Beckers 1971; Hariharan 1995, 2002; Saha

et al. 2012). Unfortunately such achromatic wave-

plates are generally fragile, difficult to polish and

expensive (Jen et al. 2011). Preparing achromatic

waveplates with renewable flexible biopolymers such

as cellulose is very attractive. Even though it is

desirable to prepare achromatic waveplates only by

CNC films, how to achieve achromatism remains a

problem. It is difficult to directly tailor the birefrin-

gence dispersion of the uniaxial nematic CNCs

obtained in the experiment.

In this paper, we propose and demonstrate a method

to fabricate achromatic waveplates with CNC films. A

1/4 k achromatic waveplate composed of three

uniformly aligned nematic CNC birefringent films

that is fabricated based on our recently published

method (Li et al. 2019a) is demonstrated. The phase

retardation and the direction of slow axis of each CNC

film are determined by Jones matrix calculation, and

the achromatic properties are optimized. Each CNC

film with desired phase retardation is produced by

aligning CNC nematic LCs doped with polyethylene

glycol (PEG) on patterned polydimethylsiloxane

(PDMS) substrates. To determine the required thick-

ness of the CNC films, optical birefringence of the

PEG-doped CNC nematic has been measured. Then

thickness of each CNC film is well controlled by the
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pattern on the PDMS substrates. The orientation of

slow axis of each CNC film is experimentally deter-

mined and arranged as designed. The obtained CNC-

based achromatic waveplate is characterized by mea-

suring the transmission spectra of the waveplate

between two polarizers. The fabricated achromatic

waveplate is measured to have a maximum deviation

of phase retardation of 0.06 for the wavelength ranging

from 460 to 660 nm. In addition, the produced

achromatic waveplate exhibits good optical homo-

geneity, flexibility and can be tailored into arbitrary

shapes conveniently.

Structure and design

A proper combination of multiple layers of CNC

birefringent films can serve as an achromatic wave-

plate (Pancharatnam 1955). As a demonstration, we

fabricated a 1/4 k achromatic waveplate for the

wavelength ranging from 460 to 660 nm. We adopted

a three-layer structure to achieve achromatism. In a

Cartesian system Ongz illustrated in Fig. 1a, the first

CNC film and the third CNC film have the same

thickness d1 ¼ d3 and the same direction of slow axis

(n1 k n3 k n-axis), while the second CNC film has a

different thickness d2 and the angle between n1 (or n-
axis) and the direction of slow axis n2 of the second

CNC film is denoted as h2. It is shown in the

supporting information that the three-layer structure

is equivalent to a single linear retarder with phase

retardation d and slow axis n that is at angle h with n-
axis. And d and h satisfy

cos
d
2
¼ cos d1 cos

d2
2
� sin d1 sin

d2
2
cos 2h2 ð1Þ

cot 2h ¼ 1

sin 2h2
sin d1 cot

d2
2
þ cos d1 cos 2h2

� �

ð2Þ

where dm ¼ 2pDndm=k is the phase retardation of the

mth (m = 1,2) CNC film, Dn is the birefringence of

CNC films, k is the wavelength of the incident light. d
and h are generally functions of the wavelength.

Compared with one-layer waveplate, the three-layer

waveplate have more parameters such as d1, d2, and
h2, which can be manipulated to achieve achromatism.

In order to achieve achromatism in the range between

two arbitrary wavelengths k0 and k00 (k0\k00), we start
with a tentative solution which satisfies that

d k0ð Þ ¼ d k00ð Þ ¼ D ð3Þ

h k0ð Þ ¼ h k00ð Þ ð4Þ

where D is the required retardation of the achromatic

waveplate. Substituting Eqs. (3) and (4) into Eqs. (1)

and (2) gives

cos d1ðk0Þ cos
d2ðk0Þ
2

� sin d1ðk0Þ sin
d2ðk0Þ
2

cos 2h2

¼ cos d1ðk00Þ cos
d2ðk00Þ

2

� sin d1ðk00Þ sin
d2ðk00Þ

2
cos 2h2

ð5Þ

sin d1ðk0Þ cot
d2ðk0Þ
2

þ cos d1ðk0Þ cos 2h2

¼ sin d1ðk00Þ cot
d2ðk00Þ

2
þ cos d1ðk00Þ cos 2h2 ð6Þ

If we introduce a ‘‘mean’’ wavelength �k which

satisfies 2Dnð�kÞ=�k ¼ Dnðk0Þ=k0 þ Dnðk00Þ=k00 and a

dimensionless parameter f ¼ �k
2Dnð�kÞ Dnðk

0Þ=k0�½
nðk00Þ=k00�, then dmðk0Þ ¼ ð1 + f Þdmð�kÞ and dmðk00Þ ¼
ð1� f Þdmð�kÞ. Substituting them into Eqs. (5) and (6)

yields

½1� cos d1ðk0Þ cos d1ðk00Þ� cos
d2ð�kÞ
2

cos
fd2ð�kÞ

2

¼ sin d1ðk0Þ sin d1ðk00Þ sin d2ð�kÞ
cos fd2ð�kÞ � cos 2d2ð�kÞ

ð7Þ

2 cos
D
2
cos d1ð�kÞ sin fd1ð�kÞ ¼ sin

fp
2
sin 2d1ð�kÞ ð8Þ

Equation (7) and (8) are simultaneously satisfied

when

d2ð�kÞ ¼ p ð9Þ

sin fd1ð�kÞ ¼
sin fp

2
sin d1ð�kÞ
cos D

2

ð10Þ

Under this condition, h2 is calculated as

cos 2h2 ¼
� tan f p

2

tan fd1ð�kÞ
ð11Þ
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Fig. 1 a Schematics for the 1/4 k achromatic CNC-based

waveplate consisting of three layers of birefringent CNC films,

whose slow axes are labeled as nm and thickness is labeled as dm
(m = 1,2,3) The slow axis n of the equivalent achromatic

waveplate is labeled as dashed line. b The calculated phase

retardation dðkÞ, and c the direction of slow axis hðkÞ of the

achromatic waveplate. The red line represents the tentative

solution and the blue line represents the optimized solution. The

dashed line in b corresponds to d ¼ p=2; and the dashed lines in
c corresponds to h ¼ 30:7� (blue line) and h ¼ 31:2� (red line)

respectively. The standard deviations rd (for the phase

retardation) d and rh (for the direction of slow axis) e for

solutions with different values of h2
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In summary, in order to get the tentative solution of

an achromatic CNC-based waveplate with phase

retardation D for wavelengths ranging from k0 to k00,
first calculate the ‘‘mean’’ wavelength �k and parameter

f , next determine the thickness of the second CNC film

so that d2ð�kÞ ¼ p, then calculate d1ðkÞ by solving the

Eq. (10) and determine the thickness of the first and

the third CNC films, finally calculate the angle h2 by
Eq. (11). To design a 1/4 k achromatic waveplate

(D ¼ p=2) for the wavelength 460 nm ¼ k0 �
k� k00 ¼ 660 nm, we calculate that for the tentative

solution �k ¼ 542 nm,f ¼ 0:18,d1ð�kÞ ¼ 2:02, d2ð�kÞ ¼
3:14, h2 ¼ 69:9�, d1 ¼ d3 ¼ d1ð�kÞ�k=2pDnð�kÞ ¼
2:8lm, and d2 ¼ d2ð�kÞ�k=2pDnð�kÞ ¼ 4:4 lm, where

the birefringence Dn of our CNC films is measured to

be Dnð542 nmÞ � 0:061 (see Characterization of

single birefringent film). After substituting the values

of d1, d2, d3 and the birefringence DnðkÞ into Eqs. (1)

and (2), the phase retardation and the direction of slow

axis of the achromatic CNC-based waveplate are

calculated and shown in.

Figure 1b, c (red lines) respectively. For this

tentative solution, the achromatism condition is met

precisely at k0 ¼ 460 nm and k00 ¼ 660 nm, however

dðkÞ and hðkÞ deviate from their expected values for

460 nm \k\660 nm. The values of d1ð�kÞ, d2ð�kÞ,
and h2 can be optimized in the vicinity of the tentative

solution so as to reduce the standard deviations rd ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
i

diðkÞ � p=2Þ2
n os

and rh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
i

hiðkÞ � hÞ2
n os

of dðkÞ and hðkÞ respectively. We fixed the value of

d1ð�kÞ ¼ 2:02 and d2ð�kÞ ¼ 3:14 and only change the

value of h2, because h2 has a bigger influence on rd
and rh. The standard deviations rd and rh correspond-
ing to different h2 are shown in Fig. 1d, e, and we

finally adopt h2 = 70.5� that corresponds to the

minimums of both rd and rh.

Fabrication

The rod-shaped CNCs (Fig. 2a) used in our experi-

ment are prepared by the well-established method of

acid hydrolysis of cotton (Li et al. 2019b), and CNC

suspension with 13wt% of CNCs exhibiting helical

alignment (pH = 2) is obtained (Fig. 2b). Adding

2 lL of 65wt% sulfuric acid to 200 lL of the CNC

suspension reduces the pH to * 1.5 and results in

uniaxial alignment of CNC LCs (Fig. 2c). The pH

value is measured by a pH meter (PH5S) with 0.01

resolution. In order to improve mechanical properties

of the CNC film dried from the CNC suspension,

10wt% of PEG (number-average molecular weight

400 g/mol, Sigma-Aldrich) is added to the CNC

nematic LCs and the mixture remains in the nematic

phase. Uniform CNC birefringent films with control-

lable thickness are made by aligning PEG-doped CNC

nematic LCs via shearing on patterned PDMS sub-

strates (Fig. 2d). The PDMS substrate has a pattern of

gratings with a period of 800 lm, which is made by

curing PDMS prepolymer on a SU-8 (photoresist)

mold with the grating pattern. The dimension of the

SU-8 mold is around 1.5 cm 9 1.5 cm, and it is

fabricated by UV-lithography (see supporting infor-

mation). In order to increase the hydrophilicity, the

surface of the PDMS substrates is modified by plasma

treatment. The PEG-doped CNC nematic LCs is

dropped on the PDMS substrate and aligned by

shearing the LC with a piece of glass sliding along

the ridges of the gratings. Excess CNC suspension on

the ridges was removed. Therefore the height of the

grating ridges of the PDMS substrate, which is

determined by the height of the grating ridges of the

SU-8 mold, corresponds to the thickness of the CNC

LC film. Since the height of the grating ridges of the

SU-8 mold can be conveniently controlled by the spin

coating speed of SU-8, the thickness of the CNC LC

film is well controlled. Two identical films with CNC

LCs on PDMS substrate are aligned face-to-face with

half-period displacement and bonded firmly to form

one CNC birefringent film after the CNC suspension is

completely dried at room temperature. CNCs are

effectively aligned on large scale (Fig. S1. in support-

ing information). The striped structure of the PDMS

substrate only produces slight scattering in the wave-

plates and doesn’t change the orientation of CNCs

obviously, because the period of the striped structure is

large. Three CNC birefringent films with thickness

d1 ¼ 2:8lm,d2 ¼ 4:4 lm and d3 ¼ 2:8 lm are

arranged according to the design shown in Fig. 1a

and bonded together by plasma treatment for 20 min.

Ideally, the direction of slow axis of each CNC

birefringent film is parallel to the direction of shearing,

however it has to be determined with higher precision

by measuring the transmission spectra of the CNC

films between two polarizers. As a result, the slow
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axes of the first and the third birefringent films can be

made parallel, and h2 can be well controlled

(h2 ¼ 70:5�).

Characterization

Characterization of single birefringent film

The phase retardation dmðkÞ and the direction of slow

axis nm of the mth birefringent film are characterized

by measuring the transmission spectra between two

polarizers. The birefringence DnðkÞ of the CNC film is

extracted from the experimental result.

Figure 3a demonstrates the experimental setup for

measuring the spectra of a single birefringent film.

Linearly polarized incident light with the intensity I0,

which is generated by a polarizer, is focused by a

condenser on the CNC film. Then the transmitted light

is collected by an objective and passes through an

analyzer, and finally is detected by a spectrometer. The

polarization P of the polarizer is parallel with x-axis,

the angle between nm and P is denoted as hm, and the

angle between the polarization of the analyzer and P is

denoted as b. The intensity Im(b,cm) of the light

collected by the spectrometer is

Imðb; cmÞ ¼
I0ð1� RÞ e�adm

2
f1þ cos 2bðcos2 2cm

þ cos dm sin2 2cmÞ � sin 2b½ð1
� cos dmÞ sin 2cm cos 2cm�g

ð12Þ

where the reflectance R� 8% and the extinction

a� 0:03lm�1 of the CNC films are measured to be

polarization and wavelength insensitive (see support-

ing information), and the PDMS substrate exhibits

negligible birefringence. When b is fixed at b ¼ 90�

and the CNC film is rotated, the intensity Im(90
�,cm) is

maximized when cm ¼ 45� or cm ¼ 135�. This allows
high-precision determination of the direction of slow

axis of the CNC film. Inserting a 530 nm k-plate with

Fig. 2 a TEM image of the produced CNCs. Polarized optical

microscopy images of b the helical alignment of CNC LCs with

pH = 2, and c the uniaxial alignment of CNC LCs with

pH * 1.5. P and A indicate the polarizations of the polarizer

and the analyzer, respectively. d The fabrication process of the

CNC birefringent film
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its slow axis at 458 with x-axis after the CNC film

allows us to differentiate between the fast and slow

axes (Linge Johnsen et al. 2018). Then we measure the

phase retardation of the CNC film. When cm is fixed at

cm ¼ 45�,

Imðb; 45�Þ ¼
I0ð1� RÞe�adm

2
ð1þ cos 2b cos dmÞ

ð13Þ

By rotating the analyzer and measuring the trans-

mission spectra with b ¼ 0� and b ¼ 90�, the phase

retardation dm of the CNC film can be calculated as

dm ¼ cos�1 Imð0�; 45�Þ � Imð90�; 45�Þ
Imð0�; 45�Þ þ Imð90�; 45�Þ

� �
ð14Þ

During the experiment, we found that even though

the thickness of the CNC film may vary after drying,

the phase retardation of the CNC film remained

unchanged. Therefore, it’s sufficient to control the

phase retardation of the CNC film by controlling its

thickness before its drying. Furthermore the birefrin-

gence of the CNC film can be expressed as

Fig. 3 a The experimental setup for measuring transmission

spectra for CNC birefringent films. bWhen the slow axis of the

CNC film is at 45� with the polarization of the polarizer

(cm ¼ 45�), the measured transmission spectra Im(b,45�)=I0 of

the mth CNC birefringent film with the polarization of the

analyzer parallel (b ¼ 0�) or orthogonal (b ¼ 90�) to the

polarization of the polarizer. c The calculated phase retardation

dmðkÞ of the mth CNC birefringent film. d The calculated

birefringence DnðkÞ of the CNC film extracted from

I3(0
�,45�)=I0
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DnðkÞ ¼ k
2pdm

cos�1 2Imðb; 45�Þ
1� Rð Þe�adI0

� 1

� ��
cos 2b

� �

ð15Þ

Figure 3b exhibits the measured transmission spec-

tra Im(b,45
�)=I0 of the three CNC films and their phase

retardations are calculated and shown in Fig. 3c. At
�k ¼ 542 nm, the phase retardations d1ð542 nmÞ ¼
d3ð542 nmÞ ¼ 1:99 and d2ð542 nmÞ ¼ 3:12 follow

our design. Figure 3d presents the calculated birefrin-

gence of CNC films based on the curve I3(0
�,45�)=I0.

Characterization of the CNC-based achromatic

waveplate

The direction of slow axis nðkÞ and the phase

retardation dðkÞ of the CNC-based achromatic wave-

plate are characterized using the experimental setup

shown in Fig. 3a. Still we use c1 (c1 2 ½0; 180�Þ) to
denote the angle between P and n1 (Fig. 4a). When

measuring the orientation of nðkÞ, b is fixed at b ¼ 90�

(crossed polarizers), and the achromatic waveplate is

rotated. When c1 ¼ c1maxðkÞ 2 ð0; 90�Þ, the intensity

Iðk; c1Þ at wavelength k reaches its maximum with

c1maxðkÞ þ hðkÞ ¼ 45�, so that hðkÞ is calculated as

Fig. 4 a The experimental (red line) and simulated (black line)

results for the direction of slow axis of the achromatic CNC-

based waveplate. b The measured transmission spectra

Iðb; cÞ=I0 (cðkÞ ¼ 45� þ hðkÞ � �h) of the achromatic CNC -

based waveplate with different b. c The experimental (red line)

and simulated (black line) results for the phase retardation of the

achromatic CNC-based waveplate. The phase retardation of a 1/

4k waveplate (for �k ¼ 542 nm) consisting of only one layer of

CNC film is depicted (blue line) as comparison
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hðkÞ ¼ 45� � c1maxðkÞ and shown in Fig. 4a. The

average value �h of hðkÞ is estimated to be �h � 30:7�,
and the maximum deviation ðDhÞm of hðkÞ is estimated

to be ðDhÞm ¼ maxfjhðkÞ � �hjg � 0:6�. Our results

show that all the wavelengths between 460 and

660 nm have similar slow axis as expected. We then

measure the phase retardation dðkÞ of the CNC-based
achromatic waveplate. The orientation of the achro-

matic retarder is fixed at c1 ¼ ‘14:3� so that

c1 þ �h ¼ 45�, then the angle c between nðkÞ and P

satisfies cðkÞ ¼ 45� þ hðkÞ � �h(Fig. 4b, inset). When

the analyzer is rotated, the intensity I(b,c) of the light
collected by the spectrometer is

Iðb; cÞ ¼ I0ð1� RÞ e�a
P

dm

2
f1þ cos 2bðcos2 2c

þ cos d sin2 2cÞ � sin 2b½ð1
� cos dÞ sin 2c cos 2c�g

ð16Þ

Therefore the phase retardation d is calculated as

cos d ¼ 1

sin2 2c

Ið0�; cÞ � Ið90�; cÞ
Ið0�; cÞ þ Ið90�; cÞ � cos2 2c

� �

ð17Þ

Figure 4b demonstrates the measured transmission

spectra I(b,c) of the achromatic waveplate, and its

phase retardation d is calculated and shown in Fig. 4c.
For the wavelengths ranging from 460 to 660 nm, d is
measured to be around p/2 which agrees with the

simulated results (Fig. 4c, black line). The maximum

deviation ðDdÞm of dðkÞ is estimated to be

ðDdÞm ¼ maxfjdðkÞ � p=2jg � 0:06. As a compar-

ison, we also fabricate a 1/4k waveplate for
�k ¼ 542 nm, which consists of only one layer of

CNC film. Its phase retardation is measured (blue line

in Fig. 4c) and shows a maximum deviation * 0.5.

Our design improves the achromatism of the optical

waveplate by about one order of magnitude.

The polarizing optical microscopy images of the

achromatic waveplate can be obtained by replacing the

spectrometer in Fig. 3a with a CCD (b ¼ 90� is fixed).

When the achromatic waveplate is rotated so that c �
90� � �h ¼ 59:3� or c � 180� � �h ¼ 149:3�, all light

should be blocked (Fig. 5a). When c � 45� � �h ¼
14:3� or c � 135� � �h ¼ 104:3�, the imaged areas are

the brightest (Fig. 5b). The uniform texture shown in

the microscopic images (Fig. 5a, b) reveals that the

CNC nematic LCs are uniformly aligned and the

achromatic waveplate exhibits good optical homo-

geneity. In addition, the produced achromatic wave-

plate is flexible and can be bent or tailored into any

arbitrary shape easily (Fig. 5c, d).

Conclusions

In conclusion, we have proposed and fabricated a 1/4 k
achromatic CNC-based waveplate composed of three

layers of birefringent CNC films, whose phase retar-

dation and slow axis direction are calculated by the

Jones matrix, and achromatic properties are also

optimized with the smallest standard deviations. Each

CNC film with desired phase retardation is produced

by aligning CNC nematic LCs doped with polyethy-

lene glycol on patterned PDMS substrates. The

obtained CNC-based achromatic waveplate is charac-

terized by measuring the transmission spectra of the

waveplate between two polarizers, and presents a

Fig. 5 Polarized optical microscopy images of the 1/4k
achromatic CNC-based waveplate with a nðkÞ perpendicular

to P, and b nðkÞ orientated 45� with respect to P. P and A

represent the polarizations of the polarizer and the analyzer,

respectively. The flexible 1/4k achromatic CNC-based wave-

plate can be bent easily c and can be tailored into square, triangle
and parallelogram shapes conveniently d
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maximum deviation of phase retardation of 0.06 for

the wavelength ranging from 460 to 660 nm. Low

cost, flexible and achromatic 1/4kwaveplates from the

renewable CNCs may find a potential application in

advanced optical materials and devices.
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